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F o r e w o r d

I n  t h i s  number o f  A c ta  G e o d a e t ic a ,  G eophys ica  e t  M on ta -  

n i s t i c a  H u n g a r ic a  papers a re  p u b l is h e d  w h ich  were p re s e n te d  a t  

th e  f i r s t  s e m in a r  devo ted  t o  th e  p rob lem s  o f  i o n o s p h e r i c  i r r e g ­

u l a r i t i e s  and aeronomy o f  th e  upper a tm osphere  i n  S op ron , 

H un ga ry ,  A p r i l  9 -1 3 ,  1985. The sem ina r  was sp o n so re d  by th e  

C om m ittee  on P la n e ta r y  G e o p h ys ics  (KAPG) w o rk in g  i n  th e  f r a m e ­

work o f  the  academ ies o f  s c ie n c e s  in  th e  S o c i a l i s t  c o u n t r i e s .  

The t o p i c s  d is c u s s e d  a t  th e  se m ina r  c o v e re d  th e  s t r u c t u r e  o f  

i o n o s p h e r i c  i r r e g u l a r i t i e s ,  th e  s tu d y  o f  th e  s p o r a d ic  E l a y e r ,  

w ind  sys tem s i n  th e  upper a tm o s p h e re ,  a tm o s p h e r ic  waves, t u r b u ­

le n c e  and a e ro n o m ic a l  p ro c e s s e s ,  o r i g i n  and t r a n s f o r m a t i o n  o f  

th e  i r r e g u l a r i t i e s  in  th e  io n o s p h e r e ,  as w e l l  as o r i g i n  o f  th e  

s p o r a d ic  E l a y e r .  For th e  i n t r o d u c t i o n  o f  th e  most im p o r t a n t  

p ro b le m s  d is c u s s e d  a t  th e  s e m in a r  p ape rs  were i n v i t e d .  In  th e s e  

i n v i t e d  p a p e rs  th e  i r r e g u l a r  s t r u c t u r e  o f  th e  F r e g io n  and o f  

th e  o u te r  io n o s p h e re  and r e l a t e d  phenomena, th e  t u r b u le n c e  and 

aéronom ie  p ro c e s s e s  in  th e  lo w e r  th e rm o sp h e re  were re v ie w e d .  

B e s id e s  th e s e  th r e e  i n v i t e d  r e v ie w  p apers  25 c o n t r i b u t e d  p a p e rs  

were p re s e n te d  i n  5 h a l f - d a y  s e s s io n s .

I t  was o b v io u s l y  n o t  p o s s ib l e  to  d is c u s s  a l l  a s p e c ts  o f  

i o n o s p h e r i c  i r r e g u l a r i t i e s  and p rob lem s r e l a t e d  to  t h e i r  fo rm a ­

t i o n .  Thus, th e  papers  d e a l t  m a in ly  w i t h  th e  g ro un d  based ob ­

s e r v a t i o n s  o f  i o n o s p h e r ic  i r r e g u l a r i t i e s  and r e l a t e d  phenomena, 

w h ich  l i m i t e d  i n  advance th e  t o p i c .  N e v e r t h e le s s ,  t h i s  c o l l e c ­

t i o n  o f  p a p e rs  g iv e s  an o v e r v ie w  o f  th e  p re s e n t  s i t u a t i o n  i n  

th e  i n v e s t i g a t i o n  o f  i o n o s p h e r i c  i r r e g u l a r i t i e s  and a ls o  shows 

th o s e  t r e n d s  w h ich  d e v e lo p e d  in  th ese  c o u n t r i e s .  Thus , i t  i n ­

d i c a t e s  a ls o  th o s e  p ro b le m s  w h ich  w i l l  be s t u d ie d  i n  th e  n e x t  

y e a r s .
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I n s t i t u t e ,  H u n g a r ia n  Academy o f  

S c ie n c e s ,  S o p ro n ,  H ungary
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The present s ta te  o f the inve s t iga t ion  concerning the i r r e g u la r  s t ru c ­
tu re  o f the F region and the outer ionosphere is  reviewed. The review deals 
w ith  questions as the experimental methods, re s u lts  of the measurements 
ca rr ied  out by rad iophysica l and i n - s i t u  methods, occurrence of i r r e g u la r i ­
t ie s  in  the d i f fe re n t  plasmaparameters, models o f  the e lectron dens ity  i r ­
r e g u la r i t ie s  and phys ica l mechanisms o f the formation of i r r e g u la r i t i e s  at 
the heights studied here. Tasks o f fu tu re  inve s t iga t ion s  are also discussed
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1. INTRODUCTION

The plasma i n  th e  io n o s p h e re  i s  an i r r e g u l a r  and n o n -  

- s t a t i o n a r y  medium c o n c e rn in g  i t s  s p a t i a l  s t r u c t u r e  w i t h  a 

b road  spec trum  o f  c h a r a c t e r i s t i c  space and t im e  s c a le s .  D u r in g  

th e  l a s t  10 to  15 y e a rs  i t  became c l e a r  t h a t  these  i r r e g u l a r i ­

t i e s  appear n o t  o n l y  i n  th e  e l e c t r o n  c o n c e n t r a t i o n  ( n e ) ,  b u t  

a ls o  i n  o th e r  p a ra m e te rs  o f  th e  i o n i z e d  and n e u t r a l  com p on en t ,  

a l t h o u g h  th e  o c c u r re n c e  o f  th e  i r r e g u l a r i t i e s  in  th e  d i f f e r e n t  

p a ra m e te rs  has n o t  been u n i f o r m ly  s t u d i e d .  The c h a r a c t e r i s t i c  

s p a t i a l  s c a le s  o f  th e  e l e c t r o n  d e n s i t y  i r r e g u l a r i t i e s  v a r y  from  

a m e te r  to  some th ou san d s  o f  k i l o m e t e r s  depend ing  on d i f f e r e n t  

c o n d i t i o n s .

L e t  X be th e  l o c a l  v a lu e  o f  a c e r t a i n  p a ram e te r  o f  th e  

io n o s p h e re  i n  a c e r t a i n  moment and X ( r ,  t )  th e  space and t im e  

a ve rag e  o r  th e  backg round  v a lu e  o f  X ( r ,  t ) .  By an i r r e g u l a r i t y  

o f  th e  p a ra m e te r  X th e  q u a n t i t y  ДХ = X ( r ,  t )  -  XQ( r ,  t )  i s  

u n d e rs to o d  and as a measure o f  th e  i r r e g u l a r i t y  th e  mean sq ua re  

f l u c t u a t i o n  o f  th e  p a ra m e te r  X i s  g e n e r a l l y  used, i . e .  th e

Acta Geod. Geoph. Mont. Hung. 22, 1987 
Akadémiai Kiadó, Budapest
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-------7~ — T~ ------ 1q u a n t i t y  ( ЛХ ) = (X ) -  (X )  , where th e  o v e rb a r  i n d i c a t e s  mean 

v a lu e  and a ls o  th e  r e l a t i v e  f l u c t u a t i o n  б”X = [ ( ДХ)2 XQ

i s  c a l c u l a t e d ,  i . e .  th e  r e l a t i v e  e r r o r  o b ta in e d  by r e p la c i n g  X 

by i t s  mean v a lu e  XQ. In  such an a p p r o x im a t io n  XQ( r ,  t )  com­

p r i s e s  the  " r e g u l a r "  l a r g e  s c a le  i r r e g u l a r  s t r u c t u r e  o f  th e  

i o n o s p h e r e ,  e .g .  r e g u l a r  h e ig h t ,  l a t i t u d i n a l  and l o n g i t u d i n a l  

v a r i a t i o n s  o f  i t s  p a ra m e te rs .

The i n v e s t i g a t i o n  o f  th e  i r r e g u l a r  s t r u c t u r e  o f  th e  i o n o ­

s p h e re  by r a d io p h y s i c a l  methods, e s p e c i a l l y  by the  b o t to m s id e  

v e r t i c a l  sound ing  began in  th e  m i d - t h i r t i e s  a f t e r  th e  d is c o v e r y  

o f  t h e  s p re ad -F  and s p o r a d ic  E l a y e r s  i n  th e  e q u a t o r i a l  i o n o ­

s p h e re  (B e rk n e r  and W e l ls  1934, Booke r  and W e lls  1938) .

In  the  l a s t  y e a rs  th e  i n t e r e s t  i n  th e  s tu dy  o f  th e  i r r e g ­

u l a r  s t r u c t u r e  o f  th e  F r e g io n  and o f  th e  o u te r  io n o s p h e re  

i n c r e a s e d  from  b o th  e x p e r im e n ta l  and t h e o r e t i c a l  p o in t s  o f  v iew . 

As a consequence o f  th e  in te n s e  s t u d i e s  c o n c e rn in g  th e  i r r e g ­

u l a r  s t r u c t u r e  o f  th e  io n o s p h e re  i n  th e  h e ig h t  re g io n  c o n s i d ­

e r e d ,  a s e r ie s  o f  m onographs , re v ie w s  and numerous o r i g i n a l  
p a p e rs  were p u b l i s h e d  i n  th e  l a s t  y e a r s .

C o n s id e r in g  th e  i r r e g u l a r  s t r u c t u r e  o f  th e  io n o s p h e re  a 

v e r y  im p o r t a n t  a s p e c t  i s  th e  s tu d y  o f  th e  c o n d i t i o n s  c o n n e c te d  

w i t h  a r t i f i c i a l  d is t u r b a n c e s  o f  th e  i o n o s p h e r i c  p lasm a, when 

th e  d i s t u r b i n g  f a c t o r  i s  c o n t r o l l e d  and th e  i n i t i a l  c o n d i t i o n s  

a re  known. The a r t i f i c i a l  d i s t u r b a n c e  o f  th e  io n o s p h e r ic  p lasma 

can be p roduced  by d i f f e r e n t  p ro c e d u r e s :  h e a t in g  by r a d io  waves, 

i n j e c t i o n  o f  b u n d le s  o f  e n e r g e t i c  p a r t i c l e s ,  n u c le a r  and i n d u s ­

t r i a l  e x p lo s io n s ,  a e ro d y n a m ic  e f f e c t  o f  r o c k e t s  and s a t e l l i t e s ,  

r e l e a s e  o f  c h e m ic a l l y  a c t i v e  and i n a c t i v e  m a t e r ia l s .  E f f e c t s  i n  

th e  io n o s p h e re  c o n n e c te d  w i t h  e a r th q u a k e s  and v o lc a n ic  e r u p ­
t i o n s  b e lo n g  to  t h i s  c i r c l e  o f  phenomena, to o .  I n d i v i d u a l  

a s p e c ts  o f  the  i r r e g u l a r  s t r u c t u r e  o f  th e  io n o s p h e re  i n  th e  

p re s e n c e  o f  a r t i f i c i a l  e f f e c t s  o f  d i f f e r e n t  o r i g i n s  a re  d i s ­

c u s s e d  e . g .  i n  th e  r e v ie w s  by D av is  ( 1 9 7 9 ) ,  K a r lo v  e t  a l .  (1980), 

W in k le r  (1980 )  and i n  th e  c o l l e c t i o n  o f  p a p e rs  " N o n - l in e a r  

t h e r m a l  phenomena i n  th e  p lasm a" ( 1 9 7 9 ) .

H e re ,  a t t e n t i o n  i s  d e v o te d  to  th e  r e s u l t s  o f  i n v e s t i g a ­

t i o n  o f  th e  i r r e g u l a r  F r e g io n  and th e  o u t e r  io n o sp h e re  i n  
n a t u r a l  c o n d i t i o n s .  An a t t e m p t  i s  made t o  g e n e r a l i z e  th e  u p - t o -
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- d a te  r e s u l t s  and to  d is c u s s  u n s o lv e d  p ro b le m s .  Because o f  th e  

g r e a t  number o f  papers  c o n c e rn in g  t h i s  p ro b le m  i t  w i l l  be r e ­

f e r r e d  o n ly  to  p ape rs  i n  w h ich  d e t a i l e d  r e v ie w s  o f  o r i g i n a l  

s t u d ie s  can be fo u n d .

2. EXPERIMENTAL METHODS FOR THE STUDY OF THE IRREGULAR STRUC­

TURE OF THE IONOSPHERE

The known and r e l a t i v e l y  new m ethods used a t  p r e s e n t  f o r  

th e  i n v e s t i g a t i o n  o f  the  i r r e g u l a r  s t r u c t u r e  o f  th e  io n o s p h e r e ,  

f i r s t  o f  a l l  f o r  th e  s tu d y  o f  th e  i r r e g u l a r i t i e s  o f  th e  e l e c ­

t r o n  d e n s i t y  can be d e v id e d  i n t o  d i r e c t ,  i n - s i t u  m easurements 

c a r r i e d  o u t  by means o f  r o c k e t s  and s a t e l l i t e s ,  and i n t o  r a d i o -  

p h y s i c a l  m e thods. In  o t h e r  w o rd s ,  th e  i r r e g u l a r  s t r u c t u r e  o f  

th e  io n o s p h e re  i s  s t u d ie d  p r a c t i c a l l y  by th e  same methods w h ich  

a re  g e n e r a l l y  used i n  i o n o s p h e r i c  i n v e s t i g a t i o n s .  M e r i t s  and 

d e f i c i e n c i e s  o f  each method a re  known w e l l  enough. T h e r e fo r e ,  

he re  o n l y  some comments w i l l  be made w h ich  may be u s e f u l  i n  th e  

e s t im a t i o n  o f  th e  c o m p le te n e s s  and adequacy o f  th e  e x p e r im e n ta l  

i n f o r m a t i o n  c o n c e rn in g  th e  p a ra m e te rs  c h a r a c t e r i z i n g  th e  i r r e g ­

u l a r  s t r u c t u r e  o f  th e  io n o s p h e r e .

2 .1  Methods o f  th e  d i r e c t  measurement o f  the  

i o n o s p h e r i c  p a ra m e te rs

The d i r e c t  methods a re  d is c u s s e d  i n  d e t a i l  by Bauer and 

Nagy (1 9 7 5 )  and by F e je r  and K e l le y  ( 1 9 8 0 ) .  By d i r e c t  m easu re ­

m en ts , as i t  i s  known, e x p e r im e n ts  a re  m ean t,  w h ich  e n a b le  th e  

d e t e r m in a t i o n  o f  th e  p a ra m e te rs  o f  th e  medium in  th e  v i c i n i t y  

o f  th e  f l y i n g  object c a r r y i n g  th e  m e a s u r in g  t o o l . *

A t p r e s e n t  i n - s i t u  methods a re  used f o r  th e  measurement o f  

such im p o r t a n t  p a ra m e te rs  o f  th e  i o n o s p h e r i c  plasma as th e  c o n ­

c e n t r a t i o n ,  te m p e ra tu re ,  c h e m ic a l  c o m p o s i t i o n  and th e  v e l o c i t y  

o f  th e  o rd e re d  m o t io n  o f  th e  i o n i z e d  and n e u t r a l  com ponen ts ,  as 

w e l l  as e l e c t r i c  and m a g n e t ic  f i e l d s .  Fo r  th e  measurement o f  

th e  c o n c e n t r a t i o n  and te m p e ra tu re  ( T g and T^) o f  th e  c h a rg e d

*This does not re fe r  to  the remote sounding o f  the ionosphere by s a t e l l i t e s .
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p a r t i c l e s  Langm uíг - p r o b e s , r e t a r d i n g  p o t e n t i a l  a n a ly z e r s  and 

h ig h  f re q u e n c y  m ethods w i th  d i f f e r e n t  m o d i f i c a t i o n s  a re  used . 

The io n  c o m p o s i t io n  i s  measured by means o f  mass s p e c t ro m e te r s  

o f  d i f f e r e n t  t y p e s  (B e n n e t t  typ e  r a d io f r e q u e n c y ,  w i t h  m a g n e t ic  

d e f l e c t i o n  and q u a d r u p o le ) .  The d e n s i t y ,  te m p e ra tu re  and c h e m i­

c a l  c o m p o s i t io n  o f  th e  n e u t r a l  u p p e r  a tm o sph e re  i s  d e te rm in e d  

by th e  measurement o f  the  d rag  o f  s a t e l l i t e s  and by means o f  

m ic ro p h o n  d e t e c t o r s  and mass s p e c t r o m e t e r s ,  r e s p e c t i v e l y .

When m e a s u r in g  i n - s i t u  the  a b s o lu t e  v a lu e s  o f  d i f f e r e n t  

i o n o s p h e r i c  p a r a m e te r s ,  a number o f  u n c e r t a i n t i e s  and d i f f i c u l ­

t i e s  a r i s e .  As r e g a r d s  the  i r r e g u l a r  s t r u c t u r e  o f  th e  io n o ­

s p h e re ,  when m a in ly  th e  r e l a t i v e  q u a n t i t i e s  o f  the  ty p e  Sng a re  

o f  i n t e r e s t ,  th e s e  u n c e r t a i n t i e s  i n  th e  a b s o lu te  v a lu e s  a re  i n ­

s i g n i f i c a n t  .

I n - s i t u  measurem ents  o f  the  p a r a m e te r s  o f  the  i o n o s p h e r i c  

i r r e g u l a r i t i e s  by means o f  s a t e l l i t e s  a re  c e r t a i n l y  v a lu a b le  

and u s e f u l .  N e v e r t h e le s s ,  i t  i s  u s e f u l  t o  c o n s id e r  some s h o r t ­

co m ing s  o f  th e s e  m ethods (G d a le v ic h  1980 , F a t k u l l i n  1 982 ) .

1. Probe m easurements on b oa rd  o f  s a t e l l i t e s  e na b le  th e  

d e t e r m in a t i o n  o f  c h a r a c t e r i s t i c s  o f  th e  i r r e g u l a r i t i e s  a lo n g  

th e  s a t e l l i t e ' s  o r b i t ,  i n  a d d i t i o n ,  as i t  i s  known th e  s a t e l ­

l i t e  i n t e r s e c t s  th e  geom agne t ic  f i e l d  l i n e s  i n  d i f f e r e n t  l a t i ­

t u d e s  a t  d i f f e r e n t  a n g le s .  T h e r e f o r e ,  i t  i s  n o t  a lways p o s s ib l e  

t o  i d e n t i f y  t h i s  t y p e  o f  d a ta  w i t h  th e  p h y s i c a l  co n c e p ts  o f  th e  

t r a n s v e r s e  ( t o  th e  E a r t h ' s  m a g n e t ic  f i e l d )  and l o n g i t u d i n a l  

( a lo n g  th e  m a g n e t ic  f i e l d )  d im e n s io n s  o f  th e  i o n o s p h e r ic  i r r e g ­

u l a r i t i e s .  Because o f  th e  c o n d i t i o n s  m e n t io n e d  above, th e  

d im e n s io n s  o f  th e  i r r e g u l a r i t i e s  a re  a c c o r d in g  to  th e  d a ta  o f  

i n - s i t u  s a t e l l i t e  measurements s m a l l e r  a t  h ig h  l a t i t u d e s  and 

l a r g e r  a t  low l a t i t u d e s  than  in  r e a l i t y  (G d a le v ic h  198 0 ) .

2. I t  i s  n o t  p o s s ib le  to  d i s t i n g u i s h  th e  s p a t i a l  ( l a t i ­

t u d e ,  l o n g i t u d e ,  h e i g h t )  c h a r a c t e r i s t i c s  o f  th e  i r r e g u l a r i t i e s  

f ro m  t h e i r  t im e  v a r i a t i o n s  c o n s id e r in g  i n d i v i d u a l  t r a n s i t i o n s  

o f  a s a t e l l i t e .  I f  t h e  h e ig h t  o f  th e  s a t e l l i t e  i s  a ls o  f i x e d ,  

d i f f e r e n t  p h y s i c a l  phenomena are  r e c o r d e d  a t  d i f f e r e n t  l a t i ­

tu d e s  because o f  th e  v a r i a t i o n  o f  th e  p h y s i c a l  c o n d i t i o n s  

( e s p e c i a l l y  t h a t  o f  th e  io n  c o m p o s i t i o n )  w i t h  l a t i t u d e ,  w i t h



IRREGULAR STRUCTURE OF THE F REGION 9

h o u r  o f  th e  day e t c .

3. The s c a le  o f  th e  i r r e g u l a r i t i e s  a lo n g  the  s a t e l l i t e ' s

o r b i t  i s  d e te rm in e d  by " t h e  r e s o l v i n g  p o w e r " ,  i . e .  by th e  speed 

o f  s a m p l in g  o f  th e  a c t u a l  i n s t r u m e n t .  T h e r e fo re ,  i f  a t  th e  t im e  

o f  an i n - s i t u  s a t e l l i t e  measurement i r r e g u l a r i t i e s  w i t h  c h a r a c ­

t e r i s t i c  d im e n s io n  1 ^ 1  a lo n g  th e  s a t e l l i t e ' s  o r b i t  were 

o b s e rv e d ,  th e n  t h i s  does n o t  mean th e  absence o f  i r r e g u l a r i t i e s  

1 ^  1 under  th e  c o n d i t i o n s  o f  t h i s  e x p e r im e n t .

4. Io n  t r a p s  w i t h  e le c t r o d e s  o f  c o n s t a n t  p o t e n t i a l  a re  

used i n  some s a t e l l i t e  e x p e r im e n ts  f o r  th e  i n v e s t i g a t i o n  o f  the  

c h a r a c t e r i s t i c s  o f  i r r e g u l a r i t i e s  and th e  changes o f  th e  io n  

c u r r e n t  = en^ ( y s + v ^ )  a re  mesured where n^ i s  th e  t o t a l  io n  

d e n s i t y ,  u g i s  th e  v e l o c i t y  o f  th e  s a t e l l i t e  and v^ i s  th e  

v e l o c i t y  o f  m o t io n  o f  th e  i r r e g u l a r i t i e s  ( o r  t h a t  o f  th e  wave 

p r o p a g a t io n  c a u s in g  th e  i r r e g u l a r i t i e s  o f  th e  c o n c e n t r a t i o n  o f  

c h a rg e d  p a r t i c l e s ) .  O b v io u s ly  th e  d im e n s io n s  o f  the  i r r e g u l a r i ­

t i e s  o b ta in e d  a t  th e  a n a ly s i s  o f  th e  d a ta  o f  i n - s i t u  s a t e l l i t e  

m easurem ents  c a n n o t  c o r re s p o n d  to  th e  r e a l  co nd i  t i o n s  i n  case 

o f  ( y L ) ^  ( y  ) .  An a n a ly s i s  o f  th e  d a ta  o f  th e  r easu re m e n ts  

c a r r i e d  o u t  on board  o f  th e  s a t e l l i t e  IK -8  has shown t h a t  a t  

low  l a t i t u d e s  changes o f  th e  io n  c u r r e n t  a re  m a in ly  due t o  c o r ­
re s p o n d in g  v a r i a t i o n s  o f  th e  t o t a l  i o n  d e n s i t y  ( i . e .  ŐJ ~  б гь )  

and a t  h ig h  l a t i t u d e s  th e  change o f  th e  v e l o c i t y  (5v^ c o n t r i b ­

u te s  a ls o  to  (5j^ ( S e ra f im o v  e t  a l .  1 9 7 6 ) .

5. The f r e q u e n c y  c h a r a c t e r i s t i c s  o f  th e  i o n o s p h e r i c  i r r e g ­

u l a r i t i e s  depend on th e  D o p p l e r - e f f e c t : f H = j f  -  ( k  y s ) J , 

where  f ^  i s  th e  f re q u e n c y  o f  th e  o s c i l l a t i o n s  o bse rved  a t  th e  

s a t e l l i t e ,  к = (2 Х /Л )  i s  th e  wave number ( A i s  th e  wave le n g t h  

o f  th e  o b s e rv e d  o s c i l l a t i o n s ) .

2 .2  R a d io p h y s ic a l  methods o f  th e  i n v e s t i g a t i o n  o f  

i o n o s p h e r i c  i r r e g u l a r i t i e s

The d i f f e r e n t  r a d io p h y s i c a l  m ethods o f  th e  i n v e s t i g a t i o n  

o f  th e  io n o s p h e re  have been d e s c r ib e d  i n  d e t a i l s  (D a v ie s  1962, 

Evans 1969, E c c le s  and K ing  1970, F a r l e y  1971, G a lk in  e t  a l .  

1971, M ig u l i n  1973, Evans 1974, 1975, Namazov e t  a l .  1975 , 

M ig u l i n  e t  a l .  1978, F e je r  and K e l l e y  1980, A f ra y m o v ic h  1982,
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H a n u is e  198 3 ) .  Here t h e y  are  d is c u s s e d  f ro m  th e  p o in t  o f  v iew  

o f  t h e i r  a p p l i c a b i l i t y  f o r  th e  i n v e s t i g a t i o n  o f  th e  i r r e g u l a r  

s t r u c t u r e  o f  th e  io n o s p h e r e .

R a d io p h y s ic a l  m ethods are  based on th e  s o lu t i o n  o f  th e  

i n v e r s e  p ro b le m , where  th e  p a ra m e te rs  o f  th e  io n o s p h e re  a f f e c ­

t i n g  t h e  p ro p a g a t io n  o f  r a d io  waves a re  d e te rm in e d  on th e  b a s is  

o f  t h e  c h a r a c t e r i s t i c s  o f  r a d io  s i g n a l s  r e f l e c t e d ,  s c a t t e r e d  o r  

t r a n s m i t t e d  by th e  io n o s p h e r e .  Such p a ra m e te r s  a re  th e  a m p l i ­

t u d e ,  phase , th e  t im e  o f  r e t a r d a t i o n ,  th e  a n g le  o f  i n c id e n c e ,  

th e  p o l a r i z a t i o n  and th e  d i f f u s e  c h a r a c t e r  o f  th e  s i g n a l s  

r e c e i v e d .

The g round based r a d io p h y s i c a l  m e thods  can be summarized 

i n  t h e  f o l l o w i n g s .

1 . S tan da rd  v e r t i c a l  so u n d in g .  By t h i s  method an io n o g ra m , 

i . e .  t h e  v i r t u a l  h e i g h t  o f  the  r e f l e c t i o n s  a t  a f i x e d  f r e q u e n c y  

h ' ( f  = c o n s t ,  t )  i s  r e c o rd e d .  The m easurem ent o f  h ' ( f  = const, t )  

e n a b le s  th e  s tu d y  o f  t r a v e l l i n g  i o n o s p h e r i c  d is t u r b a n c e s  (T ID )  

and i n  case o f  m easurem ents  a t  th re e  o r  more p o in t s  th e  e s t im a ­

t i o n  o f  th e  v e l o c i t y  and d i r e c t i o n  o f  T ID - s .  D i f f e r e n t  t y p e s  o f  

t h e  a p re a d -F  phenomenon and d is t u r b a n c e s  o f  th e  e le c t r o n  

d e n s i t y  a p p e a r in g  on ionog ram s in  fo rm  o f  s lo p e s  o r  hooks a re  

i n v e s t i g a t e d .  The a n a l y s i s  o f  m u l t i p l e  r e f l e c t i o n s  e n a b le s  th e  

s t u d y  o f  medium s c a le  i r r e g u l a r i t i e s  t a k i n g  i n t o  a cco u n t  th e  

i n t e n s i t y  o f  th e  d i f f e r e n t  m u l t i p l e  r e f l e c t i o n s .

2 .  O b l iq u e  i n c i d e n c e  and back s c a t t e r  soun d ing s  e s p e c i a l l y  

i n  ca se  o f  t r a n s m is s i o n  pa th s  o f  g r e a t  le n g t h s  do n o t  have 

s u f f i c i e n t  s p a t i a l  r e s o l u t i o n  f o r  an i n v e s t i g a t i o n  o f  th e  i r ­

r e g u l a r  s t r u c t u r e  o f  th e  io n o s p h e re  (Namazov and N ov iko v  1 9 8 0 ) .

3. V e r t i c a l  s o u n d in g  o f  the  i o n o s p h e r e  by s ig n a ls  i n t r i ­

c a t e l y  m od u la ted  and compressed in  t im e  o r  i n  f r e q u e n c y .  A 

r e s o l u t i o n  o f  0 . 7 5 - 1 . 5  km in  the  v i r t u a l  h e ig h t  can be reached  

i n  t h i s  case w h i l e  th e  r e s o lu t i o n  i n  v i r t u a l  h e ig h t  amounts to  

15 km w i t h  s ta n d a r d  ion oso nd e s  in  case  o f  a d u r a t i o n  o f  100 p s  

o f  t h e  im p u ls e s .

4. Measurement o f  the  D opp le r  s h i f t  o f  f i x e d  f r e q u e n c y  

r a d i o  waves i n c i d e n t  v e r t i c a l l y ,  s l i g h t l y  o b l i q u e l y  and o b ­

l i q u e l y .  M easurem ents  a t  a s in g le  f r e q u e n c y  do n o t  e n a b le  th e
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d e t e r m in a t i o n  o f  th e  l o c a t i o n  o f  th e  i r r e g u l a r i t i e s  and th e  

s tu d y  o f  t h e i r  v e r t i c a l  d isp lacem en t.  S o u n d in g s  a t  many f r e q u e n ­

c ie s  enhance th e  p o s s i b i l i t i e s  o f  t h i s  method ( B e r t e l  e t  a l .  

1 9 8 4 ) .

5 . I n c o h e r e n t  s c a t t e r  o f  r a d io  waves a re  a p o w e r fu l  means 

o f  th e  i n v e s t i g a t i o n  o f  th e  i r r e g u l a r  s t r u c t u r e  o f  th e  i o n o ­

s p h e re ,  b u t  i t  has no s u f f i c i e n t  s p a t i a l  and t im e  r e s o l u t i o n  

y e t ,  e x c e p t  in  i n d i v i d u a l  e q u ip m e n ts .  Sometimes the  d eve lo p m e n t 

o f  th e  i r r e g u l a r  s t r u c t u r e  p ro d u c in g  among o th e rs  s p re a d -F  can 

be o b s e rv e d  by means o f  t h i s  method.

6 . Forward  s c a t t e r  o f  r a d a r  s i g n a l s  i n  the  HF band by 

io n o s p h e r i c  i r r e g u l a r i t i e s .  Among o t h e r s ,  i r r e g u l a r i t i e s  o f

1 = 3 m can be o b s e rv e d  by th e  r a d a r  s t a t i o n  a t  J icam arca  w h ic h  

i s  used f o r  th e  s tu d y  o f  th e  e q u a t o r i a l  s p re a d -F .  The r a d a r  

sys tem  a t  th e  i s l a n d  o f  K w a ja le in  i s  d e s ig n e d  to  the  s tu d y  o f  

i r r e g u l a r i t i e s  w i t h  1 = 1 .9 3 ,  0 .36  and 0 .1 1  m.

7. Phase ( D o p p le r )  and p o l a r i z a t i o n  (F a ra d a y )  m easurements 

o f  m on och ro m atic  s i g n a l s  i n  th e  range  f ro m  some te ns  to  some 

h un d red s  o f  MHz c a r r i e d  o u t  by b o th  lo w  o r b i t i n g  and g e o s ta ­

t i o n a r y  s a t e l l i t e s .  Sometimes d i s c r e e t  s o u rc e s  o f  cosm ic r a d io  

e m is s io n s  a re  o b s e rv e d .  For th e  i n v e s t i g a t i o n  o f  th e  i r r e g u l a r  

s t r u c t u r e  o f  th e  io n o s p h e re  f l u c t u a t i o n s  o f  th e  s ig n a ls  r e ­

c e iv e d  a re  used.

T h is  method e n a b le s ,  when used as rem ote  sound ing  o f  th e  

io n o s p h e re  by s a t e l l i t e s ,  to  s tu d y  th e  c o n d i t i o n s  a t  h e ig h t s  

h > h^F b e in g  i n a c c e s s ib le  f o r  g round  based r a d io p h y s i c a l  

m e thods . Du C a s te l  and F ayn o t  (19 64 )  c a l l e d  a t t e n t i o n  a l r e a d y  

i n  1965 to  th e  p re sen ce  o f  c h a r a c t e r i s t i c  cu rve d  t r a c e s  i n  

ion og ram s  i d e n t i f i e d  w i t h  t r a v e l l i n g  d is t u r b a n c e s  when a n a ly z in g  

th e  d a ta  o f  th e  t o p s id e  so u n d in g  s a t e l l i t e  A lo u e t t e - 1 .  At 

p r e s e n t  th e  e x p e r im e n ta l  m a t e r ia l  o b t a in e d  by t h i s  method i s  

used f o r  th e  i n v e s t i g a t i o n  o f  th e  i r r e g u l a r  s t r u c t u r e  o f  th e  

io n o s p h e re  a t  h e ig h t s  o f  hmF 2 á  h 6: 3000 km p ro d u c in g  s c a t t e r ­

ed r e f l e c t i o n s  on th e  ionog ram s ( s p r e a d - F )  ( C a l v e r t  and Schmid 

1964, Dyson 1968, Maruyama and M a tuu ra  1 9 8 0 ) .  One o f  th e  b a s i c  

m e r i t s  o f  th e  method i s  th e  p o s s i b i l i t y  t h a t  a g lo b a l  " s n a p s h o t "  

o f  th e  o u te r  io n o s p h e re  can be o b t a in e d  from  p o le  to  p o le  i n
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r e l a t i v e  s h o r t  i n t e r v a l s ,  m oreover  -  what i s  ve ry  i m p o r t a n t  in  

c e r t a i n  h e l i o p h y s i c a l  and g e o p h y s ic a l  c o n d i t i o n s  -  th e  l o c a l -  

c h a r a c t e r  o f  th e  i r r e g u l a r  s t r u c t u r e  o f  th e  io n o s p h e re  can be 

o b s e rv e d  ( F ig .  1 ) .  The use o f  t o p s id e  so un d ing  da ta  p re s e n te d

__________1_____________ I___________ 1 1 1 i t 1 1 ;__ I____J________I____________ I___________ I_____I__ I__t i l l ] __ I____
LST 1200 1400 1600 0000  0200 0 4 0 0  1000

__________ 1_______ I_______ I________ 1__________ I I___________1_______ I_______ I_______L________I________:__________ I__________ l _

GMLAT 20 0 -2 0  - 4 0  -6 0  -6 0  -  40  -  20 0 20 4 0 6 0 6 0 40

F ig .  1. Var ia t ion  o f the spread-F index S along the o rb i t  of the s a t e l l i t e  
ISS-b constructed on the basis o f 100 ionograms (Maruyama and 
Matuura 1980). In d iv id u a l  po ints denoted by a -  f  correspond to  
ionograms published in  tha t paper

i n  fo rm  o f  ne ( h )  p r o f i l e s  began i n  th e  l a s t  ye a rs  f o r  th e  s tu d y  

o f  medium and s m a l l  -  s c a le  i r r e g u l a r i t i e s  o f  th e  e l e c t r o n  

d e n s i t y  and o f  c o r r e s p o n d in g  w a v e - l i k e  d is tu r b a n c e s  i n  th e  outer 

i o n o s p h e r e  ( S o lo d o v n ik o v  e t  a l .  1981 , F a t k u l l i n  e t  a l .  1984, 

S c lo d o v n ik o v  e t  a l .  1 9 8 4 ) .  T h is  i s  so f a r  u s e f u l  as i t  i s  p os ­

s i b l e  to  d e te rm in e  th e  h e ig h t  and l a t i t u d e  dependence o f  th e  

i r r e g u l a r  s t r u c t u r e  a lo n g  th e  s a t e l l i t e ' s  o r b i t  i n  th e  g iv e n  

c a s e .  However, t h e r e  a re  two l i m i t a t i o n s .  The f i r s t  i s  t h a t  the  
s p a t i a l ,  l a t i t u d i n a l - l o n g i t u d i n a l  s c a le  o f  th e  o b s e rv a b le
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e le c t r o n  d e n s i t y  i r r e g u l a r i t i e s  i s  l i m i t e d  in  case o f  i o n o ­

s p h e r i c  s t a t i o n s  o f  s m a l l  pow er. F o r  in s t a n c e  in  case o f  th e  

s a t e l l i t e  A lo u e t t e - 1  ( f re q u e n c y  ra n g e  o f  th e  sound ing  1 -1 2  MHz, 

speed o f  th e  f r e q u e n c y  sweeping  1 MHzs х ) ,  o n ly  i r r e g u l a r i t i e s  

w i t h  s p a t i a l  s c a le s  o f  the  o rd e r  n o t  l e s s  than some h u n d re d  

k i l o m e t e r s ,  i . e .  medium -  o r  la r g e  -  s c a le  i r r e g u l a r i t i e s  can 

be r e v e a le d .  The second l i m i t a t i o n  i s  co nn ec te d  w i t h  th e  a c ­

c u ra c y  o f  th e  c o m p u ta t io n  o f  ne ( h )  p r o f i l e s  on th e  b a s i s  o f  

t o p s id e  so u n d in g  io n o g ra m s .  T h is  a c c u ra c y  makes th e  d e t e r m in a ­

t i o n  o f  l o c a l  e l e c t r o n  d e n s i t y  i r r e g u l a r i t i e s  im p o s s ib le .

3. RESULTS OF EXPERIMENTAL AND MORPHOLOGICAL INVESTIGATIONS

There a re  many d is c u s s io n s  on th e  r e s u l t s  o f  th e  e x p e r i ­

m en ta l  and m o r p h o lo g ic a l  i n v e s t i g a t i o n s  o f  i r r e g u l a r  s t r u c t u r e s  

in  th e  e l e c t r o n  d e n s i t y  a t  th e  h e i g h t  o f  the  F r e g io n  and i n  

the  o u t e r  io n o s p h e r e ,  o b ta in e d  by means o f  d i f f e r e n t  m ethods  

(Herman 1966, Aa rons  e t  a l .  1971, Gershman 1976, Crane 1977 , 

A l im ov  and R a k h l in  1979, E rukh im ov e t  a l .  1980, F e je r  and 

K e l le y  1980, G d a le v ic h  1980, O v e z g e ld ie v  and Muradov 1980 , 

K e l le y  and M cC lu re  1981, V s e k h s v y a ts k a y a  1981, F a t k u l l i n  1982, 

Hanuise  1983, Pancheva and S a m ardzh iev  1983, Gershman e t  a l .  
1 984 ) .

3 .1  The i r r e g u l a r  s t r u c t u r e  o f  th e  e le c t r o n  d e n s i t y

d i s t r i b u t i o n

The c h a r a c t e r i s t i c  s p a t i a l  s c a le s  o f  the  e le c t r o n  d e n s i t y  

i r r e g u l a r i t i e s  v a r y  f rom  a m ete r  t o  some thousand k i l o m e t e r s  

depend ing  on d i f f e r e n t  c o n d i t i o n s  ( e . g .  th e  l i n e a r  d im e n s io n s  

o f  th e  i r r e g u l a r i t i e s  c a u s in g  th e  s p re a d -F  phenomenon and th e  

s c i n t i l l a t i o n  o f  th e  r a d io  s i g n a l s  f ro m  cosmic s o u rc e s  and o f  

s a t e l l i t e s  range f ro m  some hundred  m e te rs  to  some k i l o m e t e r s ) .  

Some exam ples a re  p re s e n te d  i n  F ig s  2 , 3 and 4 show ing  th e  

s p e c t r a l  d i s t r i b u t i o n  o f  th e  l i n e a r  d im e n s io n s  o f  th e  e l e c t r o n  

d e n s i t y  i r r e g u l a r i t i e s  i n  i n d i v i d u a l  c a s e s .  As a r u l e  t h e  b road  

sp e c tru m  o f  th e  c h a r a c t e r i s t i c  d im e n s io n s  o f  the  e l e c t r o n  

d e n s i t y  i r r e g u l a r i t i e s  i s  d iv i d e d  i n t o  c e r t a i n  ra n g e s ,  th o u g h  
such a d i v i s i o n  i s  i n  want o f  a g e n e r a l l y  accep ted  t e r m i n o l o g y .
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Irregularity scale size in km

F ig .  2. The power spectrum o f the e lectron d ens ity  i r r e g u la r i t ie s  o f d i f ­
fe ren t scale according to measurements ca rr ied  out by means o f  the 
s a t e l l i t e  ISIS-1 November 1, 1969 ( o r b i t  no 3092).
A__/V~ 60.1°N, h — 1374 km, 13 30 MLT, EhA_ ~  65.8°N, h 1517 km,

13 14 MLT, С--Л- ~  76.4°N, h a  1810 km, 12 13 MLT, D--A_ ^  80.8°N,

h ^  1957 km, 11 09 MLT, Е--Л- -  83.7°N, h -21 03  km, 9 23 MLT 
(Phelps and Sagalyn 1976)

F o r  in s t a n c e ,  th e  f o l l o w i n g  d i v i s i o n  o f  th e  s c a le s  o f  i r r e g ­

u l a r i t i e s  in  th e  e q u a t o r i a l  F r e g io n  was sugges ted  by 

L i v i n g s t o n  e t  a l .  ( 1 9 8 1 ) :  1 > 1000 km p la n e t a r y  s c a le ,  1 0 — 1— 

fè 1000 km m ed iu m -s c a le ,  0 .1  ^  1 ^  10 km in t e r m e d ia t e  s c a le  and 

1 <  10 и s h o r t  wave l e n g t h .  The e le c t r o n  d e n s i t y  i r r e g u l a r i t i e s  

o f  1 <  1-10 km b e lo n g  ( a f t e r  E ru kh im o v  e t  a l .  1980) to  s m a l l  

s c a l e  i r r e g u l a r i t i e s .  T r o i t s k y  ( 1 9 8 0 )  d i s t i n g u i s h e s  two g r o u p s , 

m e d iu m -s c a le  and l a r g e - s c a l e  i r r e g u l a r i t i e s ,  c o n s id e r in g  th e  

e l e c t r o n  d e n s i t y  i r r e g u l a r i t i e s  r e l a t e d  to  t r a v e l l i n g  i o n o ­
s p h e r i c  d is t u r b a n c e s .  In  case o f  l a r g e - s c a l e  p e r t u r b a t i o n s  th e
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AE-D #652 Dec.1.1975

MLT(hrs) 21 A4 21 A3 21 42
ALT (km) 348 AGO 455

Fig. 3. Data of the o r b i t  no 652 o f the s a t e l l i t e  AE-D between 14 01, 30 s, 
and 14 03, 30 s UT December 1, 1975 showing the zonal component 
(E-W) of the v e lo c i ty  o f the plasma d r i f t ,  the ve lo c i ty  o f the 
energy input,  the onedimensional spectra l index of the i r r e g u la r i ­
t ie s  with scale 1 < 1 km and the amplitude o f the e lec tron  dens ity  
i r r e g u la r i t ie s .  In the regions of p re c ip i ta t in g  e lectrons la rge  
spectra l ind ices appear and ine spectra l index decreases, where in  
s trong ly  s truc tu red  i r r e g u la r i t ie s  large amplitudes of ionospheric 
i r r e g u la r i t ie s  occur (Basu et a l .  1984)
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Fig . 4. Energy spectra o f  me­
dium- and la rge-sca le  
f lu c tua t ions  o f  the 
electron density  in  
the outer ionosphere 
at f ixed  heights from 
an analysis o f topside 
sounding data o f  the 
s a t e l l i t e  A louette-1  
(December 30, 1967, 
o rb i t  no 9031, 
f  = 74.8-4.9°N,
\  = 134.4-166.5°E,

00 20-03 00 LT, Kp = 3,
h o . 7 ■ 155>

h o r i z o n t a l  wave l e n g t h  i s  1 ^  1000 km, t h e  p e r io d  T > 3 0  m in ,  

t h e  h o r i z o n t a l  com p on en t o f  the  phase v e l o c i t y  400-1000 ms

I n  case  o f  m e d iu m -s c a le  i r r e g u l a r i t i e s ,  1 amounts to  te n  o r  

h u n d re d  k i l o m e t e r s ,  T ~  10-60  min and V 100- 250 ms ^ .

3 .1 1  The sp read -F  phenomenon

One o f th e  i n d i c a t o r s  o f  the  F r e g i o n ' s  i r r e g u l a r  s t r u c ­

t u r e  i s  on b o t to m s id e  v e r t i c a l  s o u n d in g s  o f  th e  io n o s p h e re ,  as 

w e l l  as in  to p s id e  s o u n d in g s  by s a t e l l i t e s ,  th e  in c r e a s e  o f  th e  

d u r a t i o n  o f  the  s i g n a l  r e f l e c t e d  f ro m  th e  io n o s p h e re  as com­
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p a re d  to  th e  d u r a t i o n  o f  th e  so u n d in g  im p u ls e .  T h is  phenomenon 

i s  c a l l e d  s p re a d -F .  Based on th e  e x p e r ie n c e  o f  many y e a r s  o f  

b o t t o m s id e  v e r t i c a l  s o u n d in g ,  f o u r  ty p e s  o f  s p re a d -F  a re  d i s ­

t i n g u i s h e d :  1. range s p re a d in g  (s p re a d  i n  h e ig h t  o r  d i s t a n c e ) ,

2. f r e q u e n c y  s p re a d in g ,  3. m ixed ty p e  s p re a d in g  ( t h e  t r a c e s  o f  

th e  r e f l e c t i o n s  a re  b ro adened  b o th  i n  v i r t u a l  h e ig h t  and i n  

f r e q u e n c y ) ,  4. s p u r  ( a l l  t r a n s i t i o n a l  ty p e s  o f  th e  s p re a d  w h ich  

c o r re s p o n d  to  none o f  th e  d e f i n i t i o n s  m en t io n e d  a b o v e ) .

Numerous re v ie w s  were d e vo ted  to  th e  s tu d y  o f  th e  s p re a d -F  

phenomenon ( e . g .  r e v ie w s  by Herman 1966, Booker 1979, O v e z g e l -  

d ie v  and Muradov 1980, K e l le y  and M cC lure  1981, Gershman e t  a l .  

1 9 8 4 ) .  As c h a r a c t e r i s t i c s  o f  th e  s p re a d -F  phenomenon, t h e  i n ­

t e n s i t y  and the  p r o b a b i l i t y  o f  i t s  o c c u r re n c e  P( F ) a re  used .s p
P(F ) depends on l a t i t u d e ,  l o n g i t u d e ,  l o c a l  t im e ,  s e a s o n ,  on5 p
s o l a r  and geom agne t ic  a c t i v i t i e s .  The b a s ic  r e g u l a r i t i e s  o f  the  
d i f f e r e n t  v a r i a t i o n s  o f  P (F gp) a re  w e l l  enough docum ented  by 

th e  t a b u la t e d  da ta  o f  th e  n e tw o rk  o f  v e r t i c a l  s o u n d in g  s t a t i o n s .  

They a re  i n v e s t i g a t e d  by means o f  th e  t o p s id e  s o u n d in g  o f  th e  

io n o s p h e re  on board o f  d i f f e r e n t  s a t e l l i t e s ,  to o  ( C a l v e r t  and 

Schmid 1964, Dyson 1968, Maruyama and M atuura  19C 0). Gne exam­

p le  i s  shown in  F ig .  5. Some p r o p e r t i e s  o f  th e  o c c u r re n c e  o f  

th e  s p re a d -F  d e te rm in e d  by s t a t i s t i c a l  a n a ly s i s  a re  th e  f o l l o w ­

i n g s :  1. sp re ad -F  i s  b a s i c a l l y  a n i g h t - t i m e  phenomenon e x c e p t  

o f  m a g n e t ic  l a t i t u d e s  ф > 6 0 ° ,  2. i n  th e  p e r io d  o f  h ig h  s o la r  

a c t i v i t y  in te n s e  s p re a d -F  i s  o n ly  o bse rve d  w i t h i n  th e  zone ф=

= _+ 20° and a t  h ig h  l a t i t u d e s  ( Ф > 6 0 ° ) ,  i n  case o f  lo w  s o la r

a c t i v i t y  i t  i s  o b s e rv e d  a t  m i d - l a t i t u d e s ,  3. range  s p r e a d - F ,  

c h a r a c t e r i s t i c  o f  th e  low  and e q u a t o r i a l  l a t i t u d e s ,  a p p e a rs  im ­

m e d ia t e l y  a f t e r  s u n s e t ,  th e  maximum o f  P(F ) o c c u rs  b e f o r e  l o -s p
c a l  m id n ig h t ;  th e  d a i l y  maximum o c c u r re n c e  o f  th e  f r e q u e n c y

s p re a d -F ,  c h a r a c t e r i s t i c  o f  th e  h ig h  and m i d - l a t i t u d e s ,  appea rs

a f t e r  l o c a l  m id n ig h t ;  a t  t r a n s i t i o n a l  l a t i t u d e s  m ixed t y p e

s p re a d -F  i s  o b s e rv e d ,  4. a t  m i d - l a t i t u d e s  ( ф c* 2 5 ° - 5 5 ° )  th e

p r o b a b i l i t y  P(F ) i s  s m a l l .  The minimum o f  P(F ) i s  a t  
о SP SPф ~  + 40 .

In  s p i t e  o f  a g r e a t  number o f  p a p e rs  d e v o te d  to  s t u d y  o f  

th e  g l o b a l ,  r e g io n a l  and l o c a l  m o rph o lo gy  o f  th e  s p re a d -F  on
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Dip latitude

F ig .  5. D is tr ibu t ion  o f  the  occurrence p ro b a b i l i t y  o f scattered re f le c t io n s  
on the topside sounding ionograms ( s a t e l l i t e  ISS-b) as a func t ion  of 
loca l time and magnetic dip la t i tu d e  fo r  the period August-December, 
1978 (Maruyama and Matuura 1980)

t h e  b a s is  o f  th e  n e tw o r k  o f  v e r t i c a l  s o u n d in g  s t a t i o n s ,  t h i s  

phenomenon rem a ined  u n c le a r e d  to  th e  b e g in n in g  o f  th e  s e v e n t ie s  

b e c a u s e  o f  the  l a c k  o f  ind ep en d en t  m easurem ents  under  c o n d i ­

t i o n s  when on v e r t i c a l  s o un d ing  ion og ram s  s p re a d -F  i s  o b s e rv e d .  

I t  was n o t  c l e a r ,  t o  w h a t  e x te n t  i t  can be c o n c lu d e d  f rom  th e  

o b s e r v a t i o n s  o f  s p r e a d - F  on the  q u a n t i t a t i v e  c h a r a c t e r i s t i c s  o f  

t h e  i r r e g u l a r  s t r u c t u r e  o f  the  F r e g io n  a t  d i f f e r e n t  l a t i t u d e s .

R e s u l ts  o b ta in e d  i n  th e  s tudy  o f  s p re a d -F  i n  th e  l a s t  years 

a r e  due to  the  i n v e s t i g a t i o n  o f  the  r e l a t i o n  between th e  o c c u r ­

r e n c e  o f  sp re ad -F  and t h e  d i f f e r e n t  p a ra m e te r s  o f  th e  F r e g io n  

( f o F 2 ,  t o t a l  e l e c t r o n  c o n t e n t ,  h a l f  w i d t h ,  h e ig h t  o f  th e  l a y e r ,  

v e l o c i t y  o f  the  v e r t i c a l  m o t io n s ,  t e m p e r a tu r e s  o f  cha rged  and 
n e u t r a l  p a r t i c l e s ) ,  t o  th e  c o r r e l a t i o n  t o  o t h e r  phenomena
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( s c i n t i l l a t i o n  o f  th e  s i g n a l s  o f  d i s c r e t e  sou rces  and d i f f e r e n t
О

s a t e l l i t e s ,  n ig h t  a i r  g low  a t  th e  wave le n g t h  6300 A, VLF e m is ­

s i o n ) ,  t o  com plex measurements u s in g  r o c k e t s ,  s a t e l l i t e s  and 

i n c o h e r e n t  s c a t t e r  e q u ip m e n ts ,  to  th e  measurement o f  th e  s c i n ­

t i l l a t i o n  o f  s a t e l l i t e  s i g n a l s  to  D o p p le r  o b s e rv a t io n s  e t c .

The most s i g n i f i c a n t  r e s u l t s  i n  th e  e x p e r im e n ta l  i n v e s t i ­

g a t i o n  o f  th e  s t r u c t u r e  o f  th e  io n o s p h e re  under s p re a d -F  c o n d i ­

t i o n s  have been a c h ie v e d  i n  th e  l a s t  y e a rs  a t  e q u a t o r i a l  l a t i ­

t u d e s ,  because o f  two f a c t s .  On th e  one hand a r e l a t i v e l y  

n a r ro w  band o f  i n t e n s e  s p re a d -F  can be fo u n d  t h e r e ,  on th e  

o t h e r  u p - t o - d a t e  m ea su r ing  equ ip m en ts  a re  lo c a te d  t h e r e .  Some 

r e s u l t s  o f  th e s e  s t u d ie s  can be sum m arized  as f o l l o w s  ( F ig s  6 
and 7 ) .

Elevation angle —  deg

Fig. 6. ne(h) p ro f i le s  in  the equator ia l ionosphere fo r  d i f fe re n t  e leva t ion  
angles o f the radar beam on the basis o f  the data of incoherent 
sca tte r  measurements in  A l t a i r  (Marshall Is lands, geomagnetic l a t i ­
tude 4 .3°N) August 18, 1978 (Tsunoda 1980)
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F ig .  7. Contour maps o f the l a t i t u d in a l  d i s t r i b u t i o n  of the e lectron density  
(n_ ^ 2 .1 0 ^  cm- -*) and regions of decreased plasma density elongated 
along the geomagnetic f i e ld  l ines  according to the data o f  incoher­
ent scatter measurements in  A l t a i r  August 18, 1978 in  the in te r v a l  
11 32-11 46 UT. On the horizon ta l ax is  (bottom) the distance is  
p lo tted  from the measuring s i te  FA1(F) to  the f ie ld -a l ig n e d  i r re g u ­
l a r i t y  in  the F region (Tsunoda 1980)

F i r s t l y ,  range s p re a d -F  o c c u rs  i n  th e  e q u a t o r i a l  i o n o ­

s p h e r e  o n ly  when th e  v e l o c i t y  o f  th e  v e r t i c a l  d r i f t  re m a in s  in  

t h e  F re g io n  a f t e r  s u n s e t  upwards d i r e c t e d .  However, th e  m a x i ­

mum i n t e n s i t y  o f  th e  s p re a d -F  i s  o b s e rv e d  when th e  d r i f t  v e l o c ­

i t y  i s  s m a l l  o r  even i t  i s  d i r e c t e d  downwards (see e . g .  R a s to g i  

1 9 8 4 ) .  In  the  b e g in n in g  th e  range s p re a d -F  appears a t  th e  b o t ­

tom o f  th e  F r e g io n  o r  even below i t ,  th a n  i t  p ro p a g a te s  

t h r o u g h  the  whole F r e g io n  because o f  th e  downward m o t io n  o f  

t h e  w ho le  re g io n  o r  i n  consequence o f  th e  upward m o t io n  o f  th e  

i r r e g u l a r i t i e s .  The v e r t i c a l  m o t io n  o f  th e  s c a t t e r i n g  l a y e r - may 

o c c u r  in d e p e n d e n t ly  o f  th e  g e n e ra l  m o t io n  o f  th e  main F l a y e r .  

S om etim es  these  m o t io n s  a re  o f  o p p o s i t e  d i r e c t i o n s .  The a l t i ­

t u d e  o f  th e  h e ig h t  s c a t t e r e d  echo on th e  ionogram  c o r re s p o n d s

Magnetic dip latitude — deg
1 2 3 4  5 6 7 8 9  10 11

“ 1-------1------- 1------- т п ------- 1-------1------- 1-------1-------1-------1-------1------- 1------- 1------- r
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v e ry  w e l l  t o  t h e  h e i g h t  o f  th e  maximum i n t e n s i t y  o f  t h e  s c a t ­

t e r e d  echo i n  VHF back s c a t t e r  r e c o r d s ,  c o n t r a r y  t o  th e  v i r t u a l  

h e i g h t  o f  v e r t i c a l l y  r e f l e c t e d  s i g n a l s .  T h i s  means t h a t  t h e  

range sp re ad -F  phenomenon re c o rd e d  on HF s o u n d ing  i on og ram s  and 

back s c a t t e r  echos i n d i c a t e  i n  th e  e q u a t o r i a l  i o n o s p h e r e  a t  

f r e q u e n c i e s  e x c e e d in g  th e  p lasma f r e q u e n c y  the  same p r o c e s s  o f  

s c a t t e r i n g  by l a y e r s  w i t h  s te e p  g r a d i e n t  o f  th e  p lasma d e n s i t y .  

The f r e q u e n c y  s p r e a d - F  i s  u na b le  t o  r e f l e c t i o n s  a t  VHF.

A c c o r d in g  t o  comp lex  e x p e r i m e n t s  i r r e g u l a r i t i e s  o f  s m a l l  

d im e n s io n  w i t h  1 e q u a l  t o  about  some m e t e r s  and th ose  w i t h  

1 — 0 . 1 - 1  km c o e x i s t  i n  th e  e q u a t o r i a l  i o n o s p h e r e  i n  th e  dusk 

h o u r s .  However , l a t e r  ( a b o u t  one hou r  a f t e r  th e  o c c u r r e n c e )  t h e  

s m a l l  i r r e g u l a r i t i e s  d i s a p p e a r ,  b u t  t h e  i r r e g u l a r i t i e s  w i t h  

1 — 0 . 1 - 1  km r e m a in .  A t  about  m i d n i g h t  e a s tw a rd  d r i f t i n g  i r r e g ­

u l a r i t i e s  o f  t h e  e l e c t r o n  d e n s i t y  a p p e a r  c a u s i n g  s c i n t i l l a t i o n  

o f  VHF r a d i o  waves ( f  = 413 and 1239 MHz) b u t  l e a v i n g  r a d a r  

s i g n a l s  u n a f f e c t e d .  T h i s  i n d i c a t e s  t h a t  i n  the  l ? t e  n i g h t  h o u rs  

th e  sp e c t ru m  o f  i r r e g u l a r i t i e s  ends between  100 l and 3 m.

An i n c r e a s e  o f  t h e  v e l o c i t y  o f  t h e  downward p lasma d r i f t  

i s  o bse rv e d  i n  t h e  n i g h t - t i m e  F r e g i o n  a c c o r d i n g  t o  th e  d a ta  o f  

th e  measurements c a r r i e d  o u t  by th e  i n c o h e r e n t  s c a t t e r  method,  

i n  case o f  th e  p re s e n c e  o f  sp re a d -F  on g ro un d  based v e r t i c a l  

s o u n d in g  i onog ram s  a t  m i d - l a t i t u d e s  (Namazov and Ozyubanov 

197 9) .

At  h ig h  l a t i t u d e s  s p re a d -F  i s  n e a r l y  a lways  p r e s e n t .  I t

was shown by comp lex  e x p e r i m e n t s  ( K e l l e y  e t  a l .  1980)  t h a t  t h e

s p ec t rum  o f  v a r i a t i o n s  d e t e rm in e d  f r om  i o n o s p h e r i c  s o u n d in g  and
_ о

f rom s c i n t i l l a t i o n  o b s e r v a t i o n s  i s  u s u a l l y  l e s s  s te e p  th e n  к 

I n  th e  l a y e r  w i t h  a t h i c k n e s s  o f  th e  o r d e r  o f  some hundred k i l o ­

m e t e r s ,  I Д п е I i s  = ^ 1 . 0 - 1 0 '  cm-3 i n  t h e  phase o f  d eve lo pm en t  

o f  an a u r o r a l  s u b s t o r m .

3 .12  I n - s i t u  s a t e l l i t e  measurements

R e s u l t s  o f  s a t e l l i t e  measurement  c o n c e r n i n g  th e  s p e c t r a l  

c h a r a c t e r i s t i c s  o f  e l e c t r o n  d e n s i t y  i r r e g u l a r i t i e s  can be fo u n d  

i n  a l o t  o f  p a p e r s .  Some o f  t h e s e  p u b l i c a t i o n s  are  l i s t e d  i n  

Tab le  I . ,  where comments a re  a l s o  made. M o r e o v e r ,  i n  F i g s  2,  3,



T a b l e  I
N3
M

Authors Comments

1 2

Dyson (1969) Autumn, 1966, s a t e l l i t e  Alouette-2,  i r r e g u l a r i t i e s  of the elect ron  density wi th  scales 1 

from 100 m to some hundred km measured by Langmuir probe. Height 5 0 0 ^  h ^  3000 km and 

5 4  dne 4; 70 %. The comparison of  the probe measurements wi th  simultaneously taken iono- 

grams shows that  at  the height  of  the s a t e l l i t e  spread-F i s  observed whenever f i ne  s t ruc ­

ture occurs. Nevertheless, spread-F i s  recorded in  the height of  the s a t e l l i t e  especial ly  

at  mid- la t i tudes,  i f  the probe measurements do not show any i r r e gu la r  s t ructures.  In cases 

when spread-F i s  observed, but the probe measurements do not ind icate  i r r e g u la r  s t ruc ture ,  

dng 4 5 % (resolv ing  power of  the Langmuir probe).

Getmantzev et  a l .  

(1973)

December, 1970, s a t e l l i t e  "Kosmos-381", l a t i t ud e  4 0 ° ^  f  — 74°N, i r r e g u l a r i t i e s  of  the 

electron density wi th scales from 0.5 to 120 km measured by high frequency impedance sonde. 

A l t i tude  about 1000 km. The r a t i o  Ang/n e i ncreases wi th increasing l i ne a r  dimensions 

of  the i r r e g u la r i t i e s .

Dyson et  a l .  (1974) S a t e l l i t e  0G0-6, scales 1 = 70 m -  7 km, n = 0.92 + 0.06 (po lar l a t i t ud es )  and 1 = 70 m - 

-  4 km, n = 1.08 + 0.28 (equator ia l  zone). The index n does not depend on l a t i t u d e  and am­

p l i tu de  of the i r r e g u l a r i t i e s .  Quasi-periodic i r r e g u l a r i t i e s  were observed and also i r regu ­

l a r i t i e s ,  where a harmonic component has been found in  the power spectrum in  the dependence 

of  1. The d i s t r i b u t i o n  of the i n ten s i t y  corresponding to scales l é  3 km i s  sometimes of  a 

random character i n  the spectra of  the i r r e g u la r i t i e s .

M N FATKULLIN



T a b le  I  ( c o n t . )

1

Phelps agd Sagalyn 

(1976)

Basu (197B)

Maier et  a l .  (1978)

Komrakov and 

Skrebkova Q980)

2

February, 1969 -  A p r i l ,  1972, s a t e l l i t e  ISIS-1, i r r e g u la r i t i e s  wi th  scales 1 = 200 m-100 km, 
n = 1.5 -  2.5 measured by a spher ical  e le c t r o s ta t i c  probe. A l t i tu de  547 — h — 3523 km, A. 
( invar ian t  l a t i t u d e )  > 40°. In the day-time cusp n = 2.1 at Kp > 3  and n = 1.8 at  Kp 6  ̂ 3. 

In the auroral  zone at  the n ight  side of  the Earth n = 2 i n  case of  Kp > 3  and n = 1.8 at  

Kp — 3. In the polar  cap n = 2.05 and 1.9 in  case of  Kp >  3 and Kp <  3 respect ive ly .

November, 1969 -  February 1970, s a t e l l i t e  OGO-6, the scale 1 of  the i r r e g u l a r i t i e s  changes 

from hundreds of meters to some ki lometers.  The re la t io n  of  smal l -scale i r r e g u l a r i t i e s  to 

steep gradients of  the plasma densi ty perpendicular to the L-she l ls  at  the height of  the 

F region has been studied f o r  2 — L — 4. The small  scale i r r e g u l a r i t i e s  connected wi th 
gradients of  n(0+) corre la te  wi th low frequency e le c t r o s ta t i c  f lu c tu a t i ons ,  but not wi th 

some s i g n i f i c a n t  var i a t ions  of the temperature.

S a t e l l i t e  ISIS-2, in  the region of the cusp of  the northern hemisphere at  a height of  

1400 km; small  scale i r r e g u l a r i t i e s  are analyzed. In the sector 8-16 hour loca l  geomagnetic 

time i r r e g u l a r i t i e s  of  the thermal plasma having a broad spectrum wi th ty p i c a l  scales 

1 — 0.7 km are found at 76°^=: A  é= 82°, fu r the r  i r r e g u l a r i t i e s  of  e lectrons wi th energies 

E > 20 keV at  75°— A  ^  80°. The ampli tude of  the i r r e g u la r i t i e s  of  the thermal plasma i s  

~10  %, but in  i nd iv idua l  cases reaches a fac tor  of  2. Ionospheric i r r e g u l a r i t i e s  corre la te  

bet te r  wi th low energy electrons and auroras than wi th energet ic electrons.

1973, s a t e l l i t e  "Interkosmos-Kopernik-500", the scales of the i r r e g u l a r i t i e s  1 = 0.5-100 km 

measured by high frequency impedance probe, n = 1.5 _+ 0.12, height 180 ^  h ^  1400 km. The
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ГО

1 2

spectra of  the i r r e g u l a r i t i e s  wi th 3 — 1 — 10-20 km change according to a power func t ion.
At 1 (>10-20 km the slope of  the spectrum decreases. For the height region 180 ^ h  6=500 km 
the value of  n i s  somewhat la rger  (0.1-0.14) than f o r  a l t i t udes  600 — h — 1400. At mid- la ­

t i tudes (40 + 2)°N, n = 1.85 + 0.12 in  average in the midday hours.

Komrakov et  a l . January, 1971, s a t e l l i t e  "Kosmos-381", Ang/ne = 2-4 % at 0 ^  Kp ^  8 and 47 ^ R ^ 8 3 ,

(1983) where R is  the sunspot number. Any systematic var ia t ions  of  n depending on Kp and R could 

not be shown, though, the mean value of  the spectral  index depends on the mean leve l  of 

so lar  a c t i v i t y .

Rodriguez and 

Szuszczewich

Summer, 1978, s a t e l l i t e  S3-4, scales of  the i r r e g u la r i t i e s  1 = 75-150 km in  the h i g h - l a t i -  

tude ionosphere at  the height of the lower par t  of  the F region (170 ^  h 6)200 km). During

'1984) moderate geomagnetic a c t i v i t y  (Kp = 2-3, AE ^  100) f o r  the day-time auroral  oval and the 

polar  cusp i r r e g u l a r i t i e s  wi th scales 1 > 7 .5  km are the most cha rac te r is t i c  ones. In the 

polar  cap at  the t w i l i g h t  side a strengthening of  the i r r e gu la r  s t ruc ture  of  the ionosphere 

i s  recorded.

M N FATKULLIN
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4, 8 and 9 examples  a re  shown.

The r e s u l t s  o f  s a t e l l i t e  measurements  r e f e r  t o  d i f f e r e n t  

h e l i o p h y s i c a l  and g e o p h y s i c a l  c o n d i t i o n s  as h e i g h t ,  l a t i t u d e ,  

l o n g i t u d e ,  l o c a l  t i m e ,  l e v e l s  o f  t h e  s o l a r  and g e o m a gn e t ic  ac ­

t i v i t i e s .  They a re  r e l a t e d  to  i r r e g u l a r i t i e s  o f  d i f f e r e n t  

s c a l e s .  T h e r e f o r e ,  i t  i s  o b v io u s  t h a t  e x p e r i m e n t s  t o  summar ize 

them i n  form o f  some q u a l i t a t i v e  and q u a n t i t a t i v e  scheme cann ot  

be a lways  unamb iguou s.
The main r e s u l t s  o f  th ese  measurements  can be summar ized 

as f o l l o w s .  1. There  a re  two known z o n e s ,  th e  h ig h  l a t i t u d e  and 

t h e  e q u a t o r i a l  zone i n  th e  l a t i t u d i n a l  v a r i a t i o n  o f  t h e  p r o b a ­

b i l i t y  o f  e l e c t r o n  d e n s i t y  i r r e g u l a r i t i e s  a t  th e  h e i g h t  o f  the  

F r e g i o n  and i n  t h e  o u t e r  i o n o s p h e r e  ( F i g .  1 0 ) .  The low l a t i ­

t u d e  boundary  o f  t h e  h i g h  l a t i t u d e  zone c o i n c i d e s  a p p r o x i m a t e ­

l y  w i t h  the  p o l e w a r d  edge o f  th e  m i d - l a t i t u d e  t r o u g h .  The most

8 Feb 1974 05:32UT Longitude 109*

Fig.  8. Var iat ions of  the r e l a t i v e  values of  nCN«), n (Ar) ,  n^ and T along the 
o rb i t  no 594 according to  the measurements carr ied  out by tne sat­
e l l i t e  AE-C February 8, 1974. The r e l a t i v e  scales along the o r b i t  
are shown and the v e r t i c a l  l i nes  i nd i ca te  the phase r e la t io n s  
between the parameters (Reber e t  a l .  1975)
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Irregu larity  wavelength (km)

Fig.  9. Relat ive amplitude ( S = 11.2 %, bottom) and spect ral  d i s t r i b u t i o n  
o f  the dimensions o f  the ion density i r r e g u l a r i t i e s  ( top)  on the 
basis of high res o lu t i o n  measurements ca r r i ed  out on board of  the 
s a t e l l i t e  AE-D ( o r b i t  no 652). The measurements correspond to  the 
po in t  denoted in  F ig.  3 by the point  (Basu et  a l .  1984)

Fig.  10. Schematic repre­
sentat ion o f  the 
d i s t r i b u t i o n  of  
e lect ron  densi ty 
i r r e g u l a r i t i e s  
as a func t ion  of  
l a t i t u d e  and l o ­
cal  t ime causing 
s c i n t i l l a t i o n  of 
s a t e l l i t e  s ignals  
( the densi ty of 
the l i nes  i n d i ­
cates q u a l i t a ­
t i v e l y  the occur­
rence frequency 
o f  deep fadings)  
(Aarons e t  a l .  
1971)
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i n t e n s e  i r r e g u l a r i t i e s  a re  obse rv ed  i n  t h e  a u r o r a l  zone .  There  

i s  an asymmetry  i n  th e  h i g h  l a t i t u d e  zone o f  i r r e g u l a r i t i e s  

between th e  two h e m is p h e r e s .  D u r i n g  d i s t u r b a n c e s  th e  e q u a t o r i a l  

b oundary  o f  the  h i g h  l a t i t u d e  zone o f  i r r e g u l a r i t i e s  i s  s h i f t e d  

t o  l o w e r  l a t i t u d e s .  2. The p r o b a b i l i t y  o f  t h e  i r r e g u l a r i t i e s  

depends on l o c a l  t i m e ,  season ,  l o n g i t u d e ,  s o l a r  and g e o m a g n e t ic  

a c t i v i t y .  The p r o b a b i l i t y  o f  i r r e g u l a r i t i e s  a t  a l l  l a t i t u d e s  i s  

g r e a t e r  d u r i n g  n i g h t  t h a n  d u r i n g  the  day.  The s e a s o n a l  v a r i a ­

t i o n  o f  t h e  c h a r a c t e r i s t i c s  o f  the  i r r e g u l a r i t i e s  i s  h a r d l y  

s t u d i e d .  A c c o r d in g  t o  c e r t a i n  d a ta  d u r i n g  geomagne t ic  s t o r m s  

th e  p r o b a b i l i t y  o f  i r r e g u l a r i t i e s  and t h e i r  i n t e n s i t y  i n c r e a s e s  

a t  a l l  l a t i t u d e s .

A d e t a i l e d  i n v e s t i g a t i o n  o f  th e  c h a r a c t e r i s t i c s  o f  t h e  i r ­

r e g u l a r i t i e s  w i t h  s c a l e s  o f  1 0 — 1 — 150 km a lo n g  th e  n o o n - m id -  

n i g h t  m e r i d i a n  on the  b a s i s  o f  th e  s a t e l l i t e  "Cosmos -900"

( h ~  500 km) i n  case o f  1 ^  Kp 6 ( G d a l e v i c h  e t  a l .  1980)  

shows t h a t  a c c o r d i n g  t o  t h e  c h a r a c t e r  o f  t h e  v a r i a t i o n s  

6'ni  ~  ( î n e = ( 7 a * th e  h e i g h t  o f  the  F r e g i o n  i n

b o th  hem isphe res  f i v e  l a t i t u d i n a l  zones can be d i s t i n g u i s h e d  i n  

t h e  dependence on th e  geo m a gn e t ic  a c t i v i t y  1. a u r o r a l  zone 

2. p o l a r  caps 3. m i d - l a t i t u d e  r e g i o n  ( $ — 2 5 - 5 0 ° )  4.  p re

e q u a t o r i a l  zone 5. g e o m a gn e t ic  e q u a t o r  ( $  = 3 ° ) .  I n  case  o f

Kp = 1 a t  l a t i t u d e s  nea r  t h e  cusp (5n^ á  10 *  i n  t h e  d a y - t i m e  
h o u r s .  I n  case o f  Kp > 3 ,  i r r e g u l a r i t i e s  w i t h  1 2 1  10-15 0  km are  

o b s e rv e d  a t  a l l  l a t i t u d e s .

3 .1 3  V e r t i c a l  d i s t r i b u t i o n  o f  i o n o s p h e r i c  i r r e g u l a r i t i e s

The v e r t i c a l  d i s t r i b u t i o n  o f  i r r e g u l a r  e l e c t r o n  d e n s i t y  

s t r u c t u r e s  can be i n f e r r e d  under  d i f f e r e n t  h e l i o p h y s i c a l  and 

g e o p h y s i c a l  c o n d i t i o n s  f r om  s t u d i e s  by e . g .  Gupta ( 1 9 8 0 ) ,

K e l l e y  e t  a l .  ( 1 9 8 0 ) ,  Tsunoda ( 1 9 8 0 ) ,  Bakay e t  a l .  ( 1 9 8 1 ) ,  

N a r c i s i  and Szuszc zew icz  ( 1 9 8 1 ) ,  K e l l e y  e t  a l .  ( 1 9 8 2 ) .  Some 

exam ples  a re  p r e s e n t e d  i n  F i g .  6.
R ocke t  measurements o f  th e  e l e c t r o n  d e n s i t y ,  t e m p e r a t u r e  

and i o n  c o m p o s i t i o n  o f  th e  e q u a t o r i a l  i o n o s p h e r e  were c a r r i e d  

o u t  by N a r c i s i  and S z u s z c z e v i c z  (19 81 )  i n  th e  p re s e n c e  o f  

s p r e a d - F .  The f i r s t  r o c k e t  was l a u nc h ed  d u r i n g  t h e  f i n a l  phase
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o f  sp re ad -F  and t h e  se c o n d  e x p e r im e n t  was c a r r i e d  o u t  d u r i n g  

t h e  presence o f  a w e l l  d e f i n e d  s p r e a d - F .  A t  th e  f i r s t  e x p e r i ­

m en t  s i g n i f i c a n t  t r o u g h s  ( b u b b l e s )  were f o u n d  i n  th e  e l e c t r o n  

d e n s i t y  p r o f i l e  i n  t h e  who le  F r e g i o n  f r o m  260 t o  500 km ( F i g .  

1 1 ) .  Dur ing  the second  e x p e r im e n t  e l e c t r o n  d e n s i t y  i r r e g u l a r i ­

t i e s  were observed o n l y  i n  the  l o w e r  p a r t  o f  t h e  F r e g i o n  ( F i g .  

1 1 ) .  The ion c o m p o s i t i o n  i n  the  i r r e g u l a r i t i e s  i s  c h a r a c t e r i z e d  

by t h e  r e d u c t i o n  o f  t h e  c o n c e n t r a t i o n  o f  N+ and 0+ i o n s ,  as wel l  

as by smal l  changes i n  t h e  c o n c e n t r a t i o n  o f  th e  m o l e c u l a r  i o n s  

N0+ and 0+, and o f  t h e  m e t a l  i ons  Fe+ and Mg+ , t o o .  The r a t i o  

n ( N + ) /n (0+) decr ea ses  i n  t h e  " b u b b l e s " .  The l a c k  o f  s i g n i f i c a n t  

c h a n g e s  o f  the m o l e c u l a r  i o n  c o n c e n t r a t i o n s  w i t h  h e i g h t  i n  

" b u b b l e s "  shows t h a t  a t m o s p h e r i c  t u r b u l e n c e  does n o t  p l a y  a 

s i g n i f i c a n t  r o l e  i n  t h e  l o w e r  p a r t  o f  t h e  e q u a t o r i a l  F r e g i o n  

i n  t h e  f o rm a t i o n  o f  e l e c t r o n  d e n s i t y  i r r e g u l a r i t i e s .

3 . 1 4  E m p i r i c a l  m o d e ls  o f  the  i r r e g u l a r i t i e s  o f  th e  e l e c t r o n

d e n s i t y

Three k i n d s  o f  m ode ls  o f  the  d i f f e r e n t  p a r a m e t e r s  a re  de­

v e l o p e d  f o r  the r e g u l a r  s t r u c t u r e  o f  t h e  i o n o s p h e r e  namely em­

p i r i c a l ,  t h e o r e t i c a l  and s e m i - e m p i r i c a l  o r  h y b r i d  models ( F a t -  

k u l l i n  1975).  The a im o f  t h e  e m p i r i c a l  m o d e l i n g  i s  t o  s y n t h e t i -  

ze  i n  a model p r e s e n t a t i o n  the  b a s i c  p a r a m e t e r s  based on a n a l y ­

s i s  and g e n e r a l i z a t i o n  o f  the  o f t e n  s c a n t y  e x p e r i m e n t a l  da ta  

w h i c h  would i n d i c a t e  o r i g i n a l l y  th e  s i t u a t i o n  i n  th e  i o n o s p h e r e  

u n d e r  t h i s  o r t h a t  c o n d i t i o n s .  A number o f  models  o f  d i f f e r e n t  

p a r a m e t e r s  are s u g g e s t e d  f o r  the  r e g u l a r  s t r u c t u r e  o f  the  i o n o ­

s p h e r e  ( F a t k u l l i n  e t  a l .  1981) .  For  t h e  p a r a m e t e r s  o f  the  

e l e c t r o n  d e n s i t y  i r r e g u l a r i t i e s  t h e r e  a re  no g e n e r a l  e m p i r i c a l  

m o d e l s  spanning t h e  b r o a d  spect rum o f  t h e  p a r a m e t e r s  o f  th e  i r ­

r e g u l a r i t i e s  i n  t y p i c a l  h e l i o p h y s i c a l  and g e o p h y s i c a l  c o n d i t i o n s  

i f  t h e  whole p ro b le m  i s  t o  be c o n s i d e r e d  (E ru k h im o v  e t  a l .  1977, 

Gershman e t  a l .  1 9 8 4 ) .  I n d i v i d u a l  a t t e m p t s  have been made to  

c o n s t r u c t  e m p i r i c a l  m o d e l s  o f  the  i r r e g u l a r i t i e s  on th e  b a s i s  

o f  t h e  s c i n t i l l a t i o n  o f  s a t e l l i t e  s i g n a l s  and th e  s t u d y  o f  

s p r e a d - F  ( F i g .  1 2 ) .
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Fig. 11. Large scale s t ruc tures  in  the normalized p ro f i l e s  ng(h)/N„F2 measured (continuous 
l i n e )  dur ing the rocket experiments PLUMEX-1 and PLUMEX-2 on the a t o l l  Kwajalein 
(geomagnetic l a t i t u d e  4.3°N). The assumed zero order p ro f i l e s  ne(h)/NmF2, i . e .  
wi thout  the large scale s t r uc ture  are denoted by dotted l ines  (Narc is i  and 
Szuszczewicz 1581) Г-0
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Horizontal scale in km. Scale i  magnetic field in meters
1000 Ю 0  10 1000 100 10 1 0.1 0.01

F ig .  12. Schematic representat ion  of the spectrum of  ionospheric plasma
f luctuat ions as a func t ion  of  the angular sp a t i a l  frequency gener­
a l i z ing  the up- to-date  state of  the i nves t i ga t ions  (Booker 1979)

Model o f  the electron dens i t y  i r r e g u l a r i t i e s  producing s c i n t i l l a t i o n  of 

s i g n a l s  in  the VHF/UHF bands

S e v e ra l  r e v i e w s  d e a l  w i t h  the  s c i n t i l l a t i o n  o f  s i g n a l s  

p r o d u c e d  by n o n - s t a t i o n a r y  p ro cesses  i n  t h e  i o n o s p h e r e  and w i t h  

e x p e r i m e n t s  to  e s t i m a t e  t h e  p a ra m e t e r s  o f  i o n o s p h e r i c  i r r e g u ­

l a r i t i e s  on the b a s i s  o f  th ese  da ta  (A a ro n s  e t  a l .  1971,  Crane
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1977,  A l im ov  and R a k h l i n  1979) .  Fremouw and Rino (1973 )  made an 

a t t e m p t  t o  c o n s t r u c t  e m p i r i c a l  mode ls  o f  t h e  e l e c t r o n  d e n s i t y  

i r r e g u l a r i t i e s .  They assume t h a t  th e  e l e c t r o n  d e n s i t y  i r r e g u ­

l a r i t i e s  o f  the  F r e g i o n ,  c a u s i n g  t h e  s c i n t i l l a t i o n  o f  s i g n a l s  

a re  c o n c e n t r a t e d  a t  a h e i g h t  o f  350 km, t h e  t h i c k n e s s  o f  th e  

l a y e r  c o n t a i n i n g  th e  i r r e g u l a r i t i e s  amounts  to  100 km and th e  

r a t i o  o f  th e  l o n g i t u d i n a l  t o  th e  t r a n s v e r s e  d im ens io ns  o f  t h e  

i r r e g u l a r i t i e s  i s  10. T h i s  model  o f  t h e  e l e c t r o n  d e n s i t y  i r r e g ­

u l a r i t y  i s  p r e s e n t e d  i n  t h e  fo rm

Дп Ane (R, D, ф , t ) pn ♦ A n p ( Ф . t ) mi(j ♦eq

+ A n o (R, ф , t ) h i  ♦ Ano (R, ф , t ) aur

( 1 )

where

Дпе (R,  D, Ф,  t )  = ( 5 . 5 -  1 0 * )  (1 + 0 . 0  5R ) ■

1 - 0 . 4  cos ÎL I +

I t  -  23 .5  
;  l 3 .5

• i e x p  -  ( j l )

10

+ exp

e l  /пГ

exp
21

( 2 )

Д п о ( ф , t ) mid = ( 6 . 0  • 108 ) ( 1 + 0 . 4  cos — -12

exp e l / m '

( 3 )

Anp (R,  ф , t ) h i  = ( 2 . 7  • 10y) í 1 +

ф - ф ь (R, t )  
0 .02  (R, t ) e l / m '

( 4 )

+ e r f
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Д п е ( R , ф , t ) aur ( 5 . 0  • 107 ) R •

« ( 5 )

exp 70 + 2 cos ( J C t / 1 2 )  
0.03R

Ф ь = 79 -  0 .13R -  (5 + 0 . 04R ) •

( 6 )

• cos (JC t / 1 2 )  d eg re es .

$ i s  t h e  geomagne t ic  l a t i t u d e ,  t  t h e  l o c a l  t im e  ( i n  h o u r ) ,  D 

t h e  number  o f  the  day i n  th e  year  and R t h e  sunspo t  number.

A c c o r d i n g  t o  Fremouw and Rino ( 1 9 7 3 )  t h e  mean v a lu e  o f  t h e  

t r a n s v e r s e  s c a le  o f  t h e  i r r e g u l a r i t y  c o r r e s p o n d i n g  t o  a r e d u c ­

t i o n  t o  i t s  e - t h  p a r t  m u l t i p l i e d  by t h e  s p a t i a l  a u t o c o r r e l a t i o n  

f u n c t i o n  o f  th e  s c i n t i l l a t i o n s  can be g i v e n  i n  the  fo rm

I n  Eq. ( 1 )  t h e  f i r s t  te rm d e s c r i b e s  t h e  maximum o f  th e  
s c i n t i l l a t i o n s  a t  t h e  e q u a t o r  a t  m i d n i g h t ,  th e  r e d u c t i o n  o f  th e  

i n t e n s i t y  o f  th e  s c i n t i l l a t i o n s  i n  t h e  e a r l y  morn ing h o u r s ,  a 

s i m p l e  h a r m o n i c a l  s e a s o n a l  v a r i a t i o n  w i t h  maxima a t  t h e  e q u i ­

n o x e s ,  l i n e a r  dependence on th e  s o l a r  a c t i v i t y  and th e  l a t i t u ­

d i n a l  dependence i n  t h e  fo rm  o f  a G a us s ia n  d i s t r i b u t i o n  w i t h  

r e d u c t i o n  o f  th e  i n t e n s i t y  by e ' 1 i n  12° a t  bo th  s i d e s  o f  th e  

g e o m a g n e t i c  e q u a t o r .  S im p le  d i u r n a l  and l a t i t u d i n a l  v a r i a t i o n s  

o f  t h e  s c i n t i l l a t i o n s  a t  m i d - l a t i t u d e s  a r e  g i v e n  by t h e  second 

t e r m .  The t h i r d  te rm  i n  Eq. ( 1 )  d e s c r i b e s  t h e  s c i n t i l l a t i o n  a t  

h i g h  l a t i t u d e s  n o t  d i r e c t l y  r e l a t e d  t o  a u r o r a l  d i s t u r b a n c e s .  

S c i n t i l l a t i o n s  c o n n e c t e d  w i t h  the  a u r o r a l  a c t i v i t y  i n  t h e  v i ­

c i n i t y  o f  th e  a u r o r a l  o v a l  a re  r e p r e s e n t e d  by the  f o u r t h  t e r m .

The c ompar i son  o f  t h i s  model  w i t h  e x p e r i m e n t a l  d a t a  g i v e s  

q u i t e  s a t i s f a c t o r y  r e s u l t s  c o n c e r n i n g  t h e  s c i n t i l l a t i o n  o f  

s a t e l l i t e  s i g n a l s  u n d e r  d i f f e r e n t  h e l i o p h y s i c a l  and g e o p h y s i c a l

11

( 7 )
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c o n d i t i o n s .

Models of  i r r e g u la r i t i e s  causing spread-F

At  p r e s e n t  two p r o c e d u r e s  a re  used f o r  t h i s  p u r p o s e  th ou gh ,  

b o th  a re  based on th e  same r e l a t i o n

( Лпе/ п е о ) ~  2 ( A f / f Q) , (8 )

where  n and f  a re  t h e  backg roun d  v a l u e s  o f  the  e l e c t r o n  con-  eo о
c e n t r a t i o n  and th e  c r i t i c a l  f r e q u e n c y  o f  t h e  F2 l a y e r  r e s p e c ­

t i v e l y ,  An and A f  a re  the  d e v i a t i o n s  o f  n and f  F2 f r o m  

th e  backg ro und  v a l u e .  I n  case o f  ( Ang / n e ) ^ 1  and ( A f / f Q) 1

t h i s  r e l a t i o n  can e a s i l y  be o b t a i n e d  f r o m  the f o rm u la

n = 1 .24  • 104 ( f 2 , MHz) cm- 3 .
6

I n  t h e  f i r s t  p r o c e d u r e  some model  o f  th e  g l o b a l  d i s t r i b u ­

t i o n  o f  f  F2 and An i s  used as a b a s i s  and A f  i s  comp uted  o e
f o r  t h e  f r e q u e n c y  s p r e a d - F .  For  i n s t a n c e  S i n g l e t o n  ( 1 9 7 5 )  

c o n s t r u c t e d  a model  f o r  the  g l o b a l  d i s t r i b u t i o n  o f  t h e  o c c u r ­

ren ce  p r o b a b i l i t y  o f  s p re a d -F  a p p l y i n g  t h e  e m p i r i c a l  mode l  o f  

t h e  g l o b a l  d i s t r i b u t i o n  o f  f QF2 and th e  model  o f  t h e  g l o b a l  

d i s t r i b u t i o n  o f  An a c c o r d i n g  t o  Fremouw and Rino ( 1 9 7 3 ) .  For 

l a t i t u d e s  below 70° t h i s  model  c o r r e s p o n d s  w e l l  t o  t h e  o b s e r v a ­

t i o n s  .
I n  t h e  second p r o c e d u r e  a d e t e r m i n a t i o n  o f  Ang i s  a t ­

t e m p te d  by t a k i n g  f  F2 and A f  d a ta  r e f e r r i n g  t o  s p r e a d - F  c o n ­

d i t i o n s .  Ku t im skaya  and Gudkova (1 9 8 3 )  a n a ly z e d  th e  g l o b a l  

d i s t r i b u t i o n  o f  th e  i n d i c e s  S = 1, 2 and 3 f o r  s p re a d -F  w h i c h  

c o r r e s p o n d  t o  Af = 0 . 2 5 ,  0 .5  and more t h an  0 .5  MHz. F o r  t h e  

a n a l y s i s  t h e  a u t h o r s  used th e  S i n d i c e s  o f  45 i o n o s p h e r i c  s t a ­

t i o n s  l o c a t e d  a t  l o w ,  m id d le  and h i g h  l a t i t u d e s .  The r e s u l t s  o f  

t h e  c a l c u l a t i o n s  o f  Ang are  q u i t e  s a t i s f a c t o r y .

3 .1 5  The i r r e g u l a r  s t r u c t u r e  o f  t h e  i o n o s p h e r e  and low  f r e ­

quency e l e c t r o m a g n e t i c  waves

U s e f u l  i n f o r m a t i o n s  c o n c e r n i n g  t h e  r e l a t i o n  between  t h e  

i r r e g u l a r  s t r u c t u r e  o f  th e  i o n o s p h e r e  and low f r e q u e n c y  e l e c t r o ­

m a g n e t i c  waves can be found  i n  t h e  a r t i c l e s  by K e l l e y  ( 1 9 7 2 ) ,
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H o l t e t  e t  a l .  ( 1 9 7 7 ) ,  K e l l e y  e t  a l .  ( 1 9 7 9 ) ,  L i k h t e r  e t  a l .  

( I 9 6 0 ) ,  K e l l e y  e t  a l .  ( 1 9 8 2 ) .  The o b s e r v a t i o n  o f  ELF e l e c t r o ­

m a g n e t i c  waves on b o a r d  o f  the 0G0-6 s a t e l l i t e  i n  the e q u a t o r i ­

a l  i o n o s p h e r e  a t  a l t i t u d e s  below th e  maximum o f  the  F2 l a y e r  

shows t h a t  s teep  g r a d i e n t s  o f  the p lasma d e n s i t y  are not  s t a b l e  

a g a i n s t  p rocesse s p r o d u c i n g  e q u a t o r i a l  s p r e a d - F  i n  the  r e g i o n  

where  t h e  e l e c t r o m a g n e t i c  waves are o b s e r v e d .  S im u l t aneous  

r o c k e t  ( w i t h  p r o b e s )  and ra d a r  measurements  o f  the  i r r e g u l a r i ­

t i e s  w i t h  c h a r a c t e r i s t i c s  d imens ions  o f  1 0 - 1 0 0  m and l e s s  

t h a n  10 m were made i n  t h e  e q u a t o r i a l  F r e g i o n  by K e l l e y  e t  a l .  

( 1 9 8 2 )  when i n t e n s i v e  r e f l e c t i o n s  f rom  t h e  F r e g io n  were ob ­

s e r v e d ,  th e  s t r e n g t h  o f  which  g r a d u a l l y  d i m i n i s h e d .  A c c o r d in g  

t o  t h e  d a ta  o f  th e  r o c k e t  measurements t h e  sp ec t r um  o f  the  

e l e c t r o n  d e n s i t y  f l u c t u a t i o n s  v a r i e s  as к ^ above 200 km w h i l e  

t h e  s p e c t r u m  o f  t h e  f l u c t u a t i o n s  o f  t h e  e l e c t r i c  f i e l d  as k _ .

At  l o w e r  h e i g h t s  t h e  power  spect rum f o r  wave l e n g t h s  o f  the  

o r d e r  o f  some ten  m e t e r s  i s  l ess  s t e e p .

n , , T and th e  f i e l d s  o f  ELF and VLF e m i s s i o n s  were mea- 

s u r e d  on board  o f  t h e  s a t e l l i t e  " I n t e r k o s m o s - 1 4 "  by L i k h t e r  e t  

a l .  ( 1 9 8 0 )  i n  the  r e g i o n  o f  the m i d - l a t i t u d e  t r o u g h .  The phase 

o f  t h e  f l u c t u a t i o n s  o f  Tg i s  o p p o s i t e  t o  t h a t  o f  n^.  The conn ec ­

t i o n  o f  the  f l u c t u a t i o n s  o f  n. and T w i t h  t h e  f l u c t u a t i o n s  o fl  e
t h e  e l e c t r i c  f i e l d  o f  t h e  em iss ions  i s  o f  a c o m p l i c a t e d  c h a r a c ­

t e r ,  howeve r ,  t h e r e  a r e  i n d i c a t i o n s  a c c o u n t i n g  f o r  the  l o c a l  

g e n e r a t i o n  o f  the  VLF waves w i t h i n  t h e  t r o u g h  i n  the  zone o f  

i r r e g u l a r i t i e s .

3 .2  The a p p e a ra n c e  o f  i r r e g u l a r i t i e s  i n  o t h e r  
p a r a m e t e r s  o f  the i o n o s p h e r i c  p lasma

I r r e g u l a r i t i e s  can a l s o  be o bse rv e d  i n  t h e  t e m p e r a t u r e s  o f  

e l e c t r o n s  (Т0 ) ,  i o n s  ( T ^ )  and n e u t r a l  p a r t i c l e s  (T ) ,  i n  th e  

v e l o c i t i e s  o f  e l e c t r o n s  ( v e ) ,  ions  ( v ^ )  and n e u t r a l  p a r t i c l e s  

( y  ) ,  i n  the  c o n c e n t r a t i o n  o f  the d i f f e r e n t  i o n s  ( 0 + , N0+ , 0^ ,

N+ , N * ,  H+ , He+ ) and n e u t r a l s  (0 ,  N2 , O j ,  H, He, A r ) .

I t  i s  t o  be n o t e d  t h a t  v a r i a t i o n s  o f  t h e  pa rameters  

m e n t i o n e d  above a re  h a r d l y  s t u d ie d  u n d e r  c o n d i t i o n s ,  when 

e l e c t r o n  d e n s i t y  i r r e g u l a r i t i e s  o f  d i f f e r e n t  s p a t i a l  and t im e
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s c a l e s  o c c u r .

I n  F i g .  8 an example  showing th e  wave l i k e  s t r u c t u r e  o f  

n (N 2 ) ,  n ( A r ) ,  n i  and Tg i s  p r e s e n t e d  on t h e  b a s i s  o f  s i m u l t a ­

neous measurements o f  t h e  AE-C s a t e l l i t e  (Reber  e t  a l .  1 9 7 5 ) .

An a n a l y s i s  o f  t h e  f l u c t u a t i o n s  o f  n g and Tg has shown a lo n g  

th e  o r b i t  o f  the  A e ro s -B  s a t e l l i t e  ( h s = 200-870 km, J u l y ,

1974 -  September ,  1975)  t h a t  th e  g l o b a l  d i s t r i b u t i o n s  o f  Ang 

and ATg a re  a n a lo g o u s ,  b u t  o f  d i f f e r e n t  a m p l i t u d e  ( M ü n t h e r  e t

a l .  197 8) .  Maximum f l u c t u a t i o n s  o f  n and T are  o bse rv e d  i ne e
th e  a u r o r a l  zone o f  t h e  n o r t h e r n  h e m is p h e r e  i n  November,  and i n  

t h e  s o u t h e r n  h em is p h e re  i n  June.  At  m i d - l a t i t u d e s  the  f l u c t u a ­

t i o n s  o f  ne and Te a re  weak d u r i n g  th e  day and c o n s i d e r a b l e  a t  

n i g h t .  I n t e n s e  f l u c t u a t i o n s  o f  ng and T0 a re  obse rved  w h i c h  do 

n o t  c o r r e l a t e  w i t h  t h e  Kp i n d i c e s .

Hanson and S a n a t a n i  (19 71 )  p u b l i s h e d  d a ta  i n d i c a t i n g  th e  

i n c r e a s e d  c o n c e n t r a t i o n  o f  m e ta l  i o n s  ( F e + ) i n  the  e q u a t o r i a l  

i o n o s p h e r e  d u r i n g  s p r e a d - F .

4. PHYSICAL MECHANISMS OF THE FORMATION OF IONOSPHERIC IRREG­

ULARITIES

A number o f  r e v i e w s  i s  devo te d  t o  t h e  d i s c u s s i o n  o f  th e  

r e s u l t s  o f  i n v e s t i g a t i o n s  about  d i f f e r e n t  f o r m a t i o n  mechan isms 

o f  i r r e g u l a r i t i e s  a t  t h e  h e i g h t  o f  t h e  F r e g i o n  (Herman 1966,  

Gershman 1974,  O 'A n g e lo  1977, G e lbe rg  1977,  Gershman and G r i g o -  

r ev  1978, Ossakow 1978,  Booker 1979,  E ru k h im o v  e t  a l .  1980,  

F e j e r  and K e l l e y  1980,  Gershman 1980,  O v e z g e l d i e v  and Muradov 

1980,  Ossakow 1981,  F a t k u l l i n  1982, K e s k i n e n  and Ossakow 1983,  

Pancheva and S a m ardzh iev  1983, Gershman e t  a l .  1984) .

A l l  i n v e s t i g a t o r s  agree t h a t  t h e  b r o a d  spec t rum o f  i r r e g ­

u l a r i t i e s  f rom  some m e te r s  t o  some t h o u s a n d s  o f  k i l o m e t e r s  c a n ­

n o t  be e x p l a i n e d  by one mechanism. T h i s  i s  so f a r  o b v i o u s  as on 

th e  one hand d e p e n d in g  on h e i g h t  and l a t i t u d e  the  p h y s i c a l  c o n ­

d i t i o n s  i n  th e  i o n o s p h e r e  change q u i c k l y ,  on th e  o t h e r  hand 

t h e r e  are a number o f  f a c t o r s  i n d e p e n d e n t  o f  each o t h e r  w h ic h  

can g e n e r a t e  i r r e g u l a r i t i e s .

Some d a ta  c o n c e r n i n g  th e  f u n d a m e n t a l  pa ram e te r s  o f  t h e  
i o n o s p h e r i c  p lasma as t h e  f r e e  mean p a t h  ( Л ) and g y r o r a d i u s
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( г )  o f  charged p a r t i c l e s  a re  l i s t e d  b e l o w .  At the  h e i g h t  o f  t h e  

F r e g i o n  (h ^  160 km) and i n  th e  o u t e r  i o n o s p h e r e  (h ^  1000 km) 

t h e  mean f r e e  p a th  i s  0 . 3  £  Ág£  81 km f o r  e l e c t r o n s  and f o r  

0 + i o n s  0 .02  é  ^ 0+ ~  27 km, f o r  N0+ i o n s  0 .03  ~  ANg+ ~  30 km,

f o r  H+ i o n s  0 .04  ^  A fe 40 km. The v a l u e s  f o r  th e  g y r o r a d i u s ,  

i n  t h e  same h e i g h t  i n t e r v a l  a re  2 r g ^  6 cm, 3 £  r Q+ ^  8 m, 

4 . 2  ~  r Ng+ *é 10 m and 0 . 8  r H+ é  2 . 0  m ( F a t k u l l i n  e t  a l .  1981)

B a s i c  p ro c e s s e s  o f  th e  f o r m a t i o n  o f  i r r e g u l a r i t i e s  a t  t h e  

a l t i t u d e s  i n  q u e s t i o n  ( n e g l e c t i n g  t h e  i n t e r a c t i o n  among them)  

can be d i v i d e d  i n t o  t h r e e  g ro u p s .  1. Plasma i n s t a b i l i t i e s  p r o ­

duce d  by the  i r r e g u l a r i t y  o f  th e  c o n c e n t r a t i o n ,  t e m p e r a t u r e  or  

any o t h e r  p a ram e t e r s  o f  t h e  charged  p a r t i c l e s ,  by f l u x e s  o f  

p r e c i p i t a t i n g  e n e r g e t i c  charge d  p a r t i c l e s ,  by e l e c t r i c  f i e l d s ,  

c u r r e n t s  and so on.  2.  P rocesses c o n n e c t e d  w i t h  th e  r e d i s t r i b u ­

t i o n  o f  charged p a r t i c l e s  due t o  t h e  m o t i o n  o f  th e  n e u t r a l  com­

p o n e n t  produced by t h e  p r o p a g a t i o n  o f  waves o f  d i f f e r e n t  t y p e s

i n  t h e  upper  a t m o s p h e re .  3.  M a g n e t o s p h e r i c  p ro cesses  and i o n -
- 2  -1- a c o u s t i c  waves w i t h  f r e q u e n c i e s  w  ^ -1 0  s a t  h ^  1000 km 

g e n e r a t e d  by t h e  f o r m e r  as a r e s u l t  o f  t h e  t r a n s f o r m a t i o n  o f  

h y d r o m a g n e t i c  waves.

F o r m a t i o n  mechan isms o f  i r r e g u l a r i t i e s  a t  th e  h e i g h t  o f  

t h e  F r e g i o n  and i n  t h e  o u t e r  i o n o s p h e r e  r e l a t e d  t o  m ag ne to -  

s p h e r i c  p ro cesses  a re  q u a n t i t a t i v e l y  n o t  y e t  s t u d i e d .  Some i n ­

d i c a t i o n s  o f  th e  p r e s e n c e  o f  medium- and l a r g e - s c a l e  i r r e g u l a r i  

t i e s  i n  th e  o u t e r  i o n o s p h e r e  (500 h £  3000 km) were f o u n d  by 

S o l o d o v n i k o v  e t  a l .  ( 1 9 8 4 )  a n a l y z i n g  t h e  da ta  o f  th e  s a t e l l i t e  

s o u n d i n g  o f  the  i o n o s p h e r e  th e  f o r m a t i o n  o f  which i s  c o n n e c t e d  

w i t h  i o n - a c o u s t i c  waves.
A l o t  o f  pape rs  d e a l  w i t h  th e  s t u d y  o f  th e  p e r t u r b a t i o n s  

o f  t h e  i o n i z e d  component  due t o  t h e  p r o p a g a t i o n  o f  waves o f  

d i f f e r e n t  ty p es  i n  t h e  upp e r  a tm osph ere  ( e . g .  Hooke 1968,  

F r a n c i s  1974, Gershman 1974,  Gershman and G r i g o r e v  1 9 7 8 ) .  T r a v ­

e l l i n g  i o n o s p h e r i c  d i s t u r b a n c e s  ( T I D )  a re  u s u a l l y  b r o u g h t  i n t o  

c o n n e c t i o n  w i t h  t h i s  mechan ism.  The s o u r c e s  o f  a t m o s p h e r i c  

g r a v i t y  waves are  t h e  a u r o r a l  and e q u a t o r i a l  e l e c t r o j e t s ,  

s t r o n g  e x p l o s i o n s ,  e a r t h q u a k e s ,  v o l c a n i c  e r u p t i o n s ,  t o r n a d o e s ,  

s t o r m s ,  s o l a r  e c l i p s e s ,  j e t  s t r eam s  i n  t h e  lo w e r  a t m o s p h e re ,
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t h e  t e r m i n a t o r ,  meteor  i m p a c t s ,  l a u n c h e s  o f  l a r g e  r o c k e t s  e t c .

T r a v e l l i n g  i o n o s p h e r i c  d i s t u r b a n c e s  a re  u s u a l l y  d i v i d e d  

i n t o  l a r g e - s c a l e ,  m e d iu m -s c a le  and s m a l l - s c a l e  T I D ' s  ( D r o b z h e v  

1980,  T r o i t s k y  198 0) .  There  a re  many i n d i c a t i o n s  t h a t  t h e  forma­

t i o n  o f  l a r g e - s c a l e  T I D ' s  w i t h  1 ^  1000 km and T > 30 min  i s  

due t o  a u r o r a l  phenomena. The s o u rc e s  o f  m ed iu m -s ca le  T I D ' s  

w i t h  1 o f  th e  o r d e r  o f  some hun dred  k i l o m e t e r s  and T ~  10 -60  min 

a re  n o t  w e l l  u n d e r s t o o d .  The s i t u a t i o n  i s  r e n de re d  more d i f f i ­

c u l t  by t h e  f a c t  t h a t  dep en d in g  on th e  g i v e n  c o n d i t i o n s  some o f  

t h e  s o u r c e s  o f  the  a t m o s p h e r i c  g r a v i t y  waves meh t i oned  above 

may be a b s e n t ,  b u t  o t h e r s  may a c t  s i m u l t a n e o u s l y .  In  t h e  s t u d y  

o f  t h e  m ed iu m -s c a le  T I D ' s  a t  m i d - l a t i t u d e s  p r e f e r e n c e  i s  g i v e n  

t o  t h e  s o u rc e s  l o c a t e d  i n  t h e  l o w e r  l a y e r s  o f  th e  a tm o sph e re  

and co nn ec te d  w i t h  t h e  dynamics  o f  t h e  a tm o s ph e re .  The s m a l l -  

- s c a l e  T I D ' s  w i t h  T ~  15-30 s and 3-5  min  do n o t  show c o r r e ­

l a t i o n  w i t h  t h e  geo m a gn e t ic  and s o l a r  a c t i v i t i e s .  T h i s  t y p e  o f  

TID i s  g e o g r a p h y c a l l y  l o c a l i z e d .

The p r o c e d u r e  o f  t h e  i n v e s t i g a t i o n  o f  th e  e f f e c t  o f  a tm o ­

s p h e r i c  g r a v i t y  waves on th e  i o n o s p h e r e  i s  w e l l  known ( s ee  e . g .  

Gershman and G r i g o r e v  1 9 7 8 ) .  Here ,  i t  i s  t o  emphasize t h a t  t h i s  

q u e s t i o n  i s  seldom c o n s i d e r e d  i n  s e l f - c o n s i s t e n t  f o rm ,  i . e .  th e  

c o r r e s p o n d i n g  e q u a t i o n s  o f  b o th  th e  c h a r g e d  and the  n e u t r a l  

p a r t i c l e s  a re  n o t  s i m u l t a n e o u s l y  c o n s i d e r e d  b u t  th e  d y na m ic s  o f  

t h e  n e u t r a l  p a r t i c l e s  i t s e l f  depends on t h e  s t a t e  o f  t h e  i o n o ­

s p h e r e .  The p a r a m e t e r s  o f  t h e  i o n i z e d  component  are  o f t e n  t a k e n  

f r om  i n d e p e n d e n t  s o u r c e s  i n  th e  s t u d y  o f  t h e  g e n e r a t i o n  and 

p r o p a g a t i o n  o f  g r a v i t y  waves i n  th e  u p p e r  a tmosph ere .

In  t h e  i o n o s p h e r e  d i f f e r e n t  t y p e s  o f  p lasma i n s t a b i l i t i e s  

may o c c u r .  One o f  th e  b a s i c  t a s k s  o f  t h e  i n v e s t i g a t i o n  o f  t h e  

p lasma i n s t a b i l i t i e s  i n  t h e  i o n o s p h e r e  c o n s i s t s  o f  a )  c l e a r i n g  

t h e  q u e s t i o n ,  where and i n  wh ich  h e l i o p h y s i c a l  and g e o p h y s i c a l  

c o n d i t i o n s  one mechanism ( o r  s e v e r a l  mechan isms)  i s  p r e d o m i n a n t  
as compared t o  o t h e r  p o s s i b l e  mechanisms b )  t o  c o nn ec t  by quan ­

t i t a t i v e  r e l a t i o n s  t h e  q u a n t i t i e s  c h a r a c t e r i z i n g  th e  f o r m a t i o n  

o f  i n s t a b i l i t i e s  w i t h  b a s i c  p a r a m e t e r s  o f  th e  i o n o s p h e r e  i n  an 

u n d i s t u r b e d  c o n d i t i o n .

The m a j o r i t y  o f  t h e  pap e rs  on mechan isms o f  th e  i o n o -
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s p h e r i c  plasma i n s t a b i l i t i e s  d e a ls  w i t h  s m a l l  p e r t u r b a t i o n s  i n  

a q u a s i - h y d r o d y n a m i c a l  approach .  N a t u r a l l y ,  th e  s m a l l  p e r t u r b a ­

t i o n  a p p r o x i m a t i o n  c a n n o t  c h a r a c t e r i z e  t h e  who le  p ro cess  o f  

d e v e lo p m e n t  o f  t h e  i n s t a b i l i t i e s .  H ow eve r ,  t h e  q u e s t i o n  c a nn o t  

a lw a y s  be answered t i l l  which phase o f  t h e  deve lopment  o f  the  

d i s t u r b a n c e s  th e  p e r t u r b a t i o n s  may be c o n s i d e r e d  as s m a l l  and 

l i n e a r  ones.  I n  t h e  i n i t i a l  phases o f  t h e  deve lopm ent  th e  

l i n e a r  a p p r o x i m a t i o n  y i e l d s  q u i t e  a c c e p t a b l e  r e s u l t s .  On th e  

o t h e r  hand,  t h e  q u a s i - h y d r o d y n a m i c  d e s c r i p t i o n  i s  a p p l i c a b l e  

o n l y  i f  the  d i m e n s i o n s  o f  the  i r r e g u l a r i t i e s  are  much g r e a t e r  

t h a n  th e  mean f r e e  p a t h  o f  the  c h a r g e d  p a r t i c l e s .  In  case o f  

s m a l l e r  d im e n s io n s  o f  t h e  i r r e g u l a r i t i e s ,  t h e  k i n e t i c  app roach  

i s  needed.

The f o r m a l i s m  o f  t h e  i n v e s t i g a t i o n  o f  plasma i n s t a b i l i t i e s  

i n  t h e  F r e g i o n  o f  t h e  i o n o s p h e r e ,  p r e s e n t e d  i n  d e t a i l  by 

Gershman e t  a l .  ( 1 9 8 4 )  and the  i n d i v i d u a l  c o m p u t a t i o n s  a re  

o m i t t e d ,  here t h e  r e s u l t s  o b t a i n e d  can be summar ized as f o l l o w s .

Three r e g i o n s  a r e  c o n s id e r e d  s e p a r a t e l y  the  e q u a t o r ,  

m i d d l e  and h i g h  l a t i t u d e s .

1. At p r e s e n t  t h e  s i t u a t i o n  i s  t h e  b e s t  s t u d i e d  i n  t h e  

e q u a t o r i a l  i o n o s p h e r e .  Numerous i n v e s t i g a t i o n s  (see e . g .  Ossakow 

198 1 )  show t h a t  s p r e a d - F  i s  caused h e r e  by i r r e g u l a r i t i e s  o f  

t h e  e l e c t r o n  d e n s i t y ,  t h e  d im en s ion s  o f  w h ich  co ve r  3-6  o r d e r s  

o f  m a g n i t u d e .  I n  t h e  v i c i n i t y  o f  t h e  l o w e r  boundary  o f  t h e  

n i g h t - t i m e  e q u a t o r i a l  F r e g io n  i r r e g u l a r i t i e s  w i t h  d im e n s io n s  

o f  many k i l o m e t e r s  a re  produced by t h e  R a y l e i g h - T a y l o r  i n s t a ­

b i l i t y .  In  c o n n e c t i o n  w i t h  these  i r r e g u l a r i t i e s ,  bub b les  o f  de ­

c r e a s e d  e l e c t r o n  d e n s i t y  are fo rmed a t  t h e  l o w e r  boundary  o f  

t h e  F r e g i o n  w h i c h  r e s u l t  i n  the  i r r e g u l a r  s t r u c t u r e  o f  t h e  F 

r e g i o n  by r i s i n g  due t o  an E x 0  d r i f t .  The s p e c t r a l  d e n s i t y  o f

t h e  e l e c t r o n  d e n s i t y  f l u c t u a t i o n s  w i t h  s c a l e s  ment ioned above
_ о

i s  p r o p o r t i o n a l  t o  kj_ , where kj^ i s  t h e  wave number v e c t o r  p e r ­

p e n d i c u l a r  t o  t h e  geo m a gn e t ic  f i e l d .  T h e o r e t i c a l  r e s u l t s  show 

t h a t  i r r e g u l a r i t i e s  w i t h  d im ens io n  l e s s  o r  o f  th e  o r d e r  o f  10 m 

a r e  g e n e r a t e d  by k i n e t i c  d r i f t  i n s t a b i l i t i e s  o f  d i f f e r e n t  t y p e s .  

The i n s t a b i l i t i e s  a r e  fo rmed by a two s t e p  p ro c e s s .  They are  

g e n e r a t e d  by s t e e p  h e i g h t  g r a d i e n t s  o f  t h e  e l e c t r o n  d e n s i t y ,
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wh ich  on th e  o t h e r  hand are  pro du ced  by p r i m a r y  i n s t a b i l i t i e s  

o f  t h e  R a y l e i g h - T a y l o r  t y p e .

I n  th e  i o n o s p h e r i c  plasma w i t h  t h e  c h a r a c t e r i s t i c  p r o p e r t y  

o f  t h e  p re sen ce  o f  a l l  k i n d s  o f  T I O ' s, i n s t a b i l i t i e s , among them 

the  R a y l e i g h - T a y l o r  i n s t a b i l i t y  o c c u r  se ldom  i n  a " p u r e "  f o r m .

In  r e a l i s t i c  c o n d i t i o n s  the  s i t u a t i o n  i s  more c o m p l i c a t e d .  The 

p re s en c e  o f  T I D ' s  can r e s u l t  i n  s p a t i a l  resonance  and s e r v e  

then  as a mechanism i n d u c i n g  plasma i n s t a b i l i t y  i f  t h e i r  phase 

v e l o c i t i e s  a re  e q u a l  t o  the  v e l o c i t y  o f  t h e  e l e c t r o m a g n e t i c  

d r i f t  i n  th e  d i r e c t i o n  o f  th e  TID.

2.  In  t h e  m i d - l a t i t u d e  F r e g i o n  t h e  s i t u a t i o n  c o n c e r n i n g  

the  p r e d o m i n a n t  mechanisms o f  p lasma i n s t a b i l i t i e s  i s  n o t  c l e a r .  

In  t h e  p re sen ce  o f  g r a d i e n t s  ( e . g .  i n  t h e  v e r t i c a l  d i r e c t i o n )

o f  t h e  e l e c t r o n  d e n s i t y  the  g r a d i e n t - d r i f t  i n s t a b i l i t y  a r i s i n g  

f rom t h e  d r i f t  o f  ch a rge d  p a r t i c l e s  i n  t r a n s v e r s e  e l e c t r i c  and 

m a g n e t i c  f i e l d s  i s  n o t  e f f e c t i v e  (Gershman 1980) .  However ,  

p lasma c o nve rg ence  c o nn ec te d  w i t h  t h e  s p a t i a l l y  i r r e g u l a r  mo­

t i o n  o f  ch arge d  p a r t i c l e s  i s  p o s s i b l e .  I n  t h i s  case t h e  i n c r e ­

ment o f  t h e  i n s t a b i l i t y  'jp ~  d i v  LKq , where  UiQ i s  th e  v e l o c i t y  

o f  t h e  i o n s  i n  t h e  "b a c k g r o u n d "  s t a t e  o f  t h e  i o n o s p h e r e .

3.  The r e s u l t s  o f  t h e o r e t i c a l  i n v e s t i g a t i o n s  c o n c e r n i n g  

the  mechanisms o f  t h e  i r r e g u l a r  s t r u c t u r e  o f  the  i o n o s p h e r e  a t  

h ig h  l a t i t u d e s  a re  r e v i e w e d  by K e s k i n e n  and Ossakow ( 1 9 8 3 ) .  The 

b a s i c  mechanisms o f  t h e  g e n e r a t i o n  o f  i r r e g u l a r i t i e s  i n  t h e  

h ig h  l a t i t u d e  F r e g i o n  are  c o n v e c t i v e - c u r r e n t  and g r a d i e n t -  

- d r i f t  i n s t a b i l i t i e s .

5. COMMENTS CONCERNING FURTHER DEVELOPMENTS

I n  th e  p r e s e n t  phase o f  the  e x p e r i m e n t a l  and t h e o r e t i c a l  

i n v e s t i g a t i o n s  o f  e l e c t r o n  d e n s i t y  i r r e g u l a r i t i e s  a t  t h e  h e i g h t  

o f  t h e  F r e g i o n  and i n  th e  o u t e r  i o n o s p h e r e ,  t h e r e  a re  many un ­

s o l v e d  p ro b le m s .  An a t t e m p t  i s  made h e r e  t o  l i s t  some o f  them.

1. D e t e r m i n a t i o n  o f  th e  l o n g i t u d i n a l  and t r a n s v e r s e  d im e n ­

s i o n s  o f  th e  i r r e g u l a r i t i e s ,  o r  o f  t h e i r  r a t i o  i s  one o f  t h e  

most i m p o r t a n t  t a s k s  o f  the  e x p e r i m e n t s .  L i v i n g s t o n  e t  a l .

( 19 82 )  used a t  P o k e r - F l a t  ( A l a s k a )  t h e  measurement o f  t h e  s p a ­
t i a l  c o he re nce  o f  s i g n a l s  t r a n s m i t t e d  by th e  s a t e l l i t e  Wideband
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f o r  t h e  d e t e r m i n a t i o n  o f  th e  c h a r a c t e r i s t i c s  o f  the  a n i s o t r o p y  

i n  e l e c t r o n  d e n s i t y  i r r e g u l a r i t i e s  w i t h  t r a n s v e r s e  s c a l e s  o f  

a b o u t  1 km i n  th e  a u r o r a l  F r e g i o n .  Th re e  ty p es  o f  t h e  a n i s o t ­

r o p y  o f  th e  i r r e g u l a r i t i e s  have been d i s t i n g u i s h e d  a) p l a t e -  

- l i k e  i r r e g u l a r i t i e s  e l o n g a t e d  a lo ng  t h e  m agne t i c  f i e l d  and L -  

- s h e l l s ,  b) c y l i n d r i c a l  t y p e  i r r e g u l a r i t i e s  a l s o  e l o n g a t e d  

a l o n g  t h e  geo magn et ic  f i e l d ,  c)  i r r e g u l a r i t i e s  o f  e l l i p t i c a l  

c r o s s  s e c t i o n .  The s t u d y  o f  the dependence o f  the  i r r e g u l a r i ­

t i e s  on geoma gn et ic  l a t i t u d e  i n  n i g h t - t i m e  c o n d i t i o n s  i n d i c a t e s  

t h e  i n f l u e n c e  o f  t h e  a u r o r a l  c o n v e c t i o n  on th e  form o f  t h e  i r ­

r e g u l a r i t i e s .  P l a t e - l i k e  i r r e g u l a r i t i e s  a re  observed a t  t h e  

e q u a t o r i a l  s i d e  o f  t h e  a u r o r a l  zone i n  t h e  r e g io n  o f  t h e  e a s t -  

- w e s t  p lasma d r i f t ,  c y l i n d r i c a l  i r r e g u l a r i t i e s  are found  a t  t h e  

n o r t h e r n  boundary  o f  t h e  a u r o r a l  zone and i r r e g u l a r i t i e s  o f  e l ­

l i p t i c a l  c r o s s  s e c t i o n  o c c u r  i n  th e  v i c i n i t y  o f  the  H a r a n g - d i s -  

c o n t i n u i t y  .

2.  I t  i s  a consequence o f  the  h i s t o r i c a l  deve lopment  t h a t  

t h e  i r r e g u l a r i t i e s  o f  t h e  e l e c t r o n  d e n s i t y  a re  meant as i r r e g ­

u l a r  s t r u c t u r e  o f  t h e  i o n o s p h e r e .  From a p r a c t i c a l  p o i n t  o f  

v i e w ,  e . g .  f o r  th e  p r o p a g a t i o n  o f  r a d i o  waves o f  d i f f e r e n t  

f r e q u e n c i e s  the  know le dge  o f  the  i r r e g u l a r  s t r u c t u r e  o f  t h e  

e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  i n  t h e  i o n o s p h e r e  i s  v e r y  i m p o r ­

t a n t .  However ,  f rom  a p h y s i c a l  p o i n t  o f  v i e w ,  e s p e c i a l l y  f o r  

t h e  s t u d y  o f  the  f o r m a t i o n  mechanisms o f  t h e  i r r e g u l a r i t i e s  and 

t h e i r  c o n c r e t i z a t i o n , s i m u l t a n e o u s  measurements  o f  t h e  c h a r a c ­

t e r i s t i c s  o f  the  i r r e g u l a r i t i e s  have s p e c i a l  s i g n i f i c a n c e  n o t  

o n l y  t h o s e  o f  th e  e l e c t r o n  d e n s i t y ,  b u t  a l s o  o f  o t h e r  p a r a m e t e r s  

o f  t h e  i o n o s p h e r i c  p lasma (T , T^,  Tn , i o n  and n e u t r a l  c o m p o s i ­

t i o n ,  v e l o c i t i e s  o f  t h e  charged and n e u t r a l  p a r t i c l e s ) .

3.  The i o n o s p h e r e  i s  a r e g io n  o f  t h e  atmosphere  where  many 

p r o c e s s e s  are  o f  l o c a l  o r  r e g i o n a l  c h a r a c t e r .  Th is  r e f e r s  f u l l y  

t o  t h e  i r r e g u l a r  s t r u c t u r e ,  t o o .  T h e r e f o r e ,  e s t im a t e s  o f  t h e  

s p a t i a l  and t i m e  c h a r a c t e r i s t i c s  o f  t h e  d i f f e r e n t  i r r e g u l a r i ­

t i e s  a r e  u r g e n t l y  needed .  I t  shou ld  be c l e a r e d  e .g .  f o r  s p r e a d -  

-F by spaced v e r t i c a l  so u n d in g  s t a t i o n s  l o c a t e d  i n  d i f f e r e n t  

d i s t a n c e  f rom each o t h e r  and by s i m u l t a n e o u s  measurements how 

f a r  i d e n t i c a l  o r  how d i f f e r e n t  are t h e  p r o p e r t i e s  o f  t h e  o c c u r -
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r en ce  o f  t h i s  phenomenon on io n og ram s  re c o rd e d  a t  a g i v e n  t i m e .

4. At  p r e s e n t  as i t  has been a l r e a d y  m en t ion ed  a s i g n i f i ­

c a n t  q u a n t i t y  o f  d a ta  has a c c u m u la te d  c o n c e r n i n g  th e  p a r a m e t e r s  

o f  t h e  i r r e g u l a r i t i e s  o b t a i n e d  by means o f  s a t e l l i t e s  i n  d i f ­

f e r e n t  h e l i o p h y s i c a l  and g e o p h y s i c a l  c o n d i t i o n s .  They rem ained  

so f a r  i n c o m p l e t e .  T h e r e f o r e ,  i t  w o u ld  be n ec essa ry  t o  a t t e m p t  

a s y n t h e s i s  o f  some e m p i r i c a l  mode l s  o f  e l e c t r o n  d e n s i t y  i r r e g ­

u l a r i t i e s  on th e  b a s i s  o f  th ese  d a t a  t a k i n g  i n t o  a c c o u n t  b a s i c  

h e l i o p h y s i c a l  and g e o p h y s i c a l  f a c t o r s .

5. In  t h e  l a s t  y e a rs  th e  i n t e r e s t  i n  the  i o n o s p h e r i c  

e f f e c t s  o f  l i t h o s p h e r i c  p ro c e s s e s  ( e a r t h q u a k e s ,  t s u n a m i s ,  v o l ­

c a n i c  e r u p t i o n s ) ,  as w e l l  as o f  u n d e r g r o u n d  and s u r f a c e  p r o ­

c e s s e s ,  i n c r e a s e d  s i g n i f i c a n t l y ,  t h o u g h ,  a c c o r d i n g  t o  t h e  few 

a v a i l a b l e  d a t a ,  t h e s e  e f f e c t s  app ea r  supe rposed  on th e  i r r e g ­

u l a r  s t r u c t u r e  o f  t h e  i o n o s p h e r e .  T h i s  p rob lem i s  o f  i n t e r e s t  

on t h e  one hand due t o  i t s  p r a c t i c a l  s i g n i f i c a n c e ,  i . e .  due t o  

the  s e a r c h  f o r  p r e c u r s o r s  o f  e a r t h q u a k e s ,  on the  o t h e r  hand be­

cause o f  th e  n e c e s s i t y  o f  q u a n t i t a t i v e  e s t i m a t e s  o f  changes i n  

the  i o n o s p h e r e  b e in g  i n d e p e n d e n t  o f  t h e  e f f e c t  c f  t h e  Sun on 

the  upp e r  a tm osph ere  and i o n o s p h e r e .

6.  E x p e r i m e n t a l  d e t e r m i n a t i o n  o f  t h e  c h a r a c t e r i s t i c  t im e  

o f  f o r m a t i o n  and d i s p e r s a l  o f  i r r e g u l a r i t i e s  o f  d i f f e r e n t  

s c a l e s .

7.  The q u e s t i o n  has been d i s c u s s e d  i n  th e  f i f t i e s  and 

s i x t i e s  w h e th e r  t h e r e  are  i s o l a t e d  i o n o s p h e r i c  i r r e g u l a r i t i e s  

o r  t h e  s t r u c t u r e  o f  t h e  i o n o s p h e r e  i t s e l f  i s  c l o u d y .  I n  a d d i ­

t i o n  t h e  e x i s t e n c e  o f  e l e c t r o n  d e n s i t y  i r r e g u l a r i t i e s  o f  t h e  

most d i v e r s e  fo rm s  ( c y l i n d r i c a l ,  s p h e r i c a l  e t c . )  was s u g g e s t e d .  

In  t h e  s e v e n t i e s  t h e  f o r m a t i o n  o f  e l e c t r o n  d e n s i t y  i r r e g u l a r i ­

t i e s  was b r o u g h t  i n t o  c o n n e c t i o n  w i t h  wave p e r t u r b a t i o n s  o f  th e  

n e u t r a l  upper  a tm o s ph e re .  I n  r e a l i s t i c  i o n o s p h e r i c  c o n d i t i o n s ,  

b o th  t y p e s  o f  e l e c t r o n  d e n s i t y  i r r e g u l a r i t i e s  e x i s t  s i m u l t a ­

n e o u s l y .  The q u e s t i o n  i s  where and when t h i s  o r  t h a t  t y p e  o f  

th e  i r r e g u l a r i t i e s  p re d o m i n a t e s .

8.  F u r t h e r  c l a r i f i c a t i o n  o f  t h e  r o l e  o f  plasma i n s t a b i l i ­

t i e s  and o f  t h e  b a s i c  f o r m a t i o n  mechan isms o f  i r r e g u l a r i t i e s  i n  

t y p i c a l  h e l i o p h y s i c a l  and g e o p h y s i c a l  c o n d i t i o n s .  C o n s i d e r a ­
t i o n  o f  n o n - l i n e a r  e f f e c t s  i n  t h e  d e v e lo p m e n t  o f  p lasma i n -
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s t a b i l i t i e s .
9 .  N umer ica l  m o d e l i n g  o f  i o n o s p h e r i c  i r r e g u l a r i t i e s .

1 0 .  I n v e s t i g a t i o n  o f  t h e  r o l e  o f  wave m o t io ns  i n  th e  n e u ­

t r a l  a tm osp he re  and t h e i r  f o r m a t i o n  mechan isms .

1 1 .  Q uest ions  r e l a t e d  t o  the  e f f e c t  o f  i r r e g u l a r i t i e s  o f  

d i f f e r e n t  s c a le  on th e  l a r g e  s c a le  s t r u c t u r e  o f  the  i o n o s p h e r e .

REFERENCES

A a r o n s  J ,  Whi tney  H E, A l l e n  R S 1971:  P r o c .  IEEE, 59, 159 -1 72 .

A l i m o v  V A, R a k h l i n  A V 1979:  N. i  r a d i o f i z .  i n t .  G o r k i y ,  p r e ­
p r i n t  No 132, 52.

A f r a y m o v i c h  E L 1982: I n t e r f e r e n c e  methods o f  th e  r a d i o  sound ing 
o f  t h e  io n o s p h e re  ( i n  R u s s i a n ) .  Nauka, Moscow

Bakay A S, Russk in  V M, S o l o d o v n i k o v  G K, F a t k u l l i n  M N 1981:  
Geomagn. i  a e r o n o m i y a ,  21, 5 45 -5 4 7 .

Basu S 1978:  J. Geophys. R e s . ,  A83, 1 8 2 -1 9 0 .

Basu S, Basu S, Aarons J ,  McClure J P, C o u s in s  M D 1978: J .  
Geophys.  Res . ,  A83,  4219-4226 .

Basu S, Basu S, Mac kenz ie  E, Coley  W R, Hanson W 8, L i n  C S 
1984:  0. Geophys. R e s . ,  89, 5 55 4 -5 5 6 4 .

B a u e r  S J , Nagy A F 1975:  P ro c .  IEEE, 63,  230-249 .

B e r k n e r  L V, We l l s  H W 1934:  T e r r .  Magn. and Atmos. E l e c t r . ,
39 ,  215.

B e r t e l  L ,  Guyader P, L a s s u d r i e - D u c h e s n e  P 1984:  Radio S e i . ,  19,  
8 7 9 -8 9 0 .

B o o k e r  H G 1979: 0. A tmos,  and T e r r .  P h y s . ,  41,  501-515.

B o o k e r  H G, We l ls  H W 193 8:  T e r r .  Magn. and Atmos. E l e c t r . ,  43,  
2 4 9 -2 5 6 .

C a l v e r t  W, Schmid C W 1964:  J. Geophys.  R e s . ,  69, 1839-1852.

C ra ne  R К 1977: Pr oc .  IEEE,  65, 1 80 -1 99 .

D ' A n g e l o  N 1977: Revs. Geophys.  and Space P h y s . ,  15, 2 99 -3 07 .

D a v i e s  К 1962: Proc .  IR E ,  50, 1544.

D a v i s  T N 1979: R ep ts .  P r o g r .  P h y s . ,  42,  1565-1604 .

D r o b z h e v  V I  I960 :  I o n o s f e r n i e  i s s l e d o v a n i y a , No 30, 6 2 -68 .

Du C a s t e l  F, Faynot  J M 1964:  N a t u r e ,  204,  984-985 .

Dyson  P L 1968: 0. Geophys.  Res . ,  73,  2 44 1 -2 4 4 6 .

Dyson  P L 1969: J .  Geophys.  Res. ,  74,  6 2 9 1 -6 3 0 3 .

Dyson  P L,  McClure J P, Hanson W В 1974:  J .  Geophys. R es . ,  79,  
149 7- 1502 .



IRREGULAR STRUCTURE OF THE F REGION 43

E c c l e s  0 ,  K ing  3 W 1970:  J .  Atmos, and T e r r .  Phys . ,  32, 517-538.

E rukh imov  L M, K a z i m i r o v s k y  E S, K o k o u r o v  V 0 1977: I s s l e d o v a -  
n i y a  po geomagne t izm u , a e r o n o m i i  i  f i z i k e  S o l n t s a ,  41, 3-6.

E rukh imov  L M, Maksimenko 0 I ,  M y a s n i k o v  E N 1980: I o n o s p h e r -  
n i e  i s s l e d o v a n i y a , No 30,  2 7 - 5 3 .

Evans J V 1969: P ro c .  IEEE, 57, 4 9 6 - 5 3 0 .

Evans 3 V 1974:  J .  Atmos,  and T e r r .  P h y s . ,  36,  2183-2234.

Evans J V 1975: P ro c .  IEEE, 63,  1 6 3 6 - 1 6 5 0 .

F a r l e y  0 T 1971:  I n :  Methods o f  E x p e r i m e n t a l  P h y s i c s ,  v .  9 B , 
chap.  14, e d i t e d  by R H Lovbe rg  and H R G r i e n ,  Academ ic ,  
New York

F a t k u l l i n  M N 1975: I n :  I t o g i  n a u k i  i  t e k h n i k i .  Geomagnet izm i  
v i s o k i e  s l o i  a t m o s f e r i  2.  V I N I T I ,  Moscow, 102-168.

F a t k u l l i n  M N 1982: I n :  I t o g i  n a u k i  i  t e k h n i k i .  Geomagnet izm i  
v i s o k i e  s l o i  a t m o s f e r i  6.  V I N I T I ,  Moscow, 224.

F a t k u l l i n  M N, Z e le no va  T I ,  Ko z lov  V K, Legenka A D, S o b o le v a  
T N 1981: E m p i r i c a l  models o f  t h e  m i d - l a t i t u d e  i o n o s p h e r e  
( i n  R u s s i a n ) ,  Moscow

F a t k u l l i n  M N, S o l o d o v n i k o v  G К, Legenka A 0 ,  Drukarenko  S P 
1984:  Geomagn. i  ae ronom iya ,  2 4 ,  1 9 1 -1 9 5 .

F e j e r  B G, K e l l e y  M C 1980: Rev. Geop hys .  and Space P h y s . ,  18 ,  
4 01 -4 54 .

F r a n c i s  S H 197i,4. ,J- Geophys.  R e s . ,  79 , 5245-52 60 .

Fremouw E J .  Ri.no £ L 1973:  Rad io S e i . ,  8 ,  213-222.

G a l k i n  A I ,  E r o f e e v  N M, K a z i m i r o v k s y  E S, Kokourov  V D 1971:  
I o n o s p h e r i c  measurements ( i n  R u s s i a n ) .  Nauka, Moscow

G d a l e v i c h  G L 1980:  A r t i f i c i a l  S a t e l l i t e s , 15 , 165-178.

G d a l e v i c h  G L ,  Ozerov  V 0,  V s e k h s v y a t s k a y a  I  S, Nov ikova  L N, 
Sobo leva T N 1980:  Geomagn. i .  a e r o n o m i y a ,  20, 8 0 9 -8 1 6 .

G e lb e rg  M G 1977:  R a s p r o s t r a n e n i y a  r a d i o v o l n  v p o l y a r n o y  i o n o -  
s f e r e ,  K o l s k y  f i l i a l  AN, A p a t i t i ,  157 -1 72 .

Gershman B N 1974:  Dynamics o f  th e  i o n o s p h e r i c  plasma ( i n  
R u s s i a n ) .  Nauka,  Moscow

Gershman B N 1976:  I n :  I t o g i  n a u k i  i  t e k h n i k i .  Geomagnet izm i  
v i s o k i e  s l o i  a t m o s f e r i  3.  V I N I T I ,  Moscow, 62-87 .

Gershman B N 1980:  I o n o s f e r n i e  i s s l e d o v a n i y a ,  No 30, 1 7 - 2 6 .

Gershman B N, G r i g o r e v  G I  1978: I o n o s f e r n i e  i s s l e d o v a n i y a ,
No 25,  5 -1 5 .

Gershman B N, K a z i m i r o v s k y  E S, K o k o u ro v  V D, C h e rn o b r o v k in a  N 
A 1984: The phenomenon s p re a d -F  i n  t h e  i onosphe re  ( i n  
R u s s i a n ) .  Nauka,  Moscow

Getmantsev  G G, Komrakov G P, I v a n o v  V P, Popkov I  V, T y u k i n  V 
N 1973: Kos m ic h es k ie  i s s l e d o v a n i y a ,  11,  335-337.

Gupta S P 1980:  Space R es . ,  20,  1 2 7 - 1 3 0 .



4 4 M N FATKULLIN

Hanson W B, S a n a t a n i  S 1971: Л. Geophys .  R es . ,  76, 7 7 6 1 -7 7 6 8 .  

H a n u i s e  C 1983: Rad io  S o i . ,  18, 1 0 9 3 - 1 1 2 1 .

Herman J R 1966: Rev.  G eop hys . ,  4,  2 5 5 - 2 9 9 .

H o l t e t  J A, Maynard N C, Heppner 3 P 1977:  J .  Atmos, and T e r r .  
Phys .  , 39 , 2 4 7 -2 5 7 .

Hooke W H 1968: J .  A tmo s,  and T e r r .  P h y s . ,  30, 795-823.

K a r l o v  V 0 ,  Koz lov  S I ,  Tkachev G N 1980 :  Kosmichesk ie  i s s l e d o -  
v a n i y a ,  18, 2 6 6 - 2 7 7 .

K e l l e y  M C 1972: J .  Geophys.  Res . ,  7 7 ,  1327-1334.

K e l l e y  M C, McClu re  J P 1981: 0. A tm os ,  and T e r r .  P h y s . ,  43 ,  
4 27 -4 3 5 .

K e l l e y  M C, H o l t e t  3 A, T s u r u t a n i  B T 1979:  P l a t ,  and Space 
S e i  . , 27 , 127 -130  .

K e l l e y  M C, Baker  K D, L l lw ick  3 C, R i n o  C L, Baron M J 1980:  
Rad io  S e i . ,  15 ,  4 91 -5 05 .

K e l l e y  M C, P f a f f  R, Bake r  K 0,  U l w i c k  3 C, L i v i n g s t o n  R, R ino  
C, Tsunoda R 1982:  3. Geophys.  R e s . ,  A87, 1575-1588.

K e s k i n e n  M J,  Ossakow S L 1983: Rad io  S e i . ,  18, N6.

Kom rakov G P, Sk re bk o v a  L A 1980: I o n o s f e r n i e  i s s l e d o v a n i y a ,
No 30 ,  49- 52 .

Kom rakov G P, L e r n e r  A M, Skrebkova  L A 1983:  I z v .  vuzov .  
R a d i o f i z i k a ,  26 ,  770 -7 72 .

K u t i m s k a y a  M A, Gudkova T V 1983: E m p i r i c a l  model o f  s p r e a d - F  
f o r  m i d - l a t i t u d e s  t a k i n g  i n t o  a c c o u n t  s o l a r  a c t i v i t y  ( i n  
R u s s i a n ) .  I r k u t .  u n . ,  I r k u t s k

L i k h t e r  Ya M, G d a l e v i c h  G L, A f o n i n  V V, L a r k i n a  V I ,  M i k h a y l o v  
Yu M, Ozerov V D, S e r a f im o v  К В, Bankov L G, Dachev Tz P, 
T r e n d a f i l o v  N S, Chapkanov S K, T r i s k a  P, J i r i c e k  F, 
S m i l a u e r  3 1980:  A r t i f i c i a l  s a t e l l i t e s ,  15, 1 84 -1 93 .

L i v i n g s t o n  R C, R in o  C L,  McClure  J P, Hanson W В 1981: J .  
Geophys.  R e s . ,  A86,  242 1-24 28 .

L i v i n g s t o n  R C, R in o  C L ,  Owen J ,  Tsunoda  R T 1982: J .  Geophys.  
R e s . , A87 , 10519 -1 05 6 2 .

M a i e r  E J ,  Brace L H, Ka yse r  S E 197 8:  J .  Geophys. R e s . ,  A83,  
2 533 -2542 .

Maruyama T, Matuura  N 1980:  J.  Rad. Res .  Labs.  Oapan, 27,  
201 -2 06 .

M i g u l i n  V V 1973:  V e s t n .  AN SSSR, No 8 ,  9 -1 5 .

M i g u l i n  V V, L o b a c h e v s k i y  L A, Namazov S A, Nov ikov  V D 1978:  
I z v .  AN Turkm.  SSR, s e r .  f i z - t e k h n . ,  kh im, i  g e o l . n a u k ,  
46 ,  4 6 -63 .

M ü n t h e r  C H, Spenner  K, Neske E 1978:  Geophys.  and A s t r o p h y s .  
F l u i d  D y n . , 11,  1 41 -1 50 .

Namazov S A, Ozyubanov 0 A 1979:  I o n o s f e r n i e  i s s l e d o v a n i y a ,



IRREGULAR STRUCTURE OF THE F REGION
45

No 27,  115 -1 10 .

Namazov S A, N ov ik o v  V D 1980:  I o n o s f e r n i e  i s s l e d o v a n i y a , No 30, 
87 -94 .

Namazov S A, N o v i k o v  V D, K h m e l n i t s k y  I  A 1975:  I z v .  v u z ov .  
R a d i o f i z i k a ,  10,  4 73 -5 0 1 .

N a r c i s i  R S, S z u s z c z e w ic z  E P 1981:  J .  A tmos,  and T e r r .  P h y s . ,  
43,  463 -4 71 .

Ossakow S L 1978:  I n :  Wave I n s t a b i l i t i e s  i n  Space P lasmas.
Proc .  Symp.,  H e l s i n k i ,  2 65 -2 89 .

Ossakow S L 1981:  J .  Atmos,  and T e r r .  P h y s . ,  43,  437 -4 52 .

O v e z g e ld i e v  0 G, Muradov A 1980:  I z v .  AN Turkm. SSR, s e r .  f i z . -  
- t e k h n . ,  k h im .  i  g e o l .  n a u k . ,  No 5 ,  4 3 -67 .

Pancheva 0,  Sa m ardzh ie v  D 1983:  B ú i g .  g e o f i z .  s p i s a n i e ,  9,
3-24 .

Phe lps  A D R ,  S aga lyn  R C 1976:  J .  Geophys.  R es . ,  81,  5 15 r5 2 3 .

R a s t o g i  R G 1984:  I n d i a n  J o u r n a l  o f  R ad io  and Space P h y s i c s ,
13, 8 4 -93 .

Reber  C A, Héd in A E, Pe lz  D T, P o t t e r  W E, Brace L H 1975:
J .  Geophys.  R e s . ,  80 ,  4 576 -4500 .

R od r ig ue z  P, S z u s z c z e w ic z  E P 1984:  J .  Geophys.  R es . ,  A89, 
5575-5580.

S e r a f im o v  К В, K u t i e v  I  S, Bochev A Z, Dachev Ts P, G r i n g a u z  К 
I ,  A f o n i n  V V, G d a l e v i c h  G L ,  Gubsky V F, Ozerov V 0 ,  
S m i la u e r  J 1976:  Space R es . ,  ;16, 4 6 5 -4 6 9 .

S i n g l e t o n  D G 1975:  J .  Atmos,  and T e r r .  P h y s . ,  37, 1 535 -1544 .

S o l o d o v n i k o v  G K, Bakay A S, R u s s k in  V M, F a t k u l l i n  M N 1931:  
Geor.iagn. i  a e r o n o m iy a ,  21,  1 0 0 9 - 1 0 1 7 .

S o l o d o v n i k o v  G K, F a t k u l l i n  M N, R u s s k i n  V M, K ro k h rna ln i k ov  E 
B 1984: I n :  M o d e l i n g  o f  t h e  i r r e g u l a r  s t r u c t u r e  o f  t h e  
i o n o s p h e r e  ( i n  R u s s i a n ) .  IZMIRAN, Moscow, 5 -4 1 .

Thermal  n o n - l i n e a r  phenomena i n  p la sm as  ( i n  R u s s i a n ) .  Sb. 
nauchn. t r .  i n t .  p r i k l .  f i z .  AN SSSR, G o r k i y ,  216.

T r o i t s k y  В V 1980:  I o n o s f e r n i e  i s s l e d o v a n i y a ,  No 30, 5 7 - 6 6 .

Tsunoda R T 1980:  3. Atmos.  T e r r .  P h y s . ,  42,  743 -752 .

V i l l a d a r e s  С E, Hanson W 8,  McClu re  0 P, C ra g in  B L 1903:  J .  
Geophys. R e s . ,  A88,  802 5- 8042 .

Vsek hs v y a ts k a y a  I  S 1981:  I n :  F i z i k a  i  s t r u k t ú r a  e k v a t o r i a l n o y  
i o n o s f e r i .  Nauka,  Moscow, 6 2 - 7 6 .

W i n k l e r  T R 1900:  Rev.  Geophys.  and Space P h y s . ,  18, 6 5 9 -6 8 2 .

Veh К C, L i u  С H 1974:  Rev. Geophys. and Space P h y s . ,  12,  
193-216 .
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EXPERIMENTAL INVESTIGATION OF THE IRREGULAR 
STRUCTURE OF THE IONOSPHERE

E P Datsko* ' ,  0 I  Maksimenko'* , V I  Moska lyuk* ' ,  N M Boguta* '

*Main Astronomical Observatory, Academy o f  Sciences of the Ukr. SSR 
252127 Kiev, Goloseevo, USSR

In t h i s  paper resu l ts  of  an experimental  invest iga t ion  of  the fo l lo w in g  
large scale i r r egu la r  s t ruc tures  in  the ionosphere at mid- la t i tudes are pre­
sented: sporadic E layer  and the absence o f  the F2 layer (G cond i t ion  ac­
cording to the Handbook of  Ionogram I n t e rp re ta t i o n ,  Pigot t  and Rawer 1972).

Data obtained by processing ionograms o f  the bottomside sounding o f  the 
ionosphere are used in the period 1964-1976 w i th i n  the la t i t ude  range 46- 
-60°N.

Morphological  cha rac te r is t i cs  of  the occurrence of  the above mentioned 
s t ruc tures  are determined. A parameter charac ter iz ing  the screening dens i ty  
of  a sporadic E layer i s  introduced and i t s  p ropert ies  are studied i n  case 
of  m id - la t i tu de  Es types as a func t ion  of  the le ve l  of  solar and geomagnetic 
a c t i v i t i e s .  The occurrence of  the cond i t ion G increases wi th l a t i t u d e  w i t h ­
out a simultaneous change of  the shape of  the d iu rna l  var ia t ion .

The obtained i r r e g u l a r i t y  c h a ra c te r is t i c s  are to be considered i n  mod­
e l in g  and predic t ion  of  the propagation of  rad io  waves in the ionosphere.

Keywords: effects of  so lar  and geomagnetic a c t i v i t i e s ;  G c o nd i t io n ;  i r ­
regular  s t ruc ture  of  the ionosphere; sporadic E layers

The method o f  v e r t i c a l  s o u n d in g  o f  th e  i o n o s p h e r e  by means 

o f  a u t o m a t i c  i o n o s p h e r i c  s t a t i o n s  i s  w i d e l y  used f o r  t h e  i n ­

v e s t i g a t i o n  o f  l a r g e  s c a l e  i r r e g u l a r  s t r u c t u r e s  a t  m i d - l a t i ­

t u d e s .  There a re  l a r g e  h e i g h t  g r a d i e n t s  o f  the  e l e c t r o n  d e n s i t y  

b o th  i n  t h e  lo w e r  i o n o s p h e r e -  -  t h a t  i s  s p o r a d i c  f o r m a t i o n s  i n  

t h e  fo rm  o f  t h i n  Es l a y e r s  o f  h i g h  e l e c t r o n  d e n s i t y  -  and i n  

t h e  upp e r  i o n o s p h e r e -  -  s p o r a d i c  v a n i s h i n g  o f  the  main e l e c t r o n  

d e n s i t y  maximum F2.

I t  i s  known t h a t  s p o r a d i c  E l a y e r s  have e x t e n s i o n s  o f  

hundreds and thou san ds o f  k i l o m e t e r s  i n  N-S and E-W d i r e c t i o n s  

(C h a v d a ro v  e t  a l .  1978)  and th e  G c o n d i t i o n  can be o b s e r v e d  a t  

d i f f e r e n t  l a t i t u d e s  ( D a t s k o  e t  a l .  1 9 8 4 ) .  For the  d e s c r i p t i o n  

o f  t h e s e  phenomena p r o b a b i l i s t i c  r e l a t i o n s  are  used.  L a r g e
Acta Geod. Geoph. Mont. Hung. 22, 1987 

Akadémiai Kiadó, Budapest
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s c a l e  i r r e g u l a r  s t r u c t u r e s  w i t h  l a r g e  e l e c t r o n  d e n s i t y  g r a d i ­

e n t s  p l a y  a s u b s t a n t i a l  r o l e  i n  th e  d e t e r m i n a t i o n  o f  th e  p a th  

and i n  the  p r e d i c t i o n  o f  th e  p r o p a g a t i o n  o f  r a d i o  waves.  The 

f o r m a t i o n  o f  dense Es l a y e r s  a l t e r s  t h e  p a t h  o f  the  i o n o s p h e r i c  

p r o p a g a t i o n  o f  r a d i o  waves,  and th e  v a n i s h i n g  o f  the  F2 l a y e r  

may c o n t r i b u t e  t o  t h e  d e g e n e r a t i o n  o f  e x i s t i n g  i o n o s p h e r i c  

c h a n n e l s  ( S h l i o n s k y  e t  a l .  1979) .  A t  t h e  same t ime  s m a l l  s c a l e  

i r r e g u l a r i t i e s  o f  t h e  e l e c t r o n  d e n s i t y  a l s o  e x i s t  wh ich  p ro d u c e  

by s c a t t e r i n g  t h e  r a d i o  waves i o n o s p h e r i c  wave gu ides  o r  remove 

waves f rom them ( G u r e v i c h  and T s e d i l i n a  1 97 9 ) .

DIURNAL, SEASONAL AND SOLAR CYCLE VARIATIONS OF Es

D i u r n a l ,  s e a s o n a l  and s o l a r  c y c l e  v a r i a t i o n s  o f  t h e  p e r -  

c e n t u a l  o c c u r r e n c e  o f  s p o r a d i c  E l a y e r s  a re  c o n s id e r e d  w h ic h  

d i f f e r  f rom each o t h e r  i n  the  degree o f  r e f l e c t i o n  o f  r a d i o  

s i g n a l s .  These a re  so c a l l e d  s c r e e n i n g  l a y e r s  not  t r a n s m i t t i n g  

t h e  i n c i d e n t  s i g n a l s ,  and they  are  c h a r a c t e r i z e d  by the  a lm o s t  

c o m p le t e  c o i n c i d e n c e  o f  the  s c r e e n i n g  f r e q u e n c y  fbEs w i t h  t h e  

b o u n d a r y  f r e q u e n c y  f o E s ,  i . e .  the r a n g e  o f  t h e i r  s e m i t r a n s p a r -  

ency  i s  A fbEs = f o E s - f b E s  é  0 .5  MHz. S e m i t r a n s p a r e n t  l a y e r s  

a r e  c h a r a c t e r i z e d  by t h e  range o f  s e m i t r a n s p a r e n c y  0 .5  MHz <

<  AfbEs <  2 MHz and th e  t r a n s p a r e n t  l a y e r s  by AfbEs > 2 MHz 

(C h a v d a ro v  e t  a l .  1 9 7 8 ) .

As i t  can be seen  i n  F i g .  1, whe re  d i u r n a l  v a r i a t i o n s  o f  

t h e  p e r c e n t a g e  o c c u r r e n c e  PE % o f  t h e  s c r e e n i n g  ( 1 ) ,  s e m i t r a n s ­

p a r e n t  ( 2 )  and t r a n s p a r e n t  ( 3 )  Es l a y e r s  a re  p re s e n te d  f o r  

t h r e e  seasons o f  t h e  y e a r  o f  s o l a r  a c t i v i t y  minimum (19 64 )  and 

t h a t  o f  a yea r  o f  s o l a r  a c t i v i t y  maximum (1969 )  a t  th e  s t a t i o n  

K i e v ,  th e  s c r e e n i n g  l a y e r  p re d o m in a te s  i n  a l l  seasons.  The 

c h a r a c t e r  o f  th e  d i u r n a l  v a r i a t i o n  shown by the  p e r c e n ta g e  o c ­

c u r r e n c e  o f  t h e  s c r e e n i n g  Es l a y e r  c h an ge s  w i t h  season.  The 

s i n g l e  w i n t e r  maximum o f  the  o c c u r r e n c e  (PEs ~  40-50 %), w h i c h  

a p p e a r s  about  noon ,  i s  s u b s t i t u te d  i n  t h e  e q u i n o c t i a l  and summer 

m on ths  by two maxima o f  PEs (10 LT and 18 L T ) .  Meanwh i le ,  t h e  

m a g n i t u d e  o f  the  o c c u r r e n c e  somewhat i n c r e a s e s  (PEs <- 70 %) and 

i n  summer the  maxima a re  d i s p l a c e d  f o r m i n g  an a d d i t i o n a l  m a x i ­
mum a t  noon. I n  t h e  y e a r  o f  s o l a r  a c t i v i t y  maximum the m o r n in g
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Fig. 1. Diurnal  va r ia t io ns  of  the percentage occurrence of  the screening, 
semitransparent and t ransparent Es layers  in  winter ,  summer and
equinoxes of  the so lar  a c t i v i t y  minimum ( ------- ) and maximum (--------- )
a t  the ionospheric s ta t ion  Kiev

maximum i n c r e a s e s  i n  a l l  seasons and s i m u l t a n e o u s l y  t h e  e v en in g  

maximum i s  r e d u c e d .  C o n t r a r y  t o  t h e  s c r e e n i n g  l a y e r ,  t h e  d i u r ­

n a l  v a r i a t i o n  o f  th e  p e r c e n t a g e  o c c u r r e n c e  o f  t h e  t r a n s p a r e n t  

Es l a y e r  does n o t  show c h a r a c t e r i s t i c  p r o p e r t i e s  and amounts  to  

~ 1 0  % i n  w i n t e r  and a t  e q u in o x e s .  A t  t h e  same t im e  t h e  d i u r n a l  

v a r i a t i o n  o f  th e  s e m i t r a n s p a r e n t  Es l a y e r  shows n i g h t - t i m e  and 

m o r n in g  maxima o f  ~ 3 0  %.

Seasona l  v a r i a t i o n s  o f  t h e  p e r c e n t a g e  o c c u r r e n c e  o f  t h e  

s c r e e n i n g  and s e m i t r a n s p a r e n t  Es l a y e r s  a t  m i d - l a t i t u d e s  have 

s i m i l a r  c h a r a c t e r .  I n  th e  y e a r  o f  s o l a r  a c t i v i t y  min imum,  a max­

imum PEs o f  the s c r e e n in g  l a y e r  i s  o b s e rv e d  f rom May t o  O c t o b e r ,  

i . e .  d u r i n g  th e  g r e a t e r  p a r t  o f  th e  y e a r ,  bu t  t h e  s e m i t r a n s p a r ­

e n t  l a y e r  app ea rs  l e s s  o f t e n  t h a n  i n  1969,  e s p e c i a l l y  a t  

e q u i n o x e s .  Thus th e  c h a r a c t e r  o f  t h e  d i u r n a l  and s e a s o n a l  v a r i ­

a t i o n s  o f  th e  Es o c c u r r e n c e  i s  d e t e r m i n e d  a t  m i d - l a t i t u d e s  by 

t h e  s c r e e n i n g  p r o p e r t i e s  o f  t h e  l a y e r .  The e f f e c t  o f  t h e  s o l a r  

a c t i v i t y  on th e  d i u r n a l  and s e a s o n a l  v a r i a t i o n  o f  t h e  s c r e e n i n g  

Es o c c u r r e n c e  i s  more d e f i n i t e  i n  t h e  e v e n in g  hou rs  and i n  

autumn r e s p e c t i v e l y .
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RELATION OF Es TO GEOMAGNETIC ACTIVITY

As i t  has been shown e a r l i e r  ( D a t s k o  e t  a l .  1978) ,  t h e  o c ­

c u r r e n c e  o f  s c r e e n i n g  Es l a y e r s  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  

t h e  geomagne t ic  a c t i v i t y  i n  the a f t e r n o o n  and n i g h t  h o u rs ,  a t  

t h e  l a t i t u d e  o f  K i e v .  I n  th e  w i n t e r  mon ths  such a r e l a t i o n  does 

n o t  e x i s t .  Moreove r ,  t h e r e  i s  a n e g a t i v e  c o r r e l a t i o n  between 

t h e  o c c u r r e n c e  o f  Es and d a i l y  mean v a l u e  o f  the  geo ma gn et ic  

h o r i z o n t a l  component  d u r i n g  i n c r e a s e d  s o l a r  a c t i v i t y .  An i n ­

c r e a s e  o f  the  o c c u r r e n c e  o f  i n t e n s e  Es l a y e r s  w i t h  i n c r e a s i n g  

g e o m a g n e t i c  d i s t u r b a n c e  SO has been r e v e a l e d .  More d e t a i l e d  r e ­

s u l t s  c o n c e r n i n g  t h e  r e l a t i o n  o f  Es t o  g e o m a g n e t i c  a c t i v i t y  

have been o b t a i n e d  by a n a l y s i n g  the  s e a s o n a l  change o f  t h e  d i ­

u r n a l  v a r i a t i o n  o f  Es o c c u r r e n c e  i n  case  o f  t h e  f o u r  m i d - l a t i ­

t u d e  t y p e s  f ,  1, c and h i n  1964 and 1969 f o r  two l e v e l s  o f  t h e  

g e o m a g n e t i c  a c t i v i t y  c h a r a c t e r i z e d  by t h e  geomagne t ic  i n d e x  C 

( F i g .  2 ) .  The c l e a r e s t  i n v e r s e  r e l a t i o n  i s  o bse rv e d  between th e  

p e r c e n t a g e  o c c u r r e n c e  o f  the  types  f ,  1 and geomagne t i c  a c t i v i ­

t y  d u r i n g  equ in ox e s  a t  18-19  LT i n  t h e  p e r i o d  o f  th e  d a i l y  

maximum and i n  summer a t  20-22 LT. B e s id e s  t h e  r e d u c t i o n  o f  t h e  

p e r c e n t a g e  o c c u r r e n c e  o f  th e  typ es  f ,  1 t h e  m ag ne t i c  d is t u r b a n c e  

r e s u l t s  a t  the  e q u i n o x e s  i n  a change o f  t h e  d i u r n a l  v a r i a t i o n  

o f  PEs, due to  t h e  s t r e n g t h e n i n g  o f  t h e  second  n i g h t - t i m e  m a x i ­

mum o f  Es o c c u r r e n c e  a t  3 LT. In  the  y e a r s  o f  i n c r e a s e d  s o l a r  

a c t i v i t y  ana logo us f e a t u r e s  are o bse rv e d  a t  7 LT i n  the  m o r n in g .  

The h i g h  ty p es  o f  t h e  s p o r a d i c  E l a y e r  a r e  more o f t e n  fo un d  i n  

t h e  p e r i o d  o f  weak g e o m a g n e t i c  a c t i v i t y  i n  d a y - t i m e  h o u rs .  I n  

summer an i n c r e a s e  o f  t h e  even ing maximum i s  e x p e r i e n c e d .  At 

e q u i n o x e s  d u r i n g  t h e  day th e  e f f e c t  o f  t h e  geo ma gn et ic  a c t i v i t y  

i s  i n s i g n i f i c a n t ,  t h o u g h  th e  w i n t e r  d a y - t i m e  b e h a v io u r  i s  

c h a r a c t e r i z e d  by an i n c r e a s e  o f  the  p e r c e n t a g e  o c c u r re n c e  o f  

t h e  h i g h  ty p e s  i n  g e o m a g n e t i c a l l y  d i s t u r b e d  p e r i o d s  what i s  

e s p e c i a l l y  s i g n i f i c a n t  a f t e r n o o n  i n  t h e  y e a r  o f  minimum s o l a r  

a c t i v i t y .

Thus,  a t  low s o l a r  a c t i v i t y  d i s t u r b a n c e s  o f  th e  geomagnet ­

i c  f i e l d  which  r e d u c e  PEs i n  summer, e n a b l e  th e  appearance o f  a 

maximum o f  the  c t y p e  Es i n  w i n t e r  and t h a t  o f  th e  n i g h t  t y p e  1 
a t  e q u i n o x e s .  I n  y e a r s  o f  i n c r e a s e d  s o l a r  a c t i v i t y  e s p e c i a l l y
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f, I 1964 f, I 1969

c,h 196 A c,h 1969

Fig. 2. Seasonal changes in  the d iu rna l  v a r ia t io n  of  the percentage oc­
currence of the mid la t i tude Es types f ,  1 (Fig.  2a) and c, h in 
the years of the so lar  a c t i v i t y  minimum (1964) and maximum 
(1969) f o r  geomagnetical ly d isturbed (1) and quiet  (2)  periods
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i n  t h e  eve n in g  h o u rs  t h e  n e g a t i v e  c o r r e l a t i o n  between the  o c c u r ­

r e n c e  o f  Es and t h e  geo m a gn e t ic  a c t i v i t y  i s  s t rengthened, th ou gh  

t h e  appea rance  o f  an a d d i t i o n a l  m o rn in g  maximum o f  th e  1 t y p e  

Es i s  a l s o  o b s e rv e d .

SOME PROPERTIES OF Es

Datsko e t  a l .  ( 1 9 7 8 )  have d e t e r m i n e d  t h e  pa ram eter  s c r e e n ­

i n g  d e n s i t y  i n  t h e  f o rm  o f  t h e  r a t i o  f b E s / f o E s  f o r  m i d - l a t i t u d e  

Es t y p e s .  In  F i g .  3 d i u r n a l  v a r i a t i o n s  o f  t h e  d e n s i t y  o f  t h e  Es 

t y p e s  f ,  1 and c,  h a re  p l o t t e d  f o r  d i f f e r e n t  seasons o f  th e  

y e a r s  o f  minimum ( 1 9 6 4 )  and maximum (1969) s o l a r  a c t i v i t y .  The 
most  dense l a y e r s  a re  o b s e rv e d  d u r i n g  t h e  d a y .  In  the  e v e n in g  

and n i g h t  hours  t h e  d e n s i t y  i s  s u b s t a n t i a l l y  l e s s  and a g r e a t  

d i f f e r e n c e  i s  found  between th e  s c r e e n i n g  d e n s i t y  i n  the  y e a r s  

1969 and 1964. The d e n s i t y  o f  f  and 1 t y p e  Es decreases  s i g n i f i ­

c a n t l y  w i t h  i n c r e a s i n g  s o l a r  a c t i v i t y  i n  a l l  seasons i n  t h e  . 

m o r n i n g  and a f t e r n o o n  and i t

Fig.  3. Diurnal  variat ions, o f  the monthly mean values of  the screening
densi ty fbEs/foEs f o r  the Es types f ,  1 (a)  and c, h (b) i n  three 
seasons of 1964 and 1969
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i n c r e a s e s  i n  th e  d a y - t i m e  hou rs  i n  w i n t e r ,  as w e l l  as a t  e q u i ­

noxes .  The d e n s i t y  o f  th e  h ig h  Es l a y e r s  ( c ,  h )  i s  t h e  l a r g e s t ,  

w h ich  a lm os t  d i d  n o t  change d u r i n g  th e  w h o le  p e r i o d  o f  o b s e r v a ­

t i o n s ,  somewhat d e c r e a s i n g  a f t e r  1618 LT.  I n  th e  y e a r  o f  h ig h  

s o l a r  a c t i v i t y  i n  w i n t e r  and summer t h e  d a y - t i m e  Es t y p e s  are  

a l s o  c h a r a c t e r i z e d  by a decrease o f  t h e  d e n s i t y .  Thus,  t h e  e f ­

f e c t  o f  th e  s o l a r  a c t i v i t y  i s  l a r g e r  on t h e  m ag n i tu de  o f  th e  

d e n s i t y  i n  case o f  t h e  l o w e r  l y i n g  s p o r a d i c  E l a y e r s .

Seasonal  v a r i a t i o n s  o f  the  s c r e e n i n g  d e n s i t y  o f  t h e  Es 

l a y e r  are  shown i n  F i g .  4 f o r  g iv e n  h o u r s  o f  th e  day,  c o r r e ­

s p o n d in g  t o  th e  t i m e  o f  t h e  d a i l y  maxima i n  t h e  o c c u r r e n c e  o f  

th e  m i d - l a t i t u d e  Es t y p e s  f ,  1, c ,  h i n  t h e  y e a rs  o f  maximum

rtbEs
IfoEs

• 1969-1970
• 1964-1965

C , h

I ! П

months
III V VII IX XI 

months

Fig.  4. Seasonal v a r ia t io n s  of  the screening dens i ty  o f  the Es types f ,  1, 
c, h f o r  i n d i v id u a l  hours of  the day in  the periods 1964-65 and 
1969-70
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and min imum s o l a r  a c t i v i t y .  The s c r e e n i n g  d e n s i t y  o f  t h e  Es 

t y p e s  c and h h a r d l y  changes  d u r i n g  t h e  y e a r .  On ly a te n d e n c y  

o f  d e c r e a s i n g  s c r e e n i n g  d e n s i t y  i n  t h e  summer months can be ob ­

s e r v e d ,  b e in g  more s t a b l e  a bo u t  noon.  I n  case o f  th e  low  l y i n g  

Es l a y e r s  a n o th e r  b e h a v i o u r  can be o b s e r v e d .  B a s i c a l l y ,  i t  i s  

an i r r e g u l a r  se aso na l  v a r i a t i o n  o f  t h e  d e n s i t y  i n  fo rm o f  an 

i n c r e a s e  o f  f b E s / f o E s  a t  e q u in o x e s .  C o n t r a r y  t o  t h e  d a y - t i m e  

h i g h  Es t y p e s  i n  t h e  y e a r s  o f  minimum and maximum s o l a r  a c t i v ­

i t y  t h e  c h a r a c t e r  o f  t h e  d e n s i t y  v a r i a t i o n  about  m i d n i g h t  r e ­

m a in s  a p p r o x i m a t e l y  t h e  same. I n  case o f  n i g h t - t i m e  low l y i n g  

Es l a y e r s  a h i g h e r  n e g a t i v e  c o r r e l a t i o n  i s  found  between th e  

s c r e e n i n g  d e n s i t y  and t h e  s o l a r  a c t i v i t y .  Because o f  t h e  l a r g e  

s c a t t e r i n g  o f  th e  v a l u e s ,  t h e  a n a l y s i s  o f  the  d i u r n a l  v a r i a ­

t i o n  o f  f b E s / f o E s  o f  t h e  f ,  1 and c ,  h t y p e  s p o r a d i c  E l a y e r s  

d i d  n o t  show any d e f i n i t e  c l e a r  r e l a t i o n  between the  m a g n i tu d e  

o f  t h e  s c r e e n i n g  d e n s i t y  and th e  l e v e l  o f  geo magn et ic  a c t i v i t y  

( F i g .  5 )  i n  g e o m a g n e t i c a l l y  q u i e t  and d i s t u r b e d  c o n d i t i o n s  o f  

t h e  y e a r s  o f  minimum and maximum s o l a r  a c t i v i t y .  Smal l  changes 

o f  t h e  s c r e e n i n g  d e n s i t y  have been o bs e rv e d  i n  case o f  t h e  

t y p e s  c ,  h d u r i n g  t h e  d a y ,  by t h e  t y p e s  f ,  1 a t  n i g h t .  A t  

e q u i n o x e s  i n  g e o m a g n e t i c a l l y  q u i e t  p e r i o d s  t h e y  amount t o  0 . 1 5 ,  

w h i l e  t h e  changes o f  d e n s i t y  w i t h  geo m a gn e t ic  a c t i v i t y  a re  

s i g n i f i c a n t l y  l e s s ,  i . e .  0 . 0 5 ,  e s p e c i a l l y  i n  the  yea r  o f  s o l a r  

a c t i v i t y  minimum. Thus,  i t  c o u l d  be shown t h a t  th e  s c r e e n i n g  

d e n s i t y  ( o r  the  i r r e g u l a r i t y )  o f  the  s p o r a d i c  E l a y e r  i s  d e ­

t e r m i n e d  by i t s  t y p e ,  i t s  h e i g h t ,  v a r i e s  d u r i n g  th e  y e a r  w i t h  

t h e  l e v e l  o f  s o l a r  and g e o m a g n e t i c  a c t i v i t i e s .  I t  has a l s o  been 

d e m o n s t r a t e d  t h a t  i n  case o f  t h e  low Es t y p e s  the  i r r e g u l a r i t y  

i s  l a r g e s t  i n  the  n i g h t  h o u r s  i n  a l l  s easons .  At m i d - l a t i t u d e s  

t h e  i r r e g u l a r i t y  o f  t h e  Es t y p e s  f ,  1 i s  more s e n s i t i v e  t o  

c h a n g e s  o f  th e  s o l a r  a c t i v i t y ,  than  t o  t h a t  o f  the  g e o m a gn e t ic  

a c t i v i t y .

STRUCTURAL IRREGULARITIES IN THE F REGION OF THE IONOSPHERE

Changes o f  th e  s t r u c t u r e  o f  the  i o n o s p h e r e  ( s p o r a d i c  laye rs ,  

s t r a t i f i c a t i o n s ,  e s p e c i a l l y  t h e  d i s p l a c e m e n t  o f  th e  h e i g h t  o f  
t h e  e l e c t r o n  d e n s i t y  max ima)  p ro v e  t o  be o f t e n  o f  c r u c i a l
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im p o r t a n c e  i n  t h e  p r e d i c t i o n  o f  t h e  l o n g - d i s t a n c e  HF p r o p a g a ­

t i o n .  T h e r e f o r e ,  t h e  g r a d u a l  dec rease  o f  th e  e l e c t r o n  d e n s i t y  

i n  t h e  F2 l a y e r  t o  t h e  e l e c t r o n  d e n s i t y  s h o u ld  be s t u d i e d  a t  

t h e  maximum o f  t h e  F I  l a y e r  and l e s s .  A c c o r d i n g  t o  t h e  Handbook 

o f  Ionogram I n t e r p r e t a t i o n  and R e d u c t i o n  ( P i g g o t t  and Rawer 

1972)  t h i s  i s  t h e  so c a l l e d  "G c o n d i t i o n " .

In  the  f o l l o w i n g s  th e  r e s u l t s  o f  a s t u d y  o f  the  G c o n d i ­

t i o n  morpho logy a re  d i s c u s s e d  based on th e  data  o f  v e r t i c a l  

s o u n d i n g  o f  th e  i o n o s p h e r e  a t  s t a t i o n s  o f  th e  n o r t h e r n  h em i ­

s p h e r e  i n  th e  l a t i t u d i n a l  zone 4 5 - 6 0 ° .  For  t h e  m i d - l a t i t u d e  

s t a t i o n  K iev t h e  d i u r n a l  and se aso na l  v a r i a t i o n s  o f  th e  p e r ­

c e n t a g e  o c c u r r e n c e  o f  G were d e t e rm in e d  i n  each month o f  th e  

y e a r s  1963-65,  1 9 7 4 - 7 7 .  I t  has been fo u n d  t h a t  i n  40 % o f  th e  

c a s e s  th e  G c o n d i t i o n  i s  obse rved  f o r  a s h o r t  t i m e  ( 5 - 1 5  m in )  

and o n l y  i n  1 % o f  t h e  cases i t  e x i s t s  f o r  5 hou rs  o r  more.  In  

F i g .  6 the  d i u r n a l  v a r i a t i o n  o f  th e  p e r c e n t a g e  o c c u r r e n c e  o f  G 

i s  p r e s e n t e d  i n  summer and equ in oxes  i n  t h e  v i c i n i t y  o f  the  

s o l a r  a c t i v i t y  min imum.  In  summer t h e  o c c u r r e n c e  has two maxima,

Fig. 6. Diurnal  var ia t ions of  the per­
centage occurrence of  the G 
cond i t ion  at  mid - la t i tude s ta­
t i o ns :  1 -  Rostov, 2 -  Kiev,
3 -  Kal in ingrad,  4 -  Moscow,
5 -  Leningrad
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one i n  t h e  morn ing a t  8 LT and a second i n  th e  a f t e r n o o n  a t  

1415 LT, b u t  a t  e q u in o x e s  o n l y  one i n  th e  morn ing  a p p e a r s .  Be­

s i d e s ,  th e  morn ing  maximum i s  u s u a l l y  p r e d o m i n a n t .  In  a d d i t i o n  

t o  t h e  d i u r n a l  v a r i a t i o n s  t h e  s e as o na l  v a r i a t i o n  o f  t h e  o c c u r ­

r e n c e  o f  G has a l s o  been s t u d i e d  a t  d i f f e r e n t  l a t i t u d e s .  I n  th e  

y e a r s  o f  th e  s o l a r  a c t i v i t y  minimum th e  c h a r a c t e r i s t i c  f e a t u r e  

o f  t h e  s e as o na l  v a r i a t i o n  i s  maximum o c c u r r e n c e  i n  J u l y .  A 

c l e a r  11 y ea r  p e r i o d  o f  t h e  o c c u r r e n c e  o f  G has a l s o  been fo un d  

w i t h  maxima i n  1975 (86 %) and 1964 (68 %) as compared t o  26 % 
i n  1976 and 32 % i n  1965.  I n  t h e  p e r i o d  o f  maximum o c c u r r e n c e  

o f  G, J u l y  1975 th e  l a t i t u d i n a l  v a r i a t i o n  o f  th e  phenomenon, 

has been i n v e s t i g a t e d  i n  more - d e t a i l .  Data o f  the  m i d - l a t i ­

t u d e  s t a t i o n s  R os t ov ,  K i e v ,  K a l i n i n g r a d ,  Moscow and L e n i n g r a d  

have been used.  I n  F i g .  7.  t h e  se aso na l  v a r i a t i o n s  o f  t h e  

m o n t h l y  mean o c c u r r e n c e  o f  G a re  p l o t t e d  a t  the  i n d i v i d u a l  s t a ­

t i o n s .  Except  an i n c r e a s e  o f  th e  o c c u r r e n c e  o f  G w i t h  l a t i t u d e  

i n  a l l  seasons t h e r e  i s  no d e f i n i t e  change o f  th e  c h a r a c t e r  o f

Fig.  7. Seasonal v a r i a t io ns  o f  the 
monthly mean percentage 
occurrence of  the G condi­
t i on  a t  m id - la t i tu de  s ta ­
t ions



5 8 E P DATSKO e t  a l .

t h e  d i u r n a l  v a r i a t i o n  and t h a t  o f  t h e  s e a s o n a l  v a r i a t i o n  w i t h  

l a t i t u d e .  A c l e a r  dependence  o f  t h e  o c c u r r e n c e  on th e  p a ram ete r  

L c o u l d  a ls o  n o t  been shown.

Examples o f  t h e  v a r i a t i o n  o f  t h e  e l e c t r o n  d e n s i t y  a t  f i x e d  

h e i g h t s  in  the  i o n o s p h e r e  d u r i n g  G c o n d i t i o n  a re  p r e s e n t e d  i n  

F i g .  8 and the  c o r r e s p o n d i n g  h e i g h t  v a r i a t i o n  o f  t h e  l i n e s  o f  

e q u a l  c o n c e n t r a t i o n  o b t a i n e d  on th e  b a s i s  o f  t h e  computed N(h ) 

p r o f i l e s  are a l s o  g i v e n .  The v a n i s h i n g  o f  t h e  F2 l a y e r  maximum 

i s  p receded by s h a r p  d ec rea s es  o f  t h e  c o n c e n t r a t i o n  a t  a l t i ­

t u d e s  below 200 km. The deve lopment  o f  t h e  G c o n d i t i o n  i s  f o l ­

l o w e d  by a r i s e  o f  t h e  F I  l a y e r  by 30 km, how eve r ,  d u r i n g  t h i s  

p r o c e s s  s i g n i f i c a n t  changes  i n  the  E l a y e r  a re  n o t  o b s e rv e d .  

From t h i s  a n a l y s i s  i t  f o l l o w s  t h a t  t h e  downward d i s p l a c e m e n t  o f

F ig .  8. Variat ions of  the parameters of N(h) p r o f i l e s  during G condi t ion:  
a) electron dens i t y  at  constant he ights ,  b) hE, hFl and hF2 in  
case of constant e lec t ron  densi t ies
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th e  main  i o n i z a t i o n  maximum to  th e  h e i g h t  o f  the  F I l a y e l *  i s  

s i m u l t a n e o u s l y  o b s e rv e d  i n  a l a r g e  a re a  o f  th e  n o r t h e r n  h e m i ­

sphe re  d e v e l o p i n g  m a i n l y  d u r i n g  minimum s o l a r  a c t i v i t y  i n  th e  

p e r i o d  o f  m odera te  g eo m agne t ic  a c t i v i t y .  The speed o f  t h e  change 

o f  c o n c e n t r a t i o n  seems t o  depend on l a t i t u d e .  N e v e r t h e l e s s ,  the  

d i s p l a c e m e n t  o f  t h e  maximum can a l s o  be o f  l o c a l  c h a r a c t e r  o f ­

te n  o c c u r r i n g  a t  h i g h  l a t i t u d e s .

B e s ide s  a g r a d u a l  change o f  t h e  s t r u c t u r e  (G c o n d i t i o n )  

th e  f a s t  v a n i s h i n g  o f  r e f l e c t i o n s  f r o m  th e  F r e g i o n  ( f r o m  th e  

l e v e l s  o f  t h e  F I  and F2 l a y e r s )  c a l l e d  as phenomenon " l a c u n a "  

i n  t h e  Handbook o f  Ionogram I n t e r p r e t a t i o n  and R e d u c t i o n  i s  o f ­

ten  o b s e rv e d  a t  h i g h  l a t i t u d e s .  The l a c u n a s  are  c o n s i d e r e d  t o  

be t h e  r e s u l t  o f  p ro c e s s e s  r e l a t e d  t o  t h e  p r e c i p i t a t i o n  o f  p a r ­

t i c l e s  f rom  th e  d a y s i d e  cusp ,  t o  m a g n e t o s p h e r i c  phenomena 

( S y l v a i n  and C a r to n  1 9 7 9 ) .  The i n f l u e n c e  o f  bo th  th e  l a c u n a  and 

th e  G c o n d i t i o n  p r o d u c i n g  sharp  g r a d i e n t s  o f  the  e l e c t r o n  den­

s i t y  i n  t h e  i o n o s p h e r e  a re  o f  d e c i s i v e  i m p o r ta n c e  f o r  t h e  p r o ­

p a g a t i o n  o f  s h o r t  wave s i g n a l s .  N e v e r t h e l e s s ,  the  mechan ism of  

th e  d e v e lo pm e n t  o f  t h e s e  phenomena may be d i f f e r e n t .
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SPREAD-F AS A SPECIFIC MANIFESTATION OF THE IRREGULAR 
STRUCTURE OF THE IONOSPHERE

0 G O v e z g e l d i e v  ' ,  A Muradov ' ' ,  A Mukham etnaza rova^ ,
Yu Ka radzha ev^

'' 'Physical and Technical I n s t i t u t e  o f  the Academy of Sciences 
of  the Turkmen SSR, 744000 Ashkhabad, Gogol a l .  15, USSR

Basic morphological  propert ies are shown and a s t a t i s t i c a l  model o f  the 
spread-F phenomenon i s  constructed. The q u a n t i t a t i v e  charac ter is t i cs  o f  th i s  
phenomenon are studied by means of  the method o f  spectral  analysis.  I t  i s  
assumed tha t  i n te rna l  g rav i ty  waves can p lay the i n i t i a t i v e  ro le  i n  the ge­
nerat ion of  the i r r e g u l a r i t i e s  responsible f o r  the phenomenon spread-F.

Keywords: i n te rna l  g rav i t y  waves; i r r e g u l a r  st ructure of the ionosphere; 
spread-F

The F r e g i o n  o f  th e  i o n o s p h e r e  i s  a d y n a m ic a l ,  u n s t a b l e  

f o r m a t i o n  s u b j e c t e d  t o  d i f f e r e n t  r e g u l a r  and i r r e g u l a r  v a r i a ­

t i o n s .  The r e g u l a r  v a r i a t i o n s  o f  t h e  p a r a m e t e r s  o f  th e  F r e g i o n  

have been s t u d i e d  i n  d e t a i l ,  e m p i r i c a l  and t h e o r e t i c a l  mode l s  

s u i t a b l y  d e s c r i b i n g  th ese  v a r i a t i o n s  were  c o n s t r u c t e d .  The i r ­

r e g u l a r  v a r i a t i o n s  o f  the  F r e g i o n  p a r a m e t e r s ,  p roduced by a 

number o f  f a c t o r s  o f  so f a r  unknown p h y s i c a l  n a tu re  a re  l e s s  

s t u d i e d .  T h e r e f o r e ,  th e  i n v e s t i g a t i o n  o f  th ese  v a r i a t i o n s  i s  o f  

s c i e n t i f i c  and p r a c t i c a l  i n t e r e s t  i n  o r d e r  t o  c o n s t r u c t  mode l s  

o f  t h e i r  s p a t i a l  and te m p o r a l  d i s t r i b u t i o n  and f o r  t h e  c l a r i ­

f i c a t i o n  o f  t h e  p h y s i c a l  mechanisms o f  t h e i r  f o r m a t i o n .

One o f  t h e  most  f r e q u e n t l y  o c c u r r i n g  i r r e g u l a r  phenomena 

i n  t h e  i o n o s p h e r e  i s  t h e  spread  F a p p e a r i n g  i n  v e r t i c a l  s o u n d ­

i n g  ion og rams i n  fo rm  o f  a dimmed t r a c e  o f  the r e f l e c t e d  s i g ­

n a l .  In  e a r l i e r  phases o f  the  i n v e s t i g a t i o n  o f  the  i o n o s p h e r e ,  

s p re ad  F has been o n l y  a f a c t o r  m a k in g  th e  i n t e r p r e t a t i o n  o f  

ionog rams more d i f f i c u l t  and the  p h y s i c a l  c h a r a c t e r  o f  t h i s  

phenomenon has been c o n s i d e r e d  o n l y  m a r g i n a l l y .  N e v e r t h e l e s s ,  

w i t h  th e  d e v e lo pm e n t  o f  th e  i d e a s  c o n c e r n i n g  the  p h y s i c a l  

p ro c e s s e s  i n  th e  upp e r  a tmosphere  t h e  o p i n i o n  has g r a d u a l l y
Acta Geod. Geoph. Mont. Hung. 22, 1987 

Akadémiai Kiadó, Budapest



6 2 0 G OVEZGELDIEV e t  a l .

been c o n f i r m e d  t h a t  t h i s  phenomenon i s  due t o  the  s c a t t e r i n g  o f  

r a d i o  waves by s m a l l  s c a l e  i r r e g u l a r i t i e s  o f  the  i o n o s p h e r e .  

E x p e r i m e n t a l  i n v e s t i g a t i o n s  have shown t h a t  i n  consequence o f  

t h e  s c a t t e r i n g  on i r r e g u l a r i t i e s  i n  t h e  r e g i o n  o f  r e f l e c t i o n  

t h e  r e f l e c t e d  im p u ls e  i s  o f  a much g r e a t e r  d u r a t i o n  than  th e  

t r a n s m i t t e d  one. As a r e s u l t  o f  t h i s  t h e  t r a c e  on the  i o n og ram s  

becomes dimmed, d i f f u s e ,  c o n s i s t i n g  o f  more s c a t t e r e d  r e f l e c ­

t i o n s  .
The s tu d y  o f  th e  s p a t i a l  and t e m p o r a l  c h a r a c t e r i s t i c s  o f  

t h e  s p r e a d - F  l e d  t o  i n f o r m a t i o n  on t h e  r e g u l a r i t i e s  o f  the  

d i s t r i b u t i o n  o f  i o n o s p h e r i c  i r r e g u l a r i t i e s  r e s p o n s i b l e  f o r  t h i s  

phenomenon and t o  r e c o g n i t i o n  o f  t h e i r  f o r m a t i o n  mechan isms.

I n  th e  l a s t  y e a r s  t h e  s t u d y  o f  s p r e a d - F  draws g ro w in g  a t ­

t e n t i o n  due to  b r o a d e n i n g  o f  th e  p o s s i b i l i t i e s  o f  making e x ­

p e r i m e n t s  by means o f  b o t h  ground based and s a t e l l i t e  m e th ods .  

S c a t t e r e d  r e f l e c t i o n s  have been r e c o r d e d  on t o p s i d e  s o u n d ing  

i o n o g r a m s ,  on the  b a s i s  o f  wh ich  a mode l  o f  the  s p a t i a l  and 

t e m p o r a l  d i s t r i b u t i o n  o f  s p re a d -F  has been c o n s t r u c t e d  i n  t h e  

o u t e r  i o n o s p h e r e  w e l l  a g r e e i n g  w i t h  t h e  r e s u l t s  o f  the  b o t t o m  

s i d e  s o u n d i n g .  I t  became c l e a r  t h a t  t h e  i r r e g u l a r i t i e s  r e s p o n ­

s i b l e  f o r  th e  sp re a d -F  a re  l o c a t e d  i n  a l a r g e  h e i g h t  i n t e r v a l  

b o t h  b e lo w  and above t h e  maximum o f  t h e  F r e g i o n  o f  the  i o n o ­

s p h e r e .  V a lu a b le  i n f o r m a t i o n  on th e  f i n e  s t r u c t u r e  o f  th e  

s p r e a d - F  has been o b t a i n e d  by means o f  t h e  i n c o h e r e n t  s c a t t e r  

s t a t i o n s .  B r i e f l y ,  many e x p e r i m e n t a l  methods are  used a t  p r e ­

s e n t  f o r  th e  s tu d y  o f  t h e  s p re a d -F  by means o f  which e x p e r i m e n ­

t a l  d a t a  are  o b t a i n e d  f o r  p r o c e s s i n g  and q u a n t i t a t i v e  i n t e r p r e ­

t a t i o n .
I t  has to  be n o te d  t h a t  r a d i o  waves a re  s u b j e c t e d  i n  case  

o f  s p r e a d - F  a t  the  r e f l e c t i o n  f rom t h e  i o n o s p h e r e  to  the  l a r ­

g e s t  f l u c t u a t i o n s  i f  t h e  d im e n s io n s  o f  t h e  s c a t t e r i n g  i r r e g ­

u l a r i t i e s  are  equal t o  t h e  magn i t ude  o f  t h e  f i r s t  F re s n e l  zo ne .  

T h e r e f o r e ,  the  s t u d y  o f  t h e  s p re a d -F  phenomenon i n  the  i o n o ­

s p h e r e  i s  o f  g r e a t  p r a c t i c a l  i m p o r t a n c e .
The a n a l y s i s  o f  t h e  r e s u l t s  o f  s y s t e m a t i c a l  o b s e r v a t i o n s  

c o n c e r n i n g  s p re ad -F  based on th e  e x p e r i m e n t a l  da ta  o f  the  

n e t w o r k  o f  i o n o s p h e r i c  s t a t i o n s  e n a b l e d  t o  e s t a b l i s h  th e  b a s i c  
m o r p h o l o g i c a l  p r o p e r t i e s  o f  t h e  s p a t i a l  and te m p o ra l  d i s t r i b u ­
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t i o n  o f  t h i s  phenomenon ( O v e z g e l d i e v  and Muradov 1 980 ) .  C o n s id ­

e r i n g  th e  g e o g r a p h i c a l  d i s t r i b u t i o n  o f  t h e  o c c u r r e n c e  f r e q u e n c y  

o f  sp re ad -F  a c c o r d i n g  t o  t h e  geo m a gn e t ic  l a t i t u d e  o f  t h e  o b s e rv ­

i n g  s t a t i o n  t h r e e  b a s i c  zones are  d i s t i n g u i s h e d .  The f i r s t  zone 

i s  c o n s t i t u t e d  by t h e  e q u a t o r i a l  r e g i o n  between th e  geo magn et ic  

l a t i t u d e s  + 20° .  Here sp re a d -F  o c c u r s  s t e a d i l y  i n  the  n i g h t -  

- t i m e  h o u rs ,  p r e d o m i n a n t l y  i n  th e  e v e n in g  and p r e - s u n r i s e  h o u rs .  

T h i s  i s  the  zone o f  maximum sp re ad -F  o c c u r r e n c e  f r e q u e n c y .

The second zone o f  th e  maximum s p r e a d - F  o c c u r r e n c e  f r e ­

quency s t a r t s  a t  a g eom agne t ic  l a t i t u d e  o f  abo u t  40° and ap­

p r o a c h i n g  the p o l e s ,  th e  p e r c e n ta g e  o f  i t s  o c c u r r e n c e  f r e q u e n c y  

i n c r e a s e s  to  100 %. The h i g h  l a t i t u d e  s p r e a d - F  i s  o bse rv e d  ba­

s i c a l l y  a t  n i g h t ,  b u t  i t  o c c u rs  f r e q u e n t l y  d u r i n g  the  d ay ,  t o o .  

At  l a t i t u d e s  above 70°  sp re ad -F  a pp ea rs  d u r i n g  th e  day,  t h i s  

zone i s  c a l l e d  t h e  r e g i o n  o f  the  " s t e a d y  maximum".  The m i d - l a ­

t i t u d e  s p re ad -F  i s  s i m i l a r  t o  the  h i g h - l a t i t u d e  one b u t  i t  i s  

o f  a much lo w e r  p r o b a b i l i t y  o f  o c c u r e n c e  and o f  a l e s s  

i n t e n s i t y .

The t h i r d  zone i s  c o n s t i t u t e d  by t h e  geo m a gn e t ic  l a t i t u d e s  

f rom  20° to  4 0 ° ,  t h i s  i s  th e  zone o f  minimum s p re a d -F  o c c u r ­

re nce  f r e q u e n c y .  On th e  b a s i s  o f  many e x p e r i m e n t a l  d a ta  o f  the 

s t a t i o n  Ashkhabad l o c a t e d  i n  t h i s  zone a s t a t i s t i c a l ,  e m p i r i c a l  

model  o f  sp re ad -F  has been c o n s t r u c t e d  (Muradov  and Mukhametna- 

za ro v a  1981) .  D i u r n a l  se aso na l  and s o l a r  c y c l e  v a r i a t i o n s  o f  

s p re a d -F  have been d e t e rm in e d  i n  g e o m a g n e t i c a l l y  q u i e t  and d i s ­

t u r b e d  c o n d i t i o n s .  S c a t t e r e d  r e f l e c t i o n s  appear i n  t h i s  zone 

e x c l u s i v e l y  i n  th e  n i g h t - t i m e  h ou rs  ( F i g .  1) and t h e i r  c h a r a c ­

t e r i s t i c s  are  s i m i l a r  t o  th e  e q u a t o r i a l  s p r e a d - F .

At  e q u a t o r i a l  and t r a n s i t i o n a l  l a t i t u d e s  th e  maximum p r o ­

b a b i l i t y  o f  t h e  o c c u r r e n c e  o f  s c a t t e r e d  r e f l e c t i o n s  i s  i n  summer 

m on ths ,  bu t  a t  m id d l e  and h ig h  l a t i t u d e s  i n  w i n t e r  months .

Spread-F v a r i e s  a l s o  w i t h  s o l a r  and geo m a gn e t ic  a c t i v i ­

t i e s .  The c o r r e l a t i o n  between s c a t t e r e d  r e f l e c t i o n s  and th e  

s o l a r  and g eo m agne t ic  a c t i v i t i e s  depends on th e  l a t i t u d e  o f  the  

o b s e r v i n g  s t a t i o n .

Spread-F o c c u r s  more f r e q u e n t l y  a t  e q u a t o r i a l  s t a t i o n s  i n  

t h e  y e a r  o f  s o l a r  a c t i v i t y  maximum. The p r o b a b i l i t y  o f  th e
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Fig.  1. Empir ical  model of  
spread-F obtained 
on the basis o f  the 
data o f  the s ta t i on  
Ashkhabad 
I  -  quie t  condi ­
t ions ;  I I  -  d i s ­
turbed cond i t ions ;  
a,b,c -  minimum, 
medium and maxi­
mum so lar  a c t i v i ­
ty ;  1 ,2 ,3,4  - 
spr ing,  autumn, 
summer and winter

o c c u r r e n c e  o f  s c a t t e r e d  r e f l e c t i o n s  i s  a t  h i g h  l a t i t u d e s  a l s o  

h i g h e r  i n  the  year  o f  s o l a r  a c t i v i t y  maximum.

A t  th e  l a t i t u d e  o f  Ashkhabad the  p r o b a b i l i t y  o f  t h e  o c c u r ­

r e n c e  o f  s c a t t e r e d  r e f l e c t i o n s  dec reases  w i t h  i n c r e a s i n g  s o l a r  

a c t i v i t y .  Thus, a c c o r d i n g  t o  our  r e s u l t s  t h e  p e r c e n t a g e  o c c u r ­

r e n c e  o f  s c a t t e r e d  r e f l e c t i o n s  i s  a lm o s t  t h r e e  t i m e s  g r e a t e r  i n  

t h e  y e a r  o f  s o l a r  a c t i v i t y  minimum th an  i n  t h e  yea r  o f  s o l a r  

a c t i v i t y  maximum ( F i g .  1 ) .

The c o r r e l a t i o n  b e tw een  s p re ad -F  o c c u r r e n c e  and geo m a gn e t ic  

a c t i v i t y  i s  n e g a t i v e  a t  e q u a t o r i a l  l a t i t u d e s  ( l o w e r  t h an  20° 

g e o m a g n e t i c  l a t i t u d e ) ,  a t  m i d d l e  and h i g h  l a t i t u d e s  i t  i s  p o ­

s i t i v e .

A t  t h e  s t a t i o n  Ashkhabad  th e  p e r c e n t a g e  o c c u r r e n c e  o f  

s c a t t e r e d  r e f l e c t i o n s  i s  s u b s t a n t i a l l y  h i g h e r  i n  g e o m a g n e t i c a l -  

l y  q u i e t  c o n d i t i o n s  t h a n  i n  d i s t u r b e d  t i m e s .  Thus,  t h e  s i t u a ­

t i o n  i s  a t  these  l a t i t u d e s  t h e  same as a t  e q u a t o r i a l  l a t i t u d e s .

M ov ing  f rom h ig h  t o  e q u a t o r i a l  l a t i t u d e s  th e  c o r r e l a t i o n  

b e tw e e n  s p re ad -F  o c c u r r e n c e  and g eo m agne t ic  a c t i v i t y  changes t o  

t h e  o p p o s i t e .

Here  i t  shou ld  be re m in d e d  that  th e  l a t i t u d i n a l  v a r i a t i o n  of 

i o n o s p h e r i c  d i s t u r b a n c e s .  As a r u l e  n e g a t i v e  i o n o s p h e r i c  d i s ­

t u r b a n c e s  are  t r a n s f o r m e d  i n t o  p o s i t i v e  d i s t u r b a n c e s  when 

m o v in g  f r om  h ig h  t o  e q u a t o r i a l  l a t i t u d e s  a t  a c e r t a i n  t r a n ­

s i t i o n a l  l a t i t u d e  o f  3 0 - 4 0 °  g eo m agne t ic  l a t i t u d e  and r e t a i n
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t h e i r  s i g n  t i l l  th e  e q u a t o r .  There i s  c e r t a i n  s i m i l a r i t y  between 

th e  l a t i t u d i n a l  v a r i a t i o n  o f  i o n o s p h e r i c  d i s t u r b a n c e s  and the  

dependence o f  s p re a d -F  on th e  l e v e l  o f  geo m a gn e t ic  a c t i v i t y .  An 

e x p l a n a t i o n  o f  t h i s  e x p e r i m e n t a l  f a c t  s h o u ld  be a t t e m p t e d  

l a t e r .

Be s ide s  the  g e n e r a l l y  a ccep te d  b a s i c  q u a n t i t a t i v e  c h a r a c ­

t e r i s t i c  o f  the  s p r e a d - F ,  i . e .  th e  p r o b a b i l i t y  o f  i t s  o c c u r ­

r ence  ( t h e  r a t i o  o f  t h e  number o f  cases w i t h  s c a t t e r e d  r e f l e c ­

t i o n s  t o  th e  number o f  o b s e r v a t i o n s )  new q u a n t i t a t i v e  c h a r a c ­

t e r i s t i c s  o f  t h i s  phenomenon have been i n t r o d u c e d  (Muradov  and 

Mukhametnazarova 1 98 2 ) :  th e  h e i g h t  ran ge  o f  th e  s c a t t e r i n g ,  p r o ­

p o r t i o n a l  to  the  d u r a t i o n  o f  the  r e f l e c t e d  im p u l s e  and t h e  pa ­

r a m e t e r  A f / f  b e in g  t h e  q u a n t i t a t i v e  measure o f  the  mean a m p l i ­

t u de  o f  t h e  e l e c t r o n  d e n s i t y  i r r e g u l a r i t y  ( A f  i s  t h e  f r e q u e n ­

cy range  o f  th e  s c a t t e r i n g ) .

For  the  q u a n t i t a t i v e  i n t e r p r e t a t i o n  o f  the  e x p e r i m e n t a l  

r e g u l a r i t i e s  o f  t h e  s p re a d -F  f u r t h e r  i n v e s t i g a t i o n s  a re  needed 

c o n c e r n i n g  the  f o r m a t i o n  mechanism o f  t h i s  phenomenon. I n  th e  

l a s t  y e a r s  more and more a t t e n t i o n  i s  d e v o te d  t o  the  wave 

mechanism o f  the  s p re a d -F  f o r m a t i o n  r e l a t e d  t o  th e  e f f e c t  o f  

a c o u s t i c - g r a v i t y  waves (B ooke r  1 979 ) .  A c c o r d i n g  t o  u p - t o - d a t e  

t h e o r e t i c a l  c o n s i d e r a t i o n s  s te ep  g r a d i e n t s  i n  th e  F r e g i o n  o f  

t h e  i o n o s p h e r e  due t o  a c o u s t i c  g r a v i t y  waves can r e s u l t  i n  the  

d e v e lo pm e n t  o f  a R a y l e i g h - T a y l o r  i n s t a b i l i t y  and i n  t h e  f o r m a ­

t i o n  o f  zones o f  d ec re a s e d  e l e c t r o n  d e n s i t y  ( " b u b b l e s " )  t h e  

p re s e n c e  o f  wh ich  i s  i n  many cases f o l l o w e d  by th e  f o r m a t i o n  o f  

s m a l l  s c a l e  i r r e g u l a r i t i e s  e l o n g a t e d  a lo n g  th e  d i r e c t i o n  o f  the  

g e o m a gn e t ic  f i e l d  and t h e y  are  r e s p o n s i b l e  f o r  th e  phenomenon 

s p re a d -F  and th e  i o n o s p h e r i c  s c i n t i l l a t i o n  o f  s a t e l l i t e  s i g n a l s .

A c o u s t i c - g r a v i t y  waves i n  the  i o n o s p h e r e  have been r e c o r d ­

ed by d i r e c t  s a t e l l i t e  measurements ( T r i n k s  and Mayr 1976,

Mayr and Hédin 1 9 7 7 ) .  A c c o r d i n g  t o  r e c e n t  d a ta  a c o u s t i c - g r a v i t y  

waves e x te n d  o v e r  a b ro ad  range  o f  t h e  f r e q u e n c y  s p e c t r u m  

b e g i n n i n g  w i t h  th e  B r u n t - V a i s a l a  f r e q u e n c y  t o  f r e q u e n c i e s  i n ­

c l u d i n g  the  d i u r n a l  v a r i a t i o n s  o f  th e  a tm o s ph e re .  The h o r i z o n ­

t a l  d im e n s io n s  o f  t h e  a c o u s t i c - g r a v i t y  waves e x te n d  f r o m  s i z e s  

c o r r e s p o n d i n g  t o  t h e  s c a l e  h e i g h t  o f  t h e  n e u t r a l  a tm o s p h e re  a t
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t h e  a l t i t u d e  o f  t h e  F r e g i o n  to  d im e n s i o n s  o f  the  o r d e r  o f  the  

E a r t h ' s  r a d i u s ,  t h e  v e r t i c a l  d im e n s io n s  a re  o f  t h e  o r d e r  o f  the  

s c a l e  h e i g h t  (B o o k e r  1 97 9 ) .

A c o u s t i c - g r a v i t y  waves are  g e n e r a t e d  p r i m a r i l y  i n  t h e  neu­

t r a l  a tmosphere .  As a r e s u l t  o f  t h e  c o l l i s i o n  o f  n e u t r a l  p a r t i ­

c l e s  w i t h  ch arge d  p a r t i c l e s  the  l a t t e r  a re  f o r c e d  t o  o s c i l l a t e  

a l o n g  th e  geo m a gn e t ic  f i e l d  l i n e s .  Because o f  the  m a g n e t i z a t i o n  

o f  t h e  plasma a t  t h e  h e i g h t  o f  th e  F r e g i o n  th e  n e u t r a l  p a r t i ­

c l e s  c a nn o t  move t h e  p lasma p e r p e n d i c u l a r  t o  the  geomagne t ic  

f i e l d  l i n e s  and u n d e r g o  a damping known as " i o n  d r a g " .  The r e ­

s u l t i n g  m ot io n  o f  t h e  p lasma i s  c a l l e d  t r a v e l l i n g  i o n o s p h e r i c  

d i s t u r b a n c e  ( T I D ) .

I t  was a l r e a d y  i n  t h e  f i f t i e s  t h a t  t h e  phenomenon s p re a d -F  

was r e l a t e d  to  T I D ' s  (Uyeda and Ogata 1954,  Me N i c o l  and Bowman 

1 9 5 7 ) .  F u r t h e r  i n v e s t i g a t i o n s  have shown t h a t  i o n o s p h e r i c  s c i n ­

t i l l a t i o n s  o f  s a t e l l i t e  s i g n a l s  and o f  d i s c r e e t  r a d i o  s o u rc e s  

c o r r e l a t e  a l s o  w i t h  s p r e a d - F .  Th i s  r e s u l t  h i n t s  a t  th e  j o i n t  

f o r m a t i o n  o f  the  phenomena ment ioned a bove .

For  th e  e x p e r i m e n t a l  p r o o f  o f  t h e  e x i s t i n g  c o n c e p t i o n  c on ­

c e r n i n g  the  wave o r i g i n  o f  sp re ad -F  a s p e c i a l  e x p e r im e n t  was 

c a r r i e d  ou t  by t h e  s i m u l t a n e o u s  v e r t i c a l  so un d ing  o f  th e  i o n o ­

s p h e r e  a t  two s i t e s  w i t h  d i f f e r e n t  d i s t a n c e s  between them and 

t h e  d i s t a n c e  h a v i n g  d i f f e r e n t  o r i e n t a t i o n .  Such e x p e r i m e n t a l  

d a t a  as the  n o n - s i m u l t a n e i t y  o f  t h e  o c c u r r e n c e  o f  s c a t t e r e d  
r e f l e c t i o n s  a t  d i f f e r e n t  s i t e s ,  the  s h i f t  c o n c e r n i n g  t h e i r  o c ­

c u r r e n c e  and c e a s i n g  a t  d i f f e r e n t  s i t e s ,  as w e l l  as t h e i r  de ­

pendence on the  d i s t a n c e  between th e  s i t e s  and i t s  o r i e n t a t i o n ,  

t h e  s i m i l a r i t y  i n  t h e  d i s t r i b u t i o n  o f  t h e  new ly  i n t r o d u c e d  

q u a n t i t a t i v e  s p r e a d - F  c h a r a c t e r i s t i c s  a t  t h e  d i f f e r e n t  p o i n t s  

p r o v e  th e  wave o r i g i n  o f  t h i s  phenomenon (Muradov and Mukhamet -  

n a z a r o v a  1983) .

P e r i o d i c a l  componen ts  have t o  be p r e s e n t  i n  case o f  t h e  

wave o r i g i n  o f  t h e  i r r e g u l a r i t i e s  i n  t h e  a c o u s t i c - g r a v i t y  wave 

ran ge  o f  th e  s p e c t r u m  o f  th e  f l u c t u a t i o n s .  Thus,  p e r i o d i c a l  

components from 15 min  t o  85 min have been r e v e a l e d  ( T i t h e r i d g e  

1971)  on the  b a s i s  o f  t h e  spec t rum o f  t o t a l  e l e c t r o n  c o n t e n t  

f l u c t u a t i o n s  o b t a i n e d  by the  Faraday r o t a t i o n  o f  th e  p o l a r i z a ­
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t i o n  p la n e  o f  s a t e l l i t e  s i g n a l s ,  where th e  l o w e r  l i m i t  c o r r e ­

sponds t o  the  B r u n t - V a i s a l a  f r e q u e n c y  a t  the  h e i g h t  o f  t h e  F 

r e g i o n  and the  upper  l i m i t  i s  d e t e rm in e d  by th e  f i l t e r  used i n  

t h e  s p e c t r a l  a n a l y s i s .

For  th e  q u a n t i t a t i v e  s t u d y  o f  t h e  s t r u c t u r e  o f  s p r e a d - F  

s p e c t r a l  a n a l y s i s  was used by th e  a u t h o r s ,  a f t e r  an i n v e s t i g a ­

t i o n  o f  i t s  use f o r  t i m e  s e r i e s  o f  i o n o s p h e r i c  p a r a m e t e r s  c a r ­

r i e d  o u t  by Karadzhaev ( 1 9 8 2 ) .  C on c e rn in g  the  i n t e r r e l a t i o n  

between sp re a d -F  and s p o r a d i c  E l a y e r  i t  was assumed t h a t  th e  

s p o r a d i c  E l a y e r  c o u l d  be th e  sou rce  o f  m id d le  s c a l e  i n t e r n a l  

g r a v i t y  waves g e n e r a t e d  by t u r b u l e n c e  i n  the  t u r b o p a u s e  r e g i o n  

wh ich  c o u l d  p l a y  a ro le  in  t h e  p r o d u c t i o n  o f  i r r e g u l a r i t i e s  r e ­

s p ons ib le  f o r  s p re a d -F  by p r o p a g a t i n g  t o  th e  F r e g i o n  o f  t h e  

i o n o s p h e r e .  In  t h e s e  i n v e s t i g a t i o n s  synch ronous  power  s p e c t r a  

o f  th e  q u a n t i t a t i v e  s p r e a d - F  p a ra m e t e r  ( A f / f )  (M u ra dov  and 

Mukhametnazarova 1982)  and o f  the  f r e q u e n c y  p a r a m e t e r s  o f  the  

s p o r a d i c  E l a y e r  were comp uted .  For t h i s  purpo se  d a t a  o f  t h e  

c o n t i n u o u s  v e r t i c a l  s o u n d i n g  o f  the  i o n o s p h e r e  were u s e d .  On 

th e  b a s i s  o f  th e  da ta  o b t a i n e d  w i t h  c o n t i n u o u s  spaced s o u n d in g  

o f  th e  i o n o s p h e r e  s i m u l t a n e o u s l y ,  c o he re nce  s p e c t r a  were  c a l c u ­

l a t e d  a t  two p a i r s  o f  s t a t i o n s  w i t h  d i s t a n c e s  o f  18 and 120 km 

f rom  each o t h e r .  The r e s u l t s  o f  12 s e r i e s  were a n a l y z e d ,  each 

l a s t e d  f rom 2 t o  4 h o u r s .

The power s p e c t r a  were computed by t h e  maximum e n t r o p y  

method w h i l e  th e  co h e re n c e  s p e c t r a  were o b t a i n e d  by means o f  

th e  method o f  B la c k m a n - T u k e y . The c r i t i c a l  f r e q u e n c i e s  o f  th e  

Es l a y e r  and o f  th e  F r e g i o n  ( fo E s  and f o F 2 ) ,  th e  b l a n k e t i n g  

f r e q u e n c y  ( f b E s ) ,  t h e  q u a n t i t a t i v e  s p re a d -F  p a r a m e t e r  ( A f / f )  

and th e  r a t i o  A f b E s / f b E s  b e in g  an i n d i c a t o r  o f  t h e  t u r b u l e n c e  

i n  th e  zone o f  Es f o r m a t i o n  were s u b m i t t e d  t o  s p e c t r a l  a n a l y s i s .  

At  th e  c o m p u t a t i o n  o f  t h e  s p e c t r a  components  w i t h  p e r i o d s  great­

e r  t h an  1 hou r  were e l i m i n a t e d  by a s l i d i n g  ave rage  f i l t e r  

(K a ra dzhaev  1982) .

The c o m p u t a t i o n  o f  t i m e  s p e c t r a  o f  the  i o n o s p h e r i c  p a r a ­

m e te r s  m en t ioned  above was c a r r i e d  o u t  i n  the  f r e q u e n c y  range  

o f  1-6 c y c l e s / h .  The r e s u l t s  o f  th e  c o m p u t a t i o n s  have shown 

t h a t  th e  s p e c t r a  o b t a i n e d  a re  c h a r a c t e r i z e d  by one maximum.
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From 9 power s p e c t r a  o f  t h e  spread-F  p a r a m e t e r  A f / f  d e t e rm in e d  

f r o m  sound ing d a ta  o f  t h e  s t a t i o n  Ashkhabad ,  t h e r e  are  i n  7 

c a s e s  maxima d i s t r i b u t e d  i n  the range f r o m  ~13  min t o  ~30 min 

w i t h  a mean va lu e  o f  a b o u t  20 min ( F i g .  2 ) .  T h i s  p e r i o d  appears  

i n  t h e  range o f  a c o u s t i c - g r a v i t y  waves o b s e r v e d  i n  th e  h e i g h t  

o f  t h e  F r eg io n  o f  t h e  i o n o s p h e re  and a c c o r d i n g  to  the  o p i n i o n  

o f  t h e  p re sen t  a u t h o r s  i t  i s  a q u a n t i t a t i v e  p r o o f  o f  th e  wave 

o r i g i n  o f  the s p r e a d - F  (Muradov e t  a l .  1 9 8 4 ) .

A s i n g l e  s t e a d y  maximum appears a l s o  i n  th e  power s p e c t r a  

o f  t h e  o t h e r  i o n o s p h e r i c  pa rameters  d u r i n g  s p re ad  F. T h i s  may 

be an ev idence c f  t h e  s i m i l a r i t y  be tween t h e  s t r u c t u r e  o f  th e  

F r e g i o n  and t h a t  o f  t h e  Es l a y e r .  I n  a l l  cases  c o n s id e r e d  here  

s t r o n g  t u r b u l e n c e  was o b s e r v e d ,  the  v a l u e  o f  AfbEs v a r i e d  on

Fig.  2. Power spectra of  the 
frequency parameters of  
the F region and of  the 
Es layer  during spread-F
( A f / f  -----  , foF2
f o E s ------- , fbEs ......... )
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t h e  ave rage  f rom 1 MHz t o  2 .8  MHz. The maxima o f  th e  power  

s p e c t r a  o f  foEs o c c u r  on th e  average a t  a p e r i o d  o f  21 mim 

c h a n g i n g  w i t h i n  the range  f r om  20 min t o  30 min .

The wave o r i g i n  o f  t h e  sp re ad -F  i s  i n d i c a t e d  a l s o  by t h e  

s p e c t r a  o f  spaced s o u n d i n g  d a t a .  S p e c t ra  o b t a i n e d  i n  case o f  

s m a l l  d i s t a n c e s  ( Ashkhabad -Vanovsky  18 km) ( F i g . 3 )  have maxima 

a t  t h e  same p e r i o d .  I n  case o f  g r e a t e r  d i s t a n c e s  (A shkhabad-  

- B a k h a r d e n )  i n  the  s p e c t r a  o f  o n l y  one o f  th e  s t a t i o n s  ( A s h k h a ­

bad )  o c c u r s  a maximum ( F i g .  4 ) .

The above m en t io n e d  r e s u l t s  a re  s u p p o r t e d  by th e  c o h e re n c e  

s p e c t r a  o b t a i n e d  f o r  th e  s t a t i o n s  i n  q u e s t i o n .  Coherence i s  

f o u n d  i n  case o f  s h o r t  bases ( F i g .  5 a ) ,  t h e  cohe rence  ceases  i n  

case  o f  l on g  bases ( F i g .  5 b ) .  The mechanism d i s c u s s e d  h e re

Fig.  3. Power spectra o f  the parameters in  quest ion in  case of  shor t  bases 
f o r  the s ta t i on  pa i r  Ashkhabad-Vanovsky (18 km). Notat ion as in  
Fig. 2
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F ig .  4. Power spectra o f  the parameters i n  quest ion in  case of  long bases 
fo r  the pa i r  o f  s ta t i ons  Ashkhabad-Bakharden (120 km). Notat ion as 
in Fig. 2

0 2 4 6 f, cycles/hour

4

. 5. Spectra of  coherence between 
the frequency parameters of  
the F region and of  the Es 
lay e r  on the basis o f  con­
t inuous spaced sounding fo r  
pa i r s  of  s ta t ions  w i th short  
(a)  and long (b) base. Nota­
t i ons  as in  Fig. 2

0 2 6 f, cycles/hour
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e n a b le s  t o  e x p l a i n  t h e  s i m i l a r i t y  o f  t h e  l a t i t u d i n a l  v a r i a t i o n  

o f  i o n o s p h e r i c  d i s t u r b a n c e s  to  the  dependence  o f  s p re a d -F  on 

th e  l e v e l  o f  g e o m a gn e t ic  a c t i v i t y .
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MAGNETOSPHERIC AND IONOSPHERIC IRREGULARITIES 
CONNECTED WITH GEOMAGNETIC STORMS

0 Pancheva 1 and Ts R a l c h o v s k y 1

^Geophysical I n s t i t u t e ,  Bulgarian Academy of Sciences, 
1113 Sof ia,  Acad. G. Bonchev s t r .  Block 3, Bulgaria

In the present paper the inf luence of  mer idional  winds, generated at 
auroral  la t i t udes  by Joule heating i s  invest iga ted on the e lec t ron  d i s t r i b u ­
t i o n  in  the ionosphere-magnetosphere system during geomagnetic storms. The 
e lec t ron  concentrat ion obtained from ground based wh is t l e r  measurements as 
we l l  as data of  the ionospher ic s ta t i on  i n  Sofia have been used. I t  i s  
shown tha t  the magnetospheric i r r e g u l a r i t i e s  found near the equator fo r  
1.5 < L <  2.5 are connected w i th the pos i t i ve  react ion of  the day-t ime mid- 
- l a t i t u d e  F region.

Keywords: F region o f  the ionosphere; geomagnetic sto~m; ionospheric 
i r r e g u l a r i t i e s ;  magnetospheric i r r e g u l a r i t i e s

INTRODUCTION

D u r i n g  g e o m a g n e t i c  d i s t u r b a n c e s ,  ene rg y  p r o v i d e d  by the  

s o l a r  w ind  i s  consumed i n  t h e  m a g n e t o s p h e r e - i o n o s p h e r e  sys tem 

by t h r e e i main mechan isms (A k a s o fu  1981)  a) p a r t i c l e  i n j e c t i o n  

i n t o  t h e  i n n e r  mag ne to sphe re  w i t h  an ene rg y  QR p r o p o r t i o n a l  to  

0D . /  3 t , b )  J o u l e  h e a t i n g  Q, due t o  th e  d i s s i p a t i o n  o f  a u ro -  

r a l  e l e c t r o j e t  c u r r e n t s  and c )  e n e rg y  d e p o s i t e d  i n  t h e  a u r o r a l  

i o n o s p h e r e  by p r e c i p i t a t i n g  p a r t i c l e s .  D u r i n g  t h e  main  phase o f  

t h e  geomagne t ic  s t o r m  QR — Q j ,  i . e .  t h e  J o u le  h e a t i n g  i s  u s u a l ­

l y  t h e  second ene rg y  s i n k  a f t e r  t h e  r i n g  c u r r e n t .  D u r i n g  the  

r e c o v e r y  phase,  h ow ev e r ,  because o f  i n c r e a s e d  s i n g l e  o r  sequen­

t i a l  m a g n e t i c  s u b s t o r m s ,  Qj exceeds o f t e n  s i g n i f i c a n t l y  QR,

i . e .  t h e  J o u le  h e a t i n g  becomes th e  most  i m p o r t a n t  e n e rg y  s i n k .  

I n  th e  paper  o f  D a v ie s  (19 81 )  th e  r o l e  o f  th e  p r e c i p i t a t i n g  

p a r t i c l e s  i n  a u r o r a l  l a t i t u d e s  i s  d i s c u s s e d .  I t  i s  e s t a b l i s h e d  

t h a t  30 % o f  t h e  mean e ne rg y  i s  due t o  them and t h e  r e m a i n i n g  

70 X i s  due t o  J o u l e  h e a t i n g .  As a r e s u l t  o f  t h i s  s i g n i f i c a n t

Acta Geod. Geoph. Mont. Hung. 22, 1987 
Akadémiai Kiadó, Budapest
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h e a t i n g  o f  the i o n o s p h e r e  a t  a u r o r a l  l a t i t u d e s ,  a m e r i d i o n a l  

w i n d  d i r e c t e d  to  th e  e q u a t o r  i s  g e n e r a t e d .  These winds move th e  

p l a s m a  upwards a lo ng  g e o m a g n e t i c  f i e l d  l i n e s .  The upward d r i f t  

d e l a y s  t h e  a m b ip o la r  d i f f u s i o n ,  be ing  n o r m a l l y  d i r e c t e d  down­

w a r d s .  As a r e s u l t  t h e  F2 maximum i s  fo rm e d  a t  g r e a t e r  h e i g h t s ,  

w h e re  t h e  r e c o m b i n a t i o n  c o e f f i c i e n t  i s  s m a l l e r .  T h e r e f o r e  m e r i d ­

i o n a l  w in d s  induced by t h e  J o u le  h e a t i n g  a r e  r e s p o n s i b l e  f o r  

t h e  i n c r e a s e  o f  t h e  e l e c t r o n  c o n c e n t r a t i o n  i n  t h e  m i d - l a t i t u d e  

F r e g i o n  ( o r  the o c c u r r e n c e  o f  a p o s i t i v e  phase can be a t t r i b ­

u t e d  t o  th em ) .  These e l e c t r o n  d e n s i t y  enh ancem ents  can p r o p a ­

g a t e  upwards a long  t h e  geo m a gn e t ic  f i e l d  l i n e s  t o  the  e q u a t o r .  

T h u s ,  t h e  enhancements o f  t h e  e l e c t r o n  c o n c e n t r a t i o n  nea r  the  

e q u a t o r  shown by g roun d  based w h i s t l e r  o b s e r v a t i o n s  can be th e  

r e s u l t  o f  the  i n c r e a s e d  e l e c t r o n  d e n s i t y  a t  a l l  a l t i t u d e s  a lo n g  

g e o m a g n e t i c  f i e l d  l i n e s  f r o m  the  m i d - l a t i t u d e  F2 maximum t o  t h e  

e q u a t o r ,  i . e .  the  r e s u l t  o f  th e  p o s i t i v e  phase i n  th e  r e a c t i o n  

o f  t h e  m i d - l a t i t u d e  F r e g i o n .  Th i s  means t h a t  such an i n c r e a s e  

i n  t h e  m a g n e to s p h e r i c  e l e c t r o n  c o n c e n t r a t i o n  d u r i n g  geo magn et ic  

s t o r m s  can a l s o  be an i n d i c a t i o n  o f  t h e  o c c u r r e n c e  o f  a p o s i t i v e  

p h a s e  i n  th e  r e a c t i o n  o f  t h e  m i d - l a t i t u d e  F r e g i o n .

I n  th e  p re s e n t  p a p e r  t h e  i n f l u e n c e  o f  t h e  n e u t r a l  w ind  on 

t h e  e l e c t r o n  d i s t r i b u t i o n  i n  the  i o n o s p h e r e - m a g n e t o s p h e r e  s y s ­

tem d u r i n g  geomagne t ic  s t o r m s  i s  s t u d i e d .  I t  i s  shown t h a t  t h e  

m a g n e t o s p h e r i c  i r r e g u l a r i t i e s  obs e rved  n e a r  t h e  e q u a to r  a t  

1 . 5  <  L <  2 .5  are c o n n e c t e d  w i t h  th e  p o s i t i v e  r e a c t i o n  o f  t h e  

d a y - t i m e  m i d - l a t i t u d e  F r e g i o n .  The e l e c t r o n  c o n c e n t r a t i o n  de ­

t e r m i n e d  on the b a s i s  o f  g ro und  based w h i s t l e r  o b s e r v a t i o n s  as 

w e l l  as d a ta  o f  the  i o n o s p h e r i c  s t a t i o n  S o f i a  have been used.

The o c c u r re n c e  o f  i r r e g u l a r i t i e s  i n  t h e  e l e c t r o n  c o n c e n t r a ­

t i o n  a t  i o n o s p h e r i c  and m a g n e t o s p h e r i c  h e i g h t s  d u r i n g  geomag­

n e t i c  s t o r m s  depends s i g n i f i c a n t l y  on t h e  i n t e n s i t y  o f  th e  i n ­

d u c e d  m e r i d i o n a l  w in d .  T hu s ,  i t  i s  c l o s e l y  c o n n e c te d  w i t h  t h e  

r a t e  o f  J o u le  h e a t i n g  a t  a u r o r a l  l a t i t u d e s .  T h e r e f o r e ,  i n  o r d e r  

t o  u n d e r s t a n d  the  e n e rg y  t r a n s f e r  o r  t h e  c o n n e c t i o n  o f  the  

s o l a r  w in d  w i t h  th e  m a g n e t o s p h e r e - i o n o s p h e r e  s y s te m ,  i t  i s  im ­

p o r t a n t  t o  e s t a b l i s h  good e s t i m a t e s  o f  t h e  g l o b a l  Jo u le  h e a t i n g  

r a t e s .  For  t h a t  p u rpose  as an a p p ro x im a t e  measure  o f  the  g l o b a l  

J o u l e  h e a t i n g  r a t e  t h e  a u r o r a l  AE - index  i s  used (Baumjohann and

7 4
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Kamidé 198 4) .  I t  was fo und  t h a t :  Qj = 0 .3 2  AE, where Qj i s  mea­

s u re d  i n  [GW] and AE i n  [ n T ] .  I f  the  e l e c t r o n  i r r e g u l a r i t i e s  a t  

m a g n e t o s p h e r i c  a l t i t u d e s  n ea r  t h e  e q u a t o r  i n d i c a t e d  by w h i s t l e r  

measurements i n  S o f i a  and th e  p o s i t i v e  phases o f  t h e  d a y - t i m e  

F r e g i o n  r e a c t i o n  r e v e a l e d  by th e  i o n o s p h e r i c  s t a t i o n  a re  due 

t o  m e r i d i o n a l  w in d s ,  c l e a r l y  ex p res s e d  peaks i n  t h e  AE i n d e x  

c o i n c i d i n g  o r  p re c e d i n g  th e  measurements s h o u ld  e x i s t .  The i n ­

c r e a s e  o f  t h e  a u r o r a l  a c t i v i t y  l e a d s  to  a change o f  t h e  geo ­

m a g n e t i c  f i e l d  r e c o rd e d  i n  l o w - l a t i t u d e  o b s e r v a t o r i e s  (G onza les  

e t  a l .  1979) .  C o n s e q u e n t l y ,  s i g n i f i c a n t  changes i n  t h e  A E - i n -  

d i c e s  s h o u ld  be accompanied by d i s t u r b a n c e s  i n  the  e q u a t o r i a l  

D ^ - i n d e x .  The p r e s e n t  work c o n s i d é r é s  f o u r  cases o f  mag ne to -  

s p h e r i c  i r r e g u l a r i t i e s  o b s e rv e d  near th e  e q u a t o r  a t  1 .5  <  L <  

< 2 . 5  and i n  the  a f t e r n o o n  and n i g h t  h o u r s .  In  two cases  bo th

AE- and D . - i n d i c e s  a re  a v a i l a b l e .  The AE v a r i a t i o n s  have ac-  s t
t u a l l y  some e f f e c t  on t h e  D ^ - i n d e x .  T h i s  a l l o w s  us t o  use the  

v a r i a t i o n  o f  D ^ - i n d i c e s  as an i n d i c a t i o n  o f  J o u l e  h e a t i n g  i n  

t h e  a u r o r a l  r e g i o n ,  i f  t h e  A E - in de x  i s  m i s s i n g .

EXPERIMENTAL RESULTS

Data  o f  th e  S o f i a  i o n o s p h e r i c  s t a t i o n ,  as w e l l  as g roun d  

based w h i s t l e r  o b s e r v a t i o n s  a l s o  c a r r i e d  o u t  i n  S o f i a  d u r i n g  

g e o m a gn e t ic  s to rm s have been used.  The r e s u l t s  a re  g i v e n  i n  UT. 

1. March 19- 20 ,  1971

F i g u r e  1 p r e s e n t s  t h e  3 - h o u r l y  K p - i n d i c e s ,  t h e  A E - i n d i c e s ,  

t h e  c r i t i c a l  f r e q u e n c i e s  o f  t h e  F2 l a y e r  ( f QF2) w i t h  t h e  mon th ­

l y  median va lu e  and th e  m a g n e t o s p h e r i c  i r r e g u l a r i t i e s  o b t a i n e d  

by w h i s t l e r  o b s e r v a t i o n s  f o r  t h e  i n t e r v a l  1 . 8 - 1 . 9  L t o g e t h e r  

w i t h  t h e  background  e l e c t r o n  d e n s i t y  r e s p e c t i v e l y .  The s to rm  

c o n s i d e r e d  s t a r t s  w i t h  a sudden commencement (SC) on March 19 

1150 UT. The w h i s t l e r  measurements were made on t h e  same day i n

th e  i n t e r v a l  2050-2052 UT i n d i c a t i n g  i r r e g u l a r i t i e s  w i t h  c on -
3 - 3  4 - 3c e n t r a t i o n s  o f  6 .1  • 10 cm and 1 .2  • 10 cm , w h i l e  t h e  b ac k ­

g ro un d  c o n c e n t r a t i o n  i n  t h i s  h e i g h t  i n t e r v a l  was (1 to 2)*  lO^cm"? 

The m i d l a t i t u d e  F r e g i o n  shows a w e l l  d e f i n e d  tw o -p ha s e  r e a c ­

t i o n ,  p o s i t i v e  i n  th e  a f t e r n o o n  and n i g h t  h o u rs  o f  March 19 and 
s t r o n g  n e g a t i v e  r e a c t i o n  d u r i n g  the  n e x t  day .  At  t h e  t i m e  o f
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19 III 71 J  20 III 71 
12 16 20 0 A 8 12 16 20 0 UT

Kp

f0F2 MHz

. 1. a) three hourly geomag­
n e t i c  p lanetary Kp index,
b) auroral  e le c t r o j e t  mag­
n e t i c  a c t i v i t y  index AE,
c)  f 0F2 (continuous l i n e )  
compared wi th the nonthly 
median value (dashed l i n e ) ,
d) observed i r r e g u la r i t i e s  
i n  the equator ia l  magneto- 
spher ic e lect ron  concentra­
t i o n  compared wi th back­
ground e lec tron density 
(dashed l i n e )  fo r  March 
19-20, 1971
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17X1171 19 XII 71
the  w h i s t l e r  measurements  A f  F2 =о
= f  F2 -  ( f  F2)  . = 2 MHz orо о .med ,
AN F2 — 5 • 104 cm . The change m

o f  h 'F  was A h ' F ~  20 km, i . e .

due t o  t h e  e f f e c t  o f  t h e  w ind  the

F r e g i o n  maximum has been formed

a t  a g r e a t e r  h e i g h t .

2. December 1 7 - 1 9 ,  1971

T h is  i s  a d o u b le  geomagne t i c

s to rm  w i t h  two sudden commencements

a t  1904 UT on December 16 and a t

1417 UT on December 17.  F i g u r e  2

p r e s e n t s  t h e  K p , AE, D ^ i n d i c e s ,

f  F2 and th e  r e s u l t s  o f  w h i s t l e r  о
measurements a f t e r  t h e  second SC 

as the  b i g  Ds t  d e c r e a s e  ( - 2 0 2  'Jf) 
o c c u r r e d  a f t e r  i t .  T h i s  f i g u r e  de­

m o n s t r a t e s  t h e  we l  . d e f i n e d  sy n ­

ch ro n ism  o f  t h e  geD ma gne t i c  i n d i c e s  

used h e r e .  The a u r o r a l  a c t i v i t y  i s  

c h a r a c t e r i z e d  by two peaks which 

may be r e s p o n s i b l e  f o r  t h e  d ou b le ,  

tw o -pha se  r e a c t i o n  o f  th e  F r e g io n .  

The w h i s t l e r  measurements  were 

c a r r i e d  o u t  i n  t h e  i n t e r v a l  1500- 

-2000 UT on December 18, i . e .  d u r ­

i n g  the  r e c o v e r y  phase o f  th e  D 

i n d e x .  The e l e c t r o n  c o n c e n t r a t i o n  

determined i s ~ 1 0 ^  cm- 5 , i . e .  almost 

an o r d e r  o f  m a g n i t u d e  h i g h e r  than 

th e  c o r r e s p o n d i n g  backg ro und  e l e c ­

t r o n  d e n s i t y .  I n  t h i s  p e r i o d

Fig. 2. a) three hourly Kp index, b) AE 
index, c)  equator ia l  Ds^ index, 
d) f 0F2 compared wi th  the monthly- 
median value, e) revealed equa­
t o r i a l  magnetospheric i r r e g u la r i ­
t i e s  f o r  December 17-19,1971
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Af  F 2 d  1 .5  MHz, or  AN F2 d  2 .8  • 104 cm 3 and A h ' F ~  20 km. о m
3. October  1 2 -14 ,  1972

T h i s  i s  not a strong g e o m a g n e t i c  s t o r m .  I t  i s  d i s t i n g u i s h e d  

by t h e  s t r e n g t h e n i n g  o f  a u r o r a l  a c t i v i t y  w h ic h  c o n t i n u e s  d u r i n g  

t h e  t h r e e  days c o n s i d e r e d  ( F i g .  3 ) .  The m i d - l a t i t u d e  F r e g i o n  

r e a c t i o n  shows f o u r  c o n s e c u t i v e  two -pha se  c y c l e s  due t o  t h e  au­

r o r a l  a c t i v i t y .  The w h i s t l e r  measurements were made on Oc to be r  

14 i n  t h e  i n t e r v a l  1 2 0 0 - 1 4 0 0  UT. The maximum e l e c t r o n  c o n c e n t ­

r a t i o n  obse rved  i s  2 .7  • 1 0 4 cm 3 , i . e .  by one o r d e r  o f  m a g n i ­

t u d e  h i g h e r  than the  b a c k g r o u n d  e l e c t r o n  d e n s i t y .  I n  th e  p e r i o d

o f  t h e  w h i s t l e r  mea su rem en ts  A f  F2 d  1 .7  MHz, o r  AN F2 ~
4 - 3  0 m~  3 . 6  • 10 cm and A h ' F ~  40 km.

4.  December 1 2 -1 4 ,  1977

F i g u r e  4 shows t h a t  t h i s  s to rm i s  also not a s t r o n g  one and 

i s  c h a r a c t e r i z e d  by i n t e n s e  a u r o r a l  a c t i v i t y ,  w e l l  i l l u s t r a t e d  

by t h e  r e c o v e r y  phase o f  t h e  0s ^ - i n d e x .  I t  i s  p o s s i b l e  t h a t  

e x a c t l y  t h i s  a c t i v i t y  g i v e s  r i s e  to  th e  c o n s e c u t i v e  tw o -p hase  

c y c l e s  i n  the r e a c t i o n  o f  t h e  m i d - l a t i t u d e  F r e g i o n .  The w h i s t ­

l e r  measurements were made on December 13 -14  i n  t h e  i n t e r v a l  

1 2 5 0 - 0 3 5 2  UT, aga in  d u r i n g  t h e  r e c o v e r y  phase.  I r r e g u l a r i t i e s  

w i t h  a c o n c e n t r a t i o n  o f  3 • I O -* cm are  o b s e rv e d  a t  m i d - n i g h t  

a t  a l t i t u d e s  1.8 L and 2 . 0  L .  A f t e r  m i d - n i g h t  i r r e g u l a r i t i e s  a t  

1 . 9  L d e te rm in e d  on t h e  b a s i s  o f  w h i s t l e r s  have a c o n c e n t r a t i o n  

o f  a b o u t  4 .5  • 103 cm- 3 . D u r i n g  t h i s  p e r i o d  A f QF2 d  2 MHz, or  

AN F2 d  5 • 104 cm 3 and A h 1F ~  30 km, i . e .  i n  t h i s  case the  

F 2 -m ax im um is  formed h i g h e r  t h a n  under  q u i e t  g e o m a gn e t ic  c o n d i ­

t i o n s  .

DISCUSSION AND CONCLUSIONS

I n  th e  above m e n t i o n e d  f o u r  geo magn et ic  s to rm s  ( d e t a i l e d  

d e s c r i p t i o n  i n  Pancheva ( 1 9 8 5 ) )  t h e r e  i s  a c l o s e  r e l a t i o n  be­

t w e e n  a u r o r a l  a c t i v i t y ,  c h a r a c t e r i z e d  by t h e  A E - i n d e x ,  p o s i ­

t i v e  m i d - l a t i t u d e  F r e g i o n  r e a c t i o n  and t h e  m a g n e t o s p h e r i c  i r ­

r e g u l a r i t i e s  r e v e a l e d  n e a r  t h e  e q u a t o r  a t  1 .5  <  L <  2 . 5 .

Be c au s e  o f  t h i s  and due t o  t h e  f a c t  t h a t  t h e  m a g n e t o s p h e r i c  i r ­

r e g u l a r i t i e s  have been o b s e r v e d  d u r i n g  t h e  r e c o v e r y  phase ( e x ­
c e p t  i n  th e  f i r s t  c a s e ) ,  i f  t h e  l a r g e - s c a l e  c o n v e c t i v e  e l e c t r i c
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Fig .  4. a) three hour ly Kp index, b) Ds^ index, c) f 0 F2 compared wi th  the 
monthly median va lue,  d) equator ia l  magnetospheric i r r e g u l a r i t i e s  
December 12-14, 1977
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f i e l d s  dec rease  q u i c k l y ,  t h e  c o n c l u s i o n  may be drawn t h a t  the  

m e r i d i o n a l  w ind ,  g e n e r a t e d  d u r i n g  a u r o r a l  subs to rm s  i s  t h e  main 

l i n k  c o n n e c t i n g  th e  p o s i t i v e  r e a c t i o n  o f  th e  m i d - l a t i t u d e  F 

r e g i o n  i n  th e  a f t e r n o o n  h o u rs  w i t h  t h e  m a g n e to s p h e r i c  i r r e g u l a ­

r i t i e s ,  found  near th e  e q u a t o r  (Pancheva 198 5) .  The p o s i t i v e  

r e a c t i o n  o f  th e  F r e g i o n  d u r i n g  geo m a gn e t ic  s to rm s  can a l s o  be 

a s s o c i a t e d  w i t h  t h e  p e n e t r a t i o n  o f  e l e c t r i c  f i e l d s  w h i c h  o r i g i ­

n a te  f r om  th e  m ag ne to spher e .  Maynard and Chen (1 9 7 5 )  p r e s e n t  

more t h an  15 cases o f  m a g n e t o s p h e r i c  i r r e g u l a r i t i e s  o b s e rv e d  

nea r  th e  e q u a t o r  t h e  appearance  o f  w h ich  they  a t t r i b u t e  t o  mag­

n e t o s p h e r i c  c o n v e c t i o n .

I n  o r d e r  t o  d e c id e  wh ich  o f  t h e  two mechanisms ( n e u t r a l  

w ind s  o r  e l e c t r i c  f i e l d s )  p re d o m i n a t e  i n  t h e  p r e s e n t  c a s e ,  i t  

i s  n e c e s s a r y  t o  see how th e s e  two mechanisms work .

D u r i n g  geo ma gn et ic  s u b s to rm s  and s to rm s ,  e ne rg y  s u p p l i e d  

by J o u l e  h e a t i n g  and p r e c i p i t a t i n g  p a r t i c l e s  i s  d e p o s i t e d  i n  

t h e  a u r o r a l  i o n o s p h e r e .  T h i s  e n e rg y  r e s u l t s  i n  t e m p e r a t u r e  i n ­

c r e a s e  wh ic h  i n  t u r n  a f f e c t s  t h e  n e u t r a l  compos t i o n  (M ayr  and 

H a r r i s  1 983 ) .  Temperatu re  and d e n s i t y  v a r i a t i o n s  change th e  

p r e s s u r e  g r a d i e n t  and d r i v e  m e r i d i o n a l  w inds  d i r e c t e d  t o  t h e  

e q u a t o r .  The m e r i d i o n a l  w ind  a pp ea rs  a lm os t  i m m e d i a t e l y  a f t e r  

t h e  ene rg y  d e p o s i t i o n  i n  t h e  a u r o r a l  zones.  N e u t r a l  w in d s  c a r r y  

t h e  p lasma a lo ng  th e  g eo m agne t ic  f i e l d  l i n e s ,  i . e .  t h e y  r a i s e  

i t  t o  h e i g h t s ,  where the  r e c o m b i n a t i o n  i s  l e s s .  T h i s  e x p l a i n s  

t h e  p o s i t i v e  r e a c t i o n  o f  t h e  F r e g i o n .  Oue t o  th e  w ind  th e  

ene rg y  i s  r e d i s t r i b u t e d  by a d i a b a t i c  h ea t  t r a n s f e r .  T h i s  l e a d s  

t o  an i n c r e a s e  o f  th e  l o w - l a t i t u d e  t e m p e r a t u r e ,  i . e .  t o  t h e  de­

c r e a s e  o f  th e  t e m p e r a t u r e  g r a d i e n t .  S i m u l t a n e o u s l y  a n o t h e r  p r o ­

cess  i n f l u e n c i n g  m a i n l y  n e u t r a l  c o m p o s i t i o n  ta k e s  p l a c e .  The 

w i n d - i n d u c e d  d i f f u s i o n  -  a c o n s i d e r a b l y  s lo w e r  p r o c e s s  -  ac ­

c o m p l i s h e s  th e  f o l l o w i n g  c o m p o s i t i o n  changes:  an i n c r e a s e  i n  

t h e  h e a v i e r  c o n s t i t u e n t s  N „ ,  A r , O2  a t  h i g h - l a t i t u d e s ,  as w e l l  

as t h a t  o f  t h e  l i g h t e r  components  He and 0 a t  l o w - l a t i t u d e s .  

T h e r e f o r e ,  i n  the  m i d - l a t i t u d e  F r e g i o n  th e  r a t i o  O/N 2  changes 

( u s u a l l y  dec reases  on the  second day o f  the  s t o r m ) .  T h i s  l e a d s  

t o  an i n c r e a s e  o f  th e  r e c o m b i n a t i o n  and c o n s e q u e n t l y  t o  a nega­

t i v e  r e a c t i o n  o f  t h e  F r e g i o n .  The obse rv ed  s u c c e s s i o n  o f  p o s i ­
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t i v e  and n e g a t i v e  pha s es  i n  i o n o s p h e r i c  r e a c t i o n  can be e x ­

p l a i n e d  by the  d i f f e r e n t  t i m e - s c a l e s  o f  t h e  two p ro c e s s e s ,  w ind  

g e n e r a t i o n  and c o m p o s i t i o n  changes.  I f  t h e  n e u t r a l  wind i s  t h e  

main  cause o f  th e  p o s i t i v e  r e a c t i o n  o f  t h e  F r e g i o n  then i t  i s  

n e c e s s a r i l y  f o l l o w e d  by a n e g a t i v e  one.  B e s i d e s  due t o  th e  o p ­

p o s i t e  e f f e c t  o f  t h e  c o m p o s i t i o n  change on t h e  wind and t e m p e r ­

a t u r e  f i e l d s  th e  two phases  are i n t e r r e l a t e d .  The i n c r e a s e  o f  0 

and He d e n s i t i e s  a t  l o w - l a t i t u d e s  a f f e c t s  s i g n i f i c a n t l y  t h e  t o ­

t a l  a tm o s p h e r i c  p r e s s u r e  and i s  th e  main  cause o f  the  d e c rea s e  

o f  t h e  p re s s u r e  g r a d i e n t .  T h i s  i m m e d i a t e l y  l e a d s  t o  the  de ­

c r e a s e  o f  wind w h ich  r e d u c e s  the a d i a b a t i c  h e a t  t r a n s f e r ,  o r  

i n c r e a s e s  the  t e m p e r a t u r e  d i f f e r e n c e  b e tw een  h i g h -  and l o w - l a ­

t i t u d e s  .

S t ro ng  e l e c t r o s t a t i c  f i e l d s  o f  m a g n e t o s p h e r i c  o r i g i n  p en e ­

t r a t i n g  i n t o  the  p o l a r  i o n o s p h e r e  d r i v e  by Lorenz  f o r c e  n e u t r a l  

w in d s  w i t h  v e l o c i t i e s  up t o  1 km/s .  The w i n d  sys tems g e n e r a t e d  

by h e a t  ( J o u le  h e a t i n g )  and momentum ( L o r e n z  f o r c e )  sou rces  

d i f f e r  c o n s i d e r a b l y ,  t h e  fo rm e r  a re  d i v e r g e n t ,  the  l a t t e r  v o r ­

t i c a l .  A l th ough  t h e  w i n d s  c r e a t e d  by t h e  l a t t e r  can' reach h i g h  

v e l o c i t i e s ,  they  do n o t  a f f e c t  c o n s i d e r a b l y  t h e  c o m p o s i t i o n ,  

because they  do n o t  d r i v e  v e r t i c a l  m o t i o n .  T h e r e f o r e ,  when 

e l e c t r i c  f i e l d s  p r o d u c e  th e  p o s i t i v e  r e a c t i o n  o f  th e  F r e g i o n ,  

i t  i s  n o t  n e c e s s a r i l y  f o l l o w e d  by a n e g a t i v e  phase c a u s a l l y  

c o n n e c t e d  w i t h  th e  p r e c e d i n g  p o s i t i v e  p h a s e .

I n  o rd e r  t o  p r o v e  t h a t  t h i s  w ind  mechan ism p re d o m in a te s  i t  

i s  nec e s s a ry  1 . t o  show t h a t  i n  case o f  t h e  above m en t ion ed  geo­

m a g n e t i c  s torms we have  t o  dea l  w i t h  a r e a l l y  two-phase r e a c ­

t i o n ,  2 . to  f i n d  a d e f i n i t e  c o n n e c t i o n  be tw een  the two p ha ses .  

T h i s  can be a c h ie v e d  by t h e  i n v e s t i g a t i o n  o f  th e  i n t e n s i t y  o f  

t h e  i o n o s p h e r i c  r e a c t i o n ,  d e f i n e d  by u f QF2 = f QF2 -  

— ( f  F2) m / ( f  F2) • 100 %. F ig u re  5 shows t h e  v a r i a t i o n  o f  

<5"fo F2 f o r  f o u r  g e o m a g n e t i c  s to rm s .  The main  f e a t u r e s  o f  t h e  

v a r i a t i o n  o f  0” f QF2 a r e  t h e  s u c c e s s io n  o f  p o s i t i v e  and n e g a t i v e  

p h a s e s ,  i . e .  t h e i r  j u n c t i o n  i n  so c a l l e d  tw o -p hase  c y c l e s  o f  

t h e  r e a c t i o n  o f  t h e  m i d - l a t i t u d e  F r e g i o n ,  and a r e v e rs e  c o n ­

n e c t i o n  between them.  I n  o r d e r  t o  compare t h e  two phases o f  

each c y c l e ,  bo th  t h e  i n t e n s i t y  and t h e  d u r a t i o n  o f  the  i o n o -
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Fig.  5. The va r i a t io n  of  <JfQF2 in case o f  the four  geomagnetic storms
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s p h e r i c  d i s t u r b a n c e  mus t  be c o n s i d e r e d .  The p ro d u c t  o f  t h e s e  

tw o  v a l u e s  i s  p r o p o r t i o n a l  to  the e n e r g y  o f  the  p ro c e s s .  Fo r  

t h a t  pur pose  the  a r e a s  under  the c u r v e  o f  d f oF2  i n  t h e  f i g u r e  

w e re  s t u d i e d .  Tab le  I  shows areas o f  t h e  two-phase c y c l e s ,  c o r ­

r e s p o n d i n g  t o  the  f o u r  geomagnet ic  s t o r m s .  They are marked by 

where  i  = 1, 2,  3,  4 and g iv e  t h e  number o f  the  i n v e s t i g a ­

t e d  s t o r m ,  w h i l e  j  c o r r e s p o n d s  to  t h e  number  o f  the c y c l e  i n

each  s t o r m .  F i g u r e  6  shows the  c o n n e c t i o n  between S+ . and S” . .
i j  i j

Table I

Number o f  

the  s to rm

Number o f  

th e  c y c l e
S+ . 

i j s i j

1 1 S ^ i= 3 4 3 8-1=27!

2 1 S2 1 = 2 2 5
S" = 60

2 S 2 2 = 2 2 1 S - 2= 77

3 1 S+ =232 b 31 S31= 5 7

2 S j 2 = 8 6 S32= 7 9

3 S * 3 =136 S - 3= 73

4 s ; 4 = i o ° S34= 8 8

4 1 s ; i = 2 6 8 S41= 6 4

2 s ; 2 = 2 9 8 S42= 5 5

The i n v e r s e  r e l a t i o n  between them i s  w e l l  expressed.  T h i s  i s  an 

i n d i c a t i o n  t h a t  t h e  mechanisms c a u s i n g  t h e s e  phases are  i n t e r ­

r e l a t e d .  The i n v e r s e  r e l a t i o n  i s  a d i r e c t  r e s u l t  o f  th e  f e e d -  

- b a c k  c o u p l i n g  between c o m p o s i t i o n  c h anges  ( r e s u l t  o f  w i n d - i n ­

d uced  d i f f u s i o n )  and w ind  and t e m p e r a t u r e  f i e ld s .  Only t h e  f i r s t  

s t o r m , ,  d u r i n g  wh ich  t h e  w h i s t l e r  mea su rements  have been c a r r i e d  

o u t  i n  co u rse  o f  t h e  main  phase o f  t h e  s t o r m ,  d i f f e r s  c o n s i d e r ­

a b l y .  T h i s  can p r o b a b l y  mean t h a t  t h e  e f f e c t  o f  the n e u t r a l  

w i n d ,  d r i v e n  by J o u l e  h e a t i n g  i s  comb ined  w i t h  the  i n f l u e n c e  o f  

e l e c t r i c  f i e l d s  o f  m a g n e t o s p h e r i c  o r i g i n .
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1.6

16 18 2 0 2 2 2A logSij*

Fig. 6 . Connection between S^j and S j j  
f o r  the geomagnetic storms 
studied here

The complex  i o n o s p h e r i c  r e a c t i o n  d u r i n g  geo m a gn e t ic  s ub -  

s to rm s  and s to rm s  i s  due t o  c i r c u l a t i o n ,  e l e c t r o d y n a m i c a l  and 

wave p r o c e s s e s .  I n  o r d e r  t o  e s t i m a t e  t h e  r e l a t i v e  i m p o r t a n c e  o f  

th e  d i f f e r e n t  p r o c e s s e s ,  i t  i s  n e c e s s a r y  t o  ha e a l a r g e  base 

o f  s o l a r ,  g e o m a g n e t i c ,  m a g n e t o s p h e r i c  and i o n o s p h e r i c  d a t a ,  as 

w e l l  as im p rove d  a n a l y t i c a l  and n u m e r i c a l  mode ls .
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DYNAMICS OF IONOSPHERIC DISTURBANCES AT HIGH LATITUDES

0 M P i r o g 1 , G A Z h e r e b t z o v 1 , B G D o l g o a r s h i n n i k h 1

1Sib i r i an  I n s t i t u t e  of  Geomagnetism, Ionosphere and Radio Wave 
Propagation (SibIZMIR), 664033 I rku tsk ,  P.O.Box 4, USSR

A s t a t i s t i c a l  analysis of  the ionospheric disturbances poleward of the 
main trough of ion iza t io n  has been carr ied  out.  Data of  a chain o f  iono­
spher ic  s ta t ions working along the meridian of  Nor i l sk  i n  the per iod 
December 1982 -  February 1983 and also data of  the ionosondes in  Arkhan­
gelsk and Heiss Island were used. At each s ta t i on  f o r  each hour o f  the day 
the p ro b a b i l i t y  of  ionospheric disturbances of  d i f f e r e n t  types has been de­
termined at d i f f e r e n t  Kp values. On the basis of  the p r o b a b i l i t i e s  obtained, 
schemes of the development of  the ionospheric substorm were constructed at 
d i f f e r e n t  la t i tudes  in LT-Kp coordinates. An ana ly t ica l  r e l a t i o n  determining 
the i nva r i an t  l a t i t u d e  o f  the main ion iza t ion  trough as a func t io n  of LT and 
Kp has been establ ished.

Keywords: ionospheric disturbances; main i on iza t io n  t rough

When i n v e s t i g a t i n g  t h e  i o n o s p h e r i c  d i s t u r b a n c e s  a t  h ig h  

l a t i t u d e s ,  th e  l a r g e  s c a l e  s t r u c t u r e  o f  the  i o n o s p h e r e  has to  

be c o n s i d e r e d .  I t s  b a s i c  f e a t u r e  i s  th e  main i o n i z a t i o n  t r o u g h .  

P o l e w a r d  o f  the  t r o u g h  th e  a u r o r a l  p lasma p e n e t r a t e s  i n t o  the 

i o n o s p h e r e  and due t o  i t  th e  f o r m a t i o n  o f  th e  n o r t h w a r d  edge of  

t h e  t r o u g h  and o f  s p o r a d i c  i o n i z a t i o n  i n  th e  E r e g i o n ,  c h a r a c ­

t e r i s t i c  o n l y  o f  h i g h  l a t i t u d e s ,  an i n c r e a s e d  a b s o r p t i o n  i n  the 

l o w e r  i o n o s p h e r e  t a k e  p l a c e  ( L i s z k a  1967, K h a l i p o v  e t  a l .  1977, 

Besp rozvannaya  e t  a l .  1 982 ) .

The dynamics  o f  i o n o s p h e r i c  d i s t u r b a n c e s  n o r t h  o f  th e  

t r o u g h  has been i n v e s t i g a t e d  by Benkova e t  a l .  ( 1 9 8 4 )  on the 

b a s i s  o f  da ta  f rom  s t a t i o n s  l o c a t e d  a t  d i f f e r e n t  l a t i t u d e s  and 

l o n g i t u d e s .  The a n a l y s i s  has been c a r r i e d  o u t  f o r  t h e  w i n t e r  

m on th s  o f  th e  y e a rs  1975 and 1976, i . e .  f o r  th e  s o l a r  a c t i v i t y  

m in imum.  R e g u l a r i t i e s  o f  th e  v a r i a t i o n s  a p p e a r i n g  i n  t h e  d e v e l ­

opment  o f  an i o n o s p h e r i c  su bsto rm  i n d i c a t e d  a t  s t a t i o n s

Acta Geod. Geoph. Mont. Hung. 22, 1987 
Akadémiai Kiadó, Budapest
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o r d e r e d  acc o rd in g  t o  i n c r e a s i n g  l a t i t u d e ,  t h a t  l o n g i t u d i n a l  

v a r i a t i o n s  are i n s i g n i f i c a n t  and do n o t  d i s t o r t  th e  g e n e r a l  

scheme dete rm ined  by t h e  l a t i t u d e  o f  th e  s t a t i o n ,  by th e  l o c a l  
t i m e  and the  geo ma gn et ic  a c t i v i t y .

The e x p e d i t i o n  " T a y m i r - 8 2 "  enabled t o  g e t  a l o t  o f  e x p e r i ­

m e n t a l  d a ta  f o r  the  i n v e s t i g a t i o n  o f  the  d yna m ics  o f  i o n o s p h e r i c  

d i s t u r b a n c e s  on the  b a s i s  o f  a m e r i d i o n a l  c h a i n  and the  p o s s i ­

b i l i t y  o f  a compar ison w i t h  th e  r e s u l t s  o f  Benkova e t  a l .  (1984) 

f o r  t h e  e x p l a i n a t i o n  o f  t h e  s o l a r  a c t i v i t y  e f f e c t .  Be s ides  5 

s t a t i o n s  l o c a te d  a lo n g  t h e  m e r i d i a n  o f  N o r i l s k ,  d a ta  f rom He is s  

I s l a n d  and A rkhan ge lsk  w e r e  a l s o  used f o r  t h e  b e t t e r  l a t i t u d i ­

n a l  r e s o l u t i o n .  The c o o r d i n a t e s  of  the  s t a t i o n s  a re  shown i n  
T a b l e  I .

Tab le  I .  C o o r d i n a t e s  o f  s t a t i o n s

G e o g ra p h i c a l
S t a t i o n  name c o o r d i n a t e s

L a t i t u d e  Long i t ude

I n v a r i a n t
l a t i t u d e L

H e i s s  I s l a n d 80 ,. 6 ° 58 . 0 ° 73,. 8 ° 1 2 .. 9
S t e r l e g o v a 75 .. 4 ° 89 . 0 ° 69 ,.4 ° 8 ,. 1

U s t -T a re e 73 .. 3 ° 90 .5° 67 ,.4 ° 6  ,. 9
N o r i l s k 69 .. 3 ° 8 8 . 2 ° 63.. 6 ° 5.. 0 2

I g a r k a 67 ., 2 ° 89, s\ 0  . L 62.. 0 ° 4 .. 5
A rkh an ge ls k 64 .. 6 ° 40 .5° 60 .. 1 ° 4.. 0 2

P-Tunguska 61 ., 6 ° 90 . 0 ° 55 ., 8 ° 3.. 2

F o r  each s t a t i o n  a s t a t i s t i c a l  a n a l y s i s  o f  th e  i o n o s p h e r i c  

d i s t u r b a n c e s  has been made as a f u n c t i o n  o f  t h e  Kp v a lu e  and 

l o c a l  t i m e .  In t h i s  p r o c e d u r e  the p r o b a b i l i t y  o f  t h e  d i f f e r e n t  

d i s t u r b a n c e  types has bee n  dete rm in ed  f o r  each hou r  o f  t h e  day 

and Kp v a l u e .  Compar ing t h e  p r o b a b i l i t i e s  o b t a i n e d ,  i n  an LT- 

-Kp  c o o r d i n a t e  system f o r  each s t a t i o n  schemes o f  t h e  d e v e l o p ­

ment  o f  an i o n o s p h e r i c  s u b s t o r m  has been c o n s t r u c t e d ,  wh ich  

show w ha t  type o f  th e  d i s t u r b a n c e s  i s  most  p r o b a b l e  i n  case o f
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a g i v e n  s t a t i o n ,  f o r  a g i v e n  hour  and g i v e n  v a lu e  o f  Kp. These 

maps a re  shown i n  F i g .  1. The f o l l o w i n g  n o t a t i o n s  a re  u sed :  

N - - r e g u l a r  d a y - t i m e  F2 l a y e r ;  F - -a no m a lou s  i o n i z a t i o n  i n  t h e  F 

r e g i o n  produced  by a f l u x  o f  low e ne rg y  e l e c t r o n s  (E <  1 keV) 

i n  t h e  d i f f u s e  zone o f  p r e c i p i t a t i o n  ( L i s z k a  1967,  K h a l i p o v  e t  

a l .  1 97 7 ) ;  R - - r  t y p e  s p o r a d i c  E l a y e r ,  t h e  appearance  o f  w h ic h  

i s  due t o  the  p r e c i p i t a t i o n  o f  e l e c t r o n s  o f  e n e r g i e s  up t o  

~ 3  keV o r  t h a t  o f  r i n g  c u r r e n t  p r o t o n s  ( E a t h e r  e t  a l .  1976,  

Besprozv an na ya  and Shchuka 1977, K u k us h k ina  1 982 ) ;  D - - s p o ra d ic  E 

l a y e r s  o f  o t h e r  t y p e s ,  g e n e r a l l y  t y p e s  a and f  accom pa ny in g  

d i s c r e t e  a u r o r a s  t h e  e n e rg y  o f  the  e l e c t r o n s  b e in g  i n  t h i s  case 

5 -1 0  keV ( E a th e r  e t  a l .  1976, Kukushk in a  1982) ;  A - - a b s e n c e  o f  

r e f l e c t i o n s  f rom th e  F r e g i o n  due t o  s c r e e n i n g  by an Es l a y e r  

i n d i c a t i n g  the  r e d i s t r i b u t i o n  i n s i d e  t h e  ene rgy  s p e c t r u m  o f  the  

f l u x e s  tow ards  h i g h e r  e n e r g i e s ;  B - - t o t a l  a b s o r p t i o n  p ro d u c e d  by 

t h e  enhanced i o n i z a t i o n  i n  the  0  r e g i o n  due t o  th e  p r e c i p i t a ­

t i o n  o f  e l e c t r o n s  o f  e n e r g i e s  more th a n  40 keV ( D r i a t s k y  1 97 4 ) .

The boundary  o f  t h e  r e g i o n  o f  o c c u r r e n c e  f o i  each d i s t u r ­

bance t y p e  i s  g i v e n  by P = ^ 0 . 5  ( p r o b a b i l i t y  more t h a n  50 %).

F i g u r e  1 shows how th e  onse t  t i m e  o f  the  d i s t u r b a n c e  and 

i t s  t y p e  v a r i e s  a t  t h e  same Kp v a lu e  dep end in g  on l a t i t u d e .  The 

u n h a tc h e d  areas i n  t h e  e v e n in g  and m orn in g  hou rs  i n d i c a t e  t h a t  

u n d e r  th ese  c o n d i t i o n s  any ty p e  o f  t h e  d i s t u r b a n c e s  i s  e q u a l l y  

p r o b a b l e .

I n  P-Tunguska t h e  r e g u l a r  F2 l a y e r  i s  obse rv ed  d u r i n g  th e  

w ho le  n i g h t  i n  case o f  Kp <  4. W i th  t h e  i n c r e a s e  o f  Kp and th e  

l a t i t u d e  o f  th e  s t a t i o n ,  t h e  area o f  i t s  o c c u r r e n c e  i s  r e d u c e d ,  

d i s p l a c e d  to  the  mid da y h ou rs  and a t  H e is s  I s l a n d  i t  d i s a p p e a r s  

c o m p l e t e l y .  In  P -Tun gu ska  anomalous i o n i z a t i o n  i n  t h e  F r e g i o n  

( F )  a pp ea rs  a f t e r  m i d n i g h t  a t  Kp ^  4 c o nn ec te d  w i t h  t h e  m o t i o n  

o f  t h e  n o r t h e r n  edge o f  t h e  t r o u g h .  W i th  i n c r e a s i n g  g e o m a g n e t i c  

a c t i v i t y  and l a t i t u d e  t h e  zone o f  F e x t e n d s  g r a d u a l l y  t o w a r d  

e v e n i n g  and m orn in g  h o u r s  and i s  d i s p l a c e d  t o  l o w e r  v a l u e s  o f  

K p . A t  He iss  I s l a n d ,  where  s o l a r  r a d i a t i o n  i s  c o m p l e t e l y  a b s e n t  

i n  w i n t e r  the  anoma lous i o n i z a t i o n  i n  t h e  F r e g i o n  can be o b ­

s e r v e d  round th e  c l o c k  i n  fo rm o f  s c a t t e r e d  and i n c l i n e d  r e f ­

l e c t i o n s  .
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Heiss Island 
9 = 73*8

Sterlegovo 
9 '= 69" 3

Ust-Taree
9 = 67*3

Norilsk
9 = 63*6

Igarka
9=62*

t
Arkhangelsk
9 = 60*1

P-Tunguska 
9=55* 8

□  В

F ig .  1. I l l u s t r a t i o n s  of  the development of an ionospher ic substorm in  LT 
coordinate system i n  the winter 1982/83 (near the so lar  a c t i v i t y  
maximum)
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The F2g l a y e r  d i s a p p e a r s  i n  N o r i l s k  and I g a r k a  a t  Kp 4 

because o f  a b s o r p t i o n  and s c r e e n i n g  o f  th e  F r e g i o n  by t h e  Es 

l a y e r  i n  N o r i l s k  and I g a r k a  i n  t h e  e v e n in g  and m i d n i g h t  h o u r s .  

The s c r e e n i n g  (A)  i s  obse rv ed  w i t h  t h e  h i g h e s t  p r o b a b i l i t y .  At 

h i g h - l a t i t u d e  s t a t i o n s  i n  th e  m o rn in g  hou rs  the  o c c u r r e n c e  o f  
F2g l a y e r s ,  s c r e e n i n g  and a b s o r p t i o n  a re  e q u a l l y  p r o b a b l e .  Long- 

- l i v e d  p e r i o d s  o f  t o t a l  a b s o r p t i o n  a re  obse rved  o n l y  i n  I g a r k a  

i n  case o f  Kp > 4 and i n  A r k h a n g e l s k  a t  Kp > 5 .  At s t a t i o n s  

l o c a t e d  more t o  the  n o r t h  o r  more t o  th e  s o u t h ,  t h e  p r o b a b i l i t y  

o f  a b s o r p t i o n  d e c r e a s e s .

Es^ i s  obse rved  w i t h  th e  h i g h e s t  p r o b a b i l i t y  i n  N o r i l s k  

and U s t - T a r e e .  I n  N o r i l s k  t h e  area o f  o c c u r re n c e  o f  Es r  expands 

s y m m e t r i c a l l y  f rom  m i d n i g h t  i f  Kp i n c r e a s e s  f rom 0 t o  3.  A t  

Kp > 3 Esr  i s  m a i n l y  o bse rv e d  i n  t h e  even in g  h o u rs .  I n  U s t -  

- T a r e e  th e  г  t y p e  p re d o m in a t e s  d u r i n g  th e  whole n i g h t  a t  K p ^ 2 ,  

a t  Kp > 2  two i n t e r v a l s  o f  o c c u r r e n c e  o f  the  t y p e  г  w i t h  p r o b a ­

b i l i t i e s  h i g h e r  t han  50 % d e v e lo p  i n  th e  even ing  and m o r n i n g  

h o u r s ,  wh ich  a re  d i s p l a c e d  w i t h  i n c r e a s i n g  a c t i v i t y  i n  o p p o s i t e  

d i r e c t i o n s .  In  S t e r l e g o v o  t h e r e  a re  two zones o f  P(R)  > 50 % i n  

t h e  m orn ing  and e v e n in g  hou rs  a t  Kp <  3. In  He iss  I s l a n d  Es^, i s  

o bs e rv e d  morn ing  and d u r i n g  the  day a t  Kp <C 3. From 15 00 t o  

01 00 LT th e  p r o b a b i l i t y  o f  i t s  o c c u r r e n c e  i s  l e s s  t h a n  10 X. 
Both  Esr  and F2g a re  a g a in  obse rv ed  i n  I g a r k a  and A r k h a n g e l s k  

a t  P(R) <  50 %, i n  P-Tunguska a t  Kp ^ 5  w i t h  h i g h  p r o b a b i l i t y .

I n  case o f  v e r y  h i g h  a c t i v i t y  i t  appea rs  i n  th e  t r o u g h  and i n  

t h e  m i d - l a t i t u d e  zone.  The r e g u l a r i t i e s  o f  the  o c c u r r e n c e  o f

Es a t  h i g h - l a t i t u d e  s t a t i o n s ,  H e is s  I s l a n d  i n c l u d e d  a r e  c on -  г *
s i s t e n t  w i t h  t h e  s t r u c t u r e  o f  p r e c i p i t a t i o n  o f  e l e c t r o n  f l u x e s  

i n  the  a u r o r a l  zone.  O b v i o u s l y  t h e  Es^ l a y e r  i n  P -T un gu ska  d i f ­

f e r s  f r om  t h a t  obse rv ed  a t  a u r o r a l  s t a t i o n s .  For  i t s  a p p e a r ­

ance r i n g  c u r r e n t  p r o t o n s  a re  most  p r o b a b l y  r e s p o n s i b l e .

The zone o f  o b s e r v a t i o n  o f  o t h e r  Es l a y e r  t y p e s  i s  l o c a t e d  

a round  m i d n i g h t  d i s p l a c e d  somewhat t o w a rds  the  e v e n in g  h o u r s  

and expands w i t h  i n c r e a s i n g  l a t i t u d e .  In  Heiss  I s l a n d  Es l a y e r s  

a re  s t e a d i l y  p r e s e n t ,  b u t  t h e i r  f r e q u e n c y  exceeds r a r e l y  2 MHz, 

whereas i n  the  zone th e  most  p r o b a b l e  v a lu e s  o f  fb Es  f a l l  i n t o  

t h e  ran ge  3-4 MH.zl

I n  P-Tunguska f l a t  Es l a y e r s  a re  obse rved  i n  t h e  d a y - t i m e
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h o u r s  and the  zone o f  t h e i r  o c c u r re n c e  i s  g r a d u a l l y  reduced 

w i t h  i n c r e a s i n g  Kp . Such a b e h a v io u r  i s  c h a r a c t e r i s t i c  o f  m id -  

- l a t i t u d e  Es l a y e r s  and d i f f e r s  s t r o n g l y  f r o m  th e  morph o logy  o f  

Es l a y e r s  a t  h ig h  l a t i t u d e  s t a t i o n s .

I l l u s t r a t i o n s  o f  t h e  deve lopment  o f  t h e  i o n o s p h e r i c  d i s ­

t u r b a n c e  show which  t y p e  o f  p e r t u r b a t i o n s  p r e d o m in a te s  i n  case 

o f  a g i v e n  Kp a t  t h e  g i v e n  s t a t i o n  i n  p a r t i c u l a r  hour o f  t h e  

d a y .  U n f o r t u n a t e l y ,  t h e  i r r e g u l a r i t y  o f  t h e  s t r u c t u r e  o f  t h e  

i o n o s p h e r e  to  the  n o r t h  o f  the  t r o u g h  r e n d e r s  more d i f f i c u l t  

t h e  a n a l y t i c a l  d e s c r i p t i o n  o f  the  b o u n d a r i e s  s e p a r a t i n g  a re as  

o f  t h e  o c c u r re nc e  o f  t h e  d i f f e r e n t  d i s t u r b a n c e  t y p e s .  M o re o v e r ,  

t h e  s t r u c t u r e  o f  t h e  i o n o s p h e r e  w i t h i n  t h e  a u r o r a l  zones depends 

on t h e  s o l a r  a c t i v i t y .  The schemes o f  t h e  i o n o s p h e r i c  su bs to rm  

d e v e lo p m e n t  are shown i n  F i g .  2 f o r  c o m p a r i s o n  a t  the  s t a t i o n s  

D i x o n ,  N o r i l s k  and A r k h a n g e l s k  i n  t h e  w i n t e r  o f  1975/76.  Common 

f e a t u r e s  are a t  th e  t h r e e  s t a t i o n s t h e  s u b s t a n t i a l  decrease o f

Dixon
94- 67*6

Norilsk
9 = 63*6

Arkhangelsk 
9 ' =  60*1

Fig .  2. I l l u s t r a t i o n s  o f  the development of  an ionospher ic substorm in  the 
winter  of 1975/76 ( s o l a r  a c t i v i t y  minimum)
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t h e  zone o f  F2 s o c c u r r e n c e  i n  t h e  y e a r  o f  s o l a r  a c t i v i t y  m i n i ­

mum, t h e  b ro a d e n in g  o f  t h e  are a  o f  Esr  o c c u r r e n c e  and t h e  e x i s ­

t e n c e  o f  a zone,  where  due t o  t h e  low l e v e l  o f  t h e  i o n i z a t i o n  

r e f l e c t i o n s  are  a b s e n t  (E c o n d i t i o n s ,  i . e .  foF2 <  1 MHz).  The 

zone o f  Esr  i s  p r e s e n t  d u r i n g  t h e  who le  n i g h t  a t  D i x o n  (see 

U s t - T a r e e )  i n  th e  y e a r  o f  s o l a r  a c t i v i t y  minimum ( h e r e b y  i t  

s c r e e n s  th e  F r e g i o n )  and th e  d u r a t i o n  o f  th e  t o t a l  a b s o r p t i o n  

i s  s i g n i f i c a n t l y  i n c r e a s e d .  I n  N o r i l s k  and A r k h a n g e l s k  t h e  same 

changes a re  o b s e rv e d .  S i m i l a r  changes can p r o b a b l y  be a t t r i b u t ­

ed b o t h  t o  the  l o w e r  l e v e l  o f  th e  backg roun d  i o n i z a t i o n  i n  the  

y e a r  o f  s o l a r  a c t i v i t y  minimum and t o  th e  d ec rease  o f  t h e  i n ­

t e n s i t y  o f  d i f f u s e  p r e c i p i t a t i o n .  Thus,  even a s l i g h t  enhance ­

ment o f  t h e  d i s c r e t e  f l u x e s  can r e s u l t  i n  a t o t a l  a b s o r p t i o n  or  

i n  t h e  appearance o f  s c r e e n i n g  Es l a y e r s .  B o u n d a r ie s  o f  th e  area 

o f  t h e  r e g u l a r  F2 l a y e r  o c c u r r e n c e  are  more s t a b l e  d e p e n d in g  on 

th e  l e v e l  o f  s o l a r  a c t i v i t y .  T h i s  boundary  c o r r e s p o n d s  t o  th e  

main i o n i z a t i o n  t r o u g h ,  inasmuch as i t  s e p a r a t e s  t h e  und isturbed 

i o n o s p h e r e  f rom th e  d i s t u r b e d  one .  Us ing the  changes  o f  th e  

b oundary  P(N) = 50 % w i t h  LT and Kp a t  th e  d i f f e r e n t  s t a t i o n s  

shown i n  F i g .  1 and t a k i n g  t h e  c o o r d i n a t e s  o f  t h e  s t a t i o n s ,  the 

e q u a t i o n  o f  a p a r a b o l a  i s  o b t a i n e d ,  by wh ich  th e  l o c a t i o n  o f  

t h e  main i o n i z a t i o n  t r o u g h  i s  d e s c r i b e d  i n  t im e  and space as a 

f u n c t i o n  o f  Kp:

where  ф' and t  d e t e r m i n e  t h e  d i s p l a c e m e n t s  o f  t h e  a x i s  o f  the  

p a r a b o l a  as compared t o  t h e  m i d n i g h t  m e r i d i a n

where  ф '  and t  a re  t h e  i n v a r i a n t  l a t i t u d e  and l o c a l  t i m e .  The 

l o c a t i o n s  o f  the  t r o u g h ,  o b t a i n e d  by t h e  a u t h o r s  a re  compared 

i n  Ф ' ,  LT c o o r d i n a t e  sys tem  f o r  Kp = 1, 3, 5 w i t h  l o c a t i o n s  of  

t h e  bou nd ar y  o f  t h e  d i f f u s e  e l e c t r o n  p r e c i p i t a t i o n  ( K h a l i p o v  e t  
a l .  1 9 7 7 ) ,  w i t h  d e t e r m i n a t i o n s  o f  t h e  t r o u g h  by s a t e l l i t e s

Ф 0 . 1 6  t  -  0 .4  Kp 2  + 1 .3

Ф' = ф ' -  60° t  -  2 .5  
5
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( S p i r o  e t  a l .  1978) and w i t h  data  o f  the  Y a k u t s k  m e r i d i o n a l  

c h a i n  (Benkova and Z i k r a c h  1983) ( F i g .  3 ) .

F ig .  3. Variat ions of the l o c a t i o n  of the main i o n i z a t i o n  trough in ф-LT 
coordinates fo r  Kp = 1, 3 and 5, as shown by a) the data of the 
Nor i l sk meridional chain ,  b) s a t e l l i t e  measurements (Spiro et  a l .  
1978), c) the data o f  the Yakutsk mer idional  chain (Benkova et  a l .  
1984), d) locat ion  o f  the boundary of  the d i f f u s e  prec ip i ta t i on  
(Khalipov et a l .  1977)

REFERENCES

Benko va  N P, Z i k ra c h  E К 1983:  In :  P h y s i c a l  p ro c e s s e s  i n  the  
r e g i o n  o f  the  m a in  i o n o s p h e r i c  t r o u g h .  P rague ,  7 -18.

Benko va  N P, Koz lov  E F , P i r o g  0 M, S a m orok in  N I  1984: J .  Phys 
S o l a r i - T e r r e s t r  . , ( i n  p r e s s )

B e s p ro z v an na y a  A S, Sh chuka  T I  1977: Geomagn. i  aeron om iya,  17 
3 5 -3 9 .

B e s p ro z v an na y a  A S, S h i r o c h k o v  A V, Shchuka T I  1982: I n :  I o n o -  
s f e r n o e  p r o g n o z i r o v a n i e , Moscow, Nauka,  4 9 - 6 6 .

□ r i a t s k y  V M 1974: The n a t u r e  o f  anomalous a b s o r p t i o n  o f  the  
cosm ic  r a d io  n o i s e  i n  th e  h i g h - l a t i t u d e  l o w e r  io n osp he re  
( i n  R us s ia n ) .  L e n i n g r a d ,  G i d r o m e t e o i z d a t

E a t h e r  R H, Mende S B, Judg e  J R 1976: J .  Geophys.  Res . ,  81, 
2805-2824.



DYNAMICS OF IONOSPHERIC DISTURBANCES 95

K h a l i p o v  V Ya, G a l p e r i n  Yu I ,  L i s a k o v  Yu V, K r a p i e r  J ,  N i k o l a ­
enko L M, S i n i t i n  V M, Sovo J-A 1977: K o s m ic h e s k ie  i s s l e -  
d o v a n i y a ,  15, 708-724 .

K u k u s h k in a  R S 1982:  I n :  I s s l e d o v a n i y a  v i s o k o s h i r o t n o y  i o n o s f e -  
r i  i  m a g n i t o s f e r i  Z e m l i .  L e n i n g r a d ,  Nauka, 1 0 1 -1 1 1 .

L i s z k a  L 1967:  3. Atmos.  T e r r .  P h y s . ,  29,  1243-1249.

S p i r o  R W, H u l i s  R A, Hanson W В 1978:  J .  Geophys. R e s . ,  83, 
425 5 -4263 .
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LARGE LATITUDINAL IONIZATION GRADIENTS IN THE 
SUBAURORAL F REGION DURING RAPID ION DRIFTS

Yu I G a l p e r i n 1' ,  V L K h a l i p o v ^  V M F i l i p p o v ^ ,
D D R e s h e t n i k o v

i n s t i t u t e  fo r  Space Research, Academy of  Sciences of the USSR, 
Moscow, Profsoyuznaya u l .  84/32, USSR

2
I n s t i t u t e  f o r  Cosmophysical Research and Aeronomy, Yakutsk, 

Lenin u l .  31, USSR

In many s a t e l l i t e  and ground based experiments in  the subauroral  iono­
sphere a narrow band of  very large westward ion d r i f t s  has been observed due 
to intense loca l  e l e c t r i c  f i e l d s  di rected to the pole. In th is  paper changes 
are studied in  the s t r uc tu re  of  the high l a t i t u d e  ionosphere during the de­
velopment of  narrow bands of  rapid d r i f t .  The re su l t s  show that  narrow 
( ~ 100-200 km) and deep troughs of  the l a t i t u d i n a l  d i s t r i bu t i on  of  Ne are 
formed in  the subauroral  F region of the ionosphere in the v i c i n i t y  o f  the 
zeni th  of  the observing s ta t i on  at th is  t ime.

Keywords: band o f  rapid westward ion d r i f t  (SAID); po la r i za t ion  j e t ;  
spaced rece iver  method; v e r t i c a l  and obl ique incidence sonnding (Dl )

The most  i m p o r t a n t  p a r t  o f  t h e  c o n v e c t i o n  p a t t e r n  i n  th e  

s u b a u r o r a l  zone d u r i n g  a subs to rm  i s  a j e t  o f  ve ry  r a p i d  w e s t ­

ward p lasma d r i f t  w h ich  i s  fo rmed i n  t h e  v i c i n i t y  o f  t h e  p o l a r  

edge o f  t h e  t r o u g h .  T h i s  has been shown on the  b a s i s  o f  measure­

ments on boa rd  o f  t h e  s a t e l l i t e s  Kosmos-184 ,  S3-2,  0G0-6 and 

AE-C i n  t h e  l a s t  y e a r s  ( G a l p e r i n  e t  a l .  1973,  1974, Smiddy e t  

a l .  1977,  Maynard 1978,  S p i r o  e t  a l .  1 9 7 9 ) .

The n a r ro w  j e t  o f  r a p i d  wes tward  d r i f t  has been f i r s t  ob ­

s e rv e d  a t  an i n v a r i a n t  l a t i t u d e  o f  -A. ~ 6 0 °  i n  the measurementsо
on boa rd  o f  th e  s a t e l l i t e  "Kosmos-184"  i n  November 1967 and 

d e s c r i b e d  i n  d e t a i l  by G a l p e r i n  e t  a l .  ( 19 73 ,  1974) ,  who c a l l e d  

i t  " p o l a r i z a t i o n  j e t " .  D i r e c t  measurements  o f  the  d r i f t  v e l o c i ­

t y  have shown t h a t  a " p o l a r i z a t i o n  j e t "  o f  v e l o c i t i e s  t o  

1 .9  km s - 1  i s  fo rmed  d u r i n g  a l a r g e  f l a r e  o f  a su bs to rm  i n  t h e  

m i d n i g h t  s e c t o r  a t  t h e  e q u a t o r i a l  edge,  b ro aden ing  and i n t e n ­

s i f y i n g  t h e  bands o f  westward  d r i f t  a l o n g  the  a u r o r a l  o v a l  i n  

t h e  e v e n in g  s e c t o r  (MLT ~  21)  a lm o s t  a t  t h e  same i n v a r i a n t  l a ­

t i t u d e ,  b u t  i n  t h e  s o u t h e r n  h e m is p h e r e .  A f t e r  40 min t h e
Acta Geod. Geoph. Mont. Hung. 22, 1987 

Akadémiai Kiadó, Budapest
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s a t e l l i t e  "Kosmos-184"  t r a v e r s e d  a g a i n  an ana logous n a r ro w  j e t  

o f  r a p i d  westward  d r i f t  wh ich  was a l s o  l o c a t e d  a t  th e  e q u a t o r i ­

a l  edge o f  the  bro ad  band o f  e a s t w a r d  d r i f t  i n  the  s u b a u r o r a l  

zone and was p r o b a b l y  t h e  c o n t i n u a t i o n  o f  the  " p o l a r i z a t i o n  
j e t "  i n  t h e  e v e n in g  s e c t o r .

These o b s e r v a t i o n s  o f  the  n a r r o w  j e t  o f  r a p i d  w es twa rd  

d r i f t  a t  L s h e l l s  n ea r  th e  p la smapause  have l a t e r  been conf i rmed 

and e x t e n d e d  on thip b a s i s  o f  o t h e r  s a t e l l i t e  measurements 

( S m id dy  e t  a l .  1977,  Maynard 1978,  S p i r o  e t  a l .  197 9) .  Smiddy 

e t  a l .  ( 1977 )  r e p o r t e d  cases o f  o b s e r v a t i o n  o f  i n t e n s e  l o c a l ,  

p o l e w a r d  e l e c t r i c  f i e l d s ,  measured by t h e  s a t e l l i t e  S3-2  i n  th e  

v i c i n i t y  o f  the  p r o j e c t i o n  o f  t h e  p la s m a p au s e .  These f i e l d s  

have s p o r a d i c a l l y  been obse rved  i n  a l a t i t u d e  zone f r om  L = 2 .4  

t o  L = 4 and th e y  have a lways  been f o u n d  i n  the  v i c i n i t y  o f  t h e  

l o c a l  e l e c t r o n  d e n s i t y  minimum w i t h  s p a t i a l  s c a le s  l e s s  t h a n  

1 0 0  km.

The same i n t e n s e  l o c a l  f i e l d s  n e a r  t h e  minimum o f  t h e  main 

t r o u g h  have a l s o  been r e v e a l e d  by t h e  a n a l y s i s  o f  measurements  

c a r r i e d  o u t  on boa rd  o f  the  s a t e l l i t e  OGO- 6  i n  the  p r e m i d n i g h t  

s e c t o r  a t  l a t i t u d e s  60°  i n  1969 (Mayna rd  197 8) .  The a u t h o r  a s ­

sumes t h a t  such f i e l d s  can be p ro d u c e d  d u r i n g  subs to rm s  as a 

r e s u l t  o f  an e x t e n s i o n  to w a rds  low  l a t i t u d e s  o f  th e  r e g i o n  a f ­

f e c t e d  by c o n v e c t i o n  m a i n t a i n i n g  t h e  l ow  c o n d u c t i v i t y  o f  t h e  

i o n o s p h e r e  i n  th e  a rea  o f  the  main i o n i z a t i o n  t r o u g h .  S p i r o  e t  

a l .  ( 1 9 7 9 )  r e p o r t e d  on th e  b a s i s  o f  measurements  o f  t h e  s a t e l ­

l i t e  AE-C o b s e r v a t i o n s  o f  r a p i d  w e s t w a rd  s u b a u r o r a l  i o n  d r i f t s .  

Based on a l a r g e  s t a t i s t i c s  o f  d a ta  r e s u l t i n g  f rom 5 y e a r  ope ra ­

t i o n  o f  th e  s a t e l l i t e ,  th e  c h a r a c t e r  and morpho logy o f  t h i s  
phenomenon have been s t u d i e d .  As a c h a r a c t e r i s t i c  o f  s u b a u r o r a l  

i o n  d r i f t s  t h e  c o i n c i d e n c e  o f  n a r ro w  bands o f  l a r g e  v e l o c i t i e s  

w i t h  t h o s e  o f  sudden i o n  c o n c e n t r a t i o n  g r a d i e n t s  a t  a l t i t u d e s  

1 8 0 -6 0 0  km i s  c o n s i d e r e d .  They n o t e  t h a t  i n  a l l  cases o f  n a r ro w  

j e t s  i n  t h e  t r o u g h ,  t h e  d r i f t  v e l o c i t y  was d i r e c t e d  t o  w e s t  un ­

t i l  l o c a l  morn ing h o u r s .  S p i r o  e t  a l .  ( 1 9 7 9 )  have shown t h a t  i n  

s p i t e  o f  the  f a c t  t h a t  85 % o f  r a p i d  i o n  d r i f t s  were f o u n d  i n  

c o n n e c t i o n  w i t h  a w e l l  d e f i n e d  t r o u g h  i n  t h e  F r e g io n  i o n i z a ­

t i o n ,  j e t s  w i t h  r a p i d  i o n  d r i f t s  have been reco rd ed  o n l y  i n
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20 % o f  t h e  o b s e r v a t i o n s  o f  m i d - l a t i t u d e  t r o u g h s .  As a p o s s i b l e  

f o r m a t i o n  mechanism o f  j e t s  o f  r a p i d  d r i f t s ,  a p o l a r i z a t i o n  

e l e c t r i c  f i e l d  i s  c o n s i d e r e d  w h ic h  i s  p roduced  by g r a d i e n t  

d r i f t  a t  th e  s e p a r a t i o n  o f  p o s i t i v e  and n e g a t i v e  e n e r g e t i c  

cha rged  p a r t i c l e s  o f  th e  p lasma l a y e r  i n  th e  v i c i n i t y  o f  the  

i n n e r  bou nd ar y  o f  t h e  A l f v e n  l a y e r  d u r i n g  substorm s (Southwood 

and Wo l f  1 97 8 ) .  T h i s  mechanism does n o t  demand an anomalous  r e ­

s i s t a n c e  a t  th e  e q u a t o r i a l  edge o f  t h e  n e g a t i v e  e l e c t r o j e t  as 

i t  has been assumed i n  the  i n t e r p r e t a t i o n  o f  th e  phenomenon 

" p o l a r i z a t i o n  j e t "  ( G a l p e r i n  e t  a l .  1973,  1974) on t h e  b a s i s  o f  

t h e  p o l a r i z a t i o n  mechanism s u g g e s te d  by C o r o n i t i  and Kenne l  

( 1972)  :

The r e s u l t s  o f  model  c a l c u l a t i o n s  c o n c e r n in g  t h e  parame­

t e r s  o f  t h e  s u b a u r o r a l  l o w e r  F r e g i o n  ( S p i r o  e t  a l .  1978)  and 

E r e g i o n  (Banks and Yasuhara  1978)  have shown t h a t  an a d d i t i o ­

n a l  n a r ro w  c o n c e n t r a t i o n  " s u b t r o u g h "  i s  fo rmed i n  t h e  band o f  

t h e  " p o l a r i z a t i o n  j e t "  due t o  t h e  t r a n s p o r t  o f  i o n s  c o n n e c te d  

w i t h  t h e  i n c r e a s e  o f  th e  e f f e c t i v e  r e c o m b i n a t i o n  c o e f f i c i e n t .  

R eg a rd in g  th e  F r e g i o n  t h i s  c o n c l u s i o n  i s  i n  q u a l i t a t i v e  a g ree ­

ment w i t h  t h e  measurements  ( S p i r o  e t  a l .  1978, 1 979 ) .

R e c e n t l y  a d d i t i o n a l  d a ta  o f  b o t h  s a t e l l i t e  ( B y t h r o w  e t  a l .  

1980,  R ich  e t  a l .  1980,  Maynard e t  a l .  1980)  and g ro u n d  based 

measurements  ( M i k k e l s e n  e t  a l .  1981,  B o u r d i l l o n  e t  a l .  1982, 

Rob inson e t  a l .  1982)  have been p u b l i s h e d  c o n c e r n i n g  t h e  "p o la r ­

i z a t i o n  j e t "  wh ic h  c o n f i r m e d  th e  i m p o r t a n t  r o l e  o f  t h i s  phenom­

enon i n  su bs to rm  p ro c e s s e s  a t  L s h e l l s  nea r  the  p la smapause .

The s m a l l  l a t i t u d i n a l  e x t e n t  o f  t h i s  band and t h e  l a r g e  

g r a d i e n t s  o f  t h e  e l e c t r o n  d e n s i t y  a t  i t s  edges cause d i f f i c u l ­

t i e s  i n  i t s  e x p l o r a t i o n .  I t  i s  n o t e d  t h a t  a c c o r d i n g  t o  model  

c a l c u l a t i o n s  ( S p i r o  e t  a l .  1978,  Banks and Yasuhara 1978)  the  

most  d e f i n i t e  changes i n  t h e  c h a r a c t e r i s t i c s  o f  th e  s u b a u r o r a l  

i o n o s p h e r e  o c c u r  be low t h e  F r e g i o n  maximum, t h e r e f o r e ,  f o r  a 

t o p s i d e  so unde r  on boa rd  o f  a s a t e l l i t e  the  chance o f  f i n d i n g  

such a na r ro w  s t r u c t u r e  i n  th e  v i c i n i t y  o f  th e  p o l a r  edge o f  

t h e  t r o u g h  i s  l o w .  At t h e  same t i m e ,  th e  r o l e  o f  t h i s  f e a t u r e  

o f  the  c o n v e c t i o n  i s  c e r t a i n l y  v e r y  i m p o r t a n t  i n  t h e  l a t i t u d i ­

n a l  c o n c e n t r a t i o n  p r o f i l e  a t  t h e  p o l a r  edge o f  t h e  t r o u g h  in
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t h e  p r o d u c t i o n  o f  e l e c t r o n  d e n s i t y  i r r e g u l a r i t i e s ,  o f  a i r  g low  

e f f e c t s  e t c .
I n  o r d e r  to  d i s c o v e r  a " p o l a r i z a t i o n  j e t "  on the  b a s i s  o f  

a l a r g e  number o f  i o n o s o n d e  d a ta ,  i t s  d e v e lo p m e n t  on the  i o n o -  

gram o f  a s u b a u r o r a l  s t a t i o n  must be know n.  I n  o r d e r  to  r e c o n ­

s t r u c t  t h i s  d e v e lo p m e n t ,  S i v t z e v a  e t  a l .  ( 1 9 8 2 ,  1983) cons ide red  
t h r e e  c h a r a c t e r i s t i c  e v e n t s  i n  d e t a i l ,  when a r e l i a b l e  i d e n t i f i ­

c a t i o n  and l o c a l i z a t i o n  o f  the  " j e t "  as r e l a t i v e  t o  the s t a t i o n  

i s  p o s s i b l e  by means o f  p u b l i s h e d  d i r e c t  s a t e l l i t e  o b s e r v a t i o n s  

o f  t h e  " p o l a r i z a t i o n  j e t "  above th e  r e g i o n  o f  Yakutsk  and based 

on io n og ram s  o f  a m e r i d i o n a l  ch a in  o f  i o n o s p h e r i c  s t a t i o n s .

F i l i p p o v  e t  a l .  ( 1 9 8 4 )  c o n s t r u c t e d  a q u a n t i t a t i v e  model  o f  

t h e  h i g h  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  i n  t h e  s u b a u r o r a l  F r e ­

g i o n  d u r i n g  the  o c c u r r e n c e  o f  a nar ro w  band o f  r a p i d  d r i f t  i n  

t h e  v i c i n i t y  o f  t h e  z e n i t h  o f  the  o b s e r v i n g  s t a t i o n  and on th e  

b a s i s  o f  i t ,  model  i o n o g r a m s  s i m i l a r  t o  t h a t  obse rved a t  a s u b ­

a u r o r a l  i o n o s p h e r i c  s t a t i o n  i n  the  v i c i n i t y  o f  the  band were 

c o m p u t e d .
I n  t h i s  paper  a n o t h e r  case o f  s imul taneous o b s e r v a t i o n  o f  

r a p i d  i o n  d r i f t  bands i s  s t u d i e d  based on t h e  data  o f  th e  s a t e l ­

l i t e  DE-2 ( S u g i u r a  e t  a l .  1983) r e f e r r i n g  t o  th e  v i c i n i t y  o f  

t h e  m e r i d i o n a l  c h a i n  o f  v e r t i c a l  and o b l i q u e  i n c i d e n c e  s o u n d in g  

s t a t i o n s  and on th e  v a r i a t i o n s  i n  th e  s t r u c t u r e  o f  the  i o n o ­

s p h e r e  a c c o r d i n g  t o  t h e  d a ta  o f  b o t t o m s i d e  so un d ing  s t a t i o n s .

The o b s e r v a t i o n s  were c a r r i e d  ou t  on O c t o b e r  7,  1981. For  t h i s  

p u r p o s e  a t  the  s t a t i o n s  Z h ig an sk and Y a k u t s k  the  h o r i z o n t a l  

r h o m b i c  antenna was r e v e r s e d  what e n a b l e d  s o u n d ing  to  the  

" n o r t h "  and to  t h e  " s o u t h "  and t o  g e t  s u b s t a n t i a l l y  new e x p e r i ­

m e n t a l  d a ta  on th e  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  w i t h  th e  i o n o ­

sonde l o c a t e d  be low  t h e  band o f  i n t e n s e  n o r t h w a r d  e l e c t r i c  

f i e l d s .  The e x p e r i m e n t a l  equ ipment  i s  d e s c r i b e d  by Mamrukov e t  

a l .  ( 1 9 8 2 ) .  In  F i g .  1 a s u c c e s s io n  o f  i o n o g r a m s  o f  v e r t i c a l  and 

o b l i q u e  i n c i d e n c e  s o u n d i n g  o b t a i n e d  a re  shown i n  case o f  s ound ­

i n g  t o  t h e  " n o r t h "  and t o  th e  " s o u t h "  a t  t h e  s t a t i o n s  T i x i e ,  

Z h i g a n s k  and Y a k u t s k .  Bo t t om  r i g h t  t h e  magnetogram o f  T i x i e  i s  

a l s o  p re s e n t e d  where  t h e  t i m e s  o f  s o u n d i n g s  a re  denoted by 

a r r o w s .  F i g u r e  1 shows t h a t  an a d d i t i o n a l  r e f l e c t i o n  o f  a l o w e r
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Fig.  1. Succession of  v e r t i c a l  and obl ique incidence sour ding ionograms at 
the s ta t ions  T ix ie ,  Zhigansk and Yakutsk dur ing the occurrence of  a 
narrow band o f  rapid d r i f t  on October 7, 1981. The magnetogram of 
Tixie i s  also shown

c r i t i c a l  f r e q u e n c y  and i n  a d i s t a n c e  l a r g e r  t h an  t h e  t r a c e  o f  

t h e  r e g u l a r  F2 l a y e r  appea rs  a t  t i m e  o f  th e  d e v e lo p m e n t  o f  the  

s u b s to rm  a c t i v e  phase (09 15 UT) i n  t h e  v e r t i c a l  s o u n d i n g  i o n o -  

gram o f  T i x i e .  T h i s  r e f l e c t i o n  i s  c h a r a c t e r i s t i c  o f  t h e  o c c u r ­

r e n c e  o f  a r a p i d  w es tw ard  d r i f t  band and c o r r e s p o n d s  t o  t h e  

d e c re a s e  o f  t h e  e l e c t r o n  d e n s i t y  i n  t h e  z e n i t h  o f  t h e  o b s e r v i n g  

s t a t i o n  ( S i v t z e v a  e t  a l .  1982, 1 98 3 ) .  L a t e r  above th e  s t a t i o n  

T i x i e  t h i s  t r a c e  d i s a p p e a r e d  and a t  11 15 UT i t  a p p ea re d  above 

t h e  s t a t i o n  Z h i g a n s k ,  how eve r ,  a t  t h e  s t a t i o n  T i x i e  r e f l e c t i o n s  

c o r r e s p o n d i n g  t o  t h e  l o c a t i o n  o f  t h e  s t a t i o n  be low  t h e  d i f f u s e  

zone o f  p r e c i p i t a t i o n  a re  obs e rved  ( H a l i p o v  e t  a l .  1 9 7 7 ) .

T ra ces  i n  a d i s t a n c e  o f  ~  500 km c h a r a c t e r i s t i c  o f  t h e  approach 

t o  t h e  boundary  o f  d i f f u s e  p r e c i p i t a t i o n  appea red  a t  11 30 UT 

(20  30 LT) by t h e  o b l i q u e  i n c i d e n c e  so u n d in g  t o  t h e  " n o r t h "  

f r o m  s t a t i o n  Z h i g a n s k ,  a t  12 00 UT s t a t i o n  Z h ig a n s k  g o t  t o  the
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d i f f u s e  zone, th ou gh  r e f l e c t i o n s  o f  t h e  t y p e  F3s can be seen 

y e t  a t  the  o b l i q u e  i n c i d e n c e  sound ing t o  t h e  " s o u t h "  ( S i v t z e v a  

e t  a l .  1982, 1983)  p r o v i n g  the  m o t i on  o f  t h e  n a r ro w  t r o u g h  to  

t h e  s o u t h  o f  s t a t i o n  Z h i g a n s k .  At 12 30 UT r e f l e c t i o n s  show ing  

t h e  approach o f  t h e  p o l a r  edge o f  t h e  t r o u g h  a l r e a d y  t o  t h e  

l a t i t u d e  o f  s t a t i o n  Y a k u t s k  appeared by t h e  o b l i q u e  i n c i d e n c e  

s o u n d i n g  to  the  " n o r t h "  f r o m  s t a t i o n  Y a k u t s k .

I n  F i g .  2 maps o f  t h e  l i n e s  o f  e q u a l  i o n i z a t i o n  co r re s p o n d ­

i n g  t o  c o n s e c u t i v e  i o n o g r a m s  o f  the  v e r t i c a l  and o b l i q u e  i n c i ­

d ence  sound ing  p r e s e n t e d  i n  F i g .  1 a re  shown.  Bot tom r i g h t  i n  

F i g .  2 r e s u l t s  o f  e l e c t r i c  f i e l d  and f i e l d  a l i g n e d  c u r r e n t  mea­

s u r e m e n t s  on boa rd  o f  t h e  s a t e l l i t e  DE-2 a r e  p l o t t e d ,  where the  

o b s e r v a t i o n  t ime  o f  a n a r r o w  band o f  i n t e n s e  p o le w a rd  e l e c t r i c

7 October 1981

UT 1Q 26 10 28 10 Ж
M T 813 845 874
ML T 20.1 2 0  6 2 09
IL AT 73.1 6 6 5 5 9 8

Fig .  2. Succession of  maps o f  equal ion iza t ion  l i n e s  obtained on the basis 
o f  ionograms o f  F ig.  1 and a sudden jump o f  the northward e l e c t r i c  
f i e l d  recorded on board of  the s a t e l l i t e  DE-2 (Sugiura et a l .  1983)
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f i e l d  ( >  150 mV m i s  den o te d  by an a r r o w ,  on th e  map o f  

l i n e s  o f  e q u a l  i o n i z a t i o n  th e  t im e  o f  t h e  jump i n  t h e  e l e c t r i c  

f i e l d  a t  11 15 UT i s  den o te d  by a t h i c k  a r r o w .  The s a t e l l i t e  

measurements  were c a r r i e d  o u t  45 min e a r l i e r  than t h e  n a r ro w  

t r o u g h  appeared above th e  s t a t i o n  Z h i g a n s k ,  bu t  d i s p l a c e d  ap­

p r o x i m a t e l y  j u s t  as much i n  MLT t o  t h e  e a s t  f rom th e  m e r i d i a n  

o f  t h e  g round  based measurements .  I t  s h o u ld  be no ted  t h a t  th e  

map o f  e q u a l  i o n i z a t i o n  l i n e s  was c o n s t r u c t e d  w i t h  i n v a r i a n t  

l a t i t u d e  and v i r t u a l  h e i g h t  c o o r d i n a t e s  u s in g  t r a c e s  i n  t h e  

i onog ram s  wh ich  c o r r e s p o n d  t o  th e  n a r ro w  t r o u g h  o f  i o n i z a t i o n  

and t o  m o t i o n  o f  th e  p o l a r  edge o f  t h e  t r o u g h .  In  t h i s  p r o c e ­

d u re  th e  knowledge o f  t h e  d i r e c t i o n a l  an tenna p a t t e r n  a l l o w s  to  

g e t  i n f o r m a t i o n  c o n c e r n i n g  th e  a n g le s  o f  r e c e p t i o n  o f  t h e  r e ­

f l e c t e d  s i g n a l s  and t o  use them i n  t h e  c o n s t r u c t i o n  o f  i s o l i n e s .  

I n  F i g .  2 th e  numbers on th e  c u r v e s  i n d i c a t e  the  p lasma f r e ­

quency i n  MHz. The n a r ro w  i o n i z a t i o n  t r o u g h  i s  l o c a t e d  a t  the  

e q u a t o r i a l  edge o f  th e  d i f f u s e  p r e c i p i t a t i o n .

I n  t h e  f o l l o w i n g  p a r a m e t e r s  o f  a na r ro w  band o f  r a p i d  

d r i f t  r e c o r d e d  by means o f  th e  spaced r e c e i v e r  method ( 0 1 ) a re  

d i s c u s s e d .  For  the  i d e n t i f i c a t i o n  o f  a band o c c u r r i n g  i n  th e  

v i c i n i t y  o f  th e  o b s e r v i n g  s t a t i o n ,  i t s  deve lopment  i n  t h e  

s t r u c t u r e  o f  the  s u b a u r o r a l  i o n o s p h e r e  i n d i c a t e d  by c h a r a c t e r ­

i s t i c  r e f l e c t i o n s  has a l s o  been use d .  The o b s e r v a t i o n a l  r e s u l t s  

on November 26, 1983 a re  shown i n  F i g .  3.  Top th e  s u c e s s i o n  o f  

io n og ram s  o b t a i n e d  w i t h  v e r t i c a l  and o b l i q u e  i n c i d e n c e  s o u n d in g  

t o  t h e  " n o r t h "  and " s o u t h "  a t  s t a t i o n  T i x i e ,  bo t t om t h e  d r i f t  

v e l o c i t y  measured by means o f  method 0 1  and th e  magnetogram o f  

s t a t i o n  T i x i e  are  p r e s e n t e d .  In  t h e  v e r t i c a l  so un d ing  io n og ram s  

s m a l l  c i r c l e s  denote  r e g i o n s  o f  t h e  i o n o s p h e r e ,  a t  t h e  r e f l e c ­

t i o n  f r om  wh ich  the  d r i f t  v e l o c i t y  was d e te rm in e d  by method D l ,  

f u r t h e r ,  numbers around th e  s m a l l  c i r c l e s  co r re s p o n d  t o  t h e  

number o f  t h e  d r i f t  v e l o c i t y  v e c t o r .  The s im u l t a n e o u s  o c c u r ­

r e n c e  o f  t r a c e s  c h a r a c t e r i s t i c  o f  a s t a t i o n  w i t h  a l l  t h r e e  an­

te n n a s  ( v e r t i c a l  s o u n d i n g ,  o b l i q u e  i n c i d e n c e  so un d ing  " n o r t h "  

and " s o u t h " )  below th e  band o f  t h e  " p o l a r i z a t i o n  j e t "  and t h e i r  

u n i f o r m i t y  i n d i c a t e  t h a t  th e  n a r ro w  i o n i z a t i o n  t r o u g h  i s  l o c a t ­

ed a t  t h e  z e n i t h  o f  th e  o b s e r v i n g  s t a t i o n  and i t  i s  o f  a s m a l l
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. 3. D r i f t  ve loc i t ies  measured by 
means o f  the method D1 during 
the occurrence of  a narrow 
band of  rapid d r i f t  on Novem­
ber 26, 1983 at the s ta t i on  
T i x ie .  The magnetogram of 
T i x ie  i s  also shown

s p a t i a l  e x t e n t  ( ~  1 0 0 -2 0 0  km). The r e s u l t s  o f  the  e x p e r i m e n t  

show t h a t  i n  th e  r e g i o n  o f  the  i o n o s p h e r e  a f f e c t e d  by t h e  band 

o f  r a p i d  i on  d r i f t  a t  t h e  b e g in n in g  and a t  t h e  end o f  t h e  ob ­

s e r v a t i o n s  l a r g e  (up  t o  700 ms w es tw a rd  d r i f t  v e l o c i t i e s  are  

r e c o r d e d ,  though i n  t h e  c e n t r e  o f  th e  o b s e r v a t i o n  p e r i o d  d r i f t  

v e l o c i t i e s  i n  t h e  r e g u l a r  F2 l a y e r  and i n  t y p e  ЕЗ̂ , r e f l e c t i o n s  

( F i l i p p o v  e t  a l .  198 4 )  a re  a p p r o x i m a t e l y  e q u a l  and d i r e c t e d  t o  

t h e  w es t  (compare a r r o w s  Nos 2, 3, 4 and 5 ) .  S i m i l a r l y  h i g h  

d r i f t  v e l o c i t i e s  were  measured under  a n a lo g o u s  c o n d i t i o n s  i n  

Z h i g a n s k  on F e b r u a ry  8 , 1982 by means o f  t h e  method D l .  Thus,  

r e s u l t s  o f  the  m easu rem en ts  c a r r i e d  o u t  by t h e  method Dl  show 

t h a t  t h ro u g h  the  s t r u c t u r a l  p r o p e r t i e s  o f  t h e  io n o s p h e re  a c ­

c o m p l i s h e d  by a band o f  r a p i d  westward  i o n  d r i f t  s u b s t a n t i a l l y  

l a r g e  v a l o c i t i e s  o f  w e s t w a rd  plasma c o n v e c t i o n  are  o b s e rv e d .

r 17 LT °J-
15 18 21 LT

Î • > <
4 lOOm 1%

5 I ~

IЮ0 rí 
IiOOrf

18 LT 
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CONCLUSIONS

The e x p e r i m e n t a l  r e s u l t s  p r e s e n t e d  i n  t h i s  paper  show t h a t  

i n  t h e  s u b a u r o r a l  F r e g i o n ,  d u r in g  t h e  d e v e lo p m e n t  o f  a n a r ro w  

band o f  r a p i d  d r i f t  n a r r o w  and deep i o n i z a t i o n  t r o u g h s  a re  
f o r m e d ,  which are  p r o d u c e d  p a r t l y  by r a p i d  westward  t r a n s p o r t
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o f  t h e  i o n i z a t i o n ,  p a r t l y  by the  change o f  th e  speed o f  p h o t o ­

c h e m ic a l  r e a c t i o n s  i n  s t r o n g  e l e c t r i c  f i e l d s ,  r e s u l t i n g  t r o u g h  

r e c o m b i n a t i o n  p r o c e s s e s  i n  a sudden r e d u c t i o n  o f  i o n i z a t i o n  i n  

t h i s  r e g i o n  o f  t h e  i o n o s p h e r e  (Schunk e t  a l .  197 6) .

A c c o r d i n g  t o  measurements  c a r r i e d  o u t  by means o f  t h e  

method 0 1  i n  t h e  r e g i o n  o f  th e  " p o l a r i z a t i o n  j e t " ,  h i g h  w e s t ­

ward d r i f t  v e l o c i t i e s  o f  t h e  i o n o s p h e r i c  p lasma a re  r e c o r d e d  

(up t o  700 ms- 1 ) .

From th e  measurements  o f  a m e r i d i o n a l  c h a i n  o f  i on os o nd e s  

a c h a r a c t e r i s t i c  s u c c e s s i o n  o f  v e r t i c a l  and o b l i q u e  i n c i d e n c e  

s o u n d in g  ionograms o b s e rv e d  d u r i n g  t h e  deve lo pm en t  o f  t h e  " p o ­

l a r i z a t i o n  j e t "  i s  p r e s e n t e d .
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IRREGULARITIES IN THE DISTRIBUTION OF 0+ AND H+ IONS 
IN THE SUBAURORAL IONOSPHERE
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In th i s  paper experimental  data are presented concerning the d i s t r i b u ­
t i o n  of  0+ and H+ ions i n  the subauroral ionosphere at  a l t i t ud es  from 400 
to 1 0 0 0  km fo r  n igh t  hours of  the winter s o l s t i c e  measured on board of  the 
s a t e l l i t e s  "Intercosmos-12" "0 reo l - l ,  2" and "Meteor".

I r r e g u l a r i t i e s  of  charac te r is t i c  scales o f  200 km in the l a t i t u d i n a l  
d i s t r i b u t i o n  of  0+ and H+ ions are observed both i n  geomagnetical ly qu ie t  
and disturbed condi t ions i n  the region of  the mid la t i t ude trough.

For the in te rp re ta t i o n  of  the resu l ts ,  data of  a chain of  v e r t i c a l  and 
obl ique incidence sounding s tat ions have also been used. The possible mech­
anism i s  discussed which leads to the observed i r r e g u l a r i t i e s  i n  the l a t i ­
tud ina l  d i s t r i b u t i o n  of  0+ and H+ ions in the subauroral  ionosphere.

Keywords: ionospheric i r r e g u la r i t i e s ;  m id - la t i t u de  trough; subauroral  
ionosphere

I n v e s t i g a t i o n  o f  t h e  i o n  d i s t r i b u t i o n  i n  the  s u b a u r o r a l  

o u t e r  i o n o s p h e r e  has been c a r r i e d  o u t  by means o f  a number o f  

s a t e l l i t e s ,  and o f  known da ta  c o n c e r n i n g  t h e  l o c a t i o n  and d y ­

namics  o f  t h e  m i d - l a t i t u d e  t r ou gh  i n  c o n c e n t r a t i o n s  o f  t h e  i o n s  

0* and H+ (Kohnlein and R a i t t  1977, B r i n t o n  e t  a l .  1978,  Ahmed 

e t  a l .  1979, Iv a n o v  e t  a l .  1980, M o f f e t  and Quegan 1 9 8 3 ) .  The 

mechanisms l e a d i n g  t o  f o r m a t i o n  o f  t h e  m i d - l a t i t u d e  t r o u g h  i n  

th e  o u t e r  i o n o s p h e r e  c o u l d  be i d e n t i f i e d  by the  s t u d y  o f  t h e  

s i m u l t a n e o u s  d i s t r i b u t i o n s  o f  d i f f e r e n t  i o n s  i n  th e  r e g i o n  o f  

th e  t r o u g h ,  as w e l l  as i n v e s t i g a t i o n  o f  t h e  i r r e g u l a r i t i e s  i n  

th e  d i s t r i b u t i o n  o f  d i f f e r e n t  i o n s  d i r e c t l y  i n  th e  t r o u g h .

Only a few r e c e n t  r e p o r t s  can be fo u n d  about  o b s e r v a t i o n s  

o f  i r r e g u l a r i t i e s  o f  th e  d im en s ion  o f  1 0 0 - 2 0 0  km i n  t h e  r e g i o n  

o f  t h e  m i d - l a t i t u d e  t r o u g h .  A c c o r d in g  t o  M i l l e r  and Grebowsky

Acta Geod. Geoph. Mont. Hung. 22, 1987 
Akadémiai Kiadó, Budapest
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( 1 9 7 7 ) ,  s t r u c t u r e s  o f  i n c r e a s e d  e l e c t r o n  c o n c e n t r a t i o n  have 

been o b s e rv e d  on th e  b a s i s  o f  t h e  d a t a  measured on boa rd  o f  

" I S I S - 2 " .  They p r e s e n t e d  cases  o f  t h e  o c c u r r e n c e  o f  i r r e g u l a r i ­

t i e s  i n  c o n c e n t r a t i o n  o f  t h e  i o n s  0 + and H+ w i t h  c h a r a c t e r i s t i c  

d i m e n s i o n s  o f  ~ 2 0 0  km i n  t h e  r e g i o n  o f  t h e  m i d - l a t i t u d e  t r o u g h  

r e c o r d e d  by the  s a t e l l i t e s  " I n t e r c o s m o s - 1 2 "  (G d a le v i c h  e t  a l .  

1 9 7 9 ) ,  " O r e o l - 1  and 2" (E rs h o v a  and S i v t s e v a  1974, Grechnev e t  

a l .  1977)  and " M e t e o r "  ( I v a n o v  e t  a l .  1980)  a t  a l t i t u d e s  b e ­

tw een  400 and 1000 km i n  t h e  n i g h t  h o u r s  o f  th e  w i n t e r  s o l s t i c e  

and i n  t h e  e l e c t r o n  c o n c e n t r a t i o n  f o u n d  on th e  b a s i s  o f  d a t a  o f  

b o t t o m  s i d e  s o u n d in g s .  A l l  s a t e l l i t e s  e x c e p t  "M e teo r "  were un ­

o r i e n t e d  .

I n  F i g .  1 cases o f  l o c a l i z e d  i r r e g u l a r i t i e s  are  shown i n  

t h e  d i s t r i b u t i o n  o f  t h e  0 + c o n c e n t r a t i o n  a t  the  bot t om o f  t h e  

t r o u g h  a t  i n v a r i a n t  l a t i t u d e s  -n. 6 0 - 6 7 ü r eco rd ed  on th e

s a t e l l i t e s  " O r e o l - 2 "  and " M e t e o r "  u n d e r  q u i e t  c o n d i t i o n s  

(Kp = 1 - ,  Kp = 0 r e s p e c t i v e l y )  a f t e r  m i d n i g h t .  Here peaks o f  

u n i f o r m  s t r u c t u r e  o f  t h e  О"*” c o n c e n t r a t i o n  can be seen w i t h i n

elem s'1 
10’

K)
KTn.crn3

1 0 "

F ig.  1. Examples of  i r r e g u l a r i t i e s  i n  the concent rat ion of 0’  ions i n  IF
area of  the m id - la t i t u de  trough from the measurements of  the s a t e l ­
l i t e s  "Oreol-2" (a) and "Meteor" ( b ) .  In Fig.  la I  corresponds to  
the f l u x  of e lec trons  o f  energy ~  2 keV. In Fig. lb  the i n t e g ra l  
f l u x  of  electrons o f  energy E >  350 eV measured simultaneously by 
the s a t e l l i t e  "Meteor" i s  shown by the histogram
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t h e  t r o u g h  bo th  a t  450 km ( d a t a  o f  t h e  s a t e l l i t e  " O r e o l - 2 " )  and 

a t  900 km ( d a ta  o f  t h e  s a t e l l i t e  " M e t e o r " ) .  S i m u l t a n e o u s  mea­

s u re m e n t s  o f  p r e c i p i t a t i n g  p a r t i c l e s  on board  o f  t h e s e  s a t e l ­

l i t e s  i n d i c a t e  t h e i r  absence i n  th e  a re a  o f  o c c u r r e n c e  o f  th e  

i r r e g u l a r i t i e s .  The 0 + c o n c e n t r a t i o n  i n c r e a s e s  by a f a c t o r  o f  

2 - 3 .  Thus, th e  i r r e g u l a r i t i e s  r e v e a l e d  i n  the  d i s t r i b u t i o n  o f  

t h e  0 + c o n c e n t r a t i o n  a t  th e  bo t tom  o f  the  t r o u g h  a re  n o t  c o n ­

n e c t e d  w i t h  p r e c i p i t a t i o n .
I n  F i g .  2 examples  o f  th e  o c c u r r e n c e  o f  i r r e g u l a r i t i e s  i n  

t h e  d i s t r i b u t i o n  o f  H+ i o n s  are  shown i n  th e  area o f  t h e  l i g h t  

i o n  t r o u g h ;  they  have been re c o rd e d  by the  s a t e l l i t e s  " O r e o l - 1 " 

and " I n t e r c o s m o s - 1 2 "  a t  a l t i t u d e s  between 450 and 650 km i n  the

DISTRIBUTION OF 0+ ANO H+ IONS

Fig.  2. Examples of  i r r e g u l a r i t i e s  in  the d i s t r i b u t i o n  of  H ions w i th in  
the l i g h t  ion trough recorded by the s a t e l l i t e s  "Oreol -1"  and 
"Intercosmos-12". The loca t ion  of  the boundary of  d i f f u s e  aurora 
obtained by means o f  the model Gussenhoven et  a l .  (1983) i s  i n ­
dicated by arrows



110 V A ERSHOVA e t  a l .

p o s t - m i d n i g h t  p e r i o d  u n d e r  q u i e t  c o n d i t i o n s  (K^ = 0 ) .  In  th ese  

c a s e s  th e  l o c a t i o n  o f  t h e  p o l a r  edge o f  t h e  t r o u g h  i s  shown by 

a r r o w s  i n d i c a t i n g  t h e  l o c a t i o n  o f  t h e  d i f f u s e  a u r o r a l  boundary  

(BDA)  d e te rm in e d  on t h e  b a s i s  o f  a model  f o r  th e  morn ing s e c t o r  

(Gussenhoven e t  a l .  1 9 8 3 ) .  Thus, t h e  i n c r e a s e  o f  H+ c o n c e n t r a ­

t i o n  i n  the  v i c i n i t y  o f  t h e  i n v a r i a n t  l a t i t u d e  60° ta k es  p l a c e  

w i t h i n  th e  l i g h t  i o n  t r o u g h  a t  b o th  s a t e l l i t e s .

However , i f  t h e  a n g u l a r  c h a r a c t e r i s t i c s  o f  th e  H+ i o n s  i s  

s u f f i c i e n t l y  b road ( b o t h  s a t e l l i t e s  were  u n o r i e n t e d ) ,  i t  i s  im­

p o s s i b l e  to  d e t e r m i n e  w i t h  c e r t a i n t y ,  w h e t h e r  the  g iv e n  accumu­

l a t i o n  o f  H+ i o n s  c o r r e s p o n d s  to  t h e  i n c r e a s e  o f  H+ c o n c e n t r a ­

t i o n ,  o r  i n  these  c a s e s  f l u x e s  o f  H+ i o n s  a re  rec o rd ed  by the  

m a s s - s p e c t r o m e t e r .  I f  i t  i s  supposed t h a t  f l u x e s  have been r e ­

c o r d e d  then  they  w i l l  be d i r e c t e d  t o  t h e  e a s t  i n  the  morn in g  

s e c t o r  c o r r e s p o n d i n g  t o  t h e  p a t t e r n  o f  c o n v e c t i o n  i n  th e  p o s t -  

- m i d n i g h t  s e c t o r .

I n  F i g .  3 a n o t h e r  case o f  i r r e g u l a r i t i e s  i n  the  d i s t r i b u ­

t i o n  o f  H+ i s  shown a t  t h e  bot tom o f  t h e  t r o u g h  which  was o b ­

s e r v e d  by th e  s a t e l l i t e  " 0 r e o l - 2 " i n  a h e i g h t  o f  800 km a t

50'  60* 70*

F ig.  3. La t i tu d ina l  d i s t r i b u t i o n  of  the ions 0+ and H+ measured by means of 
the s a t e l l i t e  "0 reo l - 2 "  February 5, 1974 dur ing a substorm
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21 MLT and Kp = 2+.  These measurements  were c a r r i e d  o u t  i n  t h e  

i n i t i a l  phase o f  a s ubs to rm  ( a c c o r d i n g  t o  the  K i r u n a  m ag ne to -  

g ra m ) ,  o c c u r r i n g  a f t e r  a q u i e t  p e r i o d  o f  t h re e  days .  H e re ,  a 

sudden and l o c a l i z e d  ( ~  100 km) i n c r e a s e  o f  the  H+ c o n c e n t r a ­

t i o n  can be seen a t  t h e  bot tom o f  t h e  l i g h t  i on  t r o u g h .  I n  t h i s  

case th e  measurements  were made a l o n g  f i e l d  l i n e s  a t  p i t c h -  

- a n g l e s  nea r  z e r o .  I t  i s  p o s s i b l e  t h a t  t h i s  i r r e g u l a r i t y  i n  the  

d i s t r i b u t i o n  o f  H+ i n d i c a t e s  a downward f l u x  o f  H+ i o n s  a l o n g  

th e  f i e l d  l i n e s .

The i o n o s p h e r e ' s  s t r u c t u r e  i n  t h e  area o f  th e  main i o n i z a ­

t i o n  t r o u g h  i s  s t u d i e d  by the  d a ta  o f  b o t t o m s id e  s o u n d i n g  s t a ­

t i o n s .  F i g u r e  4 shows th e  ionog rams  o f  th e  s t a t i o n  Z h ig a n s k  

( A  = 6 1 ° )  f o r  December 27, 1977. V e r t i c a l  and o b l i q u e  i n c i ­

dence s o u n d in g s  o f  th e  i o n o s p h e r e  have  been c a r r i e d  o u t  by 

means o f  an a e r i a l  o f  the  t y p e  " h o r i z o n t a l  rhombus" .  The d i r e c ­

t i o n a l  p a t t e r n s  o f  th e  antenna f o r  t h e  o b l i q u e  i n c i d e n c e  s o un d ­

i n g  have th e  c h a r a c t e r i s t i c  f e a t u r e  t h a t  a t  2-3 MHz i t s  e f f e c -  

t i v i t y  t o  r e c e i v e  s i g n a l s  f rom  th e  r e g i o n  near  to  t h e  z e n i t h  o f  

t h e  s t a t i o n  i s  a p p r o x i m a t e l y  e q u a l  t o  t h a t  o f  th e  a n te nn a  f o r  

v e r t i c a l  s o u n d i n g .
In  F i g .  4 t h e  ionog ram o f  t h e  o b l i q u e  i n c i d e n c e  s o u n d i n g  

t o  t h e  n o r t h  i s  d en o te d  by OS " N " ,  w h i l e  t h a t  o f  t h e  v e r t i c a l  

so u n d in g  by VS. I t  can be seen f r o m  t h e  f i g u r e  t h a t  an a d d i ­

t i o n a l  r e f l e c t i o n  h a v i n g  a c r i t i c a l  f r e q u e n c y  e x c e e d in g  t h a t  o f  

a r e g u l a r  l a y e r  appeared a t  01 00 LT i n  a l t i t u d e s  above th e  

r e g u l a r  F2 l a y e r .  The t r a c e s  a p p e a r i n g  a t  h ig h  v i r t u a l  h e i g h t s  

can s i m u l t a n e o u s l y  be seen b o th  i n  t h e  ionograms o f  t h e  v e r t i ­

c a l  s o u n d in g  and i n  t h e  ionograms o f  t h e  o b l i q u e  i n c i d e n c e  

s o u n d in g  sh ow in g  t h a t  t h i s  r e f l e c t i n g  r e g io n  i s  l o c a t e d  n ea r  

t h e  z e n i t h  o f  t h e  s t a t i o n .  T h i s  i s  a l s o  c o n f i r m e d  by t h e  fo rm  

o f  th e  t r a c e  h a v i n g  a d d i t i o n a l  r e f l e c t i o n s  c h a r a c t e r i s t i c  o f  

t h e  v e r t i c a l  r e f l e c t i o n s .  T h i s  n i g h t  such r e f l e c t i o n s  were ob ­

s e rv e d  o n l y  a t  t h e  s t a t i o n  Z h i g a n s k ,  a t  the  s t a t i o n s  Y a k u t s k  

and T i x i e  t h e y  were  a b s e n t .  From t h e  l a t i t u d i n a l  p r o f i l e  o f  

i o n i z a t i o n  i t  f o l l o w s  t h a t  th e  s t a t i o n  Zh igansk i s  l o c a t e d  a t  

t h i s  t im e  on t h e  d a y - s i d e  o f  t h e  m a in  i o n i z a t i o n  t r o u g h .  A t  the  

t im e  i n  q u e s t i o n  t h e  p o l a r  edge o f  t h e  t r o u g h  was above T i x i e

DISTRIBUTION OF 0+ AND H+ IONS
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Fig .  4. Successive ionograms o f  the s ta t i on  Zhigansk fo r  27. 12. 1977 at  
the time of a dd i t io na l  r e f l e c t i o n  recordings in  the area of  the 
main ion i za t ion  trough

(TV = 6 5 . 5 ° ) .  A c c o r d i n g  t o  the  mag ne togram ,  i n  T i x i e  a n e g a ­

t i v e  d i s t u r b a n c e  w i t h  an a m p l i t u d e  o f  ~ 150 nT was r e c o r d e d .

An a n a l y s i s  o f  s u c c e s s i v e  i onog ram s  shows t h a t  th e  d i s t u r ­

bance  d e v e lo p s  w i t h i n  ~ 2 hou rs  and t h e  s t a t i o n  Zh ig an sk  g e t s  

i n t o  t h e  zone o f  d i f f u s e  a u r o r a .  I t  i s  s u g g e s te d  t h a t  t h e  a d ­

d i t i o n a l  v e r t i c a l  r e f l e c t i o n s  a t  h e i g h t s  ~ 5 0 0  km shown i n  F i g .  

4 c o r r e s p o n d  to  t h e  i n c r e a s e  o f  e l e c t r o n  c o n c e n t r a t i o n  a t  t h e s e  

h e i g h t s  i n  the area  o f  t h e  main t r o u g h  and t o  th e  appea rance  o f
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th e  e f f e c t  " r e l e a s e "  o f  i o n i z a t i o n  f r o m  th e  p la smasp he re  i n t o  

th e  i o n o s p h e r e .

S i m i l a r  ion og rams have a l s o  been r e c o rd e d  i n  a number  o f  

c a s es .

T a y l o r  (19 73 )  p r e s e n t e d  r e s u l t s  o f  th e  measurement o f  i o n ­

i z a t i o n  h e i g h t  p r o f i l e s  o b t a i n e d  by t h e  method o f  i n c o h e r e n t  

s c a t t e r  o f  r a d i o  waves i n  M a lv e rn  where  an a d d i t i o n a l  e l e c t r o n  

d e n s i t y  maximum was obse rv ed  i n  t h e  a re a  o f  the  main i o n i z a ­

t i o n  t r o u g h  a t  h e i g h t s  ^ 6 0 0  km, w i c h  descended g r a d u a l y  t o  th e  

h e i g h t  o f  th e  r e g u l a r  F2 l a y e r .

The r e s u l t s  p r e s e n t e d  here  shaw t h a t  i r r e g u l a r i t i e s  i n  th e  

l a t i t u d i n a l  c o n c e n t r a t i o n  d i s t r i b u t i o n  o f  the  0 + i o n s  and e l e c ­

t r o n s  a re  o b s e rv e d  i n  a broad  ran ge  o f  a l t i t u d e s  f r om  t h e  F 

r e g i o n  maximum t o  1000 km. I t  i s  p o s s i b l e  t h a t  i n  case o f  th ese  

i r r e g u l a r i t i e s  one o f  th e  f o r m a t i o n  mechanisms i s  l o c a l i z e d  

f l u x e s  o f  t h e r m a l  H+ i o n s  f rom  t h e  p la smasphe re  i n t o  t h e  i o n o ­

sp he re  i n  t h e  i n i t i a l  phase o f  s u b s t o r m s .

DISTRIBUTION OF 0 + AND H+ IONS
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A c ta  Geod. Geoph. M o n t. H u n g ., V o l .  22 ( 1 - 2 ) ,  p p . 1 1 5 -1 2 5  (1 9 8 7 )

ON SOME CHARACTERISTICS OF SPREAD-F AND THE NIGHT 
ENHANCEMENTS OF f qF2 AT LOW LATITUDES

D S a m a r d z h ie v 1 and S Uzunova 1

^Geophysical I n s t i t u t e ,  Bulgarian Academy of Sciences, 
Akad. G. Bonchev s t r . ,  Ы .  13, Sof ia 1113, Bulgaria

Based on v e r t i c a l  sounding data of  the Af r ican s tat ions Dakar, 
Ouagadougou and D j ib ou t i  f o r  the period 1976-81, charac te r is t i cs  of  the 
anomalous n ight  enhancement of  f 0 F2 and spread-F are invest igated.  The re­
su l t s  obtained support the conclusion th a t  the two phenomena are c lose ly  
but inverse ly  related.  A j o i n t  study of  the charac te r is t i cs  and proper t ies  
of  both events mutual ly supplementing each other i s  needed.

Keywords: geomagnetic anomaly; n igh t  enhancement of f oF2; spread-F 

INTRODUCTION

The purpose o f  the  p r e s e n t  work  i s  t o  d e te rm in e  some c h a r ­

a c t e r i s t i c s  o f  t h e  anomalous n i g h t  enhancements o f  t h e  c r i t i c a l  

f r e q u e n c y  f QF2  ( A f Q) and t h a t  o f  t h e  s p re a d -F  (F Sp r ) o f  th e  
i o n o s p h e r e  ove r  t h e  A f r i c a n  zone.  Fo r  t h e  p e r i o d  1976-1981 da ta  

f r om  t h r e e  s t a t i o n s  have been used .  These are

Dakar -  f  = 1 4 ° 4 6 'N , К = 17 ° 2 5 ' W, ф = 2 1 . 7°N

Ouagadougou -  Ÿ = 1 2 ° 2 2 1 N, \  = 01°32 ' E , $ = 16.6°N

D j i b o u t i -  f  = 1 1 ° 31 'N , \  = 4 2 ° 5 0 ' E , ф = 0 7 . 0°N

The dependence o f  th e  two phenomena on s o l a r  a c t i v i t y  i s  t r a c e d

f rom  R . i n  1976 t o  the  y e a r s  a f t e r  th e  maximum i n  1979.  The min
p a r a l l e l  i n v e s t i g a t i o n  a l l o w s  t o  d e t e r m i n e  i n t e r r e l a t i o n s  and 

t h e i r  v a r i a t i o n s  (S a m a rd zh ie v  and Sm ara dzh iev  1985) .

RESULTS

A) N i g h t  enhancements o f  f QF2

A common c h a r a c t e r i s t i c  o f  t h e  A f r i c a n  zone i s  t h e  v e r y

s m a l l  number o f  enhancements  as compared t o  the  number o f  cases

Acta Geod. Geoph. Mont. Hung. 22, 1987 
Akadémiai Kiadó, Budapest



1 1 6 D SAMARDZHIEV and S UZUNOVA

o b s e r v e d  i n  th e  Am er i ca n  and As ian zones (Samardzh iev  and Sa- 

m a r d z h i e v  1981,  Sa m ardzh ie v  and Uzunova 1 98 4 ) .  For t h e  sake o f  

o b j e c t i v i t y  when co m p a r in g  the  c h a r a c t e r i s t i c s  a t  th e  d i f f e r e n t  

s t a t i o n s  and f o r  t h e  d i f f e r e n t  p e r i o d s  t h e  pa ram ete r  " f r e q u e n c y  

o f  o c c u r r e n c e "  has been used.

The f i r s t  p a r a m e t e r  c o n s id e r e d  i s  t h e  f r e q u e n c y  o f  o c c u r ­

r e n c e  V % = where  m i s  the  number o f  n i g h t s  i n  th e  month 

when A f Q was o b s e rv e d  and w i s  the  number o f  n i g h t s  w i t h  mea­

s u r e m e n t s .  In  t h i s  r e g i o n  two cases p e r  n i g h t  a re  v e ry  r a r e l y  

r e c o r d e d .  I n  F i g .  l a  t h e  m on th l y  means o f  V are  shown a t  t h e  

t h r e e  s t a t i o n s  f o r  each y ea r  o f  the  p e r i o d  i n v e s t i g a t e d .  The 

c u r v e s  show a v e r y  w e l l  d e f i n e d  y e a r l y  v a r i a t i o n  w i t h  a minimum 

i n  summer and a maximum i n  w i n t e r .  The c h a r a c t e r  o f  th e  y e a r l y  

v a r i a t i o n  a t  th e  t h r e e  s t a t i o n s  i s  s i m i l a r  b u t  d i f f e r e n c e s  a re  

o b s e r v e d  to o  w h ic h  a re  o b v i o u s l y  d e t e r m i n e d  by the  l o c a t i o n  o f  

t h e  s t a t i o n s  w i t h  r e s p e c t  t o  the  g e o m a g n e t i c  e q u a t o r .  The l a r g ­

e s t  d i f f e r e n c e  between th e  v a lu e s  o f  V f o r  the  w i n t e r  and sum­

mer p e r i o d s  o c c u r s  i n  Dakar a t  the  s i t e  b e i n g  most d i s t a n t  f r om  

t h e  g e o m a g n e t i c  e q u a t o r  and th e  s m a l l e s t  d i f f e r e n c e  i s  fo un d  i n  

D j i b o u t i  a t  t h e  s o u t h e r n m o s t  p o i n t .

I n  F i g .  2 t h e  h o u r l y  d i s t r i b u t i o n  o f  th e  f QF2 n i g h t  en­

han ce m en ts  a re  p l o t t e d  exp ressed  by t h e  p a ra m e t e r  = -jj-, where  

n i s  t h e  number o f  cases w i t h  A f Q i n  t h e  g i v e n  hour  o f  th e  

n i g h t  o f  th e  month i n v e s t i g a t e d  and w i s  t h e  number o f  o b s e r v a ­

t i o n s .  The f i g u r e  shows v a lu e s  averag ed  f o r  two seasons:  a -  

summer and b -  w i n t e r .  I t  i s  known (Pancheva  e t  a l .  1983)  t h a t  

a t  l o w  l a t i t u d e s  th e  y e a r  i s  t o  be d i v i d e d  i n t o  two se asons ,  

i n t o  summer i n c l u d i n g  t h e  p e r i o d  f r om  A p r i l  t o  September  and 

w i n t e r  l a s t i n g  f r o m  O c to b e r  t o  March.  S in c e  d u r i n g  t h e  summer 

p e r i o d  t h e  number o f  t h e  obse rved  A f Q i s  much s m a l l e r  t h a n  i n  

w i n t e r ,  t h e  r a t i o  o f  t h e  s c a le s  o f  t h e  two seasons s u m m er /w in -  

t e r  i s  g i v e n  by 1 : 5 .

As seen f rom  t h e  f i g u r e s  i n  th e  o c c u r r e n c e  o f  th e  n i g h t  

enh an cemen ts  m o s t l y  one maximum i s  o b s e r v e d .  I n  th e  d i f f e r e n t  

y e a r s  t h e  t im e  o f  t h e  maximum i s  d i f f e r e n t ,  and a d e f i n i t e  d e ­

pendence on s o l a r  a c t i v i t y  i s  e v i d e n t .  I n  summer a t  t h e  s t a ­

t i o n s  Ouagadougou and D j i b o u t i  t h i s  maximum i s  s h i f t e d  f rom  
f o r e m i d n i g h t  a t  low  s o l a r  a c t i v i t y  t o  t h e  p o s t - m i d n i g h t  h ou rs
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a t  h i g h  s o l a r  a c t i v i t y .  The d a ta  f rom th e  s t a t i o n  Dakar  show 

an i n v e r s e  r e l a t i o n s h i p ,  a t  h i g h  R th e  maximum i n  t h e  o c c u r ­

ren ce  o f  A f Q moves even t o  e a r l y  n i g h t  hou rs  ( a b o u t  2 1 h ) .  

D u r i n g  t h e  w i n t e r  p e r i o d  th e  d i s t r i b u t i o n  o f  oC has a l s o  one 

maximum e x c e p t  some y e a rs  a t  th e  s t a t i o n  Dakar .  Here a t e n d e n ­

cy s i m i l a r  t o  the  summer and a change o f  th e  t im e  o f  maximum 

o c c u r r e n c e  d u r i n g  th e  s o l a r  a c t i v i t y  c y c l e  a re  f o u n d .  A t  t h e  

same t i m e  th e  data  f rom  th e  o t h e r  two s t a t i o n s  show t h a t  t h e  

t i m e  o f  maximum o c c u r r i n g  i n  th e  m i d n i g h t  h ou rs  does n o t  change 

e s s e n t i a l l y .

F i g u r e  3a g i v e s  th e  n i g h t  v a r i a t i o n s  o f  o( a v e rag ed  f o r

one y e a r .  From th e  c u r v e s  a d e f i n i t e  s p a t i a l  dependence o f  the

n i g h t  enhancements and th e  i n f l u e n c e  o f  the  s o l a r  a c t i v i t y  on

t h e i r  o c c u r r e n c e  i s  w e l l  e s t a b l i s h e d .  The g e n e r a l  i n c r e a s e  o f

th e  number o f  A f  enhancements w i t h  th e  i n c r e a s e  o f  R i s  ob-  o
s e rv e d  a t  th e  s t a t i o n s  Dakar  and Ouagadougou e x c e p t  t h e  y e a r s  

197 9 -80 .  T h i s  does n o t  r e f e r  t o  D j i b o u t i  where th e  d e t e r m i n a ­

t i o n  o f  a c o r r e s p o n d i n g  dependence i s  hampered by t h e  l a c k  o f  

d a ta  f o r  1976 and 1977 and by th e  a v a i l a b i l i t y  o f  a s m a l l e r  

number o f  obse rved  e v e n ts  d u r i n g  th e  r e m a i n i n g  y e a r s .

I n  F i g .  4a s e as o na l  ave rage  v a lu e s  o f  th e  f r e q u e n c y  o f  

o c c u r r e n c e  V are  g i v e n .  Here the  dependence o f  t h e  e v e n t s  on 

th e  s o l a r  a c t i v i t y  c y c l e  can be seen.  The r e s u l t s  o b t a i n e d  f o r  

t h e  o c c u r r e n c e  o f  t h e  n i g h t  enhancements  are  m o s t l y  a n a lo g o u s  

t o  t h o s e  o b t a i n e d  f o r  th e  As ia n  and Amer ican zones ( S a m a rd z h ie v  

and Samardzh iev  1981, Samardzh iev  and Uzunova 1 98 4 ) .

b )  Spread-F

I n  t h e  i n v e s t i g a t i o n  o f  th e  s p re a d -F  phenomenon t h e  same 

c h a r a c t e r i s t i c  has been used as i n  case o f  th e  n i g h t  e nh an c e ­

ments o f  f  o F 2,  i . e .  th e  f r e q u e n c y  o f  o c c u r r e n c e  /3 %.
I n  F i g .  l b  the  m o n t l y  average f r e q u e n c y  o f  o c c u r r e n c e  /3 

i s  g i v e n  f o r  each y e a r .  The y e a r l y  c u r v e s  i n  t h i s  f i g u r e  are  

o f  d i f f e r e n t  t y p e ,  b u t  t h e r e  i s  s t i l l  a tendency  f o r  h i g h e r  

v a l u e s  o f  t h e  p a ra m e t e r  d u r i n g  summer months th an  d u r i n g  w i n t e r  

m on ths .  T h i s ,  howeve r ,  i s  n o t  v a l i d  f o r  th e  s t a t i o n  Daka r  i n  

1976 and p a r t l y  i n  1977 ( l o w  R).  For  the  p e r i o d  o f  h i g h  s o l a r  

a c t i v i t y  d u r i n g  many o f  t h e  months i n  90-95 % o f  t h e  h o u rs
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F _ _ „  i s  obse rv ed ,  and i n  7 o f  the summer months  F can a lw ays  s p r  sp r  3
be o b s e rv e d  ( /3 ^ = 100 %). These a re  i n  Daka r  A p r i l ,  1980;  i n  

Ouagadougou May and J u l y ,  1980 and May and August  1981, and i n  

D j i b o u t i  May and Dune 1979.

A b e t t e r  i dea  o f  Fs p r  o c c u r re n c e  i s  o b t a i n e d  f rom th e  

h o u r l y  d i s t r i b u t i o n  o f  t h e  f r e q u e n c y  o f  o c c u r r e n c e .  I n  F i g .  5 

t h e  s e a s o n a l  ave rag es  a r e  shown f o r  summer ( a )  and w i n t e r  ( b )  

i n  each  y e a r .  Here t h e  s c a l e s  f o r  t h e  two  seasons are  t h e  same, 

t h u s  t h e  r e s u l t s  may be d i r e c t l y  compared.  A t  a l l  th e  t h r e e  

s t a t i o n s  and i n  a lm o s t  each year  t h e  p r o p o r t i o n  o f  d i s t u r b e d  

h o u r s  i s  h i g h e r  d u r i n g  summer, i . e .  F r  i s  a more f r e q u e n t  

phenomenon d u r i n g  summer .

On the  whole t h e  c u r v e s  show one maximum ty p e  oC d i s t r i b u ­

t i o n .  The maximum i n  w i n t e r  i s  v e ry  c h a r a c t e r i s t i c  and a b r u p t  

and o c c u r s  a t  a l l  t h e  t h r e e  s t a t i o n s  b e f o r e  m i d n i g h t ,  be tween 

21 and 23h. In  summer i n  th e  years  w i t h  i n c r e a s i n g  (1978 )  and 

h i g h  ( 1 9 7 9 -8 0 )  R, t h e  mos t  d i s t u r b e d  h o u r s  a re  around m i d n i g h t .  

The most a ppa ren t  d e v i a t i o n s  f rom th e  g e n e r a l  b e h a v i o u r  o f  t h e  

d i s t r i b u t i o n  can be f o u n d  i n  D j i b o u t i  i n  summer o f  1980 ( t h e  

num ber  o f  cases o f  F r  i s  l e s s  and maxima o c c u r  a t  21 and 

0 3 h ) a n d  1981(maximum a t  0 2 h ) .  At t h e  s t a t i o n  Dakar  a n o t h e r  p e ­

c u l i a r i t y  has been o b s e r v e d :  i n  th e  p e r i o d  1976-77 the  number

o f  h o u r s  w i t h  E i s  l e s s  i n  summer t h a n  i n  w i n t e r ,  and i n  the  s p r  ’
w i n t e r  months o f  1979 t h i s  number i s  s i g n i f i c a n t l y  l a r g e r  th an  

t h a t  i n  1980, a l t h o u g h  i n  th e  two y e a r s  t h e  l e v e l  o f  s o l a r  a c ­
t i v i t y  was the  same.

An ide a  about  t h e  h o u r l y  d i s t r i b u t i o n  o f  oZ can be o b ­

t a i n e d  f rom F i g .  3b w he re  th e  v a r i a t i o n s  a ve raged  f o r  t h e  y e a r s  

i n  q u e s t i o n  are shown.  A t  a l l  the  t h r e e  s t a t i o n s  i n  t h e  p e r i o d  

1 9 7 8 - 8 1  th e  maximum number  o f  cases o c c u r s  i n  th e  p r e m i d n i g h t  

h o u r s .  In  1976-77 t h e  phenomenon i s  l e s s  f r e q u e n t  and th e  

h o u r l y  d i s t r i b u t i o n  i s  d i f f e r e n t  f r om  t h a t  o f  th e  r e m a i n i n g  

y e a r s .  I t  i s  v e ry  i n t e r e s t i n g  t h a t  a t  a l l  t h r e e  s t a t i o n s  1979 

i s  t h e  ye ar  w i t h  t h e  l a r g e s t  number o f  h o u r s  w i t h  F The

o t h e r  c h a r a c t e r i s t i c  o f  t h e  d i s t r i b u t i o n s  i s  t h a t  i n  case o f  

t h e  s t a t i o n  D j i b o u t i - b e s i d e s  the  v e r y  l ow  l e v e l  o f  d i s t u r b a n c e  

i n  1980 -  the  h o u r l y  d i s t r i b u t i o n  has d e f i n i t e l y  two maxima a t
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21 and 03h and a minimum e x a c t l y  a t  m i d n i g h t  i n  the  p e r i o d  a f ­

t e r  Rmax
The b e s t  s u rv ey  o f  ß  i s  g iv e n  i n  F i g .  4b where f o r  t h e  

d i f f e r e n t  years  s e a s o n a l  ave rages  a re  p r e s e n t e d .  The v a r i a t i o n  

f r o m  y e a r  t o  year  a t  t h e  s t a t i o n  Dakar  i s  w e l l  expressed  and 

c o n s i d e r i n g  the  v a r i a t i o n  w i t h  R , l o g i c a l  and th e  v a r i a t i o n s  o f  

t h e  s e a s o n a l  va lu es  a re  o f  o p p o s i t e  sense,  r e c i p r o c a l  ( w i t h  t h e  

e x c e p t i o n  o f  1981) .  For  t h e  o t h e r  two s t a t i o n s  the  r e l a t i o n  o f  

/3 t o  R as w e l l  as t h e  c o n n e c t i o n  between th e  seasona l  v a l u e s  

a re  o n l y  p a r t i a l .

COMPARISON OF THE CHARACTERISTICS OF THE TWO PHENOMENA

A s t a b l e  dependence o f  th e  f QF2 enhancement  on season can 

be seen  i n  F i g .  l a  w i t h  minimum o c c u r r e n c e  f r e q u e n c y  o f  t h e  

phenomenon i n  summer and maximum i n  w i n t e r .  The v a r i a t i o n  o f  
t h e s e  f r e q u e n c i e s  i s  shown i n  F i g .  2. The F f  cu rves  i n  F i g .  

l b  have  no so w e l l  d e f i n e d  y e a r l y  v a r i a t i o n ,  w h i l e  the  h o u r l y  

d i s t r i b u t i o n  ( F i g .  5) i s  c h a r a c t e r i z e d  by t h e  same typ e  o f  

c u r v e s  i n  b o th  seasons a t  a l l  the  t h r e e  s t a t i o n s .  The rou gh  

c o m p a r i s o n  o f  the  two s e r i e s  o f  c u rv e s  shows t h a t  the  f r e q u e n c y  

o f  o c c u r r e n c e  o f  F r  i s  h i g h e r  i n  summer, e s p e c i a l l y  f o r  t h e  

h o u r s  a f t e r  m i d n i g h t .  T h e r e f o r e ,  i t  may be q u i t e  d e f i n i t e l y  

s t a t e d  t h a t  the  n i g h t - t i m e  anomalous enhancement  o f  f  F2 i s  a
О

w i n t e r  phenomenon, and t h e  s p re ad -F  a summer one.

F i g u r e  3 p r e s e n t s  t h e  s p a t i a l  v a r i a t i o n  o f  th e  two phenom­

ena .  The number o f  Ai  i s  l a r g e r  a t  t h e  s t a t i o n s  l y i n g  n e a r e r  

t o  t h e  n o r t h e r n  c r e s t  o f  t h e  e q u a t o r i a l  anomaly  than a t  t h e  

n e a r  e q u a t o r i a l  s t a t i o n  D j i b o u t i ,  w h i l e  i n  case o f  Fgpf  t h e  r e ­

v e r s e  r a t i o  i s  obse rved  b o t h  a t  R . and R , th e  l o w e s t  f r é ­mi n m ax ’
q uency  o f  o c c u r re n c e  i s  f o u n d  a t  the  s t a t i o n  most d i s t a n t  f r o m  

t h e  e q u a t o r ,  i . e .  i n  D a k a r .  T h i s  o b s e r v a t i o n  i s  c o n f i r m e d  by 

F i g .  4.

CONCLUSIONS

On t h e  b a s i s  o f  v e r t i c a l  sound in g  d a t a  o f  t h r e e  A f r i c a n  

s t a t i o n s  f o r  tn e  p e r i o d  197 6-81  some c h a r a c t e r i s t i c s  o f  t h e
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anomalous n i g h t  enhancements  o f  f QF2 and sp re ad -F  have been 

s t u d i e d .  The f o l l o w i n g  r e s u l t s  were o b t a i n e d :

1. The anomalous n i g h t  enhancements  o f  f QF2 o c c u r  more 

f r e q u e n t l y  d u r i n g  t h e  w i n t e r  p e r i o d  t h a n  i n  summer. At  t h e  s t a ­

t i o n s  near  t o  t h e  e q u a t o r i a l  anomaly  t h e  number o f  cases  i s  

l a r g e r .  The f r e q u e n c y  o f  o c c u r r e n c e  i s  d i r e c t l y  p r o p o r t i o n a l  t o  

t h e  s o l a r  a c t i v i t y .

2.  The s p r e a d - F  phenomenon o c c u r s  more o f t e n  d u r i n g  t h e  

summer p e r i o d  th a n  i n  w i n t e r .  A c e r t a i n  a l t h o u g h  l e s s  e x p re s s e d  

dependence on g e o m a g n e t ic  a c t i v i t y  i s  o b s e r v e d .  More d e f i n i t e  

i s  th e  c o n n e c t i o n  between F and s o l a r  a c t i v i t y  -  maximum 

v a lu e s  are  o b s e rv e d  i n  1979.

3. The r e s u l t s  o b t a i n e d  s u p p o r t  t h e  c o n c l u s i o n  t h a t  th e  

two phenomena a re  c l o s e l y ,  b u t  i n v e r s e l y  r e l a t e d .  T h e r e f o r e ,  a 

j o i n t  s t u d y  o f  t h e  c h a r a c t e r i s t i c s  and p r o p e r t i e s  o f  t h e  two 

phenomena m u t u a l l y  s u p p le m e n t i n g  each o t h e r  i s  needed f o r  t h e  

p u rpo se  o f  a comp lex  i n v e s t i g a t i o n .
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In t h i s  paper the re su l t s  of  inves t i ga t ions  are described about a 
method fo r  the p red i c t io n  of  the i r r e gu la r  s t ruc tu re  of  the ionosphere. In 
the pred ic t ion  the v i r t u a l  height  as a func t ion  o f  the frequency, the 
Doppler ve loc i ty  and the angle of  incidence at  the v e r t i c a l  sounding of the 
ionosphere are used as i n i t i a l  data.

Keywords: i r r e g u la r  s t r uc ture  of the ionosphere; p red ic t i on ;  propaga­
t i o n  of radio waves

Paramete rs  o f  t h e  s i g n a l  a t  t h e  r e c e i v i n g  s i t e  can be com­

p u te d  o n l y  i f  t h e  r e f r a c t i v e  i n d e x  o f  th e  medium n ( r ,  t )  i s  

known i n  the  r e g i o n  between the  t r a n s m i t t e r  and th e  r e c e i v e r .  

The d e t e r m i n a t i o n  o f  t h e  p a ra m e t e r s  o f  t h e  medium on th e  b a s i s  

o f  t h e  r e s u l t s  o f  s o u n d in g  i s  p r o b l e m a t i c  even assuming t h a t  

t h e  medium c o n s i s t s  o f  p la n e  l a y e r s  ( b a s i c  a s s u m p t i o n  i n  the  

c o m p u t a t i o n  o f  N ( h ) - p r o f i l e s ) , and i t  has o f t e n  no unambiguous 

s o l u t i o n .  The r e c o n s t r u c t i o n  o f  a t h r e e - d i m e n s i o n a l l y  i r r e g u ­

l a r  medium can o n l y  be r e a l i z e d  on t h e  b a s i s  o f  measurements i n  

a s i n g l e  p o i n t  w i t h  s e v e r e  a s s u m p t io n s  c o n c e r n i n g  th e  model ,  

t h e  v a l i d i t y  o f  w h i c h  i s  d o u b t f u l .  A d d i t i o n a l  d i f f i c u l t i e s  

a r i s e  f rom the  f a c t  t h a t  t h e  s t a t e  o f  t h e  medium c a nn o t  d i r e c t ­

l y  be d e t e r m i n e d ,  i n d i r e c t  ( r a d i o p h y s i c a l )  methods a re  o n l y  

a v a i l a b l e ,  f o r  w h ic h  a l g o r i t h m s  are  n e c e s s a r y  c o n c e r n i n g  the  

r e c o n s t r u c t i o n  o f  t h e  medium f rom  th e  p a r a m e t e r s  o f  t h e  r e ­

f l e c t e d  s i g n a l .
I n  g e n e r a l ,  t h e  p ro b le m  o f  t h e  p r e d i c t i o n  o f  s t a t e  o f  the  

i o n o s p h e r e  c o n s i s t s  o f  t h e  c o n s t r u c t i o n  o f  s u i t a b l e  mode ls ,  by 

w h ic h  t h e  r e c o n s t r u c t i o n  o f  the  p a r a m e t e r s  o f  t h e  i o n o s p h e r i c

Acta Geod.Geoph. Mont. Hung. 22, 1987 
Akadémiai Kiadó, Budapest
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d i s t u r b a n c e  i s  p o s s i b l e  f r o m  measured p a r a m e t e r s  o f  t h e  s i g n a l .  

I n  t h i s  p ro c e d u re  t h e  u n d i s t u r b e d  c o n c e n t r a t i o n  o f  t h e  i o n o ­

s p h e r i c  plasma i s  assumed t o  be known, i . e .  t h e  d e n s i t y  o f  the  

p l a s m a  i s  expresse d  i n  t h e  fo rm

N ( | , t )  = NQ ( z ) [ l  + £ ( e , t ) ] -  ( 1 )

I n  th e  p r e d i c t i o n  t h e  v i r t u a l  h e i g h t  as a f u n c t i o n  o f  the  

f r e q u e n c y  h ' ( f )  and a s e r i e s  o f  Dopp le r  v e l o c i t i e s  v p and a ng le s  

o f  i n c i d e n c e  o f  th e  s i g n a l  a t  th e  v e r t i c a l  s o u n d in g  a re  used as 

i n i t i a l  p a r a m e t e r s .  The u n d i s t u r b e d  p a r t  o f  th e  e l e c t r o n  d e n s i ­

t y  Nq ( z ) i s  computed on t h e  b a s i s  o f  i o n o g r a m s .

The a l g o r i t h m s  d e v e l o p e d  i n  SIB IZMIR f o r  t h e  p r e d i c t i o n  o f  

t h e  i r r e g u l a r  s t r u c t u r e  o f  t h e  i o n o s p h e r e  have been c o n t r o l l e d  

by a measurement  p ro g ra m  o f  the  d i g i t a l  i on os o nd e  " B a s i s "  and 

by t h e  c o m p u t a t i o n  p ro g r a m  IV K-2 .  The scheme o f  th e  measure ­

m e n t s  i s  p re s e n te d  i n  F i g .  1.

The s o f t w a r e  ( SW) c o n s i s t s  o f  two p a r t s  namely o f  s t a n d a r d  

and s p e c i a l  p ro g ram s .  The s t a n d a r d  SW i n c l u d e s  th e  o p e r a t i o n a l  

s y s t e m  RAFOS adapted t o  t h e  c o n f i g u r a t i o n  r e q u i r e d  by th e  h a r d ­

w a r e .  The s p e c i a l  SW c o n s i s t s  o f  a program l i b r a r y  c o n t r o l l i n g  

t h e  e x p e r i m e n t  and c o l l e c t i n g  and p r e p r o c e s s i n g  th e  d a ta  o f  

i o n o s p h e r i c  s o u n d in g .  The modules o f  t h e  l i b r a r y  a re  programs  

e x e c u t i n g  the  f o l l o w i n g  t a s k s :

-  c o n t r o l  and c o l l e c t i o n  o f  i n f o r m a t i o n  w i t h  t h e  io n os o nd e  

" B a s i s " ,

-  c o n t r o l  and c o l l e c t i o n  o f  i n f o r m a t i o n  w i t h  t h e  equ ip m en t  

PRK-3M,

-  p r e p a r a t i o n  o f  f i l e s  and c o m p u t a t i o n  o f  e l e c t r o n  d e n s i t y  
p r o f i l e s ,

-  p r e p a r a t i o n  o f  d a ta  f i l e s  and c o m p u t a t i o n  o f  t h e  D o p p le r  
f r e q u e n c y  and th e  a n g l e  o f  i n c i d e n c e .

M o re o v e r ,  t h e  s p e c i a l  SW compr i ses  pro gram s  w h ich  ena b le  
t h e  d i r e c t  p r e d i c t i o n  o f  t h e  e l e c t r o n  d e n s i t y  on th e  b a s i s  o f  
r e s u l t s  o f  the  da ta  p r e p r o c e s s i n g .  The d e c i s i v e  phase o f  th e  
p r e d i c t i o n  i s  th e  c o n s t r u c t i o n  o f  c e r t a i n  r u l e s  o r  d e c i s i v e  
f u n c t i o n s  F e n a b l i n g  t h e  e s t i m a t i o n  o f  t h e  p r e d i c t e d  q u a n t i t y  
f r o m  t h e  p r e d i c t o r s .

As p r e d i c t o r s  t h e  t i m e  s e r i e s  o f  D o p p l e r  v e l o c i t i e s ,  o f
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PRK-3M

Fig. 1. Functional  diagram of the ionospner ic measuring r-omplex

a n g le s  o f  i n c i d e n c e  and e l e c t r o n  c k ' S i t y  p r o f i l e s ,  o b t a i n e d  

f r o m  ionog ram s  o f  the  v e r t i c c l  s o u n d i n g  o f  the i o n o s p h e r e  ware 

s e l e c t e d .  The p r e d i c t e d  q u a n t i t y  i s  a f u n c t i o n  d e s c r i b i n g  v a r i ­

a t i o n s  o f  t h e  e l e c t r o n  d e n s i t y  i c  t i m . nd space.

The e r r o r  o f  t h e  p r e d i c t i c  i s  i n d i r e c t l y  e s t i m a t e d  by 
c o m p a r i n g  th e  o bse rv e d  :l r r y c r  s t i e s  o f  ne o b l i q u e  i n c i d e n c e  

t r a n s m i s s i o n  p a th  w i t h  th ru  i f  t r a j e c t o r i e s  i n  the medium com­

p u t e d  by t h e  p r e d i c t e d  q u a n t ,  t y .
I n  g e n e r a l ,  t h e  d e c i s i v e  f u n c t i o n  i s  a model  c o n s i s t i n g  o f  

t h e  s u p e r p o s i t i o n  o f  d e t e r m i n e d  d "andon. q u a n t i t i e s .

The d e t e r m i n i s t i c  f u n c t i o n  I s  a F o u r i e r  s e r i e s ,  i . e .  i t  i s
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assumed t h a t
N

Í ( E ,  t )  = ^  ó ' i  cos (u> i ( t - t Q) + ^  ( e - E q ) + f j_) ( 2 )

i  = 1

w h e re  г  , t  a re  t h e  space and t im e  c o o r d i n a t e s  o f  th e  t r a n s -  

m i t t e r .  The model  assumes t h a t  th e  p e r t u r b a t i o n  o f  th e  e l e c t r o n  

d e n s i t y  i s  th e  sum o f  t r a v e l i n g  p l a n e  waves o f  a m p l i t u d e s  much 

l e s s  t h a n  the  bakcg ro un d  v a lu e  N ( z ) .

I n  th e  second s t e p  o f  the p r e d i c t i o n  th e  unknown p a r a m e t e r s  

o f  t h e  model  cf. , , k^ and a re  t o  be e s t i m a t e d ,  t h a n  th e

r e l a t i o n  between t h e s e  p a r a m e t e r s  and t h e  obse rved t im e  s e r i e s  

o f  D o p p l e r  f r e q u e n c i e s  ( f „ C t ) )  i n  t h e  d i r e c t i o n  o f  th e  a n g le  o f  

i n c i d e n c e  [ wCx ( t ) ,  o( ( t ) J  s h ou ld  be e s t a b l i s h e d .  The x a x i s  o f  

t h e  c o o r d i n a t e  sys tem i s  d i r e c t e d  t o  e a s t ,  the  y a x i s  t o  n o r t h  

and t h e  z a x i s  v e r t i c a l l y  upwards.

I t  i s  assumed i n  agreement  w i t h  V a r s h a v s k i y  and K a l ik hm an  

( 1 9 8 4 )  t h a t  th e  change o f  th e  phase p a t h  due to  d e v i a t i o n  o f  

t h e  t r a j e c t o r y  f rom t h e  v e r t i c a l  i s  s m a l l  i n  case o f  v e r t i c a l  

s o u n d i n g .  Then n e g l e c t i n g  th e  e f f e c t  o f  t h e  geomagne t i c  f i e l d  

and e x c l u d i n g  v e r t i c a l  p e r t u r b a t i o n s  f r o m  th e  d i s c u s s i o n  th e  

r e l a t i o n s

f  ( t )  =
I

i  = 1
^ i  w i COS ( 00^ ( t - t o ) + f  i + + >

N Л-’

s i n  oC ( t ) = b I  *1 k x i  COS ( ( t - V  + ^ i  +
Jk_)  

2  1
i  = l

N

s i n  <£ ( t ) = b X к . cos
y i

( o o i  ( t - V  + f i + J L )  
2  ;

i  = l

b = 2  <  
3 T " Л = 

0

C

f p

( 3 )

a r e  o b t a i n e d ,  where C i s  th e  v e l o c i t y  o f  l i g h t ,  f  i s  t h e  ap ­

p l i e d  f r e q u e n c y ,  a i s  t h e  g r a d i e n t  o f  t h e  bakcg round e l e c t r o n
4 - 2 - 3d e n s i t y  i n  the  r e f l e c t i o n  p o i n t  and d = 1 .24  • 10 MHz m
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F o u r i e r  a n a l y s i s  o f  t h e  i n i t i a l  t im e  s e r i e s  y i e l d s  e s t i ­

mates  o f  t h e  most s i g n i f i c a n t  s p e c t r a l  components.

For  th e  t im e  s e r i e s  o f  D o p p l e r  f r e q u e n c ie s  F ̂ , AX^ and AY^ 

d e n o te  components o f  th e  power  s p e c t r u m ,  and <<x , oĈ  and $ F ^  

components  o f  th e  phase s p e c t r u m .  Then,  f o r  each o f  N waves 

i n c l u d e d  i n  th e  i n i t i a l  model  t h e  a m p l i t u d e  <5̂  o f  t h e  p e r ­

t u r b a t i o n ,  the  module o f  t h e  phase v e l o c i t y  V . ,  th e  wave l e n g t h

Aj  and th e  az imuth o f  t h e  p r o p a g a t i o n  and the  phase

th e  wave can be computed by t h e  f o l l o w i n g  f o rm u la s :

F

f .  o f

<5\ =

t i

A° Fj
2 b uj. Vj 2  V a x ? AY?

A,
JCf .
__

, V AX2 AY?

a r c t a n  ( A X j / A Y j ) ;
h  - ' T

( A)

E q u a t i o n s  ( 2 ) - ( 4 )  e n a b le  t o  c o n s t r u c t  a scheme o f  t h e  de­

t e r m i n i s t i c  p r e d i c t i o n  o f  t h e  e l e c t r o n  d e n s i t y  p e r t u r b a t i o n .

I n  o r d e r  t o  d e te rm in e  t i m e  and space l i m i t s  o f  t h e  e f f e c -  

t i v i t y  o f  t h e  p r e d i c t i o n  scheme,  a c o r r e l a t i o n  a n a l y s i s  o f  the  

i n i t i a l  t im e  s e r i e s  was c a r r i e d  o u t .  In  t h i s  p r o c e d u r e  t h e  t ime  

i n t e r v a l  i s  e s t i m a t e d  i n  w h i c h  t h e  c o r r e l a t i o n  f u n c t i o n  o f  the  

i n i t i a l  s e r i e s  dec reases  t o  0 . 5  and t h i s  va lue  i s  c a l l e d  th e  

r a d i u s  o f  i n e r t i a .  Then th e  scheme ena b les  to  p r e p a r e  t h e  p r e ­

d i c t i o n  based on the  i n e r t i a  f o r  a p e r i o d  not  e x c e e d i n g  th e  

r a d i u s  o f  i n e r t i a .  In  case o f  p r e d i c t i o n s  f o r  p e r i o d s  g r e a t e r  

t h a n  t h e  r a d i u s  o f  i n e r t i a  t h e  d e c i s i v e  f u n c t i o n  ( m o d e l )  s h ou ld  

be supp le m en te d  w i t h  a s t o c h a s t i c  component.  T h i s  w i l l  be de ­

v e lo p e d  l a t e r .

I f  th e  p e r i o d  o f  p r e d i c t i o n  i s  g r e a t e r  than t h e  t i m e  i n ­

t e r v a l ,  i n  wh ich  the  c o r r e l a t i o n  f u n c t i o n  becomes z e r o ,  t h e n  an 

e l e c t r o n  d e n s i t y  p r o f i l e  computed  on the  bas i s  o f  c e r t a i n  g l o b ­

a l  i o n o s p h e r i c  models ( e . g .  P o l y a k o v  e t  a l .  1978) can be used 

as p r e d i c t o r s .

For  an e s t i m a t i o n  o f  t h e  e r r o r s  a t t r i b u t e d  t o  t h e  scheme 

o f  t h e  d e t e r m i n i s t i c  i n e r t i a l  p r e d i c t i o n ,  a c o m p a r i s o n  o f  p r e ­

d i c t e d  and obse rved  data  i s  n e c e s s a r y ,  a f t e r  r e m o v in g  e r r o r s  

as e r r o r s  o f  measurement o f  t h e  r e c o n s t r u c t i o n  o f  Nq ( z ) and



1 3 2 О N BOYTMAN e t  a l .

o t h e r s .  For t h i s  p u r p o s e  a model e x p e r i m e n t  was c a r r i e d  o u t .  

Time s e r i e s  were s y n t h e t i z e d  f o r  a t h r e e  d i m e n s i o n a l l y  i r r e g u ­

l a r  r e f e r e n c e  medium by means o f  t r a j e c t o r y  c o m p u ta t i o n s  ( V a r ­

s h a v s k i y  and K a l i k h m a n  1984) both  f o r  v e r t i c a l  p r o p a g a t i o n  and 

f o r  f o u r  o b l i q u e  t r a n s m i s s i o n  p a r t h s  o f  1 0 0  km l e n g t h s .

By means o f  t h e  method p re s e n te d  h e r e  and on the  b a s i s  o f  
t h e  s e r i e s  f D( t ), cC,x( t )  and oCy( t )  parameters o f  the electron d e n s i t y  

waves were e s t i m a t e d  and the i o n o s p h e r i c  box has been p r e d i c t e d  

( V a r s h a v s k i y  and K a l i k h m a n  1984) .  F u r t h e r  some pa rameters  o f  

t h e  r a d i o  s i g n a l ,  as t h e  az imuth  y  and a n g l e  o f  d e v i a t i o n  o f  

t h e  r a y  f rom th e  v e r t i c a l  0  were compared f o r  the  r e f e r e n c e  

and th e  p r e d i c t e d  med ia  a t  f o u r  s e l e c t e d  t r a n s m i s s i o n  p a t h s .

I n  o r d e r  t o  e s t i m a t e  the degree o f  p e r t u r b a t i o n  o f  t h e  

a z im u t h  and th e  a n g l e  o f  i n c i d e n c e ,  mean s q u a re  d e v i a t i o n s  o f  

t h e s e  q u a n t i t i e s  ( Л  y  and Л 0 ) were c a l c u l a t e d .  I t  can be 

shown on the  b a s i s  o f  th e s e  p a ram e t e r s  how l a r g e  the e r r o r  o f  

t h e  p r e d i c t i o n  wou ld  be i f  i t  would be p r e p a r e d  on the b a s i s  o f  

t h e  backg roun d  p a r t  o f  t h e  e l e c t r o n  d e n s i t y  p r o f i l e .

The e r r o r  o f  the  method i n  q u e s t i o n  i s  g i v e n  by the  mean 

s q u a re  d e v i a t i o n s  cf y  , d  9 o f  the  r e f e r e n c e  pa rameters  y  and 

0  f r o m  the  p r e d i c t e d  v a l u e s .  The c o r r e s p o n d i n g  e s t i m a t e s  a re  

p r e s e n t e d  i n  T ab le  I .

Tab le  I .  E s t i m a t e s  o f  the  mean s q u a re  d e v i a t i o n s  o f  the  
r e f e r e n c e  par am ete rs  y  and 0

Test
number

Д y  
( d e g r e e )

Д 0
(deg ree ) ( d e g re e  )

, 0*9 
(degree ;

1 1 2 . 8 8 1.276 2 .3 1 Ü.085

2 6 . 8 4 0.905 2 . 4 2 Û.4Ü4

3 5 . 7 1.17 1 . 8 8 0.18

4 4 . 0 4 1 . 1 3 . 1 1 0 . 2 2

The i n v e s t i g a t i o n s  c a r r i e d  ou t a l l o w  us t o f o r m u l a t e  a

method f o r  th e d e t e r m i n i s t i c  i n e r t i a 1  p r e d i c t i o n o f  t h e  i r r e g u

l a r  i o n o s p h e r i c  s t r u c t u r e . The model e x p e r i m e n t proves  t h e  e f -

f e c t i v i t y  o f  t h e  s u g g e s t e d  p r e d i c t i o n  scheme.
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F u r t h e r  improvemen t  o f  th e  m e th od  wou ld  c o n s i s t  o f  t h e  de­

t e r m i n a t i o n  o f  t h e  r a d i i  o f  i n e r t i a  f o r  th e  p r e d i c t e d  parame­

t e r s  and o f  t h e i r  t e m p o ra l  and s p a t i a l  v a r i a t i o n s  on th e  b a s i s  

o f  e x p e r i m e n t a l  d a t a .

REFERENCES

P o ly a k o v  V I ,  Sukho do l sk aya  V E, I v e l s k a y a  M K, Shapranova  G V 
1978:  S e m i e m p i r i c a l  model  o f  t h e  io n o s p h e re  ( i n  R u s s i a n ) .  
M a t e r i a l i  MCD-B, Moscow

V a r s h a v s k i y  I  I ,  Ka l ikhm an A D 198 4:  I n :  I s s l .  Geomagn. Ae ron .  
F i z .  S o l n t z a ,  No 67, 1 65 -1 72 .



.



A c ta  Geod. G eoph. M on t. H u n g ., V o l .  22 ( 1 - 2 ) ,  p p . 135 -154  (1 9 8 7 )

NON-STATIONARY QUASI-HYORODYNAMICS OF CHARGED PARTICLES IN THE 
IRREGULAR IONOSPHERE (E AND F REGIONS)

A S M i n k i n ^  and M N F a t k u l l i n 1

1I n s t i t u t e  of  Geomagnetism, Ionosphere and Radio Wave Propagation, 
Academy of  Sciences of  the USSR, 142092 T ro i ts k ,  Moskovskaya oblast ,  USSR

Non-stat ionary quasi-hydrodynamics of  e lec t rons  and ions i s  studied 
consider ing t ime varying e l e c t r i c  f i e ld s ,  the v e lo c i t y  o f  neutra l  wind, as 
wel l  as gradients o f  charged p a r t i c l e  concentrat ion and temperature. For 
the elec trons and ions t h e i r  c o l l i s i o n  wi th neu t ra l  p a r t i c l e s  is  taken in t o  
account. Allowance i s  made f o r  the departure of  the geographical coordinate 
system from the geomagnetic coordinate system. D i f f e re n t  special  cases are 
discussed.

Keywords: ionospheric plasma i n s t a b i l i t i e s ;  plasma dynamics; physics 
of  the ionosphere; wave per turbat ions in  the ionosphere

INTRODUCTION

The dynamics  o f  c h a rged  p a r t i c l e s  i n  t h e  i o n o s p h e r e  o f  th e  

E a r t h  has been d i s c u s s e d  i n  a number o f  p a p e r s  ( e . g .  Gershman 

1974,  F a t k u l l i n  1 9 8 2 ) .  T h i s  prob lem i s  i m p o r t a n t  f rom th e  p o i n t  

o f  v ie w  o f  q u e s t i o n s  as s t r u c t u r e  o f  t h e  i o n o s p h e r e ,  c u r r e n t s  

i n  t h e  i o n o s p h e r e  and t h e i r  geomagne t ic  e f f e c t s ,  wave p e r t u r b a ­

t i o n s  i n  t h e  i o n o s p h e r e ,  i o n o s p h e r i c  p la sma  i n s t a b i l i t i e s  e t c .  

I n  t h e o r e t i c a l  s t u d i e s  t h e  s t a r t i n g  p o i n t  i s  g e n e r a l l y  th e  

q u a s i - h y d r o d y n a m i c  e q u a t i o n  o f  m o t io n  o f  c h a r g e d  p a r t i c l e s

mcC и*
Э=оС

L at + • v  > ÏJL
_ eoCnoC

= e*c not I  -  — E—  *  S> -

-  grad PoC + m* n*  g -  £  nß % д ( у *  -  Хд ) -
/3 yíoC

( 1 )

- n ,  V  n 0  (у
cC /  П  П  -erf

Acta Geod. Geoph. Mont. Hung. 22, 1987 
Akadémiai Kiadó, Budapest
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w h e re  m ^  , , y ^  , p ^  and e ^  a re  th e  mass, c o n c e n t r a t i o n ,

v e l o c i t y ,  p re s s u r e  and c h a rge  o f  t h e  p a r t i c l e  o f  t y p e  oC , E 

and  I  a re  the  e l e c t r i c  and m a g n e t i c  f i e l d s ,  r e s p e c t i v e l y ,  g i s  

t h e  a c c e l e r a t i o n  due t o  g r a v i t y ,  y n t h e  v e l o c i t y  o f  n e u t r a l  

p a r t i c l e s  and c th e  v e l o c i t y  o f  l i g h t .  F u r t h e r m o r e

П / 3  ^оС/З, ( 2 )

w h e re  i s  the  c o l l i s i o n  f r e q u e n c y  and yU ^  ß t h e  reduced

m ass .  I n  i o n o s p h e r i c  i n v e s t i g a t i o n s  t h e  s t a t i o n a r y  s o l u t i o n s  o f  

Eq.  ( 1 )  are s u f f i c i e n t l y  w e l l  u n d e r s t o o d  (Gershman 1974)  and 

some o f  them w i l l  be c o n s i d e r e d  as s p e c i a l  cases b e low .

As r e g a rds  i o n o s p h e r i c  c o n d i t i o n s ,  n o n s t a t i o n a r y  s o l u t i o n s  

o f  Eq. ( 1 )  have n o t  been s t u d i e d  so f a r  t a k i n g  i n t o  a c c o u n t  the  

t i m e  dependence o f  t h e  f o r c i n g  f a c t o r s  (E,  у , v p  ) ,  as f a r  

as i t  i s  known f o r  t h e  a u t h o r s .  I n  t h e  p h y s i c s  o f  i o n i z e d  gases 

s u c h  p rob lems  have been c o n s i d e r e d  f o r  some cases by a number 
o f  a u t h o r s  (Landau and L i f s h i t z  1960,  B o g u s l a v s k i y  1961,  Schuman 

1 9 6 3 ,  A l f v e n  and Fä l th äm m ar  1 967 ) .

I n  t h i s  paper  an a t t e m p t  i s  made t o  s t u d y  t h e  n o n s t a t i o n ­

a r y  s o l u t i o n  o f  Eq . ( 1 )  f o r  e l e c t r o n s  and p o s i t i v e  i o n s  i n  r e a l  

i o n o s p h e r i c  c o n d i t i o n s  and t a k i n g  i n t o  accou n t  a r b i t r a r i l y  t im e  

d e p e n d e n t  e l e c t r i c  f i e l d s ,  v e l o c i t y  o f  n e u t r a l s  and c o n c e n t r a ­

t i o n  g r a d i e n t s  o f  c h a rg e d  p a r t i c l e s ,  T h i s  has im p o r t a n c e  as un­

d e r  i o n o s p h e r i c  c o n d i t i o n s  some p a r a m e t e r s  o f  t h e  medium u n d e r ­

go v a r i a t i o n s  o f  c h a r a c t e r i s t i c  p e r i o d s  r a n g i n g  f r om  f r a c t i o n  

o f  a second t o  some t e n s  o f  m in u t e s .

I N I T I A L  CONDITIONS

1. In  case o f  t h e  p o s i t i v e  i o n s  and e l e c t r o n s  o n l y  c o l l i ­

s i o n s  w i t h  n e u t r a l  p a r t i c l e s  a re  t a k e n  i n t o  a c c o u n t .

2.  I t  i s  assumed t h a t  th e  i o n - n e u t r a l  and th e  e l e c t r o n -  

- n e u t r a l  c o l l i s i o n  f r e q u e n c i e s  do n o t  depend on t i m e .

3. The prob lem i s  s t u d i e d  i n  t h e  g e o g r a p h i c a l  c o o r d i n a t e  

s y s t e m ,  where ç i s  t h e  r a d i u s  v e c t o r ,  © i s  th e  c o l a t i t u d e ,  À 

i s  t h e  g e o g r a p h i c a l  l o n g i t u d e .  The f o l l o w i n g  n c i a M o n s  w i l l  be
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used :
rr — 3 П - 1 Э  T-J_ 1 Э M l
vr  = ’ v0 = T ”  Э 0 ’ Va= Г s i n ©  Ж  ( J

4. I n  t h e  g e o g r a p h i c a l  c o o r d i n a t e  sys tem th e  m a g n e t i c  f i e l d  

o f  t h e  E a r t h  has t h e  f o l l o w i n g  c o o r d i n a t e s

Br  = | | |  ( + s in  I ) ,  B@ = 111 cos I cos D , = I В I cos I  s in  D , ( 4 )

where I  i s  t h e  d i p  a n g l e ,  D th e  m a g n e t i c  d e c l i n a t i o n  and t h e  

upper  s i g n  r e f e r s  t o  th e  n o r t h e r n  h e m is p h e r e ,  th e  l o w e r  one t o  

th e  s o u t h e r n  h e m is p h e r e .  The same n o t a t i o n  w i l l  be a p p l i e d  below.

5. In  Eq. ( 1 )  t h e  te rm m^ ( v ^  • V ) v ^ i s  n e g l e c t e d .
S a t i s f y i n g  t h e  c o n d i t i o n s  m e n t i o n e d  above the  i n i t i a l  s y s ­

tem o f  e q u a t i o n s  i s  f o r  p a r t i c l e s  o f  t y p e  oC

-ал  w^ + Q^cos  I  s in Du^ -  û ^ c o s  I  cos Dv^ + ( t )  ,

-  Q^cos I  s in  DWoC -  9oC u ^ ï  Q ^ s i n  I v<< + U^ ( t ; , ( 5 )

cos I  cos Dw^ + i l ^ s i n  IuK -  v^ + ( t )  ,

where w^ , u ^  and v^ are  th e  v e r t i c a l ,  m e r i d i o n a l  and z o n a l  

v e l o c i t y  components  o f  th e  cha rged  p a r t i c l e s  o f  t y p e  <k , W,<_ ( t ) ,  

( t )  and V* ( t )  a re  th e  f o r c i n g  f a c t o r s

n 0 , n «Ln e^ В

ß«c.‘  m^ C ’

e / V ? e
Wj  ( t )  = -------E + a , w + g ------------- > U , ( t )  =--------- Ep, +r  <*- n yr  noC ö

+ a , u -------------c4 n m^ n^
, N eoC PoC

« ^  ( t )  ЕЛ + aoc vn -  ÍÜ 7H7

( 6 )

( 7 )

where  w , u and v a re  th e  v e r t i c a l ,  m e r i d i o n a l  and z o n a l  coni­n '  n n
p on en ts  o f  t h e  n e u t r a l  w ind .

SOLUTIONS FOR DIFFERENT CASES

The g e n e r a l  s o l u t i o n  o f  t h e  i n i t i a l  sys tem o f  e q u a t i o n s  

has a l e n g t h y  f o r m .  I t  i s  p r e s e n t e d  i n  Append ix  I .  M o r e o v e r ,
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i n  A p p e n d i x  I I  s o l u t i o n s  r e f e r r i n g  t o  t h e  i n i t i a l  c o n d i t i o n s

t  = V  V  = V o ’ V  = V o  and V  V o  a re  g i v e n -
Here a more d e t a i l e d  d i s c u s s i o n  o f  a number o f  more s p e ­

c i f i c  ca ses  i s  a t t e m p t e d .

1. C o n s i d e r i n g  h i g h  l a t i t u d e s ,  where  I — - y , th e  r e l a t i o n s

woC ( t ) e e ( t )  dt  + Cx ( 8)

u ^  ( t )  = e " cos Cl  ̂ t j e “'  (U^ ( t )  cos t  _+ ( t )  s in f l ^ t )  d t

f  a 0C t
+ s i n / l ^  t  I e (Ц^ ( t )  s i n D ^  t  + ( t )  c o s O ^ t )  dt  + (9)

+ C2  cosO^ t  + Cj s i n f l ^  t

V  = e s i n f l ^  t
a^t

e (V^ ( t )  s inO,^  t  + ( t )  c o s i l y  t )  d t  +

4 *
+ cos t  e (V^ ( t )  cos f l ^  t  + ( t )  s i n f l ^ t )  dt  + ( 10)

_+ C2  s i n Q ^  t  + Cj c o s i l y  t

a re  o b t a i n e d ,  where C^, C2  and a re  i n t e g r a t i o n  c o n s t a n t s .

A t  t h e  t im e  t  = t  , i t  s h o u ld  be V  ( t )  = V o -  V  ( t )  =
= u^.Q and v ^ C t )  = . I n  case o f  t h e s e  i n i t i a l  c o n d i t i o n s  Eqs

( 8 ) — CIO) t a k e  th e  f o l l o w i n g  fo rms  

t

w^ ( t )  = e
-a^t a^rt

e ( t )  dt  + w ^ -  e
- aoCT

( 11)

u ,  ( t )  = e
-%ct

cos f l ^  t
a , t ( IU  ( t )  cosDoC t  1  voC ( t )  sinQoc t )  d t  +

a^t
+ s i n i l ^ t  J e (U^ ( t )  s i n Q ^  t  + ( t )  cos t )  dt

-a^X

( 12)

q e s in  ( i l ^ X  + у  ) ,
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( t )  = e
a^t

s i n í l ^  t  I e (V^ ( t )  s i n i l ^ t  _+ ( t )  c o s i l y  t )

Í %c.t
+ cos f l ^ t  e (V^ ( t )  c o s t  + ( t )  s i n ü ^ t )  dt

t

+ q e 

where

- a oCT
s in  ( n ^ x  + f  ) ,

X -  t - t o , t a n y » - ^ - ,  tan f = ~ ~ ,  4 =f Í o  + í o  '
<<- O c< 0  ’

I f  th e  f o r c i n g  f a c t o r s  do n o t  depend on t i m e ,  then Eqs 
-  ( 1 3 )  can be w r i t t e n  as

_ V

aoC
(1  -  e

- a y t
> + w cCO 1

1 -
- a^e

( аоСЧс + Я1
Û) + o i

1 - e
^aoC vot 11

Û3

G+

- ао<*

- a^

-a /E

1 - a/ t
In  case o f  x )£>z— e 0 Eqs ( 1 5 ) - ( 1 7 )  l e a d  t o

a<£

W,
"<*■ = a

VoC

oC
^  Ц* + П *  V,

2 2 ’

al  +
aoC V  1  QoC 4 *

2 2
al  + o *

The f o r c i n g  f a c t o r s  s h o u ld  v a r y  w i t h  t im e  a c c o r d i n g  t o  

f o l l o w i n g  r e l a t i o n

dt  +

(13)

(14) 

( 1 1 ) -

(15)

(16)

(17)

(1 8 )

(1 9 )

( 2 0 )

th e
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OU

W«  (t) = ^0 + X Wd k  s i n  (kujX + “V -  U«C ( t )  = U oC0  +
к = 1

CO CO ^

+ X  UoCk sin (кшТ + V »  V  ( t )  = VoCo + X  V0f k  s in ( k tJ t  + * k } -
k= l  k=l

Then ,  t h e  i n i t i a l  c o n d i t i o n s ,  be ing  X = 0,  = и

and m , - V  , the  e q u a t i o n s  f o r  th e  v e l o c i t y  components o f  t h e
CK-. c kO

c h a r g e d  p a r t i c l e s  t a k e  t h e  fo rm

OO

V  ( t )  = T
oCO -a - e °S + Y. ,rr k-;, " ; r  !sin (kujt + ák - V

k=i  v a uc + ( k u )

~ao ^
sin (oCk -  0 k ) + w , edLO

_adC^
( 22)

“ .<<*> = J f r r ( ^ u i 0 ;  а / и ' * 5
acC + П оС

u!dk * vi k
k=l

s i n  (kcoT + oCk - Х ц  + Ak ) s in ( к ш Т  + <^k -  \Ук + Ak )

\ / a ^ *■ (kco + / 1 ^  ) 2  uu + л  )

-  e
-a^T  [~ sin ( oCk -  x_k + Ak ) s in ( oCk -  \ ^ k _+ AR)

_ \ / a ^  + (кии +1 1 ,*. ) 2  \ /а 2̂  + (kvo - 1 1 *. ) 2  _

(23)

~ a / c
+ q e sin ( f l ^ / t  + у  ) ,

V  <«> ■ ¥
-асСг

aá. + Л о1

a , V Û , U
2  V V o I  oC <Ao - ~ 2 ui k  * vi k

k=l

cos ( ko jT  + c£k -  x k + Ak ) cos (kuJt  + <L k -  \Ук + Ak )

\ l a ĉL + ' kuj + -̂JL  ̂“ ' / a * .  + (kco -  П * .  Ÿ
(2 4 )
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- а лг Г  COS ( cC k -  * k + Ak ) c o s  ( o C k -  \ > k + Ak )

L \ /a dC + (koJ + ̂ оС )2 \Jad. + к̂ы )2
-  а/-Т

+ q e s i n  (ПдсТГ i f )  »

where

tan ©. =
k aoC

tan x k =
ki_u + ПоС ко-» - ÍL o c

---------------  . tan \ > k -----------------
3oC aoC

tan Ak = u«с к

сС к

(25 )

2. Now th e  case s h o u ld  be c o n s i d e r e d  when I  — 0 ( e q u a t o r i ­

a l  l a t i t u d e s ) ;  how eve r ,  th e  g e o g r a p h i c a l  c o o r d i n a t e  sys tem does 

n o t  c o i n c i d e  w i t h  t h e  geo ma gn et ic  c o o r d i n a t e  system (D У 0 ) .  In  

t h i s  case f o l l o w i n g  e q u a t i o n s  o f  t h e  v e l o c i t y  components are  

o b t a i n e d  f o r  t h e  i n i t i a l  c o n d i t i o n s  w ^  = w, , u ^  = u ^ Q and

V , = V/ a t  th e  t i m e  t  = t  :<*- <s. о о

-Sect t'
w ^ ( t )  = e c o s Q t

Í

e W ^ ( t )  c o s i l ^ t  dt  +

f d oC L
+ s i n f l ^ t  e W ^ i t )  s in Q oc t  dt

a j - 1

+ Sr s inü^c t
L  f

3oCt
e U ^ ( t )  c o s i l ^ t  d t  -

-  cos t
aot ^

e U ^ i t )  s i n i l ^  t  dt

-  Cr s in  f l ^ t
a , t

e ( t )  cos i ly  d t  -

a oC t

( 2 6 )

-  c o s i l ^ t  j e V ^ t t )  s i n i l ^ t  d t  f  + q'  e sin (O^T + (.) ,
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u .  ( t )  = e
V к f  adf

e cDu0 ( t )  + S0V ^ ( t )  dt

I t -  J

-  Sr s in  t e ( t )  c o s Q ^ t  dt  -

-  cos t
a^t

e ( t )  s i n  A ^ t  dt

cosA^t

+ s i n  A ^  t

a^t
e U ^ ( t )  c o s A ^ t  dt  +

e U,^ ( t )  s i n  A ^ t  dt

(27)

SDCD cos A  ^rt
a^t

e V ^ C t )  c o s A ^ t  dt  +

+ s i n A ^ t
a , t

e ( t )  s i n A ^ - t  dtcC > + e С0(С0и oCo + SDV oCo-* +

+ q '  Sn cos ( П л 1  + Ç )

,  ,  ~aj} q*t
( t )  = e cn a e

t
0

c^ C t) и- sDv^(t) dt  +

a^t
s i n A ^ t  e ( t )  c o s A ^ t  d t  -

-  cos A  „r t
aoC*-

e W ^ ( t )  s i n A ^ t  dt

SDCD c o s A ^ t а<К*
e ( t )  c o s A ^ t  d t  +

+ s i n  A ^  t
a ^

e ( t )  s i n t  dt

о t
s i n A ^ t

a rt
e ( t )  s i n A ^ t  dt  +

(2 8 )
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+ c o s i l ^ t

t
- aoCt

— c

+ e SD

where

Sg = s in D, CD

a , t
e V_f ( t )  cos Q j  t  dt

SD = s in D, CD = cos D, q- = \ / WI o  + (SD U ^  ’  Co V  ) 2  ’

wЛ. 0

( 2 9 )

tan £ =-=-----------^ ---------
SdV o "  CDV dLO

I f  th e  g e o g r a p h i c a l  c o o r d i n a t e  s y s te m  c o i n c i d e s  w i t h  t h e  

geo m a gn e t ic  c o o r d i n a t e  sys tem (D = 0 ) ,  one g e ts

t

wcC

-  s i n i l ^ t

-  s in  t  

+ c o s i l ^ t

~aoC t  Г
= e -cos Q ^ r tL и

ä , t
e VL- ( t )  s in Q r t  d t  -

ac<t
e ( t )  c o s f l ^ t  dt  +

a^t
e V.  ( t )  s inD  , t  dt

a^t
e W/■ ( t )  c o s Q ,  t  dt

( 3 0 )

- adLT
+ q" e sin Ш ,  T  -  £ ’ ),

u r ( t )  = e
- а / t  r a r t

e U ^ t t )  dt  + u ^ o e (31)

vj- ( t )  = e
-a^t

SinßoC t
c i f

e ( t )  c o s f ) ^  t  dt  -

-  cos n ^ r t

+ s in n ^ t

a , t
e ( t )  s in f l ^ t  dt  +

a^t
e ( t )  s i n Q ^ t  d t  +

( 3 2 )
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+ cos ü ^ t e ( t )  c o s i l y  t  dt
~a7

-  q" e cos ( Q ^ X  -  £ ' ) ,

w he re

q" = \ / w 2„  + v 2„  , ta n  £'  -- tK- 0

oCO dCO ’ ( 3 3 )

I f  the  f o r c i n g  f a c t o r s  WoC , Uat and VqC are i n d e p e n d e n t  o f  
t i m e ,  t h e n  i n  case o f  D i  0

«„с ( t )  =
-a^c Wot + )

a 1  + ^ 2

- * £ ■  /  w£ + (sDu* - cDv̂  )2
-  e / ----------- ~ ^ ------------  s in  ( i l ^ T  + ß -  t )

aÍ  + Ac
( 3 4 )

-q '  e s i n  ( Q ^ T  + Ç ) ,

l -ааеТ
u<^( t )  = 1 7  CD (CDU*  + SdV  5 ( 1  -  e } +

SD [ -  + ( S ^  -  Cd 7  ) ]
2 n  2

aoC+

- а * Т „  M *  <SDU*  - CqVoC ) 2
UD\/ 2 „ 2

V aöC + n oC

-а - f t  ,
+ e 1 S p• q 1 cos ( Л . ^  X + £ ) +

cos ( Д ^ Т  + /Ъ + J-) +

( 3 5 )

vaC ( t )  = ^ 7 SD (CDÛ  + SdV } ( 1  -  e 

Cn [ Q ^  -  a ^  (Sn4 *  -  ) ]

) +

-  e

aÍ  +л /

4>CD1

p / wi  + (SDUoC -• CDVoC ) 2

4 ' ai -

- a - T
[%

;
« W ü . * S0 V o} _ CD ' q '

cos ( Л  , t  + ß - у )  +

( 3 6 )
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where

4* a e

ta n  s Duc<: -  c o V  ’ t a n / 3  = 4 c

In  case of 0 = 0 , from Eqs ( 3 4 ) - ( 3 6 )  the  r e l a t i o n s

V  ( t )  = -

+ e

aoC «oC •a^  , K ' + v i
2 n 2 

aoC + V  4 - û î .

' q" sin ( -► £ ' ) ,

UoC - a ^ t - acct

ao4.
(1 -  e ) + ' V o  e

VcC =
O A  + V  _ak  /  wd"_ + v$

- e
2  ~ 2~ cos ( i V T + 

V . +iV
- а ^ Г

-  e q" cos ( f l^ T  + £ . ' ) ,

are  o b ta in e d ,  where ta n q f  ' 4
v *  •

The f o r c in g  f a c to r s  should he g iven  by v o le t io n s  o f  

type ( 2 1 ) .  Then, from Eqs ( 2 6 ) - ( 2 8 )  f o r  D 0 one gets  

la t r o n s

, , " a* . WcCo + Л ос (SD,: <o* CPV x o '  w / ( t )  = -----------у-------- - y ---------- ----------------
л  >1 .  a i

-  e
• а Л  \ I W2 + (SnU . -  C,.V . )Æ \ ! oL ü D oC 0 U СчО

‘73 T nT
e oC +

— ------ sin ( O.^C * -  y - j )

l V  г

■Ü , у\ / 3 rf. + ( k1- 

cos U k -  v>k -  r K)

' / a ^ T c i u ,  - 0 .ee j f

 ̂ cos (i-v-oT + •
• v \2 Л —rrr-r- ----------—
Dv <Kk '

( \ i  4 aC + (‘ku’ ' -oc
- T. y4 K -’ -a -r!  cos ;<

• ^ 7"V~

i v a7 c + <*«.. +iU  >
7 '

- п ' - * T
»■ i’ e s in  ( Q^C t- C. ) ,

( 37 )

T '  ) +

(38)

(39)

T ' )  -

( 40)

the
• i.e r e -

( 41)

к
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u * C t )  = i ^  CD + ( 1  -  e } *

_ S p l ^ o - ^ W o -  _

a l  + П-2  ________
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. - â  Л “L *  ( sdV o

0 0

D\ 2  2  

al + A Î

î CD (CDUoCk + SDV rfJp
z _
k=l № + (kuo)^

~adt

U k '  0 k } 1  +e sin

s i n (kuoT + ^ k  -  Xk -  T

-cos COjjT + fl + T q)

(Ain  (koot  + -  0 ^)  -

.  ' / a l  +  + A > C  У
+ —

\lI a l  + (koo -  ) 2

- a , t
-  e

sin U k -  x k -  T k ) s in  U k -  * k -  T k )

- al

_ \ A ! T ^  + A * .  ) 2 \ / a l  + (k^> - f l ^  ) 2 -
У-+

+ e Gco (Cqü + SpV ^ Q) + Sq q ’ cos ( n ^ L  + % ) J >

1 -a^T
■ 5 7  SD « W o  *  V « >  ( 1  -  '  >

CD I X V o -  ^ « W o  - V « > ]
+  2 2

a l  + A Í

-aoCL
-  e Cr WA  *  < W o  -  4  J 1

O O
n ‘

cos ( Q ^ t  + /3 -  T 0) +
oC + i2-cL

SD (CDUoCk + SDV 0Ck)

k=l

-a <<t

a ^  + (kuu )
s in (kooT + cC k~ 0 k )

sin ( d k -  0 k ) ] -  2  CD V Wetk + ^SDUoCk '  CDVtc k )

s i n  (kooT + dL -  x k -  r k ) s in (kcot  + ^ k "  ^ k + T |P

_ \ / a ^  + (koj  + i i ^ ) ^ Va  + ( k u  -  f l u  ) 2

( 42 )

( 4 3 )
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■а̂ С1
- s in  ( * k -  * k -  T k ) s in U k - y y k * T k y

_\]al  + ( кш  + ) 2  y/a^_ + (kco - П л  ) 2  _

- а ^ Г  
+ e S0 ^CDU oQd + SDV dLô  " CD 4 ' C0S + ^

where

y +

W , .
"tan *v- =------- - ^--------------  tan '■y- — -------------T 0 SnU , -  CnV , ’ xan T k  Snu -  cnvD oC-0 D dCo D dtk D dLk ( 4 4 )

I f  t h e  g e o g r a p h i c a l  c o o r d i n a t e  sys tem c o i n c i d e s  w i t h  th e  geo ­

m a g n e t i c  c o o r d i n a t e  sys tem (D = 0 ) ,  Eqs ( 4 1 ) —(4 3 )  t a k e  th e  fo rm

w , ( t )  = -
a j ,  + a , V , „  -a /C  \ / „  + V2, „

<£- c£_0 cC c£.Q (N- \  oC O  C^O

2 2 
a dC +

------- f ^ s i n ^ T  -
+ n dL

(4 5 )

cos (ci.k -  л7к + T k )

\J * k̂uJ " .

Uv n  -а/-Т
u ^ i t )  = - г ^  (1 -  e 

aoC

> + q e
" аоС̂ s in  (П X  -  £, ' )

OO

*1 JoCk

7 l ^ ~ äöi +

sin (kuüîT + oCk -  0  k ) -  e

u e 
( £ 0

■ V C

- aoO
s in  (oCk - 0 k ) ( 4 6 )

Û J ,  + a , V , -а ЛГ \ /  W* + V*
V  ( t )  = *  * ° ------- e *  l / - f 5 ---------------------- ^ - c o s  (Q^T  ♦ *  + * ; )  -
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CD-I 7  \ К * *  Ъ
k= l

s in  (kuoT + cCk -  X k + )

, \ A 2o c + ( к ы  +° -d i . ) 2

( 4 7 )

s i n  (kuuT + otk -  x?k -  r k ) - a ^ t
----------e

^  + k̂0J )

s i n  ( * k -  X7 k - X k )  ■
*- .................. -■ -

,/a2̂  h- (kco -íl^ )2 J.

s in  U k - Xk + Tk>

-  q e

r~n---------------------——
_ y a  <*. + (ko j  + )

cos ( f l ^ X  - £ , ' ) ,

T 2

where

ta n  T  'Q = T
<co

oCO
ta n  T ' = °ck (48 )

dck

DISCUSSION

I f  t h e  f o r c i n g  f a c t o r s  a re  i n d e p e n d e n t  o f  t i m e ,  t h e n  i n  the  

g e n e r a l  case (Appe nd ix  I )  f o r X  $> -r- t h e  s o l u t i o n s  a re  t r a n s -

fo rm e d  i n t o  known r e l a t i o n s  o f  th e  s t a t i o n a r y  case ( K i e v t z u r  

and F a t k u l l i n  1983) .

I n  a l l  e q u a t i o n s  o b t a i n e d  f o r  t h e  v e l o c i t y  o f  ch a rge d  p a r -
-  a -X

t i d e s  t h e  f a c t o r  e *■ a p p e a rs .  E s t i m a t i n g  th e  v a lu e  o f  t h i s

f u n c t i o n  f o r  r e a l  i o n o s p h e r i c  c o n d i t i o n s ,  i n  F i g .  1 f o r  e l e c -  
-a r tt r o n s  and i o n s  a i s  p r e s e n t e d  as a f u n c t i o n  o f  t im e  and

7  ̂[ j
f o r  d i f f e r e n t  f i x e d  h e i g h t s .  The va ues a = \) and a. = —^—~ 

f o r  summer d a y - t im e  c o n d i t i o n s  i n  t h e  m i d - l a t i t u d e  i o n o s p h e r e  

and f o r  low  s o l a r  a c t i v i t y  a re  ta k e n  f r om  F a t k u l l i n  e t  a l .  

( 1 9 8 1 ) .  A t  h e i g h t s  o f  t h e  F r e g i o n  and i n  case o f  T  -- 10 s th e

c o n t r i b u t i o n  o f  the  f a c t o r  e ^  may be s i g n i f i c a n t .
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- а ^ Г
Fig.  1. The v a r ia t io n  of  e as a func t i on  of T  f o r  f i x e d  heights,

1  -  f o r  e lect rons,  2  -  f o r  ions

APPENDIX I

Gene ra l  s o l u t i o n  o f  t h e  i n i t i a l  system o f  e q u a t i o n s  i s :

( t )  = e + St e3cCt [ ;  SjW^ ( t )  + CI (CDUoC( t )  +

+ SpV^ ( t ) )  ] d t  -  Cj [ c o s n ^ t  e W^Ct)  c o s i l ^ t  d t  +

+ s in f l ^ t
a * *

e W^Ct)  s i n f l ^ t  d t  ]  + CjCSg s i n f l ^ t  +

+ SjCp cos f L ^ t )  e U^Ct )  cos f l ^ t  dt  -  Cj(SQ c o s f l ^ t  +

5  s i cg s in  ^ t )

+ CQ s i n n e t )  

-  CD cos Cl<^t)

a ^ t
e U ^ ( t )  s i n n e t  dt -  Cj (+SjSq c o s i l ^ t  +

a oct
e V ^ C t )  cos i l ^ t  d t  -  CjC+SjSg s i n f l ^ t  -

St

( 1 . 1 )

a ^
V ^ ( t )  s i n f l ^ t  d t  + C JI

1 CI SD
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C j C+SjSp c o s i l y  t  + CQ s i n Q ^ t )

1 _ ç? g2  
1 LI bD

-  C,
Cj C+SjSg s i n Q ^ t  -  Cp c o s i l y t )

1  -1  L j  bp

Ujr_(t) = e
- aJL* Г г

l i l d
a«*.*

[ ï S j W ^ c t )  + CjCCpü^Ct)

r aoct
+ SpVoc(t ) )  ] d t  -  CjCTSjCp cos A ^ t  + Sp s i n A ^ t )  j e W ^ ( t )  c o s f l ^ t dt

acct
+ Cj(+SjCp s . i n A ^ t  + Sp c o s A ^ t )  I e W ^ ( t )  s i n A ^ t  dt  +

f ^ oC
+ (1 -  CjCp) ( c o s A ^ t  j e Ll^c( t ) c o s A ^ t  d t  +

+ s in  ( 1  ^ t Í a°Ct  2e UoC_(t) s i n n e t  dt  -  (CjSpCp c o s A ^ t
( 1.2)

f 3 oC*
+ Sj. s i n A ^ t )  e ' Voc_(t) c o s f l ^ t  dt  -  (CjSpCp s i n A ^ t  +

3 oĈ
+ Sj c o s i l y  t )  e Voc( t )  s i n A ^ t  dt  + C^-g-----

J  2 ^  -
CjSpCp cos A ^ t  + Sj s i n A ^  t  C^SpCp t  + Sj cosAoct

" C 2  ;— 7TT2---------------------------• ‘  сз ; a T - 2

1  "  CI  SD 1  -  CJ S‘

Vo<_(t) = e CI SD e G-SjW^Ct) + CjCCpU^Ct) + SpV^Ct) )  ]  dt  +

3 oCt
+ Cj(Cp sinA<£ t  + SjSp c o s A ^ t )  e ( t )  s i n A ^ t  dt  -

У
a ^ t

-  Cj (Cp cos A ^ t  + SjSp s in  A ^  t )  e W ^ i t )  s in  A ^  t  dt  -

-  ( C i S d C d  c o s  A ^  t  +  S j S i n A ^ t )

+ (+Sj  cos Q ^ t  -  CjSpCp s in  A ^ t )

a ^ t
e U ^ i t )  c o s A ^ t  dt  + 

a ^ t
e ( t )  s i n  A ^ t  dt  +

(1 .3)

+ ( 1  -  CjSp) (s in  0 ^  t
aoct

e ( t )  s i n A ^  t  d t  +
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+ c o s A j A e ( t )  cos A ^ t  d t ) + Cj + C2  cos i l  ^ t + C j  s in  A ^ t

where C^, C2 and Cj  a re  i n t e g r a t i o n c o n s t a n t s ,  Cj- - cos  I ,

S j  = s i n  I , : D = cos D, Sq = s i n  D.

APPENDIX I I

S o l u t i o n  o f th e  i n i t i a l  sys tem o f  d i f f e r e n t i a l e q u a t i o n s

w i t h  i n i t i a l  c o n d i t i o n s  a t  t h e  t i m e  t  = t  .

w ^ C t )  = e

WDC( t ) = W ^ >  Uof( t )  = U^ n .  ^ ( t )  = V ^ n .

■a<tt

"dL"-' - V J ’ '  oLo’ Vo A L'  -  vaUT

X
+s I

a<LX
ÏSjWrf.Ct) + Cj CCjjUoc ( t )  + S j jV ^ L t ) ) dt  -

-  Cj ( c o s i l ^ t e Woc_(t) cos A ^ t  dt  +

+ s in  A ^ t
3  <f~x

e ( t )  s i n . A ^ t  d t )  + Cj (S^ s i n A ^  t  +

f  а оС*
+ SjCp c o s D ^ t )  I e U,*_(t) cos t  dt  -  Cj (Sg c o s A ^ t

( I I . 1)

a oCt
+ SjCp s i n A ^ t )  e Uoc(t) s i n n e t  dt  -  Cj (CD s i n A ^ t  +

t :

+ SjSQ cos A ^ t )

+ SS  s in  û r  t )  
- I D  *-

3oCt

a и t

( t )  c o s A ^ t  dt  + Cj (CD c o s A ^ t  +

e V/ ( t )  s in  Aoc t  dt

-a act
+ e + S • A + 8  • s in ( A ^ T  + 5” )
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( t )  = e
_aoC.t Í aoCt Г  1

e CI CD e Í S j W ^ í t )  + C j í C g U ^ I t )  + S g V ^ U ) )

\ D

dt

f a
-  Cj (Sp s i n A ^ t  + Sj  Cg c o s í l ^ t )  I e W ^ ( t )  c o s A ^ t  dt  +

Cj CSp c o s A ^ t  + SjCg s i n A ^ t )
a ^  t

e ( t )  s i n A ^  t  dt  +

+ (1 - CjCg) (cos A  ^ t e ( t )  cos Q ^ t  d t  +

( I I . 2)

+ s i n A ^ t
Г aoAt ?

e U ^ i t )  s i n A ^ t  dt  ) -  (CjSgCg cos A ^ t  +

a ^ t
+ Sj  s i n A ^ t )  e V ^ t )  cos A ^ t  d t  -  (CjSgCg sin A ^ t  +

v ^ i t )  = e

: ЭоС t
Hof t ) e Voc( t )  s

t D

( A ^ t f 0 | ) >

- adC*

r

1  acCt
e ■< CI SD e

t
0

+ e W  +

Ï S j W ^ i t )  + Cj (CgUoCÍt) + S g V ^ t ) dt

+ Cj (Cg sin A ^ t  + SjSg c o s A ^ t )
a ^ t

e ( t )  cos i l ^ t  dt

-  Cj- (Cg cos A ^ t  + SjSg s i n A ^ t )
3oCt

e ( t )  s inO^ t  dt
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-  (CjSqCq cosQ ^  t  + Sj s i n f l ^ t )

-  (CjSQC0  s i n f l ^ t  + Sj c o s / l ^ t )

а сС*
e U ^ C t )  c o s jQ ^ t  dt

Sect
e U ^ ( t )  s in Qot t  d t

( I I . 3)

+ ( 1  -  CjSD) ( s i n f l *  t
aoC't

e ( t )  s i n f l ^  t  dt +

+ cos П. j  t
a ^ t

e ( t )  cosf l  (jL t  d t  f  +

CjSpA + G s in ( f i ^ T  + K. > ] -

where

1  = t "o ’ A
■ D SI WáO + и  (c t f V o  • V « - ' ]  •

В = Cj V i ci" oCO - s i (CD ’ , :o + V « . ’?  *  ‘ V - , ,  %»

tan 5"
CTw oCO - Sri (Cn \ . o  + so V o >

SDu
< < . 0 ■ CDv &_o

»

F [сЛ  í íS jW ^o  -  c r': ùv .jo1 + ( 1  ' - ' ' 0 J *.o j (CI S0Wso

t  CICn f+5 Iw rin *  c I Sn V r fo j  ' ( I  ~ f' I L0) ‘V  i

v « >  •

l r~
•  * > / Е л  < ; v  = r u V r >  * / .  ' V o ‘ * < • * «  :  V W "
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ON STABILITY OF THE LOW-FREQUENCY LONGITUDINAL POTENTIAL 
PERTURBATIONS OF THE CHARGED PARTICLE DISTRIBUTION 

IN THE F REGION OF THE IONOSPHERE

A M Antonov^  and M N F a t k u l l i n *

* I n s t i t u t e  of  Geomagnetism, Ionosphere and Radio Wave Propagation, 
Academy of  Sciences of  the USSR, 142092 T ro i ts k ,  Moskovskaya ob la s t ,  USSR

The s t a b i l i t y  of  the height d i s t r i b u t i o n  of  charged p a r t i c l e  concentra­
t i o n  in  the F region of  the ionosphere i s  d ea l t  wi th from the p o in t  o f  view 
of  low-frequency long i tud ina l  (d i rected along the magnetic f i e l d )  p o te n t ia l  
per turbat ions .  Co l l i s ions  of  a s ingle type o f  ions (0+) wi th neu t ra ls  are 
considered. Condit ions f o r  these per turbat ions  becoming unstable are found.

Keywords: dynamics of  the ionosphere; F region; i r r egu la r  s t r uc t u re  of 
the ionosphere; plasma i n s t a b i l i t i e s

I n  t h e  i o n o s p h e r e  a t  h e i g h t s  o f  t h e  F r e g io n  (16 0  é- h á- 

á  1 0 0 0  km) a v e ry  broad s pec t r um  o f  space and t ime  s c a l e s  o f  

e l e c t r o n  d e n s i t y  i r r e g u l a r i t i e s  a re  o bse rv e d  (E rukh im o v  e t  a l .  

1980,  F e j e r  and K e l l e y  1980, F a t k u l l i n  1982, Hanuise 1 9 8 3 ) .  Un­

f o r t u n a t e l y ,  t h e r e  are  a t  p r e s e n t  a lm o s t  no e x p e r i m e n t a l  d a ta  

c o n c e r n i n g  th e  s c a le s  o f  i r r e g u l a r i t i e s  p e r p e n d i c u l a r  ( l j _ )  and 

p a r a l l e l  ( 1ц )  t o  t h e  m ag ne t i c  f i e l d .  Gershman (1980)  m e n t i o n e d
— 1  — О

t h a t  t h e  s e p a r a t i o n  o f  v e r y  s m a l l  r a t i o s  o f  1  j_/ 1 ц ~  1 0  - 1 0

i s  e x p e r i m e n t a l l y  n o t  s u f f i c i e n t l y  w e l l  founded .  A c c o r d i n g  t o

F a t k u l l i n  e t  a l .  ( 1 9 8 1 ) ,  S o l o d o v n i k o v  e t  a l .  ( 1 9 8 4 ) ,  m i d d l e

s c a l e  i r r e g u l a r i t i e s  o f  th e  e l e c t r o n  d e n s i t y  w i t h  c h a r a c t e r i s t i c

h o r i z o n t a l  s c a le s  ( 1 ^ )  o f  some h u n d r e d  k i l o m e t e r s  and l a r g e

s c a l e  i r r e g u l a r i t i e s  o f  l h — 2000- 30 00  km can be o b s e r v e d  i n  the

o u t e r  i o n o s p h e r e  (h  è  h F2) up t o  a l t i t u d e s  o f  h á- 3000 km.m
The d i f f i c u l t i e s  a r i s i n g  i n  t h e  e x p l a n a t i o n  o f  t h e  i r r e g u ­

l a r i t i e s  i n  case i f  a bro ad  s p e c t r u m  o f  space and t i m e  s c a l e s ,  
by a s i n g l e  p h y s i c a l  mechanism i s  c o n s i d e r e d ,  have s e v e r a l  t im es  

been m en t i on ed  (Gershman 1974, G e l b e r g  1977, Erukh imov  e t  a l .  

1980,  F e j e r  and K e l l e y  1980, F a t k u l l i n  1982) .  The mechan isms o f

Acta Geod. Geoph. Mont. Hung. 22, 1987 
Akadémiai Kiadó, Budapest
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g e n e r a t i o n  o f  th e  i r r e g u l a r i t i e s  a t  t h e s e  a l t i t u d e s ,  b e in g  l i m ­

i t e d  t o  a g iv e n  l e v e l  by c e r t a i n  c o n d i t i o n s ,  i . e .  w i t h o u t  c o n ­

s i d e r i n g  th e  i n t e r a c t i o n  among them, can be d i v i d e d  i n t o  t h r e e  

g r o u p s .  1. Processes a f f e c t i n g  t h e  r e d i s t r i b u t i o n  o f  t h e  c h a r ­

ged p a r t i c l e s ,  p ro du ced  by the  m o t i o n  o f  t h e  n e u t r a l  component 

due t o  t h e  p r o p a g a t i o n  o f  i n t e r n a l  g r a v i t y  waves i n  the  u pp e r  

a t m o s p h e r e .  The s o u r c e s  o f  g e n e r a t i o n  o f  t h e  i n t e r n a l  g r a v i t y  

waves i n  th e  upper  a tm osphe re  are  a u r o r a l  phenomena, p ro c e s s e s  

i n  t h e  v i c i n i t y  o f  th e  t e r m i n a t o r ,  t h e  n o n - l i n e a r  decay o f  t h e  

t i d a l  mode and a l s o  t r o p o s p h e r i c  and s t r a t o s p h e r i c  phenomena 

( a t m o s p h e r i c  f r o n t s ,  s t o r m s ,  t o r n a d o e s ,  e a r t h q u a k e s ,  v o l e s  >ic 

e r u p t i o n s  e t c . ) .  2 . M a g n e t o s p h e r i c  p r o c e s s e s ,  l i k e  e . g .  genera-  

t i o n  o f  i o n - a c o u s t i c  waves w i t h  f r e q u e n c i e s  w  é  1 0  s a t  

h e i g h t s  h =  1 0 0 0  km as a r e s u l t  o f  t h e  t r a n s f o r m a t i o n  o f  h y d r o -  

m a g n e t i c  waves ( P o e v e r l e i n  196 6) .  3. D i f f e r e n t  i n s t a b i l i t i e s  o f  

t h e  i o n o s p h e r i c  p lasma due t o  f a c t o r s  l i k e  s p a t i a l  i r r e g u l a r ,  

t i e s  o f  d i f f e r e n t  p a r a m e t e r s  ( e l e c t r o n  d e n s i t y  ng and e l e c t r o n  

t e m p e r a t u r e  Tg , i o n  t e m p e r a t u r e  T^ ,  v e l o c i t y  o f  e l e c t r o n s  v p 

and t h a t  o f  the  i o n s  v ^ )  i n  " b a c k g r o u n d "  s t a t e  o f  the  i o n o ­

s p h e r i c  p lasma,  f l u x e s  o f  p r e c i p i t a t i n g  c h a rg e d  p a r t i c l e s ,  elet 

t r i e  f i e l d s  and c u r r e n t s  and i r r e g u l a r i t y  o f  t h f  m o t i on  o f  c h a r ­

ged p a r t i c l e s .
I n  t h e  f o l l o w i n g  p ro b le m s  o f  he s t a b i l i t y  o f  l o w - f r e q u e n c y  

l o n g i t u d i n a l  ( r e l a t i v e  t o  the  g e o m a g n e t i c  f i e l d )  p o t e n t ; г 1  r i i  

t u r b a n c e s  i n  the d i s t r i b u t i o n  o f  c h a r g e d  p a r t i c l e s  i n  г he i r ­

r e g u l a r  ( b u t  u n d i s t u r b e d )  F r e g i o n  o f  t h e  i o n o s p h e r e  are  s t u d i ­

e d .  O n l y  s m a l l  p e r t u r b a t i o n s  w i l l  be c o n s i d e r e d .  In  p la s a a  

p h y s i c s  s m a l l  l o n g i t u d i n a l  p e r t u r b a t i o n s  anti  ehe q u e s t i o n  r e ­

l a t e d  t o  t h e i r  s t a b i l i t y  ( o r  i n s t a b i l i t y )  have becui i n . e s t i g a -  

t e d  s e v e r a l  t i m e s  ( e . g .  M i k h a y l o v s k i y  1970,  1971, S r e e n i : ,n

and S c h r o e d e r  1 983 ) .  I o n o s p h e r i c  c o n d i t i o n s  a t  t i  a l t i  .ode o f  

t h e  F r e g i o n  have been d i s c u s s e d  i n  a number  o f  paper?. (Sr* ' o i l ­

man 1963 ,  1974, 1980,  K e s k ine n  and Ossakov  1983 Zh nur  1 9 7 8 ) .

I N I T I A L  CONDITIONS AND EQUATIONS

1.  Only  s m a l l  p e r t u r b a t i o n s  o f  t h e  c o n c e n t r a t i o n s  and ne 
l o n g i t u d i n a l  v e l o c i t y  components  o f  e l e c t r o n s  and i o n s  a re
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c o n s i d e r e d  :

n = e neo + n , e ’ n i  = О•Hc <%
+ n . 

1

и•H>
11 v'.‘= 1 0

~  il
+ ï ï  >

case o f "e  « neo ’ " i «  n

= e Vм- eo U and

i o  ’
~  II и

= e « = eo and

»N.

ï i << = i o

Here n mean t h e  background e l e c t r o n, n. , v" and V1! e o ’ 1 0 ’ =eo = 1 0

c o n c e n t r a t i o n , t h e  b ackg ro und  ion  c o n c e n t r a t i o n ,  the  l o n g i t u d i ­

n a l  v e l o c i t y  components o f  e l e c t r o n s  and i o n s ;  N = n eo = n.  , 

i . e .  q u a s i - n e u t r a l i t y  i s  a r b i t r a r i l y  assumed; f o r  an a r b i t r a r y  
v e c t o r  A, A" = b (A b ) ,  w i t h  b = B/B b e i n g  the u n i t  v e c t o r  i n  

t h e  d i r e c t i o n  o f  th e  m a g n e t i c  f i e l d .

2. I n  t h e  q u a s i - h y d r o d y n a m ic  e q u a t i o n s  o f  e l e c t r o n s  and 

i o n s  the  g r a d i e n t s  o f  th e  c o n c e n t r a t i o n s  ( n e and n^)  and t h e  

t e m p e r a t u r e s  (T and T ^ ) ,  the  l o n g i t u d i n a l  v e l o c i t y  component

o f  th e  u n d i s t u r b e d  n e u t r a l  wind ( v n o ) .  t h e  g r a v . t a t i o n a l  a c c e l e ­

r a t i o n  ( g " ) ,  th e  i n n e r  e l e c t r i c  f i e l d  (EM) , the  c o l l i s i o n s  o f  

e l e c t r o n s  w i t h  i o n s  ( and th e  c o l l i s i o n s  o f  i o n s  w i t h

n e u t r a l  p a r t i c l e s  ( \>^n ) a re  ta ken  i n t o  a c c o u n t .  Only one t y p e  

o f  p o s i t i v e  i o n s  (0 ) b e in g  p r e d o m i n a n t  i n  th e  F r e g i o n  i s  c o n ­

s i d e r e d  .

3. In  an u n d i s t u r b e d  s t a t e  t h e  l o n g i t u d i n a l  v e l o c i t y  com­

p o n e n ts  o f  e l e c t r o n s  and i o n s  are  d e t e r m i n e d  by the  a m b i p o l a r  

d i f f u s i o n ,  i . e .

where
и = иV = V= no D "a

= eo = - i o  "  =d" >

V >'TP 1
( 2 )

lg" ,

к (T + T. ) -.и _ eo_____ i o
Ja n й ■ no u i n

к (T + T. ) eo i o
n^g

’ ^p “ ^eo + Ti o

V i
( 3 )

0 . = 1Д. ,1Г) П A- în ’no
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l g "  = g " / g  , D̂ ' i s  th e  c o e f f i c i e n t  o f  t h e  l o n g i t u d i n a l  a m b i ­

p o l a r  d i f f u s i o n ,  p i n  t h e  reduced mass and К the  Boltzmann c o n ­

s t a n t  .

4 .  The p e r t u r b a t i o n  o f  the  e l e c t r i c  f i e l d  i s  c o n s i d e r e d  as 
p o t e n t i a l , i  . e .

I  il = ~V||Ujj . ( 4 )

5.  O n ly  l o w - f r e q u e n c y  p e r t u r b a t i o n s  a re  s t u d i e d  f o r  w h i c h

^ = e  
F T  +

Q)
г>

и
*—

^

+ « Ä o - V „ ) v e < < ■41 • V
*  e i  = e

^  II
3 V i

a t  +

+

О
“

 «iH 
>11

t>~

< J f ï o - V|,  H i «  ^ i n ^ i

I f  t h e  c o n d i t i o n s  m en t i on ed  above a r e  v a l i d ,  th e  c o n c e n t r a ­

t i o n  p e r t u r b a t i o n s  o f  e l e c t r o n s  and i o n s  a re  d e s c r ib e d  by

0 N.í
a t -  Di A„ N± + ° i "

«no

Ldí
-  ( 1

Vi.D1! + P e  . 1 °a 1

D'Jí V mi Hi + Dï H
P

O'!

lg"

v „ n

Т П
a

D1!

Ч г * п о

1

+ TP V "= no

II

VmN
N

m D"
—  —  V m. D" v u l  a

v„ b i

lg"
i

VnD1; M,N ’
1! +

Da
+ N

i o me 1
4,D 1

I11 1 a m. 
1 Hi D"a

me 1

Di"
/  VnN_

mi Hi V  N

V„N

b.
1

b i  А и ф

V..N,

N

ig" -

l g "

= о

V„T 
" p

V c

N. -  
1

lg" J +

( 6 )

0N£

Э Г D A N -  D " AN.  + 0 " e u e  l  и 1 e

v" f  0  11 

_ I + _ a .
F  И  Dlíe \ e
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VP D

К
'a V p °ä 1  I g " '
D j - - n r ^ + D ^ - T T  -

4N.

-  V „

V,N me
N m.l T . W  1 )  ■ V i

V„N W V„N V"Tp

Da' ' N ) { N '
Л

v„ *no

Hi?,,

/ v" V..N \ 1 m D " ~lI =no II
1 eo Z . e l

D" N + D" e m . H .V a У a 1  1

i g 1

H.
1

ig"-
V.N

V„D'i

- D T
ig"

Ni  + Cbe -  b i )

+ ( b “ -  b-> V be -  b i }
b 11 -  b 11 e l

V„N
' V„ 9  = 0  ,

( 7 )

and th e  p o t e n t i a l  o f  t h e  d i s t u r b e d  e l e c t r i c  f i e l d  by th e  equa ­

t i o n

V „9  = -  4 f t  e N (N i  -  N ) ( 8 )

In  Eqs ( 6 ) - ( 8 ) t h e  f o l l o w i n g  n o t a t i o n s  have been used:  

n
N

N
D." = k T i 0  

i  П Q .no ü i n

kT
n  I I .  e O

De ’e i nno ®in w e i

kT.
H. = 10

1  пьд (9 )

1. = 2 .73  • 10
1  о

- 1 2
no ( V >

l eo = 4 .2  • IO “ 7  ( T eQ/ 3 0 0 ) - ° - 85 n o (N0+ ) ,

where  me i s  th e  mass o f  the  e l e c t r o n , D ^ ,  Dg and b ^ , bg are  the  

d i f f u s i o n  and m o b i l i t y  c o e f f i c i e n t s  o f  i o n s  and e l e c t r o n s .
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CONDITIONS OF THE IN STABIL ITY  OF LONGITUDINAL PERTURBATIONS

For  the  sake o f  s i m p l i c i t y  q u a s i n e u t r a l i t y  i s  assumed, i . e .  

Ni  = Ne and Vqj= 0.  I n  t h i s  case th e  i n v e s t i g a t i o n  can be c o n ­

f i n e d  t o  Eq. ( 6 ) .  N e g l e c t i n g  t h e  te rms  p r o p o r t i o n a l  t o  t h e  

r a t i o  ( т е / гть) ,  Eq. ( 6 ) can be r e w r i t t e n  i n  th e  fo rm

0N

~ a t

where

-  -  А„Й. + d l ( | ' {  • V „ N i ) + Dg f ^ 1 Nt  = 0 , ( 1 0 )

i'i
v"= no

°x
1  +

^ 1 1  ' =no
D"a

- Ж  i i '
p

D"a \  V Da V D К  1

O'i J N ° i  Tp Di + D'{ HP

(v. 7" Ds Í V”N + V"TP
D,!a N j \  N TP

о
= c>n M,N ^ l i a

D"a N J + D" 
a

ТГ W

( I D

I n  g e n e r a l  the  s t r u c t u r e  o f  Eq. ( 10 )  i s  c o m p l i c a t e d ,  i f  

t h e  b ac k g ro un d  d i s t r i b u t i o n  o f  the  F r e g i o n  p a ra m e t e r s  depend 

on l a t i t u d e  and h e i g h t ,  and t h e  c u r v a t u r e  o f  th e  g eom agne t ic  

f i e l d  l i n e s  i s  ta ke n  i n t o  a c c o u n t .  B e a r i n g  t h i s  i n  m ind,  th e  

s t r u c t u r e  o f  Eq. ( 10 )  i n  a d i p o l e  c o o r d i n a t e  sys tem i s  c o n s i d ­

e r e d  ( F a t k u l l i n  and S i t n o v  1 9 7 2 ) .  Inf t h i s  c o o r d i n a t e  sys tem f o r  

a s c a l a r  q u a n t i t y  f  and a v e c t o r  A

v „ f ■ " й 1  i - S ß , A „ f

( V „  • а " )  .  ^ / 2 .
ЗАд
ЭЛ ~ 3

• 2  0 2f
ß  ЭЛ 2 ’

cos 0 ( 3  + 5 c o s 2  © ) ,
г<Г5Л “в

( 1 2 )

where

£ = 1  + 3 c o s 2  0 = 1 + ЗЛ 2  г 4  , Л  = “ - °-n -

?/3 ' 6 Т 7 Г  >

(13)
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e ^  i s  th e  u n i t  v e c t o r  i n  th e  d i r e c t i o n  o f  t h e  f i e l d  l i n e s ,  h/j  

i s  t h e  Lame c o e f f i c i e n t ,  r , 0  are  t h e  r a d i a l  d i s t a n c e  and th e  

g eom agne t ic  c o l a t i t u d e .

T ak in g  i n t o  a c c o u n t  t h i s  r e l a t i o n s ,  Eq. ( 10 )  can be rew ­

r i t t e n  i n  the  fo rm .

0 Ni  3 2 Ni

9 t  + ^ 2  dß 2

0 Ni

Tl  0/3 + Vo N. = 0 ( 14 )

where

°i V

Vl - Di h/3
VnO/3 •4 )1 9N Da 1 9 t p
D4 N ' 9 / 3  ' D [ ' T p 9/3

1
90V

, °a  1
2  cos© h " 2

ж 9/3
' ° !  Hp (Г1/ 2 _

n/3 >

чО = 0 мГо а
1 9  v no/3 3 cos 0 ( 3  + 5 c o s ^ 0  )

9/3 n/3 v noß

(15 )

9Da I  0N ( 1 _9N_ X
dß ~ N 0R/3"y y N 0/3 Tp

Ü E
dß

h/3 Ц  v n/3 0N 1  i  о 
9/3 + DH

I n  a s p h e r i c a l  c o o r d i n a t e  sys tem t h e  s t r u c t u r e  o f  Eq. ( 1 0 )  

i s  t h e  f o l l o w i n g

9N,

at
i  . э 2^

+ f  iГ Г
Э г 2

9N.

Эг - +  fQ

fOQ

aN±

9 2 Ni  0 2 N.

9 q 2  + Л ? 0  9r90 +

/“ Ni  = 0

( 1 6 )

+
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w h e re

г  г -D s i n 2  I , f t0 0
-D.» cos^  I

1  r 2

„  „ I I  s i n  I  co s  I  f  Г0 = ~z u i ------------Г-------------
2Ф - s i n  I  ■ V Г г  n o r

o'
0  2+ s i n  I  COS I  • Vn o Q -  -p— s i n  I

. 2  s in I K1
d" ЭТa 1 p

+ ° l T
p

3 r

1  + 0N 1 9Ti 1
0 n,

0 r  + T.
1

3r nno 0 Г

I  s i n
■1M 0N

0 0  +

i l l
Э0

9n™  1 ЭТno a 1  p
0 0  + "DT T 3 ©

-  D̂ ' j r  (3 s i n 4  I  + 8  s i n 2  1 - 2 )  ,

f e cos I s i n  I • V + COS I  V „  n o r  no©
H 1

s i n  I  -

s i n  I

__1 _
D ! 1 ’ T 

1 P

1  +

0T

a 1

9r

DV j  N
9N . 1 3T
0 Г Ti  9r

Г  __ il „
/ D \

cos I Í1 * f | ) '

1
0 П _no

nno

0N 1

0 Г

0 n_no
00

0_a
D

1 TP
Ü E

0 ©

0T .l
0© T Ti  ' 06

-  D.' 1  ( 1 1  -  6  s i n 2 I)

„  0 V
f  = V  SIÓ I  — n o r  2T / 3 v no0 3 s i n 2  1-4

+ C0S 1  ( ~ 9 0 ------ + --------- 2 ---------- v n o r  l +

т т I 3 v no0  3vn o r  4 -  s i n 2  I  
+ S ln  1  cos 1  1 r  ~ d i  + "  a©-“  + ------- 2 ------------- Vno 0  l +

+ 3 s i n  I  (3 -  s i n 2  I )  Í — v noQ + 2 s i n  I  v nor  | +  ( 1 7 )
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1 / T 3N T 0 N—in- Г s i n  I  a + C O S  I  ——— rN l Эг 9© г  s i n  I  V
Da 3nno

no r  n 9rno

+ cos I  г  V
D" 9n __a_ no

'no© + npo 3 0 “ rT . г  s i n  I 9TP
■gr

+ cos I

+ cos I

_!Lp
90 '

г s i n  I
/ 1 9nno _2 9N

ппо э г -  -  n • - g ^ ]  +

I 1
0 Пno 2 9N ^ \  “ ä

оcc

90 N 90  / j  rN

92n
2  r  s i n I cos I 92N

902 4 s t æ  +

2 2 T 3 ZNг s i n  I  ----- j  +
Эг'

. 4

„  N 9N s i n  I  cos I  ,  _ ._ 2  T>,-2 )  — + -----------2--------— i l l  ~ ° s i n  I )  - rT .
9  9  Э2Т

r  s i n  I  ----- ,-p-
0Г

0 2T
+ cos^ I -------+ 2 r  s i n  I  cos I

90 z

02T

9гЭ0 — + г (3  s i n 4  I  +

ВТ 0 T
n • 2 t 0 \  p s i n  I  cos I  , . ,  ,  „ . „ 2  t n p ,

+ 8  s i n  1 - 2 ) Эгн + -----------J-------- i n  "  6  s i n  1 1  “ 3 0

Í
+  -pj—  s i n  I   ̂ г  s i n  I 

" i

1  9nno___ 1 _ BN
n ’ TYr N ôr  no

+ cos I
no

9nno 1 0N 'l c o s 2  I  ,  „ . „ 2  тЛ ,
W  + "n" ' - э ^  + т п ш т г ( 4  -  5  s i n  n  +

2  s i n  I  (3 s i n 2  I  -  5) / + г  l i o  \  ■— ,

where I  i s  th e  m a g n e t i c  d i p .
For  i n v e s t i g a t i o n  o f  th e  s t a b i l i t y ,  a s p h e r i c a l l y  symmet­

r i c  d i s t r i b u t i o n  o f  th e  backg ro und  F r e g i o n  p a r a m e t e r s  i s  taken 

where  a l l  m e r i d i o n a l  g r a d i e n t s  are  z e r o .  At  I  è  60°  h o r i z o n t a l  

p e r t u r b a t i o n s  can be n e g l e c t e d .  F u r t h e r  v nQr = 0 i s  t a k e n  and 

th e  te rms c o m p r i s i n g  t h e  f a c t o r  a re  o m i t t e d .  W i th  th ese  

a s s u m p t i o n s  Eg. ( 1 6 )  has th e  fo rm
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ON. _ 3 2 N.

- Э Г - -  - 2  1  — 0 Г  1

Da . 2  T
s i n  I  cos I  v nog ” “ H7"s i n  * “

? и -  s i n z I

__a l_

tp

. Da \  1 3N 1 9Ti
1  +_0|Г~у N ' W  Ti  Эг no

3 nno
5 r  +

3T 0N .

3F1  +

9v
s i n  I  cos I ПО0

s i n  I cos I vno 0

1

N
0N
0 Г  +

s i n 2

1 aTp
Эп no 2 _ 0N

ЭгT n p no 0 Г Эг NT
P

1
0 П no 1

Эпno
H n p no Эг Hp n no Эг

3r

1

( 18 )

0N 9nno

ЭТ

Nn 0г Эг no

- & L - J L .  . i l i a  

0 r 2  T p  9 r 2

+ 1. у N. = 0  
1 0

The dependence o f  the  p e r t u r b a t i o n  on space  and t im e  i s  taken  

i n t o  a c c o u n t  i n  the  fo rm

~  e
j ( K r r t )

( 19 )

where  Co = uu + j  , j  = \ /  - 1 , К i s  t h e  v e r t i c a l  component  

o f  t h e  wave v e c t o r .  S u b s t i t u t i n g  Eqs ( 1 9 )  i n t o  Eq. ( 1 8 )  the  

f o l l o w i n g  r e l a t i o n s  are  o b t a i n e d  f o r  uj and

oo= Vf  К  r ( 2 0 )

where

V j  = - s i n i  I
П О 0

j "  + 0 " )  i  . - I Ü -a l  N 0г T

n ' 1 0T . D."
T 1 1 1

+ Ti Эг nno

" 0T D" 1

P

p
0 Г

a

* V
>

0 n.no
0 Г

( 2 1 )
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s i n 2 I  -  -  
_

avno 0

Эг c o t

2Da 3N aTp К
NTP

Эг Эг nnoT

Da 9 2N о"a э 2 т р
N Э г 2  + T

p ar 2

1

no© N

0 n„no
Эг

H N 
P

9T.

Эг

9N
Эг

3N
ТГ • 4ZT c o t  I  -Эг

Da"

’ no"

H n p no

h o
s i n 2 I

9n no
Эг

Эп,no
Эг

Ir *  (22)

D " К 2  а г

and V j  i f  th e  phase v e l o c i t y  o f  t h e  w a v e - l i k e  p e r t u r b a t i o n .

E s t i m a t i n g  t h e  v a lu e s  o f  the  q u a n t i t i e s  v^ and 'J f o r  th e  

a c t u a l  i o n o s p h e r i c  c o n d i t i o n s ,  th e  n i g h t - t i m e  io n o s p h e r e  ( 0 1 0 0  

LT) i s  c o n s i d e r e d  a t  h e i g h t s  o f  t h e  F r e g i o n  ( f r o m  170 t o  500 

km) a t  a l a t i t u d e  o f  60° i n  e q u i n o c t i a l  months and medium s o l a r  

a c t i v i t y  ( F 1q 7  é  1 0 0 ) .

The same h e i g h t  d i s t r i b u t i o n  o f  t h e  p lasma p a r a m e t e r s  as 

used by F a t k u l l i n  e t  a l .  ( 19 81 )  i s  a p p l i e d .  In  t h i s  case th e  

n e u t r a l  w ind  i s  d i r e c t e d  t o  the  p o l e  ( v nQg < 0 ) and i t s  v e l o c ­

i t y  i s  d e t e rm in e d  a c c o r d i n g  t o  S tubbe  (1972 ) .  I t  i s  a l s o  assumed 

t h a t  a l l  c o n s t i t u e n t s  o f  t h e  i o n o s p h e r e  have the  same t e m p e r a ­

t u r e  Tg = T^ = T . The v a r i a t i o n  o f  t h e  c o n c e n t r a t i o n  and tem­

p e r a t u r e  o f  i o n s  w i t h  h e i g h t  i s  g i v e n  i n  T ab le  I .  The n u m e r i c a l  

v a l u e s  f o r  each te rm  i n  Eq. (21 )  a re  a l s o  g i v e n  t h e r e .  A com­

p a r i s o n  o f  these  v a lu e s  shows t h a t  t h e  m o t i o n  o f  t h e  n e u t r a l  

a tmosphere  ( i f  i t  i s  p r e s e n t )  i s  a b a s i c  f a c t o r ,  wh ich  d e t e r m i ­

nes t h e  v e l o c i t y  o f  p r o p a g a t i o n  o f  t h e  wave p e r t u r b a t i o n s .  Then, 

i n  o r d e r  o f  d e c r e a s i n g  i m p o r t a n c e  a t  h e i g h t s  below th e  maximum 

o f  t h e  F2 l a y e r  f o l l o w  th e  c o n c e n t r a t i o n  g r a d i e n t  o f  t h e  charged 

p a r t i c l e s  and a t  h e i g h t s  above th e  maximum the  c o n c e n t r a t i o n  

g r a d i e n t s  o f  the  n e u t r a l  and cha rged  p a r t i c l e s  and th e  f o r c e  o f  

g r a v i t y .  From Tab le  I  f o l l o w s  t h a t  t h e  wave t r a v e l s  t o w a r d s  t h e  

E a r t h  ( n e g a t i v e  s i g n  o f  v ^ ) .  The phase v e l o c i t y  and f r e q u e n c y  
i n c r e a s e  w i t h  i n c r e a s i n g  h e i g h t .

I n  Tab le  I I  v a l u e s  o f  the  te rm s  o f  Eq. (22 )  and t h e  m a g n i ­

tu de  o f  t h e  i n c r e m e n t s  f o r  the  wave l e n g t h  Xz = 1 0  km a r e  p r e ­

s e n t e d .  The n e g a t i v e  s i g n  o f  th e  i n c r e m e n t  shows t h a t  t h e  p e r ­

t u r b a t i o n  i s  damped. The a t t e n u a t i o n  i s  m a i n l y  due t o  a m b i p o l a r



Tab l e  I

h
k m

N ,  c m ” ^ T ° k
- c o t  1 v n o 0

o* a T l

V er
D!  8 n

i  _ no
“ n „  8 r  n o

° á  f i

V 3r
/ - ,  n l > l  3N 
( V ° i ) n  3 ?

4

HP

V j ,  с т з ” 1 (1) ,  s " 1

1 2 3 4 5 6 7 8 9 1 0 11

1 7 0 1 . 0 0 ( 3 ) 6 8 0 6 . 8 4 ( 3 ) 7 . 9 5 ( 0 ) 3 . 4 8 ( 1 ) 1 . 5 9 ( 1 ) 4 . 3 5 ( 1 ) 3 . 9 0 ( 1 ) - 5 . 2 3 ( 3 ) - 3 . 2 8 ( - 2 )

1 8 0 1 . 1 0 ( 3 ) 7 5 0 8 . 2 5 ( 3 ) 1 . 1 3 ( 1 ) - 5 . 3 3 ( 1 ) 2 . 2 6 ( 1 ) 1 . 0 0 ( 2 ) 5 . 6 5 ( 1 ) - 6 . 3 6 ( 3 ) - 3 . 9 9 ( - 2 )

1 9 0 2 . 2 9 ( 3 ) 8 0 0 9 . 1 2 ( 3 ) 1 . 4 8 ( 1 ) 7 . 6 3 ( 1 ) 2 . 9 6 ( 1 ) 8 . 4 5 ( 2 ) 7 . 9 5 ( 1 ) - 7 . 5 5 ( 3 ) - 4 . 7 5 ( - 2  )

2 0 0 4 . 1 5 ( 3 ) 8 5 0 9 . 4 0 ( 3 ) 2 . 0 5 ( 1 ) 1 . 0 9 ( 2 ) 4 . 1 0 ( 1 ) 4 . 2 9 ( 2 ) 1 . 0 7 ( 2 ) - 7 . 5 0 ( 3 ) - 4 . 7 1 (  — 2 )

2 1 0 5 . 3 4 ( 3 ) 8 7 0 1 . 0 2 ( 4 ) 2 . 6 6 ( 1 ) 1 . 5 0 ( 2 ) 5 . 3 2 ( 1 ) 2 . 8 1 ( 3 ) 1 . 4 7 ( 2 ) - 9 . 9 7 ( 3 ) - 6 . 2 6 ( - 2 )

2 2 0 1 . 2 5 ( 4 ) 9 0 0 1 . 0 8 ( 4 ) 3 . 4 9 ( 1 ) 2 . 0 4 ( 2 ) 6 . 9 8 ( 1 ) 2 . 7 9 ( 3 ) 1 . 9 7 ( 2 ) - 1 . 0 5 ( 4 ) - 6 . 5 9 ( - 2 )

2 3 0 2 . 4 5 ( 4 ) 9 4 0 1 . 1 4 ( 4 ) 4 . 4 2 ( 1 ) 2 . 7 0 ( 2 ) 0 . 8 4 ( 1 ) 2 . 4 5 ( 3 ) 2 . 5 4 ( 2 ) - 1 . 0 8 ( 4 ) - 6 . 7 8 ( - 2  )

2 4 0 4 . 0 0 ( 4 ) 9 8 0 1 . 1 8 ( 4 ) 5 . 8 2 ( 1 ) 3 . 7 3 ( 2 ) 1 . 1 6 ( 2 ) 2 . 0 4 ( 3 ) 3 . 4 3 ( 2 ) - 1 . 1 0 ( 4 ) - 6 . 9 K - 2 )

2 5 0 5 . 5 0 ( 4 ) 9 9 0 1 . 2 4 ( 4 ) 7 . 1 4 ( 1 ) 4 . 8 3 ( 2 ) 1 . 4 2 ( 2 ) 1 . 2 8 ( 3 ) 4 . 4 4 ( 2 ) - 1 . 1 1 ( 4 ) —6 . 9 7 C  — 2 )

2 6 0 6 . 5 0 ( 4 ) 1 0 0 0 1 . 2 4 ( 4 ) 9 . 1 3 ( 1 ) 6 . 3 3 ( 2 ) 1 . 8 6 ( 2 ) 2 . 1 7 ( 3 ) 5 . 7 7 ( 2 ) - 1 . 2 0 ( 4 ) — 7 . 5 3 ( —2 )

2 7 0 8 . 0 5 ( 4 ) 1 0 5 0 1 . 2 5 ( 4 ) 1 . 1 4 ( 2 ) 8 . 4 9 ( 2 ) 2 . 2 5 ( 2 ) 1 . 9 8 ( 3 ) 7 . 4 3 ( 2 ) - 1 . 2 2 ( 4 ) - 7 . 6 6 ( - 2 )

2 0 0 9 . 3 1 ( 4 ) 1 1 0 0 1 . 2 8 ( 4 ) 1 . 4 7 ( 2 ) 1 . 1 2 ( 3 ) 2 . 9 4 ( 2 ) 2 . 3 4 ( 3 ) 9 . 4 8 ( 2 ) - 1 . 3 2 ( 4 ) - 7 . 7 2 Í - 2 )

2 9 0 1 . 0 6 ( 5 ) 1 1 2 0 1 . 2 9 ( 4 ) 1 . 8 2 ( 2 ) 1 . 4 3 ( 3 ) 3 . 6 4 ( 2 ) 1 . 2 3 ( 3 ) 1 . 1 9 ( 3 ) - 1 . 3 8 ( 4 ) - 8 . 6  7 (  — 2 )

3 0 0 1 . 1 2 ( 5 ) 1 1 5 0 1 . 3 1 ( 4 ) 2 . 2 6 ( 2 ) 1 . 8 4 ( 3 ) 4 . 5 2 ( 2 ) 2 . 5 1 ( 2 ) 1 . 5 0 ( 3 ) - 1 . 2 9 ( 4 ) - 8 . 1 0 ( - 2 )

3 5 0 8 . 2 5 ( 4 ) 1 2 5 0 1 . 3 1 ( 4 ) 6 . 0 4 ( 2 ) 6 . 0 7 ( 3 ) 1 . 2 0 ( 3 ) - 6 . 8 2 ( 3 ) 4 . 6 7 ( 3 ) - 1 . 3 6 ( 4 ) - 8 . 5 4 ( - 2 )

4 0 0 5 . 1 2 ( 4 ) 1 4 0 0 1 . 3 1 ( 4 ) 1 . 8 0 ( 3 ) 1 . 8 7 ( 4 ) 2 . 6 0 ( 3 ) - 2 . 4 0 ( 4 ) 1 . 3 1 ( 4 ) - 1 . 8 9 ( 4 ) - l . l B ( - l )

4 5 0 3 . 0 5 ( 4 ) 1 4 8 0 1 . 3 1 ( 4 ) 1 . 6 0 ( 3 ) 5 . 0 4 ( 4 ) 3 . 2 0 ( 3 ) - 5 . 7 1 ( 4 ) 3 . 3 7 ( 4 ) - 3 . 4 1 ( 4 ) - 2 . 1 4 ( - 1 )

5 0 0 1 . 9 7 ( 4 ) 1 5 6 0 1 . 3 1 ( 4 ) 1 . 0 1 ( 4 ) 1 . 2 6 ( 5 ) 2 . 0 2 ( 4 ) - 9 . 6 6 ( 4 ) 8 . 2 3 ( 4 ) - 1 . 1 6 ( 5 ) - 7 . 2 8 ( - l )

N o t e  : 1 . 2 5 ( 4 )  = 1 . 2 5 -  1 0 4
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V n o  a r 1
Г ,  s ' 1

1 2 3 4 5 6 7 8 9 10 11 12 13

1 7 0 3 . . 0 1 - 3 ) 6 . 8 ( - 4 ) - 4 . 0 1 - 2 ) 3 . I t - 6 ) 3 . . 8 (  - 6 ) 6 . . 2 ( - 6 ) 5 . 8 ( - 4 ) - 8 . 2 ( - 7 ) 3 . 9 1 - 6 ) 8 . 3 1 - 6 ) - 5 . 7 1 - 3 ) - 3 . 1 1 - - 2 )

1 8 0 2 . 6 1 - 3 ) 1 . 2 ( - 3 ) - 1 . 8 1 - 2 ) 6 . . 5 ( - 6 ) 5 . 2 ( - 6 ) 1 . . 5 ( - 5 ) 5 . 0 C - 5 ) - 1 . Ц - 6 ) 8 . 1 1 - 6 ) 1 . 3 1 - 5 ) - 9 . 1 1 - 3 ) - 1 . 7 1 - - 2 )

1 9 0 2 . 51 - 3 ) 7 . 4 ( - 3 ) - 1 . 4 1 - 2 ) 4 . 8 1 - 5 ) 6 . . 5 (  - 6 ) 1 . 2 ( - 4 ) - 1 . 3 ( - 3 ) - l . l ( - i ) 6 . 4 1 - 5 ) 1 . 7 1 - 5 ) - 1 . 4 1 - 2 ) - 1 . 5 1 - - 2 )

2 0 0 2 . 31 - 3 ) 2 . 7 1 - 3 ) - 7 • 0 ( - 3 ) 2 . 3 ( - 5 ) 8 . 9 ( - 6 ) 6 . 2 ( - 5 ) - 1 . 6 ( - 4 ) - 1 . 5 C - 6 ) 3 . 0 1 - 5 ) 2 . 3 1 - 5 ) - 1 . 9 1 - 2 ) - 1 . 6 1 - - 2 )

2 1 0 l . 6 1 - 3 ) 1 . 4 1 - 3 ) - 3 . 2 1 - 3 ) 1 . 4 ( - 4 ) 1 . 1 ( - 5 ) 4 . 0 ( - 4 ) 1 . 5 C - 3 ) - 1 . 6 ( - 6 ) 7 . 9 1 - 4 ) 3 . 1 1 - 5 ) - 2 . 8 1 - 2 ) - 9 . 9 1 - - 3 )

2 2 0 1 . 5 ( - 3 ) 1 . 0 1 - 2 ) - 2 . 21 - 3 ) 1 . 3 ( - 4 ) 1 . 4  (  - 5 ) 3 . 9 ( - 4 ) 7 . 2 ( - 4 ) - 1 . 9 ( - 6 ) 7 . 8 1 - 4 ) 4 . 1 1 - 5 ) - 5 . 1 1 - 2 ) - 2 . 0 1 - - 2 )

2 3 0 1 . 4 ( - 3 ) 7 ■ 21 - 3 ) - 1 • 71 - 3 ) 1 . 1 ( - 4 ) 1 . 8 ( - 5 ) 3 . 4 ( - 4 ) 3 . 6 C - 4 ) - 2 . 3 C - 6 ) 1 . 5 1 - 4 ) 5 . 2 1 - 5 ) - 7 . 2 1 - 2 ) - 3 . 2 1 - - 2 )

2 4 0 1 . 31 - 3 ) 4 . 4 ( - 3 ) - 1 . 4 ( - 3 ) 8 . 7 ( - 5 ) 2 . 3 ( - 5 ) 2 . 7 ( - 4 )  ■- 4 . 3 C - 5 ) - 2 . 8 ( - 6 ) 1 . 2 1 - 4 ) 7 . 0 1 - 5 ) - 9 . 4 1 - 2 ) - 5 . 0 1 - - 2 )

2 5 0 1 . 21 - 3 ) 2 . 21 - 3 ) - 8 . 3 1 - 4 ) 5 . 1 ( - 5 ) 2 . 5 ( - 5 ) 1 . 7 ( - 4 )  ■- 4 . 2 C - 4 ) - 3 . 0 C - 6 ) 7 . 9 1 - 5 ) 9 . 0 1 - 5 ) - 1 . 2 1 - 1 ) - 6 . 8 1 - - 2 )

2 6 0 1 . К - 3 ) 2 . 8 1 - 3 ) - 9 . 0 1 - 4 ) 8 . 5 ( - 5 ) 3 . 7 ( - 5 ) 2 . 9 ( - 4 ) 5 . 3 C - 4 ) - 3 . 5 C - 6 ) 1 . 3 1 - 4 ) 1 . 1 1 - 5 ) - 1 . 6 1 - 1 ) - 8 . 9 1 - - 2 )

2 7 0 7 . 0 ( - 4 ) 1 . 9 1 - 3 ) - 6 . 0 1 - 4 ) 7 . 1 ( - 5 ) 4 . 5 C - 5 ) 2 . 6 ( - 4 )  ■- 3 . 0 C - 4 ) - 4 . 0 C - 6 ) 1 . 1 1 - 4 ) 1 . 4 1 - 4 ) - 2 . 2 1 - 1 ) - 1 . 2 1 - - 1 )

2 8 0 4 . i t - 4 ) 1 ■ 8 1 - 3 ) - 3 . 2 1 - 4 ) 8 . 1 ( - 5 ) 5 . 8 ( - 5 ) 3 . 0 ( - 4 ) 3 . 6 Í - 5 ) - 4 . 5 C - 6 ) 1 . 3 1 - 4 ) 1 . 8 1 - 4 ) - 2 . 8 1 - 1 ) - 1 . 6 1 - - 1 )

2 9 0 3 . 4 ( - 4 ) 7 . . 4 ( - 3 ) - 1 . 4 (  ■- 4 ) 4 . 1 ( - 5 ) 7 . - U - 5 ) l . 6 ( - 4 )  ■- 9 . 4 C - 4 ) - 4 . 9 ( - 6 ) 6 . 7 1 - 5 ) 2 . 3 1 - 4 ) - 3 . 7 1 - 1 ) - 2 . 2 1 - - 1 )

3 0 0 2 . 2 1 - 4 ) 1 , . 2 1 - 4 ) - 1 . 1 1 - 4 ) 8 . 0 ( - 6 ) 8 . 8 ( - 5 ) 3 . 2 ( - 5 )  •- 5 . 6 ( - 4 ) - 5 . 8 C - 6 ) 1 . 3 1 - 5 ) 2 . 9 1 - 4 ) - 1 . 2 1  0 ) - 2 . 8 1 - - 1 )

3 5 0 1 . 11 - 4 ) - 9 . 4 ( - 4 ) - 1 . 8 1 - 4 ) - 8 . 5 ( - 5 ) 2 . 2 C - 4 ) - 8 . 4 ( - 4 )  ■- 5 . 5 C - 5 ) - 8 . 0 ( - 6 ) - 3 . 3 1 - 4 ) 8 . 9 1 - 4 ) - 3 . 9 1  0 ) - 9 . 4 1 - - 1 )

4 0 0 - 1 . 0 1 - 3 ) - 3 . 0 1 - 8 ) - 4 . 1 ( - 4 ) 4 . 8 ( - 4 ) - 2 . 9 ( - 3 ) l . i C - 3 ) - 1 . 2 C - 5 ) - 1 . 0 1 - 3 ) 2 . 4 1 - 3 ) - 3 . 9 1  0 ) - 2 . 9 1 0 )

4 5 0 - 9 . 21 - 4 ) - 3 . 0 1 - 7 ) - 4 . 4 (  - 4 ) 5 . 8 ( - 4 ) - 7 . 0 ( - 3 ) 7 . 0 C - 3 ) - 1 . 4 ( - 5 ) - 2 . 3 1 - 3 ) 6 . 1 1 - 3 ) - 1 . 1 1  1 ) - 8 . 0 1 0 )

5 0 0 - 6 . 0 1 - 4 ) - 6 . 6 1 - 8 ) - 1 . 8 ( - 3 ) 3 . 6 ( - 3 ) - 1 . u - 2 ) 1 . 5 Í - 2 ) - 2 . 7 C - 5 ) - 3 . 7 1 - 3 ) 1 . 4 1 - 2 ) - 2 . 7 1  1 ) - 2 . l t 1 )

N o t e :  - 1 . 4 9 1 - 4 )  = - 1 . 4 9 - 1 0  4
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d i f f u s i o n  t h a t  s u p p re s s e s  p e r t u r b a t i o n s  o f  w a v e - l e n g t h  
■ 1

4 <

=(*)(
3N_V 
3r  / and t o  r e c o m b i n a t i o n  a t  low a l t i t u d e s  ( t o  250 km).

A s u b s t a n t i a l  c o n t r i b u t i o n  t o  the v a lu e  o f  t h e  i n c r e m e n t  i s  

made by t h e  term c o n t a i n i n g  t h e  second d e r i v a t i v e  o f  th e  charged  

p a r t i c l e  c o n c e n t r a t i o n .  The te rm  i n c l u d i n g  t h e  second d e r i v a t i v e  

o f  t h e  t e m p e r a tu r e  i s  s m a l l  and i t s  c o n t r i b u t i o n  can be neg­

l e c t e d  .

A t  h e i g h t s  above t h e  maximum o f  t h e  F2 l a y e r  th e  i n c r e m e n t  

dep ends  s u b s t a n t i a l l y  on t h e  f o r c e  o f  g r a v i t y  and on the  g r a d i ­

e n t  o f  t h e  n e u t r a l  p a r t i c l e  c o n c e n t r a t i o n ,  b e s id e s  th e  a t t e n u a ­

t i o n  i s  enhanced by t h e  t e rm s  i n c l u d i n g  t h e  g r a d i e n t  o f  the  neu­

t r a l  p a r t i c l e  c o n c e n t r a t i o n .  At  i n t e r m e d i a t e  h e i g h t s  (200-30 0  

km) t h e  s t a b i l i t y  o f  t h e  p lasma depends s t r o n g l y  on th e  d i r e c ­

t i o n  o f  t h e  n e u t r a l  w i n d .  I f  i t  i s  d i r e c t e d  t o  the  e q u a t o r ,

d am p in g  i s  i n c r e a s e d ,  and i f  i t  i s  d i r e c t e d  t o  the  p o l e ,  then

t h e  dam p in g  i s  s u b s t a n t i a l l y  weakened and i n  c e r t a i n  c o n d i t i o n s  

i t  ca n  produce i n s t a b i l i t y .  The dependence o f  th e  i n c r e m e n t  on 

a l t i t u d e  i s  shown f o r  Л г  = 10 km i n  F i g .  1. For  t h e  maximum o f

Fig. 1.
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-jf-Ch) a t  h = 2 1 0  km th e  dependence o f  t h e  i n c r e m e n t  on t h e  wave 

number has a l s o  been p l o t t e d  ( F i g .  2 ) .  I t  shows t h a t  p e r t u r b a ­

t i o n s  o f  a w a v e - l e n g t h  Л г  ~  15 km a re  u n s t a b l e ,  h o w e v e r ,  i t  
s h o u ld  be n o te d  t h a t  the  a p p r o x i m a t i o n  ( 1 9 )  i s  v a l i d  o n l y  i n

(
1 9 N F  F-jg- • g j - j  . T h e r e f o r e ,  t h a t  p a r t

o f  t h e  c u r v e ,  w h ich  does n o t  c o r r e s p o n d  t o  t h i s  c o n d i t i o n ,  i s  

i n d i c a t e d  by d o t t e d  l i n e .

F i n a l l y ,  i t  i s  emphasized t h a t  t h e  c o n d i t i o n  o f  p r o d u c t i o n  

o f  i n s t a b i l i t i e s  i s  t h e  p re sen ce  o f  a n e u t r a l  w ind d i r e c t e d  t o  

t h e  p o l e .
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GLOBAL ANALYTICAL MODEL OF THE SPORADIC E LAYER FOR RADIO
COMMUNICATION

O G O v e z g e l d i e v 1 and G V M i k h a y l o v a 1

^Physical Technical I n s t i t u t e ,  Academy of Sciences of  the Turkmen SSR 
7A4000 Ashkhabad, Gogol u l .  15, USSR

For the pred ic t ion  o f  radio communication a global  ana ly t ica l  model of  
the sporadic E layer i s  suggested which enables the quant i ta t ive  est imat ion 
of  the ro l e  of  t h i s  complex anomalous format ion in  radio wave propagation.

Keywords: ionospher ic sporadic E; p ro b a b i l i t y  of  sporadic E; radio 
wave propagation

A g l o b a l  a n a l y t i c a l  model  o f  t h e  s p o r a d i c  E l a y e r  was de ­

v e lo p e d  e n a b l i n g  a r e l i a b l e  d e t e r m i n a t i o n  o f  the  r o l e  o f  t h i s  

complex anomalous f o r m a t i o n  i n  t h e  i o n o s p h e r i c  p r o p a g a t i o n  o f  

r a d i o  waves.  The model  i s  based on a comp lex  i n v e s t i g a t i o n  o f  

t h e  s t r u c t u r e  and p h y s i c s  o f  th e  Es l a y e r  and on th e  g e n e r a l i z a ­

t i o n  o f  a l a r g e  number o f  e x p e r i m e n t a l  d a ta  c o l l e c t e d  i n  a 

w o r l d - w i d e  n e tw o rk  o f  i o n o s p h e r i c  s t a t i o n s .  I t  i s  a n a l y t i c a l l y  

d e s c r i b e d  by t h e  f o l l o w i n g  f o r m u la  ( O v e z g e l d i e v  1970,  O v e z g e l -  

d i e v  and Mikhaylova 1976,  1977, 1981,  1983,  M ik h a y lo v a  1 9 8 2 ) .

PEs > f v = PEs [ l  -  Ф ( u ) J  , ( 1 )

where PEs i s  t h e  g e n e r a l  p r o b a b i l i t y  o f  t h e  o c c u r re n c e  o f  an Es 

l a y e r ,  f v i s  t h e  e q u i v a l e n t  v e r t i c a l  s o u n d in g  f r e q u e n c y ,

ф(и) 1

V i l i

u

-<E>

exp ( 2 )

i s  th e  f u n c t i o n  o f  nor ma l  d i s t r i b u t i o n ,  i t s  v a lu e s  a re  g i v e n  i n  

t a b l e s  (Yanko 1961)  and

Acta Geod. Geoph. Mont. Hung. 22, 1987 
Akadémiai Kiadó, Budapest
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u ( 3 )

The f o r m u l a  o f  t h e  p r o b a b i l i t y  o f  r e f l e c t i o n  a t  f r e q u e n c i e s  

h i g h e r  th an  a g i v e n  a r b i t r a r y  f r e q u e n c y  f  i s :

i g  f e- ^ f oEs 6 : =  6 l g  f  E a o s
( 4 )

and t h e  p r o b a b i l i t y  o f  s c r e e n i n g  a t  f r e q u e n c i e s  h i g h e r  t h a n  t h i s  

f r e q u e n c y  i s :

So = ^ Ê- ^  f b Es V l g  f hE a b s
( 5 )

Thus,  the  p a r a m e t e r s  o f  the  a n a l y t i c a l  model a re  t h e  gen e r ­

a l  p r o b a b i l i t y  o f  o c c u r r e n c e  o f  an Es l a y e r ,  PEs, th e  mean value 

o f  t h e  l o g a r i t h m  o f  t h e  c r i t i c a l  f r e q u e n c y ,  l g  fo Es ,  t h e  mean 

v a l u e  o f  th e  l o g a r i t h m  o f  t h e  b l a n k e t i n g  f r e q u e n c y ,  l g  f b E s ,  the 

m e a n - s q u a r e  e r r o r  o f  t h e  l o g a r i t h m  o f  f o E s ,  6 ^  f 0 gs and th e  

m e a n - s q u a r e  e r r o r  o f  t h e  l o g a r i t h m  o f  f b E s ,  6  ̂ f b E s '
P r o b a b i l i s t i c - s t a t i s t i c a l  and s p a c e - t i m e  r e g u l a r i t i e s  o f  

t h e  Es l a y e r  show t h a t  t h e  p a ra m e t e r s  o f  t h e  model can be s u i t ­

a b l y  a p p ro x im a t e d  by r e l a t i o n s  o f  t h e  f o rm  

3

a Q ( i ,  x)  + Y  [ a n ^ x  ̂ cos nE + hn ( x )  sEn H t ]  > ( 6 )
n = l

w he re  6  i s  the  S u n ' s  d e c l i n a t i o n ,  t  t h e  l o c a l  mean t i m e ,

X a rc t g
t g  I 

Vcos f
( 7 )

t h e  m o d i f i e d  c o o r d i n a t e  and I ,  f  a re  r e s p e c t i v e l y  th e  m a g n e t i c  

d i p  and t h e  g e o g r a p h i c a l  l a t i t u d e .  I t  has t o  be emphas ized t h a t  

t h e  c o n s t a n t  c o e f f i c i e n t  o f  d i s i n t e g r a t i o n  aQ depends on t h e  

se a s o n  and on the  c o o r d i n a t e  x,  w h i l e  t h e  c o e f f i c i e n t s  o f  t h e  

v a r i a b l e  components an and b n depend o n l y  on x.  The model  i s  

made so more compact  and i t s  p r a c t i c a l  use i s  s i m p l i f i e d .
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The v a lu e s  o f  th e  d i s i n t e g r a t i o n  c o e f f i c i e n t s  a re  d e t e r ­

mined by the  e x p e r i m e n t a l  d a ta  o f  t h e  w o r l d - w i d e  n e t w o r k  o f  

i o n o s p h e r i c  s t a t i o n s  i n  t h e  n o r t h e r n  hem isp here  ( a b o u t  f i v e  

m i l l i o n  i n d i v i d u a l  measurements  a re  used )  and a re  p r e s e n t e d  i n  

a g e n e r a l i z e d  fo rm  i n  1 0  summar ized t a b l e s ,  f o r  a l l  f i v e  p a r a ­

m e te r s  o f  th e  model  5 t a b l e s  w i t h  t h e  v a lu e s  o f  t h e  c o n s t a n t  

component  and 5 t a b l e s  w i t h  t h e  v a lu e s  o f  the  v a r i a b l e  compo­

n e n t s .  Moreove r ,  i n  t h e  l a t i t u d e  zone x 5 to  80° t h e  v a l u e s  o f  

t h e  d i s i n t e g r a t i o n  c o e f f i c i e n t s  a re  g i v e n  i n  s t e p s  o f  5 ° ,  i n  

t h e  e q u a t o r i a l  zone (x  0 t o  5 ° )  and i n  the  a u r o r a l  zone as w e l l  

as a t  h i g h e r  l a t i t u d e s  ( x  80 t o  9 0 ° )  i n  s te p s  o f  2 ° .  B e s id e s  the 

v a l u e s  o f  th e  d i s i n t e g r a t i o n  c o n s t a n t s  a re  g i v e n  f o r  two l e v e l s  

o f  t h e  geo magn et ic  a c t i v i t y ,  i . e .  f o r  g e o m a g n e t i c a l l y  q u i e t  

(Kp = 1, 0)  and g e o m a g n e t i c a l l y  d i s t u r b e d  c o n d i t i o n s  ( K p > 3)

i n  t h e  a u r o r a l  zone,  where  t h e  Es l a y e r  depends on t h e  l e v e l  o f  

t h e  g eo m agne t ic  a c t i v i t y .

The model  has the  p r o p e r t y  o f  t r a n s f o r m a t i o n ,  n a m e ly ,  f o r  

i t s  a p p l i c a t i o n  t o  t h e  s o u t h e r n  h em is p h e re  i t  i s  s u f f i c i e n t  t o  

s h i f t  i t  i n  t im e  r e l a t i v e  t o  t h e  n o r t h e r n  hem isphere  by h a l f  

y e a r .  T h e r e f o r e ,  th ou gh  th e  v a lu e s  o f  t h e  d i s i n t e g r a t i o n  c o e f ­

f i c i e n t  a re  d e te rm in e d  on th e  b a s i s  o f  e x p e r i m e n t a l  d a t a  o f  th e  

n o r t h e r n  hem is p h e re ,  t h e  model  can be a p p l i e d  i n  g l o b a l  s c a l e s .

The p r e d i c t i o n  o f  t h e  i n f l u e n c e  o f  th e  ES l a y e r  on t h e  

p r o p a g a t i o n  o f  r a d i o  waves e n a b le s  e i t h e r  t o  e s t a b l i s h  t h e  p r o ­

b a b i l i t y  o f  s c r e e n i n g  o f  t h e  o v e r - l y i n g  i o n o s p h e r i c  r e g i o n  by 

an Es l a y e r ,  o r  t o  d e t e r m i n e  th e  p r o b a b i l i t y  o f  t h e  e s t a b l i s h ­

ment o f  r a d i o  c o m m un ic a t i o n  and t e l e v i s i o n  t r a n s m i s s i o n s  th rough 

an Es l a y e r  w i t h  a g i v e n  s o u n d in g  f r e q u e n c y .  I n  a d d i t i o n  th e  

o p e r a t i n g  f r e q u e n c y  f o r  t h e  o b l i q u e  i n c i d e n c e  s o u n d in g  f w , t h e  

c o o r d i n a t e s  o f  th e  c o r r e s p o n d i n g  p o i n t s  o f  th e  t r a n s m i s s i o n  

p a t h s ,  th e  hou r  o f  t h e  day and y e a r  s h o u ld  be g i v e n .  Then,  t h e  

g e n e r a l  scheme o f  t h e  c o m p u t a t i o n  c o n s i s t s  o f  th e  f o l l o w i n g  

o p e r a t i o n s  :

1.  On th e  b a s i s  o f  t h e  g i v e n  c o o r d i n a t e s  o f  t h e  p o i n t s ,  the  

g e o g r a p h i c a l  c o o r d i n a t e s  ( f , A. ) o f  t h e  r e f l e c t i o n  p o i n t  and 

th e  l e n g t h  o f  t h e  t r a n s m i s s i o n  p a t h  a re  d e t e r m i n e d .  The m a g n e t i c  

d i p  I  o f  th e  r e f l e c t i o n  p o i n t  i s  a l s o  computed.



1 7 4 0 G OVEZGELDIEV and G V MIKHAYLOVA

2.  Using Eq. ( 7 )  t h e  x p o o r d i n a t e  o f  t h e  r e f l e c t i o n  p o i n t  

i s  c a l c u l a t e d .

3.  The v a lu e s  o f  t h e  model p a r a m e t e r s ,  i . e .  PEs, l g  f o E s ,

l g  f b E s ,  f o E s ’ ®” i g  fbEs are comPu 't;e^ f o r  t h e  g i v e n  hou r
o f  t h e  day and month o f  t h e  year  u s in g  Eq. ( 6 ) and the  v a lu e s  

o f  t h e  d i s i n t e g r a t i o n  c o e f f i c i e n t s  c o r r e s p o n d i n g  t o  th e  c o o r d i ­

n a t e  o f  th e  r e f l e c t i o n  p o i n t  o f  the  t r a n s m i s s i o n  pa th  g i v e n  i n  

t h e  t a b l e s .  I t  has t o  be noted  t h a t  a l l  c o m p u t a t i o n s  a re  c a r ­
r i e d  o u t  f o r  the  l o c a l  mean t ime  i n  t h e  r e f l e c t i o n  p o i n t .  More­

o v e r ,  i f  the  c o o r d i n a t e  o f  th e  t r a n s m i s s i o n  p a t h  does n o t  c o i n ­

c i d e  e x a c t l y  w i t h  t h e  v a l u e  g iv e n  i n  t h e  t a b l e s ,  th ose  v a lu e s  

o f  t h e  d i s i n t e g r a t i o n  c o e f f i c i e n t  can be used w h ich  are  n e a r e s t  

t o  t h e  v a lu e  o f  x .  I n  c a s e  o f  a more a c c u r a t e  c o m p u t a t i o n ,  

w i t h i n  t h e  l i m i t s  o f  each  i n t e r v a l  o f  t h e  c o o r d i n a t e  x l i n e a r  

i n t e r p o l a t i o n  s h o u ld  be used.

4.  I n  case o f  r e f l e c t i o n  f rom th e  E r e g i o n ,  where as i t  i s

known th e  Es l a y e r  i s  f o r m e d ,  the e q u i v a l e n t  v e r t i c a l  f r e q u e n c y  

f  c o r r e s p o n d i n g  t o  t h e  g i v e n  o p e r a t i n g  f r e q u e n c y  o f  th e  o b ­

l i q u e  i n c i d e n c e  s o u n d i n g  f  -is d e te rm in e d  on t h e  b a s i s  o f  t h e  

l e n g t h  o f  the  t r a n s m i s s i o n  p a t h .  In  c o n t r a s t  t o  t h e  r e g u l a r  

l a y e r s  o f  the  i o n o s p h e r e  t h e  secan t  law  i s  n o t  a lw ays  v a l i d  a t  

t h e  p r o p a g a t i o n  o f  r a d i o  waves th ro u g h  t h e  Es l a y e r .  For  f r e ­

q u e n c i e s  l ow er  th a n  o r  somewhat h i g h e r  t h a n  f b E s ,  th e  s e c a n t  

l aw  i s  v a l i d ,  i . e .  MEs = M = sec,/. , w h e re , / :  i s  t h e  a n g le  o f

i n c i d e n c e  and a t  h i g h e r  f r e q u e n c i e s ,  when r e f l e c t i o n  t a k e s  

p l a c e  i n  the  range o f  t h e  s e m i - t r a n s p a r e n c y  o f  t h e  Es l a y e r ,

MEs > M. In  the l a t t e r  case  the  r e l a t i o n  MEs = ^  M i s  used i n  

t h e  model  c a l c u l a t i o n .  On the  b a s i s  o f  t h e  g e n e r a l i z a t i o n  o f  

t h e  e x p e r i m e n t a l  d a t a ,  t h e  v a lu e  o f  has been chosen t o  1 . 5 6 .  

Thus i n  model c a l c u l a t i o n s  the  c o n v e r s i o n  o f  t h e  e q u i v a l e n t  

f r e q u e n c y  f  i s  c a r r i e d  o u t  a c c o r d i n g  t o  t h e  f o l l o w i n g  c r i t e r i a

_w_
ME " M 1 1  >9 V s  * 1 - 5 <Г1 0  f . E  _ >  l 9 T Tb s

i f  l g  f bEs + 1 .5  er .  < l g - f i S -  •MEs * 1 .56 M “  ‘ b -s  ' l g  x b . g

N a t u r a l l y ,  t h e  v a l u e  o f  the  c o e f f i c i e n t  w i l l  be f u r t h e r
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im p rov e d  depen d ing  on the  a v a i l a b i l i t y  o f  new e x p e r i m e n t a l  d a ta .  

I n  a d d i t i o n ,  th e  e f f e c t  o f  t h e  e n e r g e t i c s  o f  the  t r a n s m i s s i o n  

c h a n n e l  and the  d i r e c t i o n a l  c h a r a c t e r i s t i c s  o f  th e  a n te n n a  must 

a l s o  be ta k e n  i n t o  c o n s i d e r a t i o n  b e s i d e s  a p o s s i b l e  f r e q u e n c y  

dependence o f  MEs. I t  i s  w e l l  known t h a t  i n  case o f  v e r t i c a l  

s o u n d in g  th e  c h a r a c t e r i s t i c s  o f  t h e  Es l a y e r  depend on th e  

t e c h n i c a l  p a ram e t e r s  o f  th e  e q u ip m e n t .

5. At  o b l i q u e  i n c i d e n c e  s o u n d i n g  t h e  p r o b a b i l i t y  o f  r e f l e c ­

t i o n  and o f  b l a n k e t i n g  o f  th e  g i v e n  o p e r a t i n g  f r e q u e n c y  a re  de ­

t e r m i n e d  a c c o r d i n g  t o  f o r m u la  ( 1 ) .  The p r o b a b i l i t y  o f  r e f l e c ­

t i o n  i s  computed as:

l g  f  -  l g  f  E a y  a  O  S

and th e  p r o b a b i l i t y  o f  b l a n k e t i n g  as :

l g  f  -  l g  f .  E _ a v_____a b s

6 l g  f .  E a b s

I n  case o f  m u l t i - h o p  p r o p a g a t i o n  v i a  the  Es l a y e r  t h e  

c o m p u t a t i o n  i s  c a r r i e d  o u t  i n  t h e  f o l l o w i n g  way. A c c o r d i n g  t o  

t h e  scheme d e s c r i b e d  above th e  c o m p u t a t i o n  i s  s e p a r a t e l y  e x e ­

c u t e d  f o r  each hop. The r e s u l t a n t  v a l u e s o f  the  p r o b a b i l i t y  o f  

r e f l e c t i o n  and o f  the  p r o b a b i l i t y  o f  b l a n k e t i n g  by t h e  Es l a y e r  

a re  o b t a i n e d  i n  case o f  m u l t i - h o p  p r o p a g a t i o n  as th e  p r o d u c t  o f  

t h e  p r o b a b i l i t i e s  o f  th e  i n d i v i d u a l  h op s .

The c o m p u t a t i o n s  can be c a r r i e d  o u t  bo th  m a n u a l l y  and by 

c o m p u t e r s .  In  th e  P h y s i c a l - T e c h n i c a l  I n s t i t u t e ,  Academy o f  S c i ­

ences o f  th e  Turkmen SSR, where  t h e  a n a l y t i c a l  model  i n  q u e s ­

t i o n  was d e v e lo p e d ,  a F o r t r a n  p ro g ram  was p re pa re d .

The s u i t a b i l i t y  o f  th e  model  c a l c u l a t i o n s  has been p ro v e d  

by e x p e r i m e n t a l  da ta  o b t a i n e d  b o t h  by v e r t i c a l  s o u n d ing  and a t  

o b l i q u e  t r a n s m i s s i o n  p a t h s .  I n  t h e  m a j o r i t y  o f  the  c a s e s ,  t h e  

d i f f e r e n c e  amounts t o  n o t  more t h a n  15 %, which i s  u s u a l l y  l e s s  

t h a n  th e  random f l u c t u a t i o n s  o f  t h e  l a y e r  f rom day t o  day due t o
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t h e  p r o b a b i l i s t i c  c h a r a c t e r  o f  i t s  f o r m a t i o n .
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SPREAD-F AND SPORADIC E LAYER IN THE EQUATORIAL ZONE

A H Depueva* and N P Benkova*
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I t  i s  shown tha t  the seasonal and so lar  cycle va r i a t io ns  of  spread F 
and Esf  in d i f f e r e n t  l ong i t ud in a l  zones are s im i l a r .  In an attempt to f ind  
the formation mechanisms of  i r r e g u l a r i t i e s  producing these phenomena, the 
ro le  of  metal ions i s  discussed.

Keywords: spread F; sporadic E; l ong i tud ina l  v a r ia t io n

Spread F has been an i n t e r e s t i n g  i o n o s p h e r i c  p ro b le m  f o r  a 

l o n g  t im e  and th e  i m p o r t a n c e  i n  t h e  l a s t  y e a r s  i f  t h i s  p rob lem 

augmented. R e c e n t l y  s i n c e  on th e  one hand th e  demand f o r  a know­

le d g e  o f  i o n o s p h e r i c  i r r e g u l a r i t i e s  e s s e n t i a l  f o r  s p o t t i n g ,  

r a d i o l o c a t i o n  and o p e r a t i o n  o f  d i f f e r e n t  r a d i o s y s t e m s  had i n ­

c r e a s e d ,  on th e  o t h e r  hand sp read F i s  c o n n e c t e d  t o  p lasma p r o ­

cesses i n  t h e  i o n o s p h e r e  wh ich  were i n v e s t i g a t e d  more and more. 

In  t h e  f o l l o w i n g s  some e x p e r i m e n t a l  r e s u l t s  c o n c e r n i n g  sp read F 

i n  t h e  e q u a t o r i a l  zone a re  p r e s e n t e d  w h ic h  d e m o n s t r a t e  i t s  

a l r e a d y  known p r o p e r t i e s  and show some new f e a t u r e s .

One o f  t h e  i n t e r e s t i n g  p r o p e r t i e s  o f  th e  e q u a t o r i a l  spread 

F i s  th e  l o n g i t u d i n a l  e f f e c t  i n  i t s  o c c u r r e n c e  a l o n g  th e  magnet­

i c  e q u a t o r .  The l o n g i t u d i n a l  e f f e c t  i s  c h a r a c t e r i z e d  by the  

c i r c u m s t a n c e  t h a t  i n  t h e  l o n g i t u d i n a l  zone n ea r  Huancayo th e  

s e a s o n a l  v a r i a t i o n  ( v a r i a t i o n  o f  t h e  p r o b a b i l i t y  o f  o b s e r v i n g  

sp re ad  F d u r i n g  t h e  y e a r )  i s  b e t t e r  d e v e lo p e d ,  i t s  a m p l i t u d e  i s  

l a r g e r  t han  i n  t h e  l o n g i t u d i n a l  zone n ea r  K o d a i k a n a l ;  w i t h  a 

minimum a t  w i n t e r  s o l s t i c e  ( N o v . - J a n .  i n  t h e  n o r t h e r n  hem i ­

sphe re  and J u n e -A u g u s t  i n  th e  s o u t h e r n  h e m is p h e r e )  and maximum 

a t  summer s o l s t i c e  ( J u n e - A u g u s t  i n  th e  n o r t h e r n  hem isphe re  and 

N o v . - J a n .  i n  t h e  s o u t h e r n  h e m is p h e r e ) ,  i t s  fo rm  i s  approximately

Acta Geod. Geoph. Mont. Hung. 22, 1987 
Akadémiai Kiadó, Budapest
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t h e  same i n  a l l  l o n g i t u d e s .  A p p ro a c h in g  th e  p l a c e ,  where  th e  

m a g n e t i c  and g e o g r a p h i c a l  e q u a t o r s  i n t e r s e c t  each o t h e r  ( i n  t h e  

A t l a n t i c ) ,  the  s e as o na l  v a r i a t i o n  has an i n t e r m e d i a t e  c h a r a c t e r  

( C h a n d r a  and R as tog i  1970,  Benkova and Depueva 1 9 8 3 ) .  The second 

p r o p e r t y  o f  the  l o n g i t u d i n a l  e f f e c t  i s  i t s  d i f f e r e n t  dependence 

on s o l a r  a c t i v i t y ;  i n  t h e  v i c i n i t y  o f  Huancayo i t  i s  i n v e r s e l y  

p r o p o r t i o n a l ,  i n  th e  n e ig h b o u r h o o d  o f  K o d a i k a n a l  d i r e c t l y  p r o ­

p o r t i o n a l  t o  s o l a r  a c t i v i t y .  T h i s  p r o p e r t y  o f  t h e  l o n g i t u d i n a l  

e f f e c t  i s  i l l u s t r a t e d  i n  F i g .  1 t a k e n  f r om  Chandra  and R a s t o g i  

( 1 9 7 0 ) .  A s i m i l a r  l o n g i t u d i n a l  e f f e c t  i s  c h a r a c t e r i s t i c  a l s o  o f  

t h e  n i g h t - t i m e  s p o r a d i c  E l a y e r .  A t  e q u a t o r i a l  s t a t i o n s  (and 

g e n e r a l l y  a t  low l a t i t u d e s )  a f l a t  Es l a y e r  o c c u r s  o f t e n  and 

can be b o th  t r a n s p a r e n t  and b l a n k e t i n g .

J_______ 1___________I_________L

I IV VII X

Fig. 1.

I n  F i g .  2 th e  s e a s o n a l  v a r i a t i o n  o f  t h e  p r o b a b i l i t y  o f  

Es j  o c c u r r e n c e  i n  K o d a i k a n a l  (Chandra and R a s t o g i  1974)  and th e  

h i s t o g r a m  showing th e  s e a s o n a l  v a r i a t i o n  o f  Eg f  o c c u r r e n c e  i n  

H uancayo  ( c o n s t r u c t e d  on t h e  b a s i s  o f  d a ta  by R a s t o g i  1977)  are  
p r e s e n t e d .  The s i m i l a r i t y  o f  the  s e a s o n a l  v a r i a t i o n s  o f  Eg f  t o
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Huancayo
•/. ' 1958

IV VII X

Fig. 2.

t h e  s e a s o n a l  v a r i a t i o n s  o f  sp read  F i s  s t r i k i n g ,  i . e .  t h e  summer 

maximum i n  bo th  h em is p h e re s .  C o n s i d e r i n g  th e  dependence o f  Eg j  

on s o l a r  a c t i v i t y ,  i n  the  I n d i a n  s e c t o r  i t  i s  d i r e c t l y  p r o p o r t i o n ­

a l  and i n  th e  West -A mer ican  s e c t o r  i n v e r s e l y  p r o p o r t i o n a l  to  

s o l a r  a c t i v i t y .  In  th e  r e g i o n  o f  i n t e r s e c t i o n  o f  th e  m a g n e t i c  

and g e o g r a p h i c a l  e q u a t o r s ,  Es j  as s p re a d  F has an i n t e r m e d i a t e  

s e a s o n a l  v a r i a t i o n .  I n  F i g .  3 t h e  s e a s o n a l  v a r i a t i o n  o f  s p re ad  

F i n  t h i s  area o f  th e  A t l a n t i c  t a k e n  f r o m  Benkova and Depueva

( 1 9 8 3 )  i s  p l o t t e d .  I n  th e  same f i g u r e  t h e  p r o b a b i l i t y  o f  Es f  i n  

t h e  lo w  l a t i t u d e  zone o f  th e  A t l a n t i c  i n  d i f f e r e n t  months  a re  

shown by c ros s e s  based on data  o f  t h e  v e r t i c a l  s o u n d in g  on 

b o a rd  o f  the  r e s e a r c h  v e s s e l  "A kademik  K u r c h a t o v " .  A l t h o u g h  they 

do n o t  g i v e  the  who le se aso na l  t r e n d  o f  th e  phenomenon, t h e  s i ­

m i l a r i t y  t o  the  s e as o na l  v a r i a t i o n  o f  sp read  F i s  e v i d e n t .  

R e g a r d in g  th e  c h a r a c t e r i s t i c s  o f  t h e  l o n g i t u d e s  between 75 W 

and 75 E i t  s h o u ld  a d d i t i o n a l l y  be m en t i on ed  t h a t  a t  t h e  s t a ­

t i o n  Ib ad an  ( A f r i c a )  a w e l l  d e f i n e d  s e a s o n a l  v a r i a t i o n  o f  spread

F and a weak v a r i a t i o n  o f  E ,  w i t h  a low maximum i n  summer ands f
m in ima  a t  th e  e qu in o x e s  a re  o b s e r v e d .  The se asona l  v a r i a t i o n  o f  

s p re a d  F i s  d i r e c t l y  p r o p o r t i o n a l  t o  s o l a r  a c t i v i t y  ( see  F i g .  1), 

b u t  s u b s t a n t i a l  dependence o f  Es ^ on s o l a r  a c t i v i t y  c o u l d  n o t  

be r e v e a l e d  (Awe 197 1) .
I n  an a t t e m p t  t o  e x p l a i n  t h e  m o r p h o l o g i c a l  p r o p o r t i e s  

( l o n g i t u d i n a l - s e a s o n a l  v a r i a t i o n ,  r e l a t i o n  t o  s o l a r  a c t i v i t y )  

o f  s p re a d  F th e  s i m i l a r i t y  between t h e  b e h a v i o u r  o f  s p re a d  F
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Fig.  3.

and E j  shown above has t o  be taken  i n t o  a c c o u n t ,  i n  s p i t e  o f  

t h e  f a c t  t h a t  t h i s  s i m i l a r i t y  appea rs  i n  g e n e r a l  s t a t i s t i c a l  

r e g u l a r i t i e s ,  however  i n  i n d i v i d u a l  c a ses  an unambiguous r e l a ­

t i o n  c o u l d  not  be f o u n d .  The s i m i l a r i t y  i n  q u e s t i o n  p ro v es  t h a t  

f o r  an i n t e n s i f i c a t i o n  o f  i r r e g u l a r i t i e s  b o t h  a t  the  l e v e l  o f  

t h e  E - r e g i o n  and i n  t h e  upper  i o n o s p h e r e  t h e  same h e l i o g e o p h y s -  

i c a l  c o n d i t i o n s  a re  f a v o u r a b l e .  From t h i s  p o i n t  o f  v iew  th e  

h y p o t h e s i s  r e l a t i n g  s p re a d  F to  l on g  l i v e d  m e t a l  i on s  l o o k s  

p r o m i s i n g  ( e . g .  Hanson e t  a l .  197 3) .  The r o l e  o f  me ta l  i o n s  i n  

t h e  f o r m a t i o n  o f  Es ( i n c l u d i n g  the  e q u a t o r i a l  a re a )  has been 

many t i m e s  d e m o n s t r a t e d .  I n  c o n n e c t i o n  w i t h  th e  g e n e r a l  i nc rease  

o f  e l e c t r o n  d e n s i t y  and th e  s t r e n g t h e n i n g  o f  d ynam ica l  processes 

t h e  p o s i t i v e  c o r r e l a t i o n  between s p re a d  F and Es ^ i s  m en t i on ed  

by many a u t h o r s .  The more c o m p l i c a t e d  q u e s t i o n  o f  n e g a t i v e  c o r ­

r e l a t i o n  i n  the  r e l a t i v e l y  nar row West A m e r i c an  s e c t o r  has been 

s t u d i e d  by Pancheva e t  a l .  (1983)  f r o m  t h e  p o i n t  o f  v iew  o f  

c o n f i n e d  e l e c t r i c  f i e l d s  a f f e c t i n g  t h e  p r e c i p i t a t i o n  o f  p a r t i ­
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VARIATIONS OF Es PARAMETERS IN DIFFERENT GEOPHYSICAL CONDITIONS

L P K o rs un ov a 1 , T A G o rbun ova1 , V D e a k a l d i n a 1

^Physical-Technical  I n s t i t u t e ,  Academy of  Sciences of  the Turkmen SSR, 
744000 Ashkhabad, Gogol u. 15, USSR

Dependence of the v i r t u a l  height  of  Es layers  (h'Es) and tha t  o f  the 
range of  semi-transparency has been studied on so lar  and magnetic a c t i v i t y .  
I t  was found that  h'Es decreases wi th increasing so lar  a c t i v i t y  at  la t i t udes 
to the south of  50°N, whi le at  l a t i t ud es  to the north of  i t ,  the opposi te 
r e l a t i o n  appl ies.  As regards geomagnetic a c t i v i t y  a tendency o f  increased 
h'Es values and range of  semi-transparency w i th  increasing Kp was revealed 
in  a l l  seasons at  l a t i t ud es  northward of  50°N.

Keywords: ionospheric sporadic E; semi-transparency ; turbopause

C o n s i d e r i n g  th e  Es l a y e r  as an i n d i c a t o r  o f  t u r b u l e n t  p r o ­

cess es  i n  th e  lo w e r  t h e rm o s p h e re  ( O v e z g e l d i e v  e t  a l .  1 9 7 7 ) ,  r e ­

g u l a r i t i e s  o f  the  v a r i a t i o n s  o f  the  v i r t u a l  h e i g h t  h ' E s  and o f  

t h e  range  o f  s e m i - t r a n s p a r e n c y  have been s t u d i e d  d u r i n g  t h e  

s o l a r  c y c l e ,  as w e l l  as i n  g e o m a g n e t i c a l l y  d i s t u r b e d  p e r i o d s .

For  t h i s  purpo se  da ta  o f  t h e  h o u r l y  measurements  o f  Es parame­

t e r s  were used f rom v e r t i c a l  s o u n d ing  s t a t i o n s  l o c a t e d  i n  the  

same l o n g i t u d e  zone ( ~ 6 0 ° E ) ,  b u t  a t  d i f f e r e n t  l a t i t u d e s  o f  the  

n o r t h e r n  hem isp here  [ H e i s s  I s l a n d  ( ~ 8 0 ° N ) ,  Moscow ( ~ 5 6 ° N ) ,  

Ashkhabad ( ~ 3 8 ° N ) ,  D j i b o u t i  ( 12 °N)  ] f r om  th e  p e r i o d  195 8 -68 .

I n  o r d e r  t o  e l i m i n a t e  t h e  l o c a l  t im e  e f f e c t  and f o r  a r e l i a b l e  

i d e n t i f i c a t i o n  o f  t h e  h e i g h t ,  n i g h t - t i m e  data  (2004 LT)  were 

s e l e c t e d .  These da ta  were g roup ed  a c c o r d i n g  t o  th e  i n d i v i d u a l  

summer ( M a y -A ug us t )  and w i n t e r  ( N ov e m b e r -F eb ru a ry ) m o n th s ,  then  

f o r  each o f  them th e  m o n t h l y  mean v a lu e  o f  th e  Es l a y e r  v i r t u a l  

h e i g h t  h 'E s  and t h a t  o f  t h e  range  o f  s e m i - t r a n s p a r e n c y  were c a l ­

c u l a t e d  .
A co m p a r i son  o f  th e s e  v a lu e s  w i t h  t h e  c o r r e s p o n d i n g  Wol f  

numbers (W) has shown tha t  t h e  v a r i a t i o n  o f  th e  range  o f  se m i -

Acta Geod. Geoph. Mont. Hung. 22, 1987 
Akadémiai Kiadó, Budapest
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- t r a n s p a r e n c y  w i t h  s o l a r  a c t i v i t y  i s  r a t h e r  i r r e g u l a r ,  w h i l e  i n  

t h e  h e i g h t  change some r e g u l a r i t y  can be o b s e rv e d .

The c h a r a c t e r  o f  t h e  r e l a t i o n  between  th e  h e i g h t  o f  t h e  Es 

l a y e r  and the  s u n s p o t  number was deduced f o r  the winter  months from 

c u r v e s  o f  the  v a l u e s  h ' E s  = f ( W ) ,  ( F i g .  1 ) .  I n  s p i t e  o f  a s i g ­

n i f i c a n t  s c a t t e r  o f  t h e  p o i n t s  a t  each s t a t i o n  a h e i g h t  change 

o f  Es l a y e r s  w i t h  s o l a r  a c t i v i t y  can be t r a c e d .  The o bse rv e d  

s c a t t e r  may be due e i t h e r  t o  the  q u a s i - b i a n n u a l  v a r i a t i o n s  o f  

h ' E s  (Korsunova e t  a l .  1983)  or  to  i n s t r u m e n t a l  e r r o r s .  I t  f o l ­

l o w s  f r om  F ig .  1 t h a t  t h e r e  i s  a p o s i t i v e  c o r r e l a t i o n  a t  ^ > 5 0 оМ 

be tw een  h 'Es  and s o l a r  a c t i v i t y  w h i l e  a t  -|O<50oN a n e g a t i v e  

c o r r e l a t i o n  e x i s t s ;  more p r e c i s e l y  h 'E s  i n c r e a s e s  f rom 103 t o  

110 km w i t h  i n c r e a s i n g  s o l a r  a c t i v i t y  a t  t h e  s t a t i o n  He i ss  

I s l a n d ,  a t  the  s t a t i o n  Moscow i t  i n c r e a s e s  f r om  107 t o  115 km, 

h o w e v e r ,  a t  the  s t a t i o n  Ashkhabad th e  h e i g h t  o f  the  Es l a y e r s  

d e c r e a s e s  f rom 105 t o  100 km. At th e  l ow  l a t i t u d e  s t a t i o n  

D j i b o u t i  the  h e i g h t  o f  t h e  Es l a y e r  a l s o  d ec rea s es  w i t h  i n c r e a s ­

i n g  Wo l f  numbers f r o m  115 t o  107 km. The c o r r e l a t i o n  c o e f f i ­

c i e n t s  computed f o r  t h e  s t a t i o n s  D j i b o u t i ,  Ashkhabad,  Moscow

km
120 Heiss Island

no

100

120 Moscow

100

Ashkhabad
110

120' Djibouti

100 200 W Fig. 1. Relat ion between h'Es and 
sunspot number
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and H e is s  I s l a n d  f r o m  a l l  h 'E s  and W v a l u e s  amount t o  - 0 . 5 6 ,  

- 0 . 6 2 ,  0 .2 7  and 0 . 4 7 ,  r e s p e c t i v e l y .  The s i g n i f i c a n c e  o f  t h e s e  

c o e f f i c i e n t s  exceeds th e  99 % l e v e l  w i t h  th e  S t u d e n t - p r o b e  i n  

case o f  s t a t i o n s  Ashkhabad and D j i b o u t i ,  a t  Heiss  I s l a n d  i t  

r e a c h e s  th e  95 %, w h i l e  i n  case o f  Moscow i t  does n o t  r e a c h  the 

90% l e v e l  o f  s i g n i f i c a n c e .  C o n s e q u e n t l y ,  a r e a l  c o n n e c t i o n  may 

o n l y  e x i s t  between h 'E s  and th e  s u n s p o t  number a t  l a t i t u d e s  

f  < 5 0 ° N . In  th e  l a t i t u d e  range f r o m  10 t o  50°N, t h e  v a r i a t i o n  

o f  h 'E s  i s  o p p o s i t e  t o  t h a t  o f  t h e  s u n s p o t  number. S i n c e  f o r  

t h e  a n a l y s i s  n i g h t - t i m e  v a lu e s  o f  h ' E s  were s e l e c t e d ,  when ab­

s o r p t i o n  i s  p r a c t i c a l l y  a b s e n t ,  t h e  v a r i a t i o n  o f  th e  Es l a y e r  

h e i g h t s  w i t h  th e  s o l a r  c y c l e  i s  due t o  i n t e r n a l  p r o p e r t i e s  o f  

t h e  l a y e r .  As h 'E s  i n d i c a t e s  th e  h e i g h t  o f  the  t u r b o p a u s e ,  the  

t u r b o p a u s e  wou ld s i n k  w i t h  i n c r e a s i n g  s o l a r  a c t i v i t y  a t  m id -  

- l a t i t u d e  and r i s e  a t  h i g h - l a t i t u d e s .

The s e as o na l  and l a t i t u d i n a l  v a r i a t i o n s  o f  th e  t u r b o p a u s e  

was deduced i n  d i f f e r e n t  p e r i o d s  o f  s o l a r  a c t i v i t y  f o r  t h e  

y e a r s  o f  maximum ( 1 9 5 8 - 6 1 )  and minimum (19 62 -6 6 )  s o l a r  a c t i v i t y  

f r om  th e  m o n th l y  mean v a lu e s  o f  h ' E s  a t  s t a t i o n s  l o c a t e d  i n  the 

m i d - l a t i t u d e  zone ( f  < 5 0 ° N ) ,  where  t h e  s i g n i f i c a n c e  o f  t h e  

s o l a r  c y c l e  v a r i a t i o n s  i s  h i g h .  I n  case  o f  the  s t a t i o n  D j i b o u t i  

d a ta  o f  t h e  y e a r s  1967 and 1968 have  a l s o  been i n c l u d e d ,  s i n c e  

th e  d a ta  o f  t h e  p r e v i o u s  s o l a r  a c t i v i t y  maximum were n o t  s u f ­

f i c i e n t .  In  case o f  t h e  m a j o r i t y  o f  t h e  s t a t i o n s  t h e  number o f  

m o n t h l y  means exceeded  100. For  t h e  l a t i t u d e  range 10 -50 °N  the  

c a l c u l a t e d  h 'E s  v a l u e s  are  p l o t t e d  i n  F i g .  2. The c o r r e l a t i o n  

between th e  h e i g h t  o f  t h e  s p o r a d i c  E l a y e r s  and s o l a r  a c t i v i t y  

i s  a l s o  he re  n e g a t i v e  and th e  s o l a r  c y c l e  v a r i a t i o n  i s  maximum 

a t  lo w  l a t i t u d e s .  The a m p l i t u d e  o f  t h e  e f f e c t  does n o t  depend 

on t h e  season and t h e  r i s e  o f  t h e  Es l a y e r  i s  f o l l o w e d  a t  

•f < 46°N i n  t h e  y e a r  o f  minimum s o l a r  a c t i v i t y  i n  summer by 

an i n c r e a s e  o f  t h e  ran ge  o f  Es s e m i - t r a n s p a r e n c y . I n  t h e  v i ­

c i n i t y  o f  f  ~  50°N th e  s i g n  o f  t h e  e f f e c t  s w i t c h e s  t o  t h e  op­

p o s i t e  so t h a t  t h e  v a lu e  o f  t h e  r a n g e  o f  Es s e m i - t r a n s p a r e n c y  

becomes l a r g e r  w i t h  i n c r e a s i n g  s o l a r  a c t i v i t y .  These r e s u l t s  

were c o n f i r m e d  by an ana lo gous  a n a l y s i s  c a r r i e d  o u t  f o r  s t a ­

t i o n s  o f  t h e  s o u t h e r n  h e m is p h e re .
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Fig. 2. Seasonal var iat ion of  h'Es
f o r  d i f f e re n t  levels of  so lar  
a c t i v i t y :

maximum solar a c t i v i t y
( ____  )

minimum solar a c t i v i t y  
(o—о—o)

There are some r e f e r e n c e s  t h a t  t h e  h e i g h t  o f  the Es l a y e r  

h ' E s  shows some v a r i a t i o n  d u r in g  t h e  s o l a r  c y c l e  (Samardzh ie v  

and Se ra f i m ov  1 9 7 2 ) .  N e v e r t h e l e s s ,  t h e  s o l a r  c y c l e  v a r i a t i o n  

o f  t h e  Es p a ram e te rs  have  f o r m e r l y  been a t t r i b u t e d  to  th e  c o n ­

d i t i o n s  o f  o b s e r v a t i o n s ,  t o  the changes  o f  a b s o r p t i o n  i n  t h e  

0 r e g i o n  o f  the  i o n o s p h e r e  and t o  v a r i a t i o n s  o f  the E r e g i o n  

i o n i z a t i o n  w i t h  s o l a r  a c t i v i t y .  I f  i n  t h e  p e r i o d  o f  maximum 

s o l a r  a c t i v i t y  t h e  enhancements  o f  t h e  E and Es l a y e r  c r i t i c a l  

f r e q u e n c i e s  are due t o  i n c r e a s e s  o f  t h e  s o l a r  i o n i z i n g  r a d i a ­
t i o n ,  the  v a r i a t i o n  o f  t h e  h e i g h t  o f  t h e  Es l a y e r  f o r m a t i o n  

i n d i c a t e s  t h a t  t h e  d y n a m i c a l  c o n d i t i o n s ,  e s p e c i a l l y  the  h e i g h t  

v a r i a t i o n  o f  w ind s h e a r  change s u b s t a n t i a l l y .  The p o s s i b i l i t y  

o f  t h e  s o l a r  c y c l e  v a r i a t i o n  o f  t h e  n e u t r a l  wind shear and o f  

t h e  c o r r e s p o n d in g  c h a n g e s  o f  the  Es p a r a m e t e r s  were a l s o  men­

t i o n e d  by Reddy and M a t s u s h i t a  ( 1 9 6 8 ) .

I n  so f a r  as t h e  e f f e c t i v i t y  o f  t h e  r e d i s t r i b u t i o n  o f  

i o n i z a t i o n  due t o  w i n d - s h e a r s  d e c r e a s e s  r a p i d l y  w i t h  d e c r e a s i n g  

h e i g h t , t h e  average p r o b a b i l i t y  o f  t h e  Es f o r m a t i o n  has t o
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d e c re a s e  w i t h  i n c r e a s i n g  s o l a r  a c t i v i t y  a t  m i d - l a t i t u d e s  as i t  

has been o b s e rv e d .  C o n s e q u e n t l y ,  th e  v a r i a t i o n  o f  PEs d u r i n g  

t h e  s o l a r  c y c l e  can be p a r t l y  e x p l a i n e d  by i n t e r n a l  p h y s i c a l  

p r o c e s s e s  and n o t  o n l y  by v a r i a t i o n s  o f  the  a b s o r p t i o n .  The 

c o n f l i c t i n g  r e s u l t s  o b t a i n e d  by d i f f e r e n t  a u t h o r s  on v a r i a t i o n s  

o f  t h e  Es p a ra m e t e r s  d u r i n g  th e  s o l a r  c y c l e  may be r e l a t e d  t o  

t h e  change o f  s i g n  o f  th e  e f f e c t  w i t h  l a t i t u d e .

S ince  the  s p o r a d i c  E l a y e r  i s  fo rmed  i n  the  zone o f  the  

t u r b o p a u s e  a t  m i d - l a t i t u d e s ,  the  r e s u l t s  o b t a i n e d  i n d i c a t e  a 

r e a l  dec rease  o f  th e  t u rb op a us e  h e i g h t  w i t h  i n c r e a s i n g  s o l a r  

a c t i v i t y  a t  l a t i t u d e s  < 50°N and c o n f i r m  r e s u l t s  by Zimmerman 

and Murphy (1977)  and by D a n i l o v  e t  a l .  ( 1980 )  on an i n v e r s e  

r e l a t i o n  between th e  h e i g h t  o f  the  t u rb o p a u s e  and s o l a r  a c t i v i ­

t y  i n  a l i m i t e d  amount o f  m a t e r i a l .

The i n f l u e n c e  o f  the  geo ma gn et ic  a c t i v i t y  on th e  t u r b o ­

pause has n o t  been s t u d i e d  so f a r ,  t hough  i t  i s  an i m p o r t a n t  

p r o b l e m .  The m orpho logy  o f  th e  Es l a y e r  shows t h a t  i t s  r e l a t i o n  

t o  changes o f  the  geo magn et ic  f i e l d  depends s u b s t a n t i a l l y  on 

l a t i t u d e .  S ince th e  Es l a y e r  i s  a t r a c e r  o f  t h e  t u r b o p a u s e ,  a 

s i m i l a r  b e h a v i o u r  may be c h a r a c t e r i s t i c  o f  t h e  tu rb o p a u s e  pa­

r a m e t e r s .  Th i s  i s  c o n f i r m e d  by D a n i l o v  e t  a l .  ( 1980)  and by 

Bencze and Marcz (19 81 )  on th e  b a s i s  o f  measurements i n  H e iss  

I s l a n d  and i n  J u l i u s r u h .

The r e l a t i o n  between i o n o s p h e r i c  s p o r a d i c  E and geomagnet ­

i c  a c t i v i t y  has been r e v i e w e d  by Chavdarov  e t  a l .  ( 1 9 7 5 ) .  Неге 

s p e c i a l  a t t e n t i o n  was p a i d  t o  the  p r o b a b i l i t y  o f  Es o c c u r r e n c e .  

There  a re  i n d i c a t i o n s  t h a t  th e  v i r t u a l  h e i g h t  o f  the  ES l a y e r s  

h 'E s  i s  l a r g e r  on g e o m a g n e t i c a l l y  d i s t u r b e d  days than  on q u i e t  

d a y s .  N e v e r t h e l e s s  i t  i s  d i f f i c u l t  t o  e s t i m a t e  t h e  r e a l  v a r i a ­

t i o n s  o f  h 'E s  i n  g e o m a g n e t i c a l l y  d i s t u r b e d  p e r i o d s , b e c a u s e  th e  

g ro up  r e t a r d a t i o n  o f  th e  r a d i o  s i g n a l s  i s  s u b t a n t i a l  i n  d a y -  

- t i m e .  For  th e  e l i m i n a t i o n  o f  t h i s  e f f e c t ,  n i g h t - t i m e  Es ob ­

s e r v a t i o n s  were s t u d i e d  when h 'E s  c o r r e s p o n d e d  t o  the  r e a l  

h e i g h t  o f  t h e  l a y e r .

S in c e  v a r i a t i o n s  i n  h 'E s  are due t o  changes i n  the  

d y na m ic s  o f  the  medium, i t  had t o  be ta k e n  i n t o  c o n s i d e r a t i o n  

t h a t  t h e  r e a c t i o n  o f  t h e  n e u t r a l  a tmosphe re  i s  d e layed  a t  m id -
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- l a t i t u d e  as compared t o  t h e  main phase o f  t h e  m agne t i c  s to rm  

by a t  l e a s t  one day. Thus,  n i g h t - t i m e  measurements  o f  h 'E s  c a r ­

r i e d  o u t  a t  the  s t a t i o n s  Moscow, Rostov ,  Ashkhabad were s e l e c ­

te d  i n  t h e  p e r io d  o f  maximum s o l a r  a c t i v i t y  (1 9 5 8 -6 0 )  and th en  

g ro uped  a c c o r d i n g  t o  s e a s o n s .  As i n d i c a t o r  o f  th e  g eo m agne t ic  

a c t i v i t y ,  th e  d a i l y  sum o f  Kp i n d i c e s  was used t a k i n g  i n t o  ac ­

c o u n t  t h e  e f f e c t  o f  t h e  d e l a y  ( Д Т ~ 1  d a y ) .

The r e l a t i o n  between h 'E s  and th e  d a i l y  sum o f  Kp i n d i c e s  

i s  p r e s e n t e d  a t  the  s t a t i o n  Moscow f o r  t h e  d i f f e r e n t  seasons i n  

F i g .  3, where each p o i n t  r e p r e s e n t s  th e  mean o f  the  n i g h t - t i m e  

v a l u e s  o f  h 'E s  f o r  one d a y .  The h 'Es  v a l u e s  c o r r e s p o n d i n g  t o

MOSCOW
Summer

Fig.  3. Relation between h'Es and the d a i l y  sum of  Kp at  the l a t i t u d e  of  
Moscow fo r  d i f f e r e n t  seasons
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c e r t a i n  v a lu es  o f  t h e  d a i l y  sum o f  Kp i n d i c e s  are  d e n o te d  by 

c r o s s e s .  h 'Es  i n c r e a s e s  c o n t i n u o u s l y  w i t h  i n c r e a s i n g  Kp v a lu e s  

i n  a l l  seasons,  t h e  s c a t t e r  o f  t h e  p o i n t s  i s  l a r g e  even i n  geo- 

m a g n e t i c a l l y  q u i e t  p e r i o d s .  I n  t h e  p e r i o d  o f  s o l a r  a c t i v i t y  

s t u d i e d  here  t h e  change f rom y e a r  t o  y e a r  i s  i n s i g n i f i c a n t .  The 

l a t i t u d i n a l  bou nd ar y  o f  th e  e f f e c t s  was d e t e rm in e d  by means o f  

t h e  same method f r o m  th e  b e h a v i o u r  o f  h 'E s  i n  the  same y e a r s  a t  

t h e  s t a t i o n s  Ros tov  and Ashkhabad. A m odera te  enhancement  o f  

h 'E s  w i t h  i n c r e a s i n g  geo magn et ic  a c t i v i t y  o c c u r s  a t  s t a t i o n  

R os tov  b u t  i t  i s  p r a c t i c a l l y  m i s s i n g  a t  Ashkhabad. C o n s e q u e n t l y ,  

t h e  l a t i t u d e  ~  46°N can be c o n s i d e r e d  as t h e  s o u t h e r n  b oundary  

f o r  t h e  o c c u r re n c e  o f  th e  geomagne t ic  d i s t u r b a n c e  e f f e c t .  As 

t h e  Es l a y e r  i s  an in d i ca to r  of  t h e  b e h a v i o u r  o f  the  t u r b o p a u s e ,  

t h e  h e i g h t  o f  th e  t u rb o p a u s e  i n c r e a s e s  t o  t h e  n o r t h  o f  50°N i n  

g e o m a g n e t i c a l l y  d i s t u r b e d  p e r i o d s .  T h i s  f a c t  s h o u ld  be c o n s i d ­

e re d  when c o n s t r u c t i n g  t h e r m o s p h e r i c  m od e ls .

Thus,  the  a n a l y s e s  c a r r i e d  o u t  l e a d  t o  t h e  f o l l o w i n g  co n ­

c l u s i o n s  :

1.  h 'E s  and the  ra nge  o f  s e m i - t r a n s p a r e n c y  i n c r e a s e s  a t  l a t i ­

t u d e s  f  > 46°N w i t h  i n c r e a s i n g  s o l a r  and geo m a gn e t ic  a c ­
t i v i t y ,

2.  s o u t h  o f  f  - 46°N,  t h e  s i g n  o f  t h e  e f f e c t  changes t o  t h e  

o p p o s i t e ,

3.  s i m i l a r  v a r i a t i o n s  o f  t h e  h e i g h t  o f  t h e  tu rb o p a u s e  w i t h  s o ­
l a r  and geo magn et ic  a c t i v i t y  can be i n f e r r e d  f rom  t h e  r e ­

s u l t s  o b t a i n e d  h e r e .
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THE Es LAYER DURING GEOMAGNETIC SUBSTORMS

0 M P i r o g 1 , Yu I  V a k u l i n 1 , E I  Nemtsova1 , V 0 U r b a n o v i c h 1

^ i b i r i a n  I n s t i t u t e  of  Geomagnetism, Ionosphere and Radio Wave 
Propagation (SibIZMIR), 664033 I r ku t sk  33, P.O.Box 4, USSR

An analysis o f  the simultaneous measurements of  the geomagnetic f i e l d  
and ionospheric parameters has been ca r r i ed  out ,  based on the data of  the 
experiment "Taymir 82". Spec i f i c features of  the behaviour o f  the Es layer 
a t  d i f f e r e n t  l a t i t u d e s  dur ing substorms have been revealed. I t  has been 
found on the basis o f  auroral  s ta t ions tha t  the development of  the substorm 
i s  preceded by a reduct ion  of  fbEs to  the per fec t  vanishing of  the layer .
At subauroral l a t i t u d e s  the opposite e f f e c t  i s  observed. Before substorms 
the zone of sporadic ion iz a t i on  in the E region moves in  the evening and 
midnight hours towards the equator, then expands suddenly to the pole wi th 
fbEs increasing simul taneously.  Comparing the loca t i on  of  the area of maxi­
mum fbEs values w i th  the st ruc ture o f  the e l e c t r o j e t  the conclusion can be 
drawn that  the westward e le c t r o je t  i s  located to the north of  the zone of  
maximum conduct iv i ty .

Keywords: aurora l  e le c t r o j e t ;  geomagnetic substorm; sporadic E layer

Geomagnetic and i o n o s p h e r i c  d i s t u r b a n c e s  a re  m a n i f e s t a t i o n s  

o f  t h e  energy  p ro d u c e d  d u r i n g  t h e  d e v e lo pm e n t  o f  t h e  magne to -  

s p h e r i c  su bs to rm  and a re  c o n s e q u e n t l y  i n t e r r e l a t e d .  I n  p r e v i o u s  

pap e rs  ( G o r e l i y  e t  a l .  1980a, 1980b,  B la g o v e s h c h e n s k a y a  and 

P i r o g  1982, Z h e r e b t s o v  e t  a l .  1982)  t h e  dependence o f  t h e  v a r i a ­

t i o n s  o f  i o n o s p h e r i c  p a ra m e t e r s  on g e o m a g n e t ic  a c t i v i t y  has been 

s t u d i e d  and i t  was found  t h a t  a t  th e  l a t i t u d e  o f  N o r i l s k  t h e  Esr  

l a y e r  appears  0 . 5 - 1 . 5  hou rs  b e f o r e  t h e  o n s e t  o f  t h e  s u b s to rm  i n  

t h e  H component  o f  t h e  geo m a gn e t ic  f i e l d  and th e  e l e c t r o n  den ­

s i t y  i n  the  l a y e r  v a r i e s  d u r i n g  t h e  s u b s to rm  s i m u l t a n e o u s l y  w i t h  

t h e  v a r i a t i o n s  o f  H. At  t h i s  t i m e  t h e  p a r a m e t e r s  o f  t h e  F2 l a y e r  

change i n s i g n i f i c a n t l y .  Thus i n  N o r i l s k  t h e  o c c u r r e n c e  o f  th e  

Es l a y e r  may be a p r e c u r s o r  o f  t h e  s u b s to rm  (B lag oveshchenskaya  

and P i r o g  1 9 8 2 ) .  U n f o r t u n a t e l y ,  t h e r e  were no s i m u l t a n e o u s  geo­

m a g n e t i c  and i o n o s p h e r i c  measurements  a t  o t h e r  s t a t i o n s .

Acta Geod. Geoph. Mont. Hung. 22, 1987 
Akadémiai Kiadó, Budapest
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N e v e r t h e l e s s  the  v a r i a t i o n s  o f  f o E s r  do n o t  c o r r e s p o n d  i n  D ixon  

t o  t h e  o b s e r v a t i o n s  i n  N o r i l s k  ( G o r e l i y  e t  a l .  198 0b ) .

D u r i n g  th e  e x p e r i m e n t  "T a y m i r  82"  ( V a k u l i n  e t  a l .  1984)  i n  

1982 t h e  v a r i a t i o n s  o f  t h e  g eom agne t ic  f i e l d  and t h a t  o f  th e  

s t a t e  o f  th e  i o n o s p h e r e  c o u l d  be s i m u l t a n e o u s l y  r e c o r d e d  a t  

f o u r  p o i n t s  l o c a t e d  a l o n g  th e  m e r i d i a n  К = 90° i n  t h e  range  o f  

l a t i t u d e s  62° < ф < 6 9 ° .  T h i s  e na b led  t o  c o n t i n u e  t h e  s t u d y  o f  

t h e  d yna m ics  o f  m a g n e t o s p h e r i c  d i s t u r b a n c e s .

The v a r i a t i o n s  o f  t h e  i o n o s p h e r i c  p a r a m e t e r s  and t h e  H 

co mponen t  o f  the  g e o m a g n e t i c  f i e l d  were a n a ly s e d  i n  t h e  who le  

p e r i o d  o f  o b s e r v a t i o n s  (December ,  19B2 -  March,  1 983 ) .  The 

a n a l y s i s  c o n f i r m e d  t h e  f i n d i n g  t h a t  th e  s t a t e  o f  t h e  F r e g i o n  

i s  d e t e r m i n e d  by i t s  l o c a t i o n  as compared t o  t h e  main t r o u g h  

o f  i o n i z a t i o n  wh ich  depends on th e  mean l e v e l  o f  d i s t u r b a n c e  

c h a r a c t e r i z e d  by Kp ( Z h r e b t s o v  e t  a l .  1 9 8 2 ) .  D u r i n g  t h e  n i g h t  

t h e  c r i t i c a l  f r e q u e n c y  o f  t h e  F2s l a y e r  v a r i e s  between 4 and 

6 MHz. I n  case o f  l a r g e  d i s t u r b a n c e s  no F r e g i o n  can be seen 

b e c a u s e  o f  s c r e e n i n g  by t h e  Es l a y e r  o r  due t o  t o t a l  a b s o r p ­

t i o n .  The b e h a v io u r  o f  t h e  Es l a y e r  i s  more i n t e r e s t i n g .

I n  F i g .  1 s i m u l t a n e o u s  v a r i a t i o n s  o f  fbEs  and o f  t h e  II 

co m p on en t  are  shown f o r  f o u r  s t a t i o n s  p l o t t e d  a c c o r d i n g  t o  de ­

c r e a s i n g  l a t i t u d e .  As e x a m p le s ,  t y p i c a l  i s o l a t e d  s u b s to rm s  were 

s e l e c t e d  on a q u i e t  b a c k g ro u n d  i n  t h e  e v e n in g  hours,  a t  m i d n i g h t  

and a f t e r  m i d n i g h t .  The e l e c t r o n  d e n s i t y  i n  t h e  Es l a y e r  i s  

c h a r a c t e r i z e d  by f b E s .  I f  t h e  Es l a y e r  i s  a b s e n t ,  t h e  minimum 

f r e q u e n c y  r e f l e c t e d  f r o m  t h e  F r e g i o n  can be ta k e n  i n s t e a d  o f  

f b E s ,  i n  case o f  t o t a l  s c r e e n i n g  o r  a b s o r p t i o n  th e  maximum 

f r e q u e n c y  o f  the  F2 l a y e r  o bse rv e d  p r e v i o u s l y .  The most  c h a r ­
a c t e r i s t i c  f e a t u r e s  o f  f b E s  a re  th e  d e c r e a s e  a t  the  a u r o r a l  

s t a t i o n s  and the  i n c r e a s e  a t  s u b a u r o r a l  s t a t i o n s  b e f o r e  t h e  on ­

s e t  o f  n e g a t i v e  bays .  M o r e o v e r ,  a t  h i g h  l a t i t u d e  th e  b e g i n n i n g  

o f  t h e  decrea se  o f  fb Es  can be pre ced ed  by t h e  b e g i n n i n g  o f  t h e  

n e g a t i v e  d i s t u r b a n c e  i n  t h e  H component  w h ic h  i s  n o t  o b s e rv e d  at  

s u b a u r o r a l  s t a t i o n s  where  t h e  subs to rm  i s  p re ceded  by t h e  o c c u r ­

r e n c e  o f  th e  Esr  l a y e r  ( G o r e l i y  e t  a l .  1980b,  Z h e r e b t s o v  e t  a l .  

1 9 8 2 ) .  Tha t  means t h a t  w i t h i n  t h e  a u r o r a l  zone n e g a t i v e  d i s t u r b  

ances o f  high in tens i ty  develop i n  case of  low E-region ion iza t i on  (See F i g . l
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H(nT)
b

17 19 21
23 01 03

f(MH,) Ne(cm'3) 10s

Fig. 1. Var iat ions of  ДН and fbEs during substorms observed a t  a meridional  
chain of s ta t ions  (a) before midnight ,  (b) at  midnight and (c )  a f te r  
midnight .  ДН < 0 ( --------), ЛН > 0 ( ......... ) ,  fbEs ( ---------)

ЛН ~  600 nT, Ng ~  10^ cm ^ i n  Sterlegovo and U s t - T a r e e )  w h i l e  a t  the 

s o u t h e r n  boundary  o f  t h e  zone weak bays a re  o b s e rv e d  i n  case o f  

Ng > 10^  cm- "5. The app ea ra nce  o f  an Es l a y e r  a f t e r  t h e  o nse t  

o f  a g eo m agne t ic  s u b s t o r m  i s  more o f t e n  o bse rv e d  i n  t h e  even in g  

h o u r s .  A f t e r  m i d n i g h t  t h e  s i m u l t a n e o u s  dev e lo pm e n t  o f  +he geo­

m a g n e t i c  and i o n o s p h e r i c  d i s t u r b a n c e s  i s  more p r o b a b l e .  A l l  

s t a t e m e n t s  above r e l a t e  t o  n e g a t i v e  d i s t u r b a n c e s .  P o s i t i v e  d i s ­

t u r b a n c e s  are  o b s e rv e d  a t  a l l  s t a t i o n s  used he re  i n  case o f
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e n h a n c e d  E r e g io n  i o n i z a t i o n .

The tempor a l  and s p a t i a l  d i s t r i b u t i o n  o f  Es l a y e r s  d u r i n g  

a s u b s t o r m  are c o n f i r m e d  by the r e s u l t s  o f  a s t a t i s t i c a l  a n a l y ­

s i s  shown i n  F igs  2 and 3.  I t  f o l l o w s  f r o m  F i g .  2 t h a t  t h e  p r o ­

b a b i l i t y  o f  a d e l a y  o f  t h e  fbEs g ro w th  as compared t o  t h e  o n s e t  

o f  t h e  geomagnet ic  s u b s t o r m  ( t ^  < t § )  d e c r e a s e s  w i t h  d e c r e a s i n g  

l a t i t u d e .  The i n c r e a s e  o f  fbEs i s  p re c e d e d  by th e  o n s e t  o f  th e  

bay  i n  the  H component  mos t  o f t e n  a t  S t e r l e g o v o ,  more r a r e l y  a t

P(°/o)

<0 )
t<t„"

F ig .  2. Variat ions of  the p r o b a b i l i t y  of the d i f f e r e n t  type Es layer behav­
iours as compared t o  changes of the H component. Here t 0 i s  the 
time of the beginning of  fbEs growth, t y  i s  the time of onset of  the 
geomagnetic d is turbance, (a) before midnight ,  (b) a f t e r  midnight and 
(c) fo r  the whole n ig h t
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Fig. 3. Va r ia t ions  o f  the p r o b a b i l i t y  from 
evening to morning, averaged fo r  
a l l  s ta t i on s .  The symbols are the 
same as in  Fig.  2.

U s t - T a r e e  and a lm o s t  n eve r  a t  I g a r k a .  The p r o b a b i l i t y  o f  t h e

s i m u l t a n e o u s  i n c r e a s e  o f  th e  g e o m a g n e t ic  i n t e n s i t y  H and o f  
H sfbEs  ( t  = t  ) i s  maximum i n  U s t - T a r e e .  Cases o f  th e  d e l a y  o f  o o

th e  su bs to rm  commencement as compared t o  t h e  dev e lo pm e n t  o f  the
H S г H SEs l a y e r  ( t ^  > t ^ )  p re d o m in a te  i n  N o r i l s k  and I g a r k a  [ P ( t Q> t g )  =

= 70-85 %]. The d ec rea s e  o f  fbEs t o  t h e  p e r f e c t  v a n i s h i n g  o f  

t h e  Es l a y e r  b e f o r e  t h e  o nse t  o f  t h e  s u b s t o rm  i s  o b s e rv e d  w i t h  

th e  h i g h e s t  p r o b a b i l i t y  a t  S t e r l e g o v o  (up t o  80 %) and Ust -Taree 

( ~ 60 %). In  t h e s e  cases  the  minimum r e f l e c t e d  f r e q u e n c i e s  de­

c re a s e  t o  1-2  MHz. I n  N o r i l s k  and I g a r k a  th e  p r o b a b i l i t y  o f  s im ­

i l a r  cases i s  s i g n i f i c a n t l y  l o w e r  and fb Es  re m a in s  more th a n  

3 MHz, i . e .  a t  s u b a u r o r a l  l a t i t u d e s  t h e  e l e c t r o n  d e n s i t y  i n  the  

E r e g i o n  i s  2 -3  t i m e s  l a r g e r  than  w i t h i n  t h e  zone.

The d i u r n a l  v a r i a t i o n s  o f  t h e  p r o b a b i l i t i e s  show t h a t
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H sP( t  < t  ) i s  maximum i n  t h e  e v e n in g  h o u r s ,  dec reases  to w a r d  
о о H S

m i d n i g h t  and then  i n c r e a s e s  a g a i n .  P ( t  = t  ) i n c r e a s e s  to w a rd
O  O  |_j с

m i d n i g h t  and has a maximum i n  t h e  p e r i o d  0003 LT. P( t > t ' : )

(rVF h F Q \  0 0
— - < Oj v a ry  o p p o s i t e l y  what  i s  o b v i o u s ,  s i n c e  t h e y  a re  

phenomena e x c l u d i n g  each o t h e r .  P( t H > t ^ )  i n c r e a s e s  f rom  e v e -

-----< 0 L  < t ^  d e c r e a s e s .

The dynamics  o f  t h e  zone o f  i n c r e a s e d  i o n i z a t i o n  i n  t h e  

E r e g i o n  i s  compared i n  F i g .  4 w i t h  t h e  s t r u c t u r e  o f  t h e  e l e c ­

t r o j e t .  For  th e  sake o f  s i m p l i c i t y  i s o l a t e d  subs to rms were s e ­

l e c t e d  i n  th e  p re se nce  o f  o n l y  one w es t w a rd  e l e c t r o j e t  shown i n  

F i g .  1 ,  when the  p o s i t i v e  d e v i a t i o n  o f  t h e  H component f r om  

t h e  z e r o  l e v e l  i s  l e s s  t h a n  50 nT e x c e p t  on December 22, 1982.  

I t  f o l l o w s  f rom the map o f  c o n t o u r - l i n e s  o f  ЛН and fb Es  t h a t  

t h e  a r e a s  o f  maximum n e g a t i v e  v a lu e s  o f  ЛН, AZ = 0 and o f  

maximum e l e c t r o n  d e n s i t y  i n  t h e  Es l a y e r  c o i n c i d e  p a r t i a l l y ,  

h o w e v e r ,  th e  l a t t e r  i s  a lw a y s  l o c a t e d  e q u a t o r w a r d s . Thus th e  

main  c u r r e n t  i n  the  w e s t w a rd  a u r o r a l  e l e c t r o j e t  does n o t  f l o w  

i n  t h e  r e g i o n  o f  maximum c o n d u c t i v i t y ,  b u t  somewhat t o  t h e  

n o r t h  o f  i t .  Be fo re  s u b s t o r m s  i n  t h e  e v e n in g  and a t  m i d n i g h t

22.12.1982

19 20 21 22 23 IT

Fig.  4a. Map of the contour l i n e s  of  the geomagnetic component AH and IU r, 
constructed fo r  substorms on the basis o f  Fig.  1. Numbers a t  the
contour l ines  denote AH(nT) and fbEs(MHz). AH (—------) ,  fbEs
( --------) ) AZ = 0 (xxxxx)
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th e  e q u a t o r w a r d  m o t i o n  o f  t h e  zone o f  s p o r a d i c  i o n i z a t i o n  i n  

t h e  E r e g i o n  s t a r t s ,  t h en  th e  sudden e x p a n s i o n  f o l l o w s  t o  the  

p o l e  w i t h  a s i m u l t a n e o u s  i n c r e a s e  o f  f b E s .  I n  t h i s  p ro c es s  the  

p o le w a rd  m o t i o n  o f  t h e  Es zone i s  c o r r e l a t e d  t o  th e  b re a k - u p  
phase o f  t h e  s u b s t o r m .  The maximum o f  t h e  s p o r a d i c  i o n i z a t i o n
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ca n  be l o c a t e d  i n  t h e  m o rn in g  o r  e v e n in g  s i d e  o f  t h e  maximum o f  
ДН depend ing  on l o c a l  t i m e .

The s p e c i f i c  f e a t u r e s  o f  t h e  v a r i a t i o n s  o f  fbEs d u r i n g  th e  

d e v e lo p m e n t  o f  a s u b s to rm  c o r r e s p o n d  t o  th e  m orpho logy  o f  t h e  

i n t e n s i t y  o f  b ackg ro und  a i r g l o w  i n  t h e  a u r o r a l  upper  a tm osph ere  
( V a k u l i n  e t  a l .  1 979 ) .

Thus the r e s u l t s  o b t a i n e d  c o n f i r m  V a k u l i n  e t  a l . ' s  c o n c l u ­

s i o n  (19 79 )  t h a t  th e  e l e c t r o j e t  does n o t  f l o w  t h e r e  where  th e  

i o n i z a t i o n  and c o n d u c t i v i t y  a re  maximum, b u t  i n  th e  r e g i o n  t o  

w h i c h  th e  minimum i n n e r  r e s i s t a n c e  o f  th e  m a g n e to s p h e r i c  s o u rc e  
i s  mapped.

N e v e r t h e l e s s ,  a number  o f  t h e  r e g u l a r i t i e s  shown by th e  

v a r i a t i o n s  o f  the  e l e c t r o n  d e n s i t y  i n  t h e  Es l a y e r  a t  a u r o r a l  

l a t i t u d e s  demand f u r t h e r  i n v e s t i g a t i o n s  and t h e o r e t i c a l  i n t e r ­

p r e t a t i o n  d u r i n g  s u b s t o r m s .
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SPORADIC E LAYER IN THE TWILIGHT PERIOD DURING WINTER AND ITS 
RELATION TO SUNRISE IN THE CONJUGATE AREA

V P Abramchuk^ ,  V N O r a e v s k y * ,  Yu Ya Ruzh in^

" ' ' Inst i tute of  Geomagnetism, Ionosphere and Radio Wave Propagation 
(IZMIRAN), Academy of Sciences o f  the USSR, 142092 T ro i t sk ,  

Moskovskaya ob las t ,  USSR

A maximum in  the occurrence p ro b a b i l i t y  of  sporadic E layers  has been 
found based on the data of  the network o f  ionospheric sounding s ta t i on s  in 
the t w i l i g h t  per iod dur ing winter .  Conclusions have been drawn on the basis 
of  the analysis of  s i x  years'  data from the per iod Oecember-January (sym­
m e t r i c a l l y  to the w in ter  so ls t i ce  equal t ime in te rva l s  have been selec ted) .  
A d e f i n i t e  r e l a t io n  o f  the occurrence o f  the sporadic E layer  has been re­
vealed wi th the sunr ise in  the magnet ical ly conjugate area.

I t  i s  suggested tha t  the sporadic E lay e r  formation can be explained 
by a mechanism due to the magnetospheric propagation of non s ta t i ona ry  
Al fven waves generated in  the ionosphere by the supersonic motion o f  the 
terminator  in the lower layers of the atmosphere. The occurrence o f  a 
sporadic E layer  due to the e le c t r o s t a t i c  in te rac t i o n  of  the magnet ical ly 
conjugate areas of  the ionosphere has also  been studied.

Keywords: magnet ical ly conjugate area; sporadic E layer;  te rminator

INTRODUCTION

I n  th e  l a s t  y e a r s  t h e  p ro b le m  o f  t h e  r e l a t i o n  between  th e  

p ro c e s s e s  i n  t h e  l o w e r  a tmosph ere  and i n  th e  upper  l a y e r s  o f  

t h e  i o n o s p h e r e  g o t  i n t o  th e  c e n t r e  o f  i n t e r e s t .  I t  has been 

fo u n d  t h a t  e a r t h q u a k e s ,  l i g h t n i n g  d i s c h a r g e s ,  f a l l  o f  m e t e o r ­

i t e s ,  th e  s u p e r s o n i c  m o t i o n  o f  t h e  t e r m i n a t o r  (Somsikov  and 

T r o i t s k y  1975)  e t c .  a re  p o w e r f u l  s o u r c e s  p r o d u c in g  d i s t u r b a n c e s  

i n  t h e  n e u t r a l  component o f  t h e  i o n o s p h e r e .  I n  the  dynamo r e ­

gion  of  t h e  i o n o s p h e r e ,  where t h e  i o n - n e u t r a l  c o l l i s i o n  f r e q u ­

ency exceeds th e  i o n  g y r o f r e q u e n c y , t h e r e  i s  a r e a l  p o s s i b i l i t y  

f o r  t h e  t r a n s f e r  o f  m o t io n  o f  t h e  n e u t r a l  component t o  t h e  i o n ­

i z e d ,  i . e .  th e  m o t i o n  o f  th e  n e u t r a l s  and i o n s  i s  s t r o n g l y  i n ­

t e r r e l a t e d  i n  t h e  w ea k ly  i o n i z e d  p lasma  o f  the  l o w e r  i o n o s p h e r ­

i c  l a y e r s  ( I g n a t e v  1969, Gershman e t  a l .  1976) .

Acta Geod. Geoph. Mont. Hung. 22, 1907 
Akadémiai Kiadó, Budapest



2 0 0 V P ABRAMCHUK e t  a l .

I f  t h e  geomagne t ic  f i e l d  l i n e s  a re  c o n s i d e r e d  as e q u i p o -  

t e n t i a l s  t h e r e  i s  an e l e c t r o s t a t i c a l  c o n n e c t i o n  between th e  

m a g n e t i c a l l y  c o n j u g a t e  i o n o s p h e r e s  r e s u l t i n g  i n  a s y m m e t r i c a l  

b e h a v i o u r  o f  th e  i o n o s p h e r i c  l a y e r s  o f  t h e  two hem ispheres  

(Mozhaev e t  a l .  1 976 ) .  The symmetry may be u p s e t  i n  case o f  

u n e q u a l  i l l u m i n a t i o n  o f  t h e  m a g n e t i c a l l y  c o n j u g a t e  i o n o s p h e r e s  

e s p e c i a l l y  i n  the  s o l s t i c e  p e r i o d ,  when i n  one o f  the  ends o f  

t h e  g e o m a g n e t i c  f i e l d  l i n e s  the  i o n o s p h e r e  i s  i l l u m i n a t e d  by 

t h e  Sun,  b u t  the  o t h e r  end i s  i n  d a r k n e s s .  I n  such c o n d i t i o n s  

i t  i s  e x p e c t e d  t h a t  d i s t u r b a n c e s  i n  t h e  l o w e r  l a y e r  a f f e c t  t h e  

p r o c e s s e s  i n  th e  m a g n e t i c a l l y  c o n j u g a t e  i o n o s p h e r e  due t o  t h e  

f a s t  m o t i o n  o f  t h e  shade bou nd a ry .

I n  t h e  p r e s e n t  pap e r  the  a u t h o r s  c a l l  a t t e n t i o n  t o  t h e  

e n e rg y  t r a n s f e r  f rom  th e  i o n o s p h e r e  o f  one hem isp here  t o  t h e  

o t h e r  due t o  the  m a g n e t o s p h e r i c  p r o p a g a t i o n  o f  n o n - s t a t i o n a r y  

A l f v e n  waves g e n e r a t e d  i n  the  i o n o s p h e r e  by t h e  s u p e r s o n i c  mo­

t i o n  o f  t h e  t e r m i n a t o r  i n  t h e  l o w e r  l a y e r s  o f  th e  a tm osphe re .  

S u i t a b l e  m a g n e t i c a l l y  c o n j u g a t e  p o i n t s  a r e  t h e  m i d - l a t i t u d e  

s t a t i o n s  Krasnaya Pakhra  ( 5 5 ° 2 8 'N ,  3 7 ° 1 9 ' E )  and a p o i n t  i n  t h e  

I n d i a n  Ocean ( 4 2 ° 3 6 ' S ,  5 6 ° 2 4 ' E ) .  As an i n d i c a t o r  o f  the  e n e rg y  

t r a n s f e r  t h e  o c c u r r e n c e  o f  a s p o r a d i c  E l a y e r  above the  m id -  

- l a t i t u d e  i o n o s p h e r i c  s t a t i o n  a t  n i g h t  i n  t h e  p e r i o d  o f  t h e  

w i n t e r  s o l s t i c e  has been s e l e c t e d  (Ab ramchuk  and Ruzh in  19B5 ) .

EXPERIMENTAL RESULTS

The o c c u r r e n c e  p r o b a b i l i t y  o f  a s p o r a d i c  E l a y e r  (PEs )  

was s t u d i e d  i n  t h e  w i n t e r  p e r i o d  on t h e  b a s i s  o f  th e  d a ta  o f  

t h e  i o n o s p h e r i c  s t a t i o n s  Krasnaya P a k h r a ,  Alma Ata and K a r a g a n ­

da f o r  t h e  t im e  i n t e r v a l  f r o m  1976 t o  1982.  Data s y m m e t r i c a l  t o  

t h e  d a t e  o f  the  w i n t e r  s o l s t i c e  were s e l e c t e d  i n  o r d e r  t o  ena ­

b l e  an a n a l y s i s  o f  th e  v i o l a t i o n  o f  t h e  symmetry  i n  case o f  t h e  

i l l u m i n a t i o n  o f  th e  m a g n e t i c a l l y  c o n j u g a t e  a r e a .  M oreove r ,  any 

k i n d  o f  s p o r a d i c  E l a y e r s  was ta ke n  i n t o  a c c o u n t  i n  the  p e r i o d  
f r om  21 h o u r  t o  8 h o u r .  S in c e  i n  th e  p e r i o d  c o n s i d e r e d  he re  

t h e  v a r i a t i o n  o f  t h e  Es o c c u r r e n c e  p r o b a b i l i t y  i s  a p p r o x i m a t e l y  

u n i f o r m  a t  t h e  above m e n t i o n e d  s t a t i o n s  ( c o n s i d e r i n g  o n l y  t h e  

d i f f e r e n c e  between th e  s u n r i s e  i n  t h e  m a g n e t i c a l l y  c o n j u g a t e
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a re a  and th e  p o i n t  o f  o b s e r v a t i o n  f o r  t h e s e  s t a t i o n s ) ,  t h e  da ta  

o f  t h e  s t a t i o n  K rasnaya  Pakhra  were o n l y  used.

I n  F i g .  1 t h e  n i g h t - t i m e  v a r i a t i o n  o f  t h e  o c c u r r e n c e  p r o ­

b a b i l i t y  o f  an Es l a y e r  i s  shown f o r  t h e  y e a r s  1 976 -1902 .  D i s ­

r e g a r d i n g  i n d i v i d u a l  f l u c t u a t i o n s  i n  t h e  c u r v e  ( t h e y  a re  d e ­

s c r i b e d  i n  more d e t a i l  i n  th e  paper  by Abramchuk and R u z h in  

1985)  t h e  o c c u r re n c e  p r o b a b i l i t y  o f  a s p o r a d i c  E l a y e r  has two 

deep min ima i n  t h e  t w i l i g h t  p e r i o d  ( t h e „ f i r s t  i n  th e  t i m e  i n ­

t e r v a l  f rom 2 t o  3 h LT and th e  second i n  t h e  p e r i o d  f r o m  6 t o  

7 h LT)  h av ing  a p p r o x i m a t e l y  the  same m a g n i t u d e , f u r t h e r  a m a x i ­

mum a t  about  5 h 30 m LT. I n  the  maximum t h e  v a lu e  o f  PEs i s  

a p p r o x i m a t e l y  20 % g r e a t e r  than  the  v a l u e  o f  PEs i n  t h e  m in im a .

0 _____L_____ I_____ I____ l_____ I____ I_______ I____I____ ■ . __________

21 22 23 0 1 2 T  A 5 6 T  8 „30 Etime

Fig.  1. Occurrence p r o b a b i l i t y  of  the Es la ye r  f o r  December and January of 
the period from 1976 to 1982 (on the basis of  the data of  the s ta ­
t i o n  Krasnaya Pakhra)

As c o m p u t a t i o n s  have shown t h i s  phenomenon may be connected 

t o  t h e  s u n r i s e  a t  t h e  o b s e r v i n g  s i t e  and i n  th e  m a g n e t i c a l l y  

c o n j u g a t e  are a.  I n  F i g .  1 t h e  v a r i a t i o n s  o f  t h e  t i m e s  o f  t h e  

s u n r i s e  a re  shown by t h i c k  h o r i z o n t a l  l i n e s  i n  t h e  h e i g h t  o f  

t h e  ozone l a y e r  f o r  t h e  months December and January  a t  t h e  ob ­
s e r v i n g  s i t e  ( t h i c k  a r r o w )  and i n  t h e  m a g n e t i c a l l y  c o n j u g a t e
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a r e a  (dashed a r r o w ) .  T h i s  q u e s t i o n  w i l l  be d i s c u s s e d  l a t e r  i n  

more  d e t a i l .  At  s t a t i o n s  l o c a t e d  a t  l a t i t u d e s  l o w e r  t h a n  th e  

s t a t i o n  Krasnaya P a k h ra  ( e . g .  a t  Alma A t a ,  Ka raganda)  t h e  

t w i l i g h t  e f f e c t  i s  somewhat masked i n  t h e  o c c u r r e n c e  p r o b a b i l -  

i t a  o f  Es because o f  t h e  sm a l l  t im e  d i f f e r e n c e  between t h e  sun ­

r i s e s  a t  the  o b s e r v i n g  s i t e  and a t  t h e  m a g n e t i c a l l y  c o n j u g a t e  

p o i n t .

The course  o f  t h e  PEs cu rves  has shown i n  t h e  months  

December  and J a n u a r y  o f  s e l e c t e d  y e a r s  t h a t  th e  so c a l l e d  

t w i l i g h t  e f f e c t  (on  t h e  ana logy  o f  t h e  d i u r n a l  v a r i a t i o n  o f  

f o F 2  (Buk in  e t  a l .  1 9 6 8 ) )  appears i n  t h i s  case l e s s  o f t e n  i n  

t h e  p e r i o d  o f  s o l a r  a c t i v i t y  minimum, b u t  i t  re m a in s  d e t e c t a b l e  

(Abramchuk and R u z h in  198 5) .  The v a r i a t i o n  o f  the  o c c u r r e n c e  

p r o b a b i l i t y  o f  t h e  Es l a y e r  i n  y e a r s  o f  d i f f e r e n t  s o l a r  a c t i v ­

i t y  h i n t s  a t  t h e  f a c t  t h a t  even i f  t h e r e  i s  a c o n n e c t i o n  be­

tw e en  PEs and th e  l e v e l  o f  s o l a r  a c t i v i t y ,  th e n  PEs does n o t  

depend  on th e  number  o f  sunspots  o r  on t h e i r  a rea r a t h e r  i t  de­

pends  on the  l i m i t s  o f  th e  v a r i a t i o n s  o f  t h e s e  p a r a m e t e r s .

The e x p e r i m e n t a l  da ta  c o n f i r m e d  t h e  t w i l i g h t  t i m e  depend­

ence  o f  the c r i t i c a l  f r e q u e n c y  o f  t h e  s p o r a d i c  E l a y e r  ( f o E s ) .

A t y p i c a l  c u rv e  d e m o n s t r a t i n g  such a dependence i s  shown i n  

F i g .  2. The c u r v e  p r e s e n t e d  here  i n d i c a t e s  t h i s  dependence

Fig. 2. C r i t i c a l  frequency of the Es la ye r  in  the t w i l i g h t  per iod
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q u i t e  q u a l i t a t i v e l y ,  s i n c e  f o r  a more d e t a i l e d  s t u d y  o f  th e  

t i m e  v a r i a t i o n  o f  t h e  Es p a r a m e t e r s  c o n t i n u o u s  s o u n d i n g  o f  the 

i o n o s p h e r e  i s  needed as a c c o r d i n g  t o  t h e  o b s e r v a t i o n s  t h e  spo­

r a d i c  E l a y e r  i s  s u b m i t t e d  t o  f a s t  v a r i a t i o n s .  The t i m e  depend­

ences o f  PEs and foEs  ( F i g s  1 and 2)  a re  s i m i l a r  and t h e  g r e a t  

amount  o f  da ta  e n a b le s  t o  c o n c l u d e  t h a t  t h i s  c o r r e l a t i o n  i s  no t  

a c c i d e n t a l .  The c o r r e l a t i o n  between  PEs and foEs i n  t h e  t w i l i g h t  

p e r i o d  i n d i c a t e s  t h e  change o f  t h e  e f f e c t i v i t y  o f  t h e  mechanism 

r e s p o n s i b l e  f o r  t h e  f o r m a t i o n  o f  Es l a y e r s  i n  t h e  same p e r i o d .  
D u r i n g  th e  minima o f  th e  o c c u r r e n c e  p r o b a b i l i t y  o f  an Es l a y e r  

i t s  c r i t i c a l  f r e q u e n c y  does n o t  re a c h  1 MHz. O b v i o u s l y ,  th e  use 

o f  i on os o nd e s  w i t h  a f r e q u e n c y  ra n ge  ex tended t o  l o w e r  f r e q u e n ­

c i e s  and th e  c o n t i n u o u s  s o u n d in g  o f  t h e  i o n o s p h e r e  wou ld  promote 

t h e  s t u d y  o f  th ese  e f f e c t s  and o f  t h e i r  r e l a t i o n  t o  o t h e r  i o n o ­

s p h e r i c  p a r a m e t e r s .

The f o l l o w i n g  a n a l y s i s  was made f o r  a more r e l i a b l e  c l a r i ­

f i c a t i o n  o f  t h e  c o n n e c t i o n  between th e  f o r m a t i o n  o f  s p o r a d i c  E 

l a y e r s  and s u n r i s e  i n  th e  m a g n e t i c a l l y  c o n j u g a t e  a re a  and i n  the 

o b s e r v i n g  s i t e .  Those days o f  t h e  months December and January  

were  c o n s i d e r e d  a t  th e  s t a t i o n  Krasnaya Pakhra i n  t h e  t im e  i n ­

t e r v a l  1976-1982 when th e  s p o r a d i c  E l a y e r  app ea red  n e a r  o r  d u r ­

i n g  t h e  t w i l i g h t  p e r i o d .  The d a y s ,  when an Es l a y e r  was o bs e rv ­

ed e a r l i e r ,  were e x c l u d e d .  The p o i n t s  i n  F i g .  3 i n d i c a t e  the  

t i m e  o f  o c c u r r e n c e  o f  t h e  Es l a y e r  i n  th e  p e r i o d  s t u d i e d .  L in es  

a re  a l s o  p l o t t e d  show ing  th e  s u n r i s e  a t  the  h o r i z o n  and i n  a 

h e i g h t  o f  60 km i n  th e  m a g n e t i c a l l y  c o n j u g a t e  a re a  o f  t h e  s t a ­

t i o n  Krasnaya Pa kh ra .  The g r e a t e s t  p a r t  o f  t h e  d a t a  i s  l o c a t e d  

above th e  l i n e  show ing  th e  s u n r i s e  i n  60 km a l t i t u d e  what  con­

f i r m s  th e  c o n c l u s i o n  drawn above.

Times o f  v a n i s h i n g  ( d o t s )  and f o r m a t i o n  ( t r i a n g l e s )  o f  the  

s p o r a d i c  E l a y e r  i n  th e  m o rn in g  a re  p l o t t e d  i n  F i g .  4 on the  

b a s i s  o f  th e  da ta  o f  th e  s t a t i o n  Krasnaya Pakhra .  I n  t h e  same 

f i g u r e  l i n e s  show th e  s u n r i s e  a t  t h e  h o r i z o n  and i n  h e i g h t s  o f  

60 ,  200 and 500 km. The s t e e p  d e c r e a s e  o f  PEs b e f o r e  m orn in g  may 

be co nn ec te d  w i t h  th e  s u n r i s e  a t  g r e a t  a l t i t u d e s  a t  t h e  o b s e r v ­

i n g  s i t e ,  and th e  m orn in g  i n c r e a s e  o f  PEs i s  due t o  t h e  s u n r i s e  

a t  t h e  h e i g h t  o f  t h e  ozone l a y e r .
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30'E time

December January

Fig.  3. Time of the appearance o f  sporadic E layers  on ionograms in  the t w i ­
l i g h t  period and t h e i r  r e l a t i o n  to the sunr ise i n  the conjugate area 
(on the basis of  the data of  the s ta t ion  Krasnaya Pakhra)

30° E time

December Janu ary

Fig.  4.  Time of vanishing ( d o ts )  and appearance ( t r i a n g l e s )  ox the sporadic 
E layer  and t h e i r  r e l a t i o n  to the sunr ise a t  the observing s i t e
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The v i r t u a l  h e i g h t  o f  the  s p o r a d i c  E l a y e r  ( h ' E s )  shows a l ­

so some changes i n  th e  p e r i o d  s t u d i e d  h e re  wh ich  were c o n s i d ­

e r e d  by Abramchuk and R uzh in  ( 1 9 8 5 ) .  I n  the  m a j o r i t y  o f  cases 

an a n t i c o r r e l a t i o n  i s  o bse rv e d  between th e  v a lu e s  o f  f o E s  and 

h ' E s .  The s t r e n g t h e n i n g  o f  the  Es l a y e r  i s  f o l l o w e d  by a d e ­

c r e a s e  o f  i t s  v i r t u a l  h e i g h t ,  and th e  r e d u c t i o n  o f  foEs  i s  f o l ­

lowed  by an i n c r e a s e  o f  h ' E s .

T h is  f a c t  and some o t h e r  phenomena deduced f r o m  t h e  e x ­

p e r i m e n t a l  da ta  a re  e x p l a i n e d  by a mechanism o f  Es f o r m a t i o n  in  

t h e  t w i l i g h t  p e r i o d  su gg es te d  be low .
B e fo re  a d i s c u s s i o n  o f  th e  mechanisms, r e s p o n s i b l e  f o r  the  

c o n n e c t i o n  o f  t h e  phenomena i n  m a g n e t i c a l l y  c o n j u g a t e  a r e a s ,  

t h e  b a s i c  f e a t u r e s  o f  t h e  phenomenon r e v e a l e d  a re  l i s t e d .

a) The o c c u r r e n c e  p r o b a b i l i t y  o f  m i d l a t i t u d e  s p o r a d i c  E 

l a y e r s  i n c r e a s e s  a t  t w i l i g h t  i n  t h e  w i n t e r  s o l s t i c e  p e r i o d .

b)  The i n c r e a s e  o f  t h e  p r o b a b i l i t y  i s  c o n n e c te d  w i t h  th e  

s u n r i s e  i n  th e  m a g n e t i c a l l y  c o n j u g a t e  are a  o f  t h e  summer h em i ­

s p h e r e ,  and i t  i s  due t o  th e  app ea rance  o f  th e  s o l a r  r a d i a t i o n  

a t  t h e  h e i g h t  o f  t h e  ozone l a y e r  ( b e lo w  60 km).

c )  The dec rease  o f  t h e  o c c u r r e n c e  p r o b a b i l i t y  o f  Es l a y e r s  

may be conn ec ted  w i t h  th e  s u n r i s e  above th e  o b s e r v i n g  s i t e ,  bu t  

a t  v e r y  g r e a t  a l t i t u d e s  amoun t i ng  t o  200-500 km.

d)  The morn in g  r i s e  o f  th e  o c c u r r e n c e  p r o b a b i l i t y  o f  Es 

l a y e r s  i s  a l s o  c o n n e c te d  t o  th e  passage o f  th e  t e r m i n a t o r  a t  

t h e  h e i g h t  o f  th e  ozone l a y e r ,  b u t  above th e  o b s e r v i n g  s t a t i o n .

e)  The r e l a t i o n s  between th e  o b s e rv e d  e f f e c t  and t h e  l e v e l  

o f  s o l a r  a c t i v i t y  i n d i c a t e s  a dependence n o t  on i n t e g r a l  c h a r a c ­

t e r i s t i c s  (number o f  s u n s p o t s ,  t h e i r  a r e a ) ,  b u t  on t h e  dynamics  

o f  t h e s e  p a ram e t e r s  i n  t h e  t im e  i n t e r v a l  s t u d i e d  (De cember -  

J a n u a r y ) .
f )  The e f f e c t  a pp ea rs  a l s o  a t  l o w e r  l a t i t u d e s ,  t h o u g h ,  

s t r o n g l y  masked by t h e  s u n r i s e  a t  t h e  o b s e r v i n g  s i t e  ( s ee  p o i n t

d ) .

DISCUSSION

R e l a t i o n s  between t h e  m a g n e t i c a l l y  c o n j u g a t e  i o n o s p h e r e s  
a r e  d i s c u s s e d  i n  a number o f  p a p e r s .  T h i s  r e l a t i o n  a p p e a rs  bo th
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w i t h  t h e  o c c u r re n c e  o f  e f f e c t s  o f  e x t e r n a l ,  e . g .  o f  magne to -  

s p h e r i c  o r i g i n ,  and w i t h  t h e  t r a n s f e r  o f  e n e rg y  f rom  th e  i o n o ­

s p h e r e  o f  one h em is p h e re  t o  the  i o n o s p h e r e  o f  t h e  o t h e r  h e m i ­

s p h e r e  a lo n g  g eo m agne t ic  f i e l d  l i n e s .  I n  t h e  l a t t e r  case ,  t h e  

e f f e c t s  o f  the  ene rg y  t r a n s f e r  a re  most  d e f i n i t e  d u r i n g  s e r i o u s  

v i o l a t i o n  o f  the  symmetry  i n  i l l u m i n a t i o n  o f  t h e  two a r e a s , e s ­

p e c i a l l y ,  i f  one o f  t h e  a r e a s  i s  c o m p l e t e l y  i l l u m i n a t e d  and 

t h e  o t h e r  i s  y e t  i n  d a r k n e s s .

B u k i n  e t  a l .  ( 1 9 6 8 )  d i s c u s s e d  th e  d i s t u r b a n c e s  a t  t h e  

h e i g h t  o f  th e  F2 l a y e r  p ro d u c e d  by t h e  p r e c i p i t a t i o n  o f  p h o t o -  

e l e c t r o n s  coming f rom  t h e  i l l u m i n a t e d  p a r t  o f  th e  i o n o s p h e r e .

The c o n j u g a t e  o c c u r r e n c e  o f  s p o r a d i c  Es f o r m a t i o n  and v a r i a ­

t i o n s  o f  t h e i r  p a r a m e t e r s  a t  m i d - l a t i t u d e s  may be due t o  th e  

c o n n e c t i o n  o f  t h i s  l a y e r s  w i t h  the  d i r e c t i o n a l  f l u x e s  o f  t r a p ­

ped e l e c t r o n s  w i t h  e n e r g i e s  o f  30-100 keV ( I v a n o v - K h o l o d n y  and 

L a z a r e v  196 6) ,  and t o  t h e  e l e c t r o s t a t i c  i n t e r a c t i o n  between 

th e  m a g n e t i c a l l y  c o n j u g a t e  are as  o f  th e  i o n o s p h e r e  assuming a 

h i g h  c o n d u c t i v i t y  o f  t h e  m a g n e t o s p h e r i c  p la sma  i n  th e  m a g n e t i c  

f l u x  t u b e s  and c o n s e q u e n t l y  an e q u i p o t e n t i a l  c h a r a c t e r  o f  th e  

g e o m a g n e t i c  f i e l d  l i n e s  (Mozhaev e t  a l .  1 9 7 6 ) .  At  m i d - l a t i t u d e s  

t h e  mechan ism c o nn ec te d  w i t h  d i r e c t i o n a l  f l u x e s  o f  e n e r g e t i c  

p a r t i c l e s  i s  l e s s  p r o b a b l e ,  s i n c e  f l u x e s  o f  1010 c m ' ^ s " 1 a re  

n e c e s s a r y  f o r  th e  f o r m a t i o n  o f  s p o r a d i c  E l a y e r s  ( I v a n o v - K h o -  

l o d n y  and Laza rev  1 9 6 6 ) .

The o c c u r re n c e  o f  s p o r a d i c  E l a y e r s  c o u l d  be e x p l a i n e d  by 

an e l e c t r o s t a t i c  l i n k  o f  t h e  c o n j u g a t e  i o n o s p h e r e s .  Thus,  K o l o -  

k o l o v  ( 1 9 7 9 )  s t u d i e d  d i s t u r b a n c e s  o f  t h e  n i g h t - t i m e  F2 l a y e r  

due t o  t h e  s u n r i s e  i n  t h e  m a g n e t i c a l l y  c o n j u g a t e  a re a .  Because 

o f  t h e  e l e c t r o s t a t i c  c o u p l i n g  o f  th e  two h e m is p h e r e s  th e  down­

ward d r i f t  o f  the  p la sma  p ro du ced  by t h e  w es t w a rd  dynamo f i e l d  

o f  t h e  summer hem is p h e re  d e t e r m i n e s  i n  t h e  i n i t i a l  phase th e  

g e n e r a l  e q u i l i b r i u m .  L a t e r  t h e  eas tw a rd  f i e l d  c o nnec te d  w i t h  

t h e  o c c u r r e n c e  o f  s t e e p  g r a d i e n t s  o f  t h e  t r a n s e r v e  c o n d u c t i v i t y  

a t  t h e  h e i g h t  o f  th e  dynamo r e g io n  i n c r e a s e s  a b r u p t l y  w i t h  de ­

c r e a s i n g  z e n i t h  a n g le  o f  t h e  Sun i n  th e  summer h e m is p h e re .  As 

a r e s u l t  o f  t h i s  t h e  downward d r i f t  i s  g r a d u a l l y  s u b s t i t u t e d  

by an upward  d r i f t .  I n  t h i s  case th e  i n c r e a s e  o f  t h e  p r o b a b i l i t y ,
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and even more th e  maximum o f  th e  o c c u r r e n c e  p r o b a b i l i t y  o f  Es 

l a y e r s  a t  4 -5  h LT r e f e r s  t o  th e  p e r i o d ,  when an upward p lasma 

d r i f t  has t o  fo rm due t o  t h e  e l e c t r o s t a t i c  l i n k  i n  t h e  i o n o ­

s p h e re  o f  th e  n i g h t - t i m e  h e m is p h e re .  A c c o r d i n g  t o  th e  w in d -s h e a r  

t h e o r y  (Gershman e t  a l .  1976)  s p o r a d i c  E l a y e r  must n o t  e x i s t  

i n  t h i s  ca se .  However ,  i n  th e  w i n d - s h e a r  t h e o r y  th e  p o s s i b i l i t y  

o f  t h e  f o r m a t i o n  o f  a s p o r a d i c  E l a y e r  i s  c o n s i d e r e d  s e p a r a t e l y  

f r om  th e  t u r b u l e n c e  i n  t h e  dynamo r e g i o n .  Tak ing  i n t o  a c c o u n t  
the  t u r b u l e n t  d i f f u s i o n  f o r  th e  s t a t i o n a r y  s t a t e  ( s p o r a d i c  E 

l a y e r  e x i s t s )  the  f o l l o w i n g  r e l a t i o n  has been o b t a i n e d .

D ( Ä N 1 - ) 2  = 0 t  (VN o ) 2  + ^ Ц н 0  r o t  u )  ( N 1 ) 2  .

I n  norma l  c o n d i t i o n s ,  r e g i o n s  o f  i n c r e a s e d  i o n i z a t i o n  are  

fo rm e d  due t o  th e  t e rm s  c o n t a i n i n g  t h e  t u r b u l e n t  d i f f u s i o n  c o ­

e f f i c i e n t  b u t  th e  e f f e k t i v e  m o l e c u l a r  d i f f u s i o n  l e a d s  t o  t h e i r  

v a n i s h i n g .  N e v e r t h e l e s s ,  due t o  t h e  p re s e n c e  o f  w ind s h e a r  and 

t o  t h e  e f f e c t  o f  t h e  geo magn et ic  f i e l d  t h e  te rm

^  ( Ï Ï o r o t  “ ) ( N ' ) 2  •* i n

a p p e a rs  wh ich  m a i n t a i n s  t h e  i r r e g u l a r i t i e s  by th e  w ind  s h e a r  i f  

HQ r o t  ïï > 0 .
Now,we c o n s i d e r  t h e  p o s s i b i l i t y  o f  g e n e r a t i o n  o f  e d d i e s  i n  

t h e  dynamo r e g i o n  due t o  d i s t u r b a n c e s  i n  th e  l o w e r  l a y e r s  o f  

t h e  a tm osphe re .  The s o u r c e  ( e . g .  t h e  s u p e r s o n i c  m o t io n  o f  t h e  

t e r m i n a t o r  a t  th e  h e i g h t  o f  th e  ozone l a y e r  (Somsikov  and 

T r o i t s k y  1 975 ) )  can g e n e r a t e  a b ro ad  s p e c t r u m  o f  a c o u s t i c  waves, 

how eve r ,  th e  l o n g e s t  o f  them do n o t  r e a c h  i o n o s p h e r i c  a l t i t u d e s  

because o f  the  a c o u s t i c  c u t - o f f  f r e q u e n c y .  The same i s  t r u e  f o r  

t h e  s h o r t  waves because o f  th e  v i s c o u s  d i s s i p a t i o n .  As a r e s u l t  

o f  t h i s  a t m o s p h e r i c  f i l t e r i n g ,  t h e  r an ge  o f  p e r i o d s  o b s e rv e d  a t  

i o n o s p h e r i c  h e i g h t s  i s  l i m i t e d  t o  t h e  band f rom some m in u t e s  to  

some h o u r s .  These l o n g  wave d i s t u r b a n c e s  o f  the  n e u t r a l  compo­

n e n t  p r o p a g a t i n g  f r o m  th e  area  o f  t h e i r  g e n e r a t i o n  i n  t h e  nea r  
s u r f a c e  l a y e r  a re  d i s s i p a t e d  r e a c h i n g  t h e  upper  bou nd ar y  o f  the
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dynamo r e g io n  due t o  t h e  t r a n s f e r  o f  e n e r g y  t o  the  s h o r t e r  wave 

r a n g e  o f  the s p e c t r u m .  An e x p e r i m e n t a l  p r o o f  i s  g i v e n  by 

C h e r n i s h e v a  e t  a l .  ( 1 9 7 6 ) ,  who showed t h e  o c c u r r e n c e  o f  i r r e g u ­

l a r  i n t e r - l a y e r  f o r m a t i o n s  a t  a l t i t u d e s  o f  150-200 km co nn ec te d  

w i t h  s u n r i s e .

Edd ies  d e v e l o p i n g  i n  th e  weak ly  i o n i z e d  plasma a t  

Л ^ п > П н , can be th e  s o u r c e  o f  A l f v e n  waves ( A l f v e n  1952)  i n  a 

b r o a d  f r e q u e n c y  ran ge

w  R á  0 .5  u , s ’

w he re  R i s  the r a d i u s  o f  t h e  eddy,  со i t s  a n g u l a r  f r e q u e n c y  and 

u g i s  t h e  v e l o c i t y  o f  s o u n d .

The A l f v e n  waves a r e  s e l e c t i v e l y  t r a n s m i t t e d  t h ro u g h  th e  

u p p e r  l a y e r s  o f  t h e  i o n o s p h e r e  t o  t h e  mag ne to sphe re  and re ach  

t h e  c o n j u g a t e  i o n o s p h e r e  n e a r l y  w i t h o u t  l o s s  (Sen 197 1) .  The 

s m a l l  c o n d u c t i v i t y  o f  t h e  n i g h t - t i m e  i o n o s p h e r e  a l l o w s  t h i s  

f l u x  o f  waves t o  g e t  as f a r  as the  h e i g h t s  where th e  w ind  shea r  

mech an ism works.  H e re ,  t h e  waves t r a n s f e r  t h e i r  energy  w i t h i n  

t h e  s k i n  l a y e r  a c c o m p l i s h i n g  the  c e l l u l a r  s t r u c t u r e  o f  t h e  ed­

d i e s  i n  th e  dynamo r e g i o n  o f  the  n i g h t - t i m e  i o n o s p h e r e .  The 

" d a m p i n g "  spots  a re  g e o m a g n e t i c a l l y  c o n j u g a t e  w i t h  the  non -  

- s t a t i o n a r y  edd ies  o f  t h e  dynamo r e g i o n  i n  t h e  o t h e r  hemisphere .  

These s p o t s  produce e i t h e r  a weak m o d i f i c a t i o n  ( i n s i g n i f i c a n t  

f o r  i o n o s p h e r i c  s o u n d i n g ) ,  o r  o c c u r r e n c e  o f  c h a o t i c  r e g i o n s  o f  

i n c r e a s e d  i o n i z a t i o n  f o r m i n g  t r a n s p a r e n t  s p o r a d i c  E l a y e r s  de­

p e n d i n g  on t h e i r  d i m e n s i o n s ,  on the  d i r e c t i o n  o f  th e  eddy e l e c ­

t r i c  f i e l d ,  on th e  h e i g h t  and t h i c k n e s s  o f  t h e  s k i n  l a y e r .  In  

i n d i v i d u a l  cases a s t r o n g e r  l a y e r  may a l s o  be formed i n  t h e  E 

r e g i o n .  E s t im a te s  show t h a t  the  l o c a l  f l u x  o f  energy  t r a n s m i t t e d  

by A l f v e n  waves i s  s u f f i c i e n t  f o r  the  o p e r a t i o n  o f  th e  w ind  

s h e a r  i n  the  n i g h t - t i m e  i o n o s p h e r e .

Thus the d e c rea s e  o f  t h e  o c c u r r e n c e  p r o b a b i l i t y  o f  t h e  

s p o r a d i c  E l a y e r  a f t e r  5 h (30 °  E t i m e )  becomes a l s o  c l e a r .  The 

Sun i l l u m i n a t e s  t h e  u p p e r  l a y e r s  o f  t h e  i o n o s p h e r e  f rom 200 t o  

500 km a t  t h i s  t im e  ( F i g .  3), which r e s u l t s  i n  th e  s teep  change 

o f  t h e  l e a k i n g  c o n d i t i o n s  o f  A l f v e n  waves r e a c h i n g  the  con jugate
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i o n o s p h e r e .  The i n c r e a s i n g  c o n d u c t i v i t y  l e a d s  t o  a more e f f e c ­

t i v e  r e f l e c t i o n  p ro c e s s  i n  th e  uppe r  l a y e r s  o f  th e  i o n o s p h e r e .  

The m orn in g  i n c r e a s e  o f  t h e  o c c u r r e n c e  p r o b a b i l i t y  o f  Es may be 

c o n n e c te d  w i t h  t h e  i n c r e a s e  o f  t u r b u l e n c e  i n  t h e  dynamo r e g i o n  

due t o  d i s t u r b a n c e s  o f  th e  n e u t r a l  component  i n  t h e  s p e c t r u m  o f  

a c o u s t i c  waves p r o p a g a t i n g  f rom  be low where t h e y  a re  g e n e r a t e d  

by t h e  f a s t  m o t i o n  o f  th e  shade and by sudden changes o f  tem­

p e r a t u r e  and d e n s i t y  i n  t h e  l o w e r  l a y e r s  o f  th e  a tm o s ph e re  con ­

n e c te d  w i t h  th e  f o r m e r  i n  th e  r e g i o n  o f  t h e  o b s e r v i n g  s t a t i o n .
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SOME PROPERTIES OF SPREAD-E IN THE MID-LATITUDE IONOSPHERE

M N F a t k u l l i n 1 , K N V a s i l e v 1 , T I  Z e l e n o v a 1

1In s t i t u te  of  Geomagnetism, Ionosphere and Radio Wave Propagation 
(IZMIRAN), Academy of  Sciences of  the USSR, 142092 T ro i tsk ,  

Moskovskaya oblast ,  USSR

Results of  the sounding of  the E region are presented at  the s ta t i on  
Moscow by means of  an SP-3 type ionosonde wi th  improved ch a rac te r is t i c s .
This improvement resu l ted  especia l l y  in a broadening of  the pass band of the 
rece iver  to 100 kHz and in  a reduct ion of  the durat ion of  the impulses to 
30 -us. Thus, m id- la t i tude spread-E has been recorded. Typical  examples are 
shown and some c ha rac te r is t i c s  of  the spread-E phenomenon are studied.

Keywords: E region; i r r e g u la r  s t ruc ture  of  the ionosphere; sounding of 
the ionosphere; sporadic E lay e r ;  t r ave l ing  ionospher ic disturbances

At  low and m i d - l a t i t u d e s ,  s p re ad -E  can be o b s e rv e d  by b o t t o m -  

s i d e  v e r t i c a l  s o u n d in g  o f  th e  i o n o s p h e r e  u s i n g  s t a n d a r d  e q u i p ­

m en ts .  At  the  same t i m e  s c a t t e r e d  r e f l e c t i o n s  f rom  s p o r a d i c  E 

l a y e r s  a re  a l s o  r e c o r d e d .  Because o f  t h e  c o n d i t i o n s  m en t i on ed  

t h e s e  phenomena a re  s t u d i e d  o n l y  i n  a few p u b l i c a t i o n s  (A n as -  

t a s s i a d i s  e t  a l .  1970,  Chen e t  a l .  1972,  Chen 1 97 3 ) .  A n a s t a s s i -  

a d i s  e t  a l  ( 19 70 )  and Chen e t  a l .  ( 1 9 7 2 )  d i s c u s s e d  th e  e f f e c t  o f  

s p re a d -E  and o f  t h e  s c a t t e r i n g  by s p o r a d i c  E l a y e r s  on t h e  s c i n ­

t i l l a t i o n  o f  r a d i o  s i g n a l s  t r a n s m i t t e d  by s a t e l l i t e s  a t  low l a ­

t i t u d e .  Reid ( 19 68 )  and Chen (1973)  a t t r i b u t e  th e  f o r m a t i o n  o f  

l a r g e  s c a le  i r r e g u l a r i t i e s  o f  th e  e l e c t r o n  d e n s i t y  t o  g r a d i e n t  

i n s t a b i l i t y  o f  th e  p lasma i n  p e r p e n d i c u l a r  e l e c t r i c  and magne t ­

i c  f i e l d s .

A c c o r d in g  t o  t h e  a u t h o r s '  knowledge sp re a d -E  has n o t  been 

o b s e rv e d  y e t  by v e r t i c a l  s ound ing  a t  m i d - l a t i t u d e s  i n  n a t u r a l  

c o n d i t i o n s .  T h i s  i s  m a i n l y  due t o  t h e  f a c t  t h a t  t h e  u s u a l  i o n o -  

sondes have s m a l l  h e i g h t  r e s o l v i n g  power  ( ~  30 km) and a r e ­

c e i v e r  o f  nar ro w  pass band ( ~ 1 5  k H z ) .  Because o f  t h e  l a t t e r  the  

l o w - f r e q u e n c y  p a r t  o f  t h e  spec t rum  passes th e  r e c e i v e r  and the

Acta Geod. Geoph. Mont. Hung. 22, 1987 
Akadémiai Kiadó, Budapest
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i m p u l s e  i s  r e t a r d e d  and b ro ad en ed .

For  the  i n v e s t i g a t i o n  o f  the  l a r g e  s c a l e  i r r e g u l a r  s t r u c ­

t u r e  o f  the  i o n o s p h e r e  by means o f  b o t t o m s i d e  so un d ing  an i n ­

c r e a s e  o f  the  h e i g h t  and f r e q u e n c y  r e s o l v i n g  power o f  t h e  i o n o -  

s o n d e ,  as w e l l  as an im p rovemen t  o f  t h e  a c c u r a c y  o f  the  v i r t u a l  

h e i g h t  d e t e r m i n a t i o n  a r e  n e c e s s a r y .  I n  o r d e r  t o  i n c r e a s e  th e  

r e s o l v i n g  power o f  t h e  io n os o nd e  SP-3,  t h e  pass band o f  t h e  r e ­

c e i v e r  has been e x t e n d e d  t o  100 kHz and t h e  d u r a t i o n  o f  th e  

t r a n s m i t t e d  im p u ls e  has been reduced t o  30 a j  s  i n  IZMIRAN (Va -  

s i l i e v  e t  a l .  197 8) .  T h i s  ena b led  t o  im p r o v e  th e  h e i g h t  r e ­

s o l v i n g  power to  3-5  km and so t o  s t u d y  t h e  f i n e  s t r u c t u r e  o f  

t h e  m i d - l a t i t u d e  E r e g i o n .

S p e c i a l  e x p e r i m e n t s  have been c a r r i e d  o u t  i n  IZMIRAN f o r  
t h e  i n v e s t i g a t i o n  o f  t h e  s p re ad -E  phenomenon i n  1977-78 and i n  

1982 by means o f  th e  im p r o v e d  SP-3 i o n o s o n d e  under  d i f f e r e n t  

h e l i o -  and g e o p h y s i c a l  c o n d i t i o n s .  Some p r e l i m i n a r y  r e s u l t s  o f  

t h e s e  i n v e s t i g a t i o n s  a r e  p u b l i s h e d  by F a t k u l l i n  e t  a l .  ( 1 9 8 5 ) .  

Here  a more d e t a i l e d  d i s c u s s i o n  o f  t h e  r e s u l t s  i s  p r e s e n t e d  

f o r  t y p i c a l  c o n d i t i o n s .

SOUNDING AT A FIXED FREQUENCY

I n  o rd e r  t o  d e m o n s t r a t e  the  p o s s i b i l i t i e s  o f f e r e d  by th e  

i m p r o v e d  i onosonde ,  t h e  v i r t u a l  h e i g h t  r e c o r d s  o b t a i n e d  a t  th e  

f i x e d  f r e q u e n c y  f  = 2 . 2  MHz are  shown i n  F i g .  1 ( F a t k u l l i n  e t  

a l .  1 9 8 5 ) .  Top o f  t h e  f i g u r e  shows t h a t  by s w i t c h i n g  t h e  r e ­

c e i v e r  t o  broad band,  t h e  " c l o u d y "  s t r u c t u r e  o f  t h e  E r e g i o n  

can be obse rved  w h i l e  i n d i v i d u a l  t r a c e s  o f  t h e  r e f l e c t i o n s  f rom 

s m a l l  s c a l e  i r r e g u l a r i t i e s  c anno t  be d i s t i n g u i s h e d  i n  case o f  

n a r r o w  band r e c e p t i o n  because o f  t h e  b r o a d e n i n g  o f  th e  im p u l s e s  

i n  t h e  r e c e i v e r  and t h e i r  mer g in g  i n t o  t h e  s i g n a l .  M o reo v e r ,  a t  

t h e  t i m e  o f  s w i t c h i n g  f r o m  broad band t o  n a r ro w  band r e c e p t i o n ,  

t h e  h e i g h t  o f  th e  l o w e r  edge o f  th e  t r a c e  i n c r e a s e s  s u d d e n ly  by 

~  2  km and changes d e p e n d in g  on th e  a m p l i t u d e  o f  th e  s i g n a l .  

F i g .  1 bot tom shows a r e c o r d  o f  s c a t t e r e d  r e f l e c t i o n s  a t  t h e  

same f r e q u e n c y  f  = 2 . 2  MHz i n  case o f  b ro a d  band r e c e p t i o n .  The 

c l o u d y  s t r u c t u r e  can be q u i t e  c l e a r l y  se en .
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Fig. 1. Var iat ion  of  the v i r t u a l  height a t  the frequency f  = 2.2 MHz in  
Moscow, June 21, 1977. Bottom, (a) the sounding b;gan a t  1545 LT. 
During the f i r s t  second the s ta t i on  worked wi th  b:oad band ( A f  =
= 100 kHz), then during the fo l low ing  3 seconds wi th narrow band 
( A f  = 15 kHz), afterwards broad band recept ion has been used again. 
In the lower par t  (b) the scat tered r e f l e c t i on s  recorded w i th  broad 
band recept ion at  the same frequency f  = 2.2 MHz are shown (July 
21, 1977 1546 LT)

SOUNDING WITH SWEPT FREQUENCY

T h is  t y p e  o f  s o u n d in g  has been c a r r i e d  o u t  o n l y  a t  f r e ­

q u e n c i e s  l ^ f ^ = 4 - 5  MHz u s in g  th e  im p ro v e d  SP-3 i o n o s o n d e .  For  

t h i s  rea son  th e  s t a t e  o f  th e  i o n o s p h e r e  a t  h e i g h t s  abov.e th e  

E r e g i o n  was p r a c t i c a l l y  n o t  s t u d i e d  i n  t h e  cases c o n s i d e r e d  

b e l o w .
I n  F i g .  2 i onog ram s  are  shown r e c o r d e d  by an SP-3 i o n o ­

sonde s i m u l t a n e o u s l y  w i t h  improved and u s u a l  c h a r a c t e r i s t i c s .

I f  t h e  ionograms a re  r e c o rd e d  by t h e  i on osonde  w i t h  u s u a l  pa­

r a m e t e r s  p r a c t i c a l l y  no spread  phenomenon can be o b s e r v e d  i n  

t h e  m i d - l a t i t u d e  i o n o s p h e r e .
The f o l l o w i n g  examples  i l l u s t r a t e  t h e  d e v e lo pm e n t  o f  

s p re a d -E  i n  t i m e .  I n  F i g .  3 examples  o f  t h e  d e v e lo p m e n t  and 

v a n i s h i n g  o f  th e  s p re a d -E  are  p r e s e n t e d .  At  1509 no s p r e a d - E
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Fig.  2. Comparison of ionograms obtained simul taneously by means of  two
SP-3 ionosondes,one o f  which had improved cha rac te r is t i cs  (a) ,  the 
other the usual parameters (b).  The measurements were carr ied  out 
i n  Moscow on July 17, 1977 1800 LT

was r e c o r d e d .  L a t e r  s p r e a d - E  appeared f r o m  1514 t o  1559 near  

t h e  c r i t i c a l  f r e q u e n c y  o f  t h e  E l a y e r .  Under  th e s e  c o n d i t i o n s  a 

s t r a t i f i c a t i o n  i n  t h e  E l a y e r  has a l s o  been o b s e rv e d .  At 1559 

no s p r e a d  can be seen i n  t h e  E r e g i o n .  From 1604 t o  1634 a 

c l e a r l y  deve loped s p r e a d - E  appeared w i t h  t h e  d i f f e r e n c e  t h a t  i t  

i s  o b s e r v e d  i n i t i a l l y  o n l y  i n  the  v i c i n i t y  o f  th e  E l a y e r  c r i t ­

i c a l  f r e q u e n c y ,  then  s p r e a d s  ove r  th e  w h o le  l a y e r .  T h i s  phenom­

enon c o n t i n u e s  t i l l  1704.

Some t y p i c a l  exam p le s  o f  ionograms s h o w in g  c l e a r l y  d e f i n e d  

s p r e a d - E  under  d i f f e r e n t  h e l i o -  and g e o p h y s i c a l  c o n d i t i o n s  a re  

p r e s e n t e d  i n  F igs  4 and 5.

An a n a l y s i s  o f  t h e  r e s u l t s  o f  mea su rements  c a r r i e d  o u t  i n  

d i f f e r e n t  c o n d i t i o n s  i n d i c a t e d  the  p o s s i b i l i t y  o f  i t s  o c c u r ­

r e n c e  i n  d i f f e r e n t  c i r c u m s t a n c e s  i n  th e  m i d - l a t i t u d e  i o n o s p h e r e .

1 .  Spread-E i n  a bsence  o f  s c a t t e r i n g  f r o m  s p o r a d i c  E l a y e r s  

and a t  some i n d i c a t i o n s  o f  t r a v e l i n g  i o n o s p h e r i c  d i s t u r b a n c e s  
( T I D )  ( F i g s .  4a and b ) .  I n  t h i s  case s p r e a d - E  may be obse rv ed
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Figs За, b. Development and vanishing of  spread-E according to  the measure­
ments on May 12, 1978

i n  t h e  v i c i n i t y  o f  t h e  E l a y e r  c r i t i c a l  f r e q u e n c y ,  b u t  some­

t i m e s  i t  s p re a d s  p r a c t i c a l l y  o v e r  th e  who le  ra n ge  f  £  foE 

( F i g s  4 d - f ) .
2.  S c a t t e r i n g  f r om  s p o r a d i c  E l a y e r s  w i t h o u t  s p re a d  i n  the 

E l a y e r  ( F i g s  5b and c and F i g .  6 ) .  F i g u r e  6  shows t h e  s c a t ­

t e r i n g  i n  th e  Es l a y e r  ( t y p e  c )  t o  b e g in  a t  1200,  h ow eve r ,  no 

s p re ad  i n  t h e  E l a y e r  i s  p r e s e n t .  I n  th e  i n t e r v a l  f r o m  1258 t r
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Figs 4a, b.  Examples of  ionograms showing spread-E i n  d i f f e r e n t  he l io -  and 
geophysical co nd i t io ns ,  a -  June 9, 1977, 0805 LT, b -  February 
7, 1978, 1255 LT, c -  Ju ly  9, 1977, 0900 LT, d -  June 15, 1977, 
1810 LT, e -  June 17, 1977, 1800 LT, f  -  February 7, 1978,
0950 LT

1312 s c a t t e r i n g  i n  b o th  t h e  Es and 

o b s e r v e d  i n  the  v i c i n i t y  o f  t h e  E 

1315 s c a t t e r i n g  i s  a b s e n t  b o t h  i n

3 .  S c a t t e r e d  r e f l e c t i o n s  a re  

and f r o m  s p o r a d i c  E l a y e r s  o f  t h e

the E l a y e r s  i s  s i m u l t a n e o u s l y  

l a y e r  c r i t i c a l  f r e q u e n c y .  At 

the Es and t h e  E l a y e r s ,  

reco rded  b o t h  i n  the  E r e g i o n  

typ es  c and h ( F i g s  2a and 6 ).
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Fig.  5. Typical  examples of  the simultaneous occurrence of  spread-E and 
sca t te r ing  from a sporadic E laye r ,  a -  June 9, 1977, 1710 LT, 
b -  June 15, 1977, 1925 LT, c -  June 9, 1977, 1050 LT

4.  Cases o f  t h e  o c c u r re n c e  o f  s p r e a d - E ,  when on t h e  i o n o -  

grams t r a v e l i n g  i o n o s p h e r i c  d i s t u r b a n c e s  are  seen ( F i g .  6 ) .

Spread-E i s  t y p i c a l l y  o b s e rv e d  i n  g e o m a g n e t i c a l l y  q u i e t  

c o n d i t i o n s  (Kp é; 3 ) .  In  d a y - t i m e  (07 18  LT)  s c a t t e r e d  r e f l e c ­

t i o n s  f rom th e  E l a y e r  can be o b s e rv e d  a p p r o x i m a t e l y  w i t h  equa l  

p r o b a b i l i t y  i n d e p e n d e n t l y  o f  t h e  s e as o n .  I n  th e  m a j o r i t y  o f  

c a s e s ,  t h e  f r e q u e n c y  band o f  s p r e a d - E  amounts t o  0 . 5 - 0 . 8  MHz,
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1151

Figs 6 a, b. Examples i l l u s t r a t i n g  the development and vanishing of  the
scat ter ing from a sporadic E layer according to the measure­
ments on June 21, 1977

b u t  some t i m es  th e  r a n g e  o f  t h e  f r e q u e n c y  s p re a d  may rea ch

2 . 0 - 2 . 4  MHz ( F i g .  7 a ) .  The v i r t u a l  h e i g h t  o f  sp re a d -E  e x te n d s  

t o  an i n t e r v a l  o f  8  t o  30 km, however A h '  — 60-80 km o r  even 

more i s  obse rved i n  i n d i v i d u a l  cases ( F i g .  7 b ) .  The d u r a t i o n  o f  

t h e  s p r e a d - E  amounts u s u a l l y  t o  15-30 m in .
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Fig.  7. D is t r ib u t i on  of  the (a) frequency and (b) height ranges, i n  which 
spread-E has been observed under d i f f e r e n t  he l io -  and geophysical  
condi t ions (n -  number of  observat ions)

DISCUSSION

The sp re ad -E  phenomenon i n  ionograms o f  the  b o t t o m s i d e  v e r ­

t i c a l  so un d ing  i s  c o n n e c te d  w i t h  th e  back s c a t t e r  o f  h i g h  f r e ­

quency r a d i o  waves f r o m  s m a l l  s c a l e  i r r e g u l a r i t i e s  o f  t h e  E r e ­

g i o n ,  i f  th e  r a t i o  o f  t h e  s c a l e  o f  t h e  i r r e g u l a r i t y  i n  t h e  d i ­

r e c t i o n  o f  the  v e c t o r  o f  t h e  i n c i d e n t  wave t o  the  wave l e n g t h  

i s  2 J t / K =  A.|,.= Л./ 2 . D i f f e r e n t  c ases ,  when a t  m i d - l a t i t u d e s  
s p r e a d - E  can be o b s e rv e d  i n  v e r t i c a l  s o u n d ing  i on og ram s  have 

been d i s c u s s e d  by F a t k u l l i n  e t  a l .  ( 1 9 8 5 ) .  The r o l e  o f  s m a l l  

s c a l e  i r r e g u l a r i t i e s  i n  t h e  r e f l e c t i o n s  f rom  m i d - l a t i t u d e  

s p o r a d i c  E l a y e r s  has been d i s c u s s e d  by Erukh imov and Sav ina  

( 1 9 8 0 ) .
A t  p r e s e n t  t h e  mechanism o f  t h e  f o r m a t i o n  o f  s m a l l  s c a le  

i r r e g u l a r i t i e s  i n  t h e  m i d - l a t i t u d e  E r e g i o n  cann ot  be unamb igu ­

o u s l y  s p e c i f i e d .  The t u r b u l e n c e  o f  t h e  n e u t r a l  a tm o sph e re  may 

p l a y  a r o l e ,  when th e  p lasma behaves l i k e  a p a s s i v e  m i x t u r e  

(Gershman 197 4) .  T h i s  mechanism may be e f f e c t i v e  a t  h e i g h t s  

b e lo w  th e  l e v e l  o f  t h e  t u r b o p a u s e .  I r r e g u l a r i t i e s  e l o n g a t e d
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a l o n g  t h e  geomagne t ic  f i e l d  are  c r e a t e d  by g r a d i e n t  i n s t a b i l i t y  

i n  p e r p e n d i c u l a r  e l e c t r i c  and mag ne t i c  f i e l d s  (Re id  1968,  Sato  

e t  a l .  1968) or  by t h e r m a l  i n s t a b i l i t y  ( E r u k h im o v  e t  a l .  1 983 ) .
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SIGNALS REFLECTED FROM DIFFERENT TYPE Es LAYERS

T S K e r b l a y 1 , P G M i n u l l i n 2 , V I  N a z a re n k o 1 , G N Nosova2 ,
2

0 N S h e r s t y u k o v

^ I n s t i t u t e  of Geomagnetism, Ionosphere and Radio Wave Propagation, 
Academy o f  Sciences of  the USSR, 142092 Tro i tsk ,  USSR

2State Univers i ty of  Kazan, 420008 Kazan, Lenin u l .  18, USSR

The energet ic parameters o f  r e f l ec ted  s ignals  have been invest igated by 
recording the ampli tude U of  the received s igna l  at  the m id - la t i t u de  t rans­
mission paths Arkhangelsk-Kazan and Moscow-Odessa in  the per iod 1976-80. Two 
types o f  Es layers are d is t ingu ished,  a r e f l e c t i n g  and a sca t te r ing  type one.

The re f l e c t i on  c o e f f i c i e n t s  p ef f  o f  Es layers were determined i n  case 
of  sca t te r ing  and re f l e c t i o n .  I t  has been found that  f o r  frequencies of  
15 MHz Es layers wi th large values of fbEs ( > 3 . 5  MHz) r e s u l t  i n  9 e f f —1-0.
i . e .  they are r e f l e c t i n g ,  but those w i th  low fbEs values give p ef f  — 0.5,
i . e .  they are semitransparent and sca t te r ing .  There are cases, when 
P e f f  > 1, these can be obviously explained by focussing at the r e f l e c t i o n  

of  rad io  waves from the i r r e g u la r  s t r uc tu re  of  the Es layer .
Es layers can also be divided i n to  " r egu la r "  and "occasional " groups.

In case of  "regular " Es layers  the secant law i s  va l id ,  as f o r  the regular  
E laye r .  The "occasional" Es layer  i s  charac ter ized by suddenly increasing 
and decreasing values of  foEs during a per iod of  some tens and hundreds of 
minutes. Applying correc t ions  o f  10-50 %, the secant law can be used.

Keywords: absorpt ion c o e f f i c i e n t ;  obl ique incidence sounding o f  the 
ionosphere; re f l e c t i o n  c o e f f i c i e n t ;  s c a t t e r i ng  of  radio waves; secant law; 
sporadic E layer

Two ty p es  o f  Es l a y e r s  can be d i s t i n g u i s h e d :  a r e f l e c t i n g  

and a s c a t t e r i n g  t y p e .  The r e f l e c t i o n  c o e f f i c i e n t  p Es and the  

v a l i d i t y  o f  th e  s e c a n t  la w  f o r  t h e  Es l a y e r  a re  d e t e r m i n e d  by 

t h e  t y p e  o f  t h e  Es l a y e r .  These e n e r g e t i c  p a r a m e t e r s  have been 

s t u d i e d  by r e c o r d i n g  th e  a m p l i t u d e  o f  t h e  r e c e i v e d  s i g n a l  a t  

t h e  m i d - l a t i t u d e  t r a n s m i s s i o n  p a t h s  A rk h a n g e ls k - K a z a n  and 

Moscow-Odessa i n  t h e  y e a r s  1 976 -80 .  I o n o s p h e r i c  s t a t i o n s  worked 

a t  a b o u t  the  m i d p o i n t s  o f  th e  p a t h s .

I n  case o f  r a d i o  waves r e f l e c t e d  f r om  th e  Es l a y e r  th e  

v o l t a g e  a t  the  i n p u t  o f  t h e  r e c e i v e r  i s

Acta Geod. Geoph. Mont. Hung. 22, 1987 
Akadémiai Kiadó, Budapest
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U LL
° 9 e f f

( 1 )

w h e re  UQ i s  the v o l t a g e  a t  the  i n p u t  o f  t h e  r e c e i v e r  w i t h o u t  

t a k i n g  i n t o  accoun t  t h e  l o s s e s  due t o  i o n o s p h e r i c  a b s o r p t i o n  

and depen d ing  on t h e  p a t h  l e n g t h ,  the  power  o f  t h e  t r a n s m i t t e r  

and t h e  a n t e n n a - f e e d e r  s y s te m ,  i s  t h e  c o e f f i c i e n t  o f  non -

- d e v i a t i v e  a b s o r p t i o n  i n  t h e  D r e g io n  o f  t h e  i o n o s p h e r e ,  Ç e f f  

i s  t h e  e f f e c t i v e  r e f l e c t i o n  c o e f f i c i e n t  m ak ing  a l l o w a n c e  f o r  

t h e  l o s s e s  due t o  a b s o r p t i o n  i n  the d e v i a t i n g  p a r t  o f  th e  p a th  

and f o r  l osses  a t  t h e  r e f l e c t i o n  o f  r a d i o  waves f rom  th e  i o n o ­

s p h e r i c  l a y e r .

? e f f  = ? e ^

w h e re  ç i s  the  c o e f f i c i e n t  o f  r e f l e c t i o n  f r o m  th e  i o n o s p h e r e ,  

w h i c h  i s  i n  case o f  r e f l e c t i o n s  f rom t h e  r e g u l a r  l a y e r s  o f  t h e  

i o n o s p h e r e  p r a c t i c a l l y  e q u a l  to  one, Г 2  i s  "the a b s o r p t i o n  c o ­

e f f i c i e n t  i n  the  d e v i a t i v e  r e g io n  o f  t h e  i o n o s p h e r e .  In  o r d e r  

o f  s u c c e s s i o n

3 . 0  f 2  E
г = ---------- g“ 5-------  > (3)

( f + V  cos t o

4 f  c o s 2  f  pi / 7 “
Г 2  = Г~Ë \| f + f  ’

0  V 9
( 4 )

w h e re  f QE i s  th e  c r i t i c a l  f r eq ue n c y  o f  t h e  E l a y e r ,  f  i s  th e  

f r e q u e n c y  o f  th e  s i g n a l ,  f ^  i s  the  g y r o f r e q u e n c y , f ^  and f^  
a r e  t h e  ang les  o f  i n c i d e n c e  a t  the  D and E l a y e r s  r e s p e c t i v e l y .

For  the Es l a y e r  t h e  va lu e  o f  Г 2  c o u l d  n o t  be d e t e r m i n e d .  

M e a s u r i n g  the a m p l i t u d e  a t  the  p o i n t  o f  r e c e p t i o n ,  o n l y  th e  

r a t i o

^ e f  f ( 5 )

can  be e s t a b l i s h e d .
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R e f l e c t i o n s  f r o m  th e  r e g u l a r  E l a y e r  have been o b t a i n e d  a t  

a f r e q u e n c y  o f  9 MHz a t  th e  t r a n s m i s s i o n  p a th  A r k h a n g e l s k - K a z a n . 

f r o m  0600 t o  1800 h o u r s .  T h e r e f o r e  one mode r e f l e c t i o n s  f rom 

t h e  Es l a y e r  have been obse rv ed  f r o m  1800 t o  0600 h o u r s .  The 

s i g n a l s  s c a t t e r e d  by t h e  i o n o s p h e r e  were l e s s  t h a n  15 /_i V . A l l  

s i g n a l s  l a r g e r  t h a n  15 /UV were c o n s i d e r e d  as s c a t t e r e d  o r  r e ­

f l e c t e d  f rom th e  Es l a y e r .

The va lu e  o f  U has been fo u n d  on th e  b a s i s  o f  t h e  p a r a -  o
m e t e r s  o f  the  t r a n s m i s s i o n  pa th  A r k h a n g e l s k - K a z a n .  Then,  i t  has 

been a d j u s t e d  t o  t h e  case o f  r e f l e c t i o n s  f rom  th e  r e g u l a r  E 

l a y e r  u s in g  Eqs ( 2 ) —( 5 ) .  F i n a l l y  a v a lu e  o f  7 5 0 /j V was o b ta ine d .

For  the  t i m e  i n t e r v a l  f rom 1800 t o  0600 h o u r s ,  when the  

r a d i o  waves o f  9 MHz f r e q u e n c y  p r o p a g a t e  v i a  the  Es l a y e r ,  

has been d e t e rm in e d  on th e  b a s i s  o f  Eqs ( 3 )  and ( 5 ) .  The e f f e c ­

t i v e  c o e f f i c i e n t s  o f  r e f l e c t i o n s  f r o m  th e  Es l a y e r  o b t a i n e d  f o r  

A u gu s t  1976 a re  p l o t t e d  i n  F i g .  1 as p o i n t s .  I n  t h i s  f i g u r e  the 

h a l f  h o u r l y  v a l u e s  o f  o f  t h e  r e g u l a r  E l a y e r ,  aver ag ed

f o r  a month a re  d eno te d  by c r o s s e s .

Fig.  1. The e f f e c t i v e  r e f l e c t i o n  c o e f f i c i e n t s  re fe r r i ng  to the Es ( ........ )
and E ( x x x x )  layers at  the t ransmission path Arkhangelsk-Kazan, 
August, 1976

The v a lu e  o f  f o r  t h e  Es l a y e r  does n o t  exceed the

l e v e l  0 .4  and o n l y  i n d i v i d u a l  v a l u e s  re ach  th e  l e v e l  0 . 6  i n  the 

p o s t m i d n i g h t  and morn in g  h o u r s ,  when s c a t t e r i n g  i s  p r e d o m in a n t .
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I n  t h e  e v e n in g  and p r e m i d n i g h t  h ou rs ,  when r e f l e c t i o n  i s  p r e ­

d o m i n a n t  v a lu e s  o f  o f  t h e  Es l a y e r  a r e  h e a v i l y  s c a t t e r e d

r e a c h i n g  1,  some t im e s  t h e  v a lu e s  o f  9 e f f  can exceed 1 . 0 .  T h i s  

i s  p r o b a b l y  due t o  t h e  f o c u s s i n g  o f  r a d i o  waves by the  Es l a y e r .  

The c o e f f i c i e n t s  o f  r e f l e c t i o n s  f rom i n d i v i d u a l  i r r e g u l a r i t i e s  

o f  t h e  Es l a y e r  have been  s t u d i e d  i n  t h e  t r a n s m i s s i o n  p a th  

Moscow-Odessa a t  f r e q u e n c i e s  o f  10 and 15 MHz.

I n  F i g .  2. the  v a l u e s  o f  the  f i e l d  s t r e n g t h  a t  these  f r e ­

q u e n c i e s  a re  compared f o r  some measu r i ng  p e r i o d s .  I n  the  m a j o r ­

i t y  o f  t h e  cases a s i m u l t a n e o u s  i n c r e a s e  o f  t h e  f i e l d  s t r e n g t h  

a t  b o t h  f r e q u e n c i e s  i s  o b s e r v e d .  N e v e r t h e l e s s ,  many p o i n t s  a re  

l o c a t e d  i n  the  bot tom r i g h t  p a r t  o f  t h e  F i g u r e  when l a r g e  va lues  

o f  t h e  f i e l d  a t  10 MHz c o r r e s p o n d  t o  i t s  s m a l l  v a lu e s  a t  15 MHz, 

i . e .  t h e  Es l a y e r  i s  t r a n s p a r e n t  a t  15 MHz, howeve r ,  i t  i s  

r e f l e c t i n g  a t  10 MHz.

4s.M.V

1000

800-

600

400

X

200-

0L_____, ■ ____  »
200 400 600 800 U,„, juV

Fig.  2. The connection between the f i e l d  st rengths o f  s ignals re f lec ted from 
Es layers at 10 and 15 MHz at  the t ransmission path Moscow-Odessa i n  
August, 1980

As an example c o n t i n u o u s  r e f l e c t i o n s  f r o m  an Es l a y e r  a re  

p r e s e n t e d  a t  the f r e q u e n c i e s  10 and 15 MHz f r o m  1900 t o  2200 

h o u r s ,  A u gu s t  23, 1980.

On t h e  bas i s  o f  t h e  method d e s c r i b e d  above <pef f  was com-
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p u te d  i n  e v e r y  15 m in u t e s .  The r e s u l t s  a re  p re s e n te d  i n  F i g .  3a, 

where 9 e f f  i s  d e n o t e d  i n  case o f  10 MHz by p o i n t s ,  i n  case  o f  

15 MHz by c r o s s e s .  For  the  same t i m e  i n t e r v a l  the  v a r i a t i o n s  o f  

th e  p a r a m e t e r s  fb Es  and foEs are  p l o t t e d  i n  F i g .  3b. F i g u r e  3a 

shows t h a t  Ç e f f  i s  equ a l  t o  1 i n  case  o f  10 MHz d u r i n g  t h e  

f i r s t  h o u r ,  w h i l e  f o r  15 MHz g e f f  i s  s m a l l  and v a r i e s  between

0 .0 1  and 0 . 3 3 .  T h a t  i s  i n  t h i s  p e r i o d  r a d i o  waves o f  a f r e ­

quency o f  10 MHz a r e  r e f l e c t e d  by t h e  Es l a y e r ,  howeve r ,  t h o s e  

o f  a f r e q u e n c y  o f  15 MHz are  s c a t t e r e d .  Large  r e f l e c t i o n  c o e f ­

f i c i e n t s  r e a c h i n g  v a lu e s  o f  0 . 7 - 1 . 0  a r e  obse rved  a t  b o t h  f r e ­

q u e n c i e s  i n  th e  t i m e  i n t e r v a l  20-22 h o u r .  Some d e c re a s e s  o f  

ç i f  a t  10 MHz may be connec ted  i n  t h i s  p e r i o d  w i t h  t h e  s t r u c ­

t u r e  o f  th e  Es l a y e r .  A compar i son  o f  t h e  v a lu e s  o f  9 wi t h  

t h o s e  o f  fbEs  shows t h a t  the  b e s t  ag reemen t  appears  a t  h i g h e r

Fig.  3. a) Temporal va r ia t i ons  of  the r e f l e c t i o n  coe f f i c i en t  a t  the  frequen­
cies 10 MHz (•-•-•-•) and 15 MHz (x--x--x) a t  the transmission path
Moscow-Odessa, as wel l  as b) th a t  o f  the parameters fbEs ( -------- )
and foEs ( -------- )
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f r e q u e n c i e s .  At 15 MHz Ç e f f  i s  d i r e c t l y  p r o p o r t i o n a l  t o  f b E s .  
The i n c r e a s e  o f  fbEs t o  4 MHz and h i g h e r  i s  f o l l o w e d  by h i g h  

v a l u e s  o f  th e  r e f l e c t i o n  c o e f f i c i e n t ,  t h o u g h ,  a t  15 MHz i t  r e -  

r e a c h e s  t h e  v a lu e  o f  0 . 9  15 min e a r l i e r  t h a n  an Es l a y e r  w i t h  

f b E s  = 4 MHz d e v e lo p s .  A t  th e  f r e q u e n c y  10 MHz such a c l e a r  r e ­

l a t i o n  has n o t  been f o u n d .  In  the  t i m e  i n t e r v a l  s t u d i e d  h e r e  

t h e  m a g n i t u d e  o f  the  r e f l e c t i o n  c o e f f i c i e n t  a t t a i n  v a lu e s  o f  

0 . 7  and h i g h e r .  At  th e  f r e q u e n c y  15 MHz Es l a y e r s  w i t h  l a r g e  

v a l u e s  o f  fbEs ( > 3 .5  MHz) r e s u l t  i n  ç ^ ^ c s l . O ,  i . e .  t h e y  a re  

r e f l e c t i n g ,  w h i l e  Es l a y e r s  w i t h  s m a l l  v a l u e s  o f  fbEs g i v e  9 e f f -  
0 . 5 ,  i . e .  t h e y  are  s e m i t r a n s p a r e n t  and s c a t t e r i n g .  At 10 MHz 

t h e  mean v a lu e  o f  ç e f f  i s  equa l  t o  0 . 8 3 ,  a t  15 MHz i t  i s  e q u a l  

t o  0 . 7 1 .  There are  c a s e s ,  when ç > 1 and t h i s  can be o b v i ­

o u s l y  e x p l a i n e d  by th e  f o c u s s i n g  e f f e c t  o f  th e  i r r e g u l a r  s t r u c ­

t u r e  o f  t h e  Es l a y e r  a t  t h e  r e f l e c t i o n  o f  r a d i o  waves.

Es l a y e r s  can be d i v i d e d  i n t o  " r e g u l a r "  and " o c c a s i o n a l "  

l a y e r s .  The " r e g u l a r "  Es l a y e r  e x h i b i t s  a p r o b a b i l i t y  o f  o c c u r ­

r e n c e  o f  1 0 0  % i n  summer, th e  v a r i a t i o n  o f  i t s  p a ram ete rs  f o l l o w  

t h e  ch an ge  o f  th e  S u n ' s  z e n i t h  a n g le ,  h o w e v e r ,  a t  about  17 h o u r  

a s e c o n d  maximum s t a r t s .  On the  b a s i s  o f  summer measurements  i t  

has been  found  t h a t  t h e  l o w e s t  v a lu e  o f  f o E s  amounts to  1 .6  MHz. 

Fo r  t h e  " r e g u l a r "  Es l a y e r  the  s e c a n t  l a w  i s  v a l i d ,  as i n  case 

o f  t h e  r e g u l a r  l a y e r s .  Va lue s  o f  fo Es  s u d d e n l y  i n c r e a s i n g  o r  

d e c r e a s i n g  w i t h i n  some t e n s  or  hun d red s  o f  m in u tes  are  c h a r a c ­

t e r i s t i c  o f  th e  " o c c a s i o n a l "  Es l a y e r s .  The secan t  law can be 

a p p l i e d  w i t h  c o r r e c t i o n s  o f  10-50 %.
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AMPLITUDE AND FREQUENCY CHARACTERISTICS OF THE Es LAYER AT 
OBLIQUE INCIDENCE SOUNDING

T S K e r b l a y 1  and P G M i n u l l i n 2

^ In s t i t u t e  of  Geomagnetism, Ionosphere and Radio Wave Propagation 
(IZMIRAN), Academy of  Sciences of the USSR, 142092 Tro i tsk ,  

Moskovskaya oblas t ,  USSR

2State Univers i ty  o f  Kazan, 420008 Kazan, Lenin u l .  18, USSR

The charac te r is t i c s  o f  Es layers have been studied by means of  the 
m id - la t i tude  transmission paths in  the USSR. From the measurements the f i l ­
l i n g  c o e f f i c i e n t  ^  Es has been determined as a func t ion  of  the threshold 
ampli tude at  the rece iver  input  U-^ and the operat ing frequency f  f o r  min i ­
mum and maximum so lar  a c t i v i t i e s .  I t  i s  possible to forecast  the p ro b a b i l i t y  
of  communication v ia the Es layer  fo r  any season using these re l a t io n s  i n  
case of  given f ,  U-th and length of the transmission path.

Keywords: f i l l i n g  c o e f f i c i e n t ;  obl ique incidence sounding of  the iono­
sphere; sporadic E layer

The c h a r a c t e r i s t i c s  o f  the  Es l a y e r  have e x p e r i m e n t a l l y  

been s t u d i e d  a t  t h e  m i d - l a t i t u d e  t r a n s m i s s i o n  p a th s  i n  t h e  USSR. 

The l i s t  o f  the  p a t h s  and t h e i r  symbo ls  where th e  measurements  

were c a r r i e d  o u t  w i t h  t h e  p a r a m e t e r s  a re  g i v e n  i n  T a b le  I .  Here 

f ,  f eqU a re  the  o p e r a t i n g  f r e q u e n c y  and th e  e q u i v a l e n t  f requency 

c o r r e s p o n d i n g  t o  t h e  v e r t i c a l  s o u n d in g  ( f  u = f / s e c f  , f  i s  

t h e  a n g le  o f  i n c i d e n c e  a t  t h e  Es l a y e r ) ,  L i s  th e  l e n g t h  o f  the 

p a t h .

S i m u l t a n e o u s l y  w i t h  t h e  s i g n a l s  r e f l e c t e d  f r om  t h e  Es l a y e r  

s i g n a l s  p roduced by back  s c a t t e r ,  s p r e a d - F  and r e f l e c t i o n s  f rom 

m e te o rs  a re  a l s o  p r e s e n t  i n  the  r e c o r d i n g  c h a n n e l .  I n  o r d e r  t o  

e l i m i n a t e  them a t h r e s h o l d  a m p l i t u d e  U^^ = 2 0  fd\l has been s e t  

a t  t h e  r e c e i v e r  i n p u t .

At  o b l i q u e  i n c i d e n c e  so un d ing  t h e  p r o b a b i l i t y  o f  t h e  p r e ­

sence o f  an Es l a y e r  i s  c h a r a c t e r i z e d  by t h e  f i l l i n g  c o e f f i c i e n t  

■^Es, wh ich  gives i n  p e r c e n t s  th e  r e l a t i v e  t im e  o f  e x i s t e n c e  o f  

r a d i o  waves r e f l e c t e d  f r om  th e  Es l a y e r  a t  a g i v e n  s o u n d in g  

f r e q u e n c y .

Acta Geod. Geoph. Mont. Hung. 22, 1987 
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Table I

No T ra n s m is s i o n  p a t h f
MHz Symbol L

km
f
1  equ 
MHz

1  . A r k h a n g e ls k - K a z a n 9 AK-9 1070 2 .4

2 . Moscow-Kazan 1 0 MK-10 660 3 .7

3. A rk h a n g e ls k - K a z a n 14 AK-14 1070 3 .7
4 . Moscow-Odessa 15 MO-1 5 1130 3 .8

5. Moscow-Kazan 15 MK-15 660 5 .6

6  . A r k h a n g e ls k - K a z a n 24 AK-24 1070 6 .3
7 . Sa lekhar d- Tyum en 27 ST-27 1050 7 .3
8  . Moscow-Kazan 2 0 MK-20 660 7 .4
9. Moscow-Odessa 40 M0-40 1130 1 0 . 1

As i t  i s  shown i n  F i g . 1  f o r t h e  p a t h Moscow-Kazan a t

= 15 MHz i n  June, 1979 th e magni tude  o f Es reache s maxima

a t  a b o u t  10-12 and 20 h o u r  d u r i n g  t h e  d a y .  The p r o b a b i l i t y  o f  

t h e  p re s e n c e  o f  an Es l a y e r  i s  maximum i n  summer and minimum i n  

w i n t e r .  In  F i g .  2 t h e  s e a s o n a l  v a r i a t i o n  o f  ^  Es a t  t h e  p a th  

Moscow-Odessa i s  p r e s e n t e d  i n  case o f  a f r e q u e n c y  o f  f  = 40 MHz. 

I t  ca n  be seen f r om  F i g .  2 t h a t  i n  summer t h e  v a lu e  o f  ^  Es 

r e a c h e s  8  %, w h i l e  i n  w i n t e r  i t  i s  l e s s  t h a n  1  %.

Fig .  1. Diurnal  va r i a t ion  o f  the f i l l i n g  c o e f f i c i e n t  ^  Eg f o r  the t r ans ­
mission path MK, a t  15 MHz in  June, 1979
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Fig.  2. Seasonal v a r i a t io n  of  the f i l l i n g  c o e f f i c i e n t  °i E f o r  the t rans­
mission path MO, at  40 MHz

Va lues  o f  ^  Es have e x p e r i m e n t a l l y  been d e t e r m i n e d  f o r  the  

t r a n s m i s s i o n  p a th s  l i s t e d  i n  T ab le  I  by a v e r a g i n g  t h e  summer 

o b s e r v a t i o n s  a t  l)t h  = 2 0 /j.V. For  co m p a r i s o n  th e  v a l u e s  o f  ^  Es 

a re  p l o t t e d  i n  F i g .  3 as a f u n c t i o n  o f  f equ (see T a b le  I ) .  Wi th 

i n c r e a s i n g  f  u t h e  v a lu e  o f  ^  Es d e c r e a s e s .  T h i s  r e l a t i o n  can 

be a p p r o x i m a t e d  by t h e  f o r m u l a .

I f  t h e  v a lu e s  o f  'n Es d e t e r m i n e d  a t  t h e  t r a n s m i s s i o n  pa ths  

f o r  summer a re  t a k e n  as u n i t ,  t h en  th e  e q u in ox  v a l u e s  o f  ^  Es 

a re  on th e  ave rage  0 .27  and th e  w i n t e r  ones - 0 . 1 3 .  I f  f o r m u l a  

( 1 )  i s  used w i t h  t h e s e  f a c t o r s ,  t h en  mean v a lu e s  o f  ^  Es can be 

o b t a i n e d  f o r  b o th  t h e  e q u in o x e s  and w i n t e r  f o r  a r b i t r a r y  pa th s  

w i t h  a r b i t r a r y  o p e r a t i n g  f r e q u e n c y .

For  t r a n s m i t t e r s  o f  an a ve rag e  o u t p u t  o f  1 -10 kW t h e  am­

p l i t u d e  o f  t h e  s i g n a l s  r e f l e c t e d  f r om  th e  Es l a y e r  f a l l s  i n t o  

th e  ran ge  f r om  1 t o  1 0 . 0 0 0 / i V .  The d i s t r i b u t i o n  o f  t h e  a m p l i ­

t u d e s  can be a p p r o x i m a t e d  by R a y l e i g h ' s  law .

From t h e  measurements  a t  t h e  t r a n s m i s s i o n  p a t h s  A r k h a n -  

g e l s k - K a z a n ,  Moscow-Odessa, Moscow-Kazan ^  Es has been obta ined 

as a f u n c t i o n  o f  ( F i g .  4 ) ;  v a l u e s  f o r  s o l a r  a c t i v i t y  m a x i ­

mum a re  shown by s o l i d  l i n e s  and f o r  s o l a r  a c t i v i t y  minimum by 

dashed l i n e s .  The v a l u e  o f  ^  Es d e c re a s e s  w i t h  i n c r e a s i n g  Uth  

and f e qU (see  T ab le  I ) .  The r e l a t i o n s h i p  shown h e re  can be

( 1 )
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Fig .  3. The f i l l i n g  c o e f f i c i e n t  7  Eg as a func t i on  o f  the equivalent frequen- 
cy fgqU at m id - l a t i t u d e  transmission paths

a p p r o x i m a t e d  by t h e  f o r m u l a

4 Es = b ( 1 9 U?h -  Ut h } + ^ Es ( 2 )

whe re  U°h i s  the i n i t i a l  t h r e s h o l d  a m p l i t u d e ,  20 / j .V ,  E° i s  

t h e  v a l u e  o f  ^  Es a t  U ° h , wh ich  can be fo u n d  f rom ( 1 ) ,  b i s  a 

c o e f f i c i e n t  d e te rm in e d  e x p e r i m e n t a l l y  and f o r  wh ich  v a lu e s  o f  

0 . 3 8  have  been o b t a i n e d  a t  s o l a r  a c t i v i t y  minimum,  and a t  s o l a r  

a c t i v i t y  maximum v a l u e s  o f  0 . 6 6 .  Us ing t h e  f o r m u l a s  d e r i v e d  

above  f o r  the  p a r t i c u l a r  season the  p r o b a b i l i t y  o f  the  communi ­

c a t i o n  v i a  an Es l a y e r  can be f o r e c a s t e d  i n  case o f  g i v e n  f ,
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Fig. 4. The f i l l i n g  c o e f f i c i e n t  " j  E3  as a func t i on  o f  the threshold ampl i ­
tude U-th at  d i f f e r e n t  transmission paths f o r  so lar  a c t i v i t y  maximum 
( --------) and minimum ( ---------)
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THE IRREGULAR STRUCTURE OF THE MID-LATITUDE Es LAYER 
ACCORDING TO DATA OF SPECTRAL ANALYSIS

0 G O v e z g e l d i e v * , L P K o r s u n o v a 1 , Yu Karadzhaev*

^Physical-Technical  I n s t i t u t e ,  Academy o f  Sciences of  the Turkmen SSR, 
744000 Ashkhabad, Gogol u l .  15, USSR

Time ser ies of  Es frequency parameters measured every minute, as we l l  
as that  of  the ampli tude of  the signal  r e f l e c te d  from the Es layer  were 
analyzed s t a t i s t i c a l l y  and spec t ra l l y .  The s t ruc ture  of Es layers seems to 
be character ized by a broad spectrum of  i r r e g u l a r i t i e s  from large scale 
ones wi th hor izo n ta l  dimensions of  150-200 km to  small  scale ones w i th  hor­
iz on ta l  dimensions of  500-100 m generated by stable  c e l l u la r  eddies and 
turbulence at  the leve l  o f  the turbopause.

Keywords: ionospher ic sporadic E; i r r e g u l a r  st ructure of  the iono­
sphere; spec t ra l  analysis

Karad zhaev  (1 9 8 2 )  has shown t h a t  t h e  s p e c t r a l  a n a l y s i s  o f  

t h e  t i m e - s e r i e s  o f  Es c h a r a c t e r i s t i c s  y i e l d s  data  c o n c e r n i n g  

th e  s t r u c t u r e  o f  i r r e g u l a r i t i e s  i n  m i d - l a t i t u d e  Es l a y e r s .  As 

t h e  Es l a y e r  i s  a n a t u r a l  t r a c e r  o f  t h e  t u rb op a us e ,  many p o s ­

s i b i l i t i e s  a re  o f f e r e d  f o r  the  s t u d y  o f  i t s  dynam ic a l  s t r u c t u r e ,  

w h ich  w ou ld  be h a r d l y  a t t a i n a b l e  by d i r e c t  measurements .  Here 

r e s u l t s  o f  an i n v e s t i g a t i o n  o f  t h e  i r r e g u l a r  s t r u c t u r e  i n  Es 

l a y e r s  o b t a i n e d  by means o f  s p e c t r a l  a n a l y s i s  are  p r e s e n t e d .

The r e s u l t s  o f  Es o b s e r v a t i o n s  o f  b o th  a s i n g l e  s t a t i o n  

(Ashkhabad)  and s e v e r a l  i o n o s p h e r i c  s t a t i o n s  spaced 18, 120 and 

328 km f r om  each o t h e r  were use d .  On t h e  b a s i s  o f  m i n u t e  mea­

su re m e n ts  o f  t h e  f r e q u e n c y  p a r a m e t e r s ,  a s p e c t r a l  a n a l y s i s  was 

c u r r i e d  o u t  by means o f  the  maximum e n t r o p y  method and by 

B la ckman-Tukey  f i l t e r i n g  w i t h  t h e  lo w  f r eq ue n c y  (T > 1 h o u r )  

components  e l i m i n a t e d  by a s i m p l e  s l i d i n g  average f i l t e r .  I t  

was fo u n d  f r om  123 r e c o r d s  t h a t  t h e  power  s p e c t r a  a re  c h a r a c ­

t e r i z e d  by a l i n e  s t r u c t u r e .  I n  g e n e r a l  two typ es  o f  t h e  s p e c ­

t r a  can be d i s t i n g u i s h e d ,  namely  s p e c t r a  w i t h  a s i n g l e  maximum

Acta Geod. Geoph. Mont. Hung. 22, 1987 
Akadémiai Kiadó, Budapest
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and s p e c t r a  w i t h  two max ima. Somet imes s p e c t r a  w i t h  t h r e e  max­

ima do o c c u r ,  t o o .  S i m i l a r  r e s u l t s  were  o b t a i n e d  f rom t h e  d a ta  

o f  t h e  s t a t i o n  Moscow (48  s p e c t r a ) .  A c c o r d i n g  t o  the  Moscow 

d a t a ,  t h e  mean p e r i o d s  a re  10 and 48 m in ,  i n  Ashkhabad,  mean 

p e r i o d s  o f  10 and 42 m in  were o b t a i n e d  w ha t  i n d i c a t e s  t h e  s i m i ­

l a r i t y  o f  the s t r u c t u r e  o f  Es l a y e r s  a t  l a t i t u d e s  38° and 60°N 
( F i g .  1 ) .

F ig .  1. Power and coherence spectra of  the temporal  var iat ions of Es f r e ­
quency parameters on the basis of  the data o f  stat ions (a) Ashkha­
bad and (b) (Moscow). Fu l l  and dot ted l i n e s  represent foEs and fbEs, 
respect ively

Based on th e  r e s u l t s  o f  s i m u l t a n e o u s  sound in gs  a t  spaced 

s t a t i o n s ,  the  s p a t i a l  c o h e re nc e  s p e c t r u m  o f  th e  Es f r e q u e n c y  

p a r a m e t e r s  was computed .  The mean c o h e r e n c e  s p e c t r a  d e t e r m i n e d  

on t h e  b a s i s  o f  a l l  measurements  w i t h  s p a c i n g s o f  18, 1 2 0  and 

328 km a re  shown i n  F i g .  2a,  b and c .  The cohe rence  o f  th e
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Fig.  2. Spat ia l  spectra o f  the coher­
ence of foEs ( f u l l  l i n e )  and 
th a t  of fbEs (dotted l i n e )

f r e q u e n c y  p a r a m e t e r s  dec reases  w i t h  t h e  i n c r e a s e  o f  t h e  s p a c in g  

and a t  a d i s t a n c e  o f  328 km i t  d i s a p p e a r s .  Thus th e  h o r i z o n t a l  

d im e n s io n s  o f  t h e  i r r e g u l a r i t i e s  r e s p o n s i b l e  f o r  o c c u r r e n c e  o f  

t h e s e  p e r i o d s  a re  l i m i t e d  t o  t h e  r a n g e  120 km < 1^ < 320 km.

V a r i a t i o n s  o f  th e  Es f r e q u e n c y  p a ra m e t e r s  are  b e l i e v e d  to  

be due to  v a r i a t i o n s  o f  t h e  d y n a m i c a l  s t r u c t u r e  o f  t h e  t u r b o -  

p ause ;  namely t h e  random v a r i a t i o n s  o f  foEs are  p ro duced  by 

s m a l l  s c a l e  t u r b u l e n t  e d d ie s  (Gershman and O v e z g e ld i e v  1973)  

and th o s e  o f  fb Es  by v e r t i c a l  s h e a r s  o f  the  h o r i z o n t a l  w ind  

a r i s i n g  e i t h e r  as a r e s u l t  o f  i n t e r n a l  g r a v i t y  waves ( M i l l e r  

and Smi th  1978)  o r  as th e  m a n i f e s t a t i o n  o f  l a r g e  s c a l e  c e l l u l a r
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e d d i e s  ( B a r a t  1973) .  Then,  t h e  b a s i c  p e r i o d i c i t i e s  o f  th e  s p e c ­

t r a l  a n a l y s i s  are o b v i o u s l y  o f  d i f f e r e n t  n a t u r e .

The low f r eq ue n c y  maximum w i t h  a p e r i o d  T «  40-50 min i s  

l a r g e r ,  more s t a b l e ,  i t  can be fo un d  i n  t h e  m a j o r i t y  o f  th e  

s p e c t r a .  A l a r g e r  c o h e re n c e  d e c r e a s i n g  w i t h  t h e  i n c r e a s e  o f  t h e  

s p a c i n g  be lon gs  to  i t .  From t h e  p o i n t  o f  v iew  o f  the  p h y s i c a l  

m e c h a n is m  r e s u l t i n g  i n  t h e  f o r m a t i o n  o f  Es l a y e r s  a t  m i d - l a t i ­

t u d e s ,  t h e  low f r e q u e n c y  maximum i s  most  p r o b a b l y  due t o  c e l l u ­

l a r  e d d i e s  w i t h  h o r i z o n t a l  d im e n s io n s  o f  120 km < 1. < 300 kmh
c o n s i d e r e d  u s u a l l y  as w i n d - s h e a r s .  I t  has t o  be noted t h a t  t h e  

same s p e c t r a l  c h a r a c t e r i s t i c s  a re  pos s e s s ed  by i n t e r n a l  g r a v i t y  

waves o f  th e  c o r r e s p o n d i n g  s c a l e .  N e v e r t h e l e s s ,  i n  s p i t e  o f  t h e  

s i m i l a r i t y  o f  the s p a t i a l  and t e m p o r a l  s c a l e s  o f  i n t e r n a l  g r a v ­

i t y  wave s t o  those o f  c e l l u l a r  e d d i e s ,  s u b s t a n t i a l  d i f f e r e n c e s  

e x i s t  be tween  these two f o r m s  o f  t h e  m e s o - s c a l e  a tm o s p h e r i c  

m o t i o n s  compar ing  the  v e c t o r s  o f  t h e i r  phase v e l o c i t i e s .  I n  t h e  

l o w e r  t he rm osphe re  t h e  h o r i z o n t a l  phase v e l o c i t y  o f  i n t e r n a l  

g r a v i t y  waves i s  a m u l t i p l e  o f  th e  w in d  v e l o c i t y  and due t o  

t h e  i s o t r o p i c  s p a t i a l  d i s t r i b u t i o n  o f  t h e  s o u rc e s  o f  th ese  

w a v e s ,  t h e y  have no p r e v a i l i n g  d i r e c t i o n  o f  p r o p a g a t i o n  ( K r a -  

s o v s k i y  and Shefov 1 9 7 6 ) .  Two d i m e n s i o n a l  c e l l s  c h a r a c t e r i z e d  

by r i s i n g  and s i n k i n g  ( i . e .  e l o n g a t e d  a l o n g  th e  wind d i r e c t i o n )  

f l u x e s  a r e  t r a n s p o r t e d  by t h e  w in d ,  c o n s e q u e n t l y ,  t h e i r  v e l o c i ­

t i e s  a r e  t h e  same.

I n  o r d e r  to  e x p l a i n  t h e  n a t u r e  o f  t h e  p e r i o d i c i t i e s ,  t h e  

p ow er  s p e c t r a  and c o h e re n c e  s p e c t r a  o f  48 t i m e  s e r i e s  o f  t h e  Es 

f r e q u e n c y  parameters  have been comp uted ,  w h ic h  were measured by 

i d e n t i c a l  v e r t i c a l  s o u n d i n g  s t a t i o n s  l o c a t e d  a t  the  v e r t i c e s  o f  

a t r i a n g l e  w i t h  l e g s  o f  7 0 - 9 0  km ( V a s i l e v  e t  a l .  1975) .  The o c ­

c u r r e n c e  and the p e r i o d s  o f  t h e  s p e c t r a l  components  obse rv ed  a t  

t h e  same base d i f f e r  s u b s t a n t i a l l y  i n  d i f f e r e n t  d i r e c t i o n s  as 

c o m p a re d  t o  the wind v e l o c i t y  v e c t o r .  Namely ,  th e  p e r i o d s  c o i n ­

c i d e  and  th e  coherence i s  l a r g e  a t  t h e  l e g  wh ich  i s  l o c a t e d  i n  

e a s t - w e s t  d i r e c t i o n ,  c o i n c i d i n g  w i t h  t h e  d i r e c t i o n  o f  th e  

n e u t r a l  w ind  ( F i g .  3 ) .  The r e s u l t s  o b t a i n e d  can be h a r d l y  i n ­

t e r p r e t e d  w i t h  the  l o c a t i o n  o f  i n t e r n a l  g r a v i t y  waves i n  s p i t e  

o f  t h e  f a c t  t h a t  the  p r e s e n c e  o f  t h e  c e l l u l a r  s t r u c t u r e  o f  t h e
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Fig.  3. Dependence o f  the coherence spectrum o f  the frequency parameters on 
the d i r ec t io n  o f  the spacing between the s ta t ions  a) east-west 
d i r ec t i on ,  b) nord-south d i r ec t i on

w in d  ena b les  t o  e x p l a i n  the  f o r m a t i o n  o f  q u a s i p e r i o d i c a l  i r ­

r e g u l a r i t i e s  w h ich  have a p r e v a i l i n g  d i r e c t i o n  o f  m o t i o n  c o i n ­

c i d i n g  w i t h  t h e  w in d  v e l o c i t y  v e c t o r  and a re  e l o n g a t e d  a lo n g  

i t .  Thus the  s p e c t r a l  components o f  t h e  t e m p o r a l  v a r i a t i o n s  o f  

Es f r e q u e n c y  p a r a m e t e r s  w i t h  p e r i o d s  T ~  40-50  min a re  due t o  

c e l l u l a r  e d d ie s  w i t h  h o r i z o n t a l  d i m e n s i o n s  o f  l h ~  150-200 km.

The v e r t i c a l  s t r u c t u r e  o f  t h e  e d d i e s  can be e s t i m a t e d  by 

s p e c t r a l  a n a l y s i s  o f  t h e  t e m p o ra l  v a r i a t i o n s  o f  two phenomena,
О

i . e .  i o n o s p h e r i c  s p o r a d i c  E and 01 (5 577  A) e m is s i o n s  obse rved  

a t  th e  same s i t e ,  b u t  spaced i n  h e i g h t  by 10-20 km. The number 

o f  p e r i o d i c  components  i n  th e  f r e q u e n c y  ran ge  0 . 5 - 5  cph i s  1 .5  

t i m e s  l e s s  i n  s i m u l t a n e o u s  f l u c t u a t i o n s  o f  th e  Es f r e q u e n c y  

p a r a m e t e r s  t han  i n  t h e  i n t e n s i t y  v a r i a t i o n s  o f  the  oxygen green 

l i n e .  An a n a l y s i s  o f  t h e  cohe re nce  s p e c t r a  o f  th e  same p e r i o d  

has shown t h a t  t h e  f l u c t u a t i o n s  s t u d i e d  he re  are  u n c o r r e l a t e d
О

and a l a r g e  c o h e re n c e  between fbEs  and 5577 A was o n l y  obse rv ed  

i n  some i n d i v i d u a l  cases  ( F i g .  4 ) ,  t h o u g h ,  th e  c o r r e s p o n d i n g  

v a r i a t i o n s  o f  f o E s  and th e  i n t e n s i t y  o f  t h e  a i r g l o w  were u n c o r ­

r e l a t e d .  The o b s e rv e d  l a c k  o f  c o r r e l a t i o n  i n  th e  i n i t i a l  da ta
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Fig.  4. Relat ive spectra o f  co­
herence of  foEs ( f u l l  
l i n e )  and tha t  o f  fbEs 
(dotted l i n e )  w i th  the 
in ten s i t y  of  01 5577 A

may be due t o  the  d i f f e r e n t  s p a t i a l  o c c u r r e n c e  o f  th e  p e r i o d i c  

c o m p o n e n ts  ( i n  case o f  t h e  i n t e r n a l  g r a v i t y  waves ) ,  o r  t o  a 

s i g n i f i c a n t  a n i s o t r o p y  o f  the  l a r g e  s c a l e  e d d ie s .  As p e r i o d i c  

co m p o n e n ts  o f  the  v a r i a t i o n s  o f  t h e  Es l a y e r  are  caused by c e l ­

l u l a r  e d d i e s ,  t h e i r  v e r t i c a l  d im e n s io n s  can be e s t i m a t e d  i n  

1 < 15 km. The r e s u l t s  o b t a i n e d  agree  w i t h  th e  r e s u l t s  o f

G o rb un o va  e t  a l .  ( 1 9 8 2 ) ,  where  s i m u l t a n e o u s  s p e c t r a  o f  h ' E s  and
о

01 5577 A data  o f  43 n i g h t s  were s t u d i e d  u s i n g  t h e  Ashkhabad 

a t l a s  o f  th e  n i g h t  a i r  g l o w .  I n  case o f  o b s e r v a t i o n s  o f  t h e  two 

phenomena a t  near  by h e i g h t s  ( Ah ~  5 km) a c o n n e c t i o n  between  

t h e  s h o r t  p e r i o d  v a r i a t i o n s  o f  h ' Es  and i n t e n s i t y  o f  t h e  oxygen 
g r e e n  l i n e  was f o u n d .  Mov ing  o f f  i n  h e i g h t  t h i s  c o n n e c t i o n  d i ­

m i n i s h e s  so t h a t  a t  a d i s t a n c e  o f  ~  10 km th e  e v e n ts  were  no 

more c o r r e l a t e d .  Thus,  l a r g e  s c a l e  c e l l u l a r  e dd ie s  o f  h o r i z o n ­

t a l  d im e n s i o n s  o f  1^ = 150 -200  km and v e r t i c a l  e x t e n s i o n s  o f  

l z = 5 - 1 0  km are  p r e s e n t  a t  h e i g h t s  o f  100-115 km i n  t h e  m id -  

- l a t i t u d e  t h e rm o s p h e re .  These e d d ie s  a re  t h e  so u rces  o f  Es i r ­

r e g u l a r i t i e s  w i t h  t h e  c o r r e s p o n d i n g  s c a l e s .

T ime s p e c t r a  o f  t h e  s t r u c t u r e  p a r a m e t e r s  o f  th e  m i d - l a t i ­

t u d e  Es l a y e r s  a l s o  show a c h a r a c t e r i s t i c  h i g h  f r e q u e n c y  m a x i ­

mum a t  T = 8-10 m in .  T h i s  maximum i s  l e s s  s t a b l e  than  t h e  low 

f r e q u e n c y  one a t  T ~  4 0 -5 0  min and i t  can be more f r e q u e n t l y  

o b s e r v e d  i n  foEs s p e c t r a .  The i r r e g u l a r i t y ,  the  low power  and 

c o h e r e n c e  o f  the high frequency maximum ind ica te  t h a t  i t s  s o u r c e
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can o n l y  be t u r b u l e n c e .  U s ing  T a y l o r ' s  f r o z e n  t u r b u l e n c e  h y p o ­

t h e s i s  and a mean w ind  v e l o c i t y  o f  U ~  70 ms-1 the  h i g h  f r e q u e n ­

cy maximum c o r r e s p o n d s  t o  t u r b u l e n t  e d d ie s  o f  1^ — 40 km, s u p ­

posed t o  be m a n i f e s t a t i o n  o f  t h e  e x t e r n a l  s c a l e  o f  th e  t u r b u ­

l e n c e  a t  th e  t u r b o p a u s e .  I n  th e  range  o f  t h e  e x t e r n a l  s c a l e s  

power  s p e c t r a  o f  t h e  t u r b u l e n c e  n o r m a l i z e d  t o  d i s p e r s i o n  can be 

d e s c r i b e d  by th e  r e l a t i o n  C( f ) ~  f - m , where  th e  mean v a l u e  o f  

m i s  3 f rom  17 m ea s u r ing  s e r i e s .  C o n s e q u e n t l y ,  th e  t h e o r e t i c a l  

r e l a t i o n  o b t a i n e d  by Shur  and Lumley (Monin  and Yaglom 1967)  

f o r  a t h e r m a l l y  s t a b l e  s t r a t i f i e d  a tmosphe re  and a range  o f  

s c a l e s ,  where the  i n f l u e n c e  o f  the  mean f l o w  i s  s t r o n g l y  f e l t ,  

i s  c o n f i r m e d  by th e  s p e c t r a l  r e l a t i o n .

The sp ec t rum  o f  s m a l l  s c a l e  t u r b u l e n c e  was i n v e s t i g a t e d  

u s i n g  c o n t i n u o u s  r e c o r d s  o f  th e  a m p l i t u d e  o f  r a d i o  waves r e ­

f l e c t e d  f rom th e  Es l a y e r  a t  4 .1  MHz. A c c o r d i n g  t o  O v e z g e l d i e v  

and Babaev (19 71 )  t h e  r e f l e c t e d  s i g n a l  i s  fo rmed i n  t h e  ra n ge  

o f  s e m i - t r a n s p a r e n c y  o f  t h e  Es l a y e r  ( f b E s  < f w < f o E s )  by back 

s c a t t e r  f rom  s m a l l  s c a l e  i r r e g u l a r i t i e s  o f  th e  e l e c t r o n  d e n s i t y ,  

t h e  d im e n s io n s  o f  w h ich  a re  equa l  t o  t h e  w a v e - l e n g t h  o f  t h e  

s o u n d i n g  im p u ls e  ( 1 ^  — Л / 2  ^  40 m).  On th e  b a s i s  o f  16 s e r i e s  

o f  a m p l i t u d e  r e c o r d s  i n  t h e  range o f  s e m i - t r a n s p a r e n c y  o f  t h e  

Es l a y e r ,  an i n v e r s e  r e l a t i o n  was fo u n d  between th e  s p e c t r a l  

d e n s i t y  and wave num ber , where  the  v a l u e  o f  m averaged f o r  a l l  

s e r i e s  i s  1 .6  ( F i g .  5 ) .  The s p e c t r a l  c u r v e s  have a l s o  a s l o p e

Fig. 5. Power spectra of  the ampl i tude 
f l uc tu a t i ons  of  radio waves 
re f l ec ted  from the Es laye r .  
f w ~  foEs ( ------- ) ,  f w яа fbEs
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o f  m s; 1 .6  f o r  17 s e r i e s  w i t h  f  «  f b E s ,  when i n  th e  f o r m a t i o nw
o f  t h e  r e f l e c t e d  s i g n a l  i r r e g u l a r i t i e s  o f  — A t a k e  p a r t .  

C o n s e q u e n t l y ,  t h e  s p e c t r a l  d i s t r i b u t i o n  o f  ene rg y  obeys t h e  law 

C ( f )  ~  f - ^ ' ^  i n  t h e  ra n g e  o f  s c a le s  f r o m  40 t o  100 m. A c c o r d i n g  

t o  t h e  t h e o r y  o f  l o c a l l y  i s o t r o p i c  t u r b u l e n c e  (Monin  and Yaglom 

196 7 )  th e  s p e c t r a  o f  t h e  f l u c t u a t i o n s  o f  v e l o c i t y  and d e n s i t y  

a r e  d e s c r i b e d  by t h e  same power f u n c t i o n  C (k )  ~  k - 5 ^ 5 i n  th e  

i n e r t i a l  range w he re ,  к i s  th e  wave num ber .  The a p p ro x im a te  

c o i n c i d e n c e  o f  t h e  s l o p e s  o f  the  e x p e r i m e n t a l  and t h e o r e t i c a l  

s p e c t r a l  c u rv es  ( 1 . 6  and 5 / 3 )  p ro ves  t h a t  t h e  i r r e g u l a r i t i e s  

w i t h  1^ ~  40-100 m a re  fo rmed by t u r b u l e n t  e d d ie s  o f  s c a l e s  be­

l o n g i n g  t o  the  i n e r t i a l  r ange .  The s m a l l e r  e d d ie s  are  used up 

by v i s c o u s  f o r c e s  so t h a t  the  i n t e r n a l  s c a l e  o f  t u r b u l e n c e  i s  

p r o b a b l y  40-50 m i n  t h e  r e g i o n  o f  t h e  t u r b o p a u s e .

Thus,  a bro ad  s p e c t r u m  o f  i r r e g u l a r i t i e s  o f  th e  Es l a y e r  

has  been d e t e c t e d  f r o m  th e  a n i s o t r o p i c  l a r g e  s c a le s  o f  1^ =

= 150 -200  km and 1 = 5-1 0  km t o  t h e  s m a l l  s c a le s  o f  1. =

= 40 -10 0  m, wh ich  a re  fo rmed  by c e l l u l a r  e d d ie s  and t u r b u l e n c e  

o c c u r r i n g  i n  the  l o w e r  th e rm os p he re .
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FORMATION OF THIN Es LAVERS DUE TO THE INFLUENCE 
OF ELECTRIC FIELOS

0 I  Razuvaev

S ib i r i an  I n s t i t u t e  o f  Geomagnetism, Ionosphere and Radio Wave Propagation 
(SibIZMIR), 664033 I r k u t s k ,  P.O.Box 4, USSR

The ro le  of  the e l e c t r i c  f i e l d  i n  the formation of f l a t  sporad ic  layers 
at  high l a t i t u d e s  i s  analyzed on the bas is of  hydromagnetic equat ion.  In the 
region o f  f i e l d  al igned currents leaving the ionosphere the accumulat ion of 
metal ions cannot r e s u l t  in  the format ion o f  th in  layers. No such layer  can 
be formed due to the v e r t i c a l  d r i f t  o f  the metal ions. S ta r t i ng  from elec­
t r i c  f i e l d  models, a zone i s  found where t h i n  layers can be produced by an 
e l e c t r i c  f i e l d .  This zone i s  located i n  the poleward part  o f  the Harang d is ­
co n t i n u i ty .

Keywords: e l e c t r i c  f i e l d s ;  Harang d isco n t in u i ty ;  sporadic E layers  

INTRODUCTION

The h i g h - l a t i t u d e  i o n o s p h e r e  i s  c h a r a c t e r i z e d  n o t  o n l y  by 

a h i g h  p r o b a b i l i t y  o f  t h e  o c c u r r e n c e  o f  s p o r a d i c  E l a y e r s ,  bu t  

a l s o  by t h e i r  g r e a t  v a r i e t y .  C o n c e r n in g  i t s  s t u d y  t h e  i n t e r e s t  

i s  due t o  t h e  r e l a t i o n  o f  t h e  o c c u r r e n c e  o f  such l a y e r s  t o  com­

p l i c a t e d  p ro c e s s e s  t a k i n g  p l a c e  i n  t h e  m ag ne to sph er e ,  and to  

p r a c t i c a l  needs o f  th e  t e l e c o m m u n i c a t i o n .  R e c e n t l y ,  a l a r g e  ma­

t e r i a l  a c c u m u la te d  b u t  an i n t e r p r e t a t i o n  i s  l a c k i n g .  R e a l l y ,  

t h e  n a t u r e  o f  t h e  f o r m a t i o n  o f  t h i c k  г  typ e  Es l a y e r s  w h i c h  are 

c o n n e c te d  w i t h  c o l l i s i o n a l  i o n i z a t i o n  due to  c h a rg e d  p a r t i c l e  

f l u x e s  p r e c i p i t a t i n g  f r om  th e  m ag ne to s ph e re ,  i s  more o r  l e s s  

c l e a r .  For  th e  e x p l a n a t i o n  o f  t h e  o c c u r re n c e  o f  t h i n  f  t y p e  Es 

l a y e r s  a t  h i g h  l a t i t u d e s  t h e r e  i s  no s u i t a b l e  t h e o r y  y e t .

I n  t h i s  pap e r  th e  r o l e  o f  t h e  m ag ne to s ph e r i c  c o n v e c t i o n  

e l e c t r i c  f i e l d  i s  d i s c u s s e d  i n  t h e  f o r m a t i o n  o f  t h i n  Es l a y e r s  

i n  t h e  p re s en c e  o f  m e ta l  i o n s .

Acta Geod. Geoph. Mont. Hung. 22, 1987 
Akadémiai Kiadó, Budapest
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EFFECT OF THE HORIZONTAL TRANSPORT

L y a ts k a y a  e t  a l .  ( 1 9 7 8 )  have shown t h a t  i o n s  must be c o n ­

c e n t r a t e d  i n  the  r e g i o n  o f  o u t f l o w i n g  f i e l d - a l i g n e d  c u r r e n t s .  

T h i s  i s  due to  t h e  f a c t  t h a t  the c a r r i e r s  o f  t h e  f i e l d - a l i g n e d  

c u r r e n t  a re  e l e c t r o n s  w h i l e  the c a r r i e r s  o f  t h e  s h o r t - c i r c u i t  

c u r r e n t  i n  the  i o n o s p h e r e  a re  ions  ( F i g .  1 ) .  I f  the  m o b i l i t y  o f  

i o n s  a lo n g  the e l e c t r i c  f i e l d  i s  maximum a t  t h e  h e i g h t  o f  t h e  

maximum Pedersen c o n d u c t i v i t y ,  then -  i n  a n o n - s t a t i o n a r y  

c a s e  a f t e r  the  sudden s t ren g then in g  o f  t h e  f i e l d - a l i g n e d  c u r ­

r e n t  -  the  a c c u m u l a t i o n  o f  ions  a t  t h i s  h e i g h t  proceeds 

f a s t e r  than  a t  o t h e r  a l t i t u d e s .  Thus, a d e f i n i t e  maximum can 

be fo rm e d  i n  the  e l e c t r o n  d e n s i t y  p r o f i l e .  F o r  the main i o n s  o f  

t h e  E r e g i o n  the  e f f e c t  o f  such a p r o c e s s  i s  s u b s t a n t i a l l y  r e ­

duce d  by r e c o m b i n a t i o n .  The s i t u a t i o n  i s  more  f a v o u r a b le  i n  

case  o f  me ta l  i o n s  s i n c e  t h e i r  r e c o m b i n a t i o n  c o e f f i c i e n t  i s  

v e r y  s m a l l  ( <£ ~  10 cm s ) .

Fig.  1. Scheme explaining the  red is t r i bu t i on  o f  the plasma in the iono­
sphere due to f i e l d - a l i g n e d  currents. Top the d is t r i bu t i on  of  the 
potent ia l  ф in  the magnetosphere, the c u r r e n t  system j ,  as wel l  as 
the charge c a r r i e r s  and th e i r  d i rec t ion  o f  motion are shown. Bot­
tom the resu l t i ng  l a t i t u d i n a l  var i a t ion  o f  the plasma density i s  
p lo t ted
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Com pu ta t i on s  c a r r i e d  o u t  by L y a t s k a y a  e t  a l .  ( 1 9 7 8 )  are  

su pp le m en te d  he re  by t h e  s t u d y  o f  t h e  h o r i z o n t a l  changes i n  the  

d i s t r i b u t i o n  o f  i o n s  w h i c h  produce new e f f e c t s .

The o n e - d i m e n s i o n a l  p ro b le m  i s  c o n s i d e r e d  where  a l l  quan ­

t i t i e s  change o n l y  a l o n g  th e  h o r i z o n t a l  a x i s  X. M a g n e t i c  f i e l d  

l i n e s  a re  c o n s i d e r e d  as e q u i p o t e n t i a l  and d i r e c t e d  v e r t i c a l l y  

downwards p a r a l l e l  t o  t h e  Z a x i s  p o i n t i n g  upw ards .  Then th e  

f o l l o w i n g  e q u a t i o n  i s  o b t a i n e d  f rom th e  e q u a t i o n s  o f  m o t i o n  and 

c o n t i n u i t y  f o r  t h e  m e t a l  i o n s  n e g l e c t i n g  d i f f u s i o n ,  i o n i z a t i o n  

and r e c o m b i n a t i o n :

0 n /  9 t  + ( e / H )  f  ■ (E Э п /  Эх + n ЭЕ/ Эх) = 0,  

f  = ß  i / C U / S  I  ) , =OJi /  v i  ,

( 1 )

where  n,  м oo^ a re  t h e  c o n c e n t r a t i o n ,  th e  i o n - n e u t r a l  c o l ­

l i s i o n  f r e q u e n c y  and t h e  g y r o f r e q u e n c y  o f  m e ta l  i o n s ,  ß  ̂ i s  

t h e  m a g n e t i z a t i o n  p a r a m e t e r  o f  i o n s .  From th e  c o n t i n u i t y  equa ­

t i o n  o f  c u r r e n t  t h e  e l e c t r i c  f i e l d  E can be e x p r e s s e d  by th e  

f i e l d - a l i g n e d  c u r r e n t  e n t e r i n g  t h e  i o n o s p h e r e  as f o l l o w s

j  „ = 2! p Э Е ( х ) /  Эх .

The h e i g h t  i n t e g r a t e d  Pedersen  c o n d u c t i v i t y  £ p i s  assumed to  

be c o n s t a n t  and t h e  d i s t r i b u t i o n  o f  t h e  f i e l d - a l i g n e d  c u r r e n t  

i s  g i v e n  i n  the  s i m p l e  f o r m :

j II ( X) = j 0 cos Kx ,

where K = 2JC/L ,  L i s  t h e  w i d t h  o f  th e  a u r o r a l  zone.  Then i n  

case o f  th e  i n i t i a l  c o n d i t i o n  n ( x , o )  = nQ

n ( x , t )  = 2 nQ [ ( 1  + cos Kx) exp (2 f t / f )  +

+ (1 -  cos Kx)  exp ( - 2  f t / T  ) J - ^,

T =  2 ( H / c )  I p / j 0 .

( 2 )



2 4 4 О I  RAZUVAEV

F o r  Kx = 0 and JC

n = n Q exp (+ 2 f t / T  ) ,

i s  o b t a i n e d ,  i . e .  i n  t h e  r e g i o n  o f  t h e  o u t f l o w i n g  c u r r e n t  the  

c o n c e n t r a t i o n  o f  m e t a l  i o n s  i n c r e a s e s  e x p o n e n t i a l l y  and i t  i s  

r e d u c e d  i n  the r e g i o n  o f  t h e  e n t e r i n g  c u r r e n t .  = 1 сш and

j  = 2 + 0 .5  А/km r e s u l t s  i n  t  = 50-20 0  s .

From Eq. ( 2 )  t h e  w i d t h  o f  th e  h o r i z o n t a l  c o n c e n t r a t i o n  

p r o f i l e  i s  a t  th e  l e v e l  o f  n = r n Q ( r  i s  an a r b i t r a r y  f a c t o r )

d x , 1  2 / r  -  exp (2 f t / T )  -  exp ( - 2  f t / T )
—  = 1 - x  a rc cos  -------- e xp ” (2 f t / T  ) -  exp ( - 2  f t / T )  •

The r e l a t i o n  n ( x , t )  e n a b le s  us t h e  d e t e r m i n a t i o n  o f  the  

w i d t h  d 2 ( t )  o f  the  v e r t i c a l  c o n c e n t r a t i o n  p r o f i l e .  For  t h i s  the  

p a r a m e t e r  f  has t o  be d e t e r m i n e d  as a f u n c t i o n  o f  z .  C o n s i d e r ­

i n g  t h a t  the  c o l l i s i o n  f r e q u e n c y  i s  p r o p o r t i o n a l  t o  th e  con ­

c e n t r a t i o n  o f  n e u t r a l s ,  w h i c h  are  d i s t r i b u t e d  w i t h i n  th e  h e i g h t  

o f  t h e  u n i f o r m  a tm o sph e re  Hg a c c o r d i n g  t o  t h e  b a r o m e t r i c  law

f ( z )  = ( y . / ш . )  /  ( 1 + ^  2/ c o 2) % exp ( - z / H g ) / [ l + e x p  ( - 2 z / H g ) ]  .

Then
ri , о 1 /2

z _ , 1 + [ l  -  ( ( t  / t )  In  r ) Z l
-pj— - i n --------------------------- ----------------------371Г '

9 1 -  [ l  -  ( ( t  / t )  I n  r ) 2 ]

I n  t h e  f u r t h e r  c a l c u l a t i o n s  L/Hg = 50 has been t a k e n .

The cu rves  o f  d x and dz are  p l o t t e d  i n  F i g .  2 a t  t h e  l e v e l  

c o r r e s p o n d i n g  to  t h e  t e n f o l d  i n c r e a s e  o f  t h e  c o n c e n t r a t i o n .

T h i s  l e v e l  was s e l e c t e d  because the  c o n c e n t r a t i o n  o f  m e ta l  i o n s  

i s  u s u a l l y  lo we r  by 1 -2  o r d e r s  o f  m a g n i t u d e  th a n  th e  e l e c t r o n  

c o n c e n t r a t i o n .  The c o n c e n t r a t i o n  o f  m e t a l  i o n s  i n c r e a s e s  i n  the  

maximum by one o r d e r  o f  m ag n i tu de  f r om  t h e  b e g i n n i n g  o f  the  

i n t e n s i f i c a t i o n  o f  t h e  f i e l d - a l i g n e d  c u r r e n t  i n  t h e  t im e  o f  

~ 2 T  ( F i g .  2 ) .  The f o r m a t i o n  o f  t h e  h o r i z o n t a l  l a y e r  o f  a 

w i d t h  ~  Hg proceeds v e r y  f a s t  and re m a in s  f o r  ~  0 .5  I  . From 

t h e  t i m e  t  ~  3 T  th e  w i d t h  dx b eg in s  t o  d r o p ,  a t  th e  same t im e  

t h e  w i d t h  d2 i n c r e a s e s  s t e a d i l y .  T h i s  l e a d s  t o  t h e  d e g e n e r a t i o n
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d/H,

Fig.  2. Var ia t ion  of  the widths dx , dz of  the hor izonta l  and v e r t i c a l  e lec-  
ron density p ro f i l e s  wi th time

o f  t h e  l a y e r  i n t o  a t h i n  v e r t i c a l  " w a l l "  o f  i o n i z a t i o n .  I t  i s  

C l e a r  t h a t  such a mechanism c a nn o t  r e s u l t  i n  t h e  f o r m a t i o n  o f  

t h i n  ( w i d t h  «  H ) Es l a y e r s .

EFFECT OF THE VERTICAL TRANSPORT

Korenkov  (19 77 )  m en t io n e d  a n o t h e r  p o s s i b i l i t y  o f  t h e  f o r ­

m a t i o n  o f  m e ta l  i o n  l a y e r s  i n  th e  m i d - l a t i t u d e  i o n o s p h e r e  due 

t o  a v e r t i c a l l y  n o n - d i v e r g e n t  n e u t r a l  w ind  o r  t o  an e l e c t r i c  

f i e l d .  The mechanism c o n s i s t s  s u b s t a n t i a l l y  o f  v e r t i c a l  p lasma 

d r i f t  i n  t h e  i n c l i n e d  g eo m agne t ic  f i e l d .  The v e r t i c a l  d r i f t  o f  

t h e  p lasma i s  c o n t r o l l e d  by th e  component  E*B a t  h i g h  a l t i t u d e s  

because o f  t h e  l a r g e  v a r i a t i o n  i n  t h e  deg ree  o f  m a g n e t i z a t i o n  

o f  i o n s  w i t h  h e i g h t ,  w h i l e  a t  low a l t i t u d e s  by t h e  component  o f  

t h e  Pedersen  d r i f t .  I n  case o f  a d e f i n i t e  d i r e c t i o n  o f  t h e  wind 

o r  o f  t h e  e l e c t r i c  f i e l d  a t  a c e r t a i n  h e i g h t ,  t h e  f o r m a t i o n  o f  

a node o f  the  v e r t i c a l  d r i f t  v e l o c i t y  conv e rg en c e  and c o n s e ­

q u e n t l y  t h e  d e v e lo pm e n t  o f  a l a y e r  o f  i n c r e a s e d  e l e c t r o n  den ­

s i t y  i s  p o s s i b l e .

Such a mechanism i s  s u f f i c i e n t l y  e f f e c t i v e  a t  h i g h  l a t i ­

t u d e s  t o o ,  where on t h e  one hand th e  m a g n e t i c  f i e l d  l i n e s  are  

a lm o s t  v e r t i c a l  and t h i s  re d uce s  th e  e f f e c t  o f  t h e  v e r t i c a l  

d r i f t ,  how eve r ,  on t h e  o t h e r  hand t h e r e  i s  a s t r o n g  m ag ne to -  

s p h e r i c  c o n v e c t i o n  e l e c t r i c  f i e l d .

L e t  th e  i o n o s p h e r e  be h o r i z o n t a l l y  u n i f o r m ,  b u t  i t s
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p r o p e r t i e s  change w i t h  a l t i t u d e .  The i o n o s p h e r i c  p lasma c o n s i s t s  

o f  t h r e e  components :  e l e c t r o n s  ( i n d e x  e ) ,  m o l e c u l a r  ( i n d e x  i l )  

and m e t a l  ( i n d e x  i 2 )  i o n s .  A c o o r d i n a t e  sy s te m  i s  used w i t h  

t h e  Z a x i s  d i r e c t e d  u p w a rd s ,  the  X a x i s  t o  t h e  n o r t h  and th e  Y 

a x i s  t o  the  wes t .  The v e c t o r  o f  the  m a g n e t i c  f i e l d  H l i e s  i n  

t h e  XZ p la n e ,  i t  i s  d i r e c t e d  downward m ak ing  a s m a l l  a n g l e x  

w i t h  t h e  v e r t i c a l .  L e t  t h e  e l e c t r i c  f i e l d  E be u n i f o r m . T h e  d i ­

r e c t i o n  o f  t h i s  f i e l d  i n  th e  h o r i z o n t a l  p l a n e  r e l a t i v e  t o  n o r t h  

i s  d e t e r m in e d  by t h e  a n g l e  f  . In  a s t a t i o n a r y  case th e  f o l l o w ­

i n g  r e l a t i o n  i s  o b t a i n e d  (Razuvaev 1984)  f r o m  th e  e q u a t i o n s  o f  

m o t i o n  and c o n t i n u i t y  f o r  th e  v e r t i c a l  v a l o c i t y  o f  th e  m e ta l  

i o n s  :

i 2 z I Da

dn i 2 / d z

n i 2

d n e / d z
-q E s i n  X-

■ f [ c o s ' p - / 3 i  ( f  + l / / 3 e ) s i n  f  ]
( 3 )

Here n i s  the c o n c e n t r a t i o n ,  Dg i s  t h e  c o e f f i c i e n t  o f  a m b ip o la r  

d i f f u s i o n ,  the p a r a m e t e r s  f  and ß were d e t e r m i n e d  above.  The 

c h a r a c t e r  o f  the  d r i f t  o f  i o n s  i s  d e s c r i b e d  by t h e  second te rm  

i n  t h e  e x p r e s s io n  o f  Ui2 z <  T h is  term i s  z e r o ,  i f  the  e l e c t r i c  

f i e l d  has a n o r t h - w e s t  ( J C / 2  > f  > 0 ) ,  o r  s o u t h - e a s t  

( 3 Î C / 2 >  f  > % ) d i r e c t i o n .  In  the  f i r s t  case th e  d i v e r g e n c e

o f  t h e  v e l o c i t y  i s  n e g a t i v e  which  c o r r e s p o n d s  t o  a node o f  th e  

c o n v e rg e n c e  o f  the  v e l o c i t y ,  i n  the  second  case the  d i v e r g e n c e  

i s  p o s i t i v e .  C o n s e q u e n t l y ,  t h e  f o r m a t i o n  o f  a l a y e r  i s  p o s s i b l e  

i n  ca se  o f  the n o r t h - w e s t  d i r e c t i o n  o f  t h e  e l e c t r i c  f i e l d  and 

t h e  h e i g h t  o f  the  l a y e r  i s  g i v e n  by t h e  r e l a t i o n

c o t  f  f t  ß ± ( 2 m a x )  ♦ l / ß e ( Z m a x )  .

I n  the  l a t t e r  c o n d i t i o n ,  f o r  th e  d i v e r g e n c e  o f  the  d r i f t  

v e l o c i t y  i n  the maximum o f  t h e  l a y e r  an e x p r e s s i o n  can be ob­

t a i n e d  i n  case o f  d i f f e r e n t  d i r e c t i o n s  o f  t h e  e l e c t r i c  f i e l d .  

The h e i g h t  p r o f i l e s  o f  t h e  d i v e r g e n c e  a re  p r e s e n t e d  i n  F i g .  3 

f o r  a c e r t a i n  model  o f  t h e  n e u t r a l  a t m o s p h e r e .  Curve 1 c o r r e ­

sponds  t o  an e l e c t r i c  f i e l d  o f  30 mV/m, c u r v e  2 t o  a f i e l d  o f
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Fig. 3. Height p ro f i l e s  of  the divergence of  the ve loc i t y  i n  case of  an 
e l e c t r i c  f i e l d  and wind-shear

60 mV/m. For  co m p a r i son  p r o f i l e s  o f  th e  d i v e r g e n c e  o f  t h e  ve ­

l o c i t y  i n  case o f  a w i n d - s h e a r  o f  0 .04  s  ̂ a re  p l o t t e d  f o r  

e a s t - w e s t  sh ea r  ( c u r v e  3) and f o r  n o r t h - s o u t h  s h e a r  ( c u r v e  4 ) .

At  h i g h  l a t i t u d e s  th e  e f f e c t  o f  t h e  e l e c t r i c  f i e l d  i s  compara ­

b l e  o r  even i t  s u rp a s s e s  th e  e f f e c t  o f  th e  w i n d - s h e a r .

The m agn i tu de  o f  th e  d i v e r g e n c e  te rm can be used  f o r  the 

e s t i m a t i o n  o f  t h e  c h a r a c t e r i s t i c  t i m e  o f  the  i o n i z a t i o n  r e d u c ­

t i o n  p ro c e s s  X  = (dU i 2 z / d z )  For  e l e c t r i c  f i e l d s  o c c u r r i n g  
i n  th e  i o n o s p h e r e  X v a r i e s  between 200 and 1000 s and i t  i s  

minimum a t  a h e i g h t  o f  a b o u t  121 km,where  the  m a g n e t i z a t i o n  

p a r a m e t e r  o f  th e  i o n s  i s  ß, = 1.
I n  t h e  s t a t e  o f  dynamic  e q u i l i b r i u m  the  i o n i z a t i o n  r e d u c ­

t i o n  p ro c e s s  due t o  t h e  e l e c t r i c  f i e l d  i s  compensated by d i f ­

f u s i o n .  T h e r e f o r e ,  Ui 2 z  d e t e r m i n e d  by Eq. ( 3 )  must  be e q u a l  to  

z e ro  a t  a l l  h e i g h t s .  Then,  assum ing  p h o t o c h e m ic a l  e q u i l i b r i u m  

o f  t h e  m o l e c u l a r  i o n s  and q u a s i  n e u t r a l i t y  th e  f o l l o w i n g  system 

o f  e q u a t i o n s  i s  o b t a i n e d  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  c o n c e n t r a ­

t i o n  p r o f i l e s  o f  t h e  d i f f e r e n t  p lasma components ,
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q -  dL n en u  = 0 ,

ne = n i l  + n i  2
у

From t h i s  one gets

ne = neo t 1 + F ( 2 ) ]  1/2

n i l  = neo t 1 + F ( z ) ]  ’ 1 /2  > >

ni2  = neo F ( z )  [ 1  + F ( z ) ]  ’ 1 /2
У

F ( z )  = Fq exp I  2 s i n x  E J ( f / 0 a ) [ c o s  f  - 

-  (/3 i  + 1 /  /2>e ) s i n  f  ] dz I  ,

w h e re  n eQ( z ) = \AqToC i s  t h e  e l e c t r o n  d e n s i t y  p r o f i l e  due to
c o l l i s i o n a l  i o n i z a t i o n ,  t h e  c o n s t a n t  F i s  d e t e r m i n e d  by the

0 9 - 2t o t a l  m e t a l  ion  c o n t e n t ,  w h i c h  i s  ta ken  as 2 . 1 0  cm i n  t h i s  

p a p e r .

R e s u l t s  o f  model  c a l c u l a t i o n s  are  p r e s e n t e d  i n  F i g .  4 f o r  

tw o  d i r e c t i o n s  o f  t h e  e l e c t r i c  f i e l d  and t h r e e  v a lu e s  o f  the  

c h a r a c t e r i s t i c  ene rgy  o f  t h e  p r e c i p i t a t i n g  e l e c t r o n s  Eq ( n Q 

t h i c k  l i n e ,  n ^  dashed l i n e ,  n ^ 2 t h i n  l i n e ) .  The magni tude o f
t h e  e l e c t r i c  f i e l d  Е i s  30 mV/m, the f l u x  o f  p r e c i p i t a t i n g  p a r -

7 - 2 - 1t i d e s  10 cm s

C o n s i d e r i n g  t h e  s i m i l a r i t y  o f  t h e  p r o f i l e s  o b t a i n e d  t o  t h e  

p r o f i l e s  computed f o r  t h e  w i n d -s h e a r  m echan ism ,  t h e  c o n c l u s i o n  

i s  d ra w n  t h a t  the  e l e c t r i c  f i e l d  can fo rm  t h i n  ( ~  1 km) Es 

l a y e r s  i n  the h ig h  l a t i t u d e  i onosphe re  due t o  t h e  v e r t i c a l  

t r a n s p o r t  o f  me ta l  i o n s .  B e s ide s  the  f o r m a t i o n  o f  f l a t  l a y e r s  

o f  d i f f e r e n t  ty pes  ( f ,  1 ,  c and h) i s  p o s s i b l e .

CONCLUSIONS

The measurement o f  e l e c t r i c  f i e l d s  i n  t h e  h i g h  l a t i t u d e  

i o n o s p h e r e  shows t h a t  e l e c t r i c  f i e l d s  o f  n o r t h - w e s t  d i r e c t i o n  

a r e  f a i r l y  i n f r e q u e n t  phenomena. N e v e r t h e l e s s ,  t h e y  can occur
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h , k m  y  - 2 0 ’  (p z 6 0 *

Fig. 4. P ro f i le s  of  the densi ty of  the plasma components computed f o r  d i f ­
fe rent  d i r ec t i ons  of  the e l e c t r i c  f i e l d  and fo r  d i f f e r e n t  charac­
t e r i s t i c  energies of  the p re c ip i t a t i n g  electrons

i n  t h e  r e g i o n  o f  t h e  Harang d i s c o n t i n u i t y ,  where t h e  e l e c t r i c  

f i e l d  v e c t o r  r o t a t e s  c o u n t e r - c l o c k w i s e  f rom  n o r t h e r n  t o  s o u t h ­

e rn  d i r e c t i o n  (Maynard  1 9 7 4 ) .  M o reo v e r ,  a c c o r d i n g  t o  H e p p n e r ' s  

(19 77 )  model  t h e  c o n f i g u r a t i o n  o f  t h e  e l e c t r i c  f i e l d s  i n  the  

r e g i o n  o f  t h e  Harang d i s c o n t i n u i t y  i s  such t h a t  t h e  Federsen  

d r i f t  o f  i o n s  has t o  be d i r e c t e d  f r om  th e  f l a n k s  o f  t n e  Harang 

d i s c o n t i n u i t y  t o  i t s  c e n t r e  and f r om  i t s  s o u t h e r n  end t o  th e  

n o r h e r n  t i p .  The r e s u l t s  o f  th e  f i r s t  p a r t  o f  t h i s  p a p e r  show 

t h a t  i n  th e  h i g h  l a t i t u d e  i o n o s p h e r e  t h e  d i s t r i b u t i o n  o f  m e ta l  

i o n s  depends c o n s i d e r a b l y  on t h e i r  h o r i z o n t a l  t r a n s p o r t  by 

e l e c t r i c  f i e l d s .  Thus,  t h e  f o r m a t i o n  o f  t h i n  Es l a y e r s  due t o  

th e  mechanism c o n s i d e r e d  here  m ig h t  be e x p e c te d  i n  t h e  p o l e -  

ward p a r t  o f  t h e  Harang d i s c o n t i n u i t y .

The h e i g h t  o f  such l a y e r s  s h o u ld  d e c rea s e  as t h e  s t a t i o n  

moves below th e  Harang d i s c o n t i n u i t y  c o r r e s p o n d i n g  t o  t h e  

c o u n t e r - c l o c k w i s e  r o t a t i o n  o f  t h e  e l e c t r i c  f i e l d  v e c t o r .
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TURBULENCE AND AERONOMICAL PROCESSES IN THE LOWER THERMOSPHERE

P Bencze
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Aeronomical processes depend on the t r an spo r t  of atmospheric gases.
From the t ranspor t  processes the tu rbu lent  d i f f u s i o n  is  the least  s tudied, 
though, probably the most important .  In t h i s  paper a method of the determi ­
nat ion of  the turbulent  d i f f u s i o n  c o e f f i c i e n t  on the basis of sporadic E 
parameters i s  discussed. The processes c o n t r o l l i n g  the formation and d i s ­
persal  of  the sporadic E layers (chemistry of  metal  ions, wind shear and 
turbulence)  are reviewed. The resu l t s  obtained by th i s  method are presented 
showing aeronomical app l ica t ions ,  too.

Keywords: aeronomical processes; ionospher ic sporadic E; turbulence

The c o m p o s i t i o n  o f  th e  n e u t r a l  gas m i x t u r e  and o f  t h e  i on s ,  

t h u s  t h e  p r o p e r t i e s  o f  t h e  gas i n  t h e  u p p e r  a tmosphere depend 

n o t  o n l y  on the  p r o d u c t i o n  ( q )  and l o s s  ( L ) ,  b u t  a l s o  on th e  

t r a n s p o r t  o f  the  gas ( d i v  n v ) ,  as shown by the  c o n t i n u i t y  equa ­

t i o n

= q -  L + d i v  ( n v )  . 
d t  =

The t r a n s p o r t  te rm  c o m p r i s e s  the  w i n d ,  t u r b u l e n t  and m o l e c u l a r  

d i f f u s i o n .  In  t h e  l o w e r  t h e rm os p he re  t h e  t u r b u l e n t  d i f f u s i o n  

p l a y s  an e s p e c i a l l y  i m p o r t a n t  r o l e .  T h a t  i s ,  the  t u r b o p a u s e  

fo rm s  i n  t h e  l o w e r  t h e r m o s p h e re ,  where  t h e  c o e f f i c i e n t  o f  mo­

l e c u l a r  d i f f u s i o n  i n c r e a s i n g  w i t h  h e i g h t  e qu a ls  th e  t u r b u l e n t  

d i f f u s i o n  c o e f f i c i e n t .  The g r a v i t a t i o n a l  s e p a r a t i o n  o f  t h e  com­

p o n e n ts  o f  the gas m i x t u r e  b e g in s  above t h e  tu rb op a use  and t h u s  

t h e  n e u t r a l  gas c o m p o s i t i o n  above i t  depends on i t s  h e i g h t .

The d e t e r m i n a t i o n  o f  th e  t u r b u l e n t  d i f f u s i o n  c o e f f i c i e n t  

i s  t h u s  an i m p o r t a n t  p ro b le m  o f  t h e  a e r o n o m i c a l  i n v e s t i g a t i o n s .  

T h e r e f o r e ,  a method i s  needed by means o f  wh ich  the  t u r b u l e n t

Acta Geod. Geoph. Mont. Hung. 22, 1987 
Akadémiai Kiadó, Budapest
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d i f f u s i o n  c o e f f i c i e n t  can be d e t e r m i n e d  r e g u l a r l y  a t  many 

p l a c e s ,  inasmuch as i t  i s  p o s s i b l e .  A t  p r e s e n t ,  o n l y  g ro u n d  

base d  measurements can be taken  i n t o  c o n s i d e r a t i o n  f rom  t h i s  

p o i n t  o f  v i ew .  As i t  i s  known, th e  v e r t i c a l  sound ing o f  t h e  

i o n o s p h e r e  i s  t h e  mos t  w i d e -s p re a d  g ro u n d  based method o f  th e  
s t u d y  o f  the  upper  a tm osphe re .

D u r i n g  i o n o s p h e r i c  sound in gs  p a r a m e t e r s  are a l s o  d e te rm in e d  

t h e  m ag n i tu de s  o f  w h i c h  depend on t h e  d yna m ics  o f  the  i o n o ­

s p h e r e ,  on the  k i n e t i c  s t a t e  o f  th e  medium.  The c h a r a c t e r i s t i c s  

o f  t h e  s p o r a d i c  E l a y e r  are  those  p a r a m e t e r s , w h i c h  r e f e r  t o  the  

l o w e r  th e rm osp he re  and a re  d i r e c t l y  c o n n e c t e d  w i t h  d y n a m i c a l  

p r o c e s s e s .  A c c o r d i n g  t o  th e  g e n e r a l l y  a c c e p t e d  t h e o r y  o f  t h e  

f o r m a t i o n  o f  m i d - l a t i t u d e  s p o r a d i c  E l a y e r s ,  they  are  p ro d u c e d  

as a r e s u l t  o f  t h e  w i n d - s h e a r .  However ,  t h e  wind shear  i s  o n l y  

a n e c e s s a r y  bu t  n o t  s u f f i c i e n t  c o n d i t i o n  o f  the  s p o r a d i c  E 

l a y e r  f o r m a t i o n .  For  t h e  p e r s i s t e n c e  o f  t h e  l a y e r  th e  p re s e n c e  

o f  m e t a l  i o n s  o f  v e r y  s m a l l  r e c o m b i n a t i o n  c o e f f i c i e n t  i s  a l s o  

n e c e s s a r y .  Be s ide s  t h e s e  f a c t o r s  o f  t h e  l a y e r  f o r m a t i o n  t h e  

t u r b u l e n c e  i s  opposed t o  th e  p e r s i s t e n c e  o f  th e  l a y e r .  The p r e ­

se nce  o f  m e ta l  i o n s ,  t h e  w ind shea r  and t u r b u l e n c e  d e t e r m i n e  

t o g e t h e r  the  f o r m a t i o n  o f  s p o r a d i c  E l a y e r s  a t  m i d - l a t i t u d e s .

The h e i g h t  o f  t h e  l a y e r  f o r m a t i o n  dep en ds  on the  wind s h e a r .

The d e n s i t y  o f  t h e  l a y e r  as compared t o  t h e  background e l e c t r o n  

d e n s i t y  i s  d e t e r m i n e d  t o  a c e r t a i n  v a l u e  by t h e  w ind s h e a r .  I f  

t h e  m a g n i tu d e  o f  t h e  w ind  shea r  exceeds  a c e r t a i n  l i m i t ,  Then 

t u r b u l e n c e  deve lo ps ,  w h i c h  r e c e i v e s  e n e r g y  f rom  the  w ind s h e a r .  

T h i s  means t h a t  be low  th e  l i m i t  th e  w in d  s h ea r  s t r e n g t h e n s ,  

t h e n  i t  weakens t h e  l a y e r .

I n  th e  l o w e r  t h e r m o s p h e re  the  w in d  s h e a r  i s  p roduced by 

a t m o s p h e r i c  g r a v i t y  waves ( o t h e r  s o u r c e s  o f  th e  t u r b u l e n c e  are  

u n i m p o r t a n t  i n  t h e  l o w e r  th e r m o s p h e re ,  i n  a t h e r m a l l y  s t a b l e  

r e g i o n  o f  the  a t m o s p h e r e ) .  The g r a v i t y  waves are generated e i t h e r  

l o c a l l y ,  o r  i n  t h e  posphe re .  As t h e  waves reach, th e  l o w e r  

t h e r m o s p h e r e  t h e y  b e g i n  t o  be damped. The ene rgy  o f  t h e  waves 

i s  t r a n s f o r m e d  i n t o  t h e  energy  o f  e d d i e s  o f  d i f f e r e n t  s c a l e ,  

i n t o  t u r b u l e n t  e n e rg y  and f i n a l l y  i n t o  t h e r m a l  ene rg y .  T h i s  

p r o c e s s  i s  shown by t h e  s p o r a d i c  E l a y e r . F u r t h e r ,  the  p rocesse s



TURBULENCE AND AERONOMICAL PROCESSES 2 5 3

r e s u l t i n g  i n  th e  f o r m a t i o n ,  p e r s i s t a n c e  and d i s p e r s a l  o f  t h e  

l a y e r  a re  d i s c u s s e d  i n  c o n n e c t i o n  w i t h  a e ro n o m ic a l  p r o c e s s e s .

CHEMISTRY OF METAL IONS

As i t  has been shown above,  t h e  p re sence  o f  m e t a l  i o n s  i s  

a l s o  nec e s s a ry  f o r  t h e  p e r s i s t a n c e  o f  t h e  l a y e r .  M e ta l  i o n s  en ­

t e r  t h e  a tmosphere  i n  consequence o f  t h e  i n f a l l  o f  m e t e o r s .  

D u r i n g  t h e  im p ac t  o f  m e te o rs  t h e i r  m a t e r i a l  i s  h ea te d  due t o  

f r i c t i o n  i n  th e  dense l a y e r s  o f  t h e  a tmosphe re  ( < 1 20  k m ) .  In  

t h i s  p ro c es s  m o l e c u l e s  e v a p o r a t e  f r o m  t h e  s u r f a c e  o f  t h e  meteor .  

I o n s  a re  p roduced e i t h e r  d i r e c t l y  due t o  c o l l i s i o n  w i t h  t h e  

m o l e c u l e s  o f  t h e  a tm o s p h e re ,  o r  l a t e r  as a r e s u l t  o f  c h a r g e  

e x c h a n g e .

I n v e s t i g a t i o n s  c o n c e r n i n g  t h e  r e l a t i o n  between t h e  i o n i z a ­

t i o n  o f  th e  s p o r a d i c  E l a y e r  and m e te o r  i n f l u x  l e d  o n l y  g r a d u ­

a l l y  t o  unambiguous r e s u l t s .  On t h e  b a s i s  o f  h o u r l y  v a l u e s  

Hedberg  (1974,  1975,  1976)  fo un d  t h a t  t h e  c o r r e l a t i o n  be tw een  

t h e  p a ra m e t e r  fbEs o f  t h e  Es l a y e r  ( p r o p o r t i o n a l  t o  t h e  i o n  

d e n s i t y )  and th e  m e te o r  i n f l u x  i s  maximum, i f  the  m e t e o r  f l u x e s  

a re  c o r r e l a t e d  w i t h  fbEs d a ta  measured f rom  3 t o  9 h o u r s  a f t e r  

t h e  o b s e r v a t i o n  o f  t h e  m e te o r  f l u x .  The d e la y  o f  t h e  enhanced 

i o n i z a t i o n  i n  t h e  l a y e r  as compared t o  t h e  i n c r e a s e  o f  t h e  

m e te o r  i n f l u x  depends on season ,  i t  i s  l e s s  i n  summer t h a n  i n  

w i n t e r .  However , t h i s  r e s u l t  i s  due t o  t h e  d i f f e r e n t  d i u r n a l  

v a r i a t i o n s  o f  t h e  q u a n t i t i e s  compared (see  F i g .  1 ) .  The i n v e s ­

t i g a t i o n s  o f  S inno (1 9 8 0 )  based on d a i l y  mean v a lu e s  have  shown 

t h e  d e l a y  o f  t h e  enhancement  o f  t h e  i o n i z a t i o n  as compared t o  

t h e  i n c r e a s e  o f  t h e  m e te o r  f l u x  t o  be 1-2  weeks and g r e a t e r  i n  

summer th an  i n  w i n t e r .  F i n a l l y ,  on t h e  b a s i s  o f  i o n o s p h e r i c  

d a t a  o f  37 y e a rs  and u s in g  d a i l y  v a l u e s  Bagga ley  and S t e e l

( 1 9 8 4 )  have shown t h a t  t h e r e  i s  no s i g n i f i c a n t  c o r r e l a t i o n  be ­

tween  th e  p a r a m e t e r s  o f  t h e  Es l a y e r  and th e  meteor  i n f l u x .

Thus,  th e  me teor  a c t i v i t y  e s t a b l i s h e s  a r e s e r v o i r  o f  m e t a l  i o n s  

i n  t h e  l o w e r  t h e r m o s p h e re  wh ich  i s  s t e a d i l y  r e p l e n i s h e d  by me­

t e o r s  and d e p l e t e d  by t h e  w ind  s h e a r .

.A co mpar ison  o f  Es t r a c e s  on ionog ram s  w i t h  r a d a r  r e f l e c ­
t i o n s  f rom  m eteor  t r a i l s  has shown t h a t  s p o r a d i c  r e f l e c t i o n s
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Fig .  1. Diurnal  v a r i a t i o n  o f  the normalized t o t a l  hour ly percentage occur­
rence of  lEm type observat ions ( f o r  the per iod from February, 1964 
to January, 1965). The annual averaged hour ly  d iurnal  meteor ra te  
i s  also shown (Goldsbrough and E l l y e t t  1976)

f r o m  t h e  E l a y e r  can be d i v i d e d  i n t o  t h r e e  g ro up s ;  1. r e f l e c ­

t i o n s  f rom s p o r a d i c  i o n i z a t i o n  p ro duced  by a s i n g l e  me teor  

( t y p e  1 Em) ,  2. r e f l e c t i o n s  f rom s p o r a d i c  i o n i z a t i o n  c r e a t e d  

by m e te o r  showers ( t y p e  2 E^) and 3. r e f l e c t i o n s  f rom s p o r a d i c  

i o n i z a t i o n  fo rmed by t h e  c o n c e n t r a t i o n  o f  m e t a l  i o n s  due t o  

w i n d  s h ea r  ( t y p e  3 Effl) ( E l l y e t t  and G o l d s b r o u g h  1976) .  The 

t y p e s  1 Em and 2 Effl a r e  t h e  d i r e c t  c o n s e qu en c es  o f  me teor  i m ­

p a c t s ,  w h i l e  th e  t y p e  3 Em i s  o n l y  an i n d i r e c t  phenomenon. Type 

1 Em r e f l e c t i o n s  do n o t  i n f l u e n c e  th e  c r i t i c a l  f r e q u e n c y  o f  t h e  

Es l a y e r  ( f o  Es) ( G o l d s b r o u g h  and E l l y e t t  1 976 ) .  In  F i g .  1 t h e  

d i u r n a l  v a r i a t i o n  o f  t h e  n o r m a l i z e d  t o t a l  h o u r l y  p e r c e n ta g e  o c ­

c u r r e n c e  o f  1 E t y p e  o b s e r v a t i o n s  and t h e  d i u r n a l  cou rse  o f  

t h e  h o u r l y  meteor  r a t e  a re  shown. The a n n u a l  v a r i a t i o n  o f  t h e  

n o r m a l i z e d  t o t a l  p e r c e n t a g e  o c c u r re n c e  o f  obse rv ed  1 Em t y p e  

r e f l e c t i o n s  ( i n f l u e n c e d  by 2 Em t y p e  r e f l e c t i o n s  d u r i n g  m e te o r  

s h o w e r s )  and th e  a n n u a l  v a r i a t i o n  o f  t h e  a ve rag e  h o u r l y  m e te o r  

r a t e  a re  p re s e n te d  i n  F i g .  2. In  case o f  2 Em typ e  r e f l e c t i o n s  

t h e  g r e a t e r  number o f  i o n i z e d  meteor  t r a i l s  may have an e f f e c t  

on f o E s ,  however such  cases  are  se ld om .  T hu s ,  t h i s  r e s u l t  seems 

t o  c o n f i r m  the  c o n c l u s i o n s  drawn by B a g g a le y  and S t e e l  ( 1 9 8 4 ) .  

By co m p a r ing  t h e  o c c u r r e n c e  f r e q u e n c y  o f  1 Em and 2 Em t y p e
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<

Month

Fig.  2. Annual va r i a t io n  o f  the normalized t o t a l  percentage occurrence of
lEm type r e f l e c t i o n s  and the annual v a r i a t i o n  of  the average hourly 
meteor ra te  ( f o r  the period from February, 1964 to January, 1965) 
(Goldsbrough and E l l y e t t  1976)

r e f l e c t i o n s  f r om  s p o r a d i c  i o n i z a t i o n  o f  m e t e o r i c  o r i g i n  w i t h

3 E r e f l e c t i o n s  i t  was found  t h a t  t h e  m a j o r i t y  o f  t h e  r e f l e c -m
t i o n s  b e lo n g s  t o  th e  g ro up  3 Em, i . e .  t o  t h e  r e f l e c t i o n s  f r o m  
s p o r a d i c  s t r a t i f i c a t i o n s  p ro du ced  by w ind  s h e a r .  E x p e r i e n c e
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shows t h a t  the  h i g h e r  t h e  v a lu e  o f  t h e  pa ram e te r  fo E s ,  o r  t h a t  

o f  f b E s  i s ,  above w h i c h  t h e  changes o f  t h e  o c c u r re nc e  f r e q u e n c y  

o f  t h e  s p o r a d i c  E l a y e r  a re  s t u d i e d ,  t h e  g r e a t e r  i s  t h e  i n f l u ­

ence  o f  the  me teor  a c t i v i t y .

Sum mar i z ing ,  i t  has  t o  be n o te d  i n  c o n n e c t i o n  w i t h  t h e  

i n t e r p r e t a t i o n  o f  t h e  c o r r e l a t i o n  between  the  meteor  i n f l u x  

and t h e  i on  d e n s i t y  i n  t h e  Es l a y e r  t h a t  two c o n d i t i o n s  have 

t o  be c o n s i d e r e d ,  when s e a r c h i n g  f o r  c o r r e l a t i o n  between m e te o r  

a c t i v i t y  and Es, 1. p r e s e n c e  o f  o t h e r  f a c t o r s  p r o d u c in g  s p o r a d ­

i c  E l a y e r s ,  2. s t e a d y  e x i s t e n c e  o f  m e t a l  i o n s  i n  t h e  E r e g i o n .  

The l a t t e r  c o n d i t i o n  can be p ro ved  by t h e  compar ison  o f  t h e  

c o n c e n t r a t i o n  o f  m e t a l  i o n s  measured i n  p e r i o d s  w i t h o u t  m e te o r  

s h o w e r s  w i t h  th e  c o n c e n t r a t i o n  o f  t h e s e  i o n s  observed d u r i n g  

m e t e o r  showers .

The c o n c e n t r a t i o n  and d i s t r i b u t i o n  o f  me ta l  i o n s  i n  th e  

l o w e r  ther m osphe re  have  been i n t e n s i v e l y  s t u d i e d  i n  t h e  l a s t  

y e a r s .  The m e ta l  i o n s  i n  t h e  F r e g i o n  a re  i n  the  o r d e r  o f  d e ­

c r e a s i n g  c o n c e n t r a t i o n :  Fe+ , Mg+ , A l + , S i + , Na+ and Ca+ . Con­

s i d e r i n g  the  s p a t i a l  and te m p o r a l  v a r i a t i o n s  o f  the  c o n c e n t r a ­

t i o n  o f  Fe+ i o n s  a t  n i g h t ,  th e  p r o b a b i l i t y  o f  the c o n c e n t r a ­

t i o n  b e i n g  g r e a t e r  t h a n  a c e r t a i n  l e v e l  i s  maximum be low  400 km 

and a t  low l a t i t u d e s  ( < 2 0 ° )  i n  t h e  e v e n in g  hours  (Kumar and 

Hanson  198 0) .  M e ta l  i o n s  are  t r a n s p o r t e d  by d i f f e r e n t  p r o c e s s e s  

f r o m  t h e  lo w e r  i o n o s p h e r e  t o  th e  u p p e r  i o n o s p h e r e  and i n v e r s e l y .  

I f  t h e  f o r c e s  a c t i n g  on i o n s  ( w i n d s ,  m a g n e t i c  and e l e c t r i c  

f i e l d s )  a re  known, t h e  d i u r n a l  v a r i a t i o n  o f  the  t r a n s p o r t  can 

be d e t e r m i n e d .  In  d a y t i m e  th e  p o l e w a r d  w ind  f o r c e s  th e  i o n s  t o  

move a l o n g  the  g e o m a g n e t i c  f i e l d  l i n e s  downwards f rom t h e  F 

r e g i o n ,  w h i l e  a t  n i g h t  t h e  e q u a t o r w a r d  w ind  r e t u r n s  them t o  

t h e  F r e g i o n .  D u r i n g  t h e  f l i g h t  o f  t h e  s a t e l l i t e  0G0-6 m easu re ­

m e n t s  have shown t h e  p re s e n c e  o f  Fe+ i o n s  a t  low l a t i t u d e s  t o  

an a l t i t u d e  o f  1000 km. G e n e r a l l y ,  t h e  p resence  o f  Fe+ i o n s  i n  

s u c h  l a r g e  a l t i t u d e s  i s  e x p l a i n e d  -  i n  t h e  presence o f  a s te a d y  

e a s t w a r d  w ind i n  t h e  E r e g i o n  -  by an Uxb d r i f t .  T h i s  c o u l d  

r a i s e  i o n s  a t  a l l  l a t i t u d e s  t o  an a l t i t u d e ,  where t h e y  a re  

c a r r i e d  by an e q u a t o r w a r d  w ind t o  t h e  F r e g i o n .  In  t h e  v i c i n i t y  

o f  t h e  m agne t i c  e q u a t o r  t h e  t r a n s p o r t  i s  assured by th e  v e r t i c a l
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E*b d r i f t .  The d e t e c t i o n  p r o b a b i l i t y  o f  Mg+ i o n s  i s  maximum 

be low 150 km i n  d a y t i m e  and i n  230 km a t  n i g h t ,  and a t  low l a ­

t i t u d e s  nea r  noon (Kumar and Hanson 1 9 0 0 ) .  The c o n c e n t r a t i o n  o f  

th e  o t h e r  m e ta l  i o n s  i s  by an o r d e r  o f  m a g n i t u d e  l e s s  th an  t h a t  

o f  t h e  i o n s  Fe+ and Mg+ .
The m e t a l  i o n s  i n  the  E r e g i o n  a re  i n  th e  o r d e r  c f  decreas­

i n g  c o n c e n t r a t i o n  Fe+ , Mg+ , N i + , A l + , Ca+ , K+ , Na+ , C r + , Co+ 

and S i + . In  the  l o w e r  i o n o s p h e r e  th e  m e t a l  i o n s  fo rm  u s u a l l y  

l a y e r s  and t h i s  i s  due t o  th e  w ind s h e a r .  D u r i n g  p e r i o d s  

w i t h o u t  m e te o r  showers  measurements have shown a d i s t r i b u t i o n  

o f  t h e  m e t a l  i o n s  p r e s e n t e d  i n  F i g .  3. The g e n e r a l  c h a r a c t e r i s ­

t i c  o f  such p r o f i l e s  i s  a l a y e r  o f  a h a l f - w i d t h  o f  5 -10 km near  

93 km c o n t a i n i n g  m o s t l y  Fe+ and Mg+ i o n s ,  b u t  a l s o  Na+ , A l + ,

Density-ions/cc

Fig. 3. Ion composit ion i n  the E region o f  the ionosphere a f t e r  sunset 
showing a blanket ing  sporadic E l aye r  fNarc is i  1973, reproduced 
wi th  permission o f  D. Reidel Publ. Co., Dordrecht,  Hol land)
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Ca+ , N i + and i ons  o f  o t h e r  m e t a l s ,  as w e l l  as o t h e r  t h i n n e r  

l a y e r s  a t  h i g h e r  a l t i t u d e s  c o n s i s t i n g  o f  S i + , Mg* and Fe+ io n s  

( N a r c i s i  1968, 1 97 1 ) .  I n  t h e  lo w e r  l a y e r  th e  r e l a t i v e  abundances 

o f  t h e s e  m e ta l s  ag ree  w i t h  the  r e l a t i v e  abundance o f  t h e s e  

m e t a l s  i n  c h o n d r i t e  m e t e o r i t e s .  The p r o f i l e s  o f  th e  d i f f e r e n t  

i o n s  a re  s i m i l a r .  The h e i g h t  o f  th e  l o w e r  l a y e r  and th e  c o n ­

c e n t r a t i o n  o f  i o n s  i n  i t  a re  s t e a d i e r  as compared t o  t h e  upper  

l a y e r s .  A t h i n  l a y e r  c o m p r i s i n g  S i + i o n s  a t  a h e i g h t  o f  1 i  0 km 

seems t o  be a f r e q u e n t  c h a r a c t e r i s t i c s  o f  t h e  d a y t im e  i o n o ­

s p h e r e ,  t o o .  The c o n d i t i o n  t h a t  th e  c o n c e n t r a t i o n s  o f  t h e  i on s  

N0+ , 0^ i n  the m e t a l  i o n  l a y e r s  are  l e s s  t h a n  o u t s i d e  t h e s e  

l a y e r s  i s  due t o  th e  h i g h e r  c o n c e n t r a t i o n  o f  e l e c t r o n s  i n  these 

l a y e r s  a c c e l e r a t i n g  t h e  l o s s  o f  m o l e c u l a r  i o n s  by d i s s o c i a t i v e  

r e c o m b i n a t i o n .  The c h a r g e  exchange between m e t a l  and m o l e c u l a r  

i o n s  can a l s o  c o n t r i b u t e  to  th e  dec rea sed  c o n c e n t r a t i o n  o f  

m o l e c u l a r  i o n s .  The c o n c e n t r a t i o n  o f  m e t a l  i o n s  amounts t o  10 

t o  100 p e r c e n t  o f  t h e  t o t a l  i on  d e n s i t y .

D u r i n g  the  y e a r  t h e  g r e a t e s t  meteor  showers  a re  the  

P e r s e i d s  i n  August  and t h e  Geminids  i n  December.  The r e s u l t s  o f  

t h e  measurements c a r r i e d  o u t  d u r i n g  th e  Gemin id  m e teor  shower  

a r e  shown i n  F i g .  4 ( Z b i n d e n  e t  a l .  1 97 5 ) .  The c o n c e n t r a t i o n s  

o f  t h e  m e ta l  i o n s  a re  n o t  h i g h e r  than  i n  t h e  p e r i o d s  w i t h o u t  

m e t e o r  showers .  The i o n s  Na+ , Mg+ , A l + , S i + , K+ , Ca+ ,

T i + , C r + , Fe+ , Mn+ , N i + , Co+ , Zn+ and th e  i s o t o p e s  o f  Mg+ , S i + , 
K+ , Ca+ , Fe+ , Mn+ , N i + were i d e n t i f i e d .  The main m e ta l  i o n  lay e r  

e x i s t s  a l s o  i n  t h i s  c a s e .  The f a c t  t h a t  t h e  d e n s i t y  maxima o f  

t h e  h e a v i e r  me ta l  i o n s  a re  l o c a t e d  a t  somewhat h i g h e r  a l t i t u d e s  

t h a n  t h e  d e n s i t y  maxima o f  th e  l i g h t e r  i o n s  can be e x p l a i n e d  

by t h e  d i f f e r e n t  s h i f t ,  w i t h  wh ich  th ese  i o n s  f o l l o w  th e  nodes 

o f  t h e  g r a v i t y  waves.  C o m p u ta t i o n s  have shown t h a t  o n l y  a 

s m a l l  p a r t  o f  th e  m e t a l  atoms i s  i o n i z e d .  I n  t h i s  case t h e  c o n ­

c e n t r a t i o n s  o f  th e  i o n s  N a + , A l + and Ca+ r e l a t i v e  t o  t h a t  o f  

Mg+ i o n s  agree w e l l  i n  t h e  r e g i o n  be low  t h e  main m e ta l  l a y e r  

w i t h  t h e  v a lu es  o f  t h e  s o l a r  sys tem,  b u t  t h e  abundances o f  Fe+ 

and N i + are  a p p r o x i m a t e l y  t w i c e  as g r e a t .  I n  t h e  main m e t a l  

l a y e r  t h e  dominant  m e t a l  i o n s  are  Fe+ and Mg+ , how eve r ,  i n  th e
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Fig.  4. Height v a r ia t io n  of the metal ion dens i t ies  during the Geminid mete­
or shower (Reprinted wi th permission from Planet. Space Se i . ,  vo l .  
23, Zbihden P A, Hidalgo M A, Eberhardt P, Geiss J, Mass spectrome­
t e r  measurements of  the pos i t i ve  ion composition in the D- and E- 
- regions of  the ionosphere, 1975, Pergamon Journals L td . )

upp e r  l a y e r  t h e  S i + i o n  i s  th e  most  abundan t  one as a l s o  i n  

p e r i o d s  w i t h o u t  me teor  show ers .  The d i f f e r e n c e  between th e  

d i s t r i b u t i o n  o f  S i + i ons  and th e  p r o f i l e s  o f  me ta l  i o n s  i s  due 

t o  the  f a c t  t h a t  th e  m e ta l  o x i d e s  can be reduced by a t o m i c  o x y ­

gen,  w h i l e  i n  case o f  SiO t h i s  i s  n o t  p o s s i b l e .  The c o n c e n t r a ­

t i o n s  o f  a l k a l i  i o n s  are  t w i c e  as g r e a t  as the  u s u a l  v a l u e s .  

T h i s  i s  p r o b a b l y  connec te d  w i t h  t h e  low  i o n i z a t i o n  p o t e n t i a l s  

o f  the  a l k a l i  m e t a l s .  The r e s u l t s  o f  t h e  measurements c a r r i e d  

o u t  d u r i n g  t h e  P e r s e i d  meteor  shower  a re  shown i n  F i g .  5 ( H e r r ­

mann e t  a l .  1 9 7 8 ) .  The main m e t e o r i c  l a y e r  appears  a l s o  h e re  i n  

t h e  p r o f i l e .  As i n  o t h e r  c a s es ,  Na+ , Mg+ , A l + , S i + , K+ , Ca+ ,
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Fig.  5. Height var i a t ion  o f  the metal ion dens i t ies  dur ing the Perseid mete­
or  shower (Reprinted w i th  permission from Space Res. X V I I I . ,  
Herrmann.0, Eberhardt P, Hidalgo M. A, Kopp E, Smith L, Metal ions 
and isotopes in sporadic E layers dur ing the perseid meteor shower, 
1978, Pergamon Journals L td . )

T i + , C r + , Mn+ , Fe+ , Co+ and N i + i o n s  were o b s e rv e d .  As i n  t h e  

p r o f i l e  t o t a l  m e ta l  i o n  c o n c e n t r a t i o n s  a re  p l o t t e d ,  th e  .con­

c e n t r a t i o n s  o f  th ese  i o n s  a re  a l s o  i n  t h i s  case not  h i g h e r  th a n  

i n  p e r i o d s  w i t h o u t  s h o w e rs .  The s t u d y  o f  t h e  abundances o f  t h e  

m e t a l  I o n s  has shown t h a t  t h e  c o n c e n t r a t i o n  o f  t h e  i r o n  g ro up  

i o n s  N i + , Cr+ , Co+ and Mn+ , b u t  a l s o  t h a t  o f  Na+ i o n s  n o rm a l iz e d  

t o  t h e  c o n c e n t r a t i o n  o f  Fe'  agree  w i t h  t h e  e l e m e n t a l  abundance 

i n  c a rb o n a c e o u s  c h o n d r i t e s .  However ,  t h e  c o n c e n t r a t i o n s  o f  the
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Mg+ , A l + , Ca+ i o n s  b u t  e s p e c i a l l y  t h e  c o n c e n t r a t i o n s  o f  t h e  T i + 

and S i + i o n s  a re  s u b s t a n t i a l l y  l o w e r ,  t h a n  i n  ca rb on aceou s  

c h o n d r i t e s .  T h i s  d e p l e t i o n  o f  T i + and S i + i o n s  i s  p r o b a b l y  c o n ­

n e c te d  w i t h  t h e  c h e m ic a l  p ro c e s s e s  d i f f e r i n g  f rom th e  r e a c t i o n s  

o f  o t h e r  m e ta l  i o n s  as i t  has been d e m o n s t r a t e d  i n  case o f  t h e  

Gemin id  shower .  The i s o t o p i c  r a t i o s  showed no s u b s t a n t i a l  d i f ­

f e r e n c e  between th e  i s o t o p i c  r a t i o s  i n  t h e  E l a y e r  and th e  

t e r r e s t r i a l  i s o t o p i c  abundances.

As r e g a r d s  t h e  e x i s t e n c e  o f  t h e  a l k a l i  m e t a l  i o n s  Na+ and 

K+ , o b s e r v a t i o n s  have shown t h a t  t h e  c o n c e n t r a t i o n  o f  K+ i o n s  

o f  m e t e o r i c  o r i g i n  does n o t  change d u r i n g  th e  y e a r ,  b u t  due t o  

v e r t i c a l  t r a n s p o r t  th e  c o n c e n t r a t i o n  o f  Na+ i o n s  o f  t e r r e s t r i a l  

o r i g i n  i s  g r e a t e r  i n  w i n t e r  t h a n  i n  summer (Megie  e t  a l .  1 97 8 ) .

I n  the  D and E r e g i o n s  th e  f o l l o w i n g  r e a c t i o n s  p a r t i c i p a t e  

i n  th e  p r o d u c t i o n  and l o s s  o f  m e t a l  i o n s :

+ CM 
О + M — M+ + 0 2 ( 1 )

N0 + + M - * M+ + NO (2)
0 + M > M0+ + e (3)

°2 + MO — M0+ + o2 (4)
N0 + + MO — M0+ + NO (5)

M+ + °2 — M0+ + 0 (6)
M+ + °3 — M0+ + 0 2 (7)

+ °2 + X -*■ MO* + X (8)
M0+ + 0 - M+ + 0 2 (9)
MO* + 0 - > M0+ + 0 2 ( 1 0 )

M0 + + e M + 0 ( 1 1 )

where M, X d e n o te  r e s p e c t i v e l y  m e t a l  and a t h i r d  p a r t i c l e .

P h o t o i o n i z a t i o n  can be n e g l e c t e d  as compared t o  t h e  ch a rge  

exchange. Assuming q u a s i - s t a t i o n a r y  c o n d i t i o n s  th e  f o l l o w i n g  

e q u a t i o n s  a re  o b t a i n e d  on th e  b a s i s  o f  t h e s e  r e a c t i o n s  f o r  t h e  

m e t a l  i o n s
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r +n (k i[O j]  + ><2 К ] >  M  -  k9 [MO+] [o]

к6[°2] + k7 [°3] + k8 [°2] [X]

k3[0][M] + ( k j o ^ j  ♦ k5 [N0+] )  [MO] + ( k j 0 2] + k7 [0 ] )  [M+]
MU I = ----------------------------------------------------- r—ч------------- f—ï------------------------------------------- +

k9 [ ° ]  -  k u [e]

, kio K ][° l 
k9[o] + ku [e]

ke[M+][02][x]
кюТ°3

C o m p u ta t i o n s  have shown t h a t  t h e  c o n c e n t r a t i o n  o f  m e t a l  

o x i d e s  i s  d e te rm ine d  e r r o n e u s l y  i n  t h e  m a j o r i t y  o f  t h e  cases  a t  

t h e  p r o c e s s i n g  o f  mass s p e c t r o m e t e r  measurem ents .  The c o n c e n t r a ­

t i o n  e s t a b l i s h e d  i s  u s u a l l y  g r e a t e r  t h a n  i t  wou ld  be a c c o r d i n g  

t o  t h e  c h e m ic a l  r e a c t i o n s .  The e r r o n e u s  v a lu e  o f  th e  c o n c e n t r a ­

t i o n  i s  due on th e  one hand t o  a c o n t a m i n a t i o n  o f  the  mass 

s p e c t r o m e t e r ,  on th e  o t h e r  hand t o  t h e  c o n d i t i o n s  t h a t  t h e  mo­

l e c u l a r  w e i g h t  o f  th e  m e t a l  o x i d e  i s  e q u a l  t o  t h e  m o l e c u l a r  

w e i g h t  o f  an o t h e r  component  o f  t h e  i o n o s p h e r i c  gas (Murad 

1 9 7 8 ) .  As r e g a rd s  SiO,  i t  i s  no ted  t h a t  th ou gh  th e  d e p o s i t i o n  

o f  t h e  n e u t r a l  s i l i c o n  i n  t h e  E r e g i o n  i s  s i m i l a r  t o  th e  depo ­

s i t i o n  o f  i r o n  and magnes ium,  be low 100 km due t o  the  r e a c t i o n s

S i + + H20 —»■ HSiO+ + H 

HSiO+ + e SiO + H .

SiO i s  p ro duced  and t h u s  t h e  c o n c e n t r a t i o n  o f  S i + i s  l e s s  t h a n  

t h e  c o n c e n t r a t i o n s  o f  o t h e r  m e teor  i o n s .  Be low 90 km S i + i o n s  

a re  l o s t  by r e a c t i n g  w i t h  0 2 more q u i c k l y  t h an  Mg+ and Fe+ i o n s  

and p r o d u c e  S i 0 2 (F e r g u s o n  e t  a l .  1 9 8 1 ) .  T h i s  i s  the  r ea son  why 

t h e  c o n c e n t r a t i o n  o f  S i  i s  low as compared t o  t h e  c o n c e n t r a ­

t i o n s  o f  Mg+ and Fe+ i o n s  i n  t h e  main l a y e r .

The i n v e s t i g a t i o n  o f  t h e  m e ta l  d i o x i d e s  y i e l d e d  s i m i l a r  
r e s u l t s  (Murad 1978) .
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E x p e r i m e n t a l l y  fo u n d  r e c o m b i n a t i o n  c o e f f i c i e n t s  o f  t h e  

m e t a l  i o n s  a re  v e ry  s m a l l .  These c o n d i t i o n s  p ro v id e  f o r  t h e  

l a s t i n g  p re sen ce  o f  a l a y e r  o f  an i o n  d e n s i t y  g r e a t e r  t h a n  i n  

i t s  s u r r o u n d i n g s .

WIND-SHEAR

W in d -s h e a r  i s  t h e  o t h e r  b a s i c  f a c t o r  o f  the  f o r m a t i o n  o f  

s p o r a d i c  E l a y e r s .  However ,  as i t  w i l l  be e x p l a i n e d  l a t e r ,  t h e  

w ind  sh e a r  p romotes  n o t  o n l y  t h e  f o r m a t i o n ,  bu t  a l s o  t h e  d i s ­

p e r s a l  o f  th e  l a y e r .
The d e t e r m i n a t i o n  o f  t h e  w ind  s h e a r  i s  both  d i r e c t l y  and 

i n d i r e c t l y  d i f f i c u l t .  T h e r e f o r e ,  t h e  number o f  papers  d e a l i n g  

w i t h  t h e  w i n d - s h e a r  i s  a l s o  s m a l l .  As r e g a r d s  the  d i r e c t  m e t h ­

ods,  t h e  w ind  shea r  can be d e t e r m i n e d  by means o f  c h e m i c a l  

t r a i l s .  T h i s  method l e a d s  t o  a good h e i g h t  r e s o l u t i o n .  Rosenberg 

( 1 9 6 8 )  c o l l e c t e d  th e  d a ta  o f  70 m i d - l a t i t u d e  wind p r o f i l e s  ob ­

t a i n e d  by t h e  method o f  c h e m i c a l - r e l e a s e .  In  F i g .  6 t h e  h e i g h t  

p r o f i l e  o f  th e  w ind  s h e a r  d e t e r m i n e d  on th e  b a s i s  o f  t h e s e  da ta  

i s  shown.  The wind s h e a r  d ec rea s es  w i t h  i n c r e a s i n g  h e i g h t  f i r s t

_____________ I__________ I__________ I_____________________I_______ j ___________ 1 ■

2 5 10 20 30 5 10 20 30
m/s/km m/s/km

Fig. 6. Height p r o f i l e  o f  the mean wind-shear determined on the basis of  
chemical t r a i l s  ( l e f t )  (Rosenberg 1968) and computed by means of  
sporadic E parameters ( r i g h t )  f o r  w in ter  c i rcu la t i on  disturbances 
in  the lower thermosphere connected w i th  st ratospher ic warmings 
( t r i a ng les )  and f o r  normal w in ter  cond it ions ( c i r c le s )  (Bencze 1980)
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s l o w l y ,  then  more q u i c k l y .  Another  d i r e c t  method o f  th e  w i n d -  

- s h e a r  d e t e r m i n a t i o n  i s  th e  p a r t i a l  r e f l e c t i o n  method.  From th e  

d a t a  o b t a i n e d  w i t h  t h i s  method Manson e t  a l .  (1974 )  i n f e r r e d  

t h e  d a y - t i m e  v a r i a t i o n  o f  the  w i n d - s h e a r  i n  d i f f e r e n t  h e i g h t  

i n t e r v a l s  ( F i g .  7 ) .  A l t h o u g h  the d a y - t i m e  v a r i a t i o n  p r e s e n t e d  

h e r e  r e f e r s  o n l y  t o  A p r i l ,  i t  i s  howeve r  c h a r a c t e r i s t i c  o f  t h e

hours, CSX

Fig .  7. Day-time v a r ia t io n  of  
the amplitude ( A V ) ,  
shear and v e r t i c a l  
wave length ( Л2) as­
sociated wi th the i r ­
regular wind component 
(Manson A H, Gregory J 
B, Stephenson D G,
1974, J. átmos. Se i .
31, 2207-2215, by 
courtesy of  the 
American Meteorological  
Society)



TURBULENCE AND AERONOMICAL PROCESSES 2 65

o t h e r  mon ths ,  t o o .  There i s  no d a y - t i m e  v a r i a t i o n  i n  t h e  h e i g h t  

i n t e r v a l  74-88 km. I n  t h e  h e i g h t  i n t e r v a l  89-103 km t h e  d ay -  

- t i m e  v a r i a t i o n  i s  i r r e g u l a r ,  t hough  nea r  noon a s m a l l  minimum 

can be seen .  In  t h e  h e i g h t  i n t e r v a l  104-111 km th e  d a y - t i m e  va­

r i a t i o n  shows a minimum a b o u t  noon w i t h  i n c r e a s i n g  v a l u e s  t o ­

wa rds  b o th  s u n r i s e  and s u n s e t .  I n  summer t h e  w i n d - s h e a r  i s  s i g ­

n i f i c a n t l y  l e s s  t h an  i n  w i n t e r  o r  d u r i n g  e q u in o x e s .

An i n d i r e c t  method o f  th e  w i n d - s h e a r  d e t e r m i n a t i o n  a t  m id -  

- l a t i t u d e s  i s  based on t h e  a p p l i c a t i o n  o f  t h e  p a r a m e t e r s  o f  the 

s p o r a d i c  E l a y e r .  As i t  i s  known f r o m  th e  w i n d - s h e a r  t h e o r y  o f  

t h e  s p o r a d i c  E l a y e r  f o r m a t i o n ,  t h e  i n f l u e n c e  o f  t h e  geomagnet ­

i c  f i e l d  on the  m o t i o n  o f  i o n s  mov ing w i t h  th e  n e u t r a l  p a r t i ­

c l e s  r e s u l t s  i n  s t r a t i f i c a t i o n s  o f  t h e  i o n  d i s t r i b u t i o n .  From 

t h e  e q u a t i o n  o f  m o t i o n  o f  i o n s  one g e t s :

where  \ г ,  a re  r e s p e c t i v e l y  t h e  c o l l i s i o n  f r e q u e n c y  and

t h e  g y r o f r e q u e n c y , U i s  t h e  w ind  v e l o c i t y  and £ i s  t h e  u n i t  

v e c t o r  o f  t h e  g e o m a g n e t ic  f i e l d .  S in ce  t h e  m o t io n  o f  i o n s  i s  

d e t e r m i n e d  by t h e  m o t i o n  o f  t h e  n e u t r a l  gas and by t h e  geomag­

n e t i c  f i e l d ,  th e  v e l o c i t y  o f  i o n s  has t h r e e  compon en ts ,  p a r a l ­

l e l  t o  t h e  v e l o c i t y  o f  t h e  n e u t r a l  p a r t i c l e s ,  p e r p e n d i c u l a r  to  

b o t h  t h e  v e l o c i t y  o f  t h e  n e u t r a l  p a r t i c l e s  and th e  geo m a gn e t ic  

f i e l d ,  and p a r a l l e l  t o  t h e  geo m a gn e t ic  f i e l d .  The f a c t o r  by 

w h ic h  t h e  te rms i n  t h e  e q u a t i o n  a re  m u l t i p l i e d ,  i s  t h e  r a t i o  

o f  t h e  c o l l i s i o n  f r e q u e n c y  t o  t h e  g y r o f r e q u e n c y . S in c e  i n  the  

l o w e r  t h e rm o s p h e re  t h e  c o l l i s i o n  f r e q u e n c y  dec rea s es  w i t h  

h e i g h t  more r a p i d l y  t h a n  th e  g y r o f r e q u e n c y , t h e i r  r a t i o  de ­

c r e a s e s ,  t o o .  As a r e s u l t  o f  t h i s  t h e  m o t i o n  o f  t h e  i o n s  i s  

d e t e r m i n e d  a t  t h e  base o f  t h e  t h e r m o s p h e re  by t h e  m o t i o n  o f  

t h e  n e u t r a l  p a r t i c l e s ,  i . e .  by t h e  w ind  and th e  d i r e c t i o n  o f  

t h e  m o t i o n  c o r r e s p o n d s  t o  t h a t  o f  t h e  w in d .  W i th  i n c r e a s i n g  a l ­

t i t u d e  t h i s  component  becomes i n s i g n i f i c a n t  and th e  m o t i o n

2

V1



2 6 6 P BENCZE

becomes p re d o m in a n t ,  w h i c h  i s  d e te rm in e d  by t h e  w ind and the  

g e o m a g n e t i c  f i e l d ,  and i s  p e r p e n d i c u l a r  t o  b o t h  th e  w ind  v e l o c ­

i t y  and the  g e o m a g n e t i c  f i e l d .  F i n a l l y ,  a l s o  t h i s  component  

l o s e s  i t s  im p o r ta nc e  and t h e  mot i on  d e t e r m i n e d  by th e  geomag­

n e t i c  f i e l d  and p a r a l l e l  t o  i t  becomes d o m i n a n t .  S u b s t i t u t i n g  

t h e  e x p r e s s i o n  o f  t h e  i o n  v e l o c i t y  i n t o  t h e  c o n t i n u i t y  equa­

t i o n

and n e g l e c t i n g  th e  g r a d i e n t s  o f  the  i o n  d e n s i t y  and o f  th e  tem­

p e r a t u r e ,  the v e r t i c a l  and m e r i d i o n a l  comp on en ts  o f  th e  w in d ,  

i n  q u a s i  s t a t i o n a r y  c o n d i t i o n s  the  e f f e c t i v e  w i n d - s h e a r  i s  ob ­
t a i n e d  as

where  n ^ o i s  the  i o n  d e n s i t y  i n  the  absence o f  t h e  w in d - s h e a r  

( w i t h i n  th e  l a y e r ) ,  n.  i s  th e  maximum i o n  d e n s i t y  i n  the  

l a y e r  and I  i s  th e  m a g n e t i c  d i p .  I t  i s  assumed t h a t  th e  recom­

b i n a t i o n  c o e f f i c i e n t  w i t h i n  the  l a y e r  i s  e q u a l  t o  th e  r e c o m b i ­

n a t i o n  c o e f f i c i e n t  o u t s i d e  o f  the  l a y e r .  Reddy and M a t s u s h i t a  

( 1 9 6 8 )  employed t h i s  r e l a t i o n  f o r  t h e  d e t e r m i n a t i o n  o f  the  

w i n d - s h e a r .  I n s t e a d  o f  t h e  u n d i s t u r b e d  i o n  d e n s i t y  a t  the

h e i g h t  o f  the  l a y e r  ( i n  absence o f  w i n d - s h e a r )  th e y  used th e
о

maximum e l e c t r o n  d e n s i t y  i n  t h e  E r e g i o n  ( f o E  ) m u l t i p l i e d  by 

a f a c t o r .  I n  the  c o m p u t a t i o n s  o f  th e  c o l l i s i o n  f r e q u e n c y  and 

o f  t h e  g y r o f r e q u e n c y  t h e  changes o f  th e  a t m o s p h e r i c  p a r a m e t e r s  

w i t h  h e i g h t  were n o t  c o n s i d e r e d .  Their  d a t a  a re  mean v a lu e s  o f  

t h e  e f f e c t i v e  w i n d - s h e a r  r e f e r r i n g  to  t h e  h e i g h t  r an ge ,  where 

s p o r a d i c  E l a y e r s  o c c u r .  I n  F i g .  8 the  d i u r n a l  v a r i a t i o n  o f  th e  

e f f e c t i v e  w i n d -s h e a r  c o n s t r u c t e d  by means o f  th ese  data  can be 

seen w h i c h  has a d a y - t i m e  maximum and a minimum a t  n i g h t ,  j u s t

2
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Fig. 8. Diurnal  v a r i a t io n  of  the e f f e c t i v e  wind-shear deduced from blanket­
ing sporadic E in  June-July. The so l i d  curves represent average 
values f o r  1958-1961, the broken curves fo r  1962-1965 (Reprinted 
wi th permission from J. átmos. t e r r .  Phys., vo l .  30, Reddy C A and 
Matsushita S, The va r ia t i ons  of  neut ra l  wind shears i n  the E-region 
as deduced from blanket ing Es, 1968, Pergamon Journals L td . )

c o n t r a s t e d  w i t h  t h e  r e s u l t s  o f  th e  p a r t i a l  r e f l e c t i o n  measure­

m en ts .  Th i s  i s  p r o b a b l y  due t o  th e  a p p r o x i m a t i o n s  m en t i oned  

above .  Reddy and M a t s u s h i t a  d e t e r m i n e d  a l s o  t h e  s e a s o n a l  v a r i a ­

t i o n  and th e  change o f  t h e  e f f e c t i v e  w in d - s h e a r  w i t h  s o l a r  ac ­

t i v i t y .  They fo u n d  t h a t  th e  e f f e c t i v e  w i n d - s h e a r  i s  l a r g e r  i n  

summer than  i n  w i n t e r ,  m o r e o v e r ,  i t  d ec reases  w i t h  d e c r e a s i n g  

s o l a r  a c t i v i t y .

I n  o r d e r  t o  c o r r e c t  t h e  d é f i c i e n c e s  o f  t h e  e f f e c t i v e  w in d -  
- s h e a r  d e t e r m i n a t i o n  a method has been d e v e lo p e d .  The v a lu e s  o f
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t h e  u n d i s t u r b e d  i o n  d e n s i t y  a t  the  h e i g h t  o f  th e  s p o r a d i c  E 

l a y e r  a r e  computed by means o f  f o r m u la s  g i v i n g  th e  e l e c t r o n  

( i o n )  d i s t r i b u t i o n  i n  i o n o s p h e r i c  m od e ls .  I n  t h e s e  f o r m u la s  

foE  v a l u e s  measured s i m u l t a n e o u s l y  w i t h  t h e  Es p a ram e te rs  are  

u s e d .  Thus,  the  c o m p u t a t i o n s  a re  l i m i t e d  t o  d a y - t i m e  h o u r s .  I n  

t h e  d e t e r m i n a t i o n  o f  t h e  c o l l i s i o n  f r e q u e n c y  th e  decrease o f  

b o t h  t h e  n e u t r a l  gas d e n s i t y  and o f  th e  m o l e c u l a r  w e i g h t  w i t h  

h e i g h t  a re  taken  i n t o  a c c o u n t  u s in g  a t m o s p h e r i c  mode ls .  Com­

p u t i n g  t h e  g y r o f r e q u e n c y , t h e  decrea se  o f  t h e  geo magn et ic  f i e l d  

and o f  t h e  m o l e c u l a r  w e i g h t  a re  a l s o  t a k e n  i n t o  c o n s i d e r a t i o n .  

Thus ,  i t  was p o s s i b l e  t o  d e t e r m i n e  a l s o  t h e  h e i g h t  v a r i a t i o n  o f  

t h e  e f f e c t i v e  w in d - s h e a r  (Bencze 1 980 ) .  A c c o r d i n g  t o  th ese  r e ­

s u l t s ,  i n  the  w i n t e r  m on th s  t h e  e f f e c t i v e  w i n d - s h e a r  dec rea ses  

w i t h  i n c r e a s i n g  h e i g h t .  A t  t h e  same t i m e ,  d u r i n g  w i n t e r  c i r ­

c u l a t i o n  d i s t u r b a n c e s  i n  t h e  l o w e r  t h e r m o s p h e re  conn ec ted  w i t h  

s t r a t o s p h e r i c  warmings t h e  e f f e c t i v e  w i n d - s h e a r  i s  l e s s  t o  a 

h e i g h t  o f  130 km than  i n  o t h e r  p e r i o d s  o f  t h e  w i n t e r  ( F i g .  6 ) .  

S i n c e  t h e  decrease o f  t h e  w i n d - s h e a r  i s  due t o  th e  i n c r e a s e  o f  

t h e  v e r t i c a l  wave l e n g t h  o f  t h e  g r a v i t y  waves, i t  may be assumed 

t h a t  t h i s  i n d i c a t e s  t h e  d e c r e a s e d  damping o f  a t m o s p h e r i c  waves 

o r  t h e  i n c r e a s e  o f  t h e  v e r t i c a l  ene rgy  f l u x .

TURBULENCE AND AER0N0MICAL PROCESSES IN THE LOWER THERMOSPHERE

The w i n d - s h e a r  can p r o d u c e  n o t  o n l y  s t r a t i f i c a t i o n s ,  b u t  

w i t h  i t s  i n c r e a s e  a l i m i t  i s  reached  where t h e  t u r b u l e n c e  p r o ­

duced by t h e  w in d - s h e a r  p ro m o t e s  th e  d i s p e r s a l  o f  the  l a y e r .  

T h e r e f o r e ,  th e  p o s s i b i l i t y  o f  th e  dev e lo pm e n t  o f  th e  t u r b u l e n c e  

and i t s  i n t e n s i t y  have t o  be d e t e r m i n e d .  As i t  i s  known, t h e  

c r i t e r i o n  o f  the  t u r b u l e n c e  can be e x p re s s e d  by th e  R ic ha rd s on  

num be r .  A c c o r d in g  t o  e x p e r i m e n t s ,  i f  th e  g r a d i e n t  R icha rd son  

number

90

R 9z

i s  l e s s  t h a n  0 .2 5 ,  t h e  m o t i o n  i s  t u r b u l e n t .  Here th e  v e r t i c a l
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t e m p e r a t u r e  g r a d i e n t ,  i . e .  the  s t a b i l i z i n g  f o r c e  i s  i n  t h e  n u ­

m e r a t o r ,  w h i l e  i n  t h e  d e n om ina to r  t h e  w i n d - s h e a r  s q u a re d ,  t h a t  

i s  t h e  d e s t a b i l i z i n g  f o r c e  can be f o u n d .  Com pu ta t i ons  c a r r i e d  

o u t  w i t h  model  v a l u e s  o f  th e  t e m p e r a t u r e  and w i t h  w i n d - s h e a r  

v a l u e s  o b t a i n e d  by means o f  s p o r a d i c  E p a r a m e t e r s  have shown 

t h a t  i n  Es l a y e r s  t h e  m o t i o n  i s  a lw a y s  t u r b u l e n t .  T h i s  means 

t h a t  t h e  t u r b u l e n c e  p l a y s  an i m p o r t a n t  r o l e  i n  the  f o r m a t i o n  

o f  s p o r a d i c  E l a y e r s .

T h i s  c o n d i t i o n  can be used i n  t h e  s t u d y  o f  a e r o n o m i c a l  r e ­

a c t i o n s ,  i f  a r e l a t i o n  between th e  g r a d i e n t  R icha rd son  number 

and t h e  p a r a m e t e r s  o f  th e  t u r b u l e n c e  ( i n t e n s i t y ,  r a t e  o f  d i s ­

s i p a t i o n  and c o e f f i c i e n t  o f  t u r b u l e n t  d i f f u s i o n )  can be f o u n d .  

Deacon (1959 )  p r e s e n t e d  an e m p i r i c a l  r e l a t i o n  between t h e  

g r a d i e n t  R i c h a rd s o n  number and th e  v e r t i c a l  component o f  t h e  

t u r b u l e n t  wind

= + 0 .15  ( |Ri | ) 1 / 2  + 0 .0 8

where  w i s  th e  v e r t i c a l  component  o f  t h e  t u r b u l e n t  w ind  and U 

i s  t h e  h o r i z o n t a l  component  o f  t h e  w i n d .  S in ce  the  t u r b u l e n t  

w ind  and i t s  s q u a r e ,  th e  t u r b u l e n t  i n t e n s i t y  depend on th e  

s p e c t r u m  o f  t u r b u l e n t  m o t i o n s ,  t h e  i n t e n s i t y  and o t h e r  p a r a ­

m e t e r s  o f  t h e  t u r b u l e n c e  can be d e t e r m i n e d ,  i f  th e  d im e n s i o n s  

o f  t h e  e d d ie s  a r i s i n g  i n  t h e  f l o w  a re  known. The d im e n s i o n s  o f  

t h e  e d d ie s  can be e s t i m a t e d  f rom t h e  f a c t  t h a t  th e y  a re  s m a l l e r  

t h a n  t h e  wave l e n g t h  o f  th e  r e f l e c t e d  r a d i o  waves. I f  t h e  d i ­

m ens io ns  o f  the  e d d i e s  a re  l a r g e r  t h a n  t h e  Ko lmogorov  m i c r o ­

s c a l e  and s m a l l e r  t h a n  th e  Obukhov l e n g t h ,  then  an i n e r t i a l  

s u b ran ge  e x i s t s  i n  t h e  spec t rum  o f  t u r b u l e n c e .  I n v e s t i g a t i o n s  

show t h a t  i n  our  case  t h i s  i s  t h e  s i t u a t i o n .  Then th e  t u r b u l e n t  

p a r a m e t e r s  can be computed by t h e  f o r m u l a s  (Zimmerman and Murphy 
1977)

<w2> = 3 . 4 - ^ - ;  £ = - | -  <w2> N ; К = -i-

where  N i s  t h e  B r u n t - V a i s a l a  f r e q u e n c y ,  £ and К are  r e s p e c t i v e ­

l y  t h e  r a t e  o f  d i s s i p a t i o n  and th e  c o e f f i c i e n t  o f  t u r b u l e n t  

d i f f u s i o n .  S ince  i n  a e r o n o m ic a l  i n v e s t i g a t i o n s  t h e  t u r b u l e n t

N
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d i f f u s i o n  c o e f f i c i e n t  i s  used in  th e  m a j o r i t y  o f  cases ,  i n  th e  

f o l l o w i n g  o n ly  th e  t u r b u l e n t  d i f f u s i o n  c o e f f i c i e n t  i s  c o n s i d ­

e re d  .

U s ing  th e s e  fo rm u la s  th e  day t im e  and seasona l v a r i a t i o n s  

o f  t h e  t u r b u l e n t  d i f f u s i o n  c o e f f i c i e n t  have been d e te rm in e d .

I n  F i g .  9 th e  d a y - t im e  v a lu e s  o f  th e  t u r b u l e n t  d i f f u s i o n  c o e f ­

f i c i e n t  computed by means o f  s p o r a d ic  E pa ram e te rs  a re  shown 

a t  d i f f e r e n t  a l t i t u d e s  (Bencze 1 9 8 4 ) .  T he re  i s  a good ag reem en t 

w i t h  th e  r e s u l t s  o b ta in e d  by o th e r  m e th o d s .  In  F ig .  10 th e  d a y -  

- t i m e  v a r i a t i o n s  o f  th e  t u r b u l e n t  d i f f u s i o n  c o e f f i c i e n t  a re  

p r e s e n te d  i n  d i f f e r e n t  a l t i t u d e s .  I n  ag reem ent w i th  th e  r e s u l t s  

o b t a i n e d  by th e  d i r e c t  methods th e  t u r b u l e n t  d i f f u s i o n  c o e f ­

f i c i e n t  i s  l e s s  i n  d a y - t im e  than  a t  n i g h t .  The se aso na l

F ig .  9. Day-time values o f the tu rbu lent d i f f u s io n  c o e f f ic ie n t  at d i f f e r e n t  
a l t i tu d e s  computed by means of sporadic E parameters compared w ith
the data o f o ther authors ( -------- Johnson and G ott l ieb  1970, .........
Ph ilb rxck e t  a l .  1973, ----------- Hunten 1975, black c i rc le s  Woomera
am, 16 Oct. 1969, squares pm, 17 Oct. 1969, Roper 1977, □ Ebei
1978, I----—t Alcayde e t a l .  1979, --------  A l len  et a l .  1 9 8 1 , --------
molecular d i f f u s io n  c o e f f ic ie n t )  (Bencze 1984)

Turb.diff. (m? s'1)
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Fig. 10. Day-time v a r i a t io ns  of  the 
tu rbulent  d i f f u s i o n  coef­
f i c i e n t  in  d i f f e r e n t  a l t i ­
tudes computed by means of 
sporadic E parameters

a t i o n s  o f  t h e  d a y - t i m e  v a lu es  o f  t h e  t u r b u l e n t  d i f f u s i o n  co-  

c i e n t  i n  d i f f e r e n t  h e i g h t s  are  shown i n  F i g .  11. The mean

M onth

Fig. 11. Seasonal va r i a t io ns  
of  the tu rb u len t  d i f ­
fusion c o e f f i c i e n t  in 
d i f f e r e n t  a l t i t u d e s  
computed by means of 
sporadic E parameters
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s e a s o n a l  v a r i a t i o n  has a minimum i n  summer and a maximum i n  

w i n t e r .  Th i s  r e s u l t  c o r r e s p o n d s  to  th e  s e a s o n a l  v a r i a t i o n  ob­

t a i n e d  by o th e r  a u t h o r s .  However ,  as i t  i s  i n d i c a t e d  by t h e  

s c a t t e r i n g  o f  the  d a t a ,  t h e  v a r i a b i l i t y  o f  t h e  t u r b u l e n t  d i f ­

f u s i o n  c o e f f i c i e n t  i s  l a r g e .  Since i n  case  of '  o t h e r  p u b l i s h e d  

d a t a  t h e  s c a t t e r i n g  i s  n o t  i n d i c a t e d  and i n  t h e  m a j o r i t y  o f  

c a s e s  t h e  curve i s  based  on i n d i v i d u a l ,  o r  few d a t a ,  t h e  c o n ­

c l u s i o n  m ig h t  be drawn t h a t  t h e  s e a s o n a l  v a r i a t i o n  changes f rom  

y e a r  t o  y e a r .

On the  b a s i s  o f  t h e  computed v a lu e s  o f  t h e  t u r b u l e n t  d i f ­

f u s i o n  c o e f f i c i e n t  t h e  h e i g h t  o f  t h e  t u r b o p a u s e  can a l s o  be de­

t e r m i n e d  (see a l s o  O v e z g e l d i e v  e t  a l .  1 9 8 4 ) .  F i r s t ,  u s i n g  a tmo­

s p h e r i c  models th e  t u r b u l e n t  and m o c e l u l a r  d i f f u s i o n  c o e f f i c i ­

e n t s  a r e  c a l c u l a t e d .  As i t  i s  known, t h e  t u rb o p a u s e  i s  l o c a t e d  

a t  t h e  h e i g h t ,  where t h e  m o l e c u l a r  d i f f u s i o n  c o e f f i c i e n t  e q u a l s  

t h e  t u r b u l e n t  d i f f u s i o n  c o e f f i c i e n t .  I f  once th e  h e i g h t  o f  t h e  

t u r b o p a u s e  i s  known, t h e  r e l a t i v e  change o f  t h e  c o n c e n t r a t i o n  

o f  t h e  a tm o s p h e r i c  g ase s  due t o  the  r i s e  o r  s i n k i n g  o f  t h e  t u r ­

b op au s e  can be o b t a i n e d  on t h e  b a s i s  o f  t h e  f o r m u la

d InT \ 
dz j Az

where  n^ i s  the c o n c e n t r a t i o n  o f  th e  a t m o s p h e r i c  gas o f  t h e  

t y p e  j ,  H, Hj a re  t h e  s c a l e  h e i g h t  o f  t h e  j  t y p e  a t m o s p h e r i c  

gas  and t h a t  o f  the  a t m o s p h e r e ,  oC i s  t h e  t h e r m a l  d i f f u s i o n  

f a c t o r ,  Az i s  the  h e i g h t  change o f  t h e  t u r b o p a u s e ,  H ^ , H and 

T a r e  o b t a i n e d  f rom a t m o s p h e r i c  mode ls .  I n  F i g .  12 t h e  s e a s o n a l  

v a r i a t i o n  o f  the  comp uted  r e l a t i v e  a t o m i c  oxygen c o n c e n t r a t i o n  

i s  show n.  Both the  f o r m  and th e  m agn i tu de  o f  t h e  s e a s o n a l  v a r i ­

a t i o n  o f  th e  r e l a t i v e  a t o m i c  oxygen c o n c e n t r a t i o n  agree  w i t h  

t h e  r e s u l t s  o f  mass s p e c t r o m e t e r  m easur em ents .  In  t h i s  way,  the  

v a r i a t i o n s  o f  the  r e l a t i v e  c o n c e n t r a t i o n  o f  o t h e r  a t m o s p h e r i c  

gase s due to  h e i g h t  c h an ge s  o f  the  t u r b o p a u s e  can a l s o  be d e ­

t e r m i n e d  .
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Fig. 12. Seasonal v a r ia t io n  of  the turbopause (below) and of  the r e l a t i v e  
atomic oxygen concentrat ion due to height  changes of  the turbo- 
pause (above) (The s o l i d  curve represents values obtained wi th the 
data of  the ionospheric s ta t i on  Ju l i us ruh ,  the d ish and dot curve 
i s  obtained wi th  the data of  the s ta t i o n  Békéscsaba)
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A COMPARISON OF METHODS OF TURBULENCE DETERMINATION BASED ON
IONOSPHERIC DATA

L P Korsun ova

I n s t i t u t e  f o r  Physical  and Technical Studies o f  the Turkmen SSR Academy of  
Sciences, Gogol s t .  15, Ashkhabad, 744000, USSR

The v e r t i c a l  d i s t r i b u t i o n  of  the tu rb u len t  d i f fu s io n  c o e f f i c i e n t  K-t 
determined from ionospher ic data on the basis o f  the "wind-shear" theory of  
m id- la t i tude Es f o r  heights between 95 and 120 km i s  discussed. Formulae are 
given, which a l low to ca lcu la te  К-t by means o f  the frequency parameters o f  Es 
and simultaneous wind measurements. I t  i s  shown tha t  the annual va r i a t io n  of  
Kt ind icates s i g n i f i c a n t  spat ia l  va r i a t io ns .

Keywords: semi-transparence; sporadic E; turbulence; wind-shear

At  p r e s e n t  i t  i s  a commonly a c c e p t e d  f a c t  t h a t  m i d - l a t i t u ­

de s p o r a d i c  E can be used as an i n d i c a t o r  o f  t u r b u l e n c e  i n  t h e  

l o w e r  t h e r m o s p h e r e .  At  h e i g h t s  f r om  95 t o  120 km the  same v e r ­

t i c a l  s h e a r s  o f  t h e  h o r i z o n t a l  w ind  a r e  r e s p o n s i b l e  b o th  f o r  

t h e  Eg f o r m a t i o n  and the  g e n e r a t i o n  o f  t u r b u l e n c e .  Due t o  t h i s  

s e v e r a l  methods based on th e  w i n d - s h e a r  t h e o r y  o f  t h i s  l a y e r  

have been s u g g e s t e d  f o r  the  d e t e r m i n a t i o n  o f  t u r b u l e n t  p a r a ­

m e te rs  u s i n g  Eg d a ta  ( O v e z g e l d i e v  e t  a l .  1977, 1978; Bencze 

1983, 1 98 4 ) .
T a k in g  i n t o  a c c o u n t  t h e  r o l e  o f  eddy d i f f u s i o n  i n  Eg f o r ­

m a t i o n ,  f o r m u l a e  have been o b t a i n e d  w h i c h  a l l o w  t o  d e t e r m i n e  

th e  c o e f f i c i e n t  o f  t u r b u l e n t  d i f f u s i o n  K^ , i f  the  s i m u l t a n e o u s l y  

measured p r o f i l e s  o f  e l e c t r o n  c o n c e n t r a t i o n  and t h a t  o f  th e  

n e u t r a l  w in d  components  a re  g i v e n  ( O v e z g e l d i e v  e t  a l .  1 97 8 ) .

For  t h e  E maximum: s

К t * n 2m

C(Zm> XOi  

( I  + Q?)

2Qx (1 + Z2Q\ )

I  + Qf
kT

“ e B "
( 1 )

where N i s  t h e  e l e c t r o n  c o n t e n t  o f  t h e  Es l a y e r .
Acta Geod. Geoph. Mont. Hung. 22, 1987 
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and C(Zm) a re  r e s p e c t i v e l y  t h e  e l e c t r o n  c o n c e n t r a t i o n  

and t h e  w in d  shear  a t  t h e  l a y e r  maximum,

« V d_
dz [V -  ZQi U] z

m

( G e n e r a l l y  acc ep ted  n o t a t i o n s  are  n o t  e x p l a i n e d ) .

I n  F i g .  1 th e  a v e rag e  d i s t r i b u t i o n  o f  th e  v e r t i c a l  t u r b u ­

l e n t  t r a n s f e r  c o e f f i c i e n t s  i s  shown, w h ic h  have been c a l c u l a t e d  

by means o f  Eq. ( 1 )  f r om  th e  p u b l i s h e d  d a t a  o f  r o c k e t  m easu re ­

men ts  o f  n e and w in d ,  c a r r i e d  out  i n  W a l l o p s  I s l a n d ,  USA a t  

n i g h t  d u r i n g  the  summer months (K o rs u n o v a  and O v e z g e ld i e v  1981). 

These c a l c u l a t i o n s  c o n f i r m e d  th e  e x i s t e n c e  o f  t u r b u l e n c e  w i t h  

a l a y e r e d  s t r u c t u r e  a t  h = 95-100 km r e v e a l e d  by th e  o b s e r v a ­

t i o n  o f  c h e m ic a l  r e l e a s e s  (Rosenberg  e t  a l .  1 973 ) ,  and i t  made 

p o s s i b l e  t o  draw th e  f o l l o w i n g  c o n c l u s i o n s :

1. t h e  v a l u e  o f  K̂ . i n  t h e  m i d - l a t i t u d e  l o w e r  t he rm osphe re  i s  

106 - 1 0 7 cm2/ s

2. maximum v a lu e s  a re  r e c o rd e d  m o s t l y  nea r  t h e  h e i g h t  o f  

110 km.

Fig.  1. V e r t i c a l  d i s t r i b u t i o n  of  the tu rbu lent  d i f f u s i o n  c o e f f i c i e n t  ob ta in­
ed on the basis o f  rocket  experiments at  Wallops Island

I t  was noted even t h e n  t h a t  th e  i n t e n s i t y  o f  t u r b u l e n t  

t r a n s f e r  seems t o  change f r om  day t o  n i g h t  and f rom season t o  

s e a s o n .  However ,  th e  r e l i a b l e  d e t e r m i n a t i o n  o f  th ese  v a r i a t i o n s  

by r o c k e t  measurements i s  d i f f i c u l t  because o f  t h e i r  s p o r a d i c  

and s h o r t - l i v e d  c h a r a c t e r .  The n e c e s s a r y  i n f o r m a t i o n  can be 

o b t a i n e d  o n l y  by l o n g - l i v e d  o b s e r v a t i o n s  a t  s t a t i o n s  o f
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v e r t i c a l  i o n o s p h e r i c  so u n d in g .  I t  has been shown ( O v e z g e l d i e v  

e t  a l .  1977)  tha j t  t h e  range o f  t h e  s e m i - t r a n s p a r e n c e  o f  m id -  

- l a t i t u d e  Es j  due s c a t t e r i n g  o f  r a d io w a v e s  on

s m a l l  s c a l e  i r r e g u l a r i t i e s  o f  e l e c t r o n  c o n c e n t r a t i o n  c o m p r i s e s  

i n f o r m a t i o n  on t h e  i n t e n s i t y  o f  t u r b u l e n t  p ro cesses  i n  t h e  

h e i g h t  o f  Eg f o r m a t i o n .  Thus, u s i n g  t h e  d a ta  r e f e r r i n g  t o  th e  

range o f  Eg s e m i t r a n s p a r e n c e  s p a t i a l  and t e m p o ra l  v a r i a t i o n s  o f  

th e  t u r b u l e n c e  i n  t h e  l o w e r  t h e r m o s p h e re  can be s t u d i e d .  I n  

F i g .  2 th e  annua l  v a r i a t i o n s  o f  o b t a i n e d  on th e  b a s i s  o f

Eg o b s e r v a t i o n s  i n  Wash ington (USA) ( 3 8 . 7 ° N ,  77 .1°W) and t h a t  

o f  K.J. c a l c u l a t e d  by Eq. (1) fo r  publ ished rocket and wind measurements  
a t  W a l lop s  I s l a n d  (USA) ( 3 7 . 9 ° N ,  75 .1 °W) d u r i n g  low s o l a r  a c ­

t i v i t y  (Ko rs unova  and O v e z g e ld i e v  1981)  are  p l o t t e d .  As i t  can 

be seen th e  c h a r a c t e r  o f  the  chan ge s  o f  th ese  q u a n t i t i e s  i s  

s i m i l a r  e x c e p t  t h e  p e r i o d  A p r i l - M a y ,  w h ic h  may p ro ve  t h e  r e a l i t y  

o f  t h e  r e l a t i v e  changes o f  t u r b u l e n t  i n t e n s i t y  o b t a i n e d  by 

g ro un d -ba s e d  measurements  o f  t h e  Es f r e q u e n c y  p a r a m e t e r s .  An 

a n a l y s i s  o f  t h e  a nn ua l  v a r i a t i o n s  o f  t h e  range c f  Eg s e m i -  

- t r a n s p a r e n c e  a t  o t h e r  i o n o s p h e r i c  s t a t i o n s  l o c a t e d  w i t h i n  the  

l a t i t u d e  zone o f  20-60°N shows t h a t  t u r b u l e n t  m i x i n g  i n c r e a s e s  

d u r i n g  s o l s t i c e s  as compared t o  e q u in o x e s  ( O v e z g e l d i e v  e t  a l .  

1 984 ) .

Fig.  2. Annual v a r ia t io n  of  the range o f  semi-transparence a t  Washington 
(1) and th a t  o f  the tu rbulent  d i f f u s i o n  c o e f f i c i e n t  a t  Wallops 
Island (2)  i n  1961-65
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F o r  th e  i n v e s t i g a t i o n  o f  aéronomie  p r o b l e m s ,  e s p e c i a l l y  

f o r  t h e  d e t e r m i n a t i o n  o f  the  n e u t r a l  c o m p o s i t i o n  i t  i s  n e c e s ­

s a r y  t o  t u r n  f rom th e  r e l a t i v e  changes o f  t h e  t u r b u l e n t  i n t e n ­

s i t y  t o  t h e  a b s o lu t e  v a l u e s  o f  the  t u r b u l e n t  d i f f u s i o n  c o e f ­

f i c i e n t .  Such a c o n v e r s i o n  i s  p o s s i b l e  o n l y  f o r  mean 

s t a t i s t i c a l  d i s t r i b u t i o n s  o f  th e  range  o f  s e m i - t r a n s p a r e n c e  

w i t h  h e i g h t .  O v e z g e l d i e v  e t  a l .  ( 1977 )  have  shown t h a t  t h e  

h e i g h t  o f  the  most f r e q u e n t  Eg o c c u r r e n c e  i s  c h a r a c t e r i s t i c  o f  

t h e  mean h e i g h t  o f  t h e  t u r b o p a u s e  r e l a t i n g  t o  th e  g iv e n  c o n d i ­

t i o n s ,  whe re  the c o n d i t i o n  = Gm i s  s a t i s f i e d .  In  f a c t ,  h e i g h t s  

o f  t h e  tu rb o p a u s e  d e t e r m i n e d  f o r  f =  40°N c o i n c i d e  w i t h i n  t h e  

r a n g e  o f  e x p e r i m e n t a l  e r r o r s  w i t h  r o c k e t  d a t a  r e f e r r i n g  t o  t h e  

homopause ( O v e z g e ld i e v  e t  a l .  198 4) .  C om pa r ing  the  range o f  

s e m i - t r a n s p a r e n c e  a t  t h e  h e i g h t  o f  t h e  t u r b o p a u s e  w i t h  0m th e  

v a l u e  o f  t h e _ c o e f f i c i e n t  o f  t u r b u l e n t  d i f f u s i o n  can be e s t im a te d  

t o  w h i c h   ̂ J o b s e rv e d  a t  o t h e r  h e i g h t s  w i t h i n  the  zone o f  r e ­

d i s t r i b u t i o n  (10-15  km) c o r r e s p o n d s .  I n  F i g .  3 th e  mean p r o f i l e s  

o f  K.J. (C u r v e  1) a re  shown c a l c u l a t e d  i n  t h e  above manner f o r  

summer day (a)  and n i g h t  ( b )  c o n d i t i o n s  i n  1966-1967 a t  t h e  l a ­

t i t u d e  o f  Ashkhabad ( 3 8 ° N ) .

I t  may be i n t e r e s t i n g  t o  compare t h e  p r o f i l e  o f  th e  t u r ­

b u l e n t  d i f f u s i o n  c o e f f i c i e n t  d e t e rm in e d  by means o f  the  above 

t e c h n i q u e  w i t h  t h a t  w h i c h  i s  o b t a i n e d  by t h e  method d e s c r i b e d  

by Bencze  (1983)  f o r  one and th e  same p o i n t  and t im e .

A c c o r d i n g  t o  t h e  l a t t e r  method (Be ncze  1983)  K̂ . i s  c a l c u ­

l a t e d  f r o m

2
<WZ>

a
8

Э8
az

T il ( 2 )

w h i c h  i s  v a l i d  f o r  t h e  i n e r t i a l  range o f  s m a l l  s c a le  t u r b u l e n c e .  

Our c a l c u l a t i o n  c o n c e r n i n g  the  ene rgy  s p e c t r u m  o f  s m a l l  s c a l e  

Eg i r r e g u l a r i t i e s  c o n f i r m e d  th e  t u r b u l e n t  c h a r a c t e r  o f  t h e s e  

i r r e g u l a r i t i e s  and th e  p r e s e n c e  o f  t h e  i n e r t i a l  range i n  t h e  

s p e c t r u m  as w e l l  ( K a ra d z h a y e v  e t  a l .  1 9 8 4 ) .

The a p p l i c a b i l i t y  o f  f o r m u la  ( 2 )  f o r  t h e  d e t e r m i n a t i o n  o f  

t u r b u l e n t  p a ram ete rs  on t h e  b a s i s  o f  Eg d a t a  can be c o n s i d e r e d  

as e x p e r i m e n t a l l y  p r o v e d .  I f  th e  c o n d i t i o n  Ri  < 0 .25  i s  s a t i s -



COMPARISON OF METHODS 2 7 9

Fig.  3. Ve r t ica l  d i s t r i b u t i o n  of  the tu rbu lent  d i f fu s io n  c o e f f i c i e n t  in 
sumer  determined by d i f f e r e n t  methods f o r  Ashkhabad, a) day, 
b) n ight

2
f i e d ,  t h e  t u r b u l e n t  i n t e n s i t y  <W > i s  c a l c u l a t e d  u s i n g  h o r i ­

z o n t a l  w ind  v e l o c i t y  da ta  a t  Es h e i g h t s .  The g r a d i e n t  R ichardson 

number ( R i )  i s  c a l c u l a t e d  t a k i n g  i n t o  accoun t  t h e  h e i g h t  v a r i a ­

t i o n  o f  t e m p e r a t u r e  and d e n s i t y  a c c o r d i n g  to  CIRA 72,  as w e l l  

as t h a t  o f  th e  w ind sh ea r  computed f r om  measured Es p a r a m e t e r s  

( s u g g e s t i n g  a p a r a b o l i c  fo rm  o f  t h e  l a y e r )  and model  v a l u e s  o f  

t h e  backg ro und  e l e c t r o n  c o n c e n t r a t i o n .  The e f f e c t i v e  w in d  

s h e a r s  o b t a i n e d  were red uce d  t o  t r u e  ones by th e  t r a n s f o r m a t i o n  

c o e f f i c i e n t  K' c a l c u l a t e d  f r o m  th e  r e l a t i o n s h i p

f o r  each g i v e n  h e i g h t  ( i n  5 km i n t e r v a l s )  and f o r  a l l  v a l u e s  o f  
e f f e c t i v e  s h ea rs  d u r i n g  a season .  I n  t h i s  p ro c e d u r e  t h e  l i m i t i n g
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v a l u e s  o f  wind s h e a rs  o b s e r v e d  (Rosenberg  and Zimmerman 1971) 

w e r e  t a k e n  s ince  Eg f o r m a t i o n  i s  co nn ec te d  w i t h  th e  p resence o f  

l a r g e  w ind  shea rs .  The n e u t r a l  wind v e l o c i t y  a t  Eg h e i g h t s  was 

d e t e r m i n e d  on th e  b a s i s  o f  s im u l ta n e o u s  mea surem ent  o f  th e  

d r i f t  v e l o c i t y  o f  s m a l l  s c a l e  i r r e g u l a r i t i e s  by t h e  spaced r e ­

c e i v e r  method. In  t h e  c o m p u t a t i o n s  o b s e r v a t i o n s  o f  Eg and 

d r i f t s  c a r r i e d  out  a t  Ash kha bad ,  USSR ( 3 8 ° N ,  58°E)  i n  1966 and 

1967 were used. Mean p r o f i l e s  o f  the  t u r b u l e n t  d i f f u s i o n  c o e f ­

f i c i e n t  c a l c u l a t e d  a c c o r d i n g  to  Eq. ( 2 )  f o r  summer day ( a )  and 

n i g h t  ( b )  c o n d i t i o n s  a r e  shown i n  F i g .  3 ( C u r v e  2 ) .  Comparison 

o f  t h e  p r o f i l e s  i n  t h i s  f i g u r e  d e te rm in e d  by t h e  d i f f e r e n t  

m e t h o d s  shows an a g r e e m e n t  o f  the v a l u e s  i n  case o f  the  

s t a t i s t i c a l l y  s u f f i c i e n t l y  numerous summer d a t a  w i t h i n  th e  l i m ­

i t s  o f  a f a c t o r  ox 1 . 5 - 2 .  The h e i g h t s  o f  maximum t u r b u l e n s e  аЖ- 
so c o i n c i d e  w i t h i n  a r a n g e  o f  5 km.

I n  F i g .  4. t h e  a n n u a l  v a r i a t i o n  o f  t h e  t u r b u l e n t  d i f f u s i o n  

c o e f f i c i e n t  i s  shown a t  h = 105 km c a l c u l a t e d  u s i n g  th e  range 

o f  Eg s e m i t r a n s p a r e n c e  and tu rb opause  h e i g h t  a t  t h e  l a t i t u d e  o f  

A s h k h a b a d .

F ig .  4. Annual va r ia t ion  o f  the  turbulent  d i f f u s i o n  c o e f f i c i e n t  at h = 105 km 
f o r  daytime (Ashkhabad)

R e s u l t s  o f  d a y t i m e  i o n o s p h e r i c  o b s e r v a t i o n s  o f  many ye a rs

w e re  u sed .  Crosses show K̂ . v a lu e s  d e t e r m i n e d  by means o f  th e

m e th o d  o f  Bencze (1 9 8 3 )  f o r  s im u l ta n e o u s  mea su rements  o f  E ands
w i n d  c a r r i e d  out  i n  d i f f e r e n t  months o f  1 9 6 6 - 1 9 6 7 .  The agreement



COMPARISON OF METHODS 281

between th e  two methods o f  d e t e r m i n a t i o n  i s  e v i d e n t  and 

p ro v e s  t h e  s i g n i f i c a n t  change o f  t u r b u l e n t  i n t e n s i t y  f r o m  sum­

mer t o  w i n t e r  (by one o r d e r  o f  m a g n i t u d e ) .

A co m p a r i son  o f  th e  a nn ua l  v a r i a t i o n s  o f  K. a t  s t a t i o n s  

l o c a t e d  a t  th e  same l a t i t u d e  i n  t h e  w e s t e r n  and e a s t e r n  h e m i ­

s p h e re s  ( F i g s  2 and 4)  shows some l o n g i t u d i n a l  e f f e c t .  T h i s  e f ­

f e c t  i s  c h a r a c t e r i z e d  by t h e  o c c u r r e n c e  o f  a second w i n t e r  

maximum o f  t u r b u l e n c e  i n  t h e  a n n u a l  v a r i a t i o n  o f  i n  t h e  w e s t ­

e rn  h e m is p h e r e .  The r e s u l t s  o b t a i n e d  by Bencze (19 84 )  f o r  46°N 

l a t i t u d e  and the  d a ta  m en t io n e d  above show marked s p a t i a l  

changes o f  t h e  t u r b u l e n t  i n t e n s i t y .

Thus th e  i n v e s t i g a t i o n  c a r r i e d  o u t  e n a b les  t o  s t a t e  t h a t  

t h e  d i f f e r e n t  methods o f  t u r b u l e n t  d i f f u s i o n  c o e f f i c i e n t  d e t e r ­

m i n a t i o n  based on r o u t i n e  measurements  o f  i o n o s p h e r i c  p a ram ete rs  

and e s p e c i a l l y  t h a t  o f  Eg p a r a m e t e r s  g i v e  r e s u l t s ,  w h ich  a re  n o t  

c o n f l i c t i n g  and a re  i n  agreemen t  w i t h  t h e  da ta  o b t a i n e d  by m id -  

- l a t i t u d e  r o c k e t  e x p e r i m e n t s .
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CHARACTERISTICS OF WIND SHEAR, ATMOSPHERIC GRAVITY WAVES AND 
TURBULENCE AS DETERMINED BY METEOR RADAR MEASUREMENTS

V V S i d o r o v ,  A N F a k h r u t d i n o v a , V A Ganin

State Univers i ty of  Kazan, 420008 Kazan, Lenin s t r .  18, USSR

The resu l t s  of  meteor radar measurements ca r r i ed  out in Kazan are pre­
sented, basic re la t ions  concerning the v a r i a t io ns  of  wave and tu rb u len t  mo­
t ions  w i th  time and height i n  the lower thermosphere are discussed. In the 
height  va r i a t ion  of  the p re va i l i ng  wind a quas i-s inusoidal  wave of  a wave 
length of  14 km has been found. Considering the height  p r o f i l e  o f  the wind 
and on the basis of  the wind-shear theory, the thickness of  the Es layer  
has been estimated.

Keywords: atmospheric waves; meteor radar method; wind-shear; tu rbu­
lence

The meteor  r a d a r  i n v e s t i g a t i o n  o f  d y n a m ic a l  p r o c e s s e s  i n  

th e  h e i g h t  range o f  80-110 km i s  one o f  t h e  most p e r s p e c t i v e  

methods and deve lo ped  i n t e n s i v e l y  i n  t h e  l a s t  decade b o t h  i n  

t h e  USSR and i n  o t h e r  c o u n t r i e s .  The dev e lo pm e n t  o f  t h e  method 

i s  p ro mo ted  by c o r r e c t i n g  th e  m e th o d o lo g y  o f  o b s e r v a t i o n s ,  by 

t h e  imp roveme nt  o f  th e  sys tem  o f  r a d i o  l o c a t i o n ,  i t s  e q u i p p i n g  

w i t h  h e i g h t  m easur ing  i n s t r u m e n t s .  T h i s  a s s u res  a r e l i a b l e  de ­

t e r m i n a t i o n  o f  th e  p a r a m e t e r s  o f  t h e  p r e v a i l i n g  w ind ,  t i d e s ,  

i n t e r n a l  g r a v i t y  waves,  t u r b u l e n c e  and w in d - s h e a r  i n  t h e  l o w e r  

t h e r m o s p h e re  by means o f  me teor  r a d a r  measurements .

The knowledge o f  t h e  w ind  sys tem  o f  t h e  lo w e r  t h e r m o ­

s p h e re  i n c l u d i n g  t e m p o r a l  and s p a t i a l  v a r i a t i o n s  o f  t h e  w ind  

s t r u c t u r e  i s  u r g e n t l y  n e c e s s a ry  f o r  t h e  s t u d y  o f  the  i r r e g u l a r  

s t r u c t u r e  o f  the  i o n o s p h e r e .  Based on t h e o r e t i c a l  and e x p e r i ­

m e n t a l  i n v e s t i g a t i o n s  c a r r i e d  o u t  i n  t h e  l a s t  decade, wave l i k e  

p e r t u r b a t i o n s  o f  t h e  p a r a m e t e r s  o f  t h e  n e u t r a l  a tmosph ere  and 

i o n o s p h e r e  are  b r o u g h t  i n t o  c o n n e c t i o n  w i t h  the  passage o f  i n ­

t e r n a l  g r a v i t y  waves.  The t h e o r y  o f  f o r m a t i o n  o f  s p o r a d i c

Acta Geod. Geoph. Mont. Hung. 22, 1987 
Akadémiai Kiadó, Budapest
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s t r a t i f i c a t i o n s  i n  t h e  l o w e r  i o n o s p h e r e  (Es )  i s  d i r e c t l y  based 

on t h e  v a r i a b i l i t y  o f  the  w ind p r o f i l e .

The w a v e - l i k e  p e r t u r b a t i o n s  o f  t h e  w ind  p a ram ete rs  i n  t h e  

r a n g e  o f  p e r i o d s  c h a r a c t e r i s t i c  f o r  i n t e r n a l  g r a v i t y  waves,  

t i d e s  and p l a n e t a r y  waves have been s t u d i e d  on the  b a s i s  o f  a 

l o n g  s e r i e s  o f  d a ta  o b t a i n e d  i n  Kazan i n  th e  p e r i o d  1978-1984  

by m e t e o r  r a d a r  measurements .  The e x p e r i m e n t a l  data  were ana ­

l y z e d  by means o f  a method o f  f i l t e r i n g  deve lope d  by t h e  authors 

and p u b l i s h e d  by S i d o r o v  and F a k h r u t d i n o v a  (19 8 1 ) .  The method 

i s  based  on th e  a p p l i c a t i o n  o f  d e m o d u la t e d  r e c e p t i o n  and z e ro  

f r e q u e n c y  f i l t e r s  c h a n g in g  th e  pass  band which  a l l o w s  t o  d e ­

t e r m i n e  th e  dynamics  o f  th e  s t u d i e d  p e r i o d i c i t y .

F o r  t h e  s e p a r a t i o n  o f  s h o r t  p e r i o d  i n t e r n a l  g r a v i t y  waves 

w i n d  measurements  d u r i n g  i n t e n s e  m e te o r  showers  have been s e l e c ­

t e d .  I n  th ese  cases  t h e  s t a t i s t i c a l  r e l i a b i l i t y  o f  t h e  w in d  mea­

s u r e m e n t s  f o r  u n i t  t i m e  i n c r e a s e s ,  t h e  a re a  o f  random l o c a t i o n
\

o f  r e f l e c t i n g  p o i n t s  i n  th e  me teor  zone i s  c o n s t r i c t e d  t o  t h e  

p l a n e  ( p l a n e  o f  e c ho es )  p e r p e n d i c u l a r  t o  th e  r a d i a n t  o f  t h e  

s h o w e r .  I n  consequence o f  t h i s  f a v o u r a b l e  c o n d i t i o n s  a re  p r o ­

duced  f o r  the  s e p a r a t i o n  o f  p e r t u r b a t i o n s ,  the wave f r o n t  

( p l a n e  o f  c o n s t a n t  p ha s e )  o f  wh ich  i s  p a r a l l e l  t o  th e  p l a n e  o f  

t h e  e c h o e s .  I f  t h e r e  i s  a d e f i n i t e  r e l a t i o n  between th e  i n c l i n e d  

p r o p a g a t i o n  and th e  p e r i o d  o f  t h e  i n t e r n a l  g r a v i t y  wave, t h e  

echo  p l a n e  o f  th e  m e te o r  shower o f  a g i v e n  r a d i e n t  p l a y s  t h e  

r o l e  o f  a f i l t e r .

D u r i n g  m eteor  showers  f i r s t  i n t e r n a l  g r a v i t y  waves i n  t h e  

r a n g e  o f  s c a le s  c o r r e s p o n d i n g  to  maximum v a lu e s  i n  t h e  l o w e r  

t h e r m o s p h e r e  have been s e p a ra t e d  by t h e  m e teor  r a d a r  method 

( S i d o r o v  e t  a l .  1 9 8 3 ) .  Advanc ing  i n  c h r o n o l o g i c a l  o r d e r ,  wave 

l i k e  p e r t u r b a t i o n s  o f  p e r i o d s  T ~  4 min  e x c ee d ing  the  l e v e l  o f  

t u r b u l e n t  n o i s e  w i t h  a p r o b a b i l i t y  ~  99 % have been s e p a r a t e d  

i n  t h e  d a ta  o b t a i n e d  d u r i n g  th e  P e r s e i d  ( A u gu s t  1978 and 1984)  

and G em in id  (December  1981)  meteor  s h o w e r s .  The maximum a m p l i ­

t u d e  o f  t h e  s e p a r a t e d  w a v e - l i k e  p e r t u r b a t i o n s  amounts t o  

15 -20  ms ■*■. In  F i g .  1 t h e  s p e c t r a l  d e n s i t y  i n  the  range o f  p e ­

r i o d s  T = 3-60 min i s  shown on th e  b a s i s  o f  measurements on 

12 12 1981 ( 2 - 4 )  h,  w h ic h  has been compu te d  f o r  d i f f e r e n t  band



CHARACTERISTICS OF WIND SHEAR 2 8 5  .

T, min

Fig.  1. Spectral  dens i ty  of  the wind v e lo c i t y  perturbat ions at  meteor heights 
in  the range o f  t ime scales T < 1 h i n  the period (2-4 h) December 
12, 1981

w i d t h  o f  the  m a t h e m a t i c a l  f i l t e r s ,  c o r r e s p o n d i n g  t o  w i d t h s  o f  

t h e  a v e r a g i n g  w indow o f  30, 60, 90 and 120 min .  The change o f  

t h e  c u r v e s  i l l u s t r a t i n g  t h e  s p e c t r a l  d e n s i t y  as a f u n c t i o n  o f  

t h e  w i d t h  o f  t h e  a v e r a g i n g  window s e l e c t e d  enab les  t o  e s t i m a t e  

t h e  d u r a t i o n  o f  t h e  p e r i o d i c i t y  i n  q u e s t i o n .  A c c o rd ing  t o  t h e  

r e s u l t s  p resen te r )  i n  F i g .  1, t h e  d u r a t i o n  o f  the  p e r i o d i c i t i e s  

o f  T = 4 and 8 min  i s  l o n g e r  th an  two h o u r s .
Based on a l o n g  s e r i e s  o f  m e te o r  r a d a r  o b s e r v a t i o n s  c a r ­

r i e d  o u t  i n  Kazan i n  1978 and 1980,  t h e  wave l i k e  p e r t u r b a t i o n s  

i n  t h e  range T = ( 1 - 6 )  h,  as w e l l  as i n  t h e  ranges o f  t i d a l  and 

p l a n e t a r y  waves have been s t u d i e d .  The f o l l o w i n g  r e s u l t s  have 

been o b t a i n e d .

P r a c t i c a l l y  d u r i n g  a l l  o b s e r v a t i o n s  a random q u a s x - p e r i -  

o d i c i t y  o f  s i g n i f i c a n t  a m p l i t u d e  m o d u l a t e d  by l ong  p e r i o d  v a ­

r i a t i o n s  was p r e s e n t  i n  the  range o f  p e r i o d s  a n a ly z e d ,  d i f f e r ­

ences between t h e  s p e c t r a  o f  d i s t u r b a n c e s  o f  the z o n a l  and t h a t
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o f  t h e  m e r i d i o n a l  c i r c u l a t i o n  have been fo un d .

The s p e c t r a l  d e n s i t y  o f  the  z o n a l  and m e r i d i o n a l  components 

o f  t h e  w ind  v e l o c i t y  shows i n  a l l  seasons  s i g n i f i c a n t  p ea ks  i n  

t h e  i n t e r v a l  T ^  3 h ,  w h i l e  i n  t h e  ra n ge  T > 3 h b a s i c a l l y  a 

c o n t i n u o u s  i n c r e a s e  o f  th e  s p e c t r a l  d e n s i t y  can be o b s e r v e d .

Regard in g  th e  d i u r n a l  v a r i a t i o n s  t h e  i n c r e a s e  o f  t h e  i n ­

t e n s i t y  o f  d i s t u r b a n c e s  w i t h  p e r i o d s  T < 3 h i n  th e  second h a l f  

o f  t h e  day may be m e n t i o n e d .

I n  case o f  t h e  s e a s o n a l  v a r i a t i o n s  a decrease o f  i n t e n s i t y  

o f  t h e  d i s t u r b a n c e s  f r o m  Janu ary  t o  June have been r e c o g n i z e d ,  

b e i n g  most  d e f i n i t e  i n  th e  range T < 3 h.  The seasona l  v a r i a ­

t i o n s  o f  th e  s p e c t r a l  c h a r a c t e r i s t i c s  I  a re  i l l u s t r a t e d  by F ig s  

2 and 3.  The p re sence  o f  d i s t u r b a n c e s  i n  th e  range T — 3 h i n ­

d i c a t e s  t h a t  the  deep m e s o m e t e o r o l o g i c a l  minimum i n  t h e  spect rum  

o f  m o t i o n s  obse rved  i n  th e  l o w e r  t r o p o s p h e r e  a t  about  1 h o u r  i s  

w e a k e r  dev e lo ped  i n  t h e  l o w e r  t h e r m o s p h e r e ,  as i t  has been 

f o u n d  e a r l i e r  by t h e  a u t h o r s  based on o b s e r v a t i o n s  i n  1969 w i t h  

t h e  h e i g h t  f i n d e r .

A n a l y s e s  o f  th e  wave l i k e  p e r t u r b a t i o n s  i n  the  i n t e r v a l  o f  

t i d a l  waves have shown a d e f i n i t e  m o d u l a t i o n  o f  th e  s e m i d i u r n a l  

and d i u r n a l  t i d e s  by p l a n e t a r y  waves.  The observed maximum am­

p l i t u d e s  o f  the  l a t t e r  a re  o f  the  o r d e r  o f  4-16 ms~^. A c l e a r  

d ep en de nc e  o f  t h e  a m p l i t u d e  o f  t h e  m o d u l a t i o n  on season c o u l d  

n o t  be d e t e c t e d .  I n  consequence o f  t h e  m o d u l a t i o n  s i g n i f i c a n t  

wave l i k e  p e r t u r b a t i o n s  appear  i n  t h e  f o rm  o f  t r a i n s .

The s u p e r p o s i t i o n  o f  wave m o t i o n s  i n  the  lo w e r  t h e r m o ­

s p h e r e  p ro duce s  random f l u c t u a t i o n s  o f  t h e  par am ete rs  o f  t h e  

a tm o s p h e r e  which can be s t a t i s t i c a l l y  d e s c r i b e d  by means o f  t h e  

t h e o r y  o f  t u r b u l e n c e .  C o n s i d e r i n g  t h e  h y p o t h e s i s  o f  " f r o z e n  

t u r b u l e n c e "  and th e  m e te o r  r a d a r  w ind  measurements c a r r i e d  o u t  

i n  Kazan i n  the  p e r i o d  f r om  F e b ru a ry  t o  June 1969 by t h e  r a d a r  

e q u i p m e n t  f i t t e d  w i t h  a h e i g h t  f i n d e r ,  t h e  t u r b u l e n c e  i n  t h e  

r a n g e  o f  h o r i z o n t a l  s c a l e s  f r om  2 t o  200 km has been s t u d i e d .

The l i m i t i n g  s c a l e s ,  w h i c h  can be i n v e s t i g a t e d  by th e  m e t e o r  

r a d a r  method are d e t e r m i n e d  by th e  a c c u r a c y  o f  the  a n g le  mea­

s u r e m e n t s  and the  s e n s i t i v i t y  o f  t h e  r a d a r  system w i t h i n  t h e  

d i r e c t i o n a l  p a t t e r n  o f  t h e  a p p l i e d  a e r i a l s .  On the  b a s i s  o f  t h e



CHARACTERISTICS OF WIND SHEAR 2 8 7

Fig. 2. Diurnal  and seasonal var i a t ions  o f  the spectral  density o f  per tu rba­
t io ns  in  the zonal c i r c u l a t i o n  f o r  the range of time scales T £  6 h 
i n  1980

measurements  t h e  maximum te m p o r a l  and s p a t i a l  s c a le s  o f  t h e  ho­

r i z o n t a l  t u r b u l e n c e  have been e s t i m a t e d  and found t o  be r e s p e c ­

t i v e l y  20-30  min and 40 km ( T e p t i n  and F a k h r u t d i n o v a  1972a ,  

1 9 7 2 b ) .  These r e s u l t s  have r e c e n t l y  been c o n f i r m e d  by
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F ig .  3. Diurnal and seasonal var iat ions o f  the spect ra l  density of  per tu rba­
t ions  in the mer idional  c i r c u l a t i o n  f o r  the range of t ime scales 
T á  6 h in 1980

i o n o s p h e r i c  da ta  and o b s e r v a t i o n s  o f  t h e  i n t e n s i t y  v a r i a t i o n s  

o f  t h e  a tom ic  oxygen e m i s s i o n  a t  5 5 7 .7  nm.
By th e  method o f  measurement o f  t h e  t u r b u l e n t  p a r a m e t e r s  

b ased  on the  a n a l y s i s  o f  the  i n t e n s i t y  o f  l o n g - l i v e d  f a d i n g
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r a d a r  r e f l e c t i o n s  i n  t h e  phase o f  c e s s a t i o n , t h e  s p e c i f i c  t u r b u ­

l e n t  ene rgy  d i s s i p a t i o n  has been e s t i m a t e d  and found t o  be 
2 -  33300 cm s i n  case o f  t h e  minimum t i m e  s c a l e  o f  16 s .  The d e ­

t a i l e d  r e s u l t s  a re  p r e s e n t e d  by T e p t i n  and F a k h r u t d i n o v a  

( 1 9 7 2 c ) .

On th e  b a s i s  o f  m e teor  r a d a r  measurement  o f  the  d r i f t  v e ­

l o c i t y  c a r r i e d  o u t  by h e i g h t  f i n d e r ,  t h e  h e i g h t  p r o f i l e s  o f  t h e  

z o n a l  component  o f  t h e  p r e v a i l i n g  w ind  U^w and t h a t  o f  i r r e g u ­

l a r  m o t i o n s  U£w i n  t h e  summer and w i n t e r  months o f  1983 have 

been d e t e r m i n e d ,  i n t e r n a l  g r a v i t y  waves w i t h  a p e r i o d  o f  a b o u t  

one h o u r ,  v e r t i c a l  wave l e n g t h  o f  ~  13 km and phase v e l o c i t y  o f  

220 ms_i have been s e p a r a t e d .  The a m p l i t u d e  o f  th e  g r a v i t y  waves 

i n c r e a s e s  w i t h  i n c r e a s i n g  a l t i t u d e .  I n  F i g s  4 and 5 th e

Fig.  4. Ve r t i ca l  p r o f i l e s  of  the zonal component of  the p re va i l i ng  and i r ­
regular  motions on August 11, 1983
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Fig.  5. Ve r t ica l  p ro f i l e s  o f  the zonal component o f  the preva i l ing  and i r ­
regular  motions on December 28, 1983

v a r i a t i o n s  o f  the  h e i g h t  dependence o f  and aver ag ed  i n

t h e  v e r t i c a l  and h o r i z o n t a l  p la n e  f o r  an i n t e r v a l  o f  r e s p e c t i v e ­

l y  2 km and 200 km a re  shown f rom  hou r  t o  h o u r .

The r e g u l a r  v a r i a b i l i t y  o f  t h e  h e i g h t  p r o f i l e  o f  U^w can 

c l e a r l y  be seen. The o b s e r v e d  g r a d i e n t s  d U ^ / d H  reach v a l u e s  o f  

0 . 0 5  s - 1 , they  i n c r e a s e  w i t h  h e i g h t  and d e c re a s e  w i t h  t i m e  i n  

t h e  m o r n i n g  f rom 0 t o  4 h o u r s .  The wave l e n g t h  o f  h e i g h t  p r o ­

f i l e s  o f  p re s e n te d  h e r e  v a r i e s  between  10 and 16 km.

A n a l o g o u s  r e l a t i o n s  a re  fo u n d  a l s o  i n  case  o f  t h e  m e r i d i o n a l  

c o m p o n e n t .  The i r r e g u l a r  component o f  t h e  m o t i o n  te nds  t o  i n ­

c r e a s e  w i t h  h e i g h t ,  w h i c h  i s  c l e a r l y  seen i n  t h e  t i m e  i n t e r v a l s
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0-2  h ,  August  11, 1983 and 2-4 h December 28, 1983. T h i s  c o r r e ­

sponds t o  an i n c r e a s e  o f  th e  a m p l i t u d e s  w i t h  h e i g h t  o f  t h e  i n ­

t e r n a l  g r a v i t y  waves p ro paga t i ng  i n  t h e  l o w e r  t h e r m o s p h e re .

I n  agreement  w i t h  t h e  t h e o r y  o f  w in d  shea rs  (Gershman 

1974)  t h e  h e i g h t  o f  f o r m a t i o n  and t h e  t h i c k n e s s  o f  t h e  Es l a y e r  

are  d e t e r m i n e d  by th e  h e i g h t  p r o f i l e  o f  t h e  zona l  w ind  i n  case 

o f  l a r g e  v a lu e s  o f  i t s  v e r t i c a l  g r a d i e n t .  C o n s id e r i n g  t h e  e x ­

p e r i m e n t a l  da ta  m en t i on ed  above f o r  t h e  f o r m a t i o n  o f  Es l a y e r s  

o f  an e f f e c t i v e  t h i c k n e s s  Az — hz / 2%\ TK~ f a v o u r a b l e  c o n d i t i o n s  

e x i s t  i n  th e  h e i g h t  range  £  92 km. T a k in g  as К — 14 km, f o r  

th e  v a l u e  o f  the  p a r a m e t e r  A -  10 -50  (Gershman 1974) ,

Az - 0 . 3 - 0 . 7  km i s  o b t a i n e d .

The r e s u l t s  r e g a r d i n g  th e  w in d  sys tem p re sen te d  i n  t h i s  

pap e r  i n d i c a t e  i n  a d d i t i o n  t o  t h e  p r e v a i l i n g  wind the  p re s e n c e  

o f  w a v e - l i k e  m o t i o n s  c l a s s i f i e d  as i n t e r n a l  g r a v i t y  w aves ,  

t i d a l  and p l a n e t a r y  waves i n  t h e  l o w e r  t h e rm osphe re ,  t h e  

damping o f  wh ich  p ro du c es  t u r b u l e n c e ;  t h e  observed w i n d - s h e a r s  

can be c o n s i d e r e d  as a consequence o f  i n t e r n a l  g r a v i t y  waves 

p r o p a g a t i n g  i n  th e  l o w e r  t h e r m o s p h e r e .
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RESULTS OF SIMULTANEOUS MEASUREMENTS OF NEUTRAL WIND AND DRIFT 
VELOCITY OF THE IONOSPHERIC PLASMA ACCORDING TO THE DOPPLER 

SHIFT OF THE 6 30 .0  ran [Ol ]  and 7 3 1 . 9  nm [ O i l ]  EMISSIONS
IN THE AURORA

V A Yugov, V M I g n a t i e v ,  A A Fedorov

I n s t i t u t e  f o r  Space Research and Aeronomy, 677891 Yakutsk, Lenin s t r .  31,
USSR

In t h i s  paper the re su l t s  of  ground based measurements of temperature, 
neut ra l  wind and d r i f t  of  ions at  the height  o f  the F-region of  the iono­
sphere in  auroras are presented. The measurements were carr ied out by means 
of  Fabry-Perot in ter ferometers  in  moderately disturbed condit ions at  T i x ie  
Bay (65.6°N, 194.9°E) i n  February 1983. The temperature and the neu t ra l  wind 
v e lo c i t y  have been determined by the Doppler broadening and s h i f t  of  the 
emission l i n e  630.0 nm [01].  The d r i f t  of  ions has been obtained from the 
Doppler s h i f t  of  the emission l i ne  731.9 nm [011] .  In the geomagnetic sys­
tem of  co-ordinates the neut ra l  wind and ion  d r i f t  are directed to the west 
before midnight and to the east a f t e r  midnight .  I t  has been found th a t  the 
change of  the d i r ec t io n  of  the neutral  wind v e lo c i t y  i s  delayed by 40-30 
min as compared to th a t  of  the ion d r i f t .  The maximum zonal v e lo c i ty  of  the 
ion d r i f t  i s  4-5 t imes higher than the neu t ra l  wind ve loc i ty .  The mer idional  
wind i s  d i rec ted dur ing the n ight  to the equator ,  i t s  ve loc i ty  increases 
towards the morning hours to ~  250 ms~l. A decrease of the Doppler tempera­
ture  from evening to midnight and an increase of  i t  towards the morning 
hours can be observed. The minimum temperature i s  reached at 0004 LT. Maxi­
mum and minimum temperatures of  respect ive l y  ~1220 К and ~960 К have 
been recorded.

Keywords: Doppler temperature; ion d r i f t ;  neutral  wind

INTRODUCTION

The s t a t e  o f  t h e  upper  a tm o s ph e re  a t  h i g h - l a t i t u d e s  i s  de ­

t e r m i n e d  by the  t e m p o r a l  and s p a t i a l  c h a r a c t e r i s t i c s  o f  t h e  

e n e rg y  i n p u t .  The main so u rces  o f  e n e r g y  are  a b s o r p t i o n  o f  t h e  

s o l a r  u l t r a v i o l e t  r a d i a t i o n ,  e l e c t r o d y n a m i c  ( J o u l e )  d i s s i p a ­

t i o n ,  e ne rg y  y i e l d e d  by a u r o r a l  p a r t i c l e s ,  t r a n s m i s s i o n  o f  wave 

e n e rg y  f r om  th e  l o w e r  a tm osphe re ,  h e a t i n g  due to  p lasma waves.

I n  p e r p e n d i c u l a r  m a g n e t i c  and e l e c t r i c  f i e l d s  the  m o t i o n  o f  

n e u t r a l s  i s  s i g n i f i c a n t l y  i n f l u e n c e d  by t h e  d r i f t  o f  i o n s .  

D u r i n g  d i s t u r b a n c e s  th e  e l e c t r i c  f i e l d  due to  the  magnetospher ic
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c o n v e c t i o n  i n c r e a s e s  w h ic h  le ads  t o  an i n c r e a s e d  e f f e c t i v i t y  o f  

t h i s  s o u r c e .  T h e r e f o r e ,  t h e  s i m u l t a n e o u s  measurements o f  t e m ­

p e r a t u r e ,  n e u t r a l  w in d  and i o n  d r i f t  i n  t h e  upper  a tm osphe re  a t  

h i g h  l a t i t u d e s  can g i v e  i m p o r t a n t  i n f o r m a t i o n s  about  t h e  p h y s i ­

c a l  causes o f  m o t i o n s  i n  t h e  a u r o r a l  i o n o s p h e r e .

APPARATUS AND METHOD OF THE MEASUREMENTS

For  th e  measurement  o f  the  D o p p le r  b r o a d e n in g  and s h i f t  o f  

t h e  e m i s s i o n  l i n e s  6 3 0 . 0  nm [01]  and 7 3 1 .9  nm [ O i l ] ,  p h o t o ­

g r a p h i c  i n t e r f e r o m e t e r s  have been u sed .  Each i n t e r f e r o m e t e r  

c o n s i s t e d  o f  a F a b r y - P e r o t  e t a l o n  mounted i n  a b a r o s t a t  and a 

d o u b l e  t h e r m o s t a t .  B e f o r e  th e  F a b r y - P e r o t  e t a l o n  an i n t e r f e r e n ­

ce f i l t e r  has been p l a c e d .  For the  a m p l i f i c a t i o n  o f  th e  i l l u m i ­

n a t i o n  t h r e e  chamber e l e c t r o n  o p t i c a l  t r a n s d u c e r s  c o o le d  t o  a 

t e m p e r a t u r e  o f  40- 50°C  have been used .  The fo rm  o f  the  i n t e r ­

f e r e n c e  p a t t e r n  was f i l m e d  (Yugov e t  a l .  1 975 ) .  The a c t i v e  s u r -
2

f a c e  o f  the  F a b r y - P e r o t  é t a l o n s  was 80 cm . For  th e  measurement  

o f  t e m p e r a t u r e , n e u t r a l  w in d s  and i o n  d r i f t  f r e e  s p e c t r a l  bands 

o f  r e s p e c t i v e l y  0 .0 2 5  nm, 0 .0099 nm and 0 .0 1 34  nm have been 

u s e d .  The m o n o c h r o m a t i z a t i o n  o f  the  l i g h t  was accom p l i she d  by 

i n t e r f e r e n c e  f i l t e r s  c e n t e r e d  a t  t h e  wave l e n g t h  630.0  nm w i t h  

h a l f  w i d t h s  o f  0 .9  and 1 .1 8  nm, th e  t r a n s m i s s i o n  c o e f f i c i e n t s  

o f  w h i c h  were r e s p e c t i v e l y  0 .33  and 0 . 3 8 .  The i n t e r f e r e n c e  

f i l t e r  c e n t e r e d  a t  t h e  wave l e n g t h  7 31 .9  nm had a h a l f - w i d t h  o f  

0 . 7  nm and a t r a n s m i s s i o n  c o e f f i c i e n t  o f  0 . 3 8 .

The p h o to g r a p h y  o f  t h e  i n t e r f e r e n c e  p a t t e r n  o f  the  e m i s ­

s i o n  l i n e s  630.0 nm [ O l ]  and 731.9  nm [ O i l ]  has been c a r r i e d  

o u t  s u c c e s s i v e l y  a t  a z e n i t h  ang le  60°  i n  t h e  d i r e c t i o n s  n o r t h ,  

s o u t h ,  e a s t ,  west  and a l s o  i n  z e n i t h .  A t  t h e  end o f  e ve ry  c y c l e  

th e  i n t e r f e r e n c e  p a t t e r n  o f  th e  l a s e r  r a d i a t i o n  a t  632 .8  nm has 

been p h o to g r a p h e d  w h i c h  was used as a comp le m en ta ry  r e f e r e n c e  

l i n e  f o r  th e  d e t e r m i n - t i o n  o f  the  D o p p l e r  s h i f t  o f  the  e m i s ­

s i o n  l i n e s  630 .0  nm [ O l ]  and 731.9 nm [ 0 1 1 ] .  The i n s t r u m e n t a l  

p r o f i l e s  o f  the  i n t e r f e r o m e t e r s  have a l s o  been de te rm ine d  by 

means o f  th e  l i n e  6 3 2 .8  nm. The D op p le r  s h i f t  has been o b t a i n e d  

f r om  t h e  d i a m e t e r  o f  t h e  i n t e r f e r e n c e  r i n g s  obse rved i n  th e
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z e n i t h  and a t  a z e n i t h  a n g le  o f  60° .  The e r r o r  o f  measurement 

o f  t h e  n e u t r a l  w ind  and t h a t  o f  th e  i o n  d r i f t  amounts t o  + 30 

ms 1 , i n  case o f  t h e  t e m p e r a t u r e  measurement  + 35 K. On ly the  

z o n a l  component  o f  t h e  d r i f t  v e l o c i t y  o f  i o n s  has been measured.

For  th e  d e t e r m i n a t i o n  o f  the  i n t e r f e r e n c e  p a t t e r n  i n  t h e  

are a  o f  norma l  b l a c k e n i n g  th e  t i m e  o f  e x p o s u r e  changed f rom 8 

t o  3 m in u t e  dep en d in g  on th e  i n t e n s i t y  o f  th e  g low o f  t h e  l i n e  

630 .0  nm [01 ] ,  t h a t  o f  t h e  l i n e  731 .9  nm [ O i l ]  was 20 m in .

RESULTS AND DISCUSSION

S im u l ta n e o u s  measurements  o f  t h e  D o p p l e r  t e m p e r a t u r e  and 

n e u t r a l  w ind  have been c a r r i e d  ou t  und e r  m o d e r a t e l y  d i s t u r b e d  

c o n d i t i o n s  on F e b r u a r y  9 ( IKp = 2 5 + ) ,  10 ( I K p  = 26+) and 

11 ( I K p  = 2 6 - )  1983.  I n  F i g .  1 the  v a r i a t i o n s  o f  t e m p e r a t u r e  

and n e u t r a l  w ind a re  shown i n  a sys tem o f  geo magn et ic  c o o r d i ­

n a t e s  p l o t t e d  on t h e  b a s i s  o f  p o i n t s  r e p r e s e n t i n g  t w e n t y  m in u t e  

ave rag es  by f u l l  l i n e s .  I t  can be seen f r o m  F i g .  l a  t h a t  th e  

s c a t t e r  o f  the  t e m p e r a t u r e  v a lu e s  i s  s i g n i f i c a n t  f rom n i g h t  t o  

n i g h t ,  on th e  b a s i s  o f  wh ich  i n  a l l  d i r e c t i o n s  a s i n k  o f  th e  

t e m p e r a t u r e  f rom e v e n i n g  t o  m i d n i g h t  and i t s  r i s e  to w a rds  th e  

m o rn in g  hou rs  can be o b s e rv e d .  The t e m p e r a t u r e  minimum o c c u r s  

a t  0004 LT. Maximum and minimum t e m p e r a t u r e s  o f  r e s p e c t i v e l y  

~  1220 К and ~  960 К have been r e c o r d e d .

The z o n a l  w ind  ( F i g .  l b )  i s  d i r e c t e d  t o  th e  west  b e f o r e  

m i d n i g h t  and t o  t h e  e a s t  a f t e r  m i d n i g h t .  The m e r i d i o n a l  w ind 

( F i g .  l c )  i s  d i r e c t e d  t o  t h e  e q u a t o r  and i t s  v e l o c i t y  i n c r e a s e s  

t o w a rd s  the  m orn ing  h o u r  t o  250 m s "1 ,

The measurement  o f  th e  n e u t r a l  w ind  i n  the  p e r i o d  F e b ru a ry  

9-11,  1983 shows t h a t  t h e  b a s i c  f e a t u r e s  o f  t h e  wind do n o t  d i f ­

f e r  f r om  th e  f e a t u r e s  f o und  on th e  b a s i s  o f  the  o b s e r v a t i o n s  i n  

C o l l e g e ,  A la sk a  ( 6 4 . 8 ° N ,  1 4 7 . 8°W) i n  t h e  i n t e r v a l  Janu ary  t o  

March 1972 (Hays e t  a l .  1979)  and i n  T i x i e  Bay i n  the  p e r i o d  

F e b r u a ry - M a r c h  1979 (Yugov e t  a l .  1 9 8 2 ) .  As l o n g  as th e  abso ­

l u t e  v a lu e s  o f  t h e  z o n a l  component  a c c o r d i n g  to  the  measure ­

ments i n  1979 and 1983 i n  T i x i e  Bay a re  a p p r o x i m a t e l y  e q u a l ,  

t h e  maximum m e r i d i o n a l  v e l o c i t y  i s  a p p r o x i m a t e l y  1 .2 t im e s  l e s s
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F ig .  1. Results of the temperature and neut ra l  wind measurements on February 
9, 10 and 11, 1983. a -  temperature, b -  zonal v e lo c i t y ,  c -  mer idi ­
onal ve loc i ty .  Measurements to the north (N), south (S),  east  (E) 
and west (W) are p lo t t e d

a c c o r d i n g  to  the  o b s e r v a t i o n s  i n  1983 th a n  t h a t  i n  1979.  T h i s  

may be r e l a t e d  t o  t h e  d i f f e r e n t  l e v e l  o f  s o l a r  a c t i v i t y  i n  the  

two p e r i o d s  s t u d i e d  h e r e .  At  th e  t i m e  o f  o b s e r v a t i o n s  i n  1979 

th e  s o l a r  a c t i v i t y  was 1 .5  t i m e s  h i g h e r  t h an  i n  1983.
Ttie e m is s io n  l i n e  7 31 .9  [ O I I ] a p p e a r s  i n  h i g h  a l t i t u d e  

a u r o r a s .  The e f f e c t i v e  l i f e  t im e  o f  t h i s  e m i s s i o n  i s  2 . 4 - 5  s 

w h i c h  co r res p on ds  t o  a maximum r a d i a t i o n  o f  731 .9  nm [ O i l ]  a t
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a b o u t  a h e i g h t  o f  200 km.

The i n t e r f e r o m e t r i c  measurement  o f  t h e  i o n  d r i f t  v e l o c i t y  

on t h e  b a s i s  o f  731 .9  nm L 0 11 ] i n  t h e  n i g h t  a tmosphere  has been 

c a r r i e d  o u t  i n  C o l l e g e  i n  F e b r u a ry  1972 ( M e r i w e t h e r  e t  a l .  1979). 

The r e s u l t s  o f  t h e s e  measurements  have shown t h a t  t h e  e m i s s i o n  

731 .9  nm [ O i l ]  may i n c r e a s e  t o  100 R. Measurements i n  t h e  p o l a r  

cusp have shown t h a t  i n  t h e  a u r o r a l  sp ec t r um  th e  i n t e n s i t y  o f  

t h e  e m i s s i o n  731 .9  nm [ O i l ]  v a r i e s  f rom 20 t o  230 R. S p e c t r o ­

m é t r i e  o b s e r v a t i o n s  p r e s e n t e d  i n  t h i s  paper  show t h a t  t h e  i n ­

t e n s i t y  o f  the  l i n e  731 .6  nm P j ( 2 )  o f  t h e  band ( 8 , 3 )  OH, wh ich  

can be b lend ed  w i t h  t h e  e m i s s i o n  731 .9  [ O i l ]  , does n o t  exceed 

25 R. The measurement  o f  t h e  m o t i o n s  i n  a u r o r a s  i n  T i x i e  Bay by 
means o f  an i n f r a r e d  t h r e e - a z i m u t h a l  s p e c t r o m e t e r  u s i n g  t h r e e  

chamber e l e c t r o n  o p t i c a l  t r a n s d u c e r s  ( A t l a s o v  e t  a l .  1980,  

R e s h e t n i k o v  e t  a l .  1983)  showed a l s o  t h a t  t h e  e m i s s i o n  731 .9  nm 

[ O i l ]  can be s i g n i f i c a n t l y  i n t e n s i f i e d .  On the  b a s i s  o f  t h e s e  

d a ta  t h e  i n t e n s i t y  o f  731 .9  nm [ O i l ]  has been e s t i m a t e d  a t  

20-44 0  R. In  some cases th e  p re s en c e  o f  t h i s  l i n e  was o b s e rv e d  

d u r i n g  t h e  who le n i g h t .

I n  F i g .  2 r e s u l t s  o f  t h e  s i m u l t a n e o u s  measurements  o f  th e  

z o n a l  v e l o c i t y  o f  n e u t r a l s  ( v n ) and t h a t  o f  i o n s  ( v ^ ) ,  as w e l l  

as t h e  computed m e r i d i o n a l  e l e c t r i c  f i e l d  (E)  f o r  F e b r u a r y  9 

and 10, 1983 ( F i g s .  2a,  b )  a re  p r e s e n t e d .  I t  can be seen t h a t  

s i g n s  o f  th e  z o n a l  v e l o c i t i e s  o f  t h e  n e u t r a l s  and i o n s  t o  m id ­

n i g h t  and a f t e r  m i d n i g h t  c o i n c i d e .  The maximum v e l o c i t y  o f  the  

i o n s  i s  4 -5  t im e s  l a r g e r  th a n  t h a t  o f  t h e  n e u t r a l s .  A t i m e - l a g  

o f  40 -50  min i n  t h e  change o f  d i r e c t i o n  o f  t h e  n e u t r a l  w ind  

v e l o c i t y  as compared t o  t h e  i o n  d r i f t  can be o b s e rv e d .

Compar ison o f  t h e  r e s u l t s  o f  t h e  z o n a l  w ind  measurements  

w i t h  t h a t  o f  th e  i o n  d r i f t  shows t h a t  under  m o d e r a t e l y  d i s t u r b ­

ed c o n d i t i o n s  i n  p e r p e n d i c u l a r  m a g n e t i c  and e l e c t r i c  f i e l d s  a t  

t h e  h e i g h t  o f  t h e  F r e g i o n  o f  t h e  n i g h t  t im e  a u r o r a l  zone th e  

m o t i o n  o f  the  n e u t r a l s  can be s i g n i f i c a n t l y  a f f e c t e d  by t h e  

d r i f t  o f  i o n s .
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Fig.  2. Zonal components of  the neutral  wind (vn) and ion d r i f t  ( v p  measured 
on February 9 (a)  and on February 10, 1983. The scale at  l e f t  corres­
ponds to the v e lo c i t y ,  the r i g h t  hand scale to  the meridional  com­
ponent of the e l e c t r i c  f i e l d  computed
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ENFORCED OSCILLATIONS AND RESONANCES DUE TO INTERNAL 
NON-LINEAR PROCESSES OF PHOTOCHEMICAL SYSTEMS IN THE ATMOSPHERE

G Sonnemann and B F i c h t e l m a n n

Academy of Sciences of  the GDR, I n s t i t u t e  f o r  Space Research,
DOR-2080 Neust rel i t z  5, Kalkhorstweg

In order to study the react ion of  photochemical systems to per iod ic  
s t imu la t ion ,  a model of  the photochemistry o f  ozone has been tested under 
ce r t a in  aéronomie condi t ions and fo r  va r iab le  s t imu la t ion  periods. Non- l ine­
ar resonance phenomena are observed fo r  s t i m u la t io n  periods of the order of  
the c h a ra c te r is t i c  times of  photochemical systems. Theoret ical  quest ions are 
b r i e f l y  considered. Conclusions drawn from an empi r ica l  ozone model o f  the 
mesosphere as derived from measurements o f  the s a t e l l i t e  Interkosmos-16 are 
discussed in  more d e ta i ls .

Keywords: non- l inear  processes; ozone model of  the mesosphere; photo­
chemical system

INTRODUCTION

In  t h i s  pap e r  p o s s i b l e  r e a c t i o n s  a r i s i n g  f rom the  p e r i o d i c  

s t i m u l a t i o n  o f  t h e  a tm o s p h e r i c  p h o t o c h e m i c a l  systems by t h e  

s o l a r  r a d i a t i o n  e ne rg y  i n p u t  a re  s t u d i e d .  The p e r i o d i c a l l y  

c h a n g in g  p h o t o d i s s o c i a t i o n  and i o n i z a t i o n  r a t e  c o n s t a n t s  have 

d i f f e r e n t  t i m e  s c a l e s .  The most i m p o r t a n t  one i s  r e l a t e d  t o  th e  

24 h - p e r i o d .  O th e rs  are  connec te d  t o  t h e  2 7 - d a y - r o t a t i o n  o f  the  

sun,  t h e  a nn ua l  s e as o na l  v a r i a t i o n  and t h e  1 1 -y ea r  s u n s p o t  

c y c l e .  We s h a l l  d i s c u s s  th e  1 - d a y - p e r i o d  i n  g r e a t e r  d e t a i l .  I n  

th e  f o l l o w i n g  we i n t e n d  t o  a n a ly s e  t h e  p a r t i c u l a r  b e h a v i o u r  o f  

t h e  ozone p h o t o c h e m i s t r y  o f  the  u p p e r  mesosphere  i n  a manner  

w e l l  known i n  t h e  s t u d y  o f  m e c h a n i c a l  o r  e l e c t r i c a l  s y s t e m s .

The v a r i a b l e  p h o t o d i s s o c i a t i o n  r a t e s  r e p r e s e n t  an a x c i t i n g  e x ­

t e r n a l  f o r c e  and i t  i s  c o n s i d e r e d  how t h e  i n t e r n a l  c h e m ic a l  

sys tem r e a c t s  on th e  v a r y i n g  f r e q u e n c y  o f  s t i m u l a t i o n .

Acta Geod. Geoph. Mont. Hung. 22, 1987 
Akadémiai Kiadó, Budapest
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DISCUSSION OF THE MODEL

The upper  m e s o s p h e r i c  ozone c h e m i s t r y  i s  e s s e n t i a l l y  d e ­

t e r m i n e d  by the  f i v e  v a r i a b l e  c o n s t i t u e n t s  0 ,  O j ,  H, OH and

H0? . The odd n i t r o g e n  compounds,  th e  h y d r o g e n  p e r o x i d e ,  th e  e x -
 ̂ 1 1  c i t e d  s p e c i e s  l i k e  0 ( D) and O2  ( Ag)  and o t h e r s  are o f  m in o r

i m p o r t a n c e .  O j ,  ( A r )  and t h e  number d e n s i t y  M can be c o n s i d e r e d  

as c o n s t a n t  and H2 O i s  a f r e e  p a ra m e t e r  w i t h i n  t h i s  model v a r y ­

i n g  s l o w l y  w i t h  r e g a r d  t o  c h e m ic a l  p r o c e s s e s ,  which are m a i n l y  

d e t e r m i n e d  by t r a n s p o r t .  The i n i t i a l  r e a c t i o n  c o n s i s t s  o f  th e  

p h o t o d i s s o c i a t i o n  o f  O2 . By the  su b s e q u e n t  t h r e e - b o d y  r e a c t i o n  

o f  0 w i t h  O2  and a n e u t r a l  p a r t i c l e ,  ozone i s  c r e a t e d .  Water 

v a p o u r  u nd e rgo es  p h o t o d i s s o c i a t i o n  p r o d u c i n g  H and OH, wh ich  

a re  t h e  mos t  i m p o r t a n t  ozone d e s t r o y e r s .

Ozone and a to m ic  oxygen  w i l l  be c a t a l y t i c a l l y  removed by 

t h e  odd hy d rog en s  H, OH and HO2 . These compounds d e s t r o y  them­

s e l v e s  r a t h e r  u n e f f i c i e n t l y  t h e r e b y  p r o d u c i n g  th e  i n a c t i v e  H2  

o r  r e f o r m i n g  H2 O. A few r e a c t i o n s  l e a d  t o  H2 O2  be ing  a m in o r  

n o c t u r n a l  O H - s to r e .  Due t o  the  f a s t  c a t a l y t i c  d e s t r u c t i o n  o f  

th e  odd oxygen compounds t h e  odd hyd rog en  s p e c i e s  reach q u i c k l y  

a m u t u a l  e q u i l i b r i u m  ( w i t h i n  m i n u t e s ) .  I n  c o n t r a s t  to  t h i s  th e  

c o m p le t e  sys tem has a c o n s i d e r a b l y  h i g h e r  c h a r a c t e r i s t i c  t im e  

wh ich  i s  d e t e r m in e d  by t h e  c h a r a c t e r i s t i c  t i m e  o f  the  odd h y ­

d ro gen  compounds.  F i g u r e  1 shows t h i s  c h a r a c t e r i s t i c  t im e  a t  

81 km h e i g h t .  I t  i s  d e f i n e d  by the  e q u a t i o n

( [H ] + [OH] + [H09] )
T u  = -------------------------------------------------------------- ---------------------- ------------------— i s ]

uDD (L6 [H02] + k6[M ][0H] ) [H ] + (L0 [OH] + L1Q[H02 ]) [OH] +

The model  a s s um p t io ns  a re  e x p l a i n e d  i n  t h e  n e x t  c h a p t e r .  T ab le  
I  shows a l l  r e l e v a n t  r e a c t i o n s .

ENFORCED PHOTOCHEMICAL OSCILLATIONS AND RESONANCES DUE TO 
INTERNAL NON-LINEAR PROCESSES

Deve lopmen t  o f  the  p r o b l e m

A l i n e a r  second o r d e r  d i f f e r e n t i a l  e q u a t i o n  w i t h  c o n s t a n t  

c o e f f i c i e n t s  and w i t h  a t e r m  o f  e x t e r n a l  p e r i o d i c  s t i m u l a t i o n  
shows t h e  phenomenon o f  r e s o n a n c e ,  i f  t h e  e i g e n  f r e q u e n c y  o f  
the  homogeneous e q u a t i o n  i s  equ a l  to  t h e  s t i m u l a t i n g  f r e q u e n c y .
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Fig.  1. Charac ter is t i c  t ime of  odd hydrogen f o r  aéronomie cond i t ions  at  81 km 
height

Tab le  I

L i s t  o f  r e a c t i o n s

o 3  + H ----

0 + OH ----

o 3  + OH -----

0 + h o 2 ------

H + но2 —
H + но2 -----

OH + OH -----

OH + H02  -----

H02  + H02  -
0 + 0 2 + M -

0 + 0 + M -

0 + 0 H + M -

0 2  + H + M -
OH + H + M -

0 + h V
2

2 0 2 4  = 9

0 2  + OH
1 2  = 1

0 2  + H 1 3 = 4
0 2  + H02 X4 ■ 2

0 2  + OH 4  ■ 3

0 2  + H2
3 6  = 3

20H h  - 2

0 + H20
3 8  * 1

o 2  + H20
1 1 0  =

0 2  + h 2 o2 4 i  =
0 3  + M k l  - 1

0 2  + M k 3  = 8

H02  + M k 4 = 1

H02  + M k 5  = 8

H„0 + M
k 6  » 3

2 0 On (°°)u 2

= 9 .0 8 -1 0  

= 1 .78 -1 0  

4 .4 0 -1 0  

= 2 .3 7 -1 0  

= 3 .50 -1 0  

= 5 .40 -1 0  

= 2 .2 6 -1 0  

= 1 . 12-10

-16

-11
-11
-14

-11
- 1 2
-12
-12

cm -1

= 4 .0 0 -1 0 -11

= 1 .05 -1 0  

= 8 .2 3 -1 0  

1 .40 -1 0  

= 8 .0 8 -1 0  

= 3 .31 -1 0
(со) = 1 . 5 - 1 0

O' 1 2

-34

-33

-31

-32

-27

cm6 - 1

- 6 , - l
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T a b le  I  ( c o n t d )

H2 0 + h V

0-j + h у

H + OH

o 2  + 0

s
II

- 1

P h o t o c h e m i c a l  sys tems a r e  g e n e r a l l y  o f  n o n - l i n e a r  c h a r a c t e r  and 

l i n e a r  systems have t o  be. c o n s i d e r e d  as an a p p r o x i m a t i o n  f o r  

c e r t a i n  boundary c o n d i t i o n s .  L i n e a r  m e c h a n i c a l  sys tems have to  

be c o n s i d e r e d  as a b o u n d a r y  case,  t o o ,  how eve r  the phenomenon 

o f  res o n a n c e  o c c u r s ,  a l s o  i n  n o n - l i n e a r  s y s te m s .

Now, an example i s  p r e s e n t e d  on th e  b a s i s  o f  the  ozone 

c h e m i s t r y ,  which d e m o n s t r a t e s  the  m a t h e m a t i c a l  i so m orph ism  b e t ­
ween m ech an ica l  and c h e m i c a l  p ro b le m s .  I n  a l a r g e  02- s u p p l y  

a t o m i c  oxygen i s  p r o d u c e d  by p h o t o d i s s o c i a t i o n .  Via a t h r e e -  

- b o d y  r e a c t i o n  o f  0  and two 0 2 - m o l e c u l e s , ( k * )  0  ̂ i s  fo rm ed  

a g a i n .  The 0 - d e n s i t y  compared to  th e  0 2- d e n s i t y  i s  c o n s i d e r e d  

n e g l i g i b l y  low.  The l o s s  o f  0^ ta k es  p l a c e  due t o  a r e a c t i o n  

w i t h  a t o m ic  hydrogen assumed t o  be l i k e w i s e  o f  a s u f f i c i e n t l y  

l a r g e  amount.  R e a c t i o n s  o f  th e  k i n d  o f  0 + 0^ — - 2 0 2  o r  w i t h  

t h e  p r o d u c t s  o f  th e  r e a c t i o n  0^ + H — — OH + 0 2 , namely:

OH + 0 j — - H 0 2  + 0 2  and H0 2  + 0 — -OH + 0 2  e t c .  may be n e g ­

l e c t e d .  T h i s  lea ds  t o  t h e  s im p le  sys tem

d [ 0 ] 
d t 2 J [ 0 2 ] -  k ^ O ^ l O ]

2 z 0 1 z 0
( 2 )

d Í 0  3  ]
= k*  [ 0 2 ] 2 [ о ]  -  12 [ H] 0 [ 0 -j] • ( 3 )d t

D i f f e r e n t i a t i n g  t h e  s e c o n d  e q u a t i o n  w i t h  r e s p e c t  to  t i m e  and 

p u t t i n g  th e  f i r s t  e q u a t i o n  i n t o  the  c o r r e s p o n d i n g  te rms  we ob ­

t a i n
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Making a s sum pt i ons  c o n c e r n i n g  t h e  d i s s o c i a t i o n  r a t e  ( e . g .

Jg - A (1 + cos ( c o t ) ) )  i t  i s  f e a s i b l e  to  c o n s t r u c t  a p a r t i c u ­

l e ?  i n t e g r a l  o f  t h e  inhomogeneous e q u a t i o n .  Under r e a l i s t i c  

c o n d i t i o n s  i t  i s  i n  g e n e r a l  n o t  p o s s i b l e  t o  d e r i v e  an a n a l y t i ­

c a l  s o l u t i o n ,  t h e r e f o r e  n u m e r i c a l  p ro c e d u r e s  have t o  be a p p l i e d .

The e ig e n  f r e q u e n c y  o f  Eq. ( 4 )  i s  g i v e n  by

= k ? [ 0 o ] l 2 *-H ■* 0

= ( T Q - T  

= (2 Л  V E

- 1 (5 )

N u m e r i c a l  s o l u t i o n  o f  the  model

I n  o r d e r  t o  s t u d y  th e  r e a c t i o n  o f  th e  d e s c r i b e d  f i v e  com­

p o n e n t  p h o t o c h e m i c a l  s ys te m ,  f o r  t h e  d i s s o c i a t i o n  r a t e  a r e c ­

t a n g u l a r - f u n c t i o n  o f  v a r i a b l e  p e r i o d  T has been c h o s e n .

f o r  0  < t  ^ y  

f o r  y  < t  — T

The c h e m ic a l  r e a c t i o n  r a t e s  have been taken  f r o m  Hampson 

( 1 9 8 0 )  f o r  a t e m p e r a t u r e  c o r r e s p o n d i n g  t o  r e a l  u p p e r  meso­

s p h e r i c  c o n d i t i o n s ,  th e  0 2 - d e n s i t y  and th e  number d e n s i t y  M f o r  

d i f f e r e n t  a l t i t u d e s  were t a k e n  f r o m  CIRA (1 9 7 2 ) .  A l s o  t h e  a m p l i ­

t u d e s  o f  the  p h o t o d i s s o c i a t i o n  r a t e s  Jg and g have  been 

c a l c u l a t e d  u s in g  t h e  d a ta  o f  CIRA 72 a?d r e a l  i o l a r  r a d i a t i o n  

f l u x  v a l u e s .  Jg c o r r e s p o n d s  t o  ove rhead  sun. The w a t e r  vapour  

c o n c e n t r a t i o n  has been changed w i t h i n  r e a l i s t i c  l i m i t s .  F i g u r e  

2  shows th e  d i u r n a l  maximum ozone c o n c e n t r a t i o n  ( a m p l i t u d e )  v i a  

t h e  h a l f  p e r i o d  f o r  aé ronom ie  c o n d i t i o n s  a t  75 km h e i g h t .  The 

f i g u r e  i n d i c a t e s  p ro nounced  re s o n a n c e  phenomena p a r t i c u l a r l y

f o r  low H9 0 - d e n s i t i e s . The re s o n a n c e  f r e q u e n c y  o c c u r s  a t  ap-  
^ _ ]

p r o x i m a t e l y  1 day . Depend ing  on th e  c o n d i t i o n  J x =  J x o r  

J x =  0 , i n  t h e  f o l l o w i n g  we speak  o f  day or  n i g h t ,  and i d e n t i f y  

t h e  s w i t c h i n g  t i m e  w i t h  s u n r i s e  and s u n s e t .  For  s u f f i c i e n t l y
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Fig. 2. Diurnal  maximum ozone concentrat ion 
v ia the h a l f  per iod fo r  aéronomie 
cond i t ions  a t  75 km height

l o n g  p e r i o d s  the  f o l l o w i n g  p e c u l i a r i t i e s  can be observed:

Im m e d ia te ly  a f t e r  t h e  end o f  a n i g h t ,  w i t h  the  b e g in n i n g  

o f  t h e  d i s s o c i a t i o n ,  t h e  ozone d e n s i t y  d e c r e a s e s  ve ry  f a s t .

From a n e e d l e l i k e  min imum s h o r t l y  a f t e r  s u n r i s e  the  ozone c o n ­

c e n t r a t i o n  beg in s  t o  i n c r e a s e  and r e a c h e s  a maximum. A f t e r  t h i s  

maximum the c o n c e n t r a t i o n  a t t a i n s  a l e s s  p ro nounced  minimum and 

a p p r o a c h e s  a s y m p t o t i c a l l y  a s t a t i o n a r y  v a l u e .  Depending on th e  

w a t e r  vapour  c o n c e n t r a t i o n  the  ozone d e n s i t y  i n c r e a s e s  and 

r e a c h e s  the  a b s o l u t e  maximum ( a m p l i t u d e )  a f t e r  su ns e t ,  t h e r e ­

a f t e r  i t  d rops  t o  a f a i n t l y  marked min imum and approaches a 

s t a t i o n a r y  n i g h t  l e v e l .  As F ig .  3 shows t h e  d i u r n a l  maximum 

a p p e a r s  the  e a r l i e r ,  t h e  more wa te r  v a p o u r  i s  c o n ta i n e d  i n  th e  

s y s t e m .

Marked r es o na nc e s  o c c u r  i n  cases i f  t h e  s t i m u l a t i n g  t im e  

becomes comparab le  w i t h  t h e  i n t e r n a l  c h e m i c a l  r e a c t i o n  t i m e .  

U n d e r  n o n - e q u i l i b r i u m  c o n d i t i o n s  the  c h a r a c t e r i s t i c  ch em ic a l  

t i m e  v a r i e s ,  o f  c o u r s e ,  c o n s i d e r a b l y  as has  been shown i n  F i g .
1.  Hence such a s t a t e m e n t  has to  be a c c e p t e d  w i t h  c a u t i o n  and
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concentrat ion i s  used as a parameter

i t  wou ld  be b e t t e r  t o  use an e f f e c t i v e  d i u r n a l  c h a r a c t e r i s t i c  

t i m e .  F i g u r e  4 shows model  c a l c u l a t i o n s  d e m o n s t r a t i n g  t h a t  t h e  

h i g h e s t  a m p l i t u d e s  w i l l  be r ea c he d ,  when th e  n i g h t  b e g in s  d u r ­

i n g  t h e  d i u r n a l  maximum o f  th e  ozone c o n c e n t r a t i o n .  F i g u r e  5 

r e p r e s e n t s  the  changes o f  ozone d e n s i t y  f o r  a p e r i o d  o f  1  day 

f o r  d i f f e r e n t  w a t e r  vapo ur  c o n c e n t r a t i o n s ,  i f  the  s u n s e t  s t a r t s

time, 10‘ s

Fig. 4. Diurnal  va r ia t i ons  of  ozone f o r  vary ing  periods that  may i l l u s t r a t e  
the dependence of  the ampli tude on the time of sunset
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Fig .  5. Top, d iu rna l  va r ia t io n s  of ozone f o r  wetnesses occurr ing, when sun­
set  s ta r t s  dur ing the diurnal  maximum respect ive ly  minimum ozone 
concentrat ions. Bottom the r a t i o  o f  both curves i s  shown

r e s p e c t i v e l y  a t  t h e  d i u r n a l  maximum and minimum o f  th e  ozone

c o n c e n t r a t i o n .  I n  t h e  l o w e r  p a r t  o f  t h e  f i g u r e  the  r a t i o  o f  the

tw o  ca ses  has been d ra w n .  This  r a t i o  shows a rem arkab le  v a r i a ­

t i o n  w i t h  h i g h e s t  v a l u e s  s h o r t l y  a f t e r  s u n s e t .

These f i n d i n g s  have  been conf i rmed on th e  b a s i s  o f  a r e a l i s ­

t i c  co m p le x  model  o f  t h e  p h o t o c h e m i s t r y  o f  the  a tmosphere  i n ­

c l u d i n g  32 components  and more than  200 r e a c t i o n s .  The r e s u l t s

o f  t h e s e  c o m p u t a t i o n s  w i l l  be d i s c u s s e d  e l s ew he re  (see F i g .  7 ) .

CONCLUSIONS WITH REGARD TO THE REAL ATMOSPHERE

The n a t u r a l  v a r i a b i l i t y  o f  H2 O w i t h i n  th e  r e g io n  o f  t h e  me- 
s o p a u s e  i s  h ig h  and can be e s t i m a t e d  t o  v a r y  w i t h i n  th e  e x t r e m e  
v a l u e s  o f  0.5 and 15 ppm, or  more r e a l i s t i c a l l y  between 1 and 10 

ppm. Hence, w i t h  c h a n g i n g  wetness t h e  sys te m  w i l l  be i n  o r  o u t  
o f  r e s o n a n c e ,  and t h e r e f o r e  the  v a r i a b i l i t y  o f  the  ozone concen­

t r a t i o n  w i l l  be most  p ro no un ced  j u s t  d u r i n g  s u n s e t .  But t h e  ma­

j o r i t y  o f  th e  s o l a r  o c c u l t a t i o n  measurements  o f  ozone has been 

p e r f o r m e d  d u r i n g  s u n s e t .  The same e f f e c t  as an a l t e r a t i o n  o f
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the  w a t e r  va pour  c o n c e n t r a t i o n  i s  caused  by a change o f  t h e  s o ­

l a r  lyman-<C i r r a d i a n c e ,  becuase w i t h i n  the  o n l y  p r o d u c t i o n  

te rm o f  odd hydr og en  J ^ o   ̂ ^ 0   ̂ both p a ra m e t e r s  a p p e a r .  The n a t ­
u r a l  l a r g e  s c a l e  v a r i a b i l i t y  o f  t h e  Lyman-rfL r a d i a t i o n  has been 

fo und  t o  be o f  a f a c t o r  o f  a b o u t  t h r e e .

From about  150 s u n s e t  measurements  o f  the  I n t e r k o s m o s  16 

s a t e l l i t e  ( l a u n c h e d  i n  1976)  we d e r i v e d  an averaged m e s o s p h e r i c  

ozone p r o f i l e  (Oh le  e t  a l .  1985,  Sonnemann e t  a l .  1985)  and 

compared i t  w i t h  the  model  o f  K r u e g e r  and Minzner  ( 1 9 7 6 ) .  I t  

can be s t a t e d  as F i g .  6  shows t h a t  up t o  a h e i g h t  o f  a p p r o x i ­

m a t e l y  65 km b o th  p r o f i l e s  a re  a lm o s t  i d e n t i c a l .  Above t h i s  

h e i g h t  t h e  p r o f i l e s  i n d i c a t e  a d i s c r e p a n c y  r e a c h in g  a f a c t o r  o f  

tw o .  T h i s  may be due t o  th e  f a c t  t h a t  the  K r u e g e r - M i n z n e r - m o d e l

Fig.  6 . Empir ical  ozone model of  the mesosphere derived from so la r  occul ta­
t i o n  measurements by means o f  the Interkosmos 16 s a t e l l i t e  (launched 
in  1976) compared wi th the Krueger-Minzner-model

has been d e r i v e d  f rom  measurements  p e r fo rm e d  a t  d i f f e r e n t  t i m es  

o f  t h e  d ay .  W i th  r i s i n g  a l t i t u d e  t h e  d i u r n a l  ozone maximum i s  

s h i f t e d  i n t o  t h e  e v e n in g  h o u r s ,  l e a d i n g  t o  h i g h e r  ozone d e n s i ­
t i e s  t h a n  th e  ave rage  d a y t im e  v a l u e .  The low s o l a r  a c t i v i t y
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i n  1976 ( l e s s  Lyman-oC r a d i a t i o n )  may be a d d i t i o n a l l y  r e s p o n ­

s i b l e  f o r  t h a t  b e h a v i o u r ,  t o o .  On the  o t h e r  hand our  i n d i v i d u a l  

p r o f i l e s  show a c o n s i d e r a b l e  d i s p e r s i o n  w i t h i n  th e  mesopause 

r e g i o n  wh ich  can be e x p l a i n e d  by the  l a r g e  v a r i a b i l i t y  o f  th e  

ozone c o n c e n t r a t i o n  p a r t i c u l a r l y  d u r i n g  s u n s e t .  F i g u r e  7  shows 
some o f  th ese  f i n d i n g s  a c c o r d i n g  to  c a l c u l a t i o n s  u s in g  the 

c o m p le x  p h o t o c h e m i c a l  m ode l .

Fig.  7. Model ca lcu la t ions  o f  d iurna l  va r ia t i ons  o f  the ozone density using 
a complex photochemical system
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THE STRANGE ATTRACTOR IN THE PHOTOCHEMISTRY OF OZONE 
IN THE MESOPAUSE REGION

В F i c h t e l m a n n  and G Sonnemann

Academy of Sciences of  the GDR, I n s t i t u t e  f o r  Space Research, 
DDR-2080 Neus t r e l i t z  5, Kalkhorstweg

On the basis of  a photochemical model of  the ozone chemistry o f  the 
mesopause region, a non- l inear  e f f e c t  has been studied and simulated under 
r e a l i s t i c  condi t ions.  The quest ion i s  considered here how a photochemical 
system cont ro l led  by the d issoc ia t ion  rate constants responds to  p e r io d ic  
s t imu la t ions  of var iable per iods. For ce r ta in  sets of  parameters day-to-day 
va r ia t io n s  occur which are cont ro l l ed  by a strange a t t r ac to r  of  the densi ­
t i e s  o f  the components. Some th eo re t i ca l  questions related to  the eigenvalue 
problem are discussed.

Keywords: mesosphere; ozone; photochemistry

INTRODUCTION TO THE THEORETICAL BACKGROUND

I n  o r d e r  t o  c a l c u l a t e  t h e o r e t i c a l  d i u r n a l  v a r i a t i o n s  o f  
t h e  i n d i v i d u a l  components o f  a p h o t o c h e m i c a l  s y s te m ,  p r o c e e d i n g  

f r o m  a c e r t a i n  s e t  o f  i n i t i a l  c o n d i t i o n s  th e  c o m p u t a t i o n  has to  

be c o n t i n u e d  u n t i l  two c o n s e c u t i v e  d i u r n a l  c u r v e s  d i f f e r  o n l y  

i n f i n i t e s i m a l l y .  Tha t  t h e o r e t i c a l  d i u r n a l  v a r i a t i o n  i s  c a l l e d  

t h e  bound ary  d i u r n a l  v a r i a t i o n .  The adequate  m a t h e m a t i c a l  de ­

f i n i t i o n  o f  the  e x i s t e n c e  o f  such a boundary  d i u r n a l  v a r i a t i o n  

i s  g i v e n  by the  f o l l o w i n g  i n e q u a l i t y .  For  an a r b i t r a r y  £ > 0 

e x i s t s  a M so t h a t

Max [ X ( t ) ]
(/u + 1 )

IX ( t  )] < £ ( 1)

t  £ 24 h.
t  i s  t h e  t im e  between 0 and 24 LT, X den otes  th e  c h e m i c a l  com­

p o n e n t  and ai c o r r e s p o n d s  t o  t h e  number o f  day s .  The main  

q u e s t i o n  a r i s i n g  f r om  Eq. ( 1 )  i s ,  does e x i s t  a b o u n d a ry  d i u r n a l

Acta Geod. Geoph. Mont. Hung. 22, 1987 
Akadémiai Kiadó, Budapest
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v a r i a t i o n  and i f  so u n d e r  which c o n d i t i o n s  does i t  occur?

The r e a l  p h o t o c h e m i c a l  sys tems c o n t a i n  s e t s  o f  n o n - l i n e a r  

f i r s t - o r d e r  d i f f e r e n t i a l  e q u a t i o n s .  E s p e c i a l l y  about  s u n r i s e  

and s u n s e t  the  sys tem i s  f a r  f rom p h o t o c h e m i c a l  e q u i l i b r i u m  and 

some c o n s t i t u e n t s  i n c r e a s e  i n  a h y p e r b o l i c  manner.  In  t h e  p a r ­

t i c u l a r  case o f  t h e  ozone c h e m is t r y  t h e r e  e x i s t s  a w e l l  d e f i n e d  

s t a t i o n a r y  s o l u t i o n  o f  a l l  c o m b in a t i o n s  o f  t h e  d i s s o c i a t i o n  

r a t e s  I q I q and f o r  v a n i s h i n g  d i s s o c i a t i o n  r a t e  c o n ­

s t a n t s  depending on t h e  c o n d i t i o n s  d u r i n g  s u n s e t .  The s t a t i o n ­

a r y  s o l u t i o n ,  o f  c o u r s e ,  i s  s t a b l e  i n  r e l a t i o n  t o  s m a l l  p e r ­

t u r b a t i o n s  .

By a n a l y s i n g  t h e  b e h a v i o u r  o f  t h e  sy s te m  f a r  f rom th e  

s t a t i o n a r y  s o l u t i o n  we f i n d  t ime  r a n g e s ,  where  these  so c a l l e d  

d y n a m i c a l  e i g e n v a l u e s  have p o s i t i v e  r e a l  p a r t s .  The s o l u t i o n s  

o f  t h e  c l a s s i c a l  e i g e n v a l u e  prob lem u s i n g  th e  a c t u a l  t i m e - d e ­

p e n d i n g  c o n c e n t r a t i o n s  o f  the  i n d i v i d u a l  components  o f  t h e  s y s ­

tem i n s t e a d  o f  t h e  d e n s i t i e s  o f  t h e  s t a t i o n a r y  s o l u t i o n  are  

c a l l e d  dynamica l  e i g e n v a l u e s .  T h e r e f o r e  t h e  e i g e n v a l u e s  c a l c u ­

l a t e d  so change w i t h  t i m e ,  they  have a d y n a m i c a l  c h a r a c t e r .  

P o s i t i v e  r e a l  p a r t s  o f  t h e  e i g e n v a l u e s  mean a l s o  i n  t h i s  case 

t h a t  s m a l l  su pe r im po s ed  f l u c t u a t i o n s  i n c r e a s e  as compared t o  

t h e  u n d i s t u r b e d  v a r i a t i o n  w i t h  t im e  and t h e  v a lu e  o f  th e  p o s i ­

t i v e  r e a l  p a r t  i s  a measure  o f  th e  speed o f  g ro w t h .

On the  o t h e r  h an d ,  i f  none o f  t h e  e i g e n v a l u e s  has a p o s i ­

t i v e  r e a l  p a r t ,  a l l  f l u c t u a t i o n s  d e c r e a s e  w i t h  t i m e .  W i t h o u t  

c o n s i d e r i n g  th e  t h e o r e t i c a l  backg roun d  i n  t h i s  paper ,  we f o r ­

m u l a t e  v e r b a l l y  t h e  c o n d i t i o n  f o r  t h e  s t a b i l i t y  o f  the  bou nd ary  

d i u r n a l  v a r i a t i o n  as f o l l o w s :  The t i m e - b a l a n c e  ove r  a c y c l e  o f  

t h e  r e a l  p a r t s  o f  t h e  i n d i v i d u a l  e i g e n v a l u e s  d e te rm ine s  th e  

c h a r a c t e r  o f  the  d i u r n a l  v a r i a t i o n .  I n  case  o f  s t a b i l i t y ,  t h e  

r i s i n g  p e r t u r b a t i o n  w i t h i n  th e  t i m e - r a n g e  o f  th e  p o s i t i v e  r e a ]  

p a r t s  o f  th e  e i g e n v a l u e s ,  i n c r e a s i n g  t h e  d e v i a t i o n s  f rom th e  

b o u n d a r y  d i u r n a l  v a r i a t i o n  must be l e s s  e f f i c i e n t  than  th e  a l ­

t e r i n g  tendency o f  t h e  n e g a t i v e  r e a l  p a r t s  o f  th e  c o r r e s p o n d i n g  

e i g e n v a l u e s  w i t h i n  t h e  r e s p e c t i v e  t i m e  i n t e r v a l .  O th e rw is e  t h e  

p e r i o d i c a l l y  e n f o r c e d  p h o t o c h e m i c a l  s y s te m  shows a c h a o t i c  

b e h a v i o u r .
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THE STRANGE ATTRACTOR OF THE DIURNAL VARIATION OF OZONE

We c o n s i d e r  now th e  s im p le  mode l  o f  ozone c h e m i s t r y  d e v e l ­

oped by Sonnemann and F i c h t e l m a n n  ( 1 9 8 4 ) .  F i v e  components  0 ,  O j ,  

H, OH and H02  have been ta ken  i n t o  a c c o u n t .  The d i s s o c i a t i o n  

r a t e s  I q , I q and 1 ^ q have been c o n s i d e r e d  as r e c t a n g u l a r  

f u n c t i o n s .  The d i s s o c i a t i o n  r a t e s ,  t h e  c o n c e n t r a t i o n  o f  t h e  

m a jo r  component  0 2 , t h e  number d e n s i t y  M and the  t e m p e r a t u r e  

c o r r e s p o n d  t o  r e a l  aéronomie  c o n d i t i o n s  o f  the  measopause r e ­

g i o n  i n  o r d e r  t o  c a l c u l a t e  th e  c h e m i c a l  r a t e  c o n s t a n t s  a f t e r  

Hampson ( 1 9 8 0 ) .  The sys tem i s  p h o t o c h e m i c a l l y  s t i m u l a t e d  by th e  

d i s s o c i a t i o n  r a t e s  p e r i o d i c a l l y  s w i t c h e d  w i t h  a v a r y i n g  p e r i o d  

T. We speak o f  a day ,  i f  I x ф 0 and o f  a n i g h t ,  i f  I x =  0.  A 

r e c t a n g u l a r  f u n c t i o n  w i t h  w e l l  d e f i n e d  s u n r i s e  and s u n s e t  a t  

s w i t c h i n g  t i m e s  c o r r e s p o n d s  s t r o n g l y  ( i f  T = 1 day)  t o  e q u a t o ­

r i a l  c o n d i t i o n s ,  b u t  th e  p ro b le m  i s  s t u d i e d  f rom a t h e o r e t i c a l  

p o i n t  o f  v i e w .
F i g u r e  1 shows th e  r e s u l t s  o f  model  c a l c u l a t i o n s  f o r  d i f ­

f e r e n t  p e r i o d s ,  f o r  aéronomie  c o n d i t i o n s  a t  81 km a l t i t u d e  and 

2 ppm w a t e r  v apou r  c o n c e n t r a t i o n .  The amount o f  t h e  h i g h e s t  

d i u r n a l  ozone c o n c e n t r a t i o n  i s  shown as a f u n c t i o n  o f  t i m e .

Fig.  1. Model ca lcu la t i ons  of  the ozone concentrat ion f o r  d i f f e r e n t  periods 
between T/2 = 6.0-10 4  s and 6.5-10^ s .  The da i l y  maximum values are 
shown as a func t ion  of  time
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á
The d u r a t i o n  o f  the  h a l f  p e r i o d  v a r i e s  between  6 .00 -1 0  and 

6 . 5 0 - 104 s .  Whereas i n  case  o f  the  l o n g e s t  p e r i o d ,  a c l e a r l y  

p r o n o u n c e d  a l t e r n a t i n g  r e g im e  o f  h i g h  and lo w  v a lu es  o c c u r s ,  

t h e  s h o r t e s t  p e r i o d  shows a c y c l e  o f  d i s t i n c t  l o w ,  mean and 

h i g h  v a l u e s .  The i n t e r m e d i a t e  p e r i o d s  show a c o m p l i c a t e d  p a t ­

t e r n .  F o r  some p e r i o d s  ( e . g .  f o r  Í  = 6 . 2 5 - 1 0 ^  s between t  =
6 6 ^= 2 . 4 - 1 0  and 3 . 0 - 1 0  s )  t h e  c o m p u t a t i o n s  i n d i c a t e  no marked 

c h a n g e s  b u t  a m p l i f i e d  v a l u e s  l a t e r .  I n  F i g .  2 th e  t r a j e c t o r y  

c o n n e c t i n g  the  r e l a t e d  v a l u e s  o f  t h e  two  components 0 j  and OH 

has been drawn. T h i s  so c a l l e d  " s t r a n g e  a t t r a c t o r "  shows c l e a r ­

l y  t h e  v e r y  uns tead y b e h a v i o u r  o f  t h e  s o l u t i o n .  F i g u r e  3 shows 

a f t e r  an ex tended i n i t i a l  phase th e  q u a s i  s t a t i o n a r y  a l t e r n a t i n g  
v a r i a t i o n  o f  p e r i o d  d o u b l i n g  f o r  0-j and OH i n  case o f  a p e r i o d  

o f  1 . 6 ■1 0 5  s.

Fig.  2. The t r a j ec tory  of  the components O3  and OH a f t e r  a long i n i t i a l  
phase of  1.64-10° s f o r  a period of  one day

I t  s h o u ld  be n o te d  t h a t  th e  ozone c o n c e n t r a t i o n  dro ps  a t  

s u n r i s e .  The ve ry  low n i g h t t i m e  ozone l e v e l  i s  reached o n l y  

d u r i n g  e v e r y  second c y c l e .  W i th  th e  b e g i n n i n g  o f  the  n i g h t  a
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Fig. 3. Quasi s ta t i on ary  a l t e rnat ing  v a r i a t i o n  of  the O3 -  and OH-concentra- 
t ions  a f t e r  a long i n i t i a l  phase f o r  a h a l f  perioc of  8 . 0 - 1 0 4  s

s t r o n g  h y p e r b o l i c  dec rease  o f  t h e  ozone d e n s i t y  i s  c o u p l e d  w i t h  

an h y p e r b o l i c  i n c r e a s e  o f  OH ( r e s p e c t i v e l y  HO2 ) i n d i c a t i n g  a 

p ronounce d  i n t e r n a l  p o s i t i v e  f e e d b a c k .

CONCLUSIONS

F i g u r e  4 shows on the  b a s i s  o f  t h e  complex p h o t o c h e m i c a l  

model  o f  Sonnemann and F i c h t e l m a n n  t h a t  i n  m id d le  l a t i t u d e s  

und e r  e q u i n o c t i a l  c o n d i t i o n s  an a l t e r n a t i n g  o r  o t h e r w i s e  c h a o t i c  

reg im e  may appea r  even w i t h i n  t h e  r e a l  a tmosphere  a t  a h e i g h t  

o f  85 km and f o r  10 ppm w a t e r  v a p o u r  c o n c e n t r a t i o n .  C h a o t i c  mo­

t i o n s  o f  e n f o r c e d  n o n - l i n e a r  s y s te m s  a re  known t o  o c c u r  under  

r e a l  c o n d i t i o n s  i n  many d i s c i p l i n e s  b u t  i n  a t m o s p h e r i c  p h o t o ­

c h e m ic a l  sy s te ms  t h e y  were unknown so f a r .  J u s t  w i t h i n  t h e  meso- 

pause r e g i o n  we f r e q u e n t l y  o b s e r v e  a pronounced  v a r i a b i l i t y .  

A n o t h e r  a s p e c t  r e l a t e d  t o  t h i s  p r o b l e m  i s  o f  a m a t h e m a t i c a l  

n a t u r e  and c o n c e r n s  q u a s i  p e r i o d i c  phenomena, i n  g e n e r a l  l i k e  

t h e  q u a s i  tw o -d a y - w a v e  o f  th e  z o n a l  p r e v a i l i n g  w ind  a t  1 0 0  km
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Fig.  4. Ozone densi ty i n  85 km height ca lcu la ted on the basis of a complex 
photochemical model f o r  1 0  ppm water vapour concentrat ion, equinoc­
t i a l  condi t ions and middle la t i t udes

h e i g h t  o r  th e  q u a s i  b i a n n u a l  o s c i l l a t i o n  o f  s t r a t o s p h e r i c  a i r  

p r e s s u r e  o f  the  t r o p i c s .  A d o u b l i n g  o f  t h e  p e r i o d  i s  a w e l l  

known e f f e c t  i n  th e  t h e o r y  o f  e n f o r c e d  n o n - l i n e a r  sys tems .  Con­

s i d e r i n g  some o t h e r  c a n d i d a t e s  such as t h e  odd n i t r o g e n  sys tem 

o f  t h e  t h e rm o s p h e re  o r  t h e  ozone c h e m i s t r y  o f  the  ozone l a y e r  

h a v i n g  a c h e m ic a l  t i m e  s c a l e  c l o s e  t o  a y e a r ,  n o n - l i n e a r  e f ­

f e c t s  ( i n c l u d i n g  d i f f u s i o n  p r o c e s s e s )  i n  o t h e r  e n fo rc e d  p h o t o ­

c h e m i c a l  sys tems a re  a l s o  e x p e c t e d .  One o f  th ese  p o s s i b l e  

phenomena c o n s i s t s  o f  t h e  f o r m a t i o n  o f  s p a t i a l - t e m p o r a l  s t r u c ­

t u r e s  i n  t h e  d e n s i t y  d i s t r i b u t i o n  o f  m i n o r  c o n s t i t u e n t s  ( i o n s  

and n e u t r a l s )  f i r s t  s u g g e s t e d  by Sonnemann (19 80 )  and Sonnemann 

and F i c h t e l m a n n  ( 1 9 8 4 ) .
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IS THERE ANY RELATION BETWEEN GEOMAGNETIC ACTIVITY ANG 
METEOROLOGICAL PROCESSES?

1  2  G Sonnemann and J Bremer

1Academy of Sciences of  the GOR, I n s t i t u t e  fo r  Space Research, 
DDR-2080 Neust re l i t z  5, Kalkhorstweg

?
H e in r ich -Her tz - Ins t i t u t e  fo r  Atmospheric Research and Geomagnetism, 

DDR-2565 Kühlungsborn, M i tschu r ins t r .  4-6

Many repor ts have been published about the coupling between geomagnetic 
a c t i v i t y  and meteorological ,  phenomena and a cont ro l  of meteorological  para­
meters ( a i r  pressure) -by. the geomagnetic a c t i v i t y  has been suggested. Sta­
t i s t i c a l  studies lead to an inverse r e l a t i o n .  The mean of  the geomagnetic 
a c t i v i t y  indeces Ap re fe r r i ng  to the same date of  the years between 1932 and 
1982 shows c lear  mesos'cale deviat ions from a smoothed seasonal, behaviour. 
These so ca l led  geomagnetic s in g u la r i t i e s  have been s t a t i s t i c a l l y  analyzed. 
Taking in t o  considerat ion the persistence of  geomagnetic per turbat ions  i t  
was found, tha t  espec ia l ly  the periods about the equinoxes have a high s ta­
t i s t i c a l  s i gn i f i cance.  The Fourier ana lys is of  the mean Ap values shows a 
marked mode 12 (30.4 days) wi th a phase of  highest a c t i v i t y  at  the end of  
the month. This i s  explained i n  terms of an aéronomie modulation o f  the geo­
magnetic a c t i v i t y  induced by processes i n  the lower atmosphere.

Keywords: coupl ing between geomagnetic a c t i v i t y  and meteorological  
phenomena; geomagnetic a c t i v i t y ;  meteorological  processes

INTRODUCTION

The a ss u m p t io n  t h a t  g eo m agne t ic  a c t i v i t y  i n f l u e n c e s  mete ­

o r o l o g i c a l  p ro c e s s e s  o f  th e  t r o p o s p h e r e ,  has been p u b l i s h e d  as 

e a r l y  as 1960 by Macdonald and R o b e r t s  and i n  1963 by T w i t c h e l l .  

Macdona ld  and R o b e r t s  (1960 )  f o und  t h a t  l a r g e  t r o u g h s  a t  th e  

300-mb l e v e l  were fo rmed -2-4 days a f t e r  t h e  s t a r t  o f  s i g n i f i ­

c a n t  c o r p u s c u l a r  r a d i a t i o n  i n  t h e  195 6 /5 7 ,  1957/58 and 1958/59 

w i n t e r s  i n  t h e  G u l f  o f  A laska  A l e u t i a n  I s l a n d s  a r e a .  As key 

days t h e  o n s e t s  o f  i s o l a t e d  SC -s to rm s  a t  Chel tenham ( M a r y l a n d ,  

U S ) ,  o r  t h e  f i r s t  day q f  a gro up  o f  c o n s e c u t i v e  days  have been 

c h os e n ,  on wh ic h  a s t r o n g  a u r o r a l  d i s p l a y  was. o b s e rv e d  a t  the  

U n i v e r s i t y  o f  Saskatchewan ,  S a s k a t o o n ,  Canada. T w i t c h e l l  (19 63 )  

r e p o r t e d  an i n c r e a s e  i n  th e  500-mb t r o u g h  i n d e x  d e r i v e d  f rom

Acta Geod. Geoph. Mont. Hung. 22, 1987 
Akadémiai Kiadó, Budapest
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th e  i n t e n s i t y  o f  mov ing 500-mb t r o u g h s  a p p r o x i m a t e l y  7 and 14 

days  a f t e r  SC's .  Bucha ( 19 76 ,  1977, 1983)  p u b l i s h e d  s e v e r a l  

p a p e r s  abo u t  r e l a t i o n s  between g e o m a gn e t ic  a c t i v i t y  and a i r  

p r e s s u r e  a t  the 5 0 0 - mb l e v e l  a round th e  g eom agne t ic  n o r t h  p o l e  

3 -6  d a y s  a f t e r  an i n c r e a s e  o f  the  g e o m a g n e t i c  a c t i v i t y ,  t h e  a i r  
p r e s s u r e  dec reased  i n  t h a t  a re a .

M u s t é i  (1971,  1972,  1973, 1974) i n v e s t i g a t e d  the  r e l a t i o n  

b e tw e e n  geo magn et ic  a c t i v i t y  and a i r  p r e s s u r e  and r e p o r t e d  t h a t  

l a r g e  s c a l e  areas  o f  i n c r e a s i n g  and d e c r e a s i n g  a i r  p re s s u r e  o c ­

cur red a f t e r  d i s t u r b a n c e s .  These r e s u l t s  l e a d  t o  the  s u g g e s t i o n ,  

t h a t  t h e r e  i s  a r e l a t i o n  between m e t e o r o l o g i c a l  p rocesse s  and 

g e o m a g n e t i c  a c t i v i t y .  I t  i s  w o r th  n o t i n g  t h a t  t h i s  r e l a t i o n  has 

been f r e q u e n t l y  o b s e rv e d  i n  seasons o t h e r  t h a n  the  summer 

m on th s  .

A t t e m p t s  t o  f i n d  a mechanism o f  t h e  c o u p l i n g  were h i t h e r t o  

v e r y  s p e c u l a t i v e .  The p u b l i s h e d  r e s u l t s  may g i v e  an i m p r e s s i o n  

o f  a v e r y  c l o s e  r e l a t i o n  even f o r  t h e  g e o g r a p h i c  r e g io n  o f  

C e n t r a l  Europe .  However ,  s t a t i s t i c a l l y  no s i g n i f i c a n t  i n f l u e n c e  

o f  t h e  g eo m agne t ic  a c t i v i t y  can be s t a t e d  on m e t e o r o l o g i c a l  

p r o c e s s e s .  As shown i n  F i g .  1 by an a u t o c o r r e l a t i o n  a n a l y s i s  o f

Fig.  1. Autocor re lat ion  analysis of  Ap (1932-1902)
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Ap ( 1 9 3 2 - 1 9 8 2 ) ,  th e  geoma gn et ic  a c t i v i t y  i n d i c a t e s  a marked 27 

days r e c u r r e n c e  t e n d e n c y .  A s i m i l a r  s t u d y  f o r  th e  s u r f a c e  a i r  

p r e s s u r e  a t  Potsdam ( 1 8 93 -1 98 2 )  i s  shown i n  F i g .  2. The a u t o ­

c o r r e l a t i o n  c o e f f i c i e n t s  s h ou ld  show l e s s  r e c u r r e n c e  te n d e n c y  

a f t e r  27 days i n d e p e n d e n t l y  o f  the  s i g n  o f  th e  i n f l u e n c e .  T h i s  

i s  e v i d e n t l y  n o t  t h e  case .  O b v io u s l y  t h e  r e l a t i o n  must be ana ­

l y z e d  i n  more d e t a i l ,  b o th  w i t h  r e s p e c t  t o  th e  s p a t i a l - t e m p o r a l  

s t r u c t u r e ,  as w e l l  as t o  the  s t r e n g t h  o f  p e r t u r b a t i o n .

Fig. 2. Autocor re lat ion analysis of  surface a i r  pressure in  Potsdam, 14.00 
MET (1893-1982)

COUPLING OF METEOROLOGICAL PROCESSES WITH THE UPPER ATMOSPHERE

I n  th e  f o l l o w i n g  the  i n v e r s e  r e l a t i o n  i s  c o n s i d e r e d ,  i . e .  

w h e th e r  p ro c e s s e s  o f  th e  l o w e r  a tm o sph e re  can i n f l u e n c e  th e  

geo m a gn e t ic  a c t i v i t y .  In  th e  p a s t  t h e  q u e s t i o n  has been o n l y  

s t u d i e d  i f  s t r a t o s p h e r i c  p re s s u r e  f i e l d s  a f f e c t  th e  i o n i z a t i o n  

o f  th e  l o w e r  i o n o s p h e r e .  As e a r l y  as 1965 Shap ley  and Beynon 

fo u n d  a r e l a t i o n  between s t r a t w a r m s  and r a d i o  wave a b s o r p t i o n .  

Based on an a n a l y s i s  o f  th e  data  o f  12 i on osonde  s t a t i o n s  b e t ­

ween 40° -60 °N  Delar id and Fr iedmann ( 1 9 7 2 )  found  a c o r r e l a t i o n  

between f min and p r e s s u r e  i n  t h e  s t r a t o s p h e r e .  Brown and 

W i l l i a m s  (1971 )  fo u n d  r e l a t i o n s  between  th e  10-mb i s o b a r s  and
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t h e  l e v e l s  o f  c o n s t a n t  e l e c t r o n  d e n s i t y  w i t h i n  the  E l a y e r .

Brown and Johns (1 9 7 9 )  s t u d i e d  th e  h e i g h t s  o f  c o n s t a n t  e l e c t r o n  

d e n s i t y  o f  the E l a y e r  a t  m id d le  l a t i t u d e s  i n  an a l t i t u d e  o f  

a b o u t  1 1 0  km and showed v a r i a t i o n s  o f  2 - 1 0  km and p e r i o d s  o f  

5 - 3 0  days  which have been e x p l a i n e d  by p r e s s u r e  v a r i a t i o n s .  The 

c o r r e l a t i o n  i s  the  c l o s e s t  when th e  s t r a t o s p h e r i c  w ind s  e n a b le  

t h e  p e n e t r a t i o n  o f  waves i n t o  the  upp e r  a tm osph ere .  O t h e r w i s e  

no c o r r e l a t i o n  has been o b s e rv e d .  On th e  b a s i s  o f  numerous 

s t u d i e s  bo th  t h e o r e t i c a l l y  and e x p e r i m e n t a l l y ,  th e  c o n c l u s i o n  

was drawn t h a t  a c o u p l i n g  v i a  p l a n e t a r y  o r  i n t e r n a l  g r a v i t y  

waves i s  connected  w i t h  s p e c i a l  c o n d i t i o n s  o f  th e  c i r c u l a t i o n  

and t e m p e r a t u r e  p r o f i l e  o f  the  m id d l e  a tm osphe re .  A p a r t i c u l a r  
p r e c o n d i t i o n  seems t o  be th e  p re dom in ance  o f  a w i n t e r l y  c y c l o n a l  

c i r c u l a t i o n .

A c c o r d in g  t o  t h e  p r e s e n t  kn o w le d g e ,  th e  c o n t r o l  by p l a n e ­

t a r y  waves may c e r t a i n l y  be found up t o  th e  l o w e r  t h e r m o s p h e r e .
C o u p l i n g s  up t o  t h e  F l a y e r  have been e x c lu de d  f o r  a l o n g  

t i m e .  However,  Bauer ( 1 9 5 7 )  i n d i c a t e d  t h a t  th e  c r i t i c a l  f r e q u e n ­

cy  o f  t h e  i on os p he re  i n c r e a s e d  d u r i n g  t h e  passage o f  h u r r i c a n e s  

t h r o u g h  th e  u n d e r l a y i n g  a r e a .  The p o s s i b i l i t y  o f  a m e t e o r o l o g i ­

c a l  i n f l u e n c e  on th e  c r i t i c a l  f r e q u e n c y  has been emphas ized  

r e c e n t l y  by K a s i m i r o v s k y  ( 1982 )  i n  a r e v i e w  on " M e t e o r o l o g i c a l  

E f f e c t s  and I o n o s p h e r i c  P a r a m e t e r s " .  The i n f l u e n c e  o f  p r o c e s s e s  

o f  t h e  l o w e r  a tmosph ere  on the  S ^ - s y s te m  has been f i r s t  s u g g e s ­

t e d  by H ines ( 1 9 6 5 ) .  P j roo fs  f o r  t h i s  h y p o t h e s i s  have been m i s ­

s i n g  u n t i l  now. A f i r s t  h i n t  may be a r e l a t i o n s h i p  between 

s t r a t o s p h e r i c  c i r c u l a t i o n  and d e v i a t i o n s  o f  th e  m o n th l y  mean 

S q - a m p l i t ' u d e  f rom the  5 most  q u i e t  days  o f  th e  month shown by 

So.nnemann e t  a l .  (1985 ) (See F i g .  3 ) .  For  a supe r impo sed  epoch 

a n a l y s i s  the  24 yea r  p e r i o d  1958-1981 has been d i v i d e d  i n t o  2 

p a r t s  o f  bo th  1 2  -.years a c c o r d i n g  t o  t h e  l o w e s t  and h i g h e s t  

s t r a t o s p h e r i c  c i r c u l a t i o n  i n t e n s i t i e s  V^g^  i n  the  f i r s t  decade 

o f  F e b r u a r y  as k e y . t i m e .  The w a v e - l i k e  o s c i l l a t i o n s  o f  t h e  

mean "S - a m p l i t u d e  a re  o f  s p e c i a l  i n t e r e s t .

SINGULARITIES OF THE GEOMAGNETIC. ACTIVITY

Phenomena o c c u r r i n g  a t  th e  same d a te  w i t h  an enhanced
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Response of the Sq-system to extreme 
stratospheric circulation behcviour in late winter

Fig. 3. Comparison between the s t r a tosphe r i c  zonal c i rc u la t i on  and the devi ­
a t ions  o f  the mean monthly Sg-ampl i tude from the пгзап of  the 5 most 
qu ie t  days. The 24 years 1958-1981 have been diviced i n t o  2 par ts of 
1 2  years according to the lowest and highest s t ratospher ic  zonal 
c i r c u l a t i o n  i n t en s i t ie s  V^qn i n  the f i r s t  decade of February as key 
time

p r o b a b i l i t y  o r  w i t h  an i n c r e a s e d  o r  dec reased  m agn i tu de  compared 

t o  the  s e a s o n a l  t r e n d  s hou ld  be d e f i n e d  as s i n g u l a r i t i e s .  
Sonnemann ( 1 9 8 3 ,  1984a, 1984b) and Sonnemann and Bremer ( 19 84 a,  

1984b) s t u d i e d  t h e  q u e s t i o n  i f  g e o m a g n e t i c  s i n g u l a r i t i e s  e x i s t .  

The s t a r t i n g  p o i n t  was th e  f a c t  t h a t  a p p r o x i m a t e l y  be tween 

O c to b e r  25,  and November 2 r a t h e r  s t r o n g  negat ive i o n o s p h e r i c  

d i s t u r b a n c e s  o c c u r  q u i t e  f r e q u e n t l y .  They appear a f t e r  t h e  mean 

s e a s o n a l  peak o f  t h e  c r i t i c a l  f r e q u e n c y  and are o f t e n  accompa­

n ie d  by m od e ra te  geomagne t ic  d i s t u r b a n c e s .  S im u l ta n e o u s  measu­

rem en ts  o f  t h e  n e u t r a l  gas d e n s i t y  by means o f  th e  s a t e l l i t e  

o c c u l t a t i o n  t e c h n i q u e  showed p ro n o u n c e d  s t r u c t u r a l  v a r i a t i o n s  

even down t o  t h e  l o w e r  t h e r m o s p h e r e .  D u r i n g  the  n e g a t i v e  phase 

th e  s t r o n g l y  d i s t u r b e d  p r o f i l e s  a r e  marked by a r e s o n a n c e - l i k e  

u p w e l l i n g  o f  t h e  m o l e c u l a r  c o m p o n e n ts ,  w h i l e  the  d e n s i t y  o f  the  

t h e r m o s p h e r i c  a t o m i c  oxygen d e c r e a s e s  be low about  250 km and
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i n c r e a s e s  above t h a t  h e i g h t .  I n t e r n a l  d y n a m i c a l  p ro c es s e s  a re  

o b v i o u s l y  o f  some i m p o r t a n c e .  As i t  can be d e r i v e d  f rom s i m u l ­

t a n e o u s  TEC-measurements t h e  c r i t i c a l  f r e q u e n c y  has a d d i t i o n a l ­

l y  been i n f l u e n c e d  by p la sma  t r a n s p o r t  due t o  m e r i d i o n a l  w in d s  

( a b o u t  E f  no i n f o r m a t i o n  was a v a i l a b l e ) .

The a n a l y s i s  o f  t h e  l o c a l  g e o m a g n e t ic  a c t i v i t y  i n d e x  Â ,

(26  y e a r s )  and 5 К  ̂ ( 44  y e a r s )  o f  N iem egk ,  GDR, r e v e a l e d  s i n ­

g u l a r  p e r i o d s  i n  i t s  r e l a t i o n  to  t h e  mean c r i t i c a l  f r e q u e n c y .

The a n a l y s i s  o f  th e  w h o le  y e a r  h i n t s  a t  f u r t h e r  s i n g u l a r  p e r i ­

o d s ,  w h i c h  are i n  s t r i k i n g  c o n f o r m i t y  w i t h  t h e  a n a l y s i s  o f  t h e  

Ар- i n d i c e s  o f  the y e a r s  1932-1902.

STATISTICAL ANALYSIS OF THE Ap-VALUES BETWEEN 1932 AND 1982

The random s u p e r p o s i t i o n  o f  s t r o n g l y  s c a t t e r e d  v a lu e s  may 

l e a d  t o  rem arkab le  d e v i a t i o n s  f rom a l o n g - t e r m  averag e.  Such 

p s e u d o s i n g u l a r i t i e s  may appea r  a t  a r b i t r a r y  t im e s  o f  th e  y e a r .
An e s s e n t i a l  ta sk  i s  t h e i r  e l i m i n a t i o n  so t h a t  the  computed 

d e v i a t i o n s  o f  the  d a i l y  Ар-mean v a lu e s  (Ä p )  f r om  a se aso na l  

t r e n d  s h o u l d  not  be j u s t  random f l u c t u a t i o n s .  In  o r d e r  t o  p r o v e  

t h e  f i n d i n g s  s t a t i s t i c a l l y ,  some p ro b le m s  have to  be s o l v e d .

1. T a k i n g  th e  t - t e s t  as a b a s i s  t h e  o b s e r v e d  da ta  have t o  be 

n o r m a l l y  d i s t r i b u t e d .  But th e  Ар- v a l u e s  a re  e x t r e m ly  unsym-  

m e t r i c a l l y  d i s t r i b u t e d ,  i n  p r a c t i c e  i t  f o l l o w s  f rom t h i s  

t h a t  t h e  p e r i o d s  w i t h  more g e o m a g n e t i c a l l y  q u i e t  days r e a c h  

h i g h e r  s i g n i f i c a n c e  l e v e l s  than th e  d i s t u r b e d  v a lu e s .

2. The p e r s i s t e n c e  t e n d e n c y  o f  the g e o m a g n e t i c  a c t i v i t y  causes  

t h e  main  prob lem.  I f  o n l y  a s i n g l e  day i s  c o n s id e r e d  t h en  

t h e  geomagne t ic  a c t i v i t i e s  o f  the  d i f f e r e n t  yea rs  are  i n d e ­

p e n d e n t  o f  each o t h e r  ( t h e  p e r s i s t e n c e  o f  l a r g e  t i m e - s c a l e

i s  o f  no im p o r ta n c e  i n  t h i s  r e g a r d ) .  U n f o r t u n a t e l y  t h e  number 

o f  y e a r s  (N^) f o r  w h i c h  t h e  Ар- v a l u e s  a r e  a v a i l a b l e  i s  n o t  

l a r g e  enough.  In  o r d e r  t o  o b t a i n  a s u f f i c i e n t l y  low s i g n i f i ­

c a n c e  l e v e l  under  t h e  c o n d i t i o n  o f  s t r o n g  d i s p e r s i o n  o f  t h e  

Ар- v a l u e s  ( i  = 1 6 . 4 7 ) ,  i t  i s  i m p o r t a n t  t o  c o n s i d e r  th e  s i g n i ­

f i c a n c e  o f  a whole  s i n g u l a r  p e r i o d .  When g r o u p i n g  s e v e r a l
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days ( Ny) t o  a s i n g l e  ensemble o f  v a l u e s ,  the  g e o m a g n e t ic  

p e r s i s t e n c e  has t o  be ta ke n  i n t o  c o n s i d e r a t i o n .

Supp os in g  t h a t  the  a u t o c o r r e l a t i o n  f u n c t i o n  i s  known, 

B a r t e l s  ( 1 9 35 a ,  1935b)  d e r i v e d  an e q u i v a l e n t  p e r s i s t e n c e  

number £ ( N y ) .  F i g u r e  A shows t h i s  on the  b a s i s  o f  F i g .  1. 

The e x t e n t  o f  t h e  s t a t i s t i c a l  random probe dec rea ses  a c c o r d ­

i n g  t o  Ne ££ = N-j. N-j j  £ ( N y ) } a t  t h e  same t ime  r i s e s  th e  

l e v e l  o f  s i g n i f i c a n c e  c o n s i d e r a b l y .

Fig.  4. Equivalent persistence number £ ( N j )  on the basis of  the autocor­
r e la t io n  ana lys is  of  Fig. 1

3. R eg ard in g  t h e  365 days o f  t h e  y e a r  t h e  99 % l e v e l  o f  s i g n i f i ­

cance i s  r ea c he d  i n  1 % o f  d a y s ,  i . e .  on 3 .65 days i n  average. 

The s t a t e m e n t  on an i n d i v i d u a l  day has t o  be c o n s i d e r e d  as 

c e r t a i n ,  i f  t h e  s i g n i f i c a n c e  l e v e l  i s  h ig h  enough t h a t  th e  

e x p e c te d  v a l u e  f o r  th e  who le y e a r  i s  s u b s t a n t i a l l y  l e s s  than  

1 day.  A l t h o u g h  i n  th e  o t h e r  case  f o r  (Bartels 1935a, b) an i n ­

d i v i d u a l  day no s t a t e m e n t  can be made i f  the  amount o f  3 .65  

days  i s  e x c eeded ,  i t  i s  a d i s t i n c t  i n d i c a t i o n  o f  t h e  f a c t ,  

t h a t  n o t  a l l  d e v i a t i o n s  f rom  t h e  s e a s o n a l  t r e n d  can be e x ­

p l a i n e d  by a s u p e r p o s i t i o n  o f  s t r o n g l y  s c a t t e r e d  i n d i v i d u a l  

v a l u e s .
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I n  F i g  5 the r e s u l t s  o f  a s t a t i s t i c a l  s i g n i f i c a n c e  ana ­

l y s i s  a re  shown w i t h  and w i t h o u t  c o n s i d e r a t i o n  o f  the  p e r s i s ­

t e n c e  o f  t h e  d e v i a t i o n  w h ic h  were o b t a i n e d  by c a l c u l a t i n g  th e  

d i f f e r e n c e  between th e  9 -d a y  r u n n i n g  a v e r a g e  o f  the  a r i t h m e t i c  

mean o f  Ap and the s e a s o n a l  t r e n d  c a l c u l a t e d  on the  b a s i s  o f  

t h e  F o u r i e r  a n a l y s i s  o f  t h e  who le 51 y e a r s  t a k i n g  the modes 0,

1 and 2 as seasona l  t r e n d .  S t r i k i n g  d e v i a t i o n s  can be r e c o g ­

n i z e d  o n l y  d u r i n g  th e  e q u in o x e s  w i t h  a t e n d e n c y  o f  h i g h e s t  

v a l u e s  t o w a rds  the  ends o f  the  m on ths .  Due t o  the  s m a l l e r  s c a t ­

t e r  o f  t h e  geo ma gn et ic  i n d i c e s ,  q u i e t  p e r i o d s  have i n  g e n e r a l  

h i g h e r  s i g n i f i c a n c e .  The number o f  s i g n i f i c a n t  days i s  e s s e n ­

t i a l l y  h i g h e r  than  e x p e c t e d .  However ,  most  v a r i a t i o n s  do n o t  

r e a c h  s u f f i c i e n t l y  h i g h  s i g n i f i c a n c e ,  a l t h o u g h ,  as i t  w i l l  be 

d i s c u s s e d  i n  the  n e x t  s e c t i o n ,  t h e r e  a re  s e v e r a l  h i n t s  t h a t  

some p e r i o d s  w i t h  low s i g n i f i c a n c e  v a l u e s  c o u l d  a l s o  be r e g a r d ­

ed as s i n g u l a r  ones.  A t  p r e s e n t  the  o b s e r v a t i o n  t ime i s  i n s u f ­

f i c i e n t  y e t .

I i , I •. I lev i :it inns ni the 9-day running averages o f  the ar i thmet ic mean of 
Ap tmm Ihe seasonal t rend derived f o l lo w in g  a Fourier analysis and 
Hie s ignif icance l eve l  w i th  and wi thout  considerat ion of the geo-

inugi it: I 11 I le t s  1S t Hl ic e
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ADDITIONAL RESULTS SUPPORTING THE EXISTENCE OF SINGULAR GEO­

MAGNETIC EVENTS

Compar ing t h e  s t r u c t u r a l  v a r i a t i o n s  o f  Sp i n  two h a l f -  

- y e a r s  i t  i s  fo un d  t h a t  s i m i l a r  t r e n d s  e x i s t  m a i n l y  a b o u t  and 

a f t e r  th e  e q u in o x e s .  A f t e r  e l i m i n a t i n g  th e  s e as o na l  t r e n d  a 

r e g r e s s i o n  a n a l y s i s  o f  t h e  t h r e e  day ru n n in g  mean v a l u e s  

y i e l d e d  a r e l a t i v e l y  h i g h  c o r r e l a t i o n  c o e f f i c i e n t  o f  г  = 0 .655 .  

The r e g r e s s i o n  between th e  s p r i n g  v a lu e s  and th e  f a l l  v a l u e s  i s  

g i v e n  by:

ДАр (FALL)  = 0 .90  ДАр (SPRING) + 0 .22

T h i s  means t h a t  t h e  s p r i n g  v a r i a t i o n s  are  somewhat more 

p r o n o u n c e d .  T h i s  b e h a v i o u r  i s  shown i n  F i g .  6 . S i m i l a r

ДАр (spring )

Fig.  6 . Regression analysis o f  mean da i l y  ДАр data of the per iod  1 .З. -  
-31.5.  and data cor responding to  the period 30.8.-29.11.  h a l f  year 
l a t e r  ( da i ly  ДАр-velues were calculated from years 1932-1982 and 
s l i d in g  averaged over 5 days af t e r  e l imination of  the mean seasonal 
var ia t ion :  AAp = Ap -  (Apg + Ap^ + Ap2))
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b e h a v i o u r  i s  i n d i c a t e d  by t h e  l o c a l  g e o m a g n e t i c  a c t i v i t y  o f  
N iem eg k .  The s i n g u l a r  p e r i o d s  r e p r e s e n t  r e m a r k a b l e  r s l a t i v e  de ­

v i a t i o n s  f rom the s e a s o n a l  v a r i a t i o n s .  The mechanism o f  th e  

m o d u l a t i o n  o f  the  g e o m a g n e t i c  a c t i v i t y  i s  an open q u e s t i o n .  

D i v i d i n g  the  Ap s c a l e  i n t o  b i n s  and c o n s i d e r i n g  the  number o f  

days  a t  which Ap had a v a l u e  w i t h i n  one o f  t h e s e  b in s ,  i t  i s  

f o u n d  t h a t  the m o d u l a t i o n  has no a d d i t i o n a l  i n f l u e n c e ,  bu t  

t h a t  t h e r e  i s  a c e r t a i n  s p re a d  o f  the  s c a l e .  T h i s  i s  shown i n  

F i g .  7 f o r  the d i s t r i b u t i o n  o f  the  Ар- v a l u e s  on th e  one hand 

f o r  t h e  mid-March p e r i o d  and on the  o t h e r  hand f o r  the  end of  

M a r c h .  The most p ro n o u n c e d  d i f f e r e n c e s  a p p e a r  a t  h ig h  A p - v a lu e s  

i n d i c a t i n g  the e f f i c i e n c y  o f  the  m o d u l a t i o n  p r o c e s s .  A m od ula ­

t i o n  o f  the  c o n d u c t i v i t y  o f  the  i o n o s p h e r e  i n  th e  dynamo r e g i o n  

by a é ro n o m ie  p ro c e s s e s  seems f e a s i b l e ,  b u t  o t h e r  p o s s i b i l i t i e s  

as t h e  i n f l u e n c e  o f  t h e  m odu la te d  g e o c o r o n a l  n e u t r a l  gas on th e  

r i n g  c u r r e n t  co u ld  be r e s p o n s i b l e ,  t o o .

Fig.  7. D i s t r ibu t ion  of  the Ap-values in the mid-March and late-March period

Be s id es  the d o m i n a t i n g  mode 2 th e  F o u r i e r  a n a l y s i s  o f  th e  

y e a r l y  v a r i a t i o n  o f  t h e  mean va lues  i n d i c a t e d  a s i g n i f i c a n t  

mode 1 2  o f  30.4 days w i t h  a phase o f  h i g h e s t  a c t i v i t y  a t  th e  

end o f  th e  months b e i n g  mos t  p ronounced a ro u n d  th e  e q u in o x e s .  

The mode 12 i s  even t h e n  s i g n i f i c a n t  i f  s e t s  o f  o n l y  25 random­
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l y  s e l e c t e d  y e a rs  a re  c o n s i d e r e d  as shown in  F i g .  8 .

Fig. 8 . Four ier  analysis of  6  sets of  25 and 26 random years

CONCLUSIONS

I t  i s  n o t  v e r y  f r u i t f u l  t o  s p e c u l a t e  about  p o s s i b l e  

s o u r c e s ,  c o u p l i n g  mechanisms and i n f l u e n c e d  c u r r e n t  s y s te m s  as 

lo n g  as t h e  e s t i m a t i o n s  a re  q u e s t i o n a b l e .  From th e  t i m e  s c a l e  

(mode 1 2 ) we may c o n c lu d e  t h a t  t h e  sou rce  o f  ene rgy  s h o u l d  be 

l o c a t e d  w i t h i n  t h e  l o w e r  a tm o sph e re  ( t r o p o s p h e r e - s t r a t o s p h e r e ) .  

As shown by Sc hm i t z  and G r i e g e r  (1978) ,  i n  s t r a t o s p h e r i c  dynamics 

an ene rg y  t r a n s f e r  between and p l a n e t a r y  waves t a k e s  f r e ­

q u e n t l y  p l a c e  w i t h  an o s c i l l a t i o n  p e r i o d  o f  about  30 d a y s .  A 

30- da y  o s c i l l a t i o n  was a l s o  fo u n d  i n  o t h e r  phenomena. S in c e  

o n l y  und e r  w i n t e r  c i r c u l a t i o n  c o n d i t i o n s  a c o u p l i n g  between  the 

l o w e r  and th e  upper  a tmosphe re  seems t o  be p o s s i b l e ,  an i n t e r -  

hern i  s p h e r i c  c o u p l i n g  i s  s u g g e s t e d  t a k i n g  i n t o  a c c o u n t  t h e  h a l f  -  

- y e a r l y  s y m m e t r i c  v a r i a t i o n s  o f  Ap and about  t h e  e q u i n o x e s .

B e s id e s  t h e s e  g e n e r a l  r em ark s  no f u r t h e r  c o n c l u s i o n s  are  

drawn.  The f u t u r e  t a s k  c o n s i s t s  i n  an en la rgem en t  o f  t h e  geo­

m a g n e t i c  d a ta  base and i n  s t u d y i n g  f u r t h e r  r e l a t e d  phenomena
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i n  o r d e r  t o  f i n d  s u p p o r t  f o r  the r e s u l t s  o b t a i n e d  he re .
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PROFESSOR JÁNOS ZAMBÚ 70 YEARS -  
OF HIGHER EOUCATION IN

2 50 th  ANNIVERSARY 
MINING*

I n  1985 we commemorated the  2 50 th  a n n i v e r s a r y  o f  t h e  b e ­

g i n n i n g  o f  h i g h e r  e d u c a t i o n  i n  m in i n g  i n  Hungary -  wh ich  i s  r e ­

garded as th e  s t a r t  o f  t e c h n i c a l  e d u c a t i o n ,  to o  -  and as a p a r t  

o f  i t ,  t h e  2 1 5 -y e a r  j u b i l e e  o f  the  D e p a r tm e n t  o f  M in ing  E n g i ­

n e e r i n g ,  and s p e c i a l  t r i b u t e  was p a i d  t o  P r o f e s s o r  Zambó,

Member o f  th e  H un ga r ia n  Academy o f  S c i e n c e s  on h i s  70 th  b i r t h ­
day.  The aim o f  t h i s  paper  i s  to  commemorate these a n n i v e r s a ­

r i e s  by a b r i e f  r e v i e w  on the  d e v e lo pm e n t  o f  m in ing  s c i e n c e  and 

on th e  h i s t o r y  o f  th e  e d u c a t i o n  o f  m i n i n g  e n g in e e r s  as w e l l  as 

to  e x p r e s s  th e  b e s t  b i r t h d a y - w i s h e s  t o  P r o f e s s o r  Zambó.
M in i n g  i n  Hungary run  p a r a l l e l l y  w i t h  th e  t h o u s a n d - y e a r  

h i s t o r y  o f  th e  H un ga r ia n  p e o p le .  The c o u n t r y  was one o f  th e  

l e a d i n g  p r e c i o u s - m e t a l - p r o d u c e r s  i n  m e d ie v a l  t i m e s :  i n  t h e  

13 th  and 14th  c e n t u r i e s ,  go ld  and s i l v e r  m in i n g  was i m p o r t a n t  

and i n  t h e  15th  and 16 th  c e n t u r i e s ,  c o p p e r  p r o d u c t i o n  a l s o  b e ­

came f l o u r i s h i n g .  L a t e r ,  a f t e r  the  T u r k i s h  r u l e  Selmecbánya 

grew t o  t h e  p r o d u c t i v e ,  a d m i n i s t r a t i v e  and i n t e l l e c t u a l  c e n t r e  

o f  m in i n g  and m e t a l l u r g y .

M in i n g  and m e t a l l u r g y  were p i o n i e e r s  o f  t e c h n i c a l  and s c i ­

e n t i f i c  deve lopm ent  i n  Europe f o r  s e v e r a l  c e n t u r i e s :  a l o t  o f  

t e c h n i c a l  and s c i e n t i f i c  p rob lems emerged i n  c o n n e c t i o n  w i t h  

the  e x t r a c t i o n  o f  o re s  and th e  p r o d u c t i o n  o f  m e t a l s .  A t  t h e  be­

g i n n i n g  o f  th e  1 8 th  c e n t u r y  a d e c i s i v e  p a r t  o f  e n g i n e e r i n g  

knowledge was made up by g e o lo g y ,  m i n e r a l o g y  ( w i t h  s p e c i a l

* Paper presented at  the Conference "Fundamentals of  the Design o f  Mining 
Operat ions", Miskolc,  A p r i l  28-30, 1986

Acta Geod. Geoph. Mont. Hung. 22, 1987 
Akadémiai Kiadó, Budapest
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r e s p e c t  t o  ores  and m e t a l s ) ,  mine s u r v e y i n g ,  m in ing  e n g i n e e r i n g ,  

u n d e r g r o u n d  c o n s t r u c t i o n ,  m in i n g  m a c h in e r y ,  ch em ic a l  a n a l y s i s ,  

m i n e r a l  p r o c e s s i n g ,  m e t a l l u r g y  and i t s  machinery, m e ta l  f o r m i n g ,  

m i n t i n g  and machine b u i l d i n g .  In  c o n n e c t i o n  w i t h  them t h e  

t h e o r y  o f  econ om ics ,  a d m i n i s t r a t i o n  and law a l s o  d e v e lo p e d .  

M i n i n g  s t r o n g l y  r e l i e d  on th e  know ledge  o f  mechan ica l  e n g i n e e r ­

i n g ,  m ec h an ic s ,  s u r v e y i n g ,  c h e m i s t r y ,  f o r e s t r y  e t c .  and i t  was 

t h e  f i r s t  t o  use w i d e l y  h y d r a u l i c  e n e r g y ,  steam e n g in e ,  pumps, 

m e c h a n i c a l  t r a n s m i s s i o n  ove r  l on g  d i s t a n c e s  and m a c h in e ry  o f  
g r e a t  d im e n s io n s .  F u r t h e r  dev e lo pm e n t  and a p p l i c a t i o n  o f  s c i ­

ence and e n g i n e e r i n g  made i t  p o s s i b l e  and n e c e s s i t a t e d  t o  e s ­

t a b l i s h  t h e  f i r s t  t e c h n i c a l  h i g h  s c h o o l s .

M i n i n g  e d u c a t i o n  i n  Hungary s t a r t e d  by the  " I n s t r u c t i o "  

o f  K i n g  C h a r l e s  I I I ,  i . e .  th e  f o u n d i n g  decree o f  the  p r e d e c e s ­

s o r  a t  Selmecbánya (now Banska S t i a v n i c a )  o f  the  p r e s e n t  U n i ­

v e r s i t y  on June 22,  1735.  T h i s  m in i n g  o f f i c e r s '  s c h o o l  was 

t h e  f i r s t  Hunga r ia n  t e c h n i c a l  s c h o o l  ( u n i v e r s i t y  i n  modern 

t e r m s ) .  The s c h o o l  educa te d  " m i n i n g  o f f i c e r s " ,  the  t e a c h i n g  

l a n g u a g e  was German. The o f f i c e r s  were employed as e n g i n e e r s  

i n  m in e s ,  f o u n d r i e s  and f o r e s t s .

F i r s t  p r o f e s s o r  o f  the  M in i n g  O f f i c e r s '  Schoo l  was Sámuel 

M i k o v i n y ,  a w e l l - k n o w n  p o l y h i s t o r  o f  h i s  t im e .  The o p e r a t i o n  o f  

t h e  i n s t i t u t i o n  and c u r r i c u l a  o f f e r e d  were r e g u l a t e d  by t h e  

" I n s t r u c t i o "  as w e l l  as by th e  " O r g a n i s a t i o "  i s s ue d  i n  1737.  

D u r a t i o n  o f  s tu d y  was two y e a r s .  I n  t h e  f i r s t  year  t h e  s u b j e c t  

m a t h e m a t i c s  i n c l u d e d  a r i t h m e t i c s ,  g e o m e t r y ,  measurement ,  me­

c h a n i c s ,  m a c h in e ry ,  a r c h i t e c t u r e ,  d r a w i n g  and m in in g  k n o w le d g e .  

I n  t h e  second y e a r  e d u c a t i o n  was c a r r i e d  out  i n  f i v e  b r a n c h e s :  

m i n i n g  e n g i n e e r i n g  and m in in g  l a w ,  s u r v e y i n g ,  o re  p r o c e s s i n g ,  

a n a l y s i s  and m e t a l l u r g y ,  m i n t i n g  and money chang ing .  I n  t h e  

f i r s t  p e r i o d  e d u c a t i o n  was c a r r i e d  o u t  o n l y  by a s i n g l e  " d e ­

p a r t m e n t " :  Sámuel M i k o v i n y  l e c t u r e d  m a th e m a t i c s ,  m e c h a n ic s ,  

h y d r a u l i c s  and th e  f u n d a m e n t a l s  o f  m i n i n g .

I n  o r d e r  t o  m odern i ze  and im p rov e  e d u c a t i o n ,  Johann 

Thaddäus  P e i t h n e r  p u t  f o r w a r d  an e d u c a t i o n a l  programme and 

c u r r i c u l u m  t o  th e  I m p e r i a l  T r e a s u r y .  On th e  b a s i s  o f  h i s  s u g ­

g e s t i o n s ,  Mar ia  T h e r e s i a ,  th e  Queen o f  Hungary i s s u e d  a d e c r e e
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on O c to b e r  22,  1762 wh ich  p re pa re d  t h e  way t o  e s t a b l i s h  t h e  

f i r s t  d e p a r tm e n t  i n  1763 -  w i t h  N i k o l a u s  Ja cqu in  as head

f o r  c h e m i s t r y ,  m in e r a lo g y  and m e t a l l u r g y .  The second d e p a r t ­

ment was founded i n  1765 headed by N i k o l a u s  Poda who l e c t u r e d  

i n  m a t h e m a t i c s ,  p h y s i c s  and m e c h a n i c a l  e n g i n e e r i n g  i n c l u d i n g  

mechan i cs  and h y d r a u l i c s .  The t h i r d  d e p a r t m e n t ,  the  d e p a r t m e n t  

o f  m in i n g  -  D epar tm en t  o f  M in i n g  E n g i n e e r i n g ,  as c a l l e d  t o d a y  -  

co m p le te d  th e  e s t a b l i s h m e n t  o f  the  Academy o f  M in i n g  ( B e r g a k a ­

demie)  on A p r i l  3,  1770 and o f f e r e d  a t h r e e - y e a r  c o u r s e .

C h r i s t o f  D e l i u s  T r a u g o t t  became th e  f i r s t  head o f  t h e  

Dep ar tm en t  o f  M in i n g  E n g i n e e r i n g .  He l e c t u r e d  i n  m in i n g  e n g i ­

n e e r i n g ,  mine s u r v e y i n g ,  o re  p r o c e s s i n g ,  m in ing  l aw ,  m i n i n g  

e con om ics ,  m i n t i n g  and f o r e s t r y .

D e l i u s  was head o f  the  d e p a r tm e n t  f rom  September 4 ,  1770 

t i l l  March 1772.  D u r i n g  t h i s  s h o r t  p e r i o d  he c a r r i e d  o u t  an 

o u t s t a n d i n g  w o rk .  He co m p i l e d  the  s u b j e c t  t o  i n c l u d e  p r a c t i c a l  

g e o lo g y  o f  o re  v e i n s  and s t r a t i f i e d  m i n e r a l  d e p o s i t s ,  m i n i n g  

e n g i n e e r i n g ,  o re  p r o c e s s i n g ,  m in i n g  m a c h in e r y ,  m in ing  l a w ,  

p r i n c i p l e s  o f  m in i n g  economics  and m i n i n g  p o l i c y ,  m in i n g  s t a ­

t i s t i c s ,  f o r e s t  c u l t i v a t i o n  and s e l e c t e d  t o p i c s  on m e t a l l u r g y .

He c o n s t r u c t e d  models and equ ippe d  t h e  d epa r tm en t  w i t h  d rawings  

and c o l l e c t i o n s  o f  m in i n g  law and s t a t i s t i c s .  He w ro t e  and p u b ­

l i s h e d  th e  book " I n t r o d u c t i o n  i n t o  t h e  t h e o r y  and p r a c t i c e  o f  

m in i n g  k n ow ledge "  f o r  h i s  s t u d e n t s  w h i c h  was used as handbook  

and compendium i n  s e v e r a l  c o u n t r i e s  o f  Europe f o r  more t h a n  

h a l f  a c e n t u r y .  The book p u b l i s h e d  i n  1773 i s  d i v i d e d  i n t o  f o u r  

p a r t s :  m in i n g  g e o lo g y ,  m in i n g  e n g i n e e r i n g ,  o re  p r o c e s s i n g ,  m in ­

i n g  economics  and m in in g  p o l i c y .  The book i s  even t o d a y ,  a f t e r  

two hundred y e a rs  an e x c e l l e n t  example  o f  s t y l e ,  c l e a r  l o g i c ,  

h i g h - l e v e l  s y n t h e t i z a t i o n  o f  know ledge f o r  m in ing  p ro b le m s  and 

o f  a t e c h n i c a l - e c o n o m i c a l  approach t o  s o l v e  m in ing  t a s k s .  (A 

H un ga r ia n  t r a n s l a t i o n  o f  D e l i u s '  book was p u b l i s h e d  i n  a f a c ­

s i m i l e  e d i t i o n  i n  1972 on th e  200th  a n n i v e r s a r y  o f  i t s  f i r q . t  

p u b l i c a t i o n  and th e  H un ga r ia n  M in i n g  and M e t a l l u r g i c a l  S o c i e t y  

foun de d  a t  t h a t  t im e  th e  D e l i u s  Medal  t o  be g ra n te d  f o r  s c i ­

e n t i f i c  ac h iev e m en ts  i n  m in i n g  and m e t a l l u r g y . )
S u ccesso r  o f  D e l i u s  was P r o f e s s o r  Johann Thaddäus P e i t h n e r
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who headed th e  D ep a r tm e n t  between 1 7 7 2 -17 77 .  P r o f e s s o r  P e i t h n e r  

c o l l e c t e d  many v a l u a b l e  and b a s i c  books on m in i n g ,  m e t a l l u r g y  

and s c i e n c e s ,  and t h i s  became th e  c o r e  o f  the  l i b r a r y  o f  t h e  

Academy o f  M i n i n g  a t  Selmecbánya;  more th an  200 vo lumes o f  them 

can be found even now i n  the  "Se lmec H i s t o r i c  L i b r a r y "  o f  the  
M i s k o l c  u n i v e r s i t y .

From 1777 t o  1780 v i s i t i n g  p r o f e s s o r s  headed th e  d e p a r t ­

m e n t ,  i n  1 780 -88 ,  a s s o c i a t e  p r o f e s s o r  János S z e l e c z k y ,  i n  1788-  

1789 K á r o l y  H a i d i n g e r ,  i n  1789-90 M i h á l y  P a t z i e r  h e l d  l e c t u r e s  

on m i n i n g  e n g i n e e r i n g .  Between 1792 and 1798,  András P r y b i l l a ,  

f r o m  1798 to  1805,  János M öh l in g  and M i h á l y  P a t z i e r  and b e t ­

ween 1805 and 1812,  Ferenc R e i c h e t z e r  worked a t  the  d e p a r t m e n t .  

The p r o f e s s o r s  between  1777 and 1812 were f i r s t  o f  a l l  e x p e r t s  

i n  m a t h e m a t i c s ,  p h y s i c s  and m echan ics ,  b u t  t hey  l e c t u r e d  i n  

m i n i n g  and m e t a l l u r g y ,  t o o .

I n  1808 t h e  f i r s t  dep ar tmen t  o f  f o r e s t r y  was f o u n d e d ,  and 

t h e  f i r s t  P r o f e s s o r  became H e n r i k  D a v id  W i l k e n s .  T h i s  i n d i c a t e s  

t h e  b e g in n i n g  o f  t h e  s p e c i a l i z e d  e d u c a t i o n  i n  f o r e s t r y .

From 1812 t i l l  1840 Johann Nepomuk Lang was head o f  t h e  

m i n i n g - d e p a r t m e n t .  He was an i n t e r n a t i o n a l l y  w e l l - k n o w n  s c i ­

e n t i s t  o f  mine s u r v e y i n g .  He was t h e  f i r s t  who s u gges te d  t o  use 

t h e o d o l i t e s  i n  ( u n d e r g r o u n d )  mines and p re pa re d  programmes o f  

c o u r s e s  and r u l e s  o f  o p e r a t i o n  f o r  t h e  M in i n g  O f f i c e r s '  S c h o o l .  

I n  184 1-44  F e r d in á n d  L ände re r  l e c t u r e d  i n  m in ing  as d e p u ty  

p r o f e s s o r .

Between 1844 and 1849 the  d e p a r t m e n t  was headed by János 

Adr iány  a p r o f e s s o r  o f  m a th em a t i cs .  H i s  book on mine s u r v e y i n g  

r e a c h e d  s e v e r a l  e d i t i o n s .  He c a r r i e d  o u t  e x t e n s i v e  i n v e s t i g a ­

t i o n s  abo ut  th e  s t r a t i g r a p h y  o f  t h e  Bo rsod  l i g n i t e  b a s i n ,  and 

p l a y e d  an i m p o r t a n t  r o l e  i n  s t a r t i n g  c o a l  m in ing  a t  D i ó s g y ő r .

(A seam and a s h a f t  a r e  named i n  h i s  h o n o u r . )

I n  1850-51 G u s z tá v  F a l l e r  was a s s o c i a t e  p r o f e s s o r  a t  t h e  

Academy. In  1851 -55  P r o f e s s o r  K á r o l y  L o l l o k  headed th e  D e p a r t ­

ment o f  M in ing  E n g i n e e r i n g ,  M in i n g  M a c h in e r y  and Mine Survey ing.

From 1855 t o  1870 Gusztáv F a l l e r  ( 1 8 1 6 -8 1 )  l e d  t h e  d e p a r t ­

ment  as p r o f e s s o r .  He made i n t e r n a t i o n a l l y  known c o n t r i b u t i o n s  

t o  m i n i n g  k n ow led ge ,  i n  h i s  t ime  he was one o f  the  most
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r e s p e c t e d  m in i n g  e x p e r t s  i n  th e  Hapsburg  e m p i r e .  The m em or ia l  

volume p u b l i s h e d  a t  th e  1 0 0 -y e a r s  j u b i l e e  o f  the  Selmec Academy 

o f  M in i n g  was w r i t t e n  by h im. To c u l t i v a t e  i n t e r n a t i o n a l  r e l a ­

t i o n s  he e d i t e d  s c i e n t i f i c  m in i n g  and m e t a l l u r g i c a l  b u l l e t i n s  

i n  j o i n t  e d i t i o n s  w i t h  t h e  m in i n g  academies  a t  Leoben and 

P r ib ram  ( t o d a y  O s t r a v a ) .  He was th e  f i r s t  who a n a l y z e d  i n  h i s  

books th e  g e o l o g i c a l  a n d -m in in g  c o n d i t i o n s  o f  th e  Dorog c o a l  

b a s i n .
A f t e r  th e  A u s t r o - H u n g a r i a n  compromise o f  1867,  c e r t a i n  r e ­

o r g a n i z a t i o n s  were made and H un g a r ia n  became th e  l a n gu ag e  o f  

e d u c a t i o n .  To th e  r e s p o n s i b i l i t i e s  o f  t h e  D epar tm en t  o f  M in ing  

E n g i n e e r i n g  be longe d  i n  a d d i t i o n  t o  m in i n g  e n g i n e e r i n g  o re  p r o ­

c e s s i n g ,  s a l t  and c o a l  m i n i n g .  Mine s u r v e y i n g  was s e p a r a t e d  

f rom the  d e p a r t m e n t :  O t t ó  C s á t i  ( C h r i s m a r )  became th e  f i r s t  

head o f  t h e  new d e p a r tm e n t .

The D epar tm en t  o f  M in i n g  E n g i n e e r i n g  was headed by La jos  

L i t s c h a u e r  f rom 1870 on.  He d e v o te d  a lm o s t  whole  o f  h i s  l i f e  

t o  w r i t e  an u p - t o - d a t e  book on m in i n g  e n g i n e e r i n g  i n  H u n ga r ia n .  

The book p u b l i s h e d  i n  1890-91 i n c l u d e d  th e  f u l l  m a t e r i a l  o f  

m in i n g  e n g i n e e r i n g  as l e c t u r e d  a t  t h a t  t i m e :  b a s i c  c o n c e p t s  o f  
m i n i n g ,  m in i n g  s t r a t i g r a p h y ,  m i n e r a l  p r o s p e c t i n g ,  d r i l l i n g ,  

t e c h n i q u e s  o f  d r i l l i n g  and b l a s t i n g  as w e l l  as mechan i zed  c u t ­

t i n g ,  m in i n g  methods ,  t r a n s p o r t  o f  p e r s o n n e l  i n  m in e s ,  w a te r  

c o n t r o l ,  a i r  t r a n s p o r t  and v e n t i l a t i o n ,  i l l u m i n a t i o n  i n  mines,  

n a t u r a l  haz a rd s  and rescue  o p e r a t i o n s .  He changed t h e  d e s c r i p ­

t i v e  c h a r a c t e r  o f  m in i n g  e n g i n e e r i n g  by i n t r o d u c i n g  c a l c u l a t i o n  

and d e s ig n  methods w i t h  p r a c t i c a l  a ims.  L a jo s  L i t s c h a u e r  r e ­

t i r e d  i n  1883.
From 1883 t o  1904 P r o f e s s o r  Gyu la  Gre tz mache r  was th e  head 

o f  d e p a r t m e n t .  H i s  papers  were p u b l i s h e d  i n  German magaz ins  and 

th e  Hunga r ia n  B á n y á s z a t i  és K o h á s z a t i  Lapok ( J o u r n a l  o f  M in ing  

and M e t a l l u r g y ) .  H is  p r o f e s s i o n a l  a c t i v i t y  was f o c u s s e d  on mine 

mapping,  mine s u r v e y i n g ,  s t r a t i g r a p h y ,  c u t t i n g  and o re  p r o c e s ­

s i n g .
I n  1904 th e  name o f  th e  Academy was changed t o  H igh  Schoo l  

o f  M in i n g  and F o r e s t r y ;  Géza Réz ( R i c h t e r )  became head o f  the 

dep a r tm en t  wh ich  he had u n t i l  1926.  He r e c o g n i z e d  and
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e m p ha s iz ed  the  i m p o r t a n c e  o f  the  c l o s e  c o n n e c t i o n  between s c i ­

e n t i f i c  r e s e a rc h  and u n i v e r s i t y  e d u c a t i o n .  He showed t h a t  the  

m o d e r n i z a t i o n  o f  t h e  e d u c a t i o n  o f  m in i n g  e n g i n e e r s  can o n l y  be 

s u c c e s f u l  i f  i t  i s  s t r o n g l y  r e l a t e d  t o  t h e  p r a c t i c e  o f  th e  m in ­

i n g  i n d u s t r y .  A f i r s t  vo lume  o f  h i s  book was o n l y  p u b l i s h e d ,  

b u t  t h a t  i s  an e x c e l l e n t  p r o o f  o f  h i s  e x p e r i e n c e  and knowledge 

g a i n e d  f r om  s tu dy  t o u r s  ab roa d  and f rom t h e  t e c h n i c a l  l i t e r a ­

t u r e  .

I n  1923 the  D e p a r t m e n t  o f  Ore and C oa l  P r e p a r a t i o n  ( p r e ­

d e c e s s o r  o f  the D e p a r tm e n t  o f  M in e r a l  D r e s s i n g )  headed by 

P r o f e s s o r  József  F i n k e y  was founded ,  t h u s  l e c t u r i n g  i n  th e  c o r ­

r e s p o n d i n g  s u b j e c t s  was s e p a r a t e d  f rom t h e  Dep ar tm en t  o f  M in i n g  

E n g i n e e r i n g .  P r o f e s s o r  J ó z s e f  F inkey p u b l i s h e d  s c i e n t i f i c  books 

and p a p e r s  on m i n e r a l  p r o c e s s i n g ,  bu t  t h e  book " D e s ig n in g  Mines" 

p u b l i s h e d  by him as a s e n i o r  l e c t u r e r  a t  t h e  Depar tmen t  o f  M in ­

i n g ,  can be rega rded  as t h e  p r e c u r s o r  o f  t h e  s c i e n t i f i c  r e ­

s e a r c h  o f  min ing  l o c a t i o n s .

K o r n é l  Szo bo sz lay  headed the  Dep ar tm en t  o f  M in i n g  f rom 

1926 t o  1932. He p ro v e d  h i s  e x c e l l e n t  e n g i n e e r i n g  q u a l i t i e s  by 

t h e  r e c o n s t r u c t i o n  o f  t h e  Pécs m in i n g .  P r o f e s s o r  Szobosz la y  

made g r e a t  e f f o r t s  t o  m o d e r n i z e  the t h e o r e t i c a l  and p r a c t i c a l  

m a t e r i a l  o f  e d u c a t i o n ,  and deve loped  a r i c h  c o l l e c t i o n  o f  mock- 

- u p s  and v i s u a l  a i d s .  H i s  f a r - s i g h t e d  p l a n s  were hampered by 

h i s  a g g r a v a t i n g  i l l n e s s  f r o m  1929 on.

P r o f e s s o r  P é te r  E s z t ó  j o i n e d  the  D ep a r tm e n t  o f  M in i n g  En­

g i n e e r i n g  i n  1929 and s t a r t e d  t o  l e c t u r e  on t h e o r y  and p r a c t i c e  

o f  m i n i n g  e n g i n e e r i n g .  I n  1932 he became head o f  dep a r tm en t  i n  

w h i c h  c a p a c i t y  he c o n t i n u e d  t o  lead i t  u n t i l  1954.  P r o f e s s o r  

E s z t ó  was an e x p e r t  o f  g r e a t  p r a c t i c a l  e x p e r i e n c e  and e x c e l l e n t  

t h e o r e t i c a l  know ledge.  I n  h i s  s c i e n t i f i c  a c t i v i t y  th e  t h e o r y  o f  

r o c k  m o t i o n  was o f  g r e a t  i m p o r t a n c e  and h i s  c o n t r i b u t i o n  i s  

i m p o r t a n t  i n  s t a r t i n g  t h e  r e s e a r c h  i n  r o c k  mechan i cs  i n  Hungary.  

H is  a c h ie v e m e n ts  are  o u t s t a n d i n g  i n  mine w a t e r  c o n t r o l ,  mine 

v e n t i l a t i o n ,  mine s u r v e y i n g  and m in ing  e c o n o m ic s .  H is  l e c t u r e s  

and s e m i n a r s  a lways t o o k  a c c o u n t  o f  th e  needs o f  m in i n g  i n d u s ­

t r y  and t h e  r e q u i r e m e n t s  o f  s c i e n t i f i c - t e c h n i c a l  d eve lo pm en t .  

H i s  k n ow led ge  covered  s c i e n c e ,  m in e r a l  p r o c e s s i n g ,  m i n e r a l
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m a c h in e ry  and o i l  p r o d u c t i o n  w e l l  i l l u s t r a t e d  by th e  f a c t  t h a t  

h i s  l e c t u r e s  on d r i l l i n g  t e c h n o l o g y  made up the  f u n d a m e n t a l s  o f  

p e t r o l e u m  e n g i n e e r i n g  e d u c a t i o n  i n  H unga ry .  In  1934 P r o f e s s o r  

P é t e r  Esz tó  handed o v e r  th e  l e a d e r s h i p  o f  the  D ep a r tm en t  o f  

M in i n g  E n g i n e e r i n g  t o  one o f  th e  most  o u t s t a n d i n g  members o f  

th e  g e n e r a t i o n s  o f  e n g in e e r s  e d u c a te d  by him:  to  P r o f e s s o r  

János Zambó. He devo te d  h i s  r e m a i n i n g  t i m e  u n t i l  r e t i r e m e n t  i n  

1959 t o  m i n e r a l  p r o s p e c t i n g ,  c u t t i n g  t e c h n o l o g y ,  mine v e n t i l a ­

t i o n  and m in in g  s a f e t y .  P é te r  E sz tó  was n o t  o n l y  an e x c e l l e n t  

p r o f e s s o r ,  b u t  a h u m an is t  o f  deep f e e l i n g ,  too, who es teeme d  the  

p e r s o n a l i t y  o f  h i s  s t u d e n t ' s ;  t h e y  r e t u r n e d  t h i s  a t t i t u d e  by 

d e v o te d  a d m i r a t i o n .

I n  t h e  l a s t  t h r e e  decades ,  e d u c a t i o n  and r e s e a r c h  i n  t h e  

D ep a r tm en t  o f  M in i n g  E n g i n e e r i n g  were l e d  by P r o f e s s o r  János 

Zambó, Member o f  the  H un ga r ia n  Academy o f  Sc iences .  H i s  p e r ­

s o n a l  example and c r e a t i v i t y  ensu re d  h i g h  s ta nd a rd  and o u t ­

s t a n d i n g  a c h ie v e m e n ts .
János Zambó was bo rn  on May 2,  1916 i n  Hegykő. He g r a d u a t ­

ed i n  Sopron w i t h  m e r i t .  I n  t h e  academic  year  1941-42 he was 

employed as a l e c t u r e r  i n  th e  D e p a r tm en t  o f  Geodesy and Mine 

S u r v e y i n g .  In  1942 he j o i n e d  th e  N a t i o n a l  Ore Mines as a c h i e f  

e n g i n e e r .  He r e t u r n e d  i n  1946 t o  t h e  u n i v e r s i t y  as s e n i o r  l e c ­

t u r e r  and w ro te  s e v e r a l  papers  on mine s u r v e y in g  and d e f e n d e d  

h i s  d o c t o r ' s  t h e s i s  on m in i n g  econ om ics  "summa cum l a u d e " .

From 1947 to  1953 he was i n  t h e  c o a l  m in ing  i n d u s t r y ,  

f i r s t  as f i r s t  e n g in e e r  o f  th e  Padrag C o l l i e r y ,  th en  as d e p u ty  

manager  o f  th e  A jka  Coa l  M in es ,  and f i n a l l y ,  as th e  m i n i n g  man­

age r  o f  t h e  M id d l e - T r a n s d a n u b ia n  Coa l  M in i n g  T r u s t .  I n  r e c o g n i ­

t i o n  o f  h i s  s c i e n t i f i c  ac h iev e m en ts  he was awarded t h e  t i t l e  

Ph.D. i n  1952.  He s p e n t  a decade i n  v a r i o u s  l e a d i n g  p o s t s  i n  a 

p e r i o d  o f  ex t reme r e q u i r e m e n t s  a g a i n s t  m in i n g .

He c a r r i e d  o u t  i n v e s t i g a t i o n s  f o r  t h e  l o c a t i o n  o f  s e v e r a l  

m in e s ,  mod ern ized  c u t t i n g  t e c h n i q u e s ,  improved m in i n g  methods  

and i n c r e a s e d  th e  l e v e l  o f  mine s a f e t y .  H is  a c t i v i t y  was a c k ­

now ledge d  by a l o t  o f  awards :  O rde r  o f  Work ( 1 9 5 0 ) ,  D i s t i n ­

g u i s h e d  Worker  o f  M in i n g  I n d u s t r y  ( 1 9 5 3 ) ,  Kossuth  P r i z e  Grade 2 

( 1 9 5 3 ) ,  e t c .
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I n  1953-54 he was th e  d i r e c t o r  o f  t h e  Research I n s t i t u t e  

o f  M i n i n g  and, a t  t h e  same t im e ,  p r o f e s s o r  and head o f  t h e  De­

p a r t m e n t  o f  M in i n g  E n g i n e e r i n g .  From 1955 on he was f u l l - t i m e  

p r o f e s s o r  a t  t h e  T e c h n i c a l  U n i v e r s i t y  o f  Heavy I n d u s t r y  and 

u n t i l  March 31,  1984,  head o f  the  d e p a r t m e n t .  In  the  p e r i o d  
1 95 5 -59  he was th e  dean o f  the  F a c u l t y  o f  M in i n g  E n g i n e e r i n g ,  

196 0-61  P r o - r e c t o r  and between 1961 and 1972 R ec to r  o f  th e  

T e c h n i c a l  U n i v e r s i t y  o f  Heavy I n d u s t r y .

H i s  a c t i v i t y  i s  p r i m a r i l y  c h a r a c t e r i z e d  by an i n t e r a c t i o n  

and u n i t y  o f  t h e o r y  and p r a c t i c e .  From t h e  b e g in n i n g  o f  h i s  

c a r e e r  he made s u c c e s s f u l  e f f o r t s  t o  u n i t e  th e  p r i n c i p l e s  o f  

s c i e n c e  w i t h  p r a c t i c a l  e x p e r i e n c e  and t o  s o l v e  m in ing  p ro b le m s  

w i t h  h i g h l y  e f f e c t i v e  m a th e m a t i c a l  s k i l l .  T h i s  u s e f u l  amalgama­

t i o n  o f  knowledge and s k i l l  made th e  r e s u l t s  o f  h i s  p r a c t i c a l ,  

t e a c h i n g  and s c i e n t i f i c  work e x t r e m e l y  b e n e f i c i a l  f o r  t h e  m in ­

i n g  i n d u s t r y .

P r o f e s s o r  Zambd headed the  D e p a r t m e n t  o f  M in ing  E n g i n e e r ­

i n g  f o r  n e a r l y  30 y e a r s  and the  Rese arch  Group o f  M in i n g  De­

p a r t m e n t s  o f  th e  H u n g a r i a n  Academy o f  S c i e n c e s  f o r  two d ecades .  

H i s  ach ieve m en ts  have s h o w n . t h a t  a d e p a r t m e n t  under  q u a l i f i e d  

l e a d e r s h i p  can s i g n i f i c a n t l y  c o n t r i b u t e  t o  t h e  r e s u l t s  o f  t h e  

c o r r e s p o n d i n g  b ra n c h  o f  economy. H i s  e x c e l l e n t  e d u c a t i o n a l  

a b i l i t i e s  and r i c h  p r a c t i c a l  e x p e r i e n c e  e ns u re d  t h a t  w e l l -  

t r a i n e d  young m i n i n g  e n g in e e r s  g r a d u a t e d  a t  t h e  u n i v e r s i t y .  H i s  

l e c t u r e s  have a lw a y s  e n jo y e d  top  p r i o r i t i e s  and meant an e x ­

p e r i e n c e  t o  th e  a u d ie n c e  neve r  to  f o r g e t .  The p r e v io u s  d e s c r i p ­
t i v e  c h a r a c t e r  o f  t h e  m a t e r i a l  o f  t e a c h i n g  was re p la c e d  by mod­

e r n  s c i e n t i f i c  p r i n c i p l e s .  The r e s e a r c h  a c t i v i t y  o f  t h e  d e p a r t ­

ment under  h i s  g u i d a n c e  has ach ieved  i n t e r n a t i o n a l  acknow­

l e d g e m e n t  and t h e  d e p a r t m e n t  i t s e l f  became a c e n t r e  o f  m in i n g  

s c i e n c e s .  The main f i e l d s  o f  r e s e a r c h  w i t h i n  t h e  dep a r tm en t  

have been:  l o c a t i o n  and r e c o n s t r u c t i o n  o f  m in i n g  and o t h e r  i n ­

d u s t r i a l  f a c i l i t i e s ,  m in i n g  a n a l y s i s ,  m i n i n g  economics and v a ­

l u a t i o n  o f  w o r k a b i l i t y  o f  u s e f u l  m i n e r a l  d e p o s i t s ;  p r o s p e c t i n g ,  

d e v e lo p m e n t  and o p e n i n g ,  and e x t r a c t i o n  o f  s o l i d  m i n e r a l  de ­

p o s i t s ;  s o l u t i o n  o f  p ro b le m s  i n  r o c k -  and geomechan ics ,  c o n ­

s t r u c t i o n  o f  m in i n g  and o t h e r  u n d e r g r o u n d  e x c a v a t i o n s ,  d e s ig n
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o f  s u p p o r t s ,  p ro b lems  c o n c e r n i n g  r o c k  m o t i o n  and mine damage, 

i m p r o v i n g  p r o t e c t i o n  methods a g a i n s t  n a t u r a l  and mine h a z a r d s ,  

mine v e n t i l a t i o n  and a i r  c o n d i t i o n i n g ,  mine and h e a l t h  s a f e t y ,  

rescue  t e c h n i q u e s ;  c u t t i n g  and b l a s t i n g  t e c h n i q u e s  and s p e c i a l  
c u t t i n g  methods,  n a t u r e  and e n v i r o n m e n t  p r o t e c t i o n ;  d e v e lo p m e n t  

and f e a s i b i l i t y  i n v e s t i g a t i o n s  o f  new m in i n g  t e c h n o l o g i e s ;  de ­

ve lo p m e n t  o f  computer  a id ed  d e s ig n  and i t s  a p p l i c a t i o n  i n  p l a n ­

n in g  m a jo r  m in i n g  o b j e c t s .  Research c a r r i e d  ou t  a t  t h e  d e p a r t ­

ment has  y i e l d e d  c o n s i d e r a b l e  t h e o r e t i c a l  and p r a c t i c a l  r e s u l t s  

An a c t i v e  c o o p e r a t i o n  and a d v i c e  o f  t h e  d epa r tm en t  i s  r e q u i r e d  

by t h e  l e a d e r s  o f  i n d u s t r y  i n  a l l  m a j o r  p rob lems  o f  dev e lo pm e n t

P r o f e s s o r  Zambó has l ed  and h e l p e d  h i s  c o l l e a g u e s  i n  t h e i r  

r e s e a r c h  and i n s p i r e d  them t o  f i n d  t h e i r  own ways o f  r e s e a r c h .  

As a r e s u l t ,  a h i g h l y  q u a l i f i e d  acad em ic  and r e s e a r c h  s t a f f  has 

grown up under  h i s  c a re .

A p a r t  f rom head in g  th e  d e p a r t m e n t ,  d u r i n g  h i s  1 1 - y e a r  

te rm as R e c t o r  he made h i s  e x p e r i e n c e ,  e x e c u t i v e  a b i l i t y  and 

r e s o l u t i o n  p r o f i t a b l e  f o r  the  T e c h n i c a l  U n i v e r s i t y  o f  Heavy 

I n d u s t r y .  He had an o u t s t a n d i n g  r o l e  i n  the  dev e lo pm e n t  and 

e x e c u t i o n  o f  t h e  e d u c a t i o n a l  r e f o r m  and l o n g - t e r m  d e v e lo p m e n t  

p la n  i n  1963.

The r e s u l t s  o f  h i s  s c i e n t i f i c  work  were p u b l i s h e d  i n  nearly 

two hund red  p ape rs  and s i x  books .  A f t e r  h i s  i n i t i a l  w ide  i n t e r ­

e s t  -  mine s u r v e y i n g ,  r o c k  mec han ics  and mine w a t e r  c o n t r o l  -  

h i s  s c i e n t i f i c  a c t i v i t y  became c o n c e n t r a t e d  more and more on 

m i n i n g  l o c a t i o n s .  I n  h i s  pap er s  p u b l i s h e d  i n  th e  B á n y á s z a t i  La­

pok ( M i n i n g  J o u r n a l )  and i n  o t h e r  s c i e n t i f i c  fo ru ms  as w e l l  as 
i n  h i s  books M in i n g  E n g i n e e r i n g  (O pen ing  and E x t r a c t i o n )  (1957,  

1965,  1 9 7 2 ) ,  A n a l y s i s  o f  M in i n g  L o c a t i o n s  ( 1 9 6 0 ) ,  L o c a t i o n  

T heo ry  i n  M in i n g  (1965 )  and F undam en ta ls  o f  M in i n g  E n g i n e e r i n g  

( 1 9 8 5 )  he c r e a t e d  a s p e c i a l  H u n g a r ia n  s c h o o l  i n  t h e  f i e l d  o f  

s c i e n t i f i c  i n v e s t i g a t i o n  o f  m i n i n g  l o c a t i o n s  wh ich  e n a b le d  to

f i n d  t h e  t e c h n i c a l l y  and e c o n o m i c a l l y  opt imum s o l u t i o n s  even in
*

t h e  most  c o m p l i c a t e d  cases o f  m i n i n g  l o c a t i o n s .

Some o f  h i s  books were been p u b l i s h e d  abroad and i n  f o r ­

e i g n  l a n g u a g e s ,  r e s p e c t i v e l y  ( A n a l i t i c h n i  M e tod i  p r i  P r o j e k t i -  

r o v a n i e  na R u d n i c h i .  P u b l .  T e k h n i k a ,  S o f i a ,  1962 ; Opt imum Loca ­

t i o n  o f  M in i n g  F a c i l i t i e s ,  Ak a dé m ia i  K ia d ó ,  B u d a p e s t ,  I 9 6 0 ) .
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P r o f e s s o r  Zambó's o u t s t a n d i n g  r o l e  i n  t h e  deve lopment  o f  

t h e  t h e o r y  o f  m in i n g  l o c a t i o n  can be seen on the  i n t e r n a t i o n a l  

r e c o g n i t i o n  r e f l e c t e d  by th e  f r e q u e n t  c i t a t i o n  o f  h i s  books and 

p a p e r s ,  and the a p p l i c a t i o n  and a d a p t a t i o n  o f  h i s  methods.  He 

was i n d u s t r i o u s  i n  i n t r o d u c i n g  a n a l y t i c a l  c a l c u l a t i o n s  f o r  a l l  

m i n i n g  p ro b le ms i n  t h e  H un ga r ia n  p r a c t i c e .  He s u p e r v i s e d  th e  

team o f  t h e  d epa r tm en t  i n  c a r r y i n g  o u t  t h e  a n a l y t i c a l  i n v e s t i ­

g a t i o n s  on th e  l o c a t i o n  o f  Eocene m in e s ,  t h e  r e c o n s t r u c t i o n  o f  

t h e  Mecsek l i a s s i c  m in e s ,  deve lopment  o f  c o p p e r  ore  and b a u x i t e  

d e p o s i t s  and l o c a t i o n  o f  new mines ( D u b i c s á n y ,  A j ka  I I  and open 

p i t  m i n e s ) .

As r e c o g n i t i o n  o f  h i s  p i o n e e r i n g  w ork  i n  f o u n d in g  th e  

t h e o r y  o f  m in ing  l o c a t i o n s ,  P r o f e s s o r  Zarnbo was e l e c t e d  c o r r e ­

s p o n d i n g  member o f  t h e  H un ga r ia n  Academy o f  Sc iences i n  1961 

and o r d i n a r y  member i n  1972.  The Moscow M i n i n g  U n i v e r s i t y  award­

ed h im  d o c t o r  " h o n o r i s  c a usa "  i n  1971.  The Hungar ian  M in i n g  and 

M e t a l l u r g i c a l  S o c i e t y  g r a n t e d  him t h e  A l a d á r  Wahlner medal  

t w i c e ,  i n  1954 and 1959,  and the  K r i s t ó f  D e l i u s  T r a u g o t t  medal  

i n  1 9 7 6 .  H is  o u t s t a n d i n g  s c i e n t i f i c  a c h i e v e m e n t s  were acknow­

l e d g e d  by the  gov e rnme nt  by g r a n t i n g  him Grade I  N a t i o n a l  P r i z e  

i n  1 9 6 5 .

P r o f e s s o r  Zarnbo has a lways been a p u b l i c - s p i r i t e d  man. He 

was a member o f  th e  p r e s i d e n t i a l  boa rd  o f  t h e  Hunga r ian  Academy 

o f  S c i e n c e s  over  a t e r m ,  and Chai rman o f  t h e  Commit tee f o r  

G e o l o g y ,  M in i n g ,  S u r v e y i n g  and Geop hys ic s  f o r  S c i e n t i f i c  Q u a l i ­

f i c a t i o n  o v e r  t h r e e  t e r m s .  He was c h a i rm a n  o r  member o f  s e v e r a l  

g o v e r n m e n t a l  o r  academic  co m m i t t e e s ,  c h a i r m a n  o f  a subcomm i t t ee  

o f  t h e  N a t i o n a l  and K o s s u t h  P r i z e  C om m i t te e  and e d i t o r  o f  t h e  

M i n i n g  S e c t i o n  o f  t h e  T r a n s a c t i o n s  o f  t h e  T e c h n i c a l  U n i v e r s i t y  

o f  Heavy I n d u s t r y .
H i s  awards g r a n t e d  i n  r e c o g n i t i o n  o f  h i s  e d u c a t i o n a l ,  s c i ­

e n t i f i c  and p u b l i c  a c t i v i t y  a re :  D i s t i n g u i s h e d  Teacher ( 1 9 5 9 ) ,  

O r d e r  o f  Work, Grade Go ld  (1963 ,  1 9 7 2 ) ,  D i s t i n g u i s h e d  Worker  o f  

Heavy I n d u s t r y  ( 1 9 6 9 ) ,  M in i n g  S e r v i c e  Medal  (Grade Gold 1976,  

Grade Diamond 1 985 ) ,  D i s t i n g u i s h e d  M in e r  ( 1 9 8 2 ) ,  o rd e r  "F o r  

S o c i a l i s t  Hungary"  ( 1 9 8 3 ) .
He i s  s t i l l  a c t i n g  as a p r o f e s s o r  and p a r t i c i p a t e s  a c t i v e l y
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i n  t h e  s c i e n t i f i c  l i f e .  He i s  c h a i rm a n  o f  the M is k o l c  Com mi t t ee  
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ECONOMIC ANALYSIS OF PRE-DRAINAGE OF WATER-BEARING SAND 
LAYERS IN THE BORSOD COAL MINES

В Ba logh

Borsod Coal Mines, Miskolc, Kar inthy F. u. 19, H-3535

Economic e f fe c t s  o f  pre-drainage in  the workings of  Putnok and Farkas- 
lyuk mines have been analyzed. The analysis has proved that  the p re -d ra in -  
age i s  economical in  both mines. The r e n t a b i l i t y  o f  the pre-drainage de­
pends on the face length and the time of  p re-drainage,  and i t  increases as 
these parameters increase. No cor re la t ion  has been found, however, between 
the r e n t a b i l i t y  and the distance between the pre-dra in ing  boreholes; th a t  
may p a r t l y  be due to the fac t  that  the borehole distance is  mainly based on 
experience and varies  only w i th in  a narrow range in  each mine. The t h i c k ­
ness of  p ro tec t ive  layers ,  the time o f  drainage, and the distance and depth 
of  the pre-dra in ing  boreholes in  the mines Putnok and Farkaslyuk were a l ­
most equal. Calcu la t ions have proved that  the r e n t a b i l i t y  of  pre-drainage 
i s  s im i l a r ,  too.

Keywords: Putnok mine; Farkaslyuk mine; pre-drainage; r e n t a b i l i t y ;  
coal mines

P r e v e n t i v e  d e w a t e r i n g  o f  a q u i f e r  sand l a y e r s  above a c o a l  

bed has g o t  b e s i d e s  th e  p rob lems  o f  s e c u r i t y ,  o t h e r  k i n d s  o f  a d ­

v a n t a g e s .  For  one p a r t  o f  th ese  a d v a n t a g e s  a s u r p l u s  p r o f i t  can 

be d e t e rm in e d  by economic  c a l c u l a t i o n ,  w h i l e  f o r  th e  o t h e r  p a r t  

o f  them t h e  e f f e c t  o f  p r e v e n t i v e  d e w a t e r i n g  can be p r o v e d ,  b u t  

i t  c a nn o t  be e x a c t l y  c a l c u l a t e d .

B e f o r e  d o in g  th e  economic c a l c u l a t i o n s  f o r  th e  f i r s t  g ro u p  

l e t  us say a few words  about  th e  second one.

Two a d v a n ta g es  o f  th e  second g ro u p  s h o u ld  be e m phas ized :

-  th e  f e e l i n g  o f  s e c u r i t y  o f  th e  w o r k e r s  wh ich  makes t h e i r  work  

more t r a n c f u i l  and th u s  t hey  can r e a c h  h i g h e r  e f f i c i e n c y ;

-  th e  p r o d u c t i o n  w i l l  n o t  be i n t e r r u p t e d  by w a t e r -  o r  mud 

i n r u s h .

An a dvan ta ge  o f  th e  f i r s t  g ro up  i s  t h a t  the  speed o f  l o n g -

w a l l  advance i n c r e a s e s  as an e f f e c t  o f  t h e  d r a i n a g e .  The present

Acta Geod. Geoph. Moqt. Hung. 22, 1987 
Akadémiai Kiadó, Budapest
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e c o n o m ic  s t u d y  d e a l s  w i t h  t h i s  m a t t e r .

1. DESCRIPTION OF THE ECONOMIC STUDY

The w a t e r  s t o r e d  i n  a q u i f e r  l a y e r s  above the  mined c o a l  

beds can f l o w  i n t o  t h e  s e t  o f  w o r k i n g s  d u r i n g  m in ing  i f  t h e  

a q u i f e r  l a y e r s  were n o t  dewa te red  a t  a l l  o r  n o t  i n  t h e  r e q u i r e d  

d e g r e e  b e f o r e  t h e  s t a r t  o f  th e  l o n g w a l l .  The wa te r  f l o w n  i n t o  

t h e  s e t  o f  w o r k i n g s  makes th e  u n d e r l a y i n g  rock  soaked t h r o u g h ,  

d e c r e a s e s  i t s  c o m p r e s s i v e  s t r e n g t h  and t h i s  can lea d  t o  t h e  

s i n k i n g  o r  l i s t  o f  t h e  s u p p o r t ,  t o  t h e  dec rease  o f  p r o d u c t i o n  

and t o  t h e  l o w e r  speed o f  l o n g w a l l  a dvance .
P r e v e n t i v e  d e w a t e r i n g  has been a p p l i e d  i n  s e v e r a l  m in e s ,  

b u t  o n l y  i n  the  mines Pu tnok  and F a r k a s l y u k  were r e g i s t e r e d  

d a t a  c o r r e c t  enough f o r  d raw ing  an unambigous c o n c l u s i o n  f r om  

th em .  T h a t  i s  why t h e  c a l c u l a t i o n s  a r e  based on these  m in e s .

The expenses o f  p r e v e n t i v e  d r a i n a g e  i n c u r  b e f o r e  t h e  s t a r t  

o f  t h e  l o n g w a l l ,  w h i l e  t h e  e f f e c t  o f  p r e v e n t i v e  d e w a t e r i n g  

a r i s e s  o n l y  a f t e r  t h e  s t a r t  o f  the  l o n g w a l l  as the  speed o f  
l o n g w a l l  advance i n c r e a s e s  due to  t h e  e l i m i n a t i o n  o f  t h e  d i s ­

t u r b i n g  i n f l u e n c e  o f  u n d e rg rou n d  w a t e r .
The i n c r e a s e  o f  advance speed o f  a l o n g w a l l  means s u r p l u s  

p r o d u c t i o n  and c o n s e q u e n t l y  the  r i s e  o f  income.

The d e w a t e r i n g  i s  p r o f i t a b l e  i f  i t s  c o s t s  are r e c o v e r e d  

f r o m  t h e  r e t u r n s  o f  t h e  s u r p l u s  p r o d u c t i o n ;  whereby i t  must  be 

t a k e n  i n t o  c o n s i d e r a t i o n  t h a t  a p r e v i o u s  i n v e s tm e n t  must  y i e l d  

a p r o f i t  o f  12 p . c .  p r o  y e a r  a c c o r d i n g  t o  th e  economic r e g u l a ­
t i o n  v a l i d  i n  Hungary  f o r  t h e  t im e  b e i n g .

L o n g e r  or  s h o r t e r  t i m e  i n t e r v a l  can pass f rom d e w a t e r i n g  

t i l l  t h e  s t a r t  o f  a l o n g w a l l ,  i . e .  each l o n g w a l l  pane l  i s  d e ­

w a t e r e d  i n  a d i f f e r e n t  d e g re e .  I n  case  o f  s h o r t e r  d r a i n i n g  d e ­

w a t e r i n g  has a l o w e r  d e g r e e ,  more w a t e r  re m a in s  i n  t h e  a q u i f e r  

d u r i n g  t h e  o p e r a t i o n  o f  t h e  l o n g w a l l .  Thus ,  b i g g e r  q u a n t i t y  o f  

w a t e r  f l o w s  i n t o  t h e  s e t  o f  w o r k i n g s  w h i c h  h in d e r s  t h e  l o n g w a l l  

adv ance  more th an  i n  case  o f  l o n g e r  d r a i n i n g .

I t  o f t e n  happens i n  th e  Borsod C o a l - M i n i n g  Company t h a t  

t h e  d r a i n i n g  t im e  i s  s h o r t e r  than  r e q u i r e d  p a r t l y  because t h e
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p r e p a r a t i o n  o f  th e  l o n g w a l l  works  d i d  n o t  reach the  r e q u i r e d  

e x t e n t ,  p a r t l y  due t o  th e  l a c k  o f  d r i l l i n g  c a p a c i t y .  T h i s  en ­

ab le s  t o  l o o k  f o r  a r e g r e s s i v e  r e l a t i o n  between the  t i m e  o f  de­

w a t e r i n g  and th e  speed o f  l o n g w a l l  advance.  N a t u r a l l y ,  t h e  v e ­

l o c i t y  o f  l o n g w a l l  advance depends n o t  o n l y  on the  t i m e  p f  

d r a i n i n g ,  b u t  a l s o  on th e  b r e a s t  o f  the  l o n g w a l l .

S i n c e  d i f f e r e n t  c o n d i t i o n s  can a f f e c t  th e  speed o f  advance 

and th e  deg re e  o f  p r e v e n t i v e  d e w a t e r i n g ,  each mine had t o  be 

i n v e s t i g a t e d  s e p a r a t e l y  and n o t  a l l  o f  them t o g e t h e r .  I t  was 

t r i e d  t o  f i n d  r e g r e s s i v e  r e l a t i o n s  between th e  v e l o c i t y  o f  

l o n g w a l l  adva nce ,  th e  b r e a s t ,  t h e  l e n g t h  o f  d e w a t e r i n g  t i m e  and 

th e  d i s t a n c e  o f  th e  d r a i n i n g  b o r e h o l e s .  A r e g r e s s i v e  r e l a t i o n  

was o b t a i n e d  between the  speed o f  l o n g w a l l  advance and th e  

b r e a s t ,  b u t  such a r e l a t i o n  c o u l d  n o t  be found between th e  

speed o f  advance and the  d i s t a n c e  o f  d r a i n i n g  b o r e h o l e s .

The s u i t a b l e  d i s t a n c e  o f  b o r e h o l e s  was chosen i n  b o th  

mines on th e  b a s i s  o f  th e  p e r m e a b i l i t y  c o e f f i c i e n t  d e t e r m i n e d  

f o r  th e  a q u i f e r  sand l a y e r  i n  t h e  r o o f ;  i t  was 8 m b o t h  i n  P u t -  

nok and F a r k a s l y u k .

I n  t h e  f i r s t  s t e p  o f  th e  s t u d y  th e  i n f l u e n c e  o f  t h e  b r e a s t  
and d r a i n i n g  t im e  on th e  speed o f  l o n g w a l l  advance was l o o k e d  

f o r ,  t h en  th e  r e l a t i o n  between d e w a t e r i n g  t i m e  and advance 

speed was d e f i n e d  i n  th e  cases o f  a c t u a l  b r e a s t s  and by means 

o f  t h a t  t h e  s u r p l u s  p r o d u c t i o n  as consequence o f  p r e v i o u s  d e ­

w a t e r i n g  was c a l c u l a t e d .  The d i f f e r e n c e  between th e  r e t u r n s  o f  

the  s u r p l u s  p r o d u c t i o n  due t o  d e w a t e r i n g  and th e  c o s t s  o f  de ­

w a t e r i n g  as a sum p u t  ou t  a t  i n t e r e s t  f o r  the  p e r i o d  o f  p r o d u c ­
t i o n  y i e l d s  t h e  p r o f i t  o f  p r e v e n t i v e  d e w a t e r i n g .  A c c o r d i n g  t o  

t h a t  t h e  f o l l o w i n g  c a l c u l a t i o n s  were made.

2. THE EFFECT OF BREAST AND DRAINING TIME ON THE SPEED OF

LONGWALL ADVANCE

The c o n n e c t i o n  between th e  speed o f  advance, t h e  b r e a s t  

and th e  d r a i n i n g  t im e  can be d e f i n e d  by means o f  a r e g r e s s i o n  
f u n c t i o n  w i t h  two v a r i a b l e s .  I n  t h e  e s t i m a t i o n  th e  a c t u a l  da ta  

o f  the  speed o f  advance ,  o f  b r e a s t  and o f  d r a i n i n g  t i m e  o f  each
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l o n g w a l l  were used.
The p r e v e n t i v e  d e w a t e r i n g  was im p le m e n te d  f rom bo th  e x t r a c ­

t i o n  d r i f t s  i n  the  case o f  l o n g w a l l s  i n  an unmined area o f  the  

m in e .  I n  case o f  such l o n g w a l l s  the  t i m e  o f  d e w a t e r i n g  was de­

f i n e d  as th e  a r i t h m e t i c  ave rage  o f  t h e  t e r m  f rom th e  s t a r t  o f  

d r a i n i n g  f rom th e  roa d  t i l l  the  s t a r t  o f  m i n i n g ;  and th e  te rm 

f r o m  t h e  s t a r t  o f  d r a i n i n g  ' f rom the  a i r  o p e n in g  o f  th e  pane l  

t i l l  t h e  s t a r t  o f  m i n i n g .  I n  most cases, how eve r ,  one s i d e  o f  

t h e  l o n g w a l l s  ta ke n  i n t o  c o n s i d e r a t i o n  were a l r e a d y  e x t r a c t e d ,  

when t h e  l o n g w a l l  was s t a r t e d .  The s a n d - l a y e r  above the  l o n g -  

w a l l  p a n e l  was a l r e a d y  p a r t i a l l y  e m p t i ed  t h r o u g h  t h i s  broken  

a r e a ,  and t h i s  must be t a k e n  i n t o  c o n s i d e r a t i o n  a t  the  c a l c u l a ­
t i o n  o f  t h e  t i m e  o f  d e w a t e r i n g .  The d r a i n i n g  t im e  o f  these  

l o n g w a l l s  was c o n s i d e r e d  as the a r i t h m e t i c a l  average o f  th e  pe ­
r i o d s  f r o m  the pas s -by  o f  t h e  a d j o i n i n g  l o n g w a l l  t i l l  the  s t a r t  

o f  t h e  l o n g w a l l  under  d i s c u s s i o n ;  and f r o m  th e  s t a r t  o f  d r a i n i n g  

i n  t h e  d r i f t  be in g  f a r t h e r  f r om  th e  b ro k e n  area t i l l  the  s t a r t  

o f  o u r  l o n g w a l l .

The chosen ty pe  o f  c o r r e l a t i o n  f u n c t i o n  i s :

У = b 0  +  b i x i  +  b 2 X 2 ’

w he re :  у = th e  speed o f  l o n g w a l l  advance ( m / d ) ,

X^ = b r e a s t  o r  l e n g t h  o f  l o n g w a l l  f a c e  (m) ,

X2  = t i m e  o f  d e w a t e r i n g  ( m o n t h s ) ,

b , b , , b0 = wanted c o e f f i c i e n t s ,  о 1 2

The a d ju s t m e n t  was done on the  b a s i s  o f  th e  p r i n c i p l e  o f  

l e a s t  s q u a r e s .  T h i s  f u n c t i o n  has i t s  minimum where i t s  f i r s t  

d e r i v a t i v e  w i t h  r e s p e c t  t o  t h e  wanted v a r i a b l e s  e qu a ls  t o  z e ro .

By s o l v i n g  the  o b t a i n e d  e q u a t i o n  s y s te m  w i t h  t h r e e  unknowns 

w i t h  r e s p e c t  t o  bQ, b ^ , b 2  one g e ts  t h e  wanted  c o n s t a n t s .  The 

c a l c u l a t i o n  was done s e p a r a t e l y  f o r  b o t h  mines due t o  th e  f o r ­

m e r l y  m e n t i o n e d  re a s o n s .
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MINE FARKASLYUK

I n  case o f  the  mine F a r k a s l y u k  t h e  r e l a t i o n  between t h e  

speed o f  l o n g w a l l  advance ,  b r e a s t  and d r a i n i n g  t ime  was s t u d ie d  
on the  b a s i s  o f  genu ine  d a ta  o f  l o n g w a l l s  l y i n g  i n  th e  s o u t h ­

e rn  p a r t  o f  th e  m i n e - s e c t o r .  B r e a k e r - l o a d e r  machines o f  t h e  

ty p e  VOB-HP and KSIK w o r k i n g  i n  t h e s e  l o n g w a l l s  gave t h e s e  d a t a .

I n  t h i s  t e r r i t o r y  a 0 .5  m t h i c k  p r o t e c t i v e  l a y e r  and a 

25 m t h i c k  sand l a y e r  can be found  i n  t h e  r o o f  o f  th e  c o a l  bed .  

The sand l a y e r  has t o  be dewatered  i n  advance i n  o rd e r  t o  a s ­

s u re  t h e  u n d i s t u r b e d  work o f  e x t r a c t i o n .  The b r e a s t  o f  t h e  

l o n g w a l l s  o p e r a t i n g  i n  t h i s  a rea was 60-100  m l o n g ,  th e  d r a i n ­

i n g  t im e  o f  them v a r i e d  between 3 and 36 months .  The d a t a  o f  12 

l o n g w a l l s  were used f o r  th e  i n v e s t i g a t i o n .

A c c o r d i n g  t o  t h e  c a l c u l a t i o n s  t h e  a p p r o x i m a t i o n  f u n c t i o n  

o f  the  speed o f  l o n g w a l l  advance i s :

y = 4 .670 -  0 .029 X1 + 0 .0 1 5  X2 (m/d)  .

For  th e  c o r r e l a t i o n  i n d e x  one g e t s :

I  = 0 .95  ;

and f o r  t h e  p a r t i a l  c o r r e l a t i o n  c o e f f i c i e n t s :

- 0 . 9 4  , 

0 .9 1  .

MINE PUTN0K

The r e s p e c t i v e  r e s u l t s  a re :

y = 3 .383  -  0 .013 X1 + 0 .015  X2 ; 

I  = 0 .7 7  ;
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г ух 1
- 0 . 2 5  ,

г
У х2

+0 .70  .

3 .  CALCULATION OF THE RETURN OF SURPLUS PRODUCTION DUE TO 

PREVENTIVE DEWATERING

The e s t i m a t e d  a p p r o x i m a t i o n  f u n c t i o n s  show t h a t  t h e  d e ­

w a t e r i n g  o f  a l o n g w a l l ,  th e  i n c r e a s e  o f  t h e  d r a i n i n g  t im e  

augments  t h e  speed o f  l o n g w a l l  advance and th e  p r o d u c t i o n  o f  

t h e  l o n g w a l l .  I n  t h e  economic  s tu dy  o f  p r e v e n t i v e  d e w a t e r i n g  
t h e  r e t u r n  o f  t h e  s u r p l u s  p r o d u c t i o n  due t o  d e w a t e r i n g  must  be 

e s t i m a t e d ,  as d r a i n i n g  i s  o n l y  e c o n o m i c a l  i f  the  s u r p l u s  r e t u r n  

c o v e r s  t h e  s u r p l u s  p r o d u c t i o n  c o s t s ,  t h e  c o s t s  o f  d r i l l i n g  and 

p i p e  f i t t i n g ,  t h e  expenses o f  the f o r m e r  im p l e m e n t a t i o n  o f  p r o ­
d u c t i v e  d e v e lo pm e n t  ( p r e p a r a t i o n  w o r k s )  as w e l l  as the  p r e c e d ­

i n g  c o s t s  o f  b a i l i n g  u p ,  whereby i t  has t o  be taken i n t o  c o n s i d ­

e r a t i o n  t h a t  a p a r t  o f  t h e  c o s t s  c o n n e c t e d  w i t h  p r e v e n t i v e  d e ­

w a t e r i n g  has th e  c h a r a c t e r  o f  p r e v i o u s  c a p i t a l  i n v e s t m e n t .

The s u r p l u s  r e t u r n  i s  c a l c u l a t e d  f r o m  the  a c t u a l  d a ta  o f  

t h e  m in es  f o r  1980.  I n  t h e  c a l c u l a t i o n  o f  incomes and c o s t s  t h e  

p r i c e s  o f  1980 were t a k e n .
The r e t u r n  o f  th e  s u r p l u s  p r o d u c t i o n  o f  a day can be o b ­

t a i n e d  as th e  p r o d u c t  o f  th e  s p e c i f i c  i ncome o f  the  mine and 

t h e  q u a n t i t y  o f  s u r p l u s  p r o d u c t i o n  o f  a d a y :

P = P • Q ,

w he re :  P

P 
Q

th e  r e t u r n  o f  the  d a i l y  s u r p l u s  p r o d u c t i o n  ( F t / d ) ,  

s p e c i f i c  income o f  the p r o d u c t i o n  o f  the  mine ( F t / t ) ,  

q u a n t i t y  o f  s u r p l u s  p r o d u c t i o n  due t o  p r e v e n t i v e  

d e w a t e r i n g  o f  the  l o n g w a l l  p a n e l  ( t / d ) ;

Q = X  • m • Xx • Yy ( t / d )  ,

w he re :  X  = d e n s i t y  o f  t h e  e x t r a c t e d  p r o d u c t  ( t / r n  ) ,
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m = worked t h i c k n e s s  o f  th e  c o a l  bed (m) ,

Yv = 0 2 X2  ( m / d ) ,  th e  i n c r e a s e  o f  advance speed due t o  

p r e v e n t i v e  d e w a t e r i n g  ( m / d ) .

MINE FARKASLYUK

I n  1980 th e  genu in e  v a lu e  o f  th e  s p e c i f i c  income was here 

773.68 F t / t ,  th e  worked t h i c k n e s s  o f  c o a l  bed 2 .49  m, and the  

d e n s i t y  o f  the  e x t r a c t e d  c o a l  1 .4  t / m 3 .

The d a i l y  s u r p l u s  r e t u r n  due t o  p r e v e n t i v e  d e w a t e r i n g  was 

c a l c u l a t e d  f rom th e  f o l l o w i n g  r e l a t i o n :

Pf  = 40.40 '1 X2 ( F t / d )

For t h e  e s t i m a t i o n  o f  the  c o n n e c t i o n  between d e w a t e r i n g  t im e  

and d a i l y  s u r p l u s  r e t u r n  the  b r e a s t  c o u l d  be c o n s i d e r e d  u n v a r ­

i e d ,  and i t  was w e l l  m e a s u rab le .
Hence th e  d a i l y  s u r p l u s  r e t u r n  was c a l c u l a t e d  as f o l l o w s :  

th e  te rm  b j  * X2  o f  th e  c o n n e c t i o n  between advance speed o f  
l o n g w a l l ,  d r a i n i n g  t im e  and b r e a s t  was m u l t i p l i e d  by a c on ­

s t a n t ,  i . e .  t h e  c o r r e l a t i o n  c o e f f i c i e n t  o f  the  c o n n e c t i o n  b e t ­

ween d a i l y  s u r p l u s  r e t u r n  and d r a i n i n g  t ime  i s  e q u a l  w i t h  the

c o r r e l a t i o n  c o e f f i c i e n t  г yx. used above:

г  = 0 . 9 1
P f x 2

MINE PUTNOK

The f o l l o w i n g  r e l a t i o n  g i v e s  t h e  d a i l y  s u r p l u s  r e t u r n  due to  

p r e v e n t i v e  d e w a t e r i n g :

Pp = 41.063  X1 X2 ( F t / d )  ,

and th e  c o r r e l a t i o n  c o e f f i c i e n t  i s :

Грр х 2
0 .7 0  .
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I t  can be seen f rom th e  r e s u l t s  t h a t  t h e  s u r p l u s  r e t u r n  due t o  

d e w a t e r i n g  i s  a lm os t  t h e  same i n  the  mine Pu tn ok  and i n  th e  

mine F a r k a s l y u k .

I t  s h ou ld  be m e n t i o n e d  t h a t  the  g i v e n  f u n c t i o n s  are  v a l i d  

o n l y  w i t h i n  a c e r t a i n  r a n g e .  Namely t h e  speed o f  l o n g w a l l  ad ­

vance i s  l i m i t e d  by th e  nec e s s a ry  o r d e r  o f  t e c h n o l o g i c a l  p r o ­

c e s s ;  hence the  i n c r e a s e  o f ' d r a i n i n g  t i m e  o v e r  a c e r t a i n  l i m i t  

c a n n o t  y i e l d  a f u r t h e r  i n c r e a s e  o f  t h e  advance speed.  C o n s i d e r ­

i n g  t h e  w e l l - d e t e r m i n e d  o r d e r  o f  s u c c e s s i o n  o f  the  t e c h n o l o g i c ­

a l  p r o c e s s  and the  advance  o f  the  l o n g w a l l s  on the  days o f  b e s t  

p r o d u c t i o n  i n  the  mines P u tn ok  and F a r k a s l y u k  one can c a l c u l a t e  

w i t h  4 m/d maximum speed o f  l o n g w a l l  a d v a n c e .  Con seq ue n t l y  t h e  

e s t i m a t e d  r e l a t i o n s  can be s t u d i e d  w i t h i n  t h e s e  ranges.

4 .  EXPENSES OF DEWATERING ANO OF SURPLUS PRODUCTION DUE TO 

PREVENTIVE DEWATERING

The expenses i n c u r r e d  i n  course o f  t h e  s u r p l u s  p r o d u c t i o n  

can be d i v i d e d  i n t o  f o u r  g ro u p s :

a) i n c r e a s e d  p r o d u c t i o n  c o s t s  due t o  s u r p l u s  p r o d u c t i o n ;

b) c o s t s  o f  d r i l l i n g  and p i p e  f i t t i n g  i n  t h e  r o o f ;

c )  r e q u i r e d  e a r n in g  c a p a c i t y  o f  the  c o s t s  o f  l o n g w a l l  p r e p a r a ­

t i o n  f o r  the  t im e  o f  d r a i n i n g  b e f o r e  t h e  s t a r t  o f  the  p r o ­

d u c t i o n  ;
d) r e q u i r e d  e a r n in g  c a p a c i t y  o f  the f o r m e r  c o s t s  o f  b a i l i n g  up.

a)  The e s t i m a t i o n  o f  the  i n c r e a s e  o f  p r o d u c t i o n  c o s t s  was 

based on th e  a c t u a l  s p e c i f i c  p r o d u c t i o n  c o s t s  o f  1980. The s p e ­
c i f i c  p r o d u c t i o n  c o s t s  can be d i v i d e d  i n t o  two g roup s ,  namely :

-  Some c o s t s  a r i s e  i n d e p e n d e n t l y  o f  t h e  q u a n t i t y  o f  p r o d u c t i o n .  

They a r e  the  so c a l l e d  f i x  c o s t s ,  and have n o t  been taken  

i n t o  c o n s i d e r a t i o n  i n  t h e  s tu dy  as t h e y  i n c u r  whether  th e  

p r o d u c t i o n  i n c r e a s e s  o r  n o t .
-  The se cond group o f  p r o d u c t i o n  c o s t s  chan ge s  p r o p o r t i o n a l l y  

t o  t h e  q u a n t i t y  o f  p r o d u c t i o n .  A c c o r d i n g  t o  e x p e r i m e n t a l  d a ta  

t h e y  make 53 % o f  t h e  t o t a l  p r o d u c t i o n  c o s t s .  I t  means t h a t  

i n  o u r  economic s t u d y  we can c a l c u l a t e  w i t h  53 % o f  the  

g e n u i n e  p r o d u c t i o n  c o s t s  o f  1980 as t h e  p r o d u c t i o n  c o s t s  o f
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t h e  s u r p l u s  p r o d u c t i o n ,  i . e .  t h e  i n c r e a s e  o f  p r o d u c t i o n  

causes an exceed o f  c o s t s  o n l y  i n  such a degree.

t>) In  t h e  economic  a n a l y s i s  t h e  c o s t s  o f  d r i l l i n g  and 

p i p e  f i t t i n g  must  be c o n s i d e r e d  as a p r e v io u s  c a p i t a l  i n v e s t ­

ment .  W h i l e  t h e  f o r m e r l y  m en t io n e d  s u r p l u s  p r o d u c t i o n  c o s t s  

i n c u r  s i m u l t a n e o u s l y  w i t h  t h e  r e t u r n s  o f  the s u r p l u s  p r o d u c t ,

i . e .  t h e  expenses a re  r e t u r n e d  a lm o s t  a t  the same t i m e ,  th e  

c o s t s  o f  d e w a t e r i n g  a r i s e  l o n g e r  b e f o r e  i t  i s  r e t u r n e d  by i t s  

r e s u l t ,  i . e .  by t h e  s u r p l u s  p r o d u c t i o n .

The p r e s e n t  f i n a n c i a l  r e g u l a t i o n  i n  Hungary p r e s c r i b e s  a 

y e a r l y  i n t e r e s t  r a t e  o f  12 % f o r  p r e v i o u s  c a p i t a l  i n v e s t m e n t s .  

Hence th e  i n v e s t m e n t  i s  p r o f i t a b l e  i f  i t s  r e s u l t  r e t u r n e s  the  

i n v e s t e d  sum and a compound i n t e r e s t  o f  12 % taken  f r o m  th e  be ­

g i n n i n g  o f  d e w a t e r i n g  u n t i l  t h e  appea rance  o f  the  r e s u l t .  The 

c o s t  o f  th e  c o m p le te  w o r k - o u t  o f  a d r a i n i n g  b o r e h o l e  i s  642 Ft/m.

The d a i l y  expense o f  d e w a t e r i n g  i s  c a l c u l a t e d  as t h e  c o s t  

o f  a b o r e h o l e  m u l t i p l i e d  by i t s  compound i n t e r e s t  and by th e  

d a i l y  l o n g w a l l  advance and t h i s  p r o d u c t  i s  d i v i d e d  by t h e  usua l  

a v e rage  d i s t a n c e  o f  b o r e h o l e s .

К = 1 . 1 2 12 • 642 • 1 • £  ( F t / d )n h

where:-  Kn = c o s t s  o f  d e w a t e r i n g / d a y ,
1 = l e n g t h  o f  th e  d r a i n i n g  h o le s  (m) ,  

h = ave rage  d i s t a n c e  between the  d r a i n i n g  b o r e h o l e s .

The c o s t s  o f  p r e v e n t i v e  d e w a t e r i n g  do no t  b e l o n g  t o  the  

t o t a l  p r o d u c t i o n  o f  a l o n g w a l l ,  as d r a i n i n g  happens o n l y  i n  the  

i n t e r e s t  o f  th e  s u r p l u s  p r o d u c t i o n .

c )  In  o r d e r  t o  c a r r y  o u t  d e w a t e r i n g  the e x t r a c t i o n  d r i f t s

have t o  be d r i v e n  o u t  a c e r t a i n  t i m e  b e fo re  the  s t a r t  o f  th e

l o n g w a l l ;  t h i s  t i m e  i s  r e q u i r e d  f o r  d r a i n i n g .  W i t h o u t  d r a i n i n g
«

t h e  e x t r a c t i o n  d r i f t s  must  be a l s o  d r i v e n  o u t ,  b u t  i n  t h i s  

case t h i s  work can be made l a t e r ,  hence the expenses o f  l o n g ­

w a l l  p r e p a r a t i o n  i n c u r  a t  an e a r l i e r  moment a lo ne  i n  t h e  i n ­

t e r e s t  o f  d e w a t e r i n g .  Thus t h e  c o s t s  o f  the  l o n g w a l l  p repa ra t i on
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i t s e l f  cannot  be c o n s i d e r e d  as b e l o n g i n g  t o  t h e  c o s t s  o f  d e ­

w a t e r i n g  bu t  a c c o r d i n g  t o  p o i n t  b) t h e  12 % i n t e r e s t  r a t e  o f  

t h e  c o s t s  o f  l o n g w a l l  p r e p a r a t i o n  works  mus t  be taken i n t o  c a l ­

c u l a t i o n  f o r  t h e  t i m e  o f  d r a i n i n g .

I n  case o f  each l o n g w a l l  the r e q u i r e d  p r o f i t  r a t e  ( i . e .  

p r e s c r i b e d  12 % i n t e r e s t  r a t e )  i s  c a l c u l a t e d  o n l y  f o r  t h e  c o s t s  

o f  d r i v i n g  one d r i f t .  The d a i l y  c o s t - e f f e c t  o f  the r e q u i r e d  

p r o f i t  r a t e  o f  t h e  e x pe ns e s  o f  p r o d u c t i o n  p r e p a r a t i o n  i s  o b ­

t a i n e d  by the  d i f f e r e n c e  between th e  i n t e r e s t - b e a r i n g  o f  t h e  

c o s t s  o f  d r i v i n g  a d r i f t - s e c t i o n  c o r r e s p o n d i n g  t o - t h e  d a i l y  

l o n g w a l l  advance f o r  t h e  d r a i n i n g  t im e  and t h e  r e a l  expenses o f  

d r i v i n g  a d r i f t - s e c t i o n .  I t  i s  nec e s s a ry  t o  t a k e  t h i s  f a c t o r  

i n t o  c o n s i d e r a t i o n ,  b ecause  w i t h o u t  d e w a t e r i n g  the  p r o d u c t i o n  

p r e p a r a t i o n  would be done o n l y  l a t e r .  The c o s t s  o f  one m e te r  

d r i f t  i s  20.000 F t .

The f o l l o w i n g  r e l a t i o n  g i v e s  th e  d a i l y  expenses co r r esp on d ­

i n g  t o  the  r e q u i r e d  p r o f i t  r a t e  o f  t h e  c o s t s  o f  l o n g w a l l  p r e ­

p a r a t i o n  d r i v i n g :

Ke = ( 1 . 1 2 12 -  1 ) k e . у ( F t / d )

w he re :  Kg = t h e  d a i l y  o u t l a y  c o r r e s p o n d i n g  t o  th e  r e q u i r e d

p r o f i t  r a t e  o f  the  c o s t s  o f  p r o d u c t i o n  p r e p a r a t i o n  

( F t ) ,

k g = d r i v i n g  c o s t  o f  one mete r  d r i f t  ( F t ) .

d)  The w a t e r  q u a n t i t y  s t o re d  i n  t h e  a q u i f e r  sand l a y e r  

above th e  coa l  bed has t o  be pumped o u t  e a r l i e r  than the  s u r ­

p l u s  p r o d u c t i o n  due t o  d e w a t e r i n g  a p p e a r s .  The e f f e c t  o f  c o s t s  

c o r r e s p o n d i n g  t o  t h e  r e q u i r e d  p r o f i t  r a t e  must  be i n c l u d e d  i n t o  

t h e  c a l c u l a t i o n .  The c o s t  o f  b a i l i n g  up i t s e l f  cannot  be c o n ­

s i d e r e d  as a c o s t  o f  d e w a t e r i n g ,  because t h e  w a t e r  i n  th e  sand 

above th e  coa l  bed mus t  be pumped o u t  f r o m  t h e  mine i n  any case 

I n  case  o f  p r e v e n t i v e  d e w a t e r i n g ,  h o w e v e r ,  b a i l i n g  up can be 
done d u r i n g  d r a i n i n g  w h i l e  w i t h o u t  p r e v e n t i v e  d e w a t e r i n g  i t  i s  

done d u r i n g  the  work  o f  t h e  l o n g w a l l .
T h i s  wa te r  q u a n t i t y  i s  a pp ro x im a te d  by t h e  s p e c i f i c  w a t e r  

s p r i n g  o f  the  mine and t h e  s u r p l u s  p r o d u c t i o n  due to  d e w a t e r i n g
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I t  has been supposed i n  th e  c a l c u l a t i o n  t h a t  d u r i n g  d e w a t e r i n g  
th e  d a i l y  w a t e r  q u a n t i t y  f l o w i n g  f rom th e  d r a i n i n g  b o r e h o l e s  i s  

equ a l  w i t h  t h e  p r o d u c t  o f  the  d a i l y  s u r p l u s  p r o d u c t i o n  and the  

s p e c i f i c  b a i l i n g  up o f  the  m in e .  I t  i s  supposed h e re b y  t h a t  

d u r i n g  d e w a t e r i n g  t h e  w a te r  q u a n t i t y  b e l o n g i n g  t o  t h e  s u r p l u s  

p r o d u c t i o n  i s  b a i l e d  up. The c o r r e s p o n d i n g  e f f e c t  o f  t h e  r e ­
q u i r e d  p r o f i t  r a t e  o f  d e w a t e r i n g  expenses i s  c a l c u l a t e d  f rom  

th e  f o l l o w i n g  r e l a t i o n :

^2

Kv = ( 1 . 1 2 12 -  1 ) /  q • k y • Г  m .X j  • Yy ( F t / d )  ,

where :  Kv = d a i l y  e f f e c t  c o r r e s p o n d i n g  to  t h e  r e q u i r e d  p r o f i t

r a t e  o f  d e w a t e r i n g  expenses ( F t / d ) ,  

q = s p e c i f i c  b a i l i n g  up o f  t h e  mine ( m ' V t ) ,  

k v = c o s t  o f  b a i l i n g  up o f  one m^ w a t e r  ( F t / m ^ ) .

The above m en t i oned  c o s t s  co nn ec te d  w i t h  d e w a t e r i n g  a re  e s t i ­

mated as f o l l o w s :

MINE FARKASLYUK

a)  I n c r e a s e  o f  p r o d u c t i o n  c o s t s

I n  t h e  mine F a r k a s l y u k  t h e  a c t u a l  s p e c i f i c  p r o d u c t i o n  c o s t s  

i n  1980 amounted t o  603 .30  F t / t ,  53 X o f  i t  were p r o p o r t i o n ­

a l l y  v a r i a b l e  c o s t s .

The t o t a l  i n c r e a s e  o f  p r o d u c t i o n  c o s t s  i n  o r d e r  t o  
rea ch  a s u r p l u s  p r o d u c t i o n  was c a l c u l a t e d  by t h e  f o l l o w i n g  

r e l a t i o n  :

Kt  = 16.72 Xl  X2 ( F t / d )  .

b) Cos ts  o f  r o o f - d r i l l i n g  and p i p e  f i t t i n g

I n  the  mine F a r k a s l y u k  d r a i n i n g  b o r e h o l e s  are  d r i l l e d  i n  

e v e r y  8 m i n  t h e  e x t r a c t i o n  d r i f t s  on th e  b a s i s  o f  e x p e r i ­

ence s .  The l e n g t h  o f  each d r a i n i n g  h o le  i s  8 m. The c o s t s  o f  

d r i l l i n g  and p i p e  f i t t i n g  are  e s t i m a t e d  by t h e  f o l l o w i n g  r e ­

l a t i o n  a c c o r d i n g  t o  4 / b :
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Kn = 1 .1 2 12 642 ( 4 . 6 7 0  -  0 .029 Xx + 0 .015  X? ) ( F t / d ) .

c )  R e q u i r e d  p r o f i t  r a t e  o f  th e  c o s t s  o f  p r o d u c t i o n  p r e p a r a t i o n

A c c o r d i n g  to  t h e  r e l a t i o n  deduced i n  4 / c  t h e  d a i l y  e f f e c t  o f  

an e a r l i e r  i m p l e m e n t a t i o n  o f  the  e x t r a c t i o n  d r i f t s  i s  th e  
f o l l o w i n g  :

Ke = ( 1 . 1 2 12 -  l )  2000 ( 4 .6 70  -  0 .0 2 9  X + 0 .015 X2 ) ( F t / d ) .

d)  R e q u i r e d  p r o f i t  r a t e  o f  the  c o s t s  o f  a p r e v i o u s  b a i l i n g  up

I n  t h e  mine F a r k a s l y u k  th e  p r o d u c t i o n  o f  1980 was 378 054 

m e t r i c  t o n s ,  th e  w a t e r  b a i l e d  up was 1 487 711 m^, and th e  

c o s t  o f  b a i l i n g  up o f  one nr w a t e r  was 3 .50  F t .  On the  b a s i s  

o f  t h a t  w r i t t e n  p r e v i o u s l y ,  th e  d a i l y  e f f e c t  o f  the r e q u i r e d  

p r o f i t  r a t e  o f  t h e  c o s t s  o f  p r e v e n t i v e  b a i l i n g  up i s  g i v e n  
by t h e  f o l l o w i n g  r e l a t i o n :

^ 2

Kyp = ( 1 . 1 2 12 -  1 / 0 . 2 7  XXX2 ) ( F t / d )  .

e )  T o t a l  expenses o f  p r e v e n t i v e  d e w a t e r i n g

The t o t a l  c o s t s  o f  d e w a t e r i n g  a t  F a r k a s l y u k  i s  g iv e n  by sum­

ming  up the  c o s t s  e s t i m a t e d  i n  a,  b ,  c ,  and d o f  s e c t i o n  4.  

A f t e r  summing up t h e  c o s t - f a c t o r s  and d o i n g  the  p o s s i b l e  r e ­

d u c t i o n s  the f o l l o w i n g  r e l a t i o n  i s  o b t a i n e d :

X,

Kf  = 1 . 1 2 12 (96398 -  598 Xx + 309.63  X2 + 0 .7 2  X ^ )  +

.+ 16 X: X2 -  93400 + 580 X1 -  300 X2 ( F t / d )  .

MINE PUTN0K

The i n c r e a s e  o f  c o s t s  due to  p r e v e n t i v e  d e w a t e r i n g  i s  g i v -
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en by t h e  f o l l o w i n g  r e l a t i o n :

Kp = 1 . 1 2 12 (69831 -  260.35 Xx + 309 .6 3  + 1 .38  X ^ )  -

-  67660 + 260 X1 -  300 X2 + 16.95  X ^  ( F t / d ) .

5. ECONOMIC RESULTS OF PREVENTIVE DEWATERING

The e s t i m a t i o n  o f  th e  economic  r e s u l t s  o f  p r e v e n t i v e  de ­

w a t e r i n g  i n  th e  mine F a r k a s l y u k  i s  p r e s e n t e d  i n  F i g .  1 i n  case 

o f  d i f f e r e n t  b r e a s t s  as f u n c t i o n s  o f  d r a i n i n g  t i m e .  The e x p e c t ­

ed d a i l y  s u r p l u s  p r o d u c t i o n  due t o  d e w a t e r i n g  depends on th e  

l e n g t h  o f  d r a i n i n g  t i m e  and o f  th e  b r e a s t .  I n  case o f  l o n g e r  

f a c e s  th e  q u a n t i t y  o f  s u r p l u s  p r o d u c t i o n  and th ro u g h  i t  t h e  i n ­

come i s  h i g h e r  th en  i n  case o f  s h o r t e r  f a c e s .

Fig.  1. Dai ly increase o f  the production re turn ( in  Ft)  as the fu nc t ion  of 
Xj, and X2
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The p o s s i b l e  income i n c r e a s e s  w i t h  i n c r e a s i n g  d r a i n i n g  

t i m e .  The degree o f  income i n c r e a s e  d e c r e a s e s  w i t h  the  i n c r e a s e  

o f  d r a i n i n g  t i m e ,  b u t  w i t h i n  the  ra nge  o f  a p lanned d r a i n i n g  

t i m e  th e  f u n c t i o n  has no opt imum; i t  i n c r e a s e s  mon otonou s ly  

w i t h i n  t h i s  r an ge .

I n  case o f  t h e  min es  Putnok and F a r k a s l y u k  th e  income i n ­
c r e a s e  was e s t i m a t e d  f o r  36 months o f  d e w a t e r i n g .

P r o g n o s t i c s  f o r  l o n g e r  d r a i n i n g  t i m e s  cannot  be s e t  up as 

t h e  f u n c t i o n  was d e t e r m i n e d  f rom r e a l  d a t a  o f  r e c e n t l y  o p e r a t e d  

l o n g w a l l s  and th e  d r a i n i n g  t i m e  o f  them v a r i e d  w i t h i n  t h i s  

r a n g e ;  th us  the  e s t i m a t e d  f u n c t i o n s  a re  v a l i d  o n l y  w i t h i n  t h i s  

r a n g e .

SUMMARY

The econom ica l  e f f e c t s  o f  p r e v e n t i v e  d e w a t e r i n g  o f  l o n g -  

w a l l  p a n e l s  were s t u d i e d  i n  case o f  t h e  mines Putnok and F a r ­

k a s l y u k .  The s t u d y  p r o v e d  t h a t  p r e v e n t i v e  d e w a t e r i n g  was an 

e c o n o m i c a l  a c t i v i t y  i n  b o th  mines.  The e c o n o m ic a l  r e s u l t  o f  de ­

w a t e r i n g  depends on t h e  b r e a s t s  and on t h e  d r a i n i n g  t i m e .
The eco nom ica l  r e s u l t  i . e .  the  income  i n c r e a s e s  w i t h  t h e  

i n c r e a s e  o f  the  b r e a s t  and the  d r a i n i n g  t i m e .  No c o r r e l a t i o n  

c o u l d  be found between t h e  d i s t a n c e  o f  d r a i n i n g  b o r e h o le s  and 

t h e  e c on om ic a l  r e s u l t  o f  d e w a t e r i n g ;  t h e  e x p l a n a t i o n  i s  t h a t  i n  

b o t h  mines the  d i s t a n c e  o f  b o re h o le s  y i e l d i n g  th e  bes t  d r a i n i n g  

r e s u l t s  v a r i e s  o n l y  w i t h i n  a nar row i n t e r v a l ,  i t  was d e f i n e d  on 

t h e  b a s i s  o f  p r a c t i c a l  e x p e r i e n c e s .

I n  the  mines P u tn o k  and F a r k a s l y u k  t h e  t h i c k n e s s  o f  t h e  

p r o t e c t i v e  l a y e r  and t h e  sand, the a p p l i e d  d r a i n i n g  t i m e ,  t h e  

d i s t a n c e  and dep th  o f  t h e  d r a i n i n g  b o r e h o l e s  are  a lm os t  t h e  

same. Our s t udy  v e r i f i e s  t h a t  the  e c o n o m i c a l  r e s u l t  o f  p r e ­

v e n t i v e  d e w a t e r i n g  r e m a i n s  a l s o  n e a r l y  on t h e  same l e v e l .
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An index i s  introduced which enables to  design the economical ly o p t i ­
mum mining pat tern of  a country or a coal  bas in.  An invest iga t ion  method is  
given by means of  which the economy of  the mechanization of workings can be 
determined w i th in  d i f f e r e n t  natural  and techn ica l  condit ions. The method 
enables a comparison of  r e n t a b i l i t y  between mechanization and advance work­
ing expenses and savings, respect ively .
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Zambó was th e  f i r s t  to  m e n t i o n  i n  h i s  r e p o r t  a t  t h e  s e s ­

s i o n  o f  S e c t i o n  10 o f  t h e  H un ga r ia n  Academy o f  Sc ie nc e s  d u r i n g  

th e  Congress  o f  th e  Academy i n  1967 t h e  i n v e s t i g a t i o n s  f o r  th e  

o p t i m i z a t i o n  o f  th e  p r o d u c t i o n  s t r u c t u r e  o f  c o a l  m in i n g  w h ich  

were c a r r i e d  o u t  i n  th e  f o rm e r  M i n i s t r y  o f  Heavy I n d u s t r y .  I n  

th e  d i s c u s s i o n  th e  p r e s e n t  a u t h o r s  emphas ized t h a t  t h e  s t u d y  

was based on th e  d e t e r m i n a t i o n  o f  t h e  c o s t - f u n c t i o n s  f o r  i n ­

d i v i d u a l  mines what  be longe d  t o  t h e  l o c a t i o n  t h e o r y  o f  m in e s .

The change o f  p r i m e - c o s t s  i n  f u n c t i o n  o f  c a p a c i t y  was t h e  f u n ­

dam en ta l  p a ra m e t e r  t h a t  d e f i n e d  t h e  c a p a c i t y  w i t h  w h ic h  each 

mine i n v e s t i g a t e d  was ta ken  i n t o  r e g a r d  f o r  s a t i s f y i n g  t h e  c o a l  

demands i n  th e  a n a ly z e d  l o n g - t e r m  p e r i o d .  The most i m p o r t a n t  

c o n c l u s i o n  o f  t h e  s t u d y  was t h a t  by m a i n t a i n i n g  th e  y e a r l y  c o a l  

p r o d u c t i o n  o l  1965,  i . e .  r o u g h l y  100 P c a l / y e a r ,  th e  y e a r l y  p r o f ­

i t  o f  c o a l  p r o d u c t i o n  c o u ld  be i n c r e a s e d  by about  1 .2  b i l l i o n  

F t  f o r  t h e  yea r  1973 i f  an u n e c o n o m ic a l  c a p a c i t y  o f  a b o u t  i O  

P c a l / y e a r  can be r e p l a c e d  by t h e  same c a p a c i t y  o f  e c o n o m i c a l  

mines t i l l  t h a t  t i m e ,  what  wou ld  mean an improvement  o f  t h e  t o ­

t a l  c o a l  m in i n g  e f f e c t i v i t y  by 40 p . c .
Acta Geod. Geoph. Mont. Hung. 22, 1987 

Akadémiai Kiadó, Budapest
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T h i s  i s  n o t  r e c a l l e d  here  f o r  t h e  sake o f  the r e s u l t  o f  

t h e  s t u d y  (as  t h i s  p ro gram  has n o t  been r e a l i z e d  a f t e r  a l l ) ,  

b u t  due t o  i t s  i m p l i c a t i o n  t h a t  t h e  m e n t i o n e d  t o t a l  e c o n o m i c a l  

r e s u l t  can be a c h i e v e d  about  i n  h a l f  by a change o f  t h e  m i n i n g  
p a t t e r n  w i t h i n  a c o a l  b a s i n ,  and o n l y  i n  h a l f  by chang ing  t h e  

p r o d u c t i o n  r a t e  among d i f f e r e n t  c o a l  b a s i n s .

P o s s i b i l i t i e s  t o  imp rove the  m i n i n g  p a t t e r n  w i t h i n  a b a s i n  

a re  i n  g e n e r a l  e a s i e r  t o  r e a l i z e  t h a n  t h o s e  among d i f f e r e n t  ba ­

s i n s .  N e v e r t h e l e s s ,  t h e  e f f i c i e n c y  o f  t h e  p r o d u c t i o n  u n i t s  shows 

even now a v e ry  h i g h  s c a t t e r i n g  w i t h i n  a b a s i n .  Thus i t  i s  an 

i m p o r t a n t  t a s k  t o  l o o k  f o r  means o f  i m p r o v i n g  the  source  p a t ­

t e r n  w i t h i n  a b a s i n  o r  an e n t e r p r i s e .  T h e o r e t i c a l  c o n s i d e r a ­

t i o n s  i n  t h i s  c o n n e c t i o n  be long  to  t h e  fu n d a m e n ta l s  o f  p l a n n i n g  

m i n i n g  o p e r a t i o n s .
The h ig h  s c a t t e r i n g  o f  the  p r o f i t  d a t a  o f  mines b e l o n g i n g  

t o  t h e  same b a s in  a re  p r e s e n t  by t h e  p r i m a r y  d a ta .  For  d i f f e r ­

e n t  c o m p a r i s o n s ,  h ow ev e r ,  i t  i s  more i n f o r m a t i v e  to  c a l c u l a t e  

and a n a l y z e  complex  i n d i c e s .  Such an i n d e x  i s  i n t r o d u c e d  i n  th e  

f i r s t  p a r t  o f  t h i s  p a p e r ,  w h i l e  i n  t h e  second p a r t  c o n c l u s i o n s  

a re  drawn f rom th e  combined i n v e s t i g a t i o n  o f  the  m e c h a n i z a t i o n  

o f  l o n g w a l l s  and t h e  d e s i g n  o f  m in i n g  p a t t e r n s  about  th e  s t r a t ­

egy  o f  th e  e n t e r p r i s e s .

DESIGN OF OPTIMUM MINING PATTERNS

As m en t i on ed ,  t h e  p r o f i t s  o f  t h e  m in e s ,  i . e .  the  p r o d u c ­

t i o n  u n i t s  show a h i g h  s c a t t e r i n g .  The s c a t t e r i n g  o f  p r o f i t  

d a t a  o f  32 unde rg rou n d  c o a l  mines i n  H un ga ry  can be r e p r e s e n t e d  

i n  a " s t e p "  d ia g ra m ,  on the  o r d i n a t e  o f  w h ich  the  hea t  e q u i v a ­

l e n t s  o f  th e  c o a l  p r o d u c t i o n  (PJ p ro  y e a r )  were p l o t t e d  by 

s t a r t i n g  f rom th e  o r i g i n  w i t h  th e  mine  h a v i n g  the  h i g h e s t  p r o f ­

i t  ( i n  F t / G J ) ,  f o l l o w e d  i n  d e c r e a s i n g  sequence by the h e a t  

e q u i v a l e n t s  o f  t h e  o t h e r  mines.  The h e i g h t s  o f  s te ps  on t h e  ab ­

s c i s s a  a re  the  p r o f i t s  ( F t / G J )  o f  t h e  m in e s .  Steps r e p r e s e n t i n g  

m in es w i t h  a d e f i c i t  l i e  below th e  o r d i n a t e .  W i t h i n  th e  s e ­

quence  a c c o r d i n g  t o  d e c r e a s i n g  p r o f i t  t h e  mines o f  d i f f e r e n t  

b a s i n s  show no r e g u l a r i t y  a c c o r d in g  t o  t h e i r  l o c a t i o n .
T a k in g  t h i s  as a p r o b a b i l i t y  d i s t r i b u t i o n ,  s e v e r a l  t y p e s
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o f  f u n c t i o n s  can be f i t t e d  t o  i t .  F o r  t h e  sake o f  a n a l o g i e s  ap­

p l i e d  i n  th e  f o l l o w i n g s ,  f rom th e  p o i n t  o f  i n t e r e s t  and as a 

b a s i s  o f  f u r t h e r  d i s c u s s i o n s ,  th e  B o l t z m an n  f u n c t i o n  o f  a fo rm

= E08
-bN + E,

was ch osen.  Due t o  mines w i t h  d e f i c i t  t h e  f u n c t i o n  i s  i n c r e a s e d  

by Eg- a lo ng  the  a x i s  E^. In  o r d e r  t o  j u s t i f y  the  c h o i c e  o f  the  

f u n c t i o n  ty pe  l e t  us r e f e r  t o  t h e  a n a lo g y  o f  t he rm odynam ics  i n  

a v e r y  s i m p l i f i e d  manner:

Eq i s  th e  ene rgy  o f  th e  gas m o l e c u l e  o f  h i g h e s t  ene rg y  i f  

t h e  f u n c t i o n  r e l a t e s  e . g .  t o  t h e  d i s t r i b u t i o n  o f  e n e rg y  

among th e  m o l e c u l e s  o f  the  gas e n c l o s e d  i n  a box;  i n  o u r  

case i t  means th e  s p e c i f i c  p r o f i t  o f  the  "most  p r o f i t a b l e  

p r o d u c t i o n "  o f  t h e  u n i t  hea t  e q u i v a l e n t ;  

e i s  th e  b a s i s  o f  n a t u r a l  l o g a r i t h m s ;

b i s  a number c h a r a c t e r i z i n g  t h e  i n c l i n a t i o n  o f  th e  c u r v e ;  i f  

i t  wou ld  be z e r o ,  t h e r e  would  be a c o m p le t e l y  u n i f o r m  e n e r ­

gy d i s t r i b u t i o n  among the  m o l e c u l e s ;  i n  our  case each  p r o ­

d u c t i o n  exp res s e d  i n  PJ would  have th e  same e f f i c i e n c y ;

N i s  t h e  s e r i a l  number o f  gas m o l e c u l e s ;  i n  our  case i t  i s  

t h e  " s e r i a l  number"  o f  th e  h e a t  p r o d u c t i o n  o f  th e  m ines  

mov ing o f f  f r om  th e  o r i g i n ;

En i s  th e  ene rg y  o f  the  Nth m o l e c u l e ;  i n  our  case i t  i s  th e  

p r o f i t  ( F t / G J )  c h a r a c t e r i s t i c  f o r  t h e  Nth heat  p r o d u c t i o n  

u n i t  ( P J ) .
I f  the  gas i n  th e  box i s  s u b d i v i d e d  i n t o  s e v e r a l  p a r t s  

than  the  s i t u a t i o n  w i t h  r e s p e c t  t o  t h e  energy  c o n t e n t  o f  th e  

m o le c u le s  o f  t h e  h i g h e s t  and th e  l o w e s t  energy  must be s i m i l a r  

i n  each p a r t  t o  th e  o r i g i n a l  s i t u a t i o n ,  i . e .  the  v a lu e  o f  b ex­

p re ssed  i n  th e  f u n c t i o n  o f  th e  i n d i v i d u a l  p a r t s  must be g r e a t e r  

t han  the  v a lu e  b r e f e r r i n g  t o  t h e  " u n d i v i d e d "  gas.  When a r r a n g ­

i n g  t h e  s t u d i e d  mines i n t o  g r o u p s ,  whereby each group  c o n t a i n s  

th e  mines b e l o n g i n g  t o  one b a s i n ,  t h e n  j u s t  the  o p p o s i t e  be ­

h a v i o u r  would  be ex pe c te d  f rom t h e  v a lu e s  b o f  such g r o u p s ,  

even i f  the  a n a lo g y  i s  i m p e r f e c t  i n  t h e  r e s p e c t  t h a t  t h e  most 
p r o f i t a b l e  mines and th ose  w i t h  t h e  h i g h e s t  d e f i c i t  o f  t h e
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d i f f e r e n t  g roups must n o t  have th e  same p r o f i t  o r  l o s s ,  r e s ­

p e c t i v e l y .  An o p p o s i t e  b e h a v i o u r  i s  e x p e c t e d  because t h e o r e t i ­

c a l l y  t h e  c o n d i t i o n s  w i t h i n  a b a s in  a re  l e s s  heterogeneous t h a n  

o v e r  t h e  c o u n t r y ,  t h u s  t h e  more the  s t u d y  i s  r e s t r i c t e d  t o  a 

c e r t a i n  r e g i o n ,  th e  v a l u e  b s h ou ld  t h e  more app rox imate  z e r o .  

The c u r v e  o f  th e  o v e r a l l  da ta  s e t  as w e l l  as the cu rves  o f  d a t a  

s e t s  d i v i d e d  to  t h r e e  c o a l  b a s i n s ,  h o w e v e r ,  show i n  a good a p ­

p r o x i m a t i o n  j u s t  the  o p p o s i t e  ( T a b le  I ) .

T a b le  I .  Data a b o u t p r o d u c t io n  u n i t s  o f  d i f f e r e n t  b a s in s

Inve s tiga ted  
underground 

coa l mines

Coal mines 
in  Trans- 
danubia

Coal mines 
in  Northern 

Hungary

Coal mines 
in  the 

Mecsek Mts

Number o f production 
u n its  inves tiga ted 32 14 12 6

Value b cha rac te riz ing  
the  d is tr ib u t io n  
("d ec rea s in g  speed" of 
the  fu n c tio n )

0 .0 0 3 0 0 .0 0 4 9 0.0156 0 .0 1 0 7

Closeness of the 
fu n c t io n 0 . 8 8 0 . 81 0 . 93 0 . 8 3

R e la t iv e  e rro r in  p .c . 0 .0 8 .5 11 . 4 8 . 0

I t  i s  rem arka b le  t h a t  the  v a lu e  b c h a r a c t e r i z i n g  th e  

T r a n s d a n u b i a n  c o a l  mines h a r d l y  exceeds t h a t  o f  the  t o t a l  

( u n d e r g r o u n d )  c o a l  m i n i n g  o f  t h e  c o u n t r y ,  t h a t  o f  the c o a l  
m in es  o f  th e  Mecsek d i s t r i c t  i s  t h r e e  t i m e s  g r e a t e r  and t h a t  o f  

t h e  c o a l  mines i n  N o r t h e r n  Hungary i s  f i v e  t im es  g r e a t e r  t h a n  

t h e  o v e r a l l  va lue  o f  b.  These b v a lu e s  i n d i c a t e  t h a t  th e  im ­

p r o v e m e n t  o f  the  p r o d u c t i o n  p a t t e r n  w i t h i n  th e  l a s t  two r e g i o n s  

i s  a t a s k  o f  paramount  im p o r t a n c e .

Of c o u r s e ,  the  p a t t e r n  a n a l y s i s  by means o f  the  Bo l t zm ann  

f u n c t i o n  i s  r a t h e r  a m a t t e r  o f  c u r i o s i t y  w i t h  re s p e c t  t o  ana ­

l o g i e s  and cannot  be r e g a r d e d  as a method f o r  d rawing f a r -  

- r e a c h i n g  c o n c l u s i o n s .  N e v e r t h e l e s s ,  i t  i s  wo r th  m e n t i o n in g
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t h a t  by a p p l y i n g  such u n f a m i l i a r  i n v e s t i g a t i o n  methods i n  e c o n ­

omy, on th e  one hand th e  p a t t e r n  a n a l y s i s  can be made more 

c o m p re h e n s i v e ,  on th e  o t h e r  c o n c l u s i o n s  drawn by f a m i l i a r  e c o n ­

o m i c a l  methods can be checked by them. Here i t  a l s o  can be used 

t o  empha s ize  th e  a c t u a l i t y  o f  th e  p a t t e r n  improvement  w i t h i n  

c e r t a i n  c o a l  b a s i n s .

ESTIMATION OF THE ECONOMICAL EFFICIENCY OF WORKINGS 

MECHANIZATION

A s t u d y  o f  the  p o s s i b i l i t i e s  t o  improve  th e  p r o d u c t i o n  

p a t t e r n  w i t h i n  a b a s i n  has t o  c o v e r  u t i l i z a t i o n  and e f f i c i e n c y  
o f  t h e  m e c h a n i z a t i o n  o f  th e  w o r k i n g s  as w e l l  as th e  n a t u r a l  

c o n d i t i o n s  among wh ich  th ese  l i v i n g  w o r k i n g s  are  o p e r a t e d  and 

w h ich  d e t e r m i n e  i n  a h i g h  deg re e  the  f o rm e r  ones.  I n  o u r  i n v e s ­

t i g a t i o n  the  s t a r t i n g  p o i n t  i s  t h e  r e c e n t l y  a lm os t  common e x ­

p e r i e n c e  t h a t  the  p r o d u c t i o n  o f  a m in e ,  i . e .  th e  u t i l i z a t i o n  o f  

an e x i s t i n g  p r o d u c t i o n  c a p a c i t y  i s  n o t  o r  o n l y  s l i g h t l y  i n ­

c r e a s e d  by a f u l l  m e c h a n i z a t i o n  o f  t h e  l o n g w a l l s .

One o f  th e  main reasons  o f  t h a t  i s  t h a t ,  due t o  t h e  g e n e r ­

a l  s h o r t a g e  i n  manpower,  t h e  mines a re  s a t i s f i e d  by a s a v i n g  i n  

manpower i n  consequence o f  m e c h a n i z a t i o n ,  and by s t r i v i n g  a t  a 

c o n c e n t r a t i o n  o f  the  p r o d u c t i o n  w i t h i n  the  mine,  t h e y  d e c r e a s e  

-  i n  some cases they  are  f o r c e d  t o  d ec rease  -  th e  number  o f  

s i m u l t a n e o u s l y  p ro d u c i n g  w o r k i n g s  and t h e i r  fa ce  w i d t h s ,  r e ­

s p e c t i v e l y .  Thus, th e  p r o d u c t i o n  i n c r e a s i n g  e f f e c t  o f  t h e  h i g h e r  

advance  speed o f  l o n g w a l l s  i s  more o r  l e s s  compensated by t h e  

s i m u l t a n e o u s  r e d u c t i o n  o f  t h e  t o t a l  f a c e  w i d t h ,  and t h e  area  

e x t r a c t e d  d u r i n g  th e  t i m e  u n i t ,  and t h u s  the  p r o d u c t i o n  i n  t h e  

mine does n o t  i n c r e a s e  or  a t  l e a s t  i t  does n o t  i n  a s u f f i c i e n t  
d e g r e e .

Bes ides '  a few e x c e p t i o n s  a s i m i l a r  s i t u a t i o n  and t r e n d  can 

be o bse rv e d  i n  the  f u l l y  mechan ized  w o r k i n g s :  t h e  speed o f  f a c e  

advance i s  i n c r e a s e d  due t o  t h e  h i g h e r  l e v e l  o f  t e c h n i c s  and 

o r g a n i z a t i o n ,  the  f a c e  w i d t h  i s  dec rea sed  w i t h  the  same r a t e ,  

m a i n l y  due t o  t h e  g e n e r a l  s h o r t a g e  i n  manpower o r  due t o  l o w e r  

t e c h n i c a l  l e v e l  and c o n s e q u e n t l y  c a p a c i t y  s h o r ta g e s  i n  t h e  e l e ­
ments  o f  the  p r o d u c t i o n  c h a i n  su b s e q u e n t  to  th e  f a c e .  M o r e o v e r ,
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i n  consequence o f  r e s t r i c t i o n s  i n  wages and o f  l o w - l e v e l  o r g a ­

n i z a t i o n ,  the  u t i l i z a t i o n  o f  th e  v e r y  e x p e n s i v e  hea d ing  machines 

i s  u s u a l l y  l ow ,  i n  o t h e r  works the speed o f  fa ce  advance and 

t h e  w o r k i n g  p r o d u c t i v i t y  do not  reach t h e  opt imum.

The dependence o f  th e  r e n t a b i l i t y  o f  w o r k i n g  m e c h a n i z a t i o n  

on t h e  p r o d u c t i o n  o f  t h e  s t u d i e d  mines and the  s u i t a b l e  d e s ig n  

o f  t h e i r  p r o d u c t i o n  p a t t e r n s ,  r e s p e c t i v e l y ,  can be i l l u s t r a t e d  

by a model  i n  w h i c h  t h e  economica l  p a r a m e t e r s  o f  two mines w i t h  

d i f f e r e n t  n a t u r a l  c o n d i t i o n s  are  compared i n  s e v e r a l  v e r s i o n s :

-  w i t h  unmechan ized o r  o n l y  t r a d i t i o n a l l y  mechan ized w o r k i n g s  

( v e r s i o n  0 ) ,

-  t h e  f u l l  m e c h a n i z a t i o n  o f  the  w o r k i n g s  does not  i n f l u e n c e  th e  

p r o d u c t i o n  ( v e r s i o n  a ) ,

-  t h e  f u l l  m e c h a n i z a t i o n  o f  the  w o r k i n g s  goes t o g e t h e r  w i t h  a 

p r o d u c t i o n  i n c r e a s e  o f  50 p . c .  ( v e r s i o n  b ) ,

as w e l l  as i n  p r o d u c t i o n  p a t t e r n  c o m b i n a t i o n s  f rom th e s e  v e r ­

s i o n s  f o r  the mines "A "  and "B " .

As f o r  the  two min es  i n  the  model ,  i t  i s  supposed t h a t  

t h e  c o a l  seams i n  m ine  "A"  are  o f  medium t h i c k n e s s  and f r e e  o f  

f a u l t s  d i s t u r b i n g  t h e  m i n i n g ,  w h i l e  t h e  c o a l  seams i n  t h e  mine 

"B "  a re  t h i n  and c u t  by f a u l t s  d i s t u r b i n g  th e  m in i n g .  For  the  

sake  o f  s i m p l i c i t y  t h e  c o a l  q u a l i t y  was supposed th e  same i n  

b o t h  min es .  The n a t u r a l  c o n d i t i o n s  o f  mine " 0 "  were t a k e n  as 

t h e  b a s i s  to  d e t e r m i n e  th e  c o s t s  o f  a p o s s i b l e  s u b s t i t u t i o n  by 

i m p o r t  o r  by some o t h e r  unadvantageous e n e rg y  so u rc e .

The r e s u l t s  o f  t h e  m o d e l - s tu d y  a re  summar ized i n  T a b le  I I .

By comb in ing  t h e s e  b a s i c  v e r s i o n s  t h e  sequences i n  T a b le  

I I I  a re  o b t a i n e d  d e p e n d in g  on whe ther  t h e  p a t t e r n  c o m b in a t i o n s  

c o v e r i n g  the o r i g i n a l  c o a l  demand o f  800 + 400 = 1200 k t / y e a r  

were  ta k e n  i n t o  a c c o u n t  o r  a l l  c o m b i n a t i o n s ,  namely th o s e  to o  

w h i c h  y i e l d  a p r o d u c t i o n  s u r p l u s .

A c c o r d in g  t o  t h e  r e s u l t s  a m e c h a n i z a t i o n  o f  w o r k i n g s  s u b ­

s t i t u t i n g  o n l y  manpower  and not  i n c r e a s i n g  th e  p r o d u c t i o n  i s  

o n l y  j u s t  a c c e p t a b l e  f r o m  th e  p o i n t  o f  v i e w  o f  r e n t a b i l i t y ,  as 

consequence o f  t h e  r e l a t i v e l y  h ig h  c o s t s  o f  mach ines and ene rg y  

b e s i d e s  a r e l a t i v e l y  l o w  expense f o r  wages,  because th e  p o s s ib le  

s a v i n g s  i n  wages a r e  a lm o s t  compensated by th e  a m o r t i z a t i o n  

and by th e  h ig h  c o s t s  o f  o p e r a t i o n  and m a in t en an c e  o f  th e



Tab le  I I . R e s u l t s  o f the  model  s tu d y  w i t h  

mines "A" and "B"

r e s p e c t to the i n d i v i d u a l

0

Mine A 

a b 0

Mine В 

a b

Quanti ty of  coal production kt /year 800 800 1200 400 400 600

Price per un i t quant i ty F t / t 1200 1200 1200 1200 1200 1200

Product iv i ty in workings t/man/year 3200 5300 5300 2000 3300 3300

t o t a l t/man/year 500 600 800 300 350 450

Spec i f i c prime in workings Ft /Ft 200 250 250 350 450 450
costs t o ta l F t /F t 950 950 800 1350 1350 1200

Ren tab i l i t y index Ft /F t 1.25 1.25 1.50 0.90 0.90 1.00

P r o f i t m i l l i o n  Ft/year +200 +200 +480 -60 -60 0

Spec i f i c prime costs 
of production growth F t / t - - 500 - - 850

COAL 
PRODUCTION 

367
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T a b le  I I I :  R e n t a b i l i t y  sequence o f  th e  c o m b in a t io n s  o f  th e

b a s ic  v e r s io n s

P atte rn
combinations

Coal
p roduc tion

k t/y e a r

R e n ta b ility
index
F t/F t

Sequence o f r e n ta b i l i ty

between combinations 
ju s t  cove ring  coal 

demands

between combinations 
ju s t  covering and 

exceeding coal 
demands

A/0 + B/o 1200 1.10 2 6

A/0 + B/a 1200 1.10 3 7

A/0 + B/b 1400 1.15 - 5

A/a + B/o 1200 1.10 4 8

A/a + B/a 1200 1.10 5 9

A/a + B/b 1400 1.15 - 10

A/b + B/0 1600 1.25 - 3

A/b + B/a 1600 1.25 - 4

A/b + B/b 1800 1.35 - 2

A/b 1200 1.50 1 1

m a c h in e s .  Thus i n  such  a case the  a m o r t i z a t i o n  p e r i o d  o f  the  

i n v e s t m e n t  i s  v e r y  l o n g ,  a lmost  i n f i n i t e .

From the r e s u l t s  o f  the m o d e l l i n g  i t  i s  c l e a r l y  v i s i b l e  

t h a t  by f a r  th e  most  r e n t a b l e  s o l u t i o n  i s  t o  c r e a t e  i n  mine "A " ,  

h a v i n g  advantageo us  c o n d i t i o n s ,  as many f u l l y  mechanized w o r k ­

i n g s  o r  l o n g w a l l  f a c e s  and to  reach an advance speed t h a t  the  

r e s u l t i n g  s u r p l u s  p r o d u c t i o n  (50 p . c .  i n  o u r  example)  s h ou ld  

s u b s t i t u t e  the  p r o d u c t i o n  o f  mine "B "  ( o r  t h e  e q u i v a l e n t  i m p o r t  

o f  c o a l ) .  T h i s  s o l u t i o n  y i e l d s  a c c o r d i n g  t o  t h e  model a y e a r l y  

s u r p l u s  p r o f i t  o f  500 m i l l i o n  F t  w i t h  r e s p e c t  t o  the  o r i g i n a l  

s i t u a t i o n ,  t hus  t h e  i n v e s t m e n t  needed wou ld  be r e t u r n e d  w i t h i n  
a b o u t  1 y e a r .

A r e l a t i v e l y  f a v o u r a b l e  p r o f i t  can be a c h iev e d  i n  th e  case 

t o o ,  i f  t h e  a c t u a l  c o a l  demand exceeds t h e  o r i g i n a l  one i n  an 

e x t e n t  t h a t  m a rk e t  c o u l d  be found f o r  t h e  c o a l  p r o d u c t i o n  o f  

t h e  mine "B" w i t h  d i s a d v a n t a g e o u s  n a t u r a l  c o n d i t i o n s ,  whereby
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t h i s  p r o d u c t i o n  i s  i n c r e a s e d  a l s o  by m e c h a n i z a t i o n  and t h u s  i t  

i s  made p r o f i t a b l e  w i t h  r e s p e c t  t o  t h e  im p o r te d  c o a l .  The n e c ­

e s s a r y  i n v e s t m e n t  has a r e t u r n  t i m e  o f  3 years  i n  the  mine " A " ,  

whereas t h e  t im e  o f  r e t u r n  i n  mine "B "  may reach even 10 y e a r s .
The d e t a i l e d  r e s u l t s  o f  t h e  model  s t u d y  show t h a t  t h e  r e n ­

t a b i l i t y  o f  w o r k i n g s  m e c h a n i z a t i o n  w h ic h  s u b s t i t u t e s  manpower 

b u t  does n o t  i n c r e a s e  th e  p r o d u c t i o n ,  may be i n  a s p e c i a l  case 

even i n d e p e n d e n t  o f  th e  n a t u r a l  c o n d i t i o n s  o f  the  seams, and i t  

may o c c u r  t h a t  i n  a mine w i t h  d i s a d v a n t a g e o u s  c o n d i t i o n s  th e  

m e c h a n i z a t i o n  s u b s t i t u t i n g  o n l y  manpower shou ld  p rove  t o  be 

more p r o f i t a b l e  than  i n  a mine w i t h  more advantageous c o n d i ­

t i o n s ,  where  t h e  r e q u i r e d  manpower i s  a u t o m a t i c a l l y  l e s s .  S in ce  
th e  c o s t  i n c r e a s e  o f  a s u r p l u s  p r o d u c t i o n  i s ,  however ,  c e r t a i n ­

l y  l o w e r  i n  a mine w i t h  adva n ta g eo us  c o n d i t i o n s ,  i . e .  where  

p r o d u c t i o n  c o s t s  are  l o w e r ,  t h e  m e c h a n i z a t i o n  can y i e l d  i n  such 

a mine a many t i m e s  h i g h e r  p r o f i t ,  i f  i t  goes t o g e t h e r  w i t h  the  

i n c r e a s e  o f  th e  p r o d u c t i o n ,  t o o .  ( A c c o r d i n g  to  our  m od e l ,  e . g .  

t h e  c o s t  i n c r e a s e  t o  rea ch  a d o u b le  h i g h e r  p r o d u c t i o n  i n  mine 

"A"  i s  o n l y  60 p . c .  o f  t h a t  i n  t h e  mine " B " ,  w h i l e  th e  p r o f i t  

i n c r e a s e  i s  n e a r l y  f i v e  t i m e s  h i g h e r . )

T h i s  r e g u l a r i t y  must be em p ha s iz ed ,  because a l a c k  o f  i t s  

kn ow le dge  may l e a d  v e r y  e a s i l y  t o  wrong d e c i s i o n s  and e r r o n e o u s  

d e v e lo p m e n t s ,  r e s p e c t i v e l y  w h ich  seem o t h e r w i s e  t o  be soun d.

Though a p o s s i b l e  drop  o f  t h e  p r i c e  o f  mach ines o r  i n ­

c r e a s e  o f  wages ( o r  s i m p l y  a more r e a l i s t i c  c o n s i d e r a t i o n  o f  

them)  can make p r o f i t a b l e  a m e c h a n i z a t i o n  aimed o n l y  t o  man­

power  s u b s t i t u t i o n ,  n e v e r t h e l e s s ,  a p r o d u c t i o n  i n c r e a s i n g  e f ­
f e c t  o f  m e c h a n i z a t i o n  s h o u ld  be a p r i m a r y  t a s k ,  e s p e c i a l l y  and 

f i r s t  o f  a l l  i n  mines w i t h  a d v a n ta g eo us  c o n d i t i o n s ,  as f a r  as 

t h e  c o a l  p r o d u c t i o n  o f  th e  mine does n o t  reach a l e v e l  when i t s  

p r o d u c t i o n  c a p a c i t y  can be o n l y  i n c r e a s e d  by too  h i g h  i n v e s t ­

m en ts .  Thus i n  mines w i t h  a d v a n ta g eo us  c o n d i t i o n s  a p r o d u c t i o n  

i n c r e a s e  must be s t r i v e n  a t  by a b e t t e r  u t i l i z a t i o n  o f  t h e  ma- 

c h in e s  and by an i n c r e a s e  o f  t h e  f a c e  advance speed even i f  

r e s t r i c t i o n s  o f  th e  c a p a c i t y  p a t t e r n ,  o f  manpower management 

and o f  consumers  must be overcome i n  a r a t i o n a l  way.



.
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In the mining product ion process, the deposi t  has equal rank as the 
production fac tor  mater ia ls  -  be i t  raw mate r ia l ,  basic mater ia l  o r  semi- 
- f i n i she d  product -  i n  the processing indust ry.  As is  the case f o r  a l l  pro­
duct ion fac tors ,  there fore ,  deposits enter  i n to  economic considerat ions not 
only wi th th e i r  f ac to r  inputs but also wi th t h e i r  factor  q u a l i t i e s .  The de­
pos i t  qua l i t y ,  the deposi t  quant i ty  and the deposi t  boni taet ,  which have to 
be dist inguished from each other in  t h i s  respect,  are f i r s t  dea l t  w i th  using 
a mathematical expression; then the p r i n c i p a l  inf luences of these fa c to rs  on 
the economic m in eab i l i t y  of  the occurrences of  mineral  raw mater ia ls  are 
discussed. This i s  fol lowed by an i nve s t iga t i on  of  the p r i nc ipa l  in f luence 
of  the deposit  bon i tae t  on the output and therefore on the p r o d u c t i v i t y  of  
mines. This is  done by discussing and evaluat ing  the economic product ion  
theory.

Keywords: bon i tae t ;  deposi t^ deposi t  q u a l i t y ;  economic m in e a b i l i t y ,  
product ion factors

INTRODUCTION

1. As Tóth  and F a l l e r  ( 1 9 7 4 )  r e p o r t e d  to  the  W o r ld  M i n i n g  

Congress  ( T ó t h  e t  a l .  1 98 2 ) ,  i n  Hungary  mineab le o c c u r r e n c e s  

-  and t h e r e f o r e  d e p o s i t s  -  a re  d i s t i n g u i s h e d  f rom uneconom ic  

o c c u r r e n c e s  o f  m i n e r a l s  by means o f  t h e  m i n e a b i l i t y  c h a r a c t e r ­
i s t i c  f i g u r e  m i n  Eq. ( 1 ) .

« = Ç [ - ]  ( 1 )

w -  p r o d u c t i o n  c o s t s  l i m i t ,  F t / t  
к -  r e a l  c o s t s ,  F t / t  

F t  -  F o r i n t .

The p r o d u c t i o n  c o s t s  l i m i t  w i s  d e r i v e d  f rom t h e  c o s t s  o f

Acta Geod. Geoph. Mont. Hung. 22, 1987 
Akadémiai Kiadó, Budapest
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t h e  most  e xpe ns ive  raw m a t e r i a l  u n i t  p ro d u c e d  i n  or  im p o r t e d  t o  

Hunga ry  which i s  n e c e s s a r y  f o r  s a t i s f y i n g  th e  demand o f  the  

H u n g a r i a n  economy. The r e a l  c o s t s  к a re  t h e  c a l c u l a t e d  c o s t s  

f o r  t h e  raw m a t e r i a l  u n i t  to  be mined and p ro c es s e d .  I f  th e  

m i n e a b i l i t y  c h a r a c t e r i s t i c  f i g u r e  m f o r  an occu r re nc e  i s  =  1, 

i t  i s  c l a s s i f i e d  as e c o n o m i c a l l y  m i n e a b l e .

2 .  The m i n e a b i l i t y  c h a r a c t e r i s t i c  f i g u r e  can be compared 

t o  t h e  " o p e r a t i n g  r a t i o "  i n  r e l a t i o n  t o  t h e  p r o d u c t  q u a n t i t y ,  
e . g .  t h e  c o n c e n t r a t e  (Busse von Co lbe 1983,  G a b l e r ' s  W i r t ­

s c h a f t s l e x i k o n  1904,  S t a e h l e  1969) .  The d e r i v a t i o n  o f  th e  o p e r ­
a t i n g  r a t i o  w i l l  i l l u s t r a t e  t h i s  Eq. ( 2 ) .

LEA
LEA _ _AM_ LER
AK AK “RTF

w -  o p e r a t i n g  r a t i o [ - ]
LEA -  p e r i o d  r e t u r n s , GE/ZE

LER -  o u t p u t  r e t u r n s , GE/ME

AK -  p e r i o d  c o s t s , GE/ZE
AM -  p e r i o d  o u t p u t , ME/ZE

KR -  c o s t  r a t e ,  GE/ME

GE -  money u n i t s
ME -  m a t e r i a l  u n i t s

ZE -  t im e  p e r i o d .

( 2 )

I n  c o n t r a s t  t o  t h e  m i n e a b i l i t y  c h a r a c t e r i s t i c  f i g u r e ,  th e  

n u m e r a t o r  o f  o p e r a t i n g  r a t i o  does n o t  c o n t a i n  a g e n e ra l  upper  
l i m i t  f o r  the c o s t s  b u t  does c o n t a i n  t h e  r e t u r n s  p lanned o r  a c ­

t u a l l y  ach ieved  by t h e  i n d i v i d u a l  o p e r a t i o n .  I t  i s  m a in l y  d e ­

t e r m i n e d  by the  m a rk e t  p r i c e  f o r  the  p r o d u c e d  goods.  The de ­

n o m i n a t o r  o f  both  c h a r a c t e r i s t i c  f i g u r e s  c o m p r i s e s  the  p la nn ed  

o r  a c t u a l  c o s t s  c f  an o p e r a t i o n .

3 .  Equa t i on  ( 3 )  c h a r a c t e r i z e s  t h e  o p e r a t i n g  r a t i o  o f  a 

m i n i n g  o p e r a t i o n  p r o d u c i n g  o n l y  one p r o d u c t  ( o n e - p r o d u c t  o p e r a ­

t i o n ) .  O p e r a t i o n  i n c l u d e s  th e  s te ps  o f  e x t r a c t i o n  and m i n e r a l  

p r o c e s s i n g .  A l l  f a c t o r s  o f  th e  q u o t i e n t  t h e r e f o r e  r e f e r  t o  t h e
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p r o d u c t  o f  th e  t o t a l  o p e r a t i o n ,  e . g .  t o  t h e  c o n c e n t r a t e  o f  an 

ore  m in e .  See ( F e t t w e i s  e t  a l .  1986) f o r  t h e  d e r i v a t i o n .

w = ____LER___
krg ♦ k r a

gp * q • PR -  KRy -  к RT

П \
+ . E. M. .  • p . i =T  A i  p i /

( 3 )

PR -  marke t  p r i c e  o f  th e  commodi ty,  GE/WE 

gp -  g rade o f  t h e  m in i n g  p r o d u c t ,  WE/ME 

q -  q u a l i t y  f a c t o r  [ - ]
KRy -  c o s t  r a t e  o f  m e t a l l u r g i c a l  p r o c e s s i n g  b e f o r e  p r i c e  f i x ­

i ng  ( e . g .  s m e l t i n g ) ,  GE/ME

KRy -  c o s t  r a t e  o f  t r a n s p o r t  between mine and m a r k e t ,  GE/ME

KRa -  c o s t  r a t e  o f  m i n e r a l  p r o c e s s i n g ,  GE/ME

KRç -  c o s t  r a t e  o f  e x t r a c t i o n ,  GE/ME

AMp -  p e r i o d  o u t p u t  o f  th e  m in ing  p r o d u c t ,  ME/ZE

? Mp. • p. -  p e r i o d  c o s t s  o f  e x t r a c t i o n ,  GE/ZE
i - 1  b l  1

? M..  • p. -  p e r i o d  c o s t s  o f  m i n e r a l  p r o c e s s i n g ,  GE/ZE
i = I  A1 x

MGi -  q u a n t i t i e s  o f  p r o d u c t i o n  f a c t o r  t y p e s  i  i n  e x t r a c t i o n ,  

GE/ZE
M . . -  q u a n t i t i e s  o f  p r o d u c t i o n  f a c t o r  t y p e s  i  i n  p r o c e s s i n g ,

ME/ZE

Py -  p r i c e  o f  t h e  f a c t o r  t y p e ,  GE/ME 

WE -  v a lu e  m a t t e r  u n i t ,  ME .

The o u t p u t  r e t u r n s  LER are  c a l c u l a t e d  f rom  th e  p r o d u c t  o f  

t h e  marke t  p r i c e  PR f o r  the  s ta n d a r d  q u a l i t y  o f  t h e  commodi ty ,  

th e  grade o f  t h e  m in i n g  p r o d u c t  gp and a q u a l i t y  f a c t o r  q f o r  

v a l u e - i n c r e a s i n g  o r  v a l u e - d e c r e a s i n g  p r o p e r t i e s  o f  t h e  m in i n g  

p r o d u c t ,  reduce d  by th e  m e t a l l u r g i c a l  p r o c e s s i n g  c o s t s  KRy and 

th e  t r a n s p o r t  c o s t s  KRy t o  th e  m a r k e t .
The d e n o m i n a t o r  c o m pr i ses  th e  c o s t s  f o r  p r o d u c i n g  th e  m in ­

i n g  p r o d u c t  w h ic h  a re  th e  c o s t  r a t e s  f o r  e x t r a c t i o n  KR^ and 
m i n e r a l  p r o c e s s i n g  KRA . The c o s t  r a t e s  t h em s e lv e s  a re  q u o t i e n t s  

f rom th e  p e r i o d  c o s t s ,  i . e .  f r om  th e  sum o f  v a lu e d  c o ns u m p t i on s
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o f  p r o d u c t i o n  f a c t o r s  d u r i n g  t h e  t im e  p e r i o d  under  c o n s i d e r a -  
n

t i o n  ]T M.p. and th e  p ro du c ed  o u t p u t  AMp .
i  = l  1 1
4 .  P r o d u c t i o n  f a c t o r s  a re  m a t e r i a l  o r  i m m a t e r i a l  goods 

used  f o r  p r o d u c t i o n ,  f o r  t e c h n i c a l  and economic  r ea s on s  whose 

i n p u t  i s  r e q u i r e d  f o r  p r o d u c i n g  o t h e r  economic  goods .  The p r o ­

d u c t i o n  f a c t o r s  can be a l l o c a t e d  t o  t h e  f o l l o w i n g  c o s t  t y p e s :  

m a t e r i a l  c o s t s ,  p e r s o n n e l  c o s t s ,  c a p i t a l  c o s t s ,  n o n p e rs o n n e l  

c o s t s ,  e x t e r n a l  c o s t s ,  t a x e s  and r a t e s .

B a s i c a l l y ,  when c o n s i d e r i n g  p r o d u c t i o n  f a c t o r s ,  a c l e a r  

d i s t i n c t i o n  must be made between the  r e s p e c t i v e  f a c t o r  t y p e s ,  

t h e  f a c t o r  i n p u t  and t h e  f a c t o r  q u a l i t y .  The f a c t o r  q u a l i t y  
i n f l u e n c e s  both  th e  s e l e c t i o n  o f  f a c t o r  t y p e s  i ,  th e  f a c t o r  

i n p j j t  M and a l s o  t h e  p r i c e  p o f  th e  p r o d u c t i o n  f a c t o r .

The r e l a t i o n s h i p s  w h ich  d e t e rm in e  th e  f a c t o r  i n p u t s  NT are  

v e r y  co mp le x .  Bes id es  t h e  f a c t o r  q u a l i t y ,  o t h e r  i n f l u e n c e s  i n ­

c l u d e  t h e  s i z e  o f  t h e  o p e r a t i o n ,  th e  c a p a c i t y  u t i l i z a t i o n  and 

t h e  r e s p e c t i v e  p r o d u c t i o n  p ro g ram s .  Not  o n l y  t h e s e  i n f l u e n c i n g  

f a c t o r s  d e s ig n a t e d  as x^^  have t o  be ta k e n  i n t o  a c c o u n t ,  b u t  

a l s o  t h e  i n t e r d e p e n d e n c e s  o f  t h e  f a c t o r  i n p u t s .  A c c o r d i n g  t o  

O b e r h o f f e r  ( 1 9 8 4 ) ,  t h e  f o l l o w i n g  g e n e r a l  sys tem o f  e q u a t i o n s  

can be e s t a b l i s h e d  f o r  d e s c r i b i n g  t h e s e  i n t e r d e p e n d e n c e s :

Mx = f (Х ц>х12,- ■• ’ xlm> M2 ,M3, . . ................................ Mn>

M2 = f ( x2i>x225 * * * , x2j , * ,x2m’ MpMj , . . .............................. - V

M. = f  1 ( xi i , xi 2 ,• , . , x i ^ , . ,x im’ M pM p. .

M = f  n (xn l ’ xn2’ - • • ,xn j ’ ■.. . ’ nm’ MpM2, . . ............................

O b e r h o f e r  r e f e r s  e x p l i c i t l y  t o  d i f f i c u l t i e s  i n  r e c o g n i z i n g  th e  

i n f l u e n c i n g  f a c t o r s  and i n  d e t e r m i n i n g  t h e i r  e f f e c t s  on the  

c o s t s  .

3 .  The d e p o s i t  i s  t h e  most  i m p o r t a n t  and n e c e s s a ry  p r o d u c ­

t i o n  f a c t o r  o f  a m in e .  I t  t a k e s  the  same p la c e  as th e  p r o d u c ­

t i o n  f a c t o r  m a t e r i a l s  i n  t h e  p r o c e s s i n g  i n d u s t r y ,  wh ich  may be
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a raw m a t e r i a l ,  a b a s i c  m a t e r i a l  o r  a s e m i - f i n i s h e d  p r o d u c t  

( D ö r s t e w i t z  1967,  N ö t s t a l l e r  1982, von Wahl 197 3) .

N a r r o w l y  d e f i n e d ,  however ,  t h i s  a p p l i e s  o n l y  t o  t h e  s u b -  

p ro c e s s  o f  e x t r a c t i o n .  I t s  o b j e c t i v e  i s  t h e  d e p o s i t  as a body 
i m m e d i a t e l y  c r e a t e d  by n a t u r e ,  i t s  p r o d u c t  i s  the  run  o f  mine 

(ROM) m a t e r i a l .  T h e r e f o r e  o n l y  e x t r a c t i o n  i s  p r i m a r y  p r o d u c ­

t i o n .  The s u bp ro cess  o f  m in e r a l  p r o c e s s i n g ,  however ,  t a k e s  the  

ROM m a t e r i a l  as a s e m i f i n i s h e d  p r o d u c t  i n  the  t r a n s f o r m a t i o n  

f rom n a t u r e  t o  f i n i s h e d  p r o d u c t ,  such as i n  th e  case o f  o re s  
the  subse quen t  s m e l t i n g .

6 .  The d e p o s i t  as p r o d u c t i o n  f a c t o r  can t h e r e f o r e  be b e s t  

d i s c u s s e d  n o t  by t a k i n g  the  m in ing  p r o d u c t  as r e f e r e n c e  q u a n t i ­

t y  b u t  r a t h e r  t h e  ROM m a t e r i a l ;  t h e r e b y  th e  d e p o s i t  i t s e l f  be­

comes th e  i n d i r e c t  o b j e c t  o f  economic  c o n s i d e r a t i o n s .

Based on Eq. ( 3 ) ,  the  o p e r a t i n g  r a t i o  has t o  be e s t a b l i s h e d  
f o r  t h e  s u bp ro c es s  e x t r a c t i o n .  A l l  f a c t o r s  must be c a l c u l a t e d  to 

f i t  the product o f  t h i s  p ro cess  wh ich  i s  t h e  ROM m a t e r i a l .  The cost 

r a t e  o f  m i n e r a l  p r o c e s s i n g  i n  t h i s  case i s  s u b t r a c t e d  f r o m  th e  
r e t u r n s .

A c c o r d i n g  t o  m i n e r s '  usage,  t h e  o p e r a t i n g  r a t i o  o f  t h e  

s u bp ro c es s  e x t r a c t i o n  i s  d e f i n e d  as t h e  economic m i n e a b i l i t y  b 
o f  t h e  d e p o s i t  (Eq .  5 ) .

7.  I n  o r d e r  t o  i l l u s t r a t e  th e  comp lex  i n f l u e n c e s  o f  th e  

d e p o s i t  on t h e  economic  m i n e a b i l i t y ,  a v e r s i o n  o f  Eq. ( 5 )  i s  
r e q u i r e d  wh ich  -  i n  agreement  w i t h  p a r a g ra p h  4 -  a l s o  c o n t a i n s  

v a r i a b l e s  dependent  on each o t h e r .  T h i s  i s  no t  o n l y  t r u e  f o r  

th e  i n f l u e n c e  o f  d e p o s i t  c o n d i t i o n s  on th e  f a c t o r  i n p u t s  and 

t h e r e f o r e  on th e  c o s t s  o f  e x t r a c t i o n  a c c o r d i n g  t o  t h e  f o l l o w i n g  

p a r a g ra p h s  12 t o  27.  I t  i s  a l s o  v a l i d  f o r  the  r e l a t i o n s h i p s  

between th e  p r o c e s s i b i l i t y  o f  the  ROM m a t e r i a l ,  th e  p r o c e s s i n g  

r e c o v e r y  and th e  m i n e r a l  p r o c e s s i n g  c o s t s ;  t h i s ,  how ev e r ,  i s  
n o t  d e a l t  w i t h  i n  d e t a i l  i n  th e  f o l l o w i n g .

E q u a t i o n  ( 5 )  may t h e r e f o r e  be c o n s i d e r e d  o n l y  t o g e t h e r  

w i t h  Eqs 5 a - 5 f .  I t  r e f e r s  o n l y  t o  t h e  c o m p l e t e l y  p la n n e d  o r  oc­

c u r r i n g  o p e r a t i o n  p ro c es s  w i t h  c o n s t a n t  v a lu e s  o f  t h e  v a r i a b l e s  

f o r  th e  l i f e  span o f  th e  o p e r a t i o n .
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m • g „ - ( l - d )  • q • PR -  v • (KR. + KRT + KR.,)
b = --------5------------------------------------- ïï------------------1---------- ---  H  • ( 5 )

n Т Т Л  ' (MR ' PR + MGi ' Pi )R,rr^T 1 = 2
The f o l l o w i n g  i s  v a l i d :

gR • ( l - d ) , WE/ME ( 5 a )

m
'h ’ g ыр

1—
1 

1 1__
1

( 5b )

R. (1_1)
R Т Г Г Н У  

АМн ’
ZE ( 5 c )

R
Y ’ ME/ZE ( 5d)

f  (m, v , AMH , p r o c e s s i b i l i t y ) ( 5e )

f  ( 1 ,  d , AMH> ( 5 f  )

KRV = f ( g p ) = c o n s t .  ( 5g )

The f o l l o w i n g  d e f i n i t i o n s  supp lemen t  t h e  l egend  o f  Eq. ( 3 ) :

AM|_j -  r un  o f  mine m a t e r i a l ,  ME/ZE

R -  r e s o u r c e s  i n  s i t u ,  ME

Y -  mine l i f e  ZE,

m -  r e c o v e r y  i n  t h e  m i n e r a l  p r o c e s s i n g  p l a n t  i n  s h a re s  [ - ]

v -  y i e l d  by w e i g h t  i n  th e  m i n e r a l  p r o c e s s i n g  p l a n t  i n

sh ares  [ -J

gH -  g rade o f  th e  ROM m a t e r i a l , WE/ME

g^ -  g rade o f  the  r e s o u r c e s  i n  s i t u  , WE/ME

d -  d i l u t i o n  i n  s h a r e s  ]

1 -  l a s s e s  d u r i n g  e x t r a c t i o n  i n  s h a r e s  Q- ]

Mr = Mg^ -  i n p u t  o f  t h e  p r o d u c t i o n  f a c t o r  d e p o s i t ,  ME/ZE

p R = p^ -  p r i c e  o f  t h e  p r o d u c t i o n  f a c t o r  d e p o s i t , GE/ME .

8 .  The c h a r a c t e r i s t i c s  o f  the  p r o d u c t i o n  f a c t o r  d e p o s i t  

w h i c h  a re  r e l e v a n t  f o r  t h e  economic m i n e a b i l i t y  can be d i v i d e d  

i n t o  q u a l i t y ,  q u a n t i t y  and b o n i t a e t .  0r> t h e  b a s i s  o f  Eq. ( 5 ) ,  

t h i s  can be i l l u s t r a t e d  by t h e  f o l l o w i n g  s t a t e m e n t s .
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D e p o s i t  q u a l i t y

9.  ' Q u a l i t y "  c o m p r i s e s  th e  raw m a t e r i a l  p r o p e r t i e s ,  t h a t  

i s ,  a l l  g e o l o g i c a l l y  g i v e n  c h a r a c t e r i s t i c s  o f  an o c c u r r e n c e  

wh ich  go i n t o  t h e  p r o d u c t  o f  e x t r a c t i o n ,  i . e .  t o  t h e  ROM mate ­

r i a l ,  and wh ich  a re  r e l e v a n t  as f a c t o r  q u a l i t y  f o r  f u r t h e r  use.  

E q u a t i o n  ( 5 )  has t h e s e  v a lu e s  i n  th e  n u m e r a t o r ;  t h i s  means t h a t  

t hey  d e t e rm in e  th e  r e t u r n s  o f  e x t r a c t i o n .

I n  d e t a i l ,  t h e s e  a re  the  f o l l o w i n g :

-  t h e  t y p e  o f  raw m a t e r i a l  wh ich  i s  e x p ressed  i n  t h e  m arke t  
p r i c e  o f  th e  commodi ty  PR, GE/WE ,

-  t h e  q u a l i t y  f a c t o r  q Q-] f o r  va l u e - i n c r e a s i n g  o r  va l u e - d e ­

c r e a s i n g  p r o p e r t i e s  o f  the  mined p r o d u c t ,

-  t h e  average g ra de  o f  t h e  r e s o u r c e  i n  s i t u  g^ , WE/ME ,

-  t h e  p r o c e s s i b i l i t y  o f  th e  ROM m a t e r i a l ,  which  i s  e x p r e s s e d  by 

t h e  f o l l o w i n g  q u a n t i t i e s :

-  v a l u e  m a t t e r  r e c o v e r y  i n  the  m i n e r a l  p r o c e s s i n g  p l a n t  m i n  

sh a res  [ - ] ,
-  y i e l d  by w e i g h t  i n  th e  m i n e r a l  p r o c e s s i n g  p l a n t  v i n  

sh a res  [ ’- j  ,

-  c o s t  r a t e  o f  m i n e r a l  p r o c e s s i n g  , GE/ME ,

-  t h e  m e t a l l u r g i c a l  p r o c e s s i b i l i t y  o f  t h e  m in i n g  p r o d u c t  which  

i s  r e f l e c t e d  i n  t h e  c o s t  r a t e  KRy [GE/ME]] i f  t h e  p r i c e  PR i s  

f i x e d  o n l y  a f t e r  a f u r t h e r  p r o c e s s i n g  s t e p ,  e . g .  s m e l t i n g .

10. The q u a l i t y  o f  a d e p o s i t  t h e r e f o r e  has a d e c i s i v e  i n ­

f l u e n c e  on m i n e r a l  p r o c e s s i n g ,  and on i t s  s u b s t a n t i a l  and f i ­

n a n c i a l  r e s u l t .  I t  d e t e rm in e s  c o r r e s p o n d i n g l y  t h e  r e f e r e n c e  

p r i c e  f o r  e x t r a c t i o n .  Q u a l i t y  t h e r e f o r e  i s  -  as a l r e a d y  s t a t e d  - 

th e  essen t ia l  d e p o s i t  c h a r a c t e r i s t i c  f o r  th e  r e t u r n s  o f  e x t r a c ­
t i o n  .

11. A p a r t  f r om  th e  d e p o s i t  q u a l i t y ,  the  f a c t o r  q u a l i t y  o f  

th e  ROM m a t e r i a l  and t h e r e b y  m i n e r a l  p r o c e s s i n g  and i t s  r e s u l t  

can be a d d i t i o n a l l y  d e te rm in e d  by t h e  d i l u t i o n  d o f  t h e  d e p o s i t  

c o n t e n t  i n  t h e  c o u rs e  o f  e x t r a c t i o n .
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D e p o s i t  q u a n t i t y

12 .  Desp i t e  t h e i r  e s s e n t i a l  s i m i l a r i t y  a c c o r d i n g  t o  p a r a ­

g r a p h s  4 and 5, the  p r o d u c t i o n  f a c t o r  ' d e p o s i t '  o f  a m in i n g  

o p e r a t i o n  d i f f e r s  f r om  t h e  p r o d u c t i o n  f a c t o r  ' m a t e r i a l '  i n  th e  

p r o d u c t i o n  sequence o f  t h e  subsequent  i n d u s t r y  by i t s  q u a n t i t y ,  

i . e .  by i t s  l i m i t e d  r e s o u r c e s .  In  c o n t r a s t  t o  i n d u s t r i a l  e n t e r ­

p r i s e s ,  m in ing  o p e r a t i o n s  on p r i n c i p l e  have a l i m i t e d  l i f e  t im e .

A c c o r d i n g  t o  Eq. ( 5 c ) ,  t h e  mine l i f e  Y [Z E ]  i s  i n  a m u tu a l  

r e l a t i o n s h i p  w i t h  t h e  g i v e n  q u a n t i t y  o f  r e s o u r c e s  i n  s i t u  R 

[ME] -  which  i s  t o  be c o r r e c t e d  by the  m i n i n g  l o s s e s  1 and th e  

d i l u t i o n  d -  and w i t h  t h e  average  o u t p u t  AMH [MÉZZÉ] .

13 .  From the q u a n t i t y  and the mine l i f e  t h e r e  r e s u l t s  the  

f a c t o r  i n p u t  o f  the  p r o d u c t i o n  f a c t o r  d e p o s i t  M^ b e lo n g i n g  to  

t h e  o u t p u t  AMH a c c o r d i n g  t o  Eq. ( 5 d ) .

I n  Eq. (5 )  the  p e r i o d  c o s t s  f o r  th e  f a c t o r  i n p u t  • p^ 

a r e  shown s e p a r a t e l y .  I n  t h e  f a c t o r  p r i c e  p^ b o th  th e  p r o p o r ­

t i o n a l  c o s t s  f o r  p r o s p e c t i n g  and e x p l o r a t i o n  have t o  be r e ­

m u n e r a t e d  and a ls o  p o s s i b l e  r o y a l t i e s ,  e t c .

1 4 .  The c o n s i d e r a b l e  i n f l u e n c e  o f  t h e  q u a n t i t y  o f  a depos ­

i t  on i t s  economic m i n e a b i l i t y  r e s u l t s  f r o m  i t s  i n f l u e n c e  on 

t h e  s i z e  o f  the r e s p e c t i v e  m in e .  The s i z e  o f  o p e r a t i o n  i n  t u r n  

d e t e r m i n e s  -  as a l r e a d y  d i s c u s s e d  i n  p a r a g r a p h  4 -  e s s e n t i a l l y  

t h e  f a c t o r  i n p u t  and t h e r e b y  the  c o s t s  o f  an o p e r a t i o n .

T h i s  i n f l u e n c e  can be i l l u s t r a t e d  by f o u r  f a c t s ,  s u p p o r te d  

by t h e  p r i n c i p a l  r e l a t i o n s h i p s  shown q u a l i t a t i v e l y  i n  F i g .  1.

1 5 .  F i r s t ,  i t  must  be s t a t e d  t h a t  t h e  o p e r a t i o n  s i z e  o f  a 

m ine  a t  normal  c a p a c i t y  u t i l i z a t i o n  c o r r e s p o n d s  t o  i t s  o u t p u t  

AMH [М Е / Z E ] .

1 6 .  Second, a c c o r d i n g  t o  Eq. ( 5 c )  t h e  o u t p u t  AM^ i s  i n ­

v e r s e l y  p r o p o r t i o n a l  t o  t h e  mine l i f e  Y a t  g i v e n  re s o u r c e s  i n  

s i t u  and c o n s t a n t  v a l u e s  f o r  th e  m in i n g  l o s s e s  1 and th e  d i l u ­

t i o n  d .  The o u t p u t  and t h e  o p e r a t i o n  s i z e  can t h e r e f o r e  be e x ­

p r e s s e d  by the v a lu e s  R and Y, as i n  Eq. ( 5 )  and Eq. ( 5 c ) .
I n  t h e  t h r e e - d i m e n s i o n a l  r e p r e s e n t a t i o n  o f  F i g .  1,  R and 

Y t h e r e f o r e  form one c o o r d i n a t e  each.  The t h i r d  c o o r d i n a t e  i s
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Fig. 1. Qua l i ta t ive  representat ion of  the p r i n c i p a l  re la t ionsh ips  between 
the cost ra te  KR, the mine l i f e  Y and the deposit qua nt i ty  R of 
mines

the c o r r e s p o n d i n g  c o s t  r a t e .

17. The t h i r d  f a c t  r e f l e c t s  two m i n i n g - s p e c i f i c  expe r ie nces 
which were t h e o r e t i c a l l y  c o n f i r m e d  m a i n l y  by von Wahl ( 1 9 7 0 ) .  

These a re :
a) For  each g i v e n  r e s o u r c e  q u a n t i t y  t h e r e  i s  an o p t i m a l  mine 

l i f e  and a c o r r e s p o n d i n g  o p t i m a l  o p e r a t i o n  s i z e  w i t h  r e s p e c t  

t o  th e  c o s t  r a t e  o f  a mine.  I n  F i g .  1 t h i s  i s  e x p re s s e d  by 

t h e  U-shape o f  t h e  c o s t  r a t e  as a f u n c t i o n  o f  t h e  mine l i f e .

b) W i th  i n c r e a s i n g  g i v e n  re s o u r c e s  i n  s i t u  the  o p t i m a l  s i z e  o f

a mine g e n e r a l l y  a l s o  i n c r e a s e s .  T h i s ,  however,  i s  l e s s  than 

p r o p o r t i o n a l  so t h a t  the  o p t i m a l  mine l i f e  a l s o  becomes 

l o n g e r .  C o r r e s p o n d i n g l y ,  i n  F i g .  1 t h e  r e s p e c t i v e  minima o f  

c o s t  f u n c t i o n s  f o r  g iv e n  R v a lu e s  s h i f t .
The o p t i m a l  c o m b in a t i o n  o f  p r o d u c t i o n  f a c t o r s  and t h e r e b y  

th e  o p t i m a l  l i f e  and s i z e  o f  a mine must  be assessed by sepa ­

r a t e  c a l c u l a t i o n s  f o r  each g i v e n  r e s o u r c e  q u a n t i t y .

A s t a t i s t i c a l  r e l a t i o n s h i p  was e s t a b l i s h e d  by T a y l o r  on 

the  b a s i s  o f  m i n i n g  p la n s  ove r  t h r e e  decades (von  d e r  L inde n  

1981) :
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O p t i m a l  s i z e  AMH =

0 . 2  •

( 6 )

1 8 .  The f o u r t h  f a c t  r e f e r s  to  mines i n  t h e  same way as t o  

p r o d u c i n g  f i r m s  i n  o t h e r  economic  s e c t o r s .  I t  says t h a t  t h e  

c o s t  r a t e s  g e n e r a l l y  s i n k  w i t h  i n c r e a s i n g  o p e r a t i o n  s i z e  ( e c o n ­

omy o f  s c a l e ) .  " L a r g e r  m ach in e s  and p l a n t s  g e n e r a l l y  f u n c t i o n  

w i t h  a b e t t e r  t e c h n i c a l  e f f i c i e n c y  and a l o w e r  demand o f  c a p i ­

t a l  and p e r s o n n e l ,  and t h e r e b y  w i t h  d e c r e a s i n g  o v e r a l l  c o s t s  o f  

p r o d u c t i o n  f a c i l i t i e s  p e r  p r o d u c t i o n  u n i t "  ( O b e r h o f e r  1 9 8 4 ) .

As stated i n  p a r a g r a p h  17,  o p e r a t i o n  s i z e  and r e s o u r c e s  

have an ana lo g  b e h a v i o u r .  A c c o r d i n g l y ,  t h e  min ima o f  c o s t  

c u r v e s  o v e r  the mine l i f e  dec rea se  w i t h  i n c r e a s i n g  r e s o u r c e s  i n  

t h e  p r i n c i p a l  d iagram o f  F i g .  1.

As demon s t ra ted  a b o v e ,  t h e r e  e x i s t s  a complex  i n f l u e n c e  o f  

t h e  q u a n t i t y  o f  a d e p o s i t  on the  c o s t s  o f  i t s  m in i n g .  T h i s  r e ­

l a t i o n s h i p ,  however , i s  n o t  express ed  i n  E q . ( 5 )  which r e f e r s  

o n l y  t o  c e r t a i n  s t a t e s  o f  o p e r a t i o n .  I t  r a t h e r  has to  be a s ­

se s s ed  s e p a r a t e l y .  In  Eq. ( 5 ) ,  a c c o r d i n g l y ,  Mr .p ,  i s  a v a -
i  -1 1 1

r i a b l e  depend in g  on R and Y.

2 0 .  I n d e p e n d e n t l y  o f  t h i s ,  however,  i t  f o l l o w s  f rom th e  
above m e n t i o n e d  f a c t s  t h a t  mines w i t h  l a r g e  re s o u r c e s  and c o r ­

r e s p o n d i n g l y  l a r g e r  o p t i m a l  o p e r a t i o n  s i z e s  can g e n e r a l l y  work  

w i t h  l o w e r  co s ts  than t h o s e  w i t h  s m a l l e r  r e s o u r c e s .  F i g u r e  1 

i l l u s t r a t e s  t h i s  q u a l i t a t i v e l y .  A c c o r d i n g l y ,  th e  economic m in e -  

a b i l i t y  o f  d e p o s i t s  i n c r e a s e s  w i t h  the  d e p o s i t  q u a n t i t y .

2 1 .  Be i t  noted a d d i t i o n a l l y  t h a t  t h e  d e m o n s t ra te d  i n f l u ­

ence o f  t h e  d e p o s i t  q u a n t i t y  a lways r e f e r s  t o  t h e  c o s t  r a t e  o f  

e x t r a c t i o n  a c c o rd in g  t o  t h e  d e n om ina to r  o f  Eq. ( 5 ) .  I f  -  as i n  

t h e  n o r m a l  case -  the  ROM m a t e r i a l  i s  n o t  a p r o d u c t  to  be s o l d  

o r  i s  n o t  t r a n s f e r r e d  t o  a c e n t r a l  m i n e r a l  p r o c e s s i n g  p l a n t ,  

t h i s  i n f l u e n c e  a ls o  r e f e r s  t o  t h e  c o s t  r a t e  o f  m i n e r a l  p r o c e s ­

s i n g  KR^ i n  the  n um era to r  o f  t h i s  e q u a t i o n .  I n  t h i s  case th e  

o p t i m a l  o p e r a t i o n  s i z e  o f  e x t r a c t i o n  and m i n e r a l  p r o c e s s i n g

n
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t o g e t h e r  r e s u l t s  depen d ing  on th e  r e s p e c t i v e  d e p o s i t  q u a n t i t y .

22.  The above c o n s i d e r a t i o n s  a re  based i n  a s i m p l i f i e d  

fo rm  on g i v e n  r e s o u r c e s  i n  s i t u  R. A c t u a l l y  th e  " q u a n t i t y "  o f  

a d e p o s i t  i s  no o r i g i n a l  g e o l o g i c a l  f i g u r e .  The q u a n t i t y  i s  

d e r i v e d  f rom  th e  c h a r a c t e r i s t i c s  o f  t h e  d e p o s i t  b e l o n g i n g  to  

b o n i t a e t  and q u a l i t y .

I f  an o c c c u r r e n c e  o f  a m i n e r a l  raw m a t e r i a l  c o n s i s t s  o f  

g e o l o g i c a l  b o d ie s  w i t h  a f a i r l y  c o n s t a n t  sequence o f  d i f f e r e n t  

q u a l i t i e s ,  such as i n  the  case o f  a d i s s e m i n a t e d  d e p o s i t ,  the  

d e p o s i t  q u a n t i t y  can be assessed o n l y  by s e p a r a t e  m i n e r a l - e c o ­

nomic c o n s i d e r a t i o n s  t o  d e te rm in e  th e  c u t - o f f - g r a d e . These co n ­

s i d e r a t i o n s  i n c l u d e  c i r c u l a r  r e a s o n i n g :  a l l  f a c t o r s  a p p e a r i n g  

i n  t h e  d e n o m in a to r  o f  Eq. ( 5 )  as dependen t  v a r i a b l e s  a re  b o th  

c o n n e c te d  w i t h  each o t h e r  and a l s o  w i t h  th e  v a l u e s  o f  q u a l i t y  

i n  t h e  n um e ra t o r  o f  t h e  e q u a t i o n .  T h e r e f o r e ,  t h e s e  c o n s i d e r a ­

t i o n s  can o n l y  be c a r r i e d  o u t  i t e r a t i v e l y .

D e p o s i t  b o n i t a e t

23.  As a l r e a d y  e x p l a i n e d  i n  p a r a g ra p h  13, t h e  d e n o m i n a t o r  

o f  Eq. ( 5 )  a l s o  c o n t a i n s  th e  p e r i o d  c o s t s  f o r  t h e  f a c t o r  i n p u t  

o f  t h e  f a c t o r  ty p e  d e p o s i t  used per  t i m e  p e r i o d ,  i . e .  t h e  co n ­

s u m p t i o n  o f  r e s o u r c e s  MR v a lu ed  a t  t h e  r e s p e c t i v e  p e r i o d  pR. 

T h i s  f a c t o r  i n p u t  MR o f  the  f a c t o r  t y p e  d e p o s i t  i s  c o n n e c te d  

w i t h  a f a c t o r  q u a l i t y .  I t  i s  d e s i g n a t e d  as ' b o n i t a e t ' .

24 .  ' B o n i t a e t '  i s  a c o l l e c t i v e  t e r m .  I t  i n c l u d e s  t h e  geo ­

m e t r i c ,  geomechan ic ,  h y d r o l o g i c a l ,  g e o c h e m ic a l  and g e o t h e r m a l  

c o n d i t i o n s  o f  th e  d e p o s i t  and o f  t h e  s u r r o u n d i n g  r o c k  r e l e v a n t  

f o r  m i n i n g ,  and i n  some cases the  c o m p o s i t i o n  o f  t h e  d e p o s i t  

body f r om  b lo c k s  w i t h  d i f f e r e n t  q u a l i t y  v a l u e s ,  e . g .  g r a d e s .  A 

v a r y i n g  d i s t r i b u t i o n  o f  g rades i s  s i g n i f i c a n t  i f  one has t o  

s u p p l y  the  m i n e r a l  p r o c e s s i n g  p l a n t  w i t h  ROM m a t e r i a l  as u n i ­

fo rm  as p o s s i b l e ,  and t h e r e f o r e  e x t r a c t i o n  must  be s e l e c t i v e .  

T h i s  causes a d d i t i o n a l  c o s t s .
n

25.  The i n f l u e n c e  o f  b o n i t a e t  on th e  p e r i o d  c o s t s  £  Mr . - p
i  = l

r e s u l t s  f rom th e  r e l a t i o n s h i p s  e x p l a i n e d  i n  p a r a g r a p h  4 .  I n
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n
Eq. ( 3 ) ,  Y M p . * p . , t h e r e f o r e ,  i s  a v a r i a b l e  dependent  on 

i=2  b l  1
MR • p R. These r e l a t i o n s h i p s  are  e x t r a o r d i n a r i l y  comp lex ;  t h e y

can be assessed o n l y  by s e p a r a t e  c a l c u l a t i o n s  f o r  each case ,  
n

The c o s t s  Y M „ . * p .  a re  апУ case i n v e r s e l y  c o nnec te d  
i  = 1 1 1

w i t h  t h e  b o n i t a e t  o f  t h e  p r o d u c t i o n  f a c t o r  d e p o s i t .

26 .  The e f f e c t s  o r i g i n a t i n g  f r o m  d i f f e r e n c e s  i n  th e  b o n i ­

t a e t  on the  c o n s u m p t i o n  o f  p r o d u c t i o n  f a c t o r s  may be much more
n

s i g n i f i c a n t  w i t h  r e s p e c t  t o  th e  p e r i o d  c o s t s  Y M-r . * p .  th an
i= 2  b l  1

t h e  im m ed ia te  c o s t s  o f  t h e  f a c t o r  i n p u t  o f  t h e  f a c t o r  t y p e  de­
p o s i t  MR- p R.

27.  The b o n i t a e t  i s  t h e r e f o r e  t h e  f a c t o r  q u a l i t y  o f  th e  

p r o d u c t i o n  f a c t o r  d e p o s i t  f o r  th e  s u b p ro c e s s  o f  e x t r a c t i o n .  I t  

i n c l u d e s  a l l  g e o l o g i c a l l y  g i v e n  c h a r a c t e r i s t i c s  o f  o c c u r re n c e s  
o r  d e p o s i t s  wh ich  d e t e r m i n e ,  i n  a d d i t i o n  t o  t h e  q u a n t i t y ,  t h e  

i n p u t  o f  p r o d u c t i o n  f a c t o r s  t o  be used f o r  s u p p l y i n g  a c e r t a i n  

amoun t  o f  p r o d u c t s ,  and t h u s  d e t e r m i n e  t h e  c o s t  r a t e  o f  e x t r a c ­
t i o n  KRp.

28.  The b o n i t a e t  c o r r e s p o n d s  t o  t h e  " o t h e r  c o n d i t i o n s  o f  
e x t r a c t i o n " ,  whose s i g n i f i c a n c e  was r e f e r r e d  t o  by Tóth  and 

F a l l e r  ( 1 9 7 4 ) :  " E a r l i e r  t h e  m i n e a b i l i t y  o f  m i n e r a l  raw m a t e r i a l  

was c h a r a c t e r i z e d ,  among th e  n a t u r a l  p a r a m e t e r s ,  above a l l  o r  

even  a lm o s t  e x c l u s i v e l y ,  by the  q u a l i t y  ( i n  t h e  case o f  o re s  by 

t h e  g r a d e ,  i n  t h e  case o f  c o a l  by t h e  c a l o r i f i c  v a l u e ) .  W i th  

r e g a r d  t o  e x p e n d i t u r e ,  t h e r e  was no p r i n c i p a l  d i f f e r e n c e  i n  

c o n n e c t i o n  t o  e x t r a c t i o n .  As t i m e  went  on ,  how eve r ,  as a c on ­

s e q u e n c e  o f  s c i e n t i f i c  and t e c h n i c a l  p r o g r e s s ,  th e  e x t r a c t i o n  

t e c h n i q u e s  f o r  m i n e r a l  raw m a t e r i a l s  became d i f f e r e n t i a t e d  t o  

such  an e x t e n t  t h a t  e x p e n d i t u r e  d i f f e r e n c e s  o f  g r e a t  m agn i tude  

may o c c u r .  T h e r e f o r e  m i n e a b i l i t y  c o n d i t i o n s  exp ressed  by q u a l i t y  

can nowadays be f i x e d  o n l y  i n  c o n n e c t i o n  w i t h  e x t r a c t i o n  t e c h ­

n o l o g i e s  d e te rm in e d  by o t h e r  c o n d i t i o n s  o f  e x t r a c t i o n "  ( t r a n s ­
l a t i o n  f rom  German).
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B o n i t a e t  and p r o d u c t i o n  t h e o ry

29.  The i n f l u e n c e  o f  b o n i t a e t  on t h e  economic m i n e a b i l i t y  

o f  m i n e r a l  o c c u r r e n c e s  can be made c l e a r e r  by means o f  p r o d u c ­

t i o n  t h e o r y .  For  t h i s  purpose i t  i s  n e c e s s a r y  f i r s t  t o  dea l  

w i t h  t h i s  t h e o r y  and th en  t o  e v a l u a t e  i t  w i t h  r e g a rd  t o  our  

p r o b l e m .

30.  P r o d u c t i o n  t h e o r y  dea ls  w i t h  t h e  q u a n t i t y  r e l a t i o n ­

s h ip s  between th e  p r o d u c t i o n  f a c t o r s  ( i n p u t )  and th e  p r o d u c t  

q u a n t i t i e s  ( o u t p u t )  o f  p r o d u c t i o n  p r o c e s s e s .  The p r o d u c t  quan ­

t i t i e s  a re  a l s o  d e s i g n a t e d  as r e t u r n s .

31.  The p r o d u c t i o n  f u n c t i o n  f o r  a o n e - p r o d u c t  o p e r a t i o n  i s  

g e n e r a l l y  :

X = f ( M 1 ,M2 . . .Mn ) ( 7 )

X -  o u t p u t ,  ME/ZE
Nh -  i n p u t  o f  f a c t o r  ty p es  i ,  ( i = l , 2 , . . . n ) t ME/ZE

32.  For  our  d i s c u s s i o n  i t  i s  r e l e v a n t  t h a t  even d e t a i l e d  
p r o d u c t i o n  f u n c t i o n s  -  such as th e  Cobb-Doug la s  f u n c t i o n ,  th e  

L e o n t i e f  f u n c t i o n  and th e  CES f u n c t i o n  -  and t h e i r  d i s c u s s i o n s  

are  based on a c o n s t a n t  f a c t o r  q u a l i t y  o f  p r o d u c t i o n  f a c t o r s ,  

such a s ,  f o r  exam p le ,  a c o n s t a n t  t r a i n i n g  l e v e l  o f  employees.

33.  The p r o d u c t i o n  f a c t o r s  can be d i s t i n g u i s h e d  a c c o r d i n g  

t o  d i f f e r e n t  c r i t e r i a  (Busse von C o lb e  and Lassmann 1 983 ) .

The i n d i v i d u a l  p r o d u c t i o n  f a c t o r s  can be combined t o  p r o ­

d u c t i o n  f a c t o r  packages a c c o r d i n g  t o  c e r t a i n  t e c h n i c a l  p r o c e s ­

ses (S to bbe  1 9 8 3 ) .  I n  o r d e r  t o  s i m p l i f y  t h e  d i s c u s s i o n ,  the  

a u t h o r s  w i l l  g e n e r a l l y  o n l y  speak a b o u t  p r o d u c t i o n  f a c t o r s  i n  

th e  f o l l o w i n g .
A d i s t i n c t i o n  i m m e d i a t e l y  r e l e v a n t  f o r  p r o d u c t i o n  t h e o r y  

i s  t h a t  between s u b s t i t u t i v e  ( f o r  " s u b s t i t u t i n g "  and " s u b s t i t u ­

t a b l e " )  and l i m i t a t i v e  f a c t o r s  (S t o b b e  1 983 ) .

S u b s t i t u t i v e  p r o d u c t i o n  f a c t o r s  a re  th ose  wh ich  a l l o w  th e  

o u t p u t  t o  be k e p t  c o n s t a n t  i f  t h e  i n p u t  o f  f a c t o r  i  i s  reduce d ,  

and compensated by t h e  i n c r e a s e d  i n p u t  o f  a n o th e r  f a c t o r  j .
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T h i s  means a t  the  same t i m e  t h a t  i t  i s  p o s s i b l e  t o  i n c r e a s e  

t h e  o u t p u t  by i n c r e a s i n g  t h e  i n p u t  o f  one f a c t o r  w h i l e  a l l  
o t h e r  f a c t o r  i n p u t s  r e m a in  c o n s t a n t .  However ,  i f  t h e r e  i s  an 

i n v e r s e ,  unambiguous r e l a t i o n s h i p  between t h e  p r o d u c t  o u t p u t  

and t h e  i n p u t  o f  a f a c t o r ,  wh ich  means t h a t  a t  c o n s t a n t  c o n ­

s u m p t i o n  o f  one f a c t o r  t h e  o u t p u t  c a n n o t  be i n c r e a s e d  by r a i s ­

i n g  t h e  i n p u t  o f  t h e  o t h e r  f a c t o r s ,  t h i s  f a c t o r  i s  d e s i g n a t e d  

as l i m i t a t i v e  ( o r  l i m i t i n g ) .

34 .  A l l  p r o d u c t i o n  f a c t o r s  can be d e r i v e d  f r om  t h e  t h r e e  

f a c t o r s  l a n d ,  l a b o u r  and c a p i t a l .  I n  t h e  case o f  m i n i n g ,  th e  

d e p o s i t  i s  l a n d ;  th e  use o f  l a b o u r  and c a p i t a l  i s  d e t e r m i n e d  

by t h e  chosen m in in g  t e c h n o l o g y  and can be c o n s i d e r e d  as a 

f a c t o r  package.

33.  P r e r e q u i s i t e s  f o r  t h e  f o l l o w i n g  d i s c u s s i o n  o f  p r o d u c ­

t i o n  f u n c t i o n s  a re :
-  The f u n c t i o n  be d i f f e r e n t i a b l e ,  i . e .  p r o d u c t  and p r o d u c t i o n  

f a c t o r s  can be d i v i d e d  a t  w i l l .

-  A l l  p r o d u c t i o n  f a c t o r s  can be combined i n t o  two f a c t o r s .

-  The p r o d u c t i o n  f a c t o r s  a re  s u b s t i t u t i v e .

-  The f a c t o r  q u a l i t y  o f  p r o d u c t i o n  f a c t o r s  i s  c o n s t a n t .

36 .  F igu re  2 shows a t w o - d i m e n s i o n a l  r e p r e s e n t a t i o n  o f  

t h r e e  p r o d u c t i o n  f u n c t i o n s  w i t h  d i f f e r e n t  c o u rs e s  a t  v a r i e d  i n ­

p u t s  o f  o n l y  one p r o d u c t i o n  f a c t o r  and c o n s t a n t  i n p u t  o f  t h e  

se con d  f a c t o r .
Each p o i n t  o f  t h e  p r o d u c t i o n  f u n c t i o n s  s y m b o l i z e s  t h e  

c o m p l e t e  course o f  a p r o c e s s  d u r i n g  t h e  p l a n n i n g  p e r i o d ;  t h i s  

means a f a c t o r  c o m b i n a t i o n  i s  r e a l i z e d  wh ich  e x c lu d e s  a l l  o th e r  

c a s e s  (S tobb e  1983) .
F i g u r e  2a shows a " c l a s s i c a l "  p r o d u c t i o n  f u n c t i o n ,  F i g s  

2b and 2c r e p r e s e n t  " n e o c l a s s i c a l "  p r o d u c t i o n  f u n c t i o n s .  The 

n e o c l a s s i c a l  p r o d u c t i o n  f u n c t i o n s  d i f f e r  f r om  th e  c l a s s i c a l  

ones i n  t h a t  they  assume, a t  i n c r e a s i n g  f a c t o r  i n p u t ,  o n l y  i n ­

c r e a s i n g  o u t p u t s  and d e c r e a s i n g  o u t p u t  g ro w th  r a t e s .

The m a r g in a l  o u t p u t  i s  g e o m e t r i c a l l y  t h e  g r a d i e n t  o f  t h e  

t a n g e n t  t o  each p o i n t  o f  t h e  p r o d u c t i o n  f u n c t i o n .  I t  i n d i c a t e s  

w h i c h  a d d i t i o n a l  o u t p u t  i s  made p o s s i b l e  by i n f i n i t e s i m a l
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f a c t o r  i n p u t  i n c r e a s e .
The average  o u t p u t  i s  the  o u t p u t  

v a r i a b l e  p r o d u c t i o n  f a c t o r  i n p u t .  The 
c l a s s i c a l  p r o d u c t i o n  f u n c t i o n  shows a 

case th e  b e s t  s u i t a b l e  c o m b in a t i o n  o f  

v a r i a b l e  f a c t o r s .

p ro duced  per  u n i t  o f  

a v e rage  o u t p u t  o f  t h e  

maximum. I t  i s  i n  each 

i n p u t s  f rom c o n s t a n t  and

Fig. 2. Pr i nc ip a l  course of  the c la ss i ca l  product ion funct ion (a) and the
neoclassical  production funct ions (b and с) .  X = output,  M = f ac to r  
input

37. I f  one a l l o w s  a v a r i a t i o n  o f  b o th  p r o d u c t i o n  f a c t o r s  

c o n s i d e r e d ,  t h e  p r o d u c t i o n  f u n c t i o n  r e p r e s e n t s  an a r e a ;  i n  

German i t  i s  r e f e r r e d  t o  as " o u t p u t  m o u n t a i n " .  The i s o q u a n t s  

-  " c o n t o u r  l i n e s "  o f  the  o u t p u t  m o u n t a i n  -  connect  p o i n t s  o f  

equa l  o u t p u t ,  w h i c h  can be r e a l i z e d  by d i f f e r e n t  f a c t o r  c o m b i ­

n a t i o n s  ( F i g .  3 ) .
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38.  Thus th e  o u t p u t  o f  a mine can be r e p re s e n t e d  as " o u t ­

p u t  m o u n t a i n "  d e p e n d in g  on th e  i n p u t  o f  th e  s e le c t e d  f a c t o r  

p ac k a ge  "m in i n g  t e c h n o l o g y "  (= l a b o u r  + c a p i t a l )  and t h e  p r o ­

d u c t i o n  f a c t o r  " d e p o s i t "  f o r  each t i m e  p e r i o d .  The o u t p u t  moun­

t a i n  has a shape as i n  F i g .  3; M̂  i s  fo rm ed  by the  p r o d u c t i o n  
f a c t o r  d e p o s i t  and М2  by th e  p r o d u c t i o n  f a c t o r  m in ing  technology.

X

Fig. 3. Output mountain of  a c la ss i ca l  production funct ion

39 .  For bo th  f a c t o r  ty p e s  a c o u r s e  f o l l o w i n g  the  c l a s s i c a l  

p r o d u c t i o n  f u n c t i o n  can be a p p l i e d .  T h i s  means t h a t  o n l y  i n  

t h e  f i r s t  range an i n c r e a s i n g  f a c t o r  i n p u t  le ads  t o  i n c r e a s i n g  

o u t p u t  w h i l e  th e  o t h e r  f a c t o r  i s  k e p t  c o n s t a n t .  I n  the  second 

ra n g e  th e  o p p o s i t e  h o l d s  t r u e .
T h i s  c o r r e s p o n d s  t o  th e  p r o d u c t i o n - t e c h n o l o g i c a l  f a c t  t h a t  

t h e  q u a n t i t y  v a r i a t i o n  o f  the  f a c t o r  d e p o s i t  must be u n d e r s t o o d  

as a change i n  th e  a v a i l a b i l i t y  o f  f a c e s  and t h e r e f o r e  w o r k i n g  

a re a  s i z e s  w i t h i n  t h e  t i m e  p e r i o d  c o n s i d e r e d .
A t  a g iv e n  d e p o s i t  i n p u t ,  t h e r e f o r e ,  t h e  o p e r a t i o n  f a c e s  

and equ ip m en ts  i n t e r f e r e  w i t h  each o t h e r ,  as soon as a c e r t a i n  

i n p u t  o f  m in ing  t e c h n o l o g y  i s  exceede d.  T h i s  a t  f i r s t  causes  

d i m i n i s h i n g  m a r g i n a l  o u t p u t  and,  as t h e  m in i n g  t e c h n o l o g y  i n p u t  

becomes h i g h e r ,  f i n a l l y  a n e g a t i v e  d e v e lo pm e n t  o f  o u t p u t .

The deve lopment  i s  s i m i l a r  i f  t h e  i n p u t  o f  th e  f a c t o r
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package m in in g  te c h n o l o g y  remains  c o n s t a n t  w h i l e  th e  f a c t o r  i n ­

p u t  o f  d e p o s i t  i s  v a r i e d .  The m a r g i n a l  o u t p u t  dec reases  as soon 

as t h e  c o n c e n t r a t i o n  o f  o p e r a t i o n  f a l l s  be low  a c e r t a i n  l e v e l  

by i n c r e a s i n g  th e  f a c t o r  i n p u t  d e p o s i t .
The g ro w in g  w o rk i n g  area s i z e  and t h e  s u b s e q u e n t l y  i n ­

c re a s e d  demand on th e  g iv e n  f a c t o r  i n p u t  m in i n g  t e c h n o l o g y  f o r  

t h e  " u n p r o d u c t i v e "  p ro c e s s e s ,  such as m a n - r i d i n g ,  c o n v e y i n g ,  

mine m a in t e n a n c e ,  e t c .  can lea d  t o  d i m i n i s h i n g  o u t p u t .

40.  The p r o d u c t i o n  t h e o r y  o u t l i n e d  he re  does n o t  d i f f e r e n ­

t i a t e  t h e  f a c t o r  q u a l i t y ,  as s t a t e d  i n  t h e  p rem ise o f  p a r a g r a p h

35.  T h i s  r e s t r i c t i o n  i s  n o t  a c c e p t a b l e  f o r  the  p r o d u c t i o n  f a c ­

t o r  d e p o s i t .  The ' b o n i t a e t '  i s  a r b i t r a r i l y  g i v e n  by n a t u r e  and 

g e n e r a l l y  c a n n o t  be i n f l u e n c e d .  I n  t h e  f o l l o w i n g  we t h e r e f o r e  

i n t e g r a t e  th e  v a r i a t i o n  o f  b o n i t a e t  i n t o  th e  p r o d u c t i o n  t h e o r y .

41.  S im u l t a n e o u s  v a r i a t i o n  o f  f a c t o r  i n p u t  and f a c t o r  

q u a l i t y ,  i . e .  o f  th e  b o n i t a e t ,  on t h e  a x i s  o f  the  p r o d u c t i o n  

f a c t o r  d e p o s i t  i n  F i g .  3 i s  no t  p o s s i b l e .  I n s t e a d ,  one can ap­

p l y  s e v e r a l  d e p o s i t s  w i t h  d i f f e r i n g  b o n i t a e t  over  t h i s  a x i s  and 

c o n s t r u c t  a number o f  o u t p u t  m o u n t a i n s .

42.  F i g u r e  4 shows average o u t p u t  f u n c t i o n s  d e r i v e d  f rom

input of the varied factor package mining
technology

Fig. 4. Average output of mines depending on di f ferences in  the bon i tae t  of 
deposi ts at  constant input of  deposi t
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t h e s e  o u t p u t  m ou n ta in s  w h i l e  th e  f a c t o r  i n p u t  d e p o s i t  i s  k e p t  

c o n s t a n t .  On th e  a b s c i s s a  th e  i n p u t  o f  t h e  f a o t o r  package m in ­

i n g  t e c h n o l o g y  i s  v a r i e d ,  on th e  o r d i n a t e  th e  average o u t p u t  i s  

i n d i c a t e d .  One can c l e a r l y  r e c o g n i z e  t h e  i n f l u e n c e  o f  b o n i t a e t  

on t h e  p o s i t i o n  o f  o p t i m a ,  i . e .  t h e  b e s t  s u i t a b l e  c o m b i n a t i o n  

o f  c o n s t a n t  and v a r i a b l e  f a c t o r s .

43.  The ave rage  o u t p u t  i s  f r e q u e n t l y  d e f i n e d  as p r o d u c t i v ­

i t y .  P r o d u c t i v i t y  i s  a r a t i o  o f  economy and -  i n  c o n t r a s t  t o  

t h e  o p e r a t i n g  r a t i o  -  shows the  r e l a t i o n s h i p  between p h y s i c a l  

o u t p u t  and i n p u t .  Bo th  r a t i o s  are  c l o s e l y  r e l a t e d  to  each o t h e r  

b ec a us e  th e  o p e r a t i n g  r a t i o  can be u n d e r s t o o d  as v a lu ed  p r o d u c ­

t i v i t y  ( S t a e h l e  1 96 9 ) .

The p r o d u c t i v i t y  r a t i o  o f  l a b o u r  i n  t o n s  per  man and s h i f t  

i s  w i d e l y  used i n  m i n i n g .  Tog e the r  w i t h  t h e  p r o d u c t i v i t y  r a t i o  

o f  c a p i t a l  i t  a l l o w s  c o n c l u s i o n s  a b o u t  t h e  b o n i t a e t  o f  d e p o s i t s  

f o r  t h e  purpose o f  mak ing c o m par i sons  between  t ime  p e r i o d s  o r  

be tw een  d i f f e r e n t  m in es .

44.  A c t u a l l y ,  i n  many bra nches  o f  m i n i n g  a l l  o ve r  th e  

w o r l d  c o n s i d e r a b l e  d i f f e r e n c e s  o f  p r o d u c t i v i t y  i n  t ons  p e r  man 

and s h i f t  can be fo un d  even i f  we can c a l c u l a t e  w i t h  a n e a r l y  

s i m i l a r  l e v e l  o f  m in i n g  t e c h n o l o g y .  These d i f f e r e n c e s  amount to  

1 :2 3  o r  even more,  such as i n  c o a l  m i n i n g  i n  th e  S o v i e t  U n i o n ,  

b e tw een  th e  l a r g e  s u r f a c e  mines i n  A s i a  and the  d i f f i c u l t  u n d e r ­

g r o u n d  mines i n  th e  U k r a i n e .  The d e c i s i v e  i n f l u e n c e  a r i s e s  

m a i n l y  f r om  d i f f e r e n c e s  i n  th e  b o n i t a e t  o f  d e p o s i t s ,  b u t  p a r t l y  

a l s o  f r o m  d i f f e r e n c e s  i n  the  d e p o s i t  q u a n t i t i e s .
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PRESENT SITUATION AND TRENDS IN BLASTING TECHNOLOGY IN 
UNDERGROUND MINING OF THE GDR

H G e r h a r d t

Bergakademie Freiberg, Section Geotechnics and Mining, Freiberg,  GDR-9200

The paper reviews the present s i t u a t i o n  o f  b last ing technology, the 
used jumbos, the funct ion of large holes,  the select ion of i g n i t i o n  se­
quences, the i n i t i a t i o n  of  ANFO columnar charges, the used ANFO explosive  
Dekámon, the achieved e f f i c iency  of  round, the ign i t io n  method, the e f f i ­
ciency and the construct ion of  d r i l l i n g  and explosion plans in  the potash- 
and copper mines of  the GDR, and i t  surveys the future trends to  be ex­
pected.

Keywords: ANFO-explosive; b las t i ng ;  copper mining; GDR; potash mining; 
underground mining

1. INTRODUCTORY REMARK

The e x t r a c t i o n  o f  s o l i d  m i n e r a l s  by the use o f  u n d e r g r o u n d  
m in in g  methods i s  c o n c e n t r a t e d  t o  p o t a s h  and ore  m i n i n g  i n  th e  

GDR. Compared t o  t h i s ,  the  e x t r a c t i o n  o f  sp a r ,  s c h i s t  and l i m e ­

s to ne  i n  u nd e rg ro u n d  m in ing  i s  o f  l e s s  im p o r ta n c e .  I n  p o t a s h  

m in ing  t h e  GDR ta k e s  the  t h i r d  p l a c e  i n  th e  w o r l d .  I t s  a n n u a l  
c rude s a l t  o u t p u t  y i e l d s  more th a n  34 M t .  In  ore  m i n i n g  t h e  

ann ua l  o u t p u t  i s  s m a l l e r ,  how eve r ,  i t  i s  im p o r t a n t  f o r  t h e  na­

t i o n a l  economy. Thus, a s te ad y o u t p u t  can be expec te d  i n  po ta sh  

as w e l l  as o re  m in i n g  i n  th e  y e a r s  t o  come. At  p r e s e n t  t h e  e x ­

t r a c t i o n  o f  p o ta s h  i s  c a r r i e d  o u t  i n  t h e  GDR e x c l u s i v e l y  by 

means o f  d r i l l i n g  and b l a s t i n g .  T h i s  i s  s i m i l a r  t o  t i n  m i n i n g .  

Only c o p p e r  and some o t h e r  o re s  a r e  e x t r a c t e d  by means o f  

p a r t l y  mechan ized  and g e o t e c h n o l o g i c a l  methods ( F i g .  1 ) .  D r i l ­

l i n g  and b l a s t i n g  i s  t h e r e f o r e  t h e  most  i m p o r t a n t  e x t r a c t i o n  

p ro cess  i n  u nd e rg round  m in ing  i n  t h e  GDR. Below, a g e n e r a l  r e ­

v iew i s  g i v e n  on th e  p r e s e n t  s i t u a t i o n  o f  b l a s t i n g  t e c h n o l o g y

Acta Geod. Geoph. Mont. Hung. 22, 1987 
Akadémiai Kiadó, Budapest
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Fig .  1. Percentage of  e x t r a c t i on  methods in  underground mining of  the GDR 

i n  p o t a s h  and copper  m i n i n g  and f u t u r e  t r e n d s .

2.  BLASTING TECHNOLOGY IN POTASH MINING IN THE GDR

I n  po ta sh  m in i n g  o f  t h e  GDR f l a t  d e p o s i t i o n  i s  p r e v a i l i n g .  

The ro o m -  and p i l l a r  w o r k i n g  i s  the  d o m in a n t  e x t r a c t i o n  method.  

The r e l a t i v e l y  r e g u l a r  c o m p o s i t i o n  o f  t h e  s a l t  r oc k s  and t h e i r  

good d r i l l a b i l i t y  -  d e p e n d i n g  on the  t y p e  o f  s a l t ,  the  d r i l l i n g  

v e l o c i t y  y i e l d s  4 t o  12 m p e r  minute  w i t h  r o t a r y  d r i l l i n g  and 

u s i n g  w e t - a i r - c i r c u l a t i o n  w i t h  a ho le  d i a m e t e r  o f  37 mm -  r e ­

s u l t  i n  two p e c u l i a r i t i e s  wh ich  have t o  be u n d e r l i n e d  i n  c o n ­

t r a s t  t o  o re  m in i n g :

1 .  I t  i s  p o s s i b l e  t o  use d r i l l i n g  p a t t e r n s  which are s t a n ­

d a r d i z e d  t o  a g r e a t  e x t e n t  i n  c e r t a i n  t y p e s  o f  s a l t .

2 .  D r i l l i n g  i s  s u b o r d i n a t e d  i n  th e  c o m p le x  o f  d r i l l i n g  and
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b l a s t i n g .
C o n s i d e r a b l e  r e s u l t s  have been a c h i e v e d  by the  i n t r o d u c ­

t i o n  o f  d r i l l  jumbos w i t h  c a r r i a g e s  r e a c h i n g  h o le  l e n g t h s  o f  

3 .4  m and 7 .2  m, r e s p e c t i v e l y .  The g e n e r a l  i n t r o d u c t i o n  o f  ANFO- 

- e x p l o s i v e s  -  t h e i r  p o r t i o n  amounts t o  95 % -  as w e l l  as th e  

m e c h a n i z a t i o n  o f  c h a r g i n g  have r e s u l t e d  i n  c o n s i d e r a b l e  r a t i o ­

n a l i z a t i o n  e f f e c t s  i n  th e  m in es .  The p r e s e n t  s i t u a t i o n  can be 

c h a r a c t e r i z e d  as f o l l o w s :

1.  P a r a l l e l  c u t s  w i t h  l a r g e  h o l e s  a re  e x c l u s i v e l y  u s e d .  2 

t o  4 l a r g e  h o l e s  w i t h  d i a m e t e r s  o f  280 mm are  s e t  i n  h o r i z o n t a l  

and v e r t i c a l  d i r e c t i o n s  ( G e r h a r d t  e t  a l .  1985a,  Duchrow and 

G e r h a r d t  1 9 8 4 ) .  The c u t  i s  p e r f o r m e d  by a c o r r e s p o n d i n g  o r d e r  

o f  t h e  b l a s t  h o l e s  f o r  t h e  f i r s t  g ro up  o f  s h o ts  i n  fo rm  o f  

c e n t r e ,  box o r  s p i r a l  c u t s  ( F i g .  2b ,  2 c ) .  A l l  these  c u t  f o rm s  

have adva n ta g es  and d i s a d v a n t a g e s ,  t h u s ,  the  d e c i s i o n  on a c e r ­

t a i n  c u t  fo rm  i s  i n f l u e n c e d  by s u b j e c t i v e  f a c t o r s  i n  t h e  d i f ­

f e r e n t  mines ( T a b l e  I ) .  The c e n t r e  c u t  has the  simplest d r i l l i n g  

p a t t e r n ,  b u t  t h e  g r e a t e s t  number o f  h o l e s  and h i g h e s t  e x p l o s i v e  

c o n s u m p t i o n .  T h e r e f o r e ,  i t  has t h e  h i g h e s t  c o s t s  compared t o  

t h e  o t h e r  f o r m s .  The s p i r a l  o r  d o u b l e - s p i r a l  c u t  o f f e r s  t h e  

l o w e s t  c o s t s  i n  d r i l l i n g  and b l a s t i n g .  Bu t  the  n e c e s s a r y  p r e ­

c o n d i t i o n s  ( e x a c t  p o s i t i o n  o f  b o r e h o l e s ,  p a r a l l e l i s m  o f  t h e  

h o l e s )  can n o t  be f u l f i l l e d  i n  e v e r y  c a s e .  Thus,  the  box c u t  i s  

used most  o f t e n  ( T a b le  I ) .
2.  The l a r g e  h o l e s  f u l f i l  s e v e r a l  f u n c t i o n s :

-  p r o v i d e  a d d i t i o n a l  f r e e  space and t h u s  r e f l e c t i o n  f a c e s  f o r  

t h e  p r e s s u r e  waves,
-  red uc e  th e  i n t e r n a l  t e n s i o n  b e h in d  t h e  f a c e ,

-  p r o v i d e  f r e e  space f o r  the  movement o f  the  r ock  w h ich  i s  

b l a s t  i n  t h e  f i r s t  round o f  s h o t s  ( b u rd e n  c u t ) .

3.  I t  i s  v e r y  i m p o r t a n t  f o r  a s u c c e s s f u l  round t h a t  t h e  

c o r r e c t  d e l a y  p a t t e r n  s h o u ld  be c h o s e n .  D e t o n a t o r s  o f  t h e  

" K a l i s e r i e "  áTe used w i t h  a p a t t e r n  shown i n  Tab le  I I .  The com­

b i n e d  usage o f  m i l l i s e c o n d - d e l a y ,  q u a r t e r s e c o n d - d e l a y  and h a l f -  

s e c o n d - d e l a y  f i r i n g  adapted t o  t h e  r o c k  c o n d i t i o n s  o f f e r s  th e  

f o l l o w i n g  a d v a n t a g e s :

-  Use o f  t h e  adva n ta g es  o f  m i l l i s e c o n d - d e l a y  f i r i n g  i n  t h e
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Fig. 2. Usual cuts in  potash mining in  the GDR

i m m e d i a t e  c u t  a rea ( m u t u a l  i n f l u e n c e  o f  t h e  ch a rges ,  a v o i d ­

ance o f  " d e a d p r e s s i n g " - e f f e c t s , good p r o p u l s i v e  e f f e c t  and 

p r o v i d i n g  f r e e  space f o r  th e  f o l l o w i n g  d e t o n a t i o n s ,  red uc e  o f  

m i s f i r e s ,  r e g u l a r l y  and w e l l  c rush ed  b l a s t  r o c k ) .

-  R e d u c t i o n  o f  th e  number o f  i g n i t e  s t e p s  by i g n i t i n g  th e

c h a r g e s  i n  p a i r s  c o n s i d e r i n g  the  b l a s t e d  space ( F i g .  2 c ) .  I n  

d o i n g  s o ,  a r e l a t i v e l y  l a r g e  d r i v i n g  c r o s s  s e c t i o n  can be made 

by t h e  a v a i l a b l e  d e l a y  p a t t e r n .

4 .  The ANFO-columnar  charge s  a re  i n i t i a t e d  to  a g r e a t e r  

e x t e n t  w i t h o u t  a d d i t i o n a l  g e l a t i n  p r i m e r s  o r  d e t o n a t i n g  f u s e
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Table I. Used variants of cuts in potash mining
Cut
Centre Bax Spiral

Complication of patterns and 
firing orders О С •

Exact positions for bore holes О € •

Exact drilling work О © •

Adaptation at diverse conditions « © •

Number of bore holes • © о

Relation between blasted and 
drilled advance per round • © о

Costs for drilling and blasting • © о

•  unfavourable 
О favourable

T ab le  I I .  D e t o n a t o r s  o f  th e  " K a l i s e r i e "

Number of  delay steps 1 . . .  8 9 . . .  18 19 . . .  24

Delay in te rva l  between two steps (ms) 80 250 500

\
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o n l y  by th e  d e t o n a t o r s  o f  t h e  above m en t io n e d  " K a l i s e r i e " .  T h i s  

d i f f e r s  f rom c o n v e n t i o n a l  methods ,  b u t  i s  based on c o r r e s p o n d ­

i n g  i n v e s t i g a t i o n s  ( U l l r i c h  1985,  Kahmann and Moye 1 98 4 ) .  The 

a d v a n t a g e s  are as f o l l o w s :

-  s h o r t e r  cha rg in g  t i m e ,

-  r e d u c t i o n  o f  e x p l o s i v e  c o s t s  and

-  i n c r e a s i n g  s a f e t y  i n  e x p l o s i v e  s t o r a g e  and t r a n s p o r t .

5 .  The employed A N F O - e x p lo s i v e  Dekámon 1 PK-14-339 i s  

c h a r a c t e r i z e d  by the  f o l l o w i n g  p a r a m e t e r s :

P o r t i o n  o f  ammonium n i t r a t e  80 %, p o r t i o n  o f  c a l c i u m  ammo­

n iu m  n i t r a t e  14.2 %, p o r t i o n  o f  d i e s e l  5 .8  %, d e t o n a t i n g  hea t  

3 . 6  • 10^ J / k g ,  gas r a t i o  960 dm^/kg,  d e t o n a t i o n  v e l o c i t y  1970 

m / s .  I f  i t  i s  used i n  b o r e h o l e s  w i t h  a d i a m e t e r  o f  37 mm, the  

o p t im u m  c h a rg in g  d e n s i t y  i s  0 .8 0  kg dm-5 t o  0 .8 3  kg dm- '5 w i t h  

t h e  d e s i r e d  va lue o f  c r i t i c a l  c h a r g i n g  d e n s i t y  o f  0 .6  t o  0 . 9 .  

U nd e r  t h e s e  c o n d i t i o n s  " d e a d - p r e s s i n g " - e f f e c t s  can s u r e l y  be 

a v o i d e d  (Cook 1974, K re b s  1 9 8 5 ) .  I t  goes w i t h o u t  s a y in g  t h a t  

g r e a t e r  c h a rg in g  d e n s i t i e s  w i t h i n  th ese  l i m i t s  l ea d  to  b e t t e r  

r e s u l t s .  Th i s  has been v e r i f i e d  p r e v i o u s l y  by R i c h t e r  ( 1 9 8 5 ) .  

H o w e v e r ,  the  ach ieved  b e t t e r  b l a s t i n g  e f f e c t  i s  n o t  adequate  to  

t h e  s i m u l t a n e o u s l y  r i s i n g  e x p l o s i v e  c o n s u m p t i o n  i n  e v e ry  case.  

The m en t i on ed  c h a r g i n g  d e n s i t i e s  are  im p lem en te d  by means o f  

b l o w  p r e s s u r e s  o f  a p p r o x i m a t e l y  230 kPa i n  t h e  p r e s s u r e  b o i l e r .
6 .  The ach ieved e f f i c i e n c y  o f  rou nd  amounts w i t h  t h e  men­

t i o n e d  h o le  l e n g t h  80 t o  90 %. An i m p o r t a n t  f a c t o r  wh ich  i n ­

f l u e n c e s  the  e f f i c i e n c y  i s  th e  q u a l i t y  o f  d r i l l i n g .  The depen­

d ence  o f  the  e f f i c i e n c y  o r  round on t h e  h o l e  l e n g t h  i s  de­

s c r i b e d  by the f o l l o w i n g  e q u a t i o n ,  i n  w h ic h  a r e f e r e n c e  v a lu e  

o f  5 . 4 0  m hole  l e n g t h  i s  used (Sch m ied e l  1 9 8 5 ) .

" I r  = 4 r  5 . 4  -  ° - 7 % ( 1 bh -  5 ' 4 m)

'»i = e f f i c i e n c y  o f  r o u n d

l bh = l e n g t h  o f  bo re  h o l e .

Due t o  t h i s ,  the e f f i c i e n c y  o f  round d e c r e a s e s  by 0 .7  %/m f o r  

h o l e  l e n g t h s  l o n g e r  t h a n  5 . 4  m. The v a lu e  0 . 7  % i s  r e l a t i v e l y  

f a v o u r a b l e  c o n c e rn in g  t h e  q u a l i t y  o f  d r i l l i n g .
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7.  Due m a i n l y  t o  s a f e t y  reasons ( d a n g e r o u s  gas f o r m a t i o n )  

the  ch a rges  are  g e n e r a l l y  i g n i t e d  o n l y  a t  th e  end o f  t h e  s h i f t  

f rom c e n t r a l  p l a c e s  when the  s t a f f  had l e f t  th e  f a c e .  Power -  

- c i r c u i t  f i r i n g  i s  a p p l i e d  wh ich  i s  nowadays equ ippe d  w i t h  con-  

d e n s e r - t y p e  ' i g n i t i o n  d e v i c e s .  By means o f  a c o n t r o l  t r a n s f o r m e r  

a seconda ry  v o l t a g e  o f  620 V i s  g e n e r a t e d  f rom  th e  5 0 0 - V - c i r -  

c u i t  by the  use o f  w h ich  the  cond en se r  i s  charged up t o  1755 V. 

The conden se r  f e e d s  a f i r i n g  c i r c u i t  f o r  В seconds e a c h ,  by 

means o f  a s te p  r e l a y  s e v e r a l  f i r i n g  c i r c u i t s  a re  c o n n e c t e d  one 

a f t e r  th e  o t h e r .  W i th  s e r i e s  c o n n e c t i o n  o f  0 . 4 5 - A - d e t o n a t o r s  

the  maximum p e r m i s s i b l e  r e s i s t a n c e  i s  510 П .

8.  A f t e r  i n t r o d u c i n g  AN F O -exp los i ve s  i n t o  th e  m in e s ,  nowa­

days 300 t o  600 kg e x p l o s i v e s  are c h a rg e d  p e r  m a n - s h i f t  ( b e f o r e  

20 t o  35 kg p e r  m a n - s h i f t  w i t h  s i m u l t a n e o u s  d r i l l i n g ) .  B l a s t i n g  

i s  s p e c i a l i z e d .  The c h a r g i n g  v e h i c l e s  c o n t a i n  p r e s s u r e  v e s s e l s  

w i t h  a volume o f  345 and 1130 1, r e s p e c t i v e l y  b e in g  adequ a te  to  

270 and 883 kg e x p l o s i v e s  ( F i g .  3 ) .  A v e r y  l o w - b u i l t  c h a r g i n g  

v e h i c l e  has been d e v e lo p e d  f o r  p a r t i c u l a r  m in i n g  c o n d i t i o n s .  I t  

c o n t a i n s  f o u r  p r e s s u r e  b o i l e r s  w i t h  350 1 volume each .  Under  

norma l  c o n d i t i o n s  i t  has a c h a r g i n g  p e r f o r m a n c e  o f  15 t o  18 

k g /m in  and 1200 kg p e r  m a n - s h i f t .  The e x p l o s i v e  c o n s u m p t i o n  i s

Fig. 3. Charging veh ic le .  1 -  compressor, compressed a i r  conta iner ,  2 -  pres­
sure b o i l e r  f o r  explosives, 3 -  explos ive mater ial  conta iner ,
4 -  p la t form *
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0 .6  k g / t  c rude s a l t .  T r a n s p o r t a t i o n  and t r a n s l o a d i n g  have been 

f u l l y  mechan ized.  For  exam ple ,  i n  one s h a f t  th e  e x p l o s i v e  i s  

t r a n s p o r t e d  by means o f  t u b e s .  As shown i n  F i g .  4,  t h e  e x p l o ­

s i v e  d e l i v e r e d  by t r a i n  i s  p n e u m a t i c a l l y  d i s c h a r g e d  i n t o  a 

b u n k e r  and a f t e r w a r d s  p i p e d  by two p a r a l l e l  tu be s  i n t o  u n d e r ­

g r o u n d  bunke rs .  The e f f e c t i v e n e s s  o f  such  systems r e s u l t s  f rom  

t h e  r e d u c t i o n  o f  t r a n s p o r t  space,  p a c k i n g  m a t e r i a l  and l a b o u r  

c o n s u m p t i o n  (Moye 198 2 ,  Moye 1984) .  The t o t a l  l a b o u r  consump­

t i o n  o f  b l a s t i n g  i n  t h e  p o ta sh  mines c o u l d  be reduced t o  a p -

Tube f o r  v e r t i ­
cal  t ranspor t  of  
ANFO-explosive 
in potash m ining
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p r o x i m a t e l y  20 %.
9.  Under p a r t i c u l a r  m in i n g  c o n d i t i o n s  e le men ts  o f  smooth 

b l a s t i n g  are  used. The aim i s  t o  u t i l i z e  the  e x i s t i n g  e x p l o ­

s i v e s  and b l a s t i n g  a c c e s s o r i e s  and t o  a v o id  s p e c i a l  e x p l o s i v e  

m a t e r i a l s .  Tes ts  w i t h  m o d i f i e d  ANFO -exp los i ves  -  a d d i t i o n  o f  

i n e r t  m a t e r i a l  -  as w e l l  as t h e  use o f  o n l y  the  d e t o n a t i n g  fu se  

i n  t h e  r o o f  h o le s  p r e s e n t e d  c o n s i d e r a b l e  r e s u l t s .  Under  geo -  

m e c h a n i c a l l y  u n f a v o u r a b l e  c o n d i t i o n s  d e c i s i v e  im p rove m e n ts  have 
been reached  i n  t h e  s t a b i l i t y  o f  t h e  c o n t o u r ,  in  the reduct ion of 

r o c k - b o l t  d e n s i t y  and i n  e x p l o s i v e  consu mp t ion  by a s imul taneous 

r e d u c t i o n  o f  the  h o l e  i n t e r v a l s ,  i g n i t i o n  i n  one s t e p  and v a u l t  

o f  t h e  r o o f  (K a u le  1983,  Koch 1984,  Jonek 1985, Moye e t  a l .  

1 9 8 1 ) .  I t  has been r e a l i z e d  as f o l l o w s :

-  The a d m ix t u r e  o f  p o l y s t y r e n e  t o  t h e  AN FO-exp los ive  e n a b l e s  a 

r e d u c t i o n  o f  th e  e x p l o s i v e  amount i n  the  b o r e h o le  and t h u s  

t h e  d e s i r e d  e f f e c t  o f  reduced  b l a s t i n g  f o r c e  w h i l e  t h e  c h a r g ­
i n g  t e c h n i q u e s  rem ains  unchanged (use  o f  jumbos w i t h  p r e s s u r e  

b o i l e r s ) .  Even w i t h  an a d m ix t u r e  r a t i o  o f  60 %, d e t o n a t i o n  
v e l o c i t i e s  o f  > 1800 m/s c o u l d  be i n d i c a t e d  and a s t a b l e  p r o ­

cess  o f  d e t o n a t i o n  was v e r i f i e d .  The d a ta  g i v e n  i n  F i g .  5 

(based  on H e l t z e n  1 9 7 4 ) ,  t u r n e d  o u t  t o  be c o r r e c t .

-  The employed m o d i f i e d  AN F O -ex p los i v e s  can be i n i t i a t e d  by de­
t o n a t o r s  w i t h o u t  a d d i t i o n a l  p r i m e r s .

-  The maximum p e r m i s s i b l e  v a lu e s  o f  t o x i c  gases (CO, Nx 0 y ) are  

n o t  exceeded up t o  a p o r t i o n  o f  50 % p o l y s t y r e n e .  The l e s s e r  

a d m ix t u r e  r a t i o s  o f  20 t o  30 % p o l y s t y r e n e  r e s u l t  i n  p o l l u ­

t i o n  by h a r m f u l  substances even l e s s  than  w i t h  t h e  use o f  

pu re  A N F O -ex p los i v e .  M o r e o v e r ,  t h e s e  m o d i f i e d  A N F O - e x p lo s i v e s  

o f f e r  th e  same b l a s t i n g  p e r fo r m a n c e  as pure A N F O - e x p lo s i v e s  

( d e t o n a t i o n  v e l o c i t y  and gas r a t i o  are  n e a r l y  t h e  sa me) .  

T h e r e f o r e ,  the  combined usage o f  m o d i f i e d  A N F O -e x p lo s i v e s  

w i t h  20 t o  30 % p o l y s t y r e n e  and 60 to  80 % p o l y s t y r e n e  i n  the  

c u t  and r o o f  a rea  r e s u l t s  i n  a t o t a l l y  l e s s  p o l l u t i o n  by harm­
f u l  s u b s ta n c e s .

10.  For  some t im e  co mpute r  programmes have been used  f o r  
t h e  c o n s t r u c t i o n  o f  th e  d r i l l i n g  and b l a s t i n g  p a t t e r n  c o n s i d e r ­

i n g  t h e  maximum burden f o r  t h e  d i f f e r e n t  s a l t  t y p e s  i n  t h e  c u t ,
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Fig.  5. Detonation v e lo c i t y  depending on the polystyrene por t ion in  the ANF0- 
-explosive

t h e  c r a t e r  a ng le ,  t h e  c o e f f i c i e n t  o f  b u l k  i n c r e a s e  and the  fa c e  

h e i g h t .  Th is  r e s u l t s  i n  l o w e r  cos t s  ( G e r h a r d t  e t  a l .  1985a, b,  

c ,  R i c h t e r  1985а, b )  ( F i g .  6 ) .  The d i g i t a l  s i m u l a t i o n  o f  b l a s t  

d r i v i n g s  i n  potash m i n i n g  enab les  th e  h a n d l i n g  o f  th e  f o l l o w i n g  

q u e s t i o n s  o f  i n d i v i d u a l  and complex o p t i m i z i n g :

-  D e t e r m i n a t i o n  o f  t h e  d r i v i n g  c r o s s - s e c t i o n ,

-  D e t e r m i n a t i o n  o f  t h e  number and d i a m e t e r  o f  t h e  l a r g e  h o l e s ,

-  D e t e r m i n a t i o n  o f  t h e  opt imum b l a s t - h o l e  d i a m e t e r ,
-  D e t e r m i n a t i o n  o f  t h e  opt imum ho le  l e n g t h ,

-  D e t e r m i n a t i o n  o f  t h e  u t i l i z a t i o n  c o e f f i c i e n t  o f  the  d r i l l i n g  

e q u i p m e n t .

Based on R i c h t e r  ( 1 9 8 5 a )  the  d e t e r m i n e d  e x p l o s i v e  c o s t s  

and t o t a l  e x t r a c t i o n  c o s t s  are  shown i n  F i g .  7 depend ing on th e  

number o f  l a r g e  h o l e s .  Based on these r e s u l t s  and f u r t h e r  i n ­

v e s t i g a t i o n s  the e x t e n s i o n  o f  the  l a r g e  h o l e s  f rom  280 mm d i a ­

m e t e r  t o  500 mm i s  n o t  f a v o u r a b l e .  I n  t h e  a re a  o f  5 t o  8 m 

d r i v i n g  w i t h  to  2 b l a s t  h o l e s  l e s s  a re  n e c e s s a r y  w i t h  the  use
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number of bore holes 

bore holes per m2 

number of detonators 

explosive consumption

= 28 1 ' * - 

= 1.56 m-2 

= 28

= 120% kg DEKÁMON 
1PK 14-339

explosive per t  blast rock = 0.61 kg/t 

advance per round = 4.95m

blast rock = 1961

- f i g .  6 .  Computer-printed b las t ing  pat te rn  w i th  four  large holes o f  280 mm 
diameter

o f  two l a r g e  h o l e s  o f  280 mm d i a m e t e r  t h an  w i t h  one l a r g e  h o l e  

o f  500 mm d i a m e t e r  f o r  the  p r o v i s i o n  o f  f r e e  space.  «

3.  BLASTING TECHNOLOGY IN COPPER MINING

I n  c o n t r a s t  t o  po ta sh  m in i n g  t h e  deve lopm ent  and d e s i g n  o f  
b l a s t i n g  t e c h n i q u e s  and methods i n  o re  m in i n g  i s  h o t  e q u a l l y
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§
I

costs for explosive 
materials

2<h 1 2 3 4  5 6  
number of large holes

Fig.  7. Explosive costs and t o t a l  ex t rac t ion  costs depending on the number 
of  large holes

u n i f o r m  because o f  a l t e r n a t i n g  g e o l o g i c a l  and t e c h n o l o g i c a l  

c o n d i t i o n s .  Be low ,  c o p p e r  m in i n g  i s  d e a l t  w i t h  i n  d e t a i l .  I n  

c o p p e r  m i n i n g  b l a s t i n g  p l a y s  a more s i g n i f i c a n t  r o l e  i n  e x t r a c ­
t i o n  t h an  i n  d r i v i n g .

I n  co pper  m in i n g  o f  th e  GOR a t h i n ,  s l i g h t y  i n c l i n e d  seam 

i s  wo rked  i n  l o n g w a l l  w o r k i n g .  About  90 % o f  the  annua l  worked 

seam are a  i s  e x t r a c t e d  by means o f  i n t e n s i v e  b l a s t i n g .  The f o l ­

l o w i n g  g e o l o g i c a l - t e c h n o l o g i c a l  f a c t o r s  have t o  be c o n s i d e r e d  
w i t h  r e g a r d  t o  b l a s t i n g  ( F i g .  8 ) :

-  W i t h  a t h i c k n e s s  o f  t h e  o r e - b e a r i n g  l a y e r s  o f  0 .20  t o  0 .3 5  m, 

t h e  average h e i g h t  o f  th e  f a c e  y i e l d s  o n l y  1 m. They are  

e x t r a c t e d  s e l e c t i v e l y .  The fa c es  a re  i n  average 60 m l o n g  and 
a re  d i v i d e d  i n t o  two p a r t s  by a c o n v e y i n g  roa d .

-  The waste  r o c k  i s  used as f i l l i n g  m a t e r i a l  i m m e d ia t e l y  i n  t h e  

f a c e .  I t  i s  th e  aim t o  b l a s t  the  who le  waste  r o c k  d i r e c t l y  

i n t o  t h e  f i l l i n g  s p ac e .  A f t e r w a r d s  t h e  seam i s  e x t r a c t e d  and 
t h e  o re  h a u le d .

-  A l t h o u g h  b l a s t i n g  i s  v e r y  i n t e n s i v e ,  t h e  q u a l i t y  o f  th e  b l a s t
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Fig. 8. Schematic view of a face in  copper mining. 1 -  hydraul ic prop, roof 
bar,  2 -  wood prop, 3 -  f i t t i n g ,  4 -  seam

ro c k  ( d i l u t i o n )  and o re  l o s s e s  s h a l l  n o t  be a f f e c t e d .  The e f ­

f e c t i v e n e s s  o f  th e  used h y d r a u l i c - p r o p - s u p p o r t  has t o  be r e ­
t a i n e d  as w e l l .

C o n s i d e r i n g  a l l  t h e s e  c o n d i t i o n s  a b l a s t i n g  t e c h n i q u e  has 

been d e v e lo p e d  f o r  e x t r a c t i o n  methods w i t h  i n t e n s i v e  b l a s t i n g  

i n  c oppe r  m in i n g  wh ich  can be c h a r a c t e r i z e d  as f o l l o w s :

1.  Because o f  th e  e x i s t i n g  g e o m e t r i c  c o n d i t i o n s  s m a l l - d i a ­
mete r  b l a s t  h o l e s  w i t h  a d i a m e t e r  o f  26 mm are  used. The h o l e  

l e n g t h s  a re  0 .7  t o  1 .0  m.

2.  The h o l e s  are  s e t  i n t o  two l i n e s ;  a s i t  i s  shown i n  

F i g .  9 ( G e r h a r d t  and S c h ä f e r  1 9 7 2 ) .  The h o le  i n t e r v a l s  i n  th e  

upper  l i n e  amount t o  0 .4  m, i n  t h e  l o w e r  l i n e  they  a re  0 . 8  t o  

1 .2  m. I n  th e  upper  l i n e  wedge c u t s  a re  s e t  i n  bo th  p a r t s  o f  

th e  f a c e .  The o t h e r  h o l e s  are  d r i l l e d  w i t h  an ang le  o f  50 t o  

70° .  Thus,  t h e  d e s i r e d  e f f e c t  -  b l a s t i n g  o f  the  waste  r o c k  d i ­

r e c t l y  i n t o  th e  f i l l i n g  space -  i s  s u p p o r t e d .  The h o l e s  i n  th e  

l o w e r  l i n e  a re  f i r e d  a f t e r  th e  h o l e s  i n  t h e  upper  one ,  t h u s ,  

c u t s  a re  n o t  n e c e s s a r y .  These h o l e s  a re  d r i l l e d  w i t h  a 9 0 ° - a n -  

g l e .  D e v i a t i o n s  i n  the  h o le  p a t t e r n  a re  p o s s i b l e  and depend on 

th e  p o s i t i o n  o f  th e  fa c e  i n  r e l a t i o n  t o  th e  o ld  man, t h e  t h i c k ­

ness o f  t h e  o r e - b e a r i n g  l a y e r s  and so on.  At  the  end o f  th e  

f a c e ,  t h e  h o l e s  a re  s e t  i n  a s l a b b i n g  p o s i t i o n .

3 .  Depending on th e  above m e n t i o n e d  c o n d i t i o n s ,  t h e  number 

o f  d e t o n a t o r s  p e r  round amounts t o  110 t o  140 per  30 m f a c e .  

T h e r e f o r e ,  th e  p o r t i o n  o f  d e t o n a t o r  c o s t s  i n  the t o t a l
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Fig. 9. Blast ing pat tern  in  the face. 1 -  upper b la s t  holes, 2 -  lower b la s t  
holes,  3 -  seam, 4 -  wedge cut,  5 -  s labbing in  the end of  face, 
oC= 60°, A  = 15°, a = 0.7 m, b = 0.3 m

e x p l o s i v e  c o s t s  i s  h i g h .  The f o l l o w i n g  t e c h n i c a l  param ete rs  a re  
a c h i e v e d  :

2
d r i l l i n g  m e t r e  3 .6  t o  3 Bm/m

2e x p l o s i v e  c o n s u m p t io n  abou t  1 . 7  t o  2 .2  kg/m
2

number o f  d e t o n a t o r s  4 t o  7 p e r  m

2
w i t h  1 m seam are a  co r respond ing a p p r o x i m a t e l y  t o  1 t  c rud e  o re  

and t o  2 . 7  t  b l a s t  r o c k ,  r e s p e c t i v e l y .

4 .  The t e s t s . v e r i f i e d  t h a t  even w i t h  t h e  s m a l l  h o l e  d i a ­

mete r  A N F O - e x p lo s i v e s  can be f i r e d  s a f e l y  i f  g e l a t i n  p r i m e r s  

are  used  f o r  i n i t i a t i o n .  However , econom ic  c a l c u l a t i o n s  have 

shown t h a t  under  t h e  above ment ioned c o n d i t i o n s  -  low c o s t s  o f  

A N F O - e x p lo s i v e s  and h i g h  c o s t s  o f  d e t o n a t o r s  and p r im e rs  -  t h e  

econ om ic  r e s u l t s  a r e  n o t  b e t t e r  than  w i t h  t h e  use o f  o n l y  g e l a ­

t i n i z e d  e x p l o s i v e  ( G e r h a r d t  e t  a l .  1 9 7 5 ) .  F o r  t h i s  rea son ,  

A N F O - e x p lo s i v e  i s  n o t  used i n  th e  f a c e .  C a r t r i g e d  g e l a t i n s  a re  

employed w i t h  a c a r t r i g e  d ia m e t e r  o f  16 mm.

5.  I n  t h e  upper  l i n e  th e  ho les  a re  f i r e d  by means o f
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m i l l i s e c o n d - d e l a y  d e t o n a t o r s  w i t h  a d e l a y  o f  th e  i g n i t e  s t e p s  

o f  23 ms. Compared t o  o t h e r  methods i t  can be seen t h a t  such a 

d e l a y  i n t e r v a l  r e s u l t  i n  opt imum c o n d i t i o n s ,  s i n c e  w i t h

Д t  = 46 .68  -  2 .4 4  • f  (ms)

f p  ( P ro to dyakonov  c o e f f i c i e n t )  = 8 . . .  12

d e t o n a t o r s  are  f u l l y  e f f e c t i v e  i n  th e  r o c k  which i s  t o  be e x ­

t r a c t e d .  P a r t i c u l a r l y  th e  p r o p u l s i v e  e f f e c t  i s  used t o  b l a s t  

t h e  wast e  r o c k  d i r e c t l y  i n t o  t h e  f i l l i n g  space and t o  a v o i d  ad­
d i t i o n a l  manual  rem ova l .

6 .  Because o f  th e  l a r g e  number o f  charges wh ic h  have  t o  be 
f i r e d  a t  t h e  same t im e  -  und e r  ex t reme  c o n d i t i o n s  up t o  290 

c h a rg e s  have t o  be f i r e d  i n  one round  o f  sh o ts  -  i n  t h e  l a t e  

s e v e n t i e s  an i g n i t i o n  d e v i c e  was d eve lo ped  us in g  i n s e n s i t i v e  

d e t o n a t o r s .  These d e t o n a t o r s  response  o n l y  t o  an amperage o f  

more t h a n  0 .45  A. From a c e n t r a l  p l a c e  up t o  s i x  f a c e s  can be 

f i r e d  one a f t e r  the  o t h e r  a t  t h e  end o f  the  s h i f t .  T h i s  i g n i ­

t i o n  d e v i c e  has p roved  t o  be w o r t h w h i l e .  To run t h i s  p l a n t  a 

v o l t a g e  o f  500 V/50 Hz i s  n e c e s s a r y .  The maximum v o l t a g e  a t  

t h e  c o n d e n s e r  was d e t e rm in e d  t o  1 .7 5  kV and the  s t o r a g e  c a p a c i ­

t y  t o  48 pF.  The maximum p e r m i s s i b l e  r e s i s t a n c e  w i t h  s e r i e s  

c o n n e c t i o n  o f  these  0 . 4 5 - A - d e t o n a t o r s  i s  625 Û .

Fo r  d r i v i n g  i n  copp er  m in i n g  ( c r o s s - c u t s ,  d r i f t s ,  i n c l i n e s )  

p a r a l l e l  o r  s o - c a l l e d  to e  c u t s  a re  used .  A toe  c u t  i s  a s l a b ­

b i n g  c u t  wh ich  i s  d i r e c t e d  i n t o  th e  f l o o r  ( F i g .  1 0 ) .  W i t h  p a r ­

a l l e l  c u t s  uncharged h o l e s  w i t h  a d ia m e t e r  o f  56 o r  75 mm are 

used f o r  t h e  p r o v i s i o n  o f  f r e e  space .  The b l a s t  h o l e s  have a 

d i a m e t e r  o f  36 mm. A l t h o u g h  t h e  s l a b b i n g  c u t  o f f e r s  d i s a d v a n ­

t a g e s  i n  d r i l l i n g ,  i t  i s  s t i l l  used because o f  i t s  a dv a n ta g e s  

i n  b l a s t i n g »  As shown i n  F i g .  10,  t h e  u t i l i z a t i o n  o f  t h e  geo ­

m echan ic  p r o p e r t i e s  o f  t h e  seam a l l o w s  a lo w e r  e x p l o s i v e  co n ­

s u m p t i o n .  Moreo ver ,  the  s l a b b i n g  c u t  p e r m i t s  p a r t l y  s i m u l t a ­

neous d r i l l i n g  and l o a d i n g .  AN F O -ex p los i v e  i s  used and ,  l a t e s t  

i n v e s t i g a t i o n s  v e r i f i e d  t h a t  i t  can be f i r e d  i m m e d i a t e l y  by the 

used q u a r t e r s e c o n d - d e l a y  d e t o n a t o r s  w i t h o u t  p r i m e r s  (Kahmann 
and Moye 1984) .
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2000mm,

drilling meter : 2.7

consumption of 
explosives kg/m3 :1.9

drilling meter :2.9

consumption of 
explosives kg/m3 :2.8

Fig.  10. Blast ing pat te rns  i n  dr iv ing in copper mining (pa ra l le l  cut  and 
toe cut)

4 .  PROSPECTS AND TRENDS

I n  under gr ou nd  m i n i n g  o f  the  GDR d r i l l i n g  and b l a s t i n g  

w i l l  dominate  i n  e x t r a c t i o n  o f  raw m a t e r i a l s  even i n  f u t u r e ,  

a l t h o u g h  the e x t r a c t i o n  i s  p a r t l y  mechan ized  and g e o t e c h n o l o g -  

i c a l  methods a re  a p p l i e d .  Moreover ,  b l a s t i n g  methods are  used 

i n  o p e n - c a s t  m i n i n g  and some o t h e r  b ra n c h e s  as w e l l .  T h e r e f o r e ,  

t h e  deve lopment  o f  b l a s t i n g  t e c hn o lo gy  i s  o f  g e n e r a l  i n t e r e s t .

E x p l o s i v e s  : The e x p l o s i v e  p r o d u c t i o n  o f  th e  GDR meets th e  

d o m e s t i c  demand, i n  a d d i t i o n  to  t h i s ,  e x p l o s i v e s  are  e x p o r t e d  

as w e l l .  By th e  c o n s t r u c t i o n  o f  a new p l a n t  f o r  the  p r o d u c t i o n  

o f  ammonium n i t r a t e  ( o p e r a t i o n  s t a r t e d  i n  1985)  the  i n d u s t r i a l  

demand f o r  t h i s  b a s i c  m a t e r i a l  o f  the  p r o d u c t i o n  o f  ANFO-exp lo-
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s i v e  c o u l d  be cove red  as w e l l .  A t  p r e s e n t ,  i n v e s t i g a t i o n s  are  

u n d e r t a k e n  f o r  the  p r o d u c t i o n  o f  e x p a n s i v e  e x p l o s i v e s  w h i c h  

can a l s o  be used i n  u nd e rg round  m i n i n g .  M oreo ver ,  th e  d e v e l o p ­

ment o f  s l u r r y - e x p l o s i v e s  i s  t a k e n  i n t o  accou nt  i n  o r d e r  t o  r e ­

duce th e  usage o f  g e l a t i n i z e d  e x p l o s i v e s  i n  wet m in es .  M o d i f i e d  

ANFO -exp los i ves  f o r  s p e c i a l  use (smooth  b l a s t i n g )  w i l l  a l s o  i n  

f u t u r e  be produced by t h e  u s e rs  t h e m s e l v e s .

D e t o n a t o r s  : The p r e s e n t l y  used d e t o n a t o r s  wh ich  a r e  made 

by d o m e s t i c  p ro d u c e r s  and im p o r t e d  f r om  the  CSSR, w i l l  be s u f ­

f i c i e n t  a l s o  i n  th e  y e a rs  to  come. Modern n o n e l e c t r i c a l  i g n i ­

t i o n  methods (NONEL e t c . )  w i l l  n o t  be a p p l i e d  because o f  th e  

u n f a v o u r a b l e  c o s t  p r o p o r t i o n s .  Due t o  t h e  g e n e r a l  i n t r o d u c t i o n  

o f  i n s e n s i t i v e  d e t o n a t o r s  th e  p o w e r - c i r c u i t  f i r i n g  w i l l  more 

and more dominate  t h e  scene .

B l a s t i n g  t e c h n o l o g y : C ha rg in g  has t o  be mechan ized  t o  a 

g r e a t e r  ex ten d  i n  case o f  l a r g e  c h a r g i n g  amounts pe r  w o r k i n g  

p l a c e ,  g r e a t  h o le  l e n g t h s  and u n f a v o u r a b l e  c l i m a t i c  c o n d i t i o n s  

(use o f  m a n i p u l a t o r s ) .  The use o f  compute rs  f o r  the  c o n s t r u c ­

t i o n  o f  d r i l l i n g  and b l a s t i n g  p a t t e r n s  i n  o r d e r  t o  o p t i m i z e  
b l a s t i n g  i s  e x te n d e d .  I n  a d d i t i o n  t o  t h i s ,  p a r a l l e l  r u n  jumbos 

are  i n t r o d u c e d .  Thus,  the  p r e c o n d i t i o n s  are  p r o v i d e d  f o r  p a r t l y  

o r  f u l l y  a u t o m a t i c  d r i l l i n g  o f  t h e  e n t i r e  p a t t e r n  by means o f  

jumbos wh ich  are  c o n t r o l l e d  by m i c r o p r o c e s s o r s  ( c l o s e d  CAD/CAM- 

- s y s t e m ) . Moreove r ,  th e  a p p l i c a t i o n  o f  computers  r e s u l t  i n  b e t ­

t e r  and b e t t e r  m a s t e r i n g  t h e  r e l a t i o n  between r o c k  c o n d i t i o n s  
and b l a s t i n g  p r o c e s s .  Thus,  i t  r e n d e r s  a c o n t r i b u t i o n  t o  th e  

deve lopm ent  o f  b l a s t i n g  t e c h n o l o g y .
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WATER PREVENTION OF THE PLANNED VADNA I  OPEN COAL MINE

R Oeney J a m b r i k

Technical Universi ty fo r  Heavy Industry,  Miskolc ,  Egyetemváros, H-3515

Out of  the ch a rac te r is t i c  f i v e  coal seams the lowest, developed i n  the 
Vadna brown coal t e r r i t o r y  belongs to the East-Borsod brown coal basin.
This coal bed being near to the surface i s  planned to  be mined wi th  s t r i p ­
ping in  two part's. The hydrogeological  and hydro log ica l  condit ions o f  the 
t e r r i t o r y  are discussed in  the paper, and a proposal  i s  given f o r  the pro­
tec t i on  of  part  1 of the surface mining against  surface and underground 
water.

Keywords: Vadna coal t e r r i t o r y ;  coal s t r i p p i n g ;  Borsod coal basin;  pro­
te c t i on  against water

HYDROLOGICAL CONDITIONS

The most i m p o r t a n t  s u r f a c e  w a t e r  s o u r c e  o f  the  t e r r i t o r y

i s  t h e  Sa jó  r i v e r  wh ich  s p r i n g s  i n  t h e  S lo v a k  O r e - M o u n t a i n s .  A

r i g h t s i d e  branch o f  i t  i s  t h e  Bán s t r e a m l e t  t h a t  reaches t h e

r i v e r  a j  th e  s e c t i o n  marked by 100 .280 km ( F i g .  1 ) .  Upwards

f r o m  th e  mouth o f  th e  Ban s t r e a m l e t  t h e  Sa jó  r i v e r  has a
2c a tc hm en t  area o f  3964 km ; i t s  l e n g t h  i s  123 km. The w i d t h  o f  

t h e  v a l l e y  v a r i e s  f r om  2 .0  t o  7 .0  km, t h e  f a l l  o f  the  r i v e r  i s  

50-70  cm/km i n  t h e  area o f  the  p la nn ed  open c u t  mine.  The wa­

t e r  l e v e l  may change between 284 and 496 cm due to  f l o o d s  and 

d r y  p e r i o d s .  Maximum w a t e r  l e v e l  comes a b o u t  i n  M a r c h - A p r i l ,  

minimum i n  S e p t e m b e r -O c t o b e r . The p e r c e n t u a l  p r o b a b i l i t y  r a t e s  

o f  w a t e r  f l o w  i n  the  s e c t i o n  o f  th e  mouth  o f  the  Bán s t r e a m l e t  

a re  :

P1 % = 590 m3/ s

^3 % = m3/ s

Acta Geod. Geoph. Mont- Hung. 22, 1987 
Akadémiai Kiadó, Budapest
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P10 % = 360 mV s

P50 % = 185 m / / s ’

F lood  c o n t r o l  wo rks  are  o n l y  b e s i d e s  o f  a 17 km upp e r  

rea ch  o f  the  r i v e r ,  b u t  t h e r e  i s  no embankment i n  t h e  area o f  

th e  p la nn ed  open c u t  m in e .  The n o r t h e r n  p a r t  o f  th e  t e r r i t o r y  
i s  an open f l o o d  a r e a .

The c o n s t r u c t io n  of  the about 1 km long mouth of  Bán 

s t r e a m l e t  belonging to the t e r r i t o r y  of  s ur fa ce  mine a l low s  a 

water  d ischarge of Q^g ^ = 43 m V s ,  t h a t  of  the highway No 26 

in the sec t ion  0+566 o f  the s t r e a m le t   ̂ = 85 m V s .  Although  

the Lázbérc Water Basin having put in  o p e r a t i o n  in 1969;  s i g ­
n i f i c a n t l y  i n f l u e n c e s  the  water  l e v e l  f l u c t u a t i o n  of the Bán 

s t r e a m le t  by i t s  f l o o d - r e g u l a t i n g  e f f e c t ,  n e v e r th e le s s  -  ac­
cording  to the f lo o d  pre ve nt io n  i n s t r u c t i o n s  -  the standard  

f lo o d  l e v e l  is  h ig h e r  than the sur fa ce  l e v e l  of p a r t  1 of  the  

open p i t  mine being c lo se  to the b r i d g e ,  hence f o r  p r o t e c t i o n  

aga in s t  surface  wate rs  embankment b u i l d i n g  i s  unambiguously  

r e q u i r e d .
The Vadna d i t c h  b r a n c h i n g  out  o f  t h e  Bán s t r e a m l e t  and

f l o w i n g  i n t o  th e  Sa jó  r i v e r  has a l e n g t h  o f  2570 m, i t s  c a t c h -  
2

ing area is  3 .2  km , and i t s  c h a r a c t e r i s t i c  water  d ischarges  
are :

Ql £ = 3 .4  m'Vs

Q-j x = 2 .7  m'Vs

Qio % = 1-7 m3/s •

The ch an ne l  s e c t i o n  o f  t h e  d i t c h  i s  c o n s t r u c t e d  f o r  

i n  t h e  o u t e r  a rea and f o r  ^ i n  t h e  m u n i c i p a l  area o f  the  

v i l l a g e  Vadna. The d i k e  d r a i n  a t  t h e  b r a n c h i n g  p o i n t  o f  the  

Vadna d i t c h  and t h e  Bán s t r e a m l e t  r e n d e r s  t o  pass a w a t e r  d i s ­

char ge  o f  1 .3  m V s  and a t  th e  same t i m e  i t  means a c o n n e c t i o n  

between the  Bán s t r e a m l e t  and th e  Vadna d i t c h .
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. * ' .

HYDROGEOLOGICAL CONDITIONS

The average d ep th  o f  t h e  c o a l  s e r i e s  i . e .  th e  a ve rag e  

t h i c k n e s s  o f  o v e r l y i n g  s t r a t a  i s  21 .6  m i n  th e  t e r r i t o r y  o f  

p a r t  1 o f  the  open p i t  m in e .  The s e a t  r o c k  under  o f  t h e  c o a l  

bed i s  an impermeable  o n e , ,  b u t  i n  t h e  c o v e r i n g  l a y e r s ,  t h e r e  

a re  tw o  a q u i f e r  l a y e r s .

The upper  a q u i f e r  l a y e r  which  c o n t a i n s  t h e  g r o u n d w a t e r  i s  

t h e  t e r r a c e  g r a v e l  o f  t h e  Sa jó  r i v e r .  I t  has an averag e  t h i c k ­

ness  3 . 7  m, and l i e s  u n d e r  a s o i l  o f  2 .4  m average  t h i c k n e s s .  

From pumping t e s t s  o f  t h e  g ro up  V-3 /1 08  o f  w e l l s  24 .2  m /d ,

( 2 . 8  • 10 ^ m/s)  was fo u n d  as p e r m e a b i l i t y  c o e f f i c i e n t  o f  t h i s  

l e v e l .  For  the  p l a n n i n g  o f  d r a i n a g e  the  ac c ep te d  g r a v i t a t i o n a l  

p o r o s i t y  was nQ = 0 . 1 5 ,  and t h e  h y d r o s t a t i c  w a t e r  l e v e l  was
3 . 0 - 3 . 5  m under  t h e  s u r f a c e .

The low er  a q u i f e r  l a y e r  i n  the  o v e r l y i n g  s t r a t a  o f  t h e  

c o a l  s e r i e s  i s  a sand l a y e r  under  t h e  t e r r a c e  g r a v e l  d e v e lo p e d  

i n  one o r  two benches,  b u t  f r om  h y d r a u l i c  p o i n t  o f  v iew  i t  can 

be c o n s i d e r e d  homogeneous.  I n  the  e a s t e r n  and s o u t h - e a s t e r n  

p a r t  o f  t h e  e x p l o r a t i o n  t h e  impremeable  o r  b a d ly  p e rm eab le  f o r ­

m a t i o n s  between g r a v e l  and sand ‘were d e s t r o y e d ,  t hus  t h e  young 

t e r r a c e  g r a v e l  i s  d i r e c t l y  bedded on th e  a q u i f e r  sand.  Hence 

t h e  tw o  w a te r  b e a r i n g  l e v e l s  a re  i n  a h y d r a u l i c  c o n n e c t i o n  w i t h  
each  o t h e r .

The p e r m e a b i l i t y  c o e f f i c i e n t  o f  th e  sand -  d e f i n e d  by 

pum p in g  t e s t s  -  i s  0 .6  m / d ,  ( 6 . 9 *  10~6 m /s )  t h e  v a lu e  o f  th e  

g r a v i t a t i o n a l  p o r o s i t y  i s  nQ = 0 . 1 ,  and th e  h y d r o s t a t i c  l e v e l  
i s  i d e n t i c a l  w i t h  t h e  l e v e l  o f  g ro u n d w a te r .

Impermeable  a l e u r i t e s ,  c l a y e y  a l e u r i t e s  were opened up by 

e v e r y  b o r e h o l e  i n  t h e  r o o f  o f  the  c o a l  beds w i t h  a 7 .5  m ave -  

' r a g e  t h i c k n e s s .

V* JjegjiÇiV - - The; average sequence  o f  s t r a t a  i n  p a r t  1 o f  th e  open p i t

. . . .mine, t a k e n  as th e  b a s i s  o f  t h e  p lann ed  d e w a t e r i n g ,  i s  shown i n

Fi g -  2.
W a te r  b e a r i n g  f o r m a t i o n s  g e t  a c o n s t a n t  w a t e r  s u p p l y  f rom  

th e  S a j ó  r i v e r ,  w i t h  an i n t e n s i t y  o f  15 1 / s  d e f i n e d  f r om  the- 

e v a l u a t i o n  o f  t e s t s  o f  g ro u p  o f  w e l l s .
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Fig. 2. Average layer  sequence o f  the Vadna I  open-pi t mine
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W i t h  r e g a rd  t o  t h e  t e c h n i c a l  c o n d i t i o n s  o f  th e  c h a n n e l  o f  

Bán s t r e a m l e t  and t h e  p r a c t i c a l  e x p e r i e n c e s  o b t a i n e d  a t  t h e  

open p i t  mines o f  t h e  Bo rsod  Coal  M in i n g  Company, i n  t h e  Sa jó  

v a l l e y  th e  e f f e c t  o f  d e w a t e r i n g  th e  s u b s u r f a c e  a q u i f e r s  on th e  

Bán s t r e a m l e t  can be n e g l e c t e d .  The drawndown o f  w a t e r  t a b l e  

p r o b a b l y  does n o t  cause  l e a k a g e  f rom th e  c o n s i d e r a b l y  mudded up 
and c o l m a t i v e  c h an ne l  o f  t h e  s t r e a m l e t .

PROTECTION AGAINST SURFACE WATERS

■ The p r o t e c t i o n  a g a i n s t  s u r f a c e  w a t e r  o f  p a r t  1 o f  t h e  open 

m in e  means o u t s i d e  o f  t h e  open p i t  on one hand th e  d i v e r s i o n  o f  

r a i n f a l l  wa te r  and on t h e  o t h e r  hand th e  p r e v e n t i o n  o f  w a t e r  

i n f l o w  f rom  the Bán s t r e a m l e t  and th e  Sa jó  r i v e r .

The wa te r  r u n n i n g  down f r om  th e  h i l l s  s u r r o u n d i n g  th e  t e r ­

r i t o r y  f r om  the South  and S o u t h - E a s t  i s  c o l l e c t e d  and d i v e r t e d  

i n t o  t h e  Sa jó  r i v e r  by t h e  Vadna d i t c h .  As th e  mudded s e c t i o n s  

o f  t h e  ch anne l  were d re dg ed  i t s  p r e s e n t  c o n d i t i o n  i s  s u i t a b l e  

f o r  t h e  s a fe  d i v e r t i n g  o f  t h e  c o l l e c t e d  r a i n f a l l  f rom th e  

c a t c h i n g  area o f  t h e  Vadna d i t c h .  On case o f  f l o o d s  on t h e  Bán 

s t r e a m l e t  the  600 mm d i a m e t e r  d i k e  d r a i n  a t  the  mouth s e c t i o n  

o f  t h e  Vadna d i t c h  has t o  be c l o s e d  i n  o r d e r  t o  a v e r t  t h e  dan­

g e r  o f  f l o o d  f o r  t h e  open c u t  th ro u g h  th e  Vadna d i t c h .

The s t a nd a rd  f l o o d  l e v e l  o f  th e  Bán s t r e a m l e t  (Q^ a t  

t h e  r e a c h  above th e  b r i d g e  c r o s s i n g  th e  h ighway No. 26 i s  

h i g h e r  t h an  the  s u r f a c e  l e v e l ,  th us  an embankment must be b u i l t  

on t h e  w e s t e rn  shor e  f o r  t h e  p r o t e c t i o n  o f  t h e  open p i t .  The 

c o r o n a  l e v e l  o f  the  bank i s  1 m h ig h e r  t han  th e  f l o o d  l e v e l  o f  

1 % p r o b a b i l i t y ,  t h e  l e n g t h  o f  the  bank i s  650 m. The 0+000 

s e c t i o n  o f  the  r e q u i r e d  embankment s t a r t s  f rom th e  h ighw ay  No. 

26 and ends a t  the  Vadna d i t c h  ( F i g .  3 ) .

On th e  n o r t h w e s t e r n  s i d e  t h e  h ighway i t s e l f  can be used as 

an embankment a g a i n s t  t h e  f l o o d s  o f  th e  Sa jó  r i v e r  i n  a l e n g t h  

o f  240 m. To p r o t e c t  f r o m  th e  N o r t h ,  N o r t h - E a s t  and Eas t  a

630 m l o n g  embankment i s  n e c e s s a ry  t o  be b u i l t  up ( F i g .  3)

a g a i n s t  t h e  f l o o d s  o f  t h e  Sa jó  r i v e r  w i t h  a h e i g h t  f o r m i n g  

a c c o r d i n g  t o  the  s e c t i o n  shown i n  F i g .  4.
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The su gges te d  w i d t h  o f  b a n k -c o ro n a  i s  3 .0  m, th e  bank 

s l o p e  i s  1 : 2 .

m above the level 
of Adriatic sea
[mA]

Fig. 4. Longi tud ina l  sect ion o f  the eastern embankment

DRAINAGE OF THE AQUIFER LAYERS IN THE OVERLYING

I n  o rd e r  t o  p r o t e c t  th e  open mine  t h e  d ra in a g e  o f  b o t h  wa­

t e r  b e a r i n g  l a y e r s  i n  t h e  o v e r l y i n g  i s  n e c e s s a r y .  The w a t e r  

d i s c h a r g e  t o  be l i f t e d  d u r i n g  d e w a t e r i n g  i s  g iv e n  i n  T a b le  I  

whe re by  th e  h y d r a u l i c  p a r a m e t e r s ,  t h e  d e p t h  o f  b e d d in g ,  th e  

d i s t a n c e  f rom th e  S a jó  r i v e r ,  and d im e n s i o n s  o f  th e  o pe r  mine 

are t a k e n  i n t o  a c c o u n t .
The w a te r  d i s c h a r g e  c a l c u l a t e d  f o r  t h e  t o t a l  a rea  i s  a 

t h e o r e t i c a l  maximum, s i n c e  th e  opened a re a  i n  a c e r t a i n  moment 

i s  a lw a y s  l e s s  t h a n  t h e  t o t a l  a re a .

A c c o r d in g  t o  t h e  h y d r a u l i c  t e s t s  t h e  c a p a c i t y  o f  t h e  w e l l s  

t o  be e s t a b l i s h e d  has t o  be 210 1 / m i n  i n  g r a v e l ,  40 1 / m in  i n  

s a n d ,  i . e .  250 1 /m in  maximum w a te r  d i s c h a r g e  can be e x p e c t e d  i n  
t h e  w e l l s  d r a i n i n g  t h e  whole  pe rmeab le  s t r a t a .  Thus,  by t a k i n g
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Tab le  I

st ra- tum
w a t e r  d i s c h a r g e  to  be l i f t e d  m^/min

s t a r t i n g  d i t c h whole  area

g r a v e l 1 .4 3 .2
sand 0 .5 0 . 6

t o t a l 1 .9 3 .8

a s a f e t y  o f  2 0  X , 1 0  w e l l s  a re  r e q u i r e d  t o  p r o t e c t  t h e  s t a r t i n g  

d i t c h  and a t  l e a s t  19 t o  p r o t e c t  t h e  who le  t e r r i t o r y .  I n  case 

o f  a u n i f o r m  d i s t r i b u t i o n  o f  w e l l s  a lo ng  th e  ramp s l o p e  th e  

d i s t a n c e  between th e  e s t a b l i s h e d  w e l l s  must  be 57 m a ro un d  the  

s t a r t i n g  d i t c h ,  and 96 m around th e  whole  t e r r i t o r y .

A change o f  th e  r e g u l a r  a r range men t  o f  w e l l s  can be n ece s ­

s a r y  due t o  f o l l o w i n g  re a s o n s :

a)  I n  o r d e r  t o  ta k e  more advantage  o f  t h e  d i p  o f  l a y e r s  and 

c o a l  seams the  w e l l s  can be e s t a b l i s h e d  c l o s e r  t o  each o t h e r  

on th e  w e s t e rn  s i d e  o f  th e  s u r f a c e  m ine.

b)  I f  th e  f o o t  o f  t h e  sand l a y e r  i s  n o t  p l a n e  due t o  t e c t o n i c s ,  

d i t c h - l i k e  are as  may rem a in  f i l l e d  w i t h  w a t e r  i n  case  o f  a 

r e g u l a r  d i s t r i b u t i o n  o f  t h e  w e l l s ,  and s u p p le m e n t a r y  w e l l s  
a re  needed t o  d e w a t e r - t h e m .

c )  A long  th e  e a s t e r n  b o u nd a ry  o f  t h e  open p i t  mine th e  sand 

l a y e r  becomes t h i n  o r  p in c h e s  o u t ;  he re  th e  p r o t e c t i o n  o f  

th e  open p i t  can be s o l v e d  by t h e  d r a i n a g e  o f  th e  g r a v e l .

F u r t h e r  on th e  f o l l o w i n g  p o i n t s  o f  v ie w  are  t o  be c o n s i d ­

ere d  f o r  an e f f e c t i v e  w a t e r  p r e v e n t i o n :

1.  I t  i s  p r a c t i c a l  t o  f i l t e r  the  w e l l s  b o t h  i n  g r a v e l  and i n  

sand as th e  low r a t e  o f  w a t e r  f l o w  f r om  th e  sand wou ld  d i s ­

t u r b  th e  o p e r a t i o n  o f  pumps.

2.  The w a t e r  column s t i l l  l e f t  i n  th e  sand a f t e r  d r a i n i n g  due 

t o  c a p i l l a r i t y  can be h i g h e r  t h an  3 .0  m, t h e r e f o r e  i n  o r d e r  

t o  make th e  p r o t e c t i o n  work more e f f e c t i v e  i n s i d e  o f  th e
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open p i t ,  i t  i s  p r o p o s e d  to  dredge t h e  sand i n  a supp lem en­

t a r y  c u t  wh ich  p re c e d e s  th e  re m ova l  o f  t h e  d i r e c t  ove rbu rd en  

o f  c o a l  t i l l  a d e p t h  o f  a t  l e a s t  10 m. Thus th e  w a t e r  can be 

e a s i l y  c o l l e c t e d  i n  a c o n d u i t  and l i f t e d  w i t h o u t  d i s t u r b i n g  

t h e  c o a l  b r e a k i n g  w o r k .

3 .  To c o n t r o l  t h e  e f f e c t i v e n e s s  o f  w a t e r  p r e v e n t i o n  a lo n g  th e  

b oundary  a t  l e a s t  4 o b s e r v e r  w e l l s  must  be e s t a b l i s h e d  s e ­

p a r a t e l y  f o r  b o th  l a y e r s .
The scheme o f  e s t a b l i s h m e n t  o f  t h e  su g g e s te d  d r a i n i n g  and 

o b s e r v i n g  system i s  shown i n  F i g .  3.  ( I t  i s  t o  be -noted t h a t  

t h e  d i s c h a r g e  o f  t h e  a l r e a d y  o p e r a t i n g  w e l l s  wh ich  p r o t e c t  th e  

s t a r t i n g  d i t c h ,  v a r i e s  f r o m  70 t o  230 1 / m i n ;  th e  w e l l s  a t  th e  

e a s t e r n  bor de r  have l o w e r  w a te r  f l o w  r a t e s . )

THE PROBABLE EFFECTS OF WATER DRAINAGE FOR THE ENVIRONMENT

The p ro b a b le  r a d i u s  o f  i n f l u e n c e  o f  th e  d r a i n i n g  system 

a f t e r  2 %0 -2 . 5  y e a r s  i . e .  a t  the  p la nn ed  end o f  m in i n g  a c t i v i t y  

can be e s t im a t e d  as 1 . 5 - 2 . 0  km. The drawdown o f  th e  w a t e r  t a b l e  

can be observed i n  t h e  dug w e l l s  i n  t h e  m u n i c i p a l  a rea o f  th e  

v i l l a g e  Vadna as w e l l  as i n  the  w e l l  o f  t h e  w a t e r w o r k s  o f  Nagy- 

b a r c a ;  t h e  dep th  o f  t h i s  w e l l  i s  8 . 0  m, i t  i s  f i l t e r e d  between

3 . 1 - 7 . 0  m. Owing t o  t h e  d i s t a n c e  o f  t h e  e s t a b l i s h e d  w e l l s  t h e  

d e p r e s s i o n  d e c r e a s i n g  l o g a r i t h m i c a l l y  w i t h  t h e  d i s t a n c e  can 

c a u s e  n o t  more t h an  some te n  cm drawdown o f  w a t e r  l e v e l  i n  th e  

w e l l s  o f  Vadna, and o n l y  some cm i n  t h e  w e l l  o f  th e  w a t e rw o rk s  

o f  N agyba rca .  The drawdown o f  wa te r  t a b l e  can be c o n t r o l l e d  by 

c o n t i n u o u s  o b s e r v a t i o n  o f  t h e  3 d u g - w e l l s  o f  t h e  v i l l a g e  Vadna 

and o f  the  4 f o r m e r l y  e s t a b l i s h e d  o b s e r v i n g  w e l l s  i n  the  wa­

t e r w o r k s  o f  N ag yba rca.
The degree o f  t h e  s u r f a c e  d e p r e s s i o n  due t o  d r a i n a g e  was 

d e t e r m i n e d  by t a k i n g  i n t o  c o n s i d e r a t i o n  t h e  modulus o f  compres­

s i o n  d e f i n e d  on th e  c o r e - s a m p l e s  f rom  t h e  t e r r i t o r y .  The a c t u a l  

t h i c k n e s s  o f  th e  s t r a t a  a c c o r d i n g  t o  t h e  c r o s s - s e c t i o n  o f  th e  

l i n e  o f  the  h ighway No. 26 i s  shown i n  F i g .  2:

s o i l  : 2 . 0  m,
g r a v e l  : 2 .5 m,
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sand:  3 . 5  m.

The p ro b a b le  v a lu e  o f  s u r f a c e  d e p r e s s i o n  i n  case o f  t o t a l  

d e w a t e r i n g  c a l c u l a t e d  f rom th e  s t r a t a  c h a r a c t e r i s t i c s  d e t e r ­

mined i n  l a b o r a t o r y  and f rom a h y d r o s t a t i c  wa te r  l e v e l  l y i n g  

3 m unde r  the  s u r f a c e ,  w i l l  be 7 -8  mm a lo ng  the  h i g h w a y . '

Tak ing  i n t o  c o n s i d e r a t i o n  t h e  ave rage  s u c c e s s io n  o f  l a y e r s  

o f  the  Vadna I  open p i t  mine and t h e  average t h i c k n e s s  o f  each 

l a y e r  i n  th e  t e r r i t o r y ,  1 0 - 1 2  m i s  o b t a i n e d  f o r  th e  c o m p re s s io n  

o f  s t r a t a  i n  case o f  a co m p le te  empty o f  r e s e r v o i r s .

The e s t i m a t e d  c o m pre ss ion  o f  1 cm, however , can be r e ­

garded  as the  maximum ex t reme v a l u e ,  as i t  be longs t o  t h e  m ax i ­

mum drawdown, i . e .  t o  a c o m p le te  empty  o f  the wa te r  b e a r i n g  

l a y e r s ,  bu t  the  s t a t e  o f  c o m p le te  d e w a t e r i n g  can be b r o u g h t  

abo u t  o n l y  i n  t h e  immedia te  s u r r o u n d i n g  o f  the  d r a i n i n g  w e l l s  

t i l l  some te n  cm even i n  case o f  an i d e a l  o p e r a t i o n  o f  t h e  

w e l l s .  W i th  i n c r e a s i n g  d i s t a n c e  f r o m  th e  w o r k i n g - p i t  t h e  v a lu e  

o f  s u r f a c e  d e p r e s s i o n  dec reases  l o g a r i t h m i c a l l y .

The w o r k i n g - p i t  fo rmed d u r i n g  c o a l  m in ing  w i l l  be f i l l e d  

up w i t h  the  removed o v e r b u r d e n ;  t h e  c l o s i n g - d i t c h  w i l l  be f i l ­

l e d  up t i l l  th e  o r i g i n a l  s u r f a c e  l e v e l  w i t h  the  o v e r b u r d e n  of  

p a r t  2 o f  th e  open mines o f  t h e  Bo rsod  Coal  M in ing  Company.  The 

t e r r i t o r y  o f  th e  o p e n - p i t  mine w i l l  be s e t  up i n  a way t h a t  i t  

w i l l  be s u i t a b l e  aga in  f o r  a g r i c u l t u r a l  c u l t i v a t i o n .
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PERFORMANCE CHANGE OF ELEVATOR DREDGERS IN SELECTIVE
EXPLOITATION

F Kovács

Technical Univers i ty of  Heavy Indust ry,  Miskolc,  Egyetemváros, H-3515

A new e f f i c iency  fac tor  i s  introduced by the author f o r  the performance 
ca lcu la t ions  of  dredgers. The e f f i c ie ncy  of  s e l e c t i v i t y  character izes the 
reduct ion of  the e f f i c ie ncy  of  a dredger used fo r  separating barren i n t e r -  
s t r a t i f i c a t i o n s .  A regression funct ion i s  determined on the basis o f  data 
obtained wi th e levator  dredgers working a t  the Thorez mining p la n t  to de­
scr ibe  the var i a t ion  of  e f f i c i en cy .  The r e l a t i o n  between dredging e f f i c i e n ­
cy, t ime u t i l i z a t i o n  fa c to r ,  and se lec t ion  i s  also discussed.

Keywords: barren i n t e r s t r a t i f i c a t i o n - ,  dredgers; e f f i c i en c y ;  Visonta
mine

One o f  th e  e s s e n t i a l  d rawbacks o f  s e l e c t i v e  p r o d u c t i o n  i s  
th e  c a p a c i t y  r e d u c t i o n  o f  b r e a k e r s  and o f  the  whole  s y s te m  o f  

mach ines ( h a u l a g e ,  imm edia te  r e l o a d i n g ,  r e f u s e  d i s p o s a l ,  second 

c u t ) ,  r e s p e c t i v e l y ,  th e  dec rease  o f  d r e d g i n g  e f f i c i e n c y  and the  

r e d u c t i o n  o f  t im e  u t i l i z a t i o n  f a c t o r .  The r e d u c t i o n  o f  p e r f o r ­

mance o f  mach ines a r i s e s  even t h en  i f  t h e  obe rburde n  re m o v in g  

mach ines b re ak  a l s o  c o a l .  The s i t u a t i o n  i s  s i m i l a r  when c o a l -  

- b r e a k e r s  are  s e t  i n  f o r  r emov in g  o v e r b u r d e n .  The d e c r e a s e  o f  

e f f i c i e n c y  o f  d re d g e r s  depends n o t  o n l y  on the  s e l e c t i o n  r a t i o ,  

b u t  a l s o  on th e  t h e o r e t i c a l  p e r fo r m a n c e  o f  them ( d i m e n s i o n  and 

t y p e  o f  m a c h in e ) .  I t  i s  no t  u s u a l  t o  s e t  i n  the  mach in es  o f  

burden  rem ov ing  l e v e l s  ( b u c k e t w h e e l  d r e d g e r )  f o r  s e l e c t i v e  e x ­

p l o i t a t i o n s ,  as on one hand b i g g e r  mach ines have s i g n i f i c a n t  

c a p a c i t y  r e d u c t i o n  i n  s e l e c t i v e  o p e r a t i o n  and on th e  o t h e r  hand 

due t o  th e  d im en s ion s  o f  t h e  mach ines t h i n  beds o r  i n t e r s . t r a t i -  

f i c a t i o n s  can be o n l y  e x t r a c t e d  w i t h  a h i g h e r  r a t e  o f  d e a d ro c k s  

t h an  a l l o w e d .  U s u a l l y  e l e v a t o r  d r e d g e r s  ( l a d d e r  b u c k e t  d re d g e rs )  

o f  l o w e r  c a p a c i t y  a re  used i n  s e l e c t i v e  e x p l o i t a t i o n .

Acta Geod. Geoph. Mcjnt. Hung. 22, 1987 
Akadémiai Kiadó, Budapest
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I n  s e l e c t i v e  p r o d u c t i o n  th e  o p e r a t i o n  o f  d re dg e rs  i s  c h a ­

r a c t e r i s e d  by t h e  s e l e c t i v i t y  f a c t o r  (S )  i n  o r d e r  t o  d e t e r m i n e  

th e  c a p a c i t y  d e c r e a s e  o f  them. The s e l e c t i v i t y  f a c t o r  i s  th e  

d o u b le  o f  th e  s t r i p p i n g  r a t e  o f  the  a u x i l i a r y  r o c k ( s ) ;  i n  case 

o f  o v e r b u rd e n  re m o v in g  machines i t  i s  t h e  s t r i p p i n g  r a t e  o f  

c o a l ,  i n  case o f  c o a l  b re a k e rs  i t  i s  t h e  r a t e  o f  th e  e x t r a c t e d  

o v e r b u rd e n  o r  i n t e r b e d d i n g s . The " s "  r a t e  o f  b re a k in g  shows how 

much i s  the  p r o p o r t i o n  o f  a u x i l i a r y  r o c k  s t r i p p i n g  o f  t h e  f u l l  

w o r k i n g  t im e  o f  a m a c h in e .  I f  the  v a l u e  o f  s i s  h i g h e r  th a n  

50 %, t h e  d e f i n i t i o n  o f  th e  main and t h e  a u x i l i a r y  r o c k  changes.  

I t  f o l l o w s  f rom th e  above d e f i n i t i o n  t h a t  0 = s = 0 . 5 0 ,  and 

0 = S = 1 . 0 0 ,  as w e l l  S = 2s.  The t h e o r e t i c a l  per fo rm ance  

(Q th eo^  o i  th e  c o n t i n u o u s  o p e r a t i o n  d r e d g e r s  a p p l i e d  i n  open 
p i t  mines i s  e s s e n t i a l l y  de te rm ined  by t h e  p a ram e te rs  o f  th e  

mach ine  ( b u c k e t  v o lu m e ,  number o f  e m p t y i n g )  and by th e  s l a c k i n g  
f a c t o r  o f  th e  s t r i p p e d  m a t e r i a l .  When c a l c u l a t i n g  the  a c t u a l  o r  

e f f e c t i v e  c a p a c i t y  o f  d re d g e r s  i n  o p e r a t i o n ,  i . e .  when o n l y  one 

k i n d  o f  r o c k  i s  s t r i p p e d ,  the  f e a t u r e s  o f  l o a d i n g ,  th e  v a lu e  o f  

d r e d g i n g  e f f i c i e n c y  C ^ ) ,  and the  e f f e c t  o f  t im e  u t i l i z a t i o n  
f a c t o r  (o^_) must be t a k e n  i n t o  c o n s i d e r a t i o n ,  t o o .  Hence,  th e  

r e l a t i o n  between t h e  a c t u a l  and t h e o r e t i c a l  c a p a c i t y  i s :

*^ef f  ~ ^ t h e o  ^ d  ^ t  "  ^ t h e o  ^  e ’

w he re :  ^ -  d r e d g i n g  e f f i c i e n c y  i n  case  o f  b r e a k i n g  one k i n d

o f  r o c k s ,

'Чt  -  t i m e  u t i l i z a t i o n  f a c t o r ,

-  t o t a l  e f f i c i e n c y  o f  a d r e d g e r  o p e r a t i n g  i n  s e l e c ­

t i v e  e x p l o i t a t i o n .

I n  case o f  s e l e c t i v e  p r o d u c t i o n  t h e  c a p a c i t y  r e d u c t i o n  can 

be d e f i n e d  by means o f  th e  e f f i c i e n c y  o f  s e l e c t i v i t y .  The e f f i ­

c i e n c y  o f  s e l e c t i v i t y  i s :

- l  s = 1 -  S (1  -  ч г ) ,

w here :  ' -  r e d u c t i o n  f a c t o r .

The f a c t o r  e x p re s s e s  the  e f f e c t  o f  s e l e c t i v e  e x p l o i t a ­
t i o n  on the  t im e  u t i l i z a t i o n  f a c t o r  and on th e  c a p a c i t y  o f
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d re d g e r s  o f  d i f f e r e n t  t y p e ,  o r  o p e r a t i n g  under  d i f f e r e n t  c o n d i ­

t i o n s  due to  o t h e r  c a p a c i t y  d e c r e a s i n g  f a c t o r s .  The a c t u a l  c a ­

p a c i t y  o f  a d re d g e r  i n  a case c h a r a c t e r i s e d  by th e  s e l e c t i v i t y  

f a c t o r  S i s :

^ e f f , s  ” ^ t h e o  ”1 d ' ”7 t  "is ~ ^ th eo  ^e

Qe f f , s  = Qth eo  • 4d  • • L1  -  S ( 1  -  V ]  '

The d re d g in g  f a c t o r  ( -7 ^ )  and th e  t i m e  u t i l i z a t i o n  f a c t o r  

(T-j.) a re  not  a b s o l u t e l y  c o n s t a n t  p a ram e t e r s  i n  th e  p r a c t i c e .  In 
case o f  a d re d g e r  w o r k i n g  i n  s e l e c t i v e  o p e r a t i o n  t h e  v a l u e s  o f  

t h e  f a c t o r s  depend b o th  on the  n a t u r a l  and on th e  t e c h n i c a l  con­

d i t i o n s  o f  s t r i p p i n g .  Hence, f o r  c a l c u l a t i n g  th e  c a p a c i t i e s ,  a 

f o r m u la  can be a p p l i e d  i n  which  b o th  t h e  d re d g in g  and t h e  t ime  

u t i l i z a t i o n  f a c t o r s  a re  c o n s i d e r e d  t o  be v a r i a b l e s  d e p e n d in g  on 

th e  r a t i o  o f  s e l e c t i v e  p r o d u c t i o n .
N a t u r a l l y ,  i n  t h i s  case th e  ^  e f f i c i e n c y  o f  s e l e c t i v i t y  

r e p r e s e n t s  o n l y  th e  p r i m a r y  c a p a c i t y  d e c r e a s i n g  e f f e c t s  o f  se ­

l e c t i v e  s t r i p p i n g .  The a c t u a l  p e r fo rm a n c e  o f  th e  d r e d g e r  on 

th ese  te rms i s :

^ e f f , s  ^theo "^ds ’ ^ t s  ’ "Is theo 4 ds • I t s  1  -  S ( 1  -  V

As shown by Kovács (1984 and 1985)  the  r e d u c t i o n  f a c t o r  < 4  

depends on th e  p a ra m e t e r s  o f  th e  s t r i p p i n g - m a c h i n e s  and on the  

c o n d i t i o n s  o f  o p e r a t i o n .  The r e l a t i o n  i s  as f o l l o w s :

L г

where :  C -  a c o n s t a n t  c h a r a c t e r i s i n g  th e  c o n d i t i o n s  o f  o p e r a ­

t i o n s

v^ -  t h e  volume o f  the  b u c k e t  o f  d re dg e r  ( l i t r e ) .

The v a lu e  o f  C i s  233 as g iv e n  by Kovács ( 1 9 8 4 ) .
C o n s i d e r i n g  th e  r e d u c t i o n  f a c t o r  th e  t o t a l  e f f i c i e n c y  and 

th e  c a p a c i t y  o f  a d r e d g e r  w o r k i n g  i n  s e l e c t i v e  o p e r a t i o n  i s :
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I t  = 7 d s  ‘ 7 t s  L 1 "  S  (  1

and

Qe f f  ,s  = Qt h e o  '  ' l  ds ' 1 t s  [ X “  S  ̂ 1  '  v b ]

Bes ides the  t h e o r e t i c a l  s tu dy  o f  t h i s  p ro b le m  r e a l  da ta  

t a k e n  f rom the Tho rez  m i n i n g  p l a n t  o f  t h e  M á t r a a l j a  Coal  M in ing  

Company o f  the yea r  1984 were a n a ly s e d ,  t o o .  The e f f e c t s  o f  

s e l e c t i v e  e x p l o i t a t i o n  were examined by p r o c e s s i n g  the  d a ta  o f  

t h e  HM-2 d redg ers  o f  t h e  ty p e  ERs-560,  t h e  HM-3 d re d g e r s  o f  the  

t y p e  ERs-500,  and t h e  HM-5 d re dge rs  o f  t h e  t y p e  ERs-700.  The 

q u a n t i t i e s  o f  the  s t r i p p e d  c o a l  ( t ,  m3 ) o f  t h e  o v e rb u rd e n  ex ­

t r a c t e d  f rom the  f i r s t  ( I )  and second ( I I )  c u t  and the  t o t a l  

q u a n t i t y  o f  moved r o c k  ( c o a l  and o v e r b u r d e n )  (m3 ) were d e t e r ­

m in ed  and c a l c u l a t e d  f o r  each month. The r o c k  q u a n t i t y  coming 

f r o m  th e  f i r s t  c u t  was c o n s i d e r e d  as t h e  s e l e c t e d  o v e rb u rd e n .  

The r a t i o  o f  s e l e c t i v e  p r o d u c t i o n  ( s )  was a l s o  c a l c u l a t e d .  The 

m o n t h l y  t ime o f  d r e d g i n g  ( o f  c o a l ,  o f  f i r s t  c u t  and the  t o t a l  

t i m e ) ,  the  d re d g in g  c a p a c i t i e s ,  the  u s e f u l  b a s i s  o f  t im e  o f  a 

mon th  and o f  a y e a r ,  as w e l l  as the v a l u e  o f  t i m e  u t i l i z a t i o n  

f a c t o r  С Ц )  were d e t e r m i n e d ,  t o o .  The p r o d u c t  o f  the  d re d g in g  

f a c t o r  and the  t i m e  u t i l i z a t i o n  f a c t o r  ( "I  ̂ * 7 ^ )  as wel l  as "the 
e f f i c i e n c y  o f  s e l e c t i v i t y  were c a l c u l a t e d ,  t o o .

F o l l o w i n g  d a ta  were  dete rm in ed  on th e  b a s i s  o f  th e  t o t a l  

e f f i c i e n c y  ( 7 ^ ) :

HM-2 0 . 3 9 7 ;  HM-3 0 .25 6 ;  HM-5 0 .2 2 8 ;  

on t h e  b as i s  o f  t h e  t h e o r e t i c a l  p e r fo r m a n c e  (Q_t h e o ) :

and on the  b a s i s  o f  t h e  a c t u a l  p e r fo rm an c e  o f  t h e  d re d g e rs

HM-2 1100 m3 / h ;  HM-3 . 1250 m3 / h ;  HM-5 1680 m3 / h ;

(Q e f  f , s ) :

HM-2 437 m3 / h ; HM-3 320 m3 / h ;  HM-5 383 m3/ h  .
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A c c o r d i n g  t o  t h e  c a l c u l a t i o n s  t h e  y e a r l y  average d r e d g i n g  

e f f i c i e n c y  o f  each d re d g e r  i s :

HM-2 =  0 . 6 0 ;  HM-3 §  0 . 4 5 ;  HM-5 = 0 .50  .

The r e s u l t s  o f  our  c a l c u l a t i o n  a re  p re s e n te d  i n  f i g u r e s .  

F i g u r e s  1-3  show th e  i n c r e a s e  o f  a c t u a l  p e r fo rm ances  i s  f u n c ­

t i o n  o f  t h e  r a t i o  o f  s e l e c t i v e  p r o d u c t i o n  ( s )  based on m o n t h l y  

d a t a .  The i n c r e a s e  o f  the  r a t i o  o f  s e l e c t i v e  p r o d u c t i o n  means a 

d e f i n i t e  r e d u c t i o n  o f  the  ave rage  v a l u e  o f  the  h o u r l y  e f f e c t i v e  

p e r f o r m a n c e  o f  th e  d r e d g e r s .

Ratio of selective production,s 
(monthly data)

Fig.  1. Change of  the ac tua l
dredging capac i ty  of  the 
HM-2 dredger i n  funct ion  
of the rate o f  se lec t ive  
production

On th e  b a s i s  o f  m on th l y  d a ta  i t  was not  p o s s i b l e  t o  d e f i n e  

an e x a c t  t r e n d  between th e  r a t e  o f  s e l e c t i v e  p r o d u c t i o n  ( s )  and 

th e  t i m e  u t i l i z a t i o n  f a c t o r  C ^ ^ ) .

F i g u r e s  4-7  i ' l l u s t r a t e  t h e  deve lo pm en t  o f  t h e  e f f i c i e n c y  

o f  s e l e c t i v i t y  i n  f u n c t i o n  o f  t h e  r a t e  o f  s e l e c t i v e  p r o d u c t i o n .  

On th e  b a s i s  o f  th e  t h r e e  d r e d g e r s  and th e  summar ized d a t a  one 

can f i n d  the  o b v io u s  t r e n d ,  i . e .  t h e  e f f i c i e n c y  o f  s e l e c t i v i t y  

d e c r e a s e s  w i t h  the  i n c r e a s e  o f  t h e  r a t e  o f  s e l e c t i v e  s t r i p p i n g .  

The v a lu e s  o f  C d e t e rm in e d  f o r  t h e  t h r e e  d re dg e rs  a re  a lm o s t
e

t h e  same (24 2 ,  305, 2 8 1 ) ,  a l l  t h e  t h r e e  are  h i g h e r  t h a n  th e
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Rate of selective productions
(monthly data)

Fig.  2. Change of  the ac tua l  dredging capaci ty o f  the HM-3 dredger in  func­
t ion  of the r a te  o f  select ive product ion

Ratio of selective production,s
(monthly data)

F ig .  3 .  Change o f  th e  a c t u a l  d re d g in g  c a p a c i t y  o f  th e  HM-5 d re d g e r  i n  fu n c ­
t i o n  o f  th e  r a t e  o f  s e le c t iv e  p r o d u c t io n
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i. Change o f  the e f f i c iency  of  s e l e c t i v i t y  of  the HM-2 dredger in  func­

t i on  of  the rate se lect ive  product ion

Rate of selective production, s
(monthly data)

F ig .  5 . Change o f  th e  e f f i c ie n c y  o f  s e l e c t i v i t y  o f  th e  HM-3 d re d g e r  i n  fu n c ­
t i o n  o f  th e  r a te  s e le c t iv e  p r o d u c t io n
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Rate of selective production, s
(monthly data)

Fig.  6. Change of the e f f i c i e n c y  of  s e l e c t i v i t y  o f  the HM-5 dredger in  func­
t i o n  of  the rate  se le c t i ve  production

(monthly data)

Fig.  7.  Change of e f f i c i e n c y  o f  s e le c t i v i t y  i n  func t io n  of  the rate of  se­
l e c t iv e  production (HM-2 •  , HM-3 + , HM-5 o)
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C = 233 g i v e n  by the  r e f e r e n c e s .  On th e  b a s i s  o f  F i g .  7 C = 261 

( t h e  ave rage  bucket  volume o f  590 1 ) .

The e f f i c i e n c y  v a lu e  has been a l s o  examined on th e  b a s i s  
o f  t h e  y e a r l y  da ta  o f  d r e d g e r s .

I n  F i g !  8 th e  tendency o f  ‘\ l̂ s d ec rea s e  w i t h  th e  i n c r e a s ­
i n g  s i s  c l e a r l y  v i s i b l e .  S e l e c t i v e  o p e r a t i o n  reduces t h e  d re dg ­

i n g  e f f i c i e n c y .  On the  b a s i s  o f  t h i s  f i g u r e  two more f a c t s  ap ­

p e a r .  One i s  t h a t  the  s t r a i g h t  l i n e  c o n n e c t i n g  th e  da ta  o f  t h e  

HM-5 and th e  HM-3 d re d g e r s  y i e l d s  = 55 % d r e d g i n g  e f f i ­

c i e n c y  a t  s = 0 . 0 5 1 ;  w h i l e  th e  a c t u a l  d a ta  o f  HM-2 d r e d g e r  i s

= 60 X. I t  means t h a t  th e  d r e d g i n g  e f f i c i e n c y  o f  HM-2 i s  

5 % h i g h e r  -  e v i d e n t l y  f i r s t  o f  a l l  i t  i s  th e  r e s u l t  o f  t h e  

s p e c i a l  t e c h n i c a l  p a ram e te rs  o f  i t ,  as t h i s  d re dg e r  i s  o u t f i t ­

t e d  w i t h  a s t a b i l i z e r  -  f u r t h e r  t h e  t r e n d  l i n e  y i e l d s  a s e l e c ­

t i v e  p r o d u c t i o n  r a t e  o f  0 .0 5 1 .  The o t h e r  t h i n g  i s  t h a t  t h e  e f ­

f i c i e n c y  ( ^  . = 50 %) o f  HM-5 d r e d g e r  h a v in g  a b i g g e r  b u c k e t

i s  l o w e r  th an  th e  v a lu e  y i e l d e d  by t h e  t r e n d  l i n e  d e t e r m i n e d  by 

t h e  d a ta  o f  th e  HM-2 and HM-3 d r e d g e r s .

Rate of selective productions (average of a year)

Fig.  8. Change of  dredging e f f i c iency  in  func t ion  of the rate of  se le c t i ve  
production
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The change o f  d r e d g i n g  e f f i c i e n c y  i n  f u n c t i o n  o f  t h e  r a t e  

o f  s e l e c t i v e  p r o d u c t i o n  i s :

"lds = 0 .611 -  0 .3 8 24  s .

The change o f  y e a r l y  averages o f  t h e  t i m e  u t i l i z a t i o n  f a c ­

t o r  i s  i l l u s t r a t e d  i n  F i g .  9.  Based on t h e  r e g r e s s i o n  r e l a t i o n  
f o r  t h e  change o f  t i m e  u t i l i z a t i o n  f a c t o r  i n  f u n c t i o n  o f  the  

r a t e  o f  s e l e c t i v e  p r o d u c t i o n  one has:

^ t s  = 0-715 -  0 .1 7 59  s .

I t  can be a l s o  seen i n  t h i s  f i g u r e  t h a t  t h e  HM-2 mach ine 

a c h i e v e d  a more adva n ta g eo us  e f f i c i e n c y  t h a n  y i e l d e d  by t h e  

v a l u e  s ,  w h i l e  t h e  e f f i c i e n c y  o f  t h e  HM-5 mach ine i s  l o w e r  t h a n  
t h a t .

I n  F i g .  10 t h e  " e f f i c i e n c y "  v a lu e s  o f  d r e d g i n g  e f f i c i e n c y  

and t i m e  u t i l i z a t i o n  f a c t o r  a re  u n i t e d  i n  one s t r a i g h t  l i n e  i n

Fig.  9. Var iat ion  o f  the t ime u t i l i z a t i o n  f a c to r  i n  func t ion  of the rate of  
se lec t ive  product ion
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Rate of selective production's (average of a year)

Fig. 10. Var ia t ion of the product of  m u l t i p l i c a t i o n  of  the dredging and time 
u t i l i z a t i o n  fac tor  in  func t io n  o f  the rate of  se lec t ive  product ion

case o f  a l i n e a r  r e g r e s s i o n .  N a t u r a l l y ,  the can be de­

r i v e d  as t h e  p r o d u c t  o f  and o ^ g ,  then the  r e s u l t  i s  a
q u a d r a t i c  f u n c t i o n .  I t  can be seen on th e  b a s i s  o f  F i g .  10 ,  too  
t h a t  t h e  HM-2 machine can be a p p l i e d  w i t h  a r e l a t i v e l y  a d v a n t a ­

geous e f f i c i e n c y  (even th e  e f f e c t  o f  s i s  e l i m i n a t e d ) .

I n  t h e  econom ica l  e v a l u a t i o n  o f  s e l e c t i v e  p r o d u c t i o n  a 

p r i m a r y  q u e s t i o n  i s  how the  e f f i c i e n c y  f a c t o r  changes w i t h  th e  

i n d e p e n d e n t  v a r i a b l e  s ;  here  t h e  e f f e c t s  o f  machine p a r a m e t e r s  

( v b ) and th e  e f f e c t  o f  o p e r a t i o n  c o n d i t i o n s  (C) must  be ta k e n  

i n t o  a c c o u n t .

On th e  b a s i s  o f  the  above f a c t s  t h e  t o t a l  e f f i d i e n c y  o f  

d r e d g e r s  w o r k i n g  i n  s e l e c t i v e  p r o d u c t i o n  i s :

4 t  = 4 d t s  • 4 S = ( 0 ' 436 -  ° ’ 342 s )  t 1' 2 3 -  4 ^ ) ] '

Hence,  t h e  two fu n d a m e n ta l  p a r a m e t e r s  d e f i n i n g  t h e  t o t a l  

d r e d g i n g  e f f i c i e n c y  are  the  d im e n s i o n s  o f  the  d re d g e r  ( v ^ )  and
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t h e  r a t e  o f  s e l e c t i v e  p r o d u c t i o n  ( s ) .  The g i v e n  r e l a t i o n  i s  ge ­

n e r a l l y  v a l i d ,  b u t  t h e  c o n s t a n t s  i n  i t  r e f e r  t o  the n a t u r a l  

( t h i c k n e s s  o f  c o a l  seams,  q u a l i t y  o f  r o c k s )  and t e c h n i c a l  ( e l e ­

v a t o r  d re d g e r s ,  band c o n v e y o r )  c o n d i t i o n s  o f  th e  c o a l -m in e  

V i s o n t a .

F ig u re  11 i l l u s t r a t e s  the  va lu e  o f  t o t a l  e f f i c i e n c y  de ­

f i n e d  by the da ta  o f  1984 o f  the c a p a c i t y  o f  the  t h re e  d r e d g e r s .  

T h i s  f i g u r e  a l s o  shows t h a t  the  HM-5 m ac h in e  -  as the e f f i c i e n c y  
o f  s e l e c t i v i t y  i s  e s s e n t i a l l y  low er  due t o  i t s  l a r g e r  d imen ­
s i o n s  -  ach ieved  a l o w e r  o v e r a l l  e f f i c i e n c y  i n  s e l e c t i v e  e x ­

p l o i t a t i o n  than  t h e  two  o t h e r  mach ines o f  s m a l l e r  s i z e s .  The 

t o t a l  e f f i c i e n c y  o f  t h e  HM-5 machine i s  a lm o s t  10 % l ow er  t h a n  

w ou ld  be r e a s o n a b le  on th e  b a s i s  o f  t h e  r a t e  o f  s e l e c t i v e  p r o ­

d u c t i o n  ( s ) .

On the b a s i s  o f  t h i s  i n v e s t i g a t i o n  i t  can be s t a t e d  w i t h  

g e n e r a l  v a l i d i t y  t h a t  i n  s e l e c t i v e  e x p l o i t a t i o n  the  d re d g in g  

e f f i c i e n c y ,  the  t i m e  u t i l i z a t i o n  f a c t o r  and th e  e f f i c i e n c y  o f

Rate of selective production,s (yearly average)

F ig .  1 1 . Change o f  o v e r a l l  e f f i c ie n c y  o f  d re d g in g  i n  f u n c t io n  o f  th e  r a t e
o f  s e le c t iv e  p r o d u c t io n
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s e l e c t i v e  p r o d u c t i o n  dec rea se  w i t h  th e  i n c r e a s e  o f  t h e  d r e d g e r  

s i z e s .  I t  i s  w e l l - k n o w n ,  howeve r ,  t h a t  t h e  s p e c i f i c  t h e o r e t i c a l  

c a p a c i t y  i n c r e a s e s  w i t h i n  c e r t a i n  l i m i t s  w i t h  th e  i n c r e a s e  o f  

mach ine d im en s ion s .  On t h e  b a s i s  o f  th e s e  two opposed e f f e c t s  

an opt imum d im en s ion  o f  d r e d g e r s  can be d e f i n e d  f o r  a g i v e n  

r a t e  o f  s e l e c t i o n  ( s ) ,  i . e .  f o r  a g i v e n  g e o l o g i c a l  c o n d i t i o n  or  

f o r  a c e r t a i n  c o a l  s e r i e s .  I n  e x p l o i t a t i o n  o f  a d i s l o c a t e d  d e ­

p o s i t  (a f o r m a t i o n  w i t h  more c o a l  beds,  o r  c o a l  seams w i t h  i n ­

t e r b e d d i n g s )  the  a p p l i c a t i o n  o f  s m a l l e r  d re d g e r s  i s  e c o n o m i c a l ,  

t h e y  can reach h i g h e r  d r e d g i n g  e f f i c i e n c y  w i t h  l o w e r  t h e o r e t i ­

c a l  s p e c i f i c  p e r fo r m a n c e .  I n  case o f  r e g u l a r  b e d d ing  ( w i t h  one 

c o a l  seam w i t h o u t  i n t e r b e d d i n g s )  th e  use o f  d re d g e r s  o f  b i g g e r  

d im e n s io n s  ( i t  means h i g h e r  c a p a c i t y )  i s  e c o n o m ic a l .
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OVERBURDEN CONVEYOR BRIDGES AND DIRECT-DUMPING COMBINATIONS 
IN THE GDR'S OPEN-CAST LIGNITE MINES

К S t rz odka

I n s t i t u t e  of  Open-Cast Mining and Water Economy, Bergakademie Freiberg ,
0DR-9200

The paper emphasizes the importance of  l i g n i t e  fo r  the energy economy 
o f  the GDR. The l i g n i t e  production by open-cast mines is  descr ibed, i nc lu d ­
ing geological -geotechnical  condi t ions of  the app l ica t ion  of overburden con­
veyor bridges, the development of  direct-dumping combinations. A survey of  
development trends concludes the review.

Keywords: bench haulage; conveyor bridge; dumping; GDR; l i g n i t e ;  over­
burden excavation

1. THE IMPORTANCE OF LIGNITE FOR THE ENERGY ECONOMY OF THE GDR

The GDR has e x t e n s i v e  l i g n i t e  d e p o s i t s  a t  i t s  d i s p o s a l  

wh ich  fo rmed th e  b a s i s  f o r  th e  deve lopm ent  o f  an i n d e p e n d e n t  

e ne rg y  economy a f t e r  1945 and which w i l l  r e t a i n  t h e i r  s i g n i f i ­
cance w e l l  beyond t h e  y e a r  2000.

I n  1946 l i g n i t e  o u t p u t  was abo ut  110 • 10á t ,  i n  1984 

296 .3  • 106 to ns  were p ro du ced  and i n  1985 the  p la nned  o u t p u t  

w i l l  be more than  3 1 0 '  10^ t .  Thus,  t h e  dom es t i c  p r o d u c t i o n  o f  

l i g n i t e  cove rs  more t h an  70 % o f  the  GDR's p r i m a r y  e n e rg y  r e ­

q u i r e m e n t s .  More t h a n  80 % o f  the  e l e c t r i c a l  ene rgy  i s  g e n e r a t ­

ed by the  use o f  l i g n i t e  and about  12 % by n u c l e a r  e n e rg y

( T a b le  I ) .  In  a d d i t i o n  t o  t h i s ,  about  20 * 10^ t / a n  m i n e r a l  o i l  
9 3and abo u t  6 • 10 m / a n  n a t u r a l  gas a re  im p o r t e d ,  e s p e c i a l l y  

f rom  th e  S o v i e t  U n io n .

The l i g n i t e  d e p o s i t s  o f  the  G0R ( F i g .  1) a re  o f  T e r t i a r y  

o r i g i n  and are  mined i n  o p e n - c a s t  m in i n g  e x c l u s i v e l y .  They a re  

d e p o s i t e d  i n  two l a r g e  a re a s :

-  i n  t h e  r e g io n  E a s t  o f  t h e  r i v e r  E lb e  ( C o t t b u s / S e n f t e n b e r g )

Acta Geod. Geoph. Mont. Hung. 22, 1987 
Akadémiai Kiadó, Budapest
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T a b l e  I .  S t r u c t u r e  o f ene rg y s u p p l i e r s i n  t h e GDR, i n p e r c e n t

I9 6 0 1965 1975 1980 1983

s o l i d  fuels 9 6 .9 92.5 7 6 .5 69.0 72 .8

among these l i g n i t e 8 3 . 2 ' 79.6 6 9 .2 64.2 71.0

nuc lear  energy and 
water-power - 0.1 0 . 5 1.4 1 .4

mineral  o i l  and 
na tu ra l  gas 3 .1 7.4 2 3 .0 29.6 25.8

and
-  i n  t h e  r e g io n  West o f  t h e  r i v e r  E lbe  ( H a l l e / L e i p z i g / M a g d e b u r g ) .

These d e p o s i t s  d i f f e r  i n  g e o l o g i c a l  age and c o n d i t i o n s  o f  

d e p o s i t i o n ,  c o n s e q u e n t l y  t h e r e  are d i f f e r e n c e s  i n  t h e i r  c h e m i ­

c a l  and p h y s i c a l  c o m p o s i t i o n  and, t h u s ,  i n  t h e i r  uses .  The 

y o u n g e r  Miocene c o a l s  o f  the  main r e g i o n  E a s t  o f  the r i v e r  E lbe  

b e l o n g  t o  the  e p i r o g e n e t i c  ty pe  and have a low  c o n t e n t  o f  ash 

and s u l p h u r .  Among o ther  t h i n g s ,  t hey  a re  s u i t a b l e  f o r  th e  p r o ­

d u c t i o n  o f  brown c o a l  h i g h - t e m p e r a t u r e  coke  (Lauchhammer and 

Schwarze  Pumpe). The o l d e r  O l igocèn e  c o a l s  o f  th e  H a l l e / L e i p z i g  

r e g i o n - a r e  b i tumen ou s i n  c e r t a i n  a r e a s .  T h e r e f o r e ,  t hey  fo rm  

t h e  b a s i s  f o r  p r o d u c t i o n  i n  l o w - t e m p e r a t u r e  c a r b o n i z i n g  and 

c h e m i c a l  p l a n t s .  I n  t h e  H a l l e / M a g d e b u rg  r e g i o n ,  where t h e  l i g ­

n i t e  i s  i n  c o n t a c t  w i t h  th e  u n d e r l y i n g  Z e c h s t e i n ,  s o - c a l l e d  

" s a l t  c o a l s "  are f o u n d .

2.  THE EXTRACTION OF LIGNITE

The e x t r a c t i o n  o f  l i g n i t e  i n  o p e n - c a s t  m in i n g  r e q u i r e s  th e  

r e m o v a l  o f  the  r o c k  w h i c h  o v e r l i e s  t h e  l i g n i t e  known as " o v e r ­

b u r d e n " .  The e f f e c t i v e n e s s  o f  an o p e n - c a s t  mine i s  e v a l u a t e d  by 

t h e  r a t i o  ove rbu rd en  vo lume  t o  mass o f  raw  m a t e r i a l  ( l i g n i t e )

V : m, which  i n d i c a t e s  how much o v e r b u r d e n  ( i n  m^) has t o  be 
о 1,

h a n d l e d  f o r  e x t r a c t i n g  one ton  o f  l i g n i t e .  I f  the  o v e rb u rd e n  

c o n s i s t s . o f  u n s o l i d a t e d  r o c k  ( e . g .  sa nd )  d e p o s i t e d  by P l e i s t o ­
cene w a t e r c o u r s e s ,  w a t e r  must a l s o  be r a i s e d  th e  mass o f  w h ic h



Fig. 1. L ign i te  occurrences in  the GDR
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i s  many t i m e s  t h a t  o f  t h e  mass o f  l i g n i t e  e x t r a c t e d .  A t  t h i s  

t i m e ,  i n  t h e  GDR's o p e n - c a s t  mines t h e  r a t i o  VQ: m̂  i s  about  

5 : 1 ,  and i n  a v e rage  a bo u t  7 m3 o f  w a t e r  have t o  be r a i s e d  p e r  

t o n  o f  l i g n i t e  ( T a b l e  I I ) .

T a b l e  I I .  P r o g n o s i s  o f  pe r fo rm ance  d e v e lo p m e n t  i n  o p e n - c a s t  

l i g n i t e  m in ing  o f  t h e  GDR

1980 1983 1985 1990 2000

l i g n i t e  output 106 t / a 285 278 310 >320 ~330

overburden removal 106 m3/a 1100 1275 1550 1600 1900

r a t i o  V :m. m3/ t 4.3 4.6 5.0 >5.0 ~  5.80 1
water ho is t i ng 106 m3/a 1500 1720 2200 2400 2800

r a t i o  VQ:m̂ m3/ t 5.8 6.2 7.3 7.6 8.8

average mine depth m 68 72 77 80 90

average f i e l d  s ize 106 t 230 225 215 205 190

The h a n d l i n g  o f  t h e s e  " s e c on d a ry  masses "  has an i m p o r t a n t  

i n f l u e n c e  on t h e  p r o d u c t i o n  c o s t s  o f  l i g n i t e .  In  the  GDR's 

a v e r a g e  th e  h a n d l i n g  o f  ove rbu rd en  comes up t o  about  50 % and 

mine d r a i n a g e  t o  abo u t  25 % o f  the  t o t a l  p r o d u c t i o n  c o s t s .

C o n s e q u e n t l y ,  o v e r b u rd e n  e x c a v a t i o n  and i t s  methods a re  a 

s i g n i f i c a n t  p a r t  o f  t h e  economy o f  GDR o p e n - c a s t  mines.  The 
o b e r b u r d e n  i s  t r a n s p o r t e d  by t r a i n s ,  b e l t  c o n v e y o rs ,  o v e r b u r d e n  

c o n v e y o r  b r i d g e s  o r  d i r e c t - d u m p i n g  c o m b i n a t i o n s .  Due t o  t h e s e  

methods  o f  t r a n s p o r t a t i o n  ( h a u la g e )  t h e  o p e n - c a s t  mines a re  

c a l l e d  e . g .  t r a i n  t y p e  o p e n - c a s t  mines and conveyor  b r i d g e  t y p e  

o p e n - c a s t  m in es .

E x c a v a t i o n ,  h a u la ge  and dumping a r e  t h e  main p ro c e s s e s  o f  

o v e r b u r d e n  r e m o v a l .  Hau lage p la y s  a s i g n i f i c a n t  r o l e  i n  t h i s  

p r o d u c t i o n  c h a i n ,  s i n c e  th e  hau lage  d i s t a n c e  h e a v i l y  i n f l u e n c e s  

t h e  e f f i c i e n c y  o f  an o p e n - c a s t  mine.  I n  p r i n c i p l e ,  two k i n d s  o f  

h a u la g e  a re  d i f f e r e n c i a t e d : bench h a u la g e  and d i r e c t  h a u l a g e .

I n  bench h a u la g e  ( F i g .  2) the  l o o s e n e d  ove rbu rd en  dug by 

e x c a v a t o r s  ( b u c k e t - c h a i n  and b u c k e t - w h e e l  e x c a v a t o r s  and s h o v ­

e l s  r e s p . )  i s  l oa de d  i n t o  wagons, o n t o  b e l t  conveyors  o r  i n t o
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belt conveying

Fig.  2. Haulage methods i n  overburden 
removal -  bench haulage

t r u c k s  and t r a n s p o r t e d  on th e  bench around the  p i t  t o  be dumped 

a t  a p a r t  o f  the  o p e n - c a s t  mine wh ich  has a l r e a d y  been worked-  

- o u t .  U s u a l l y ,  th e  h a u la ge  d i s t a n c e  i s  l ong  (6 t o  8 k m ) .  T h i s  

r e s u l t s  i n  h ig h  t r a n s p o r t a t i o n  c o s t s .  I n  each o f  t h e  t h r e e  

s t a g e s  ( e x c a v a t i o n ,  h a u la ge  and dumping)  s p e c i a l  d e v i c e s  and 

t e c h n o l o g i c a l  approaches a re  used.

I n  d i r e c t  hau la ge  ( F i g .  3)  t h e  ove rbu rd en  e x t r a c t e d  by ex­

c a v a t o r  u n i t s  ( m o s t l y  c o n t i n u o u s l y  w o r k i n g  ones)  i s  t r a n s p o r t e d

locomotive haulage (truck haulage)

conveyor bridge (direct dumping)

directly combined excavator-stacker-method (direct dumping)

method without means of transportation(strip mining)

Fig. 3. Haulage methods in  overburden removal -  d i r e c t  haulage
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by t h e  s h o r t e s t  pa th  o v e r  t h e  exposed m i n e r a l  by means o f  a 

m o b i l e  conveyor  sys tem w h i c h  f o l l o w s  th e  e x c a v a t o r  u n i t s  i n  th e  

d i r e c t i o n  o f  face a d v a n c e .  Then the o v e r b u r d e n  i s  d is ch a rg ed  
i m m e d i a t e l y  onto th e  e x p o s e d ,  w o rked -ou t  f l o o r .  I n  a d d i t i o n  t o  

o v e r b u r d e n  conveyor  b r i d g e s  (OCB) which have been used i n  th e  

a re a  o f  th e  GDR f o r  more t h a n  60 y e a r s ,  d i r e c t l y  combined ex ­

c a v a t o r - s t a c k e r - s y s t e m s  (ODC) have been d e v e lo p e d  i n  the  l a s t  

fews y e a r s .  The OCBs, m o s t l y  equ ipped w i t h  b u c k e t - c h a i n  excava ­

t o r s  w o rk  i n  f r o n t a l  d i g g i n g  ( F i g .  4) w h i l e  t h e  whole system 

has t o  move s t e a d i l y ,  b u t  OOCs, where a b u c k e t - w h e e l  e x c a v a t o r  

i s  m a i n l y  combined d i r e c t l y  w i t h  a s p e c i a l l y  des igned  s t a c k e r ,  

work  i n  b l o c k  d i g g i n g  ( F i g .  5)  and move o n l y  i n  s ta g e s .

F ig .  4. Frontal  digging

direction of digging direction of face advance

F ig .  5. Head block digging
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In  d i r e c t  h a u la g e  t h e  hau la ge  d i s t a n c e  i s  as s h o r t  as p o s ­

s i b l e  and the  o v e r b u r d e n  i s  i m m e d i a t e l y  dumped by means o f  

t r a n s p o r t a t i o n .  W h i l e  i n  bench h a u la ge  i n  the o p e n - c a s t  l i g ­

n i t e  mines o f  th e  GDR th e  ave rage  h a u la g e  d i s t a n c e  i s  a b o u t  5 

o r  6 km, i n  d i r e c t  h a u la g e ,  e . g .  w i t h  o ve rbu rd en  c o n v e y o r  

b r i d g e s ,  i t  does n o t  exceed 500 o r  600 m. Th i s  r e l a t i v e l y  s h o r t  

h au la ge  d i s t a n c e  and th e  c o m b in a t i o n  o f  s e v e r a l  w o r k i n g  s t a g e s  

o f  th e  t e c h n o l o g i c a l  c h a i n  ( e x c a v a t i o n  -  hau lage -  d u m p in g )  r e ­

s u l t  i n  r e l a t i v e l y  h i g h  l a b o u r  p r o d u c t i v i t y  o f  the  c o n v e y o r  

b r i d g e  (Tab le  I I I ) .  However ,  the  p r o d u c t i o n  c o s t s  o f  d i r e c t  

hau la ge  are  between a q u a r t e r  and a t h i r d  t h a t  o f  bench h a u l ­

age ( F i g .  6 ) .  T h e r e f o r e ,  th e  t r e n d  i n  o ve rbu rd en  t e c h n o l o g y  i s  

t o  use d i r e c t - h a u l a g e  methods where i t  i s  g e o t e c h n i c a l l y  p o s ­
s i b l e  .

Tab le  I I I .  Labour  p r o d u c t i v i t y  and p r im e  c o s ts  o f  some h a u la g e  

method i n  o p e n - c a s t  l i g n i t e  m in i n g  o f  the  GDR ( 1 9 8 0 )

Labour p ro duc t i v i t y Costs
in  m-Vh (maximum) in Mark/m^
form I form I I (minimum)

conveyor br idge 109
(188)

52
.(85)

105
(62)

be l t  conveying 66 25 244
-  overburden - (100) (37) (154)

locomotive haulage 19 11 333
-  overburden - (30) (22) (122)

In  o rd e r  t o  a d a p t  t o  t h e  s t e a d i l y  i n c r e a s i n g  o v e r b u r d e n  

t h i c k n e s s e s ,  f rom t h e  m id d l e  f i f t i e s  t i l l  the  m id d le  o f  t h e  

s e v e n t i e s  the  o v e r b u r d e n  co n v e y o r  b r i d g e s  deve loped f o r  o pe n -  

- c a s t  m in ing  i n  t h e  GDR were imp rove d  i n  c u t t i n g - h e i g h t  c a p a b i l ­

i t y  f rom 34 m (F 34)  t o  60 m (F 6 0 ) .  There  are  the  t y p e s  F 34,

F 45,  and F 60 ( F i g .  7 ) .
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Fig.  6. Development of  
methods o f  over­
burden haulage in 
open-cast l i g n i t e  
mining of the GDR

a: 2Es 1120 
b :2700t 
c:44-106m3 
d: 1:2.6

a: 2Es 1600 
b:6400t ,
с :>50- 106 m3
d: 1:3

a:3Es 3150 and 3750 
b: 15900t
c: 115 to 120-106m3 
d: 1:3.3

a -  attached excavator 
b -se rv ice  weight (without exc.) 
c —annual output volume 
d — general inclination of slope system

Fig. 7. Comparison of the conveyor br idge uni ts

The g r e a t e r  t h e  t h i c k n e s s  to  be e x c a v a t e d  th e  h i g h e r  i s  the
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dump. To ensu re  t h e  dump s t a b i l i t y  a g e o t e c h n i c a l l y  c a l c u l a t e d  
dump sys tem has t o  be e s t a b l i s h e d .  T h i s  r e q u i r e s  a span o f  

272.5 m w i t h  + 13.5  m t e l e s c o p i c  l e n g t h  and a boom o f  191 .5  m 

l e n g t h  w i t h  t h r e e  d i s c h a r g e  p o i n t s  w i t h  t h e  F 60 t y p e .  The boom 

o f  the  F 34 t y p e  was o n l y  75 m long and was ex tended by 20 m t o  

improve t h e  g e o t e c h n i c a l  s t a b i l i t y  o f  t h e  dump. The F 4-5 t y p e  

has a boom o f  125 m l e n g t h  and an i n t e r m e d i a t e  d i s c h a r g e  p o i n t .

3. THE GEOLOGICAL-GEOTECHNICAL CONDITIONS FOR THE OSE OF OVER­

BURDEN CONVEYOR BRIDGES

The g e o l o g i c a l  c o n d i t i o n s  under  w h i c h  a l i g n i t e  d e p o s i t  

was fo rmed are  s i g n i f i c a n t  f o r  the  s e l e c t i o n  o f  th e  o p e n - c a s t  

m in ing  method t o  be used .  The a u to c h t h o n o u s  f o r m a t i o n  o f  a 

l i g n i t e  d e p o s i t  i s  e f f e c t e d  by the g r o w t h  o f  a l i g n i t e  bog ,  u n ­

der  s p e c i a l  c l i m a t i c  c o n d i t i o n s  and a l s o  by s u r f a c e  s u b s i d e n c e .  

Wi th t h e  e p i r o g e n e t i c  t y p e  o f  d e p o s i t  t h e  s u bs ide nc e  c o v e r s  a 

v a s t  a r e a .  I n  most c a s e s ,  t h e r e  was s t e a d y  v e l o c i t y  o f  s u b s i ­
dence w h ic h  was n e a r l y  as h ig h  as t h e  r a t e  o f  g rowth  o f  t h e  bog 

T h e r e f o r e ,  th e  e p i r o g e n e t i c  l i g n i t e  seams a re  c h a r a c t e r i z e d  by 

an u n d i s t u r b e d  d e p o s i t i o n  w i t h  most r e g u l a r ,  b u t  r e l a t i v e l y  

s m a l l  t h i c k n e s s e s  (5 t o  20 m ) . We f i n d  a c o n s i d e r a b l e  number o f  

such seams i n  the  N i e d e r l a u s i t z  r e g i o n  ( E a s t  o f  the  r i v e r  E l b e )

I n  t h e  case o f  t h e  t e c t o n i c  t y p e ,  t h e  s ubs idence  i s  a t e c ­
t o n i c  p r o c e s s ,  m o s t l y  a t r o u g h  f a u l t  w h i c h  i s  c h a r a c t e r i z e d  by 

s h o r t - t e r m  s u b s id e n c e s  i n  a s m a l l  a re a  w h i c h  are  t e m p o r a l l y  

s h i f t e d  ( F i g .  8 ) .  C o n s e q u e n t l y ,  l i g n i t e  seams o f  th e  t e c t o n i c  

typ e  c o v e r  o n l y  a s m a l l  area wh ich i s  as b i g  as the  t e c t o n i c  

u n i t ,  b u t  th e y  a re  o f  g r e a t  t h i c k n e s s .  Because o f  th e  uneven ­

ness and g r e a t  e x t e n t  o f  th e  t e c t o n i c  s u b s i d e n c e ,  c l a s t i c  m a te ­

r i a l  i s  o f t e n  a l l u v i a t e d .  For these  i n t e r c a l a t i o n s  o f  sand and 

c l a y  th e  ash c o n t e n t  i s  v e ry  h i g h .  The f l a n k s  o f  such a b a s i n  

and the  numerous uneven i n t e r c a l a t i o n s  f o rm  g e o t e c h n i c a l  s l i c k e n  

s i d e s  and ,  t h u s ,  endange r  the l a r g e  o p e n - c a s t  m in i n g  u n i t s ,  

a l t h o u g h  t h e y  r e s t  p r e d o m i n a n t l y  on h o r i z o n t a l  w o rk ing  l e v e l s .  

I n  the  case o f  t h e  s a l t - t e c t o n i c  t y p e  ( F i g .  9) o f  d e p o s i t ,  t h e  

s u r f a c e  s u b s id e n c e  n e c e s s a ry  f o r  seam f o r m a t i o n  i s  caused when,  

due t o  r o c k  t e n s i o n s  and the  p l a s t i c  n a t u r e  o f  s a l t ,  s a l t
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Epirogenetic type

Tectonic type

Fig.  B. Genetic types of  l i g n i t e  
deposi ts:  a) epi rogenet ic  
type,  b) tectonic type

Salt-tectonic type

Leaching type

Fig.  9. Genetic types of  l i g n i t e
deposi ts: c) s a l t - t e c t o n i c  
type, d) leaching type

masses move i n  th e  u n d e r g r o u n d  i n t o  a n e a r - b y  d e v e l o p i n g  s a l t  
a n t i c l i n e  or  s a l t  d i a p i r .  A t  th e  f l a n k s  o f  the  s a l t  a n t i c l i n e  
s y n c l i n e s  are  fo rmed w h i c h  can be f i l l e d  by a l i g n i t e  bog .  I f  
t h e  v e l o c i t y  o f  s u b s id e n c e  i s  g r e a t e r  t h a n  th e  r a t e  o f  g ro w t h  
o f  t h e  bog ,  c l a s t i c  s e d i m e n t s  can be a l l u v i a t e d .

M o r e o v e r ,  the  s u r f a c e  s u b s id e n c e  nec e s s a ry  f o r  seam f o r m a ­

t i o n  can be caused by l e a c h i n g  o f  s a l t  o r  o t h e r  d i s s o l v a b l e  

r o c k ,  e . g .  gypsum. These d e p o s i t s ,  b e l o n g i n g  t o  th e  l e a c h i n g  

t y p e  o f  d e p o s i t  ( F i g .  9 ) ,  a re  found  o n l y  i n  areas w i t h  a g r e a t  

t h i c k n e s s  o f  the  Z e c h s t e i n  s u b d i v i s i o n .  Such s y n c l i n i c a l  de­

p o s i t s  a re  m o s t l y  o f  g r e a t  t h i c k n e s s  (up t o  100 m ) . The f l a n k s  

o f  t h e  b a s i n  o f  such a s y n c l i n i c a l  d e p o s i t  formed by s a l t  

l e a c h i n g  and s a l t  movement r e s p e c t i v e l y  a re  m o s t l y  v e r y  s te e p  

and,  t h e r e f o r e ,  a reas  o f  weakness,  . i n  t h e  g e o t e c h n i c a l  sense .

The e p i r o g e n e t i c  t y p e  o f  d e p o s i t  i s  p a r t i c u l a r l y  s u i t a b l e  

f o r  t h e  use o f  o v e r b u rd e n  c o nv e y o r  b r i d g e s  ( F i g .  1 0 ) .  T h i s  u n i t  

spans t h e  exposed m i n e r a l  w i t h  a b r i d g e  and u s u a l l y  r e s t s  on 

two r a i l m o u n t e d  s u p p o r t s .  The e x c a v a t o r - s i d e  s u p p o r t  r e s t s  on 

th e  w o r k i n g  l e v e l ,  where  one o r  two b u c k e t - c h a i n  e x c a v a t o r s  

o p e r a t e .  The s u p p o r t  on t h e  t i p p i n g  s i d e  m o s t l y  r e s t s  on a p r e ­

l i m i n a r y  dump. T h i s  p r e l i m i n a r y  dump i s  fo rmed by e x c a v a t e d
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Fig. 10. Overburden conveyor bridge f o r  60 m thickness to be excavated

o v e r b u r d e n  m a t e r i a l  d i s c h a r g e d  f r o m  t h e  overburden  c o n v e y o r  

b r i d g e  and c o n s e q u e n t l y ,  i t  i s  a p a r t  o f  the  whole dump sys tem.  

The main dump has t o  be formed w i t h  a c a l c u l a t e d  a n g u l a r  p o s i ­
t i o n  o f  s l o p e  i n  o r d e r  t o  g u a r a n t e e  g e o t e c h n i c a l  s t a b i l i t y .

T h i s  r e q u i r e s  a d i s c h a r g e  boom t h e  l e n g t h  o f  which dep ends  on 

th e  h e i g h t  o f  t h e  dump.

O ve rburden  c onveyo r  b r i d g e s  have a s e r v i c e  w e i g h t  up to  

10000 t  (F 6 0 ) ,  i n c l u d i n g  the  e x c a v a t o r  up to 25000 t .  F o r  t h i s  

r e a s o n ,  t h e y  can work  o n l y  under  s p e c i a l  g e o l o g i c a l  c o n d i t i o n s ,  

i . e .  t h e  o v e r b u rd e n  has to  c o n s i s t  o f  50 % sand and t h e  p r e ­

l i m i n a r y  dump, on wh ich  th e  t r a v e l  g e a r  r e s t s ,  has t o  be fo rmed 

by sand .  Work ing  l e v e l s  w i t h  v e r y  l ow  i n c l i n e s  ( t r a n s v e r s e  i n ­

c l i n a t i o n )  a re  nec e s s a ry  and t h e  d i f f e r e n c e  between t h e  h e i g h t s  

o f  t h e  s u p p o r t s  i s  l i m i t e d  ( l o n g i t u d i n a l  i n c l i n a t i o n ) .  T h e r e ­

f o r e ,  o v e r b u rd e n  conveyo r  b r i d g e s  can be used o n l y  w i t h  v e r y  

even d e p o s i t s .  Such e p i r o g e n e t i c  d e p o s i t i o n s  w i t h  t h i c k  P l e i s ­

to c e n e  o v e r b u rd e n  e x i s t  i n  the  N i e d e r l a u s i t z  r e g i o n ,  whe re  11 

o f  th e  t o t a l  15 o v e rbu rd en  c o n v e y o r  b r i d g e s  o p e r a t i n g  i n  th e  

GDR a re  w o r k i n g .

As a r u l e ,  an ove rbu rd en  c o n v e y o r  b r i d g e  can w o rk  o n l y  one 

seam a t  a t i m e .  I t  i s  even d i f f i c u l t  t o  s e l e c t  t h i n  i n t e r b e d d e d  

l a y e r s .  I f  two seams d i v i d e d  by a t h i c k  i n t e r b e d d e d  l a y e r  are  

t o  be worked ,  a m u l t i - s u p p o r t e d  o v e r b u r d e n  conveyor  b r i d g e  i s  
n e c e s s a r y .  T h i s  means an upper  b r i d g e  has to  be comb in ed  w i t h  

t h e  l o w e r  main b r i d g e .

The f l o o r  o f  l i g n i t e  seams c o n s i s t s  m os t l y  o f  c l a y s  wh ich  

d i f f e r  f rom  sandy dumps i n  t h e i r  s o i l - m e c h a n i c a l  p a r a m e t e r s .

The c l a y  has a s m a l l e r  ang le  o f  i n n e r  f r i c t i o n  t han  t h e  dump 
b o t t o m .  I n  o r d e r  t o  p r e v e n t  t h e  dumped m a t e r i a l  w h i c h  has a
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n a t u r a l l y  e s t a b l i s h e d  a n g u l a r  p o s i t i o n  o f  s l o p e  o f  30° f r o m  

s l i p p i n g  onto  th e  c l a y e y  f l o o r ,  th e  s l o p e  sys tem has t o  be 

shaped  t o  a s u i t a b l e  s i z e .  C on s e q u e n t l y ,  t h e  dump system o f  t h e  

F 60 t y p e  c o n t a i n s  two i n t e r m e d i a t e  dumps i n  a d d i t i o n  t o  t h e  

p r e l i m i n a r y  dump.

Ove rburden  c o n v e y o r  b r i d g e s  are  u n i t s  w i t h  a h ig h  c o n c e n t ­

r a t i o n  o f  o p e r a t i o n .  The F 60 type c o n v e y o r  b r i d g e  y i e l d s  an 

a n n u a l  o u t p u t  volume o f  about  126 • 10^ m^,  i t s  conveyor  b e l t s  

a re  d e s i g n e d  f o r  a maximum volume f l o w  o f  10 m'Vs.  These g r e a t  

mass f l o w s  cause o t h e r  g e o t e c h n i c a l  p r o b l e m s :  the  excess p o r e  

w a t e r  p r e s s u r e  i n  t h e  f l o o r  caused by sudd en  h ig h  speed l o a d i n g .  

I f  a c l a y  bed w i t h  a l o w  p e r m e a b i l i t y  and f u l l y  w a t e r - s a t u r a t e d  

p o r e s  i s  su dden ly  l o a d e d ,  th e  whole a d d i t i o n a l  p re s s u re  i s  te m ­

p o r a l l y  absorbed by t h e  w a t e r .  Thus,  an excess  pore w a t e r  

p r e s s u r e  i s  caused r e d u c i n g  the s t r e n g t h  o f  th e  c l a y .  T h i s  e x ­

c e s s  p r e s s u r e  d e c r e a s e s  o n l y  i n  a c c o rd a n c e  w i t h  the  p o s s i b l e  

speed o f  the  w a te r  r u n n i n g - o f f  ( c o n s o l i d a t i o n ) .  Due t o  t h e i r  

h i g h  c o n c e n t r a t i o n  o f  o p e r a t i o n s  a t  t h e  s l e w i n g  end o f  t h e  mine,  

o v e r b u r d e n  conveyor  b r i d g e s  can have a d a i l y  fa ce  advance up t o  

4 m. The speed o f  l o a d  and the  dynamics  o f  d e c r e a s in g  excess  

p o r e  w a t e r  p re s s u r e  have  t o  be known and t a k e n  i n t o  c o n s i d e r a ­

t i o n  i n  d e t e r m i n i n g  t h e  s i z e  o f  the  dump and th e  dumping method.

U s u a l l y ,  i t  i s  n e c e s s a r y  to  r educe  t h e  p re s s u re  i n  a r t e s i c  

a q u i f e r s  o f  th e  f l o o r ,  i n  case o f  t h e  F 60 t y p e  o v e rb u rd e n  c o n ­

v e y o r  b r i d g e  the  f l o o r  has to  be d r a i n e d  up to a depth o f  25 m.

The use o f  u n i t s  o f  t h i s  s i z e  ca us e s  new problems w h i c h  

were  e a r l i e r  unknown. I t  i s  no l o n g e r  p o s s i b l e  t o  c o n t r o l  t h e  

d i s t r i b u t i o n  o f  th e  mass f l o w  (max. 10 m ^ / s )  u n i t e d  a t  t h e  t i p ­

p i n g - e n d  s u p p o r t  o n t o  t h e  p r e l i m i n a r y  dump and the  t h r e e  d i s ­

c h a r g e  p o i n t s  o f  t h e  main  dump by c o n v e n t i o n a l  manual m e th od s .  

T h e r e f o r e ,  the  t h r e e  F 60 typ e  o v e r b u r d e n  co nveyo r  b r i d g e s  i n  

o p e r a t i o n  (Welzow-SLid,  Nochten and J a e n s c h w a ld e  o p e n - c a s t  mines)  

w h i c h  w i l l  be soon f o l l o w e d  by a n o t h e r  t w o ,  were equ ip ped  w i t h  
c o m p u t e r  p r o c e s s o r s .  These p ro c e s s o rs  c o n t r o l  the  m a t e r i a l  
d i s t r i b u t i o n  a t  t h e  d i f f e r e n t  d i s c h a r g e  p o i n t s  by means o f  a 

programme a c c o r d i n g  t o  t h e  a ng u la r  p o s i t i o n  and the  s i t i n g  o f  

t h e  o v e r b u rd e n  c o n v e y o r  b r i d g e  a t  t h e  b e n c h .  In  d o in g  s o ,  a
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dump system i s  e s t a b l i s h e d  wh ich  meets t h e  s o i l m e c h a n i c  r e q u i r e ­

ments and w i l l  p r e v e n t  th e  dump f r om  becoming to o  h i g h .  Thus,  

t h e  dumping space i s  used f o r  opt imum p e r fo rm ance  and s i m u l t a ­

n e o u s l y ,  an even dump s u r f a c e  i s  a c h i e v e d .

The d es ign  o f  th e  o v e r b u rd e n  c o nv e y o r  b r i d g e s  r e q u i r e s  

t h a t  th e  open ing t r e n c h ,  where t h e  OCB i s  assembled,  i s  dug se ­

p a r a t e l y  ( m o s t l y  i n  bench h a u l a g e ) .  C o n s e q u e n t l y ,  t h e  o p e n in g -  

-up  o f  an o p e n - c a s t  mine u s in g  o v e r b u rd e n  conveyor  b r i d g e s  

ta k e s  a much l o n g e r  t im e  -  up to  3 years. The r e - l o c a t i n g  o f  an 

OCB f rom  a w o r k e d - o u t  f i e l d  t o  a new one i s  o n l y  p o s s i b l e  a f t e r  

th e  OCB has been d i s m a n t l e d .  However ,  some a t t e m p t s  have  been 

made t o  r e - l o c a t e  ап 0C8 d i r e c t l y  w i t h o u t  d i s m a n t l i n g .

Due t o  th ese  p e c u l a r i t i e s  o v e r b u r d e n  conveyor  b r i d g e s  have 

t o  be used i n  f i e l d s  w i t h  l a r g e  r e s e r v e s  t o  ensure  a f u l l  amor­

t i z a t i o n  o f  th e  i n v e s t m e n t s  w h ich  r e q u i r e s  an o p e r a t i n g  p e r i o d  

o f  some 20 y e a r s .  T h i s  means, i f  t h e  annua l  o u t p u t  o f  an open-  

- c a s t  mine u s in g  a F 60 ty p e  OCB y i e l d s  a p p r o x i m a t e l y  25 • 106 t ,  

t h e  f i e l d  r e s e r v e  has t o  be abo u t  500 • 106 t .  But  i n  t h e  GDR 

t h e r e  are  o n l y  a few conn ec ted  f i e l d s  wh ic h  meet th e  demands 

f o r  t h e  use o f  an OCB.

4.  THE DEVELOPMENT OF DIRECT-DUMPING COMBINATIONS

As men t ioned  above,  o v e r b u rd e n  co nve yo r  b r i d g e s  can o n l y  

be used under  s p e c i a l  g e o l o g i c a l ,  g e o t e c h n i c a l  and t e c h n o l o g i ­

cal  c o n d i t i o n s .  Where th ese  c o n d i t i o n s  a re  n o t  e n t i r e l y  f u l f i l ­

l e d ,  a n o t h e r  k i n d  o f  d i r e c t  h a u la g e  can be a p p l i e d :  t h e  d i r e c t ­

l y  combined e x c a v a t o r - s t a c k e r - m e t h o d ,  a l s o  c a l l e d  " d i r e c t - d u m p ­

i n g  c o m b i n a t i o n "  (DDC) ( F i g .  1 1 ) .  W i th  such a 00C, -  m o s t l y  a 

c a t e r p i l l a r - m o u n t e d  b u c k e t - w h e e l  e x c a v a t o r  which wo rks  i n  b l o c k  

d i g g i n g  and feed s th e  b e l t  s t a c k e r  d i r e c t l y  o r  by means o f  a 

m o b i l e  t r a n s f e r  c onveyo r  -  the  b e l t  s t a c k e r  spans th e  exposed 
m i n e r a l  by means o f  a boom ( w i t h  a l e n g t h  of  up to 225 m) .  The 

o p e r a t i o n  o f  such a u n i t  c o m b i n a t i o n  -  b l o c k  d i g g i n g  o f  b u c k e t -  

-w h e e l  e x c a v a t o r ,  b l o c k  d i s c h a r g e  o f  b e l t  s t a c k e r ,  p o s s i b l e  

a n g u l a r  p o s i t i o n  and d i s t a n c e  o f  u n i t s  t o  each o t h e r  and so 

on -  r e q u i r e s  s p e c i a l  t e c h n o l o g i c a l  knowledge and e x p e r i e n c e .
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Fig. 11. Comparison of  di rect-dumping combinations w i th  an overburden con­
veyor bridge

I n  t h e  o p e n - c a s t  mine T h o r e z / V i s o n t a  o f  t h e  Mát ra  l i g n i t e  com­

b in e  Gyöngyös,  Hungary  t h i s  ty pe  p f  DDC has been used s u c e s s f u l -  

l y  f o r  s e v e r a l  y e a r s .
I n  c o n t r a s t  t o  o v e r b u r d e n  co nveyo r  b r i d g e s  d i r e c t - d u m p i n g  

c o m b i n a t i o n s  are  u s u a l l y  most  s u i t a b l e  f o r  e x c a v a t i n g  s m a l l  

t h i c k n e s s e s ,  i . e .  n o t  more than  35 m. A c c o r d i n g  to  th e  s i z e  o f  

u n i t  t h e i r  annua l  o u t p u t  y i e l d s  30 t o  40 • 106 m3 and does n o t  

r e a c h ,  f o r  example ,  t h a t  o f  a F 60 t y p e  OCB.

The g r e a t e s t  a d v a n ta g e s  o f  a DDC a r e  as f o l l o w s :  I t  can be 

a p p l i e d  t o  g e o l o g i c - g e o t e c h n i c a l  c o n d i t i o n s  n o t  s u i t a b l e  f o r  

o v e r b u r d e n  co nve yo r  b r i d g e s .  I t  i s  m o b i l e  ( c a t e r p i l l a r  mounted)  

and e x c a v a t o r  and s t a c k e r  can be assem bled  s e p a r a t e l y  a t  th e  

same t i m e  a t  an assem b ly  s i t e  away f r o m  t h e  ope n ing  t r e n c h .  

A f t e r w a r d s  they  can be moved i n t o  t h e  o p e n i n g  t r e n c h .  Thus,  t h e  

p e r i o d  o f  o pe n in g -u p  i s  reduced c o n s i d e r a b l y .  Moreover ,  s i n c e  

t h e y  a r e  m o b i l e ,  t h e s e  u n i t  c o m b in a t i o n s  can be r e l o c a t e d  f rom  

a w o r k e d - o u t  p i t  t o  a n o t h e r  p i t  much f a s t e r  t h an  o v e rbu rd en  

c o n v e y o r  b r i d g e s  ( F i g .  1 2 ) .  T h i s  i s  p a r t i c u l a r l y  i m p o r t a n t  f o r  

m i n i n g  s m a l l e r  f i e l d s  w i t h  fewer  r e s e r v e s  i n  h i g h l y  c o n c e n t r a t ­

ed o p e r a t i o n s .  A DDC can a l s o  be used t o  open up a f i e l d  c u t ­

t i n g  i n t o  the  dep th  w i t h  a s l i c i n g  a c t i o n .  I n  do ing  so ,  th e  

t i m e  and more p a r t i c u l a r l y  th e  c o s t s  o f  o p e n i n g - u p  can be
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stage 3

slice 3 
stage 1

BWs

Fig.  12. Opening-up of  an open-cast mine by means of  direct-dumping combina­
t i on  -  s l i c i n g  overburden excavation and s l i c in g  overburden dumping

reduced  s u b s t a n t i a l l y .

5. TRENDS

Ove rburden  co nve yo r  b r i d g e s  w i l l  c o n t i n u e  t o  d o m in a t e  th e  

scene even i n  th e  y e a r s  t o  come; t h e y  h a n d le  about  50 % o f  the  

t o t a l  o v e r b u rd e n  volume e x c a v a te d  i n  t h e  o p e n - c a s t  min es  o f  th e  

GDR. Two f u r t h e r  F 60 ty p e  b r i d g e s  w i l l  be p u t  i n t o  o p e r a t i o n  

i n  the  o p e n - c a s t  mines R e ich wa lde  and K l e t t w i t z - N o r d  w h i c h  were 

opened up r e c e n t l y ,  t h u s ,  f i v e  F 60 t y p e  b r i d g e s  w i l l  be i n  

o p e r a t i o n  h a n d l i n g  an o v e r b u rd e n  o f  600 • 10^ m^/an,  w h ic h  

amounts t o  abou t  a t h i r d  o f  t h e  r i s i n g  t o t a l  o v e rbu rd en  vo lu me .  

I n  a d d i t i o n  t o  t h a t ,  d i r e c t - d u m p i n g  c o m b in a t i o n s  w i l l  g a i n  i n ­

c r e a s i n g  im p o r t a n c e ,  even i f  t h e y  h a n d l e  no more than  10 % o f  

t h e  t o t a l  o v e rbu rd en  vo lume.
The c u t t i n g  h e i g h t  o f  o v e r b u r d e n  c onveyo r  b r i d g e s  and 

p a r t i c u l a r l y  t h a t  o f  d i r e c t - d u m p i n g  c o m b in a t i o n s  i s  l i m i t e d .  

W i th  OCBs i t  i s  t w i c e  t h a t  o f  DDCs. T h e r e f o r e ,  OCBs w i l l  be 

used more o f t e n .  I n  o r d e r  t o  make use o f  th e  advantages  o f  

d i r e c t  hau lage '  f o r  t h i c k n e s s e s  t o  be e x c a v a te d  g r e a t e r  t h a n  

60 m, i n  t e c h n o l o g i c a l  r e s e a r c h  work  s o - c a l l e d  " s l a n t  m i n i n g "
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has been deve lo ped  ( F i g .  1 3 ) .  In  s l a n t  m i n i n g  a m u l t i - s u p p o r t e d  

s h i f t a b l e  b e l t  c o n v e y o r  i s  i n s t a l l e d  a t  a s l o p e  w i t h  an i n c l i ­

n a t i o n  o f  1 :7  up t o  1 :1 0  a t  b o th  t h e  e x c a v a t o r  and t i p p i n g  

s i d e s .  The o v e r b u r d e n  i s  dug o u t  i n  b l o c k  d i g g i n g  by an e x c a ­

v a t o r  w h i c h c a n  be l e v e l l e d  and i t  can be d i s c h a r g e d  by a 

s t a c k e r  which can a l s o  be l e v e l l e d .  The b u c k e t -w h e e l  e x c a v a t o r

slant minina

Fig. 13. Haulage methods in overburden removal -  d i rec t  haulage

Case study:direct haulage
1.Equipment operation SRs 130

Fig. 14. Case study:  Di rect  haulage i n  smal l  open-cast mines
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e x c a v a te s  b l o c k s  o f  r e l a t i v e l y  s m a l l  h e i g h t s ,  t h u s  i t  can be 
c o n s t r u c t e d  as a compact  e x c a v a t o r  w i t h  a r e l a t i v e l y  s h o r t  

b u c k e t - w h e e l  boom.

Such an a r ran ge m en t  o f  u n i t s  a l l o w s  v a r i o u s  t h i c k n e s s e s  

t o  be e x c a v a te d .
At  f i r s t  s i g h t  th e  deve lope d  o p e n - c a s t  m in i n g  f i e l d  seems 

t o  be r e l a t i v e l y  l a r g e  i n  case o f  an i n c l i n a t i o n  o f  1 : 1 0 .  Com­

pa red  t o  an o p e n - c a s t  mine w i t h  s e v e r a l  benches a r r a n g e d  ac ­

c o r d i n g  t o  th e  n e c e s s a r y  g e n e r a l  i n c l i n a t i o n ,  th e  p i t  t u r n s  out  

t o  be l a r g e r  t h an  c o n v e n t i o n a l  open p i t s  by o n l y  10 X.
The s h o r t - d i s t a n c e  d i r e c t  hau la ge  method can be used i n  

s m a l l e r  o p e n - c a s t  mines ( F i g .  1 4 ) ,  f o r  example i n  b u i l d i n g  ma­

t e r i a l s  i n d u s t r y ,  t o  have th e  s h o r t e s t  hau la ge  d i s t a n c e  f rom 

fa c e  t o  dump and t o  red uce  p r o d u c t i o n  c o s t s  wh ich  a re  s t r o n g l y  

a f f e c t e d  by th e  o v e r b u rd e n  volume t o  be h a n d le d .
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AIRFLOW MODELLING BY THE AVERAGE VELOCITY OF AIR

K Z Ushakov

Mining Un ivers i ty ,  Moscow, USSR

Problems of  a i r  f low in  d r i f t s  o f  mines are deal t  wi th i n  the study. 
Using the model l ing law, the c r i t e r i a  o f  f l u i d  f low wi th medium v e lo c i t y  
are analyzed, and a re la t ionsh ip  i s  exper imental ly establ ished between a i r  
resistance and the Reynolds number. I t  has been found that  the f r i c t i o n  on 
the wal ls of  d r i f t s  i s  most r e l i a b l y  described by the Reynolds number.

Keywords: a i r f l o w  in  mines; d r i f t - t y p e  working; f l u i d  f low;  model l ing; 
Reynolds number; v e n t i l a t io n

To g e t  t h e  s i m i l a r i t y  c r i t e r i a  f o r  the  Reyno lds  e q u a t i o n  

o f  th e  u n s t e a d y - s t a t e  t u r b u l e n t  m o t i o n  one may ta k e  o n l y  one o f  

i t s  p r o j e c t i o n s ,  e . g .  on th e  Ox a x i s ;  o n l y  g r a v i t y  i s  t a k e n  i n ­

t o  c o n s i d e r a t i o n  o f  t h e  v o l u m e t r i c  f o r c e s .  One has:

Эи Эи Эи
“ 5t + U Эх + v -

ЭУ

1
+ 9

0 1+ — 
9

a
~9x ( -  9 upup) Эу

Эи
9 2 = g -L Эр 

9 VA и

9 V p> + k - h  ( - 9wpup} >

( 1 )

where и ,  v ,  w a re  t h e  components o f  t h e  average v e l o c i t y  a lo n g  

th e  c o o r d i n a t e s ;  t  -  t i m e ;  g -  a c c e l e r a t i o n  due t o  g r a v i t y ;  

g -  d e n s i t y  o f  the  f l u i d ;  p -  p r e s s u r e ;  V -  k i n e m a t i c  v i s ­

c o s i t y  c o e f f i c i e n t ;  Д -  L a p l a c i a n  o p e r a t o r ;  и , v , w -  com-p p p
p on en ts  o f  p u l s i n g  v e l o c i t y  a lo n g  t h e  c o o r d i n a t e s ;  x ,  y ,  z - 
c o o r d i n a t e s .

S i m i l a r i t y  c r i t e r i a  are  o b t a i n e d  by th e  method o f  i n t e g r a l  

a n a lo g u e s ,  t h u s  by ch oo s in g  th e  c h a r a c t e r i s t i c  t im e  o f  t h e  

p ro c e s s  0 as t im e  i n  Eq. ( 1 ) ;  t h e  a b s o l u t e  v a lu e  o f  i t s

Acta Geod. Geoph. Mont. Hung. 22, 1987 
Akadémiai Kiadó, Budapest
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v e c t o r  V as the  component  o f  t h e  averag e  v e l o c i t y ;  th e  h y d r a u ­

l i c  d i a m e t e r  D o f  t h e  w o r k i n g  as c o o r d i n a t e ;  t h e  p r e s s u r e  d i f ­

f e r e n c e  H o f  t h e  m o t i o n  a re a  as p r e s s u r e ;  t h e  a b s o lu t e  v a lu e  o f  

t h e  v e c t o r  Vp o f  p u l s i n g  v e l o c i t y  as component  o f  th e  p u l s i n g  

v e l o c i t y .  Hav ing r e p l a c e d  i n  Eq. ( 1 )  t h e  v a l u e s  t ,  u,  v ,  w, x ,  
y ,  z by t h e  adopted i n t e g r a l  ana logues one g e t s  t h e  f o l l o w i n g  

p r o p o r t i o n a l  d i m e n s i o n a l  e x p r e s s i o n s :

V / 0 V2/ 0 g ~  H/g  0 ~  V V/D ' Vp/ D .- ( 2 )

By d i v i d i n g  each t e r m  i n  Eq. ( 2 )  by V v D ,  the  f o l l o w i n g  

d i m e n s i o n l e s s  e x p r e s s i o n s  o r  s i m i l a r i t y  c r i t e r i a  are  o b t a i n e d :

V© /D = Ho -  homochron ism c r i t e r i o n ;
2

dD/V = Fr  -  F ro ude  number;
2

H/gV = Eu -  E u l e r  number;

VD/\> = Re -  R e y n o ld s  number;

Vp/V = Vp/V =E -  i n t e n s i t y  o f  t u r b u l e n c e .

Here  Vp i s  th e  m ea n-squa re  v a lu e  o f  t h e  p u l s i n g  v e l o c i t y  

v e c t o r .
The c r i t e r i a  Ho, F r ,  Eu, Re are  o b v i o u s .  L e t  us e n v i s a g e  

c r i t e r i o n  £ i n  d e t a i l .  F i r s t  o f  a l l  i t  d e f i n e s  the  r e l a t i o n ­

s h i p  between  the  t u r b u l e n t  f r i c t i o n  f o r c e s  T  and the  i n e r t i a l  
2

f o r c e s  о u / 2 .
0  3

F o r  th e  t u r b u l e n t  t a n g e n t i a l  s t r e s s e s  i n  a t w o - d i m e n s i o n a l  

f l o w ,  one has

T:t = g E i  ( Эи /  3y )  = Ej  ua [ a ( u / u a ) / 0  (y/D)]/D , (3 )

w here  £ j  i s  the  c o e f f i c i e n t  o f  the  t u r b u l e n t  exchange f o r  an 

i m p u l s e ;  u g th e  a v e ra g e  v e l o c i t y  o f  t h e  f l o w  and D i t s  h y d r a u ­

l i c  d i a m e t e r .
Thus th e  r e l a t i o n s h i p  between f r i c t i o n a l  and i n e r t i a l

f o r c e s  i s
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Т т /< g u * / 2 )  = 2 Ej  [ a ( u / u g ) /  3 ( y / D ) ] / u a0 . (4)

For  k i n e m a t i c a l l y  and g e o m e t r i c a l l y  s i m i l a r  f l o w s  th e  r e ­

l a t i o n s  u /u  and y / 0  a re  i n  c o r r e s p o n d i n g  p o i n t s  e q u a l .  The de-a
r i v a t i v e  i n  b r a c k e t s  i n  Eq. ( 4 )  i s  a l s o  c o n s t a n t .  T h e r e f o r e  the 

r e l a t i o n s h i p  between f o r c e s  o f  t u r b u l e n t  f r i c t i o n  and i n e r t i a  

i s  d e f i n e d  o n l y  by t h e  f o l l o w i n g  d i m e n s i o n l e s s  e x p r e s s i o n :

uaD/ £ j  = U . (5 )

I t  i s  e v i d e n t  t h a t  th e  c r i t e r i o n  U i s  e q u i v a l e n t  t o  t h e  

Reyn o lds  number.  The o n l y  d i f f e r e n c e  i s  th e  d e n o m i n a t o r ,  where 
t h e  k i n e m a t i c  v i s c o s i t y  i s  r e p l a c e d  by th e  c o e f f i c i e n t  o f  t u r ­

b u l e n t  exchange o f  im p u l s e  ( k i n e m a t i c  c o e f f i c i e n t  o f  t u r b u l e n t  

v i s c o s i t y )  £ j .  The c r i t e r i o n  U may be c o n s id e r e d  as a t u r b u ­

l e n t  ana logue o f  th e  number Re; i t  d e f i n e s  the  r e l a t i o n  o f  mo­

l e c u l a r  f r i c t i o n  f o r c e s  and i n e r t i a l  f o r c e s .

The t h e o r y  o f  m i x i n g  l e n g t h  shows t h a t

£ I L u  = k . L ' u '  m p I m p ( 6 )

where  Lm i s  a momentary v a lu e  o f  P r a n d t l ' s  m ix i n g  l e n g t h  f o r  

t h e  im p u l s e ;  L^ i t s  mean-square  v a l u e ;  Up a momentary v a lu e  o f  

t h e  p u l s i n g  v e l o c i t y  a lo n g  th e  a x i s  Ox; u^ i t s  m ean-squa re  

v a l u e ;  k^ the  p r o p o r t i o n a l i t y  c o e f f i c i e n t .

Hav ing i n  v iew  t h a t  th e  m i x i n g  l e n g t h  L^ i s  p r o p o r t i o n a l  

t o  t h e  d ia m e te r  D o f  t h e  w o r k i n g  and does not  depend on Re 

( S h l i k h t i n g  1969, Ushakov 1975)  i . e .  L^ = k 2 Ü, and u^ = k^Vp, 

Eqs ( 5 )  and (6 )  y i e l d

T = K/E , (7)

where К = l / k j ^ k ^  i s  a p r o p o r t i o n a l i t y  c o e f f i c i e n t .

Thus the  c r i t e r i o n  £ d e f i n e s  t h e  r e l a t i o n  be tw een  t u r ­

b u l e n t  f r i c t i o n  f o r c e s  and i n e r t i a l  f o r c e s  and i s  i d e n t i c a l  to  

c r i t e r i o n  U.
The s i m i l a r i t y  c o n d i t i o n s  o f  two f l o w s  by t h e  a c t i o n  o f  

t u r b u l e n t  f r i c t i o n  f o r c e s  and i n e r t i a l  f o r c e s  i s  i n  corresponding
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p o i n t s  o f  the f l o w s  a c c o r d i n g l y :

£= i n v .  , ( 8 )

o r

U = i n v .  ( 9 )

I n  Eq. (5 )  t h e  c o e f f i c i e n t  o f  t h e  t u r b u l e n t  exchange f o r  

t h e  im p u l s e  can be d e f i n e d  by the  t a n g e n t i a l  s t r e s s e s  a c c o r d ­

i n g  t o  Eq. ( 3 ) :

E j  = t  /  [g ( Э и /  3 y ) J  .

A c c e p t in g  th e  t a n g e n t i a l  s t r e s s e s  on t h e  w a l l  as a s c a l e  

u n i t  f o r  T

^ w  =  < ^ u a  *

where  i s  the  f r i c t i o n  c o e f f i c i e n t  o f  t h e  mine a i r w a y .  By

t a k i n g  an average v e l o c i t y ,  i n  the  w o r k i n g  u g as v e l o c i t y ,  and 

t h e  h y d r a u l i c  d i a m e t e r  o f  the  work in g  D as d i s t a n c e  one g e t s :

£ I  ~  ^ u a D / 9  ■

Then Eq. ( 5 )  y i e l d s

T ~  oC/g = fi , ( 10 )

whe re  ß  i s  t h e  d i m e n s i o n l e s s  f r i c t i o n  c o e f f i c i e n t  o f  t h e  a i r ­

way .
Thus the f r i c t i o n  c o e f f i c i e n t  ß i s  a s i m i l a r i t y  c r i t e r i ­

on o f  th e  f o r c e s  o f  t u r b u l e n t  f r i c t i o n  and i n e r t i a l  f o r c e s  and 

i t s  i n v a r i a n c e  f o r  t h e  c o r r e s p o n d i n g  p o i n t s  o f  th e  o b j e c t  and 

t h e  model  may s e r v e  as t h e  c o n d i t i o n  o f  s i m i l a r i t y :

ß - i n v . (11 )

Equa t ion  ( 1 0 )  shows t h a t  the  r e l a t i o n s h i p  between t h e  . 
mode l  v e l o c i t y  and t h e  o b j e c t  v e l o c i t y  does n o t  i n f l u e n c e  th e
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s i m i l a r i t y  o f  t u r b u l e n t  f r i c t i o n  f o r c e s  and i n e r t i a l  f o r c e s .  

The o n l y  c o n d i t i o n  wh ich  i s  r e q u i r e d  i s  the  e x i s t e n c e  o f  the  

t u r b u l e n t  c h a r a c t e r  o f  th e  f l o w .  The m o t i o n  v e l o c i t y  i n  th e  

model  and t h a t  i n  t h e  o b j e c t  can be some t imes  e q u a l .

The c o n d i t i o n

ex p res s e s  th e  p r i n c i p l e  o f  m o d e l l i n g  " b y  v e l o c i t y "  wh ic h  does 

n o t  c o n t r a d i c t  Eq. ( 1 1 )  and i t  i s  used nowadays i n  t u r b u l e n t  
f l o w  m o d e l l i n g .

Jones and H i n s l e y  (1959 )  d e f i n e  w i t h  r e f e r e n c e  t o  Mar fy  
th e  l o w e r  l i m i t  o f  m o d e l l i n g  by the  a v e rage  v e l o c i t y  i n  a v a lu e

where t  y ,  X ^ a re  t h e  t u r b u l e n t  and m o l e c u l a r  ( v i s c o u s )  s t r e s ­

ses i n  th e  f l o w ,  r e s p e c t i v e l y ;  V  i s  t h e  k i n e m a t i c  v i s c o s i t y  

c o e f f i c i e n t .

Tha t  v a lu e  o f  dL i n  Eq. ( 1 3 ) ,  where  t h e  t u r b u l e n t  f r i c ­

t i o n  , is equ a l  t o  t h e  v i s c o u s  f r i c t i o n ,  s h o u ld  be den oted  by A  . 

I f  \  «  Л  , t h e  v i s c o u s  s t r e s s e s  p r e d o m i n a t e  i n  t h e  f l o w  and 

th e  m o d e l l i n g  s h o u ld  be made a c c o r d i n g  t o  th e  c r i t e r i o n  U. In  

th e  p a r t i c u l a r  case i f  th e  a i rw a y  r e s i s t a n c e  i s  b e in g  m od e l l ed  

w i t h  \  »  A  , t h e  m o d e l l i n g  must be made "by  v e l o c i t y " .  I f  the  

f o r c e s  o f  m o l e c u l a r  and t u r b u l e n t  f r i c t i o n  have th e  same o r d e r  

o f  m a g n i t u d e ,  none o f  th e  ment ioned c r i t e r i a  ensures  th e  s i m i ­

l a r i t y  o f  th e  a c t i o n  o f  f r i c t i o n a l  and i n e r t i a l  f o r c e s ;  mode l ­

l i n g  by any o f  t h e  c r i t e r i a  Re o r  U causes  c o n s i d e r a b l e  e r r o r s .  

Tha t  i s  why a m o d e l l i n g  i n  the  v i c i n i t y  o f  A  i s  u n d e s i r a b l e .  
Thus when m o d e l l i n g  o f  the  a c t i o n  o f  f r i c t i o n a l  and i n e r t i a l  

f o r c e s  i n  a f l o w ,  t h e  pa ram ete r  A  d e f i n e s  th e  r e g i o n  o f  ap­

p l i c a b i l i t y  o f  t h e  c r i t e r i a  Re and U.

Three main r e g i o n s  o f  the  f r i c t i o n a l  and i n e r t i a l  f o r c e s  

m o d e l l i n g  are  g i v e n  i n  Tab le  I  a c c o r d i n g  t o  th e  v a lu e  o f  \  .
C o r r e s p o n d in g  s i m i l a r i t y  c r i t e r i a  a re  i n d i c a t e d . ,  t o o .

u = i n v . ( 12 )

o f  Re = 3 • 104 .

T h is  l i m i t  may a l s o  be d e f i n e d  by t h e  e x p r e s s i o n

E j /  V , ( 1 3 )
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Tab le  I

R eg ion s  o f m o d e l l i n g  . . . . . . . .  I I I I l l

V a lu e  o f . . . . «  A Л »  A
S i m i l a r i t y c r i t e r i o n  . . . . . . . .  Re - U

R eg ion  I I  can be d e f i n e d  e x p e r i m e n t a l l y  by c o m par ing  the  

r e s u l t s  o f  a i rw ay  r e s i s t a n c e  m o d e l l i n g  a c c o r d i n g  t o  Re and U 

( o r  u ) w i t h  th e  r e a l  o b j e c t .
Э

A c c o r d i n g  t o  Eq. ( 1 3 ) ,  £т =ЛЧ)
-5  2I n  th e  case i f  À = 10 and V= 1 .5  • 10 m / s ,  one g e ts

= 1 .5  • 1 0 " 4 m2/ s  .

I t  i s  nec essa ry  t o  d e t e r m i n e  th e  l i m i t s  o f  t h e  v a lu e  i n  

n a t u r a l  c o n d i t i o n s  i n  o r d e r  t o  d e f i n e  t h e  r e g i o n s  o f  m o d e l l i n g  

i n  a c c o rd a n c e  w i t h  t h e s e  s i m i l a r i t y  c r i t e r i a .

The e x p r e s s io n  E j / v * D  = £ j  does n o t  depend on Re 

(U s h a k o v  1975) .  Thus t a k i n g  i n t o  a c c o u n t

v x = u a V  c C /g  =

( s e e  Eq.  3) one has

Ej  = V / 3 / 2  Re ,

r e s u l t i n g  i n

\  = \J i3 / 2  Re (14 )

Л depends l i n e a r l y  on t h e  r e l a t i v e  t u r b u l e n t  exchange o f  

t h e  i m p u l s e  c o e f f i c i e n t  £* j , on Re, and on th e  s qua re  r o o t  o f  

t h e  f r i c t i o n  c o e f f i c i e n t .  T h i s  r e l a t i o n  may be c o n t r o l l e d  e x ­

p e r i m e n t a l l y  f o r  d i f f e r e n t  t y p e s  o f  w o r k i n g s .  I t  i s  n e c e s s a r y  

t o  t a k e  i n t o  a ccou n t  t h a t  i n  g e n e r a l  cases  Л i s  a f u n c t i o n  o f  
t h e  c o o r d i n a t e s ,  i f  t h e  f l o w  does n o t  change a lo n g  i t s  l e n g t h ,  

i t  i s  a f u n c t i o n  o f  t h e  c r o s s  c o o r d i n a t e s .  The r e g i o n  o f  mode l ­
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l i n g  s h o u ld  be e s t i m a t e d  a c c o r d i n g  t o  t h e  average v a l u e  o f  Л 

I h a t  i s  why th e  v a lu e  o f  £ j  i n  Eq. ( 1 4 )  must be a c c e p t e d  as 

a ve rag e  f o r  th e  whole  f l o w  o r  f o r  i t s  c r o s s - s e c t i o n .

F i g u r e  1 shows th e  r e l a t i o n  \ ( R e )  w i t h  a f r i c t i o n  c o e f ­

f i c i e n t  dC = 24.1  10 5 M s 2/ m \  /3 = 3 .95 • 10 2 and a t u r b u -

l e n t  exchange c o e f f i c i e n t  o f  t h e  im p u l s e  £ j  = 2 .1 8  - 1 0  , as

a r i t h m e t i c  average f rom  ave rage  v a l u e s  o f  £ j  f o r  two d i r e c ­
t i o n s  t h r o u g h  th e  c e n t r e  o f  t h e  c r o s s - s e c t i o n ;  one o f  t h e  d i ­

r e c t i o n s  i s  p e r p e n d i c u l a r  t o  t h e  r o o f  and f l o o r ,  th e  o t h e r  to  

th e  w a l l s  o f  the  w o r k i n g .
F i g u r e  2 shows th e  r e l a t i o n  Л (Re) f o r  the  model  o f  

d r i f t - t y p e  w o rk ing  s u p p o r t e d  by t i m b e r  w i t h  the  p a r a m e t e r s  uC 

and /3 . S i m i l a r  r e l a t i o n s  may be o b t a i n e d  f o r  w o r k i n g s  w i t h  

o t h e r  t y p e s  o f  s u p p o r t .

Fig.  1. The funct ion Л (Re) f o r  the model o f  a d r i f t - t y p e  working w i th  a 
rectangular cross-sect ion;  1 -  according to measurements, 2 -  ac­
cording to Eq. (14)

Fig.  2. The funct ion Л (Re, /3, < 0  f o r  the model of a d r i f t - t y p e  working: 
1,2,3,4,5 -  oC • 103 and /3 • 102 ; 3N s2/m4 and 0.492; ION s2/m4 
and 1.64; 20N s2/m4 and 3.28; 35N s2/m4 and 5.74; 50N s2/m4 
and 8.20, respect ively

The p r i n c i p l e  o f  m o d e l l i n g  "by  v e l o c i t y "  w ide ns  t h e  t e c h ­

n i c a l  p o s s i b i l i t i e s  o f  m o d e l l i n g ,  as i t  does n o t  r e q u i r e  a 
somet imes i m p r a c t i c a b l e  i n c r e a s e  i n  t h e  v e l o c i t y  o f  f l u i d
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m o t i o n  i n  the  model  r e l a t i v e l y  the o b j e c t ,  as i n  th e  case o f  

t h e  use o f  the s i m i l a r i t y  c o n d i t i o n s  a c c o r d i n g  t o  the  Reyno lds  

number .  The main a d v a n t a g e  o f  the method i s ,  however,  t h a t  i t  

makes e x p e r im e n ts  more p r e c i s e .
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FORECASTING OF METHANE EMISSION DYNAMICS WITH COMBINED METHOD

'  L S z i r t e s
*% "* t  ., *  ^

Informat ion and Computing Services Company f o r  the Mining Industry (BISZT),
Tatabánya, Hungary

E f f i c i e n t  and re l i a b l e  forecast ing methods f o r  firedamp prevent ion are 
needed f o r  gassy coal mines. Both production cont ro l  and mine safety under­
l i n e  the importance of  e f f e c t i v e  forecast ing because mining of  coal  i s  per ­
formed at greater  and greater  depth and th i s  resu l ts  in constant increase 
in  methane emission in t o  workings. The use o f  computation intensive algo­
ri thms in  mine informat ion and dispatching systems became feasib le through 
widespread use of  mini  and micro computers i n  coal  mines. In a case h is to r y  
various forecast ing models are described and evaluated fo r  a gassy coal  
mine in  Hungary. The proposed forecast ing methodology can be appl ied f o r  
both short  and medium-range computer aided emission cont ro l  (Szi r tes  1984).

Keywords: coal mines; f i redamp prevent ion; fo recast ing ;  methane emis­
sion

INTRODUCTION. TIME SCALES OF METHANE EMISSION

Both  p r o d u c t i o n  c o n t r o l  and mine s a f e t y  need e f f i c i e n t  

and r e l i a b l e  methane e m i s s i o n  f o r e c a s t s  i n  l o n g w a l l  f a c e s  o f  

gassy c o a l  m in es .  P r e d i c t i o n  o f  methane e m i s s i o n  i s  g e n e r a l l y  

p e r fo rm ed  on t h r e e  t i m e  s c a l e s ,  r e f l e c t i n g  t h r e e  a spe c ts  o f  

p r o d u c t i o n  and a d j a c e n t  seam and r o c k  s t r a t a  i n t e r a c t i o n :
-  L on g - te rm  f o r e c a s t i n g  i s  based on g e n e r a l  d e s c r i p t i o n  o f  

zones o f  gas e m i s s i o n .  A l l  gassy  c o a l  seams and s t r a t a  l y i n g  

w i t h i n  the  e f f e c t e d  zone a re  c o n s i d e r e d ,  and t y p i c a l  f o r e ­

c a s t s  are  made f o r  a y e a r  ahead.  P r e d i c t i o n s  are  made f o r  a 

whole mine f i e l d .  Used m a i n l y  f o r  mine p l a n n i n g ,  and o n l y  

s t a t i c  r e l a t i o n s  a re  f o r m u l a t e d .

-  Med ium- term f o r e c a s t i n g  p ro duces  e s t i m a t e s  o f  gas e m i s s i o n  

on a m on th l y  o r  w ee k ly  b a s i s .  Both  methods r e f l e c t  t h e  i n ­

f l u e n c e  o f  p r o d u c t i o n  r a t e  on gas e m i s s i o n ,  b u t  o n l y  i n

Acta Geod. Geoph. Mqnt. Hung. 22, 1987 
Akadémiai Kiadó, Budapest
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w e e k l y  e s t i m a t i o n  i s  t h e  p r o d u c t i o n  v a r i a t i o n  between w o r k i n g  

d ay s  c o n s i d e r e d .  Med ium- te rm  f o r e c a s t s  are  used f o r  v e n t i l a ­

t i o n  and p r o d u c t i o n  c o n t r o l .

-  S h o r t - t e r m  f o r e c a s t i n g  i s  based on r e a l - t i m e  measurement  o f  

methan e  c o n c e n t r a t i o n  and o f  some v e n t i l a t i o n  p a r a m e t e r s .  

F o r e c a s t s  are  made f o r  some m i n u t e s / h o u r s .  D i r e c t  use i n  

s a f e t y  and p r o d u c t i o n  c o n t r o l .
B o th  f o r e c a s t i n g  model  s t r u c t u r e  needed and f o r e c a s t i n g  

e r r o r  p rodu ced  a re  i n f l u e n c e d  by g e o l o g i c  s t r u c t u r e ,  d im e n ­

s i o n s ,  m in i n g  methods used i n  a g i v e n  c o a l  mine.  The r e l a t i o n s  

a r e  w e l l  known f o r  s t a t i c  f o r e c a s t i n g ,  where no t i m e  v a r i a t i o n s  

a r e  c o n s i d e r e d .  A v e r y  t h o r o u g h  summary o f  methods used i n  

Eu ro p e  was p u b l i s h e d  by C u r l  ( 1 9 7 B ) .  For  c o m p l i c a t e d  g e o lo g y  no 

use o f  r u l e - o f - t h u m b  methods ,  o r  s i m p l e  e q u a t i o n s  a re  p o s s i b l e .  

The f o r e c a s t i n g  model  d ev e lo pe d  f o r  t h e  Mecsek c o a l  mines de­

s c r i b e s  the  i n f l u e n c e  o f  30 c o a l  seams i n  40-55 m n e ig h b o r h o o d  

o f  a l o n g w a l l  f a c e .
W h i le  f a i r l y  good e s t i m a t i o n  i s  p o s s i b l e  f o r  l o n g - t e r m  

p l a n n i n g ,  t h e  n a t u r e  o f  r o c k  f a i l u r e ,  and so t h e  dynam ics  o f  
gas  e m i s s i o n  can n o t  be e s t i m a t e d  by t h e s e  methods .  A combined- 
meth od  i s  s u gges te d  f o r  m on th l y  f o r e c a s t i n g ,  f o r  m o d e l i n g  the  
gas dynamics  i n  o u t l e t  a i r  c o n c e n t r a t i o n  m easu r in g  p r o d u c t i o n  
r a t e  a t  th e  f a c e .  S tep s  o f  t h i s  combined method:
1 .  U s in g  geo lo gy  ( s t r a t i g r a p h y ) ,  s u r v e y i n g  and m i n i n g  i n f o r m a ­

t i o n  as s um p t i o ns  a re  d e r i v e d  on f o r e c a s t i n g  model  s t r u c t u r e .
2 .  Mode l  p a r a m e t e r s  a re  e s t i m a t e d  u s i n g  s t a t i s t i c a l l y  a n a ly s e d  

measurement d a t a .  M o n th l y  ave rage  methane c o n c e n t r a t i o n  and 

a v e rag e  p r o d u c t i o n  r a t e  da ta  as t i m e  s e r i e s  can be used f o r  

t h e  e s t i m a t i o n .
3 .  S t ep s  1 and 2 a re  r e p e a te d  u n t i l  minimum deg ree  model  i s  

a t t a i n e d  a t  a c c e p t a b l e  e r r o r  l i m i t s .

MODEL DECOMPOSITION AND THE DYNAMICS OF EMISSION

Model d e v e lo pm e n t  f o r  gas e m i s s i o n  can be i l l u s t r a t e d  us ­

i n g  t h e  s t o r a g e ,  p o t e n t i o m e t e r  and d e l a y  e le men ts  o f  sys tems  

d y n a m ic s  s i m u l a t i o n .  S t o rag e  r e f l e c t s  gas r e s e r v o i r  ( c o a l  seam 

o r  gas sy  s t r a t a ) .  P o t e n t i o m e t e r  i s  needed f o r  m o d e l l i n g  th e
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com plex r e la t io n s h ip  o f  gas e m is s io n  from  a d ja c e n t c o a l seams 

and i t s  d is ta n c e  to  c o a l fa c e . The use o f s to ra g e  and p o t e n t io ­

m e te r i s  w e l l  founded  by th e  re s e a rc h  in  lo n g - te rm  fo r e c a s t in g ,  

b u t v e ry  few has been done on e s t im a t io n  o f d e la y  p a ra m e te rs  in  

n o n l in e a r  m ode ls . I t  i s  w e l l  known th a t  d i f f e r e n t  p o te n t io m e ­

t e r s  a re  needed f o r  d i f f e r e n t  c o a l m in e s . The p a ra m e te rs  o f  th e  

p o te n t io m e te rs  may change w i t h in  a c o a l mine and th e y  may v a ry  

w ith  p o s i t io n  o f  th e  fa c e  as w e l l .  The degree o f  gas e m is s io n  

i s  d e s c r ib e d  w i th in  an e l l i p s o i d  o f  in f lu e n c e  in  m ost c a s e s .

A l l  m odels use e l l i p s o id s  b u t th e  p a ra m e te rs  a re  u s u a l ly  n o t 

e s t im a te d  by m easured d a ta .  A le s s  geom e try  dependen t m odel was 

d e v e lo p e d  by Tarasov in  th e  USSR u s in g  s e v e ra l p a ra m e te rs  o f  

m ine g e o m e try , g e o lo g y  and te c h n o lo g y .

DYNAMIC EMISSION MODEL ALTERNATIVES

F or d e la y  mechanism d e te rm in a t io n  th e  n o t io n  o f  t r a n s f e r  

f u n c t io n  can be b o rrow ed  from  c o n t r o l  e n g in e e r in g .  The d e la y  is  

a f u n c t io n  o f  s e v e ra l v a r ia b le s  o f  a g iv e n  fa c e  e .g .  seam 

th ic k n e s s ,  fa ce  advance r a t e ,  m in in g  m ethods. I t  i s  c le a r  th a t  

in  m ost cases th e  v a r ia t io n  in  th e  fa c e  advance r a te  i s  th e  
o n ly  v a r ia b le  w h ich  can be c o n t r o l le d  f o r  a p ro d u c in g  fa c e .  For 

d e te rm in a t io n  o f  gas e m is s io n  d e la y s  in  fa c e s  u s in g  m easurem ent 

d a ta  tw o methods can be recommended:
1 . U s in g  ro c k  m e c h a n ic a l p r o p e r t ie s  o f  s u rro u n d in g  ro c k  ty p e s ,  

t h e i r  g e o m e tr ic a l p a ra m e te rs  and f a i l u r e  c h a r a c t e r is t ic s  

f a i l u r e - r a t e - r a t i o s  a re  d e r iv e d .  S im u la t in g  th e  p re s e n c e  o f 

v a r io u s  r a t io s  th e  b e s t f i t  ( e . g .  th e  s m a lle s t  a b s o lu te  e r ­

r o r )  o f  measured d a ta  on s im u la te d  r e s u l t s  i s  se a rc h e d  f o r .

2 . R e a c tio n  ra te s  a re  e s t im a te d  betw een p ro d u c t io n  and gas 

e m is s io n  u s in g  c ro s s  c o r r e la t io n s  o f  th e  d a ta . R e a c tio n  

r a te s  as la g s  on p ro d u c t io n  d a ta  a re  used in  m u l t i v a r ia t e  

d is c r e t e  tim e  m o d e ls . U s ing  m ethods o f t im e - s e r ie s  a n a ly s is  

c y c l i c  b e h a v io r  o r  t r e n d  can a ls o  be e s tim a te d  o r  e l im in a t ­

ed fro m  measured d a ta .
U s ing  e i t h e r  m ethods a f a i r l y  e x te n s iv e  p r e l im in a r y  e n g i­

n e e r in g  and s t a t i s t i c a l  d a ta  a n a ly s is  i s  needed to  p ro d u c e
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in p u t  f o r  s im u la t io n  a n d /o r  re g re s s io n  a n a ly s is .  A l l  m in in g  a c ­

t i v i t i e s ,  t h e i r  in f lu e n c e  on gas c o n te n t o f  seam s, e f f e c t s  o f  

d e g a s i f ic a t io n  a re  to  be c o n s id e re d  in  p ro d u c in g  in p u t  d a ta . 

A n a ly s in g  the  e f f e c t s  o f  gas d ra in a g e  a c o r r e c t io n  is  u s u a lly  

needed in  measured d a ta ,  o r  th e  amount o f  gas d ra in e d  has to  

be c o n s id e re d  in  th e  f o r e c a s t in g  m odel.

A CASE HISTORY

F or i l l u s t r a t i o n  o f  th e  proposed m ethod c o r re c te d  gas 

e m is s io n  da ta  were a n a ly s e d  f o r  Is tv á n  s h a f t  in  th e  Mecsek c o l ­

l i e r i e s .  A l l  th e  d a ta  fro m  m ine s u rv e y in g ,  p ro d u c t io n ,  v e n t i l a ­

t i o n  s e rv ic e s  were a c q u ir e d  and a na lyse d  f o r  a p e r io d  o f  one 

y e a r .  M o n th ly  gas e m is s io n ,  average d a i l y  p ro d u c t io n  r a te ,  v o l ­

ume o f  gas d ra in e d  a re  shown on F ig .  1 . F ig u re  2 g iv e s  a sum­

m ary o f  fo re c a s t in g  m ode l p a ra m e te rs , f i t t e d  c o r re c te d  gas 

e m is s io n  d a ta , r e l a t i v e  v a lu e  o f r e s id u a ls  ( i n  %) and th e  sum 

o f  r e s id u a ls  f o r  a 4 p a ra m e te r  re g re s s io n  m odel u s in g  m o n th ly  

p ro d u c t io n  and th re e  t im e  la g s  on p ro d u c t io n  f o r  gas e m is s io n  

f o r e c a s t s .  Because o f  c o r r e c t io n  in  gas e m is s io n  e m is s io n  f o r e ­
c a s ts  can be p roduced  u s in g  fo u r  p ro d u c t io n  r a te  d a ta  and one 
d e g a s i f ic a t io n  r a te  d a ta .  D e g a s i f ic a t io n  d a ta  a re  needed o n ly  
f o r  th e  la s t  m onth , b ecause  gas d ra in e d  a t  Is tv á n  s h a f t  e f f e c t s  
o n ly  n e ig h b o u r in g  c o a l seams (B ánhegy i and Radd 1 9 8 4 ).

ENTRY CORRGAS 2 PROD 1
DR GAS 6

1 66.7ÖOŰ 45.0000 4.90000
2 117. 600 56.0000 30.4000
— 272.000 103.000 54.5000
•1 224.700 182.000 91.4000
5 380.000 185.000 94.2000
ь 413.300 111.000 110.000
7 190.000 52.0000 87.8000
8 227.300 112.000 56.6000
9 205.000 136.000 84.6000

I B 211.000 39.0000 43.0000
1 1 192.500 64.0000 28.5000
12 129.500 .000000 .000000

Fig. 1. Inpu t data o f gas emission fo re ca s tin g  models
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NO. LABEL. VAR LAG COEFFICIENT
t  % % ******* * * * * * * * ** ** ** ** * **

1 PROD 1 0 .4993482
2 PROD 1 1 1.537733
o> PROD 1 2 ~ .1400626
4 • PROD 1 3 .3640341

EN 1 ГЛ F IT FED 10 REPROC I 1 Sill 14

4 I-.65. 49b 18.1551 84.3345
Ь 377.506 -.865039 87.6285
6 3 Ь 3 ■ / 3 3 -14.4127 147.196
7 236.997 19.2138 185.393

.8 187.688 -17.4270 22b- C30b
9 2 7 3. 246 2 -4.38700. 237.543

Ш 2 b 6. 816 21.7139 283.359
t i 190.340 -1.01828 285.319
12 135.458 4.60074 291.277

Fig. 2. Model s tru c tu re  and forecasted emission ra te  fo r  a fou r parameter 
model

E f fe c t s  o f  gas d ra in a g e  f o r  lo n g e r  t im e  p e r io d s  were n o t d e ­
te c te d  .

On F ig .  3 . c o m p a ra t iv e  r e s u l t s  can be seen f o r  fo u r  e m is ­

s io n  fo r e c a s t in g  m odel s t r u c t u r e s .  Sym bol A re p re s e n ts  cu m u la ­

t i v e  a b s o lu te  fo r e c a s t in g  e r r o r  f o r  a 3 p a ra m e te r re g re s s io n  

model u s in g  p ro d u c t io n  r a te  and i t s  2 p re v io u s  v a lu e s . Symbol 

В d e p ic ts  r e s u l t s  f o r  a 6 p a ra m e te r m odel u s in g  3 re g re s s io n  

c o e f f i c ie n t s  on p ro d u c t io n  r a te  and 3 on sq ua re d  p ro d u c t io n  

r a te .  (S qua red  p ro d u c t io n  r a te  i s  an a l t e r n a t i v e  m odel in d e p e n ­

d e n t v a r ia b le ,  because some th e o ry  on gas e m is s io n  s ta te s  a 

heavy in f lu e n c e  o f  advance r a te  on e m is s io n  as w e l l . )  Symbol C 

re p re s e n ts  m odel r e s u l t s  f o r  a model u s in g  3 te rm s f o r  p ro d u c ­

t io n  and 3 f o r  lo n g  te rm  s im u la te d  ( s t a t i c  f o r e c a s t )  e m is s io n  

v a lu e s . Symbol D s ta n d s  f o r  c u m u la t iv e  a b s o lu te  fo r e c a s t in g  

e r r o r  o f  th e  m odel in  F ig .  2 . Symbol E shows r e s u l t s  f o r  a 5 

p a ra m e te rs  m odel u s in g  p ro d u c t io n  r a te  and 4 la g s  on i t .

Sym bols C, D and E re p re s e n t b e t t e r  m odels th an  A o r  B. 

Because m odels marked by sym bols C and E use one and two more 

p a ra m e te rs  th e n  m odel D we have chosen m odel D f o r  fu tu r e  p r e ­

d ic t io n s  .
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SYMBOL A: SERI ES 12 SUM 1
SYMBOL B: SERIES 13 SUM2
SYMBOL C: SERIES 14 SUMS
SYMBOL D: SERIES 15 SUM4
SYMBOL E : SERIES 16 SUMS

MIN VALUE 43.54 MAX VALUE 417.53 SPACING 7.632

« i • 1|. +  4- 4 4- 4- 4- 4- 4- 4-4- -1- <- +  1- -1- + + -1 -4 -+ + n  •4--I - 4~1- +  t- M  • 1- 4- + + +  +  +  H H 1 -  i
3 ?< l A 1- C D E
4 C *< D A •1- D E
5 + C D B  E  A -t-

6 i C D D E A 1
—r t- C  B  D E A +
a 1 C B &  A ..J.. D E
9 С  В Si A 1- D E

1 Ö 4- C E D  D A  4-
1 1 ■\r C E  B D A  +

1 2 t C E  D B A
• l- -I- {- 1V  +  +  +  +  +  • :• -I- +  +  • Y +  4- +  Y  Y +  -1- + +  -Г  -1- 4 +  4 +  4- 4- 4- 4- 4- 4- 4- 4- +  4- +  +  + -j.. -Ы- +  +  +  +  -1-

F ig . 3. Summary o f cumulated absolute fo re cas tin g  e rro r fo r  f iv e  models

A f t e r  a f a i r l y  lo n g  e n g in e e r in g  and s t a t i s t i c a l  p re p a ra to ­
r y  w o rk  model e s t im a t io n  was p e rfo rm e d  w i t h in  h a l f  a m in u te  on 

an IBM PC m ic ro c o m p u te r, and fo r e c a s t in g  to o k  le s s  th e n  a 

s e c o n d .

FUTURE RESEARCH NEEDED

P r e l im in a ry  s im u la t io n  r e s u l t s  in d ic a te d  t h a t  th e  same 

m ethod  can be used f o r  s h o r t - te r m  fo r e c a s t in g  as w e l l .  Some 

s im u la t io n  run s  were made u s in g  d i r e c t l y  m easured gas c o n c e n t­

r a t i o n  and p ro d u c t io n  r a te  d a ta . R e s u lts  in d ic a te d  t h a t  com­

b in e d  d a ta  s e r ie s  a re  needed f o r  r e tu r n  a i r  v e lo c i t y  and b a ro ­

m e t r ic  p re s s u re  as w e l l .  M e th o d o lo g y  f o r  s e t t in g  d i g i t a l  f i l t e r  

p a ra m e te rs  a ls o  has t o  be e la b o ra te d  f o r  s h o r t - te r m  methane 

e m is s io n  fo r e c a s ts .
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BOOK REVIEWS

P О BAUMGARTNER: Jurassic Sedimentary E vo lu tion  and Nappe Emplacement in  the 
A rg o lis  Peninsula (Peloponnesus, Greece). (D enkschriften der Schweizerischen 
Naturforschenden G ese llscha ft, Bd. 99), B irkhäuser, Basel, 1985, 111 p . ,  34 
f i g s . , 7 P is .

The A rg o lis  Peninsula is  not large but i t s  geo log ica l complexity gives 
an opportun ity  to  solve many general problems o f the Mesozoic s tra tig rap hy  
and paleogeography o f the Mediterranean reg ion . Peter Baumgartner made the 
best o f th is  o pportun ity . His work is  concise though the stud ies were very 
d e ta ile d  and precise from fie ld -w o rk  to  X-ray d iffra c to m e try  and from rad io - 
la r ia n  s tra tig rap hy  to  o p h io lite  petrography. H is conclusions are s t r i c t l y  
on the subject though h is  extensive knowledge and experience reach fa r  be­
yond the Mediterranean reg ion.

The in tro du c to ry  chapter gives a review o f the te c to n ic  u n its  studied 
(an exte rna l Adhami Composite U n it, an in te rn a l Ohidhimi-Trapezona Composite 
U nit and a younger Akros U n it) and o f the main re s u lts . The section  "H is to ry  
o f Research" is  e spe c ia lly  in s tru c t iv e . From th is ,  the reader learns th a t 
the German school working p rev ious ly  in  the area (Jacobshagen, Bachmann, 
Risch, e tc .)  o ve rs im p lifie d  the s tra tig rap hy  and s tru c tu re  o f the A rgo lis  
peninsula and lumped together the s tra t ig ra p h ic a l columns o f severa l, d i f ­
fe re n t, superimposed te c to n ic  u n its . The author fo llow ed the ideas o f the 
French school (Dercourt, V rie lynck) in  d if fe re n t ia t in g  the Mesozoic nappe 
s tru c tu re  but he stepped w e ll beyond th e ir  re s u lts  in  more precise  dating 
o f the important sedimentary and te c to n ic  events (ages o f ra d io la r ia n  cherts 
in  d if fe re n t  u n its ; tim ing  o f Mesozoic nappe emplacements). This may remind 
the reader to  the fa c t th a t good sedim entological and/or te c to n ic  ana lysis 
is  impossible w ithout p recise k ron o (= b io )s tra tig ra ph y .

Chapter В is  the backbone o f the work; i t  deals w ith  the s tra tig ra p h y  
and paleogeographic evo lu tion  o f the study area.

The Basal Sequences m irro r an evo lu tion  o f a passive co n tin en ta l margin 
from Late T ria ss ic  to  mid-Late Jurassic. The deepest form ation is  the 
Pantokrator Limestone w ith  c h a ra c te r is t ic  shallow-water carbonate p la tfo rm  
development. I t s  age is  Late T ria ss ic  in  the Adhami U n it and in  the most 
p a rt o f the Dhidhimi-Trapezone U n it but in  a re s tr ic te d  region the p la tfo rm  
cond itions  remained stab le  up to  the Middle L ia s s ic . The subsequent pe lag ic 
limestones and Rosso Ammonitico show considerable v a r ia t io n  in  space. In 
the Adhami U nit the base o f the pelag ic sequence is  associated w ith  deep 
neptunian dykes and the Rosso Ammonitico is  characterized  by p e lag ic  s tro ­
m a to lite s . In  the western p a rt o f the Dhidhimi-Trapezona U n it the pe lag ic 
sequence is  extremely condensed and is  underla in  by "young" (M iddle L ias­
s ic )  p la tfo rm  limestones. In  the eastern ( in te rn a l)  p a rt the sequence be­
gins w ith  th ic k !  c r in o id a l and che rty , redeposited limestones (S in ia is  
Limestones) o r, in  some p laces, w ith  slump breccias and limestone tu rb i-  
d ite s . From the Oxfordian (o r C allovian?) onwards ra d io la r ite s  were la id  
down everywhere (Aiyos Nikolaos Chert in  the Adhami U n it and Angelokastron 
Chert in  the Dhidhimi-Trapezone U n it) .  Suddenly, w ith in  the Kimmeridgian, 
coarse d e t r i t a l  sediments fo llo w  (Kandhia Breccia , Potami Formation) w ith  
chrome sp ine l and o p h io lite  d e tr itu s .  They appear e a r lie r  and conta in  more 
o p h io lite  fragments in  the in te rn a l than in  the ex te rna l u n its ; th is  po in ts  
to  an o p h io lite  nappe emplacement prograding from the east to  the west dur­
ing Kimmeridgian tim es.

The Overlying Late Jurassic Nappes are p a r t ly  sedimentary p a r t ly  * 
o p h io l i t ic  in  composition. The A sk lip ion  U n it cons is ts  o f Middle T ria s s ic
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to  M idd le  Jurassic pe lag ic lim estones ( th ic k  and che rty : Adhami Limestones 
-  condensed and ammonitic: A s k lip io n  Limestones). In  the M iddle Jurassic 
(Bathonian) ra d io la r ite s  (K o lia k i Chert) developed. In  the E a rly  Kim- 
m eridg ian c la s t ic  form ations r ic h  in  o p h io lite  d e tr itu s  fo llo w  and close 
the succession. On the basis o f these fa c ts , the A sk lip ion  U n it is  placed 
p a lin s p a s t ic a lly  to  a more in te rn a l p o s itio n  than the Basal Sequences. The 
O p h io lite s  form the h ighest nappes and the most in te rn a l paleogeographic 
u n i t .  T he ir Jurassic age is  based on in te rca la te d  ra d io la r ite s .  In co rpo ra t­
ed e x o t ic  blocks imply v ic in i t y  to  a con tinen ta l margin.

One o f the most s u b s ta n tia l improvements o f Baumgartner's work is  the 
tim in g  o f events by b io s tra tig ra p h y . (This means f i r s t  o f a l l  ra d io la r ia n  
b io s tra tig ra p h y  o f which he is  a well-known e xp e rt.)  Yet, the only s h o rt­
coming worth mentioning l ie s  in  the f ie ld  o f b io s tra tig ra p h y . N otably, the 
age o f deposition  o f pe lag ic  lim estone se ries o f the Basal Sequences is  
d e lim ite d  from bottom and top by fo s s i ls  from the Pantokrator Limestones 
and from the Angelokastron and Aiyos Nikolaos Cherts, re sp e c tive ly . D ire c t 
b io s tra t ig ra p h ic a l evidence is ,  however, m issing o r scarce from the pe lag ic 
lim estones themselves th e re fo re  the s tra t ig ra p h ic  gaps ( c f .  F ig . 53) are o f 
unknown extent or only supposed. This remark does not touch Baumgartner's 
m e r its  since c o lle c tin g  ammonoids and other megafossils is  a tiresome and 
time-consuming task in  i t s e l f .  However, i t  po in ts  to  something what re ­
mained to  be done.

Chapter C is  devoted to  o p h io lite  petrography and geochemistry. This 
and the  next chapter on chrome sp in e l and c lay mineralogy are o f appendix 
ch a ra c te r, nevertheless, they are p ro fuse ly  and m arvellously i l lu s t r a te d  
and p rovide  substan tia l conclus ions. From the acknowledgements i t  appears 
c le a r ly  th a t the author was helped by numerous colleagues in  ca rry ing  out 
the  m inera log ica l and geochemical s tud ies , yet the reviewer is  captiva ted  
by t h is  v e r s a t i l i t y ,  unusual among s tra tig ra p h e rs .

In  the Conclusions the general e vo lu tio n , the p a lin sp a s tic  p o s itio n  
and the  emplacement h is to ry  o f d if fe re n t  u n its  are given accompanied by a 
very in fo rm a tive  and fa s c in a tin g  cartoon (P la te  7 ). The au th o r's  b r i l l i a n t  
way o f th in k in g  about Mesozoic paleogeography c le a r ly  re f le c ts  h is  f r u i t f u l  
co n ta c t w ith  Daniel B e rn o u lli (Basel) who is  among the g ian ts  o f the sub­
je c t .

The book is  wonderful in  a l l  respects. The cover p ic tu res  are spectac­
u la r  and w it ty .  The fig u re s  (photographs and l in e  drawings) are o f exce l­
le n t  q u a lity  ju s t as the p r in t in g  o f the te x t.  A l l  these harmonize w e ll 
w ith  the concise, in te l l ig e n t  and genuine content.

Baumgartner's work should be read by everyone working on Mesozoic 
s tra t ig ra p h y  and sedimentology in  the Mediterranean reg ion.

A Vörös

SVEN MAAL0E: P rinc ip le s  o f Igneous Petro logy, Springer Verlag, 1985, p 371, 
f ig s  291

The theory o f magma o r ig in  based on p la te -te c to n ic s  and the rap id  de­
velopment o f the ana lys is  o f trace  elements and o f isotope-geochemistry in  
the  la s t  25 years revealed a data amount and produced th e o re tic a l approxima­
t io n s  in  magma petro logy which enables a q u a n tita tiv e  d esc rip tio n  o f the 
process o f o r ig in  and development o f magmas. This needs a physico-chemical 
and thermodynamical approximation in  pe tro logy . The handbook and compendi­
um, resp ec tive ly , app lies th is  type o f approximation and is  thus the most 
outstand ing  petro logy w r it te n  in  recent years.
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One o f the most u se fu l pa rts  o f the book is  the p resen ta tion  o f the 
theory o f phase-diagrams o f moner, bimer, fe rner and multicomponent systems, 
always connected to  examples taken from the nature.

The Chapter d iscussing systems w ith  gas-content converts the new ex­
perim ental data o f pe tro logy  emphasizing the study o f rock-m e lts  conta in ing 
water and CO2 . Author spends an extra  chapter to  the ro le  o f oxigéné fugac­
i t y  in  the fra c t io n a l c r y s ta l l iz a t io n  o f the magma and in  the determ ination 
o f paleothermobarometric cond itions o f the magma.

The main p o in t o f the coming in to  being and development o f  magmas is  
enlightened in  the chapters d iscussing p a r t ia l  m elting and f ra c t io n a l crys­
ta l l iz a t io n .  The f i r s t  expla ins the composition o f primary magmas showing 
the process on the example o f p a r t ia l  m elting  o f lh e rz o lite s  and g ran ites . 
Author shows here the most modern d isc rim in a tio n  method based on geo­
chem istry.

In  the chapter dea ling  w ith  magma k in e tic s  one gets a p ic tu re  about 
the d if fu s iv e  processes ta k ing  place in  gas, l iq u id ,  and s o lid  phase, about 
the thermodynamic cond itions  o f undercooling, about c ry s ta l growth and 
about the importance o f the c ry s ta l-h a b it in  the revealing o f magma crys­
ta l l iz a t io n  processes.

In  the chapter: Magma dynamics one can read about the connection be­
tween density and v is c o s ity ,  and between temperature-pressure and chemical 
behaviour, about the g ra v ita t io n a l s ink ing  o f phenocrystals, about the 
thermodynamics o f convection curren ts in  magmas, about the theo ry  o f 
m a n tle -d ia p ir-o rig in  and about the c a lc u la tio n  o f upward p en e tra tion  o f 
magmas. The dynamics o f lam inar and tu rb u le n t lava-flow  is  described here, 
too.

In  the chapter dea ling  w ith  isotope geology a review is  g iven  about 
radiogene age-determ ination and about the a pp lica tion  o f s tro n tiu m -, neo- 
dium-, and samarium isotopes as w e ll as the isotope combinations o f in e r t  
gases fo r  the so lu tio n  o f magma-genetical problems. The changes o f oxigéné 
isotopes enables to  trace  the cooling o f the magma and thus to  tra ce  the 
path o f magma in  the c ru s t.

A l i s t  o f nearly 500 references from the most up-to-date  to p ic s  com­
p le tes  the book.

The book is  recommended to  geo log is ts  and students, but i t  can be use­
fu l  fo r  experts in  s il ik a te -c h e m is try , too .

T Póka

T BÁL0I: M id -T e rtia ry  S tra tig raphy and Palaeogeographic E vo lu tion  o f 
Hungary. Akadémiai Kiadó, Budapest, 1986, 201 p ., 95 f ig s ,  16 ta b le s , 134 
photographs on 11 p la te s . ISBN 963 05 3945 4, 290,- Ft ( fo r  s o c ia l is t  
co u n trie s ), 24 ,- US $ ( re s t  o f the world)

Professor Tamás B á ld i was among the few geo log is ts , who re a liz e d  a t 
the beginning o f the 1980s, th a t the Palaeogene h is to ry  o f the Carpathian- 
-Pannonian region cannot be understood in  the present-day te c to n ic  frame­
work; and c e rta in ly  he was the f i r s t  one, who draw m o b ilis t ic  palaeogeo­
graphic reconstructions w ith  s o lid  s tra tig ra p h ic  background. To achieve 
these ambitious aims, he has organized the a c t iv it ie s  o f a team o f sp e c ia l­
is ts  o f calcareous nannoplankton, d in o f la g e lla te s , higher p la n ts , fo ra m in i- 
fe rs , ostracods, and o f sedim ento logists , p e tro lo g is ts , m agnetostratigraph- 
e rs , e tc . He h im se lf, as an in te rn a t io n a lly  well-known expert on molluscs, 
provided the palaeoecologica l data and d irec ted  the in v e s tig a tio n s  towards 
a la rge -sca le  synthesis. This book presents the f in a l  re s u lts  o f more than
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twenty years ' research work, w h ile  d e ta ils  have been published in  dozens o f 
jo u rn a l papers.

The f i r s t  h a lf o f the book contains the s tra t ig ra p h ic  descrip tion  of 
Upper Eocene to Lower Miocene formations in  the Transdanubian Midmountains 
and N orthern  Hungary, w ith  extens ive  l is t in g s  o f the m ollusc fauna. A 
pa laeoeco log ica l evalua tion  and palaeobiogeographical characters (e .g . 
B o rea l, Paratethyan, M editerranean, or endemic) o f the  a ltogether 100 b i­
va lve  and gastropod genera are  given. The d e sc rip tio n s  are i l lu s tra te d  by 
sediment d is tr ib u tio n  maps and by outcrop and subcrop p ro f i le s .  Special 
emphasis is  la id  on b io lo g ic a l and sedimentological events a t the boundary 
between the K isce llia n  and Egerian regional stages and a t the Oligocene/Mio- 
cene boundary.

A f te r  g iv ing the s tra t ig ra p h ic  data w ith  d e ta ile d  fac ies  in te rp re ta ­
t io n s , the conclusions on te c to n ic s  and palaeogeography are drawn in  the 
second chapter. A series o f sediment d is tr ib u t io n  maps, and another on the 
te c to n ic  framework d isp lays the  complicated h is to ry  o f the region from 
M iddle Eocene to E a r lie s t Miocene, when a general SW to  NE displacement o f 
seve ra l c ru s ta l fragments occurred, leading to  the form ation o f the sinuous 
Carpath ian arc. The g e o lo g ica l p a rt is  closed by a review o f the surround­
ing  reg ions : four sm a ll-sca le  palaeogeographic maps d isp la y  the pos itions  
o f seaways and lands in  a wide b e lt  from the German P la in  to  the Caspian 
Sea.

W hile the f in a l conclus ions are embedded in  th e ir  reg iona l context, an 
in tro d u c to ry  chapter p ro v id in g  geographical and g eo lo g ica l overview would 
have been usefu l fo r  those who are un fam ilia r w ith  the Carpathian-Pannonian 
reg io n .

An appendix contains b r ie f  descrip tions o f 6 m ollusc species from the 
Lower Oligocène Tard Clay and o f 52 taxa from the M iddle Oligocène K is c e ll 
C lay, supplemented by 134 photographs on 11 p la te s . Heavily compacted 
p e l i t i c  sediments are not th e  best media fo r  p reserv ing  minute d e ta ils  o f 
the embedded fo s s ils : the photographer, L K linda can only be praised fo r  
the e x c e lle n t resu lts  o f h is  p a tie n t work.

Some comments have to  be mentioned on the form o f the book. The octavo 
form at is  good, the lin e n  b in d in g  with the n ice dust-cover w i l l  stand any 
k ind  o f treatment. The la y o u t is  fin e  and p r in te r 's  e rro rs  are few. However, 
a m ajor drawback of the book is  th a t a l l  95 l in e  drawings are p ile d  up a t 
the end o f the volume, w h ile  tab les  l is t in g  dozens o f mollusc taxa are em­
bedded in  the te x t. This a c tio n  o f the p ub lishe r, app lied  in  the Hungarian 
e d it io n  a lso , is  probably expla ined by lower p roduction  costs. However, a 
p u b lis h e r who wants to  get re s u lts  in  the in te rn a t io n a l book market, cannot 
a llo w  h im se lf th is  kind o f negligence.

The pub lica tion  o f B á ld i 's  monograph is  a s ig n if ic a n t  gain to  the 
understanding of a major epoch in  the h is to ry  o f the  Carpathian-Pannonian 
re g io n . The book can be recommended to those, who are in te res ted  in  the 
Palaeogene and Miocene h is to ry  o f SE-Europe, and to  those, who study 
T e r t ia ry  molluscs.

M Kázmér

G BRANDSTÄTTER: Die "Very Long Baseline In te rfe ro m e try " und ih re  geodäti­
sche Anwendung: M itte ilun g en  der Geodätischen In s t i t u te  der Technischen 
U n iv e rs itä t Graz. Folge 50, Graz 1985, p. 22, öS 5 0 .-

In  sp ite  of the fa c t th a t B randstä tte r's  le c tu re  had been de livered  a t
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the Technical U n ive rs ity  Braunschweig in  the Year 1971, i t s  a c tu a lity  re ­
mained in  these 15 years due to  a rap id  development o f s a te l l i te  techn ics , 
by the in tro d u c tio n  o f the base in te rfe rom e try  and o f the GPS s a te l l i te s .

The paper prepared from th is  le c tu re  c a lls  a tte n tio n  to  the uptodate 
techn ica l s o lu tio n  o f the very long baseline in te rfe ro m e try  (V LB I), i t  
g ives the phys ica l p r in c ip le s  by presenting the equation fo r  the a d d it iv e  
and crosscorre la ted  superposition  o f the s ign a ls  and deduces the equation 
fo r  the determ ination o f the numbers o f the in te rfe re n ce  s tr ip e s  f i r s t l y  
fo r  the monochromatic rad io in te rfe ro m e try , then fo r  the actual frequency 
range. At the end o f the p u b lica tio n  the author enumerates the p o s s ib i l i t ie s  
o f the method in  geodesy: in  geodynamics, in  g lo b a l tr ia n g u la tio n  and in  
na tiona l surveys.

Gy Szádeczky-Kardoss
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