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SATELLITE GEODETIC STUDIES ON THE REGIONAL DYNAMICS 
OF THE CARPATHO-BALKAN AREA

I N Totomanov and N I  G eorg iev

Central Laboratory fo r Geodesy of the Bulgarian Academy of Sciences, 
1000 Sofia, 7 Noemvri s t r .  1, Bulgaria

EManuscript received October 8, 1987, revised: November 2, 19893

The present paper expands the authors' investigations on the optimum 
laser location on a r t i f i c ia l  Earth's s a te llite s  (AES) fo r the determination 
of the absolute and re la tiv e  kinematics of the regional lithosphere with 
emphasis on the Carpatho-Balkan Region (CBR), on i t s  two main s truc tu ra l 
parts -  the Middle European and Balkan ones. In e a rlie r CBR studies, the 
accuracy of the Cartesian components of the geocentric vectors was 
investigated fo r the Balkan and the in te rcon tinen ta l chord vectors were 
independently considered fo r Middle Europe and fo r the Balkan. In th is  
model study new results are presented fo r the accuracy of the determination 
of: a) the components of the geocentric vectors in  Middle Europe, and b)
the chord vectors fo r the entire  CBR. Conclusions are drawn on the optimum 
AES o rb it parameters, on the quality of the network of observatories and on 
the common and d if fe r r in g  characteristics of CBR and its  parts as re lated 
to the in ternational pro ject IDEAL.

Keywords: Carpatho-Balkan area; geodynamics; laser location; s a te ll i te  
geodesy

INTRODUCTION

E a r l ie r  model s tu d ie s  (G e o rg ie v  e t a l .  1987, 1988,
Totomanov e t a l .  1987) aimed a t the  d e te rm in a tio n  o f the  la s e r  
lo c a t io n  o f a r t i f i c i a l  E a r th 's  s a t e l l i t e s  (AES) as re la te d  to  
the in te r n a t io n a l  geodynamic p r o je c t  IDEAL (G eorg iev e t a l .  
1983, 1986, G eorg iev and Totomanov 1986) and were made bo th  f o r  
the e n t i r e  C a rpa tho-B a lkan  re g io n  (CBR) and fo r  i t s  two main 
p a r ts :  the  M idd le -E uropean and the  B a lkan ones; r e s u lts  were 
p resen ted  fo r  the  s a t e l l i t e  g e o d e tic  o b s e rv a to r ie s  Репс near 
Budapest (Hungary) and Plana near S o fia  (B u lg a r ia ) .  Th is  paper 
c o n tin u e s  th is  s e r ie s  and o u t l in e s  the  re s u lts  o f a re p o r t
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(Totomanov and G eorg iev 1987) a t the  con fe rence  " S t r u c tu r a l  
development o f the  C arpa tho -B a lkan  o rogen ic  b e l t "  ( B r a t is la v a ,  
C zechos lova k ia , O ctober 12 -15 , 1987). 32 v a r io u s  com pute r-
generated la s e r  measurements are used which have an in te g r a l  
accuracy o f 25 cm, and are between the t e r r e s t r i a l  
o b s e rv a to r ie s  and an h y p o th e t ic a l AES w ith  a m ajor s e m ia x is  a 
(o r  h e ig h t H = a-R ) and an in c l in a t io n  i  o f the o r b i t .

ACCURACY OF GEOCENTRIC POSITIONING STUDIES

In e a r l ie r  s tu d ie s  the roo t-m ean square e r r o r  mg o f the 
le n g th s  o f the  CBR g e o c e n tr ic  v e c to rs  S is  used to  measure the 
accuracy o f t h e i r  d e te rm in a t io n . In  the  most re ce n t in v e s t ig a ­
t io n s  re la te d  to  th e  Balkan (Totomanov e t a l .  1987), th e  e r ro rs  
mx , my and mz o f the  C a rte s ia n  components o f S are d e te rm in e d ; 
th e y  show th a t  ms is  an app rox im a te  in fo rm a tiv e  q u a n t i t y .  Thus 
mx , my and mz are c a lc u la te d  and mapped in  the p re se n t work fo r  
th e  M idd le -E uropean p a r t o f the  CBR (F ig . 1 ), to o ; here the 
la s e r  lo c a t io n  o f an AES ensures the accuracy re q u ire d  by 
IDEAL, m -$3.5 cm in  the hatched a re a s .

Even in  t h is  case a c o n s id e ra b le  d if fe re n c e  is  seen in  the 
accuracy o f the  d e te rm in a tio n  o f the  components o f S the 
accuracy is  the  le a s t  (3-11 cm) f o r  Y, the  h ig h e s t (2 -6  cm) fo r  
Z, and an in te rm e d ia te  one (3 -7  cm) fo r  X. The optimum areas E 
a re  fo r  the d e te rm in a t io n  o f a component o f S w ith  th e  c o n d i­
t io n  g iven fo r  m f o r  M idd le  Europe:

EME (mx) £ (50 < i  < 8 0 ° , H > 4 Mm; 8 0 < i< 9 0 ° ,  5 < H < 7  Mm;
100 < i  < 110°, H > 6 Mm),

EME ( my ) £ (50 < i< 6 0 ° ,  H > 5  Mm; 6 0 < i< 1 0 0 ° ,  5 < H < 6  Mm;
100 < i  < 1 2 0 ° , H > 6 Mm),

EME ( mz ) £ (50 < i  < 1 2 0 ° , H > 4 Mm),

o r  j o i n t l y

E^£ = E|V|£(mxAmyAmz ) £ ( 5 0 < i< 6 0 ° ,  H 5>Mm; 6 0 < i< 1 0 0 ° ,
5 < H < 6 Mm)
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Fig. 1. Isolines of the root-mean square errors m of the Cartesian compo­
nents of the geocentric positioning vectors S in  Middle Europe: a -  
fo r mx (cm), b -  fo r my (cm), c -  fo r mz (cm). For deta ils  see the 
text

which are in  accordance w ith  the va lu e s  g iven  by G eorgiev e t 
a l .  ( 1 988), th rough  ms , re s p e c tiv e  the area E.

D ira c 's  h y p o th e s is  on the expand ing Earth  can be o n ly  
checked by means o f the component Z w ith in  the  area E ^  (mz ^:

^ 2  cm) E ( 7 0 < i< 9 0 ° ,  H >5  Mm).
A com parison o f the new r e s u lts  E ^  ob ta ine d  here fo r  

M idd le  Europe, w ith  those fo r  the Balkan re g io n  EBr (Totomanov 
e t a l .  1987):
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EB R ( mZ ) E (50 < i  < 120°, H >3 Mm),
EBR = Eßß(mx rriy mz ) E ( 3 0 < i< 6 0 ° ,  1 1 0 < i< 1 2 0 ° ,

H > 7 Mm; 6 0 < i< 8 0 ° ,  5 < H < 6  Mm; 1 OQ < i  < 1 1 0 °,
6 < H < 7 Mm)

shows the s p e c i f ic  p o in ts  o f the  two main CBR p a r ts  fo r  the 
p o s it io n in g  o f an AES la s e r  to  be cons ide red .

ACCURACY OF INTERCONTINENTAL GEOKINEMATIC STUDIES

The root-m ean square e r ro rs  mp, тф and m|_ were c a lc u la te d  
f o r  the le n g th  R and fo r  the o r ie n ta t io n s  ( ф by la t i t u d e ,  and 
L by lo n g itu d e )  o f two groups o f chord v e c to rs  R between 
o b s e rv a to r ie s  lo c a te d  in  the  s ta b le  p a rts  o f the  A fr ic a n  and 
E u ras ian  p la te s  (Helwan in  Egypt and Zven igorod in  the  USSR, 
r e s p e c t iv e ly ) ,  on the  one hand, and the two p a r ts  o f the  m obile  
CBR, on the o th e r hand. The r e s u l t s  are p lo t te d  in  F ig .  2 where 
th e  optimum areas E fo r  the  d e te rm in a tio n  o f R a re  hatched 
(m 3.5 cm). T h is  f ig u r e  enab les the  fo l lo w in g  c o n c lu s io n s  in  
a d d it io n  to e a r l ie r  ones (G e o rg ie v  e t a l .  1986b, 1987, 1988, 
Totomanov e t a l .  1987).

The d e te rm in a tio n  o f ф , by means o f the  lo c a t io n  o f a 
v e ry  la rg e  c la s s  o f a d m is s ib le  AES, namely

E( ф ) (60 < i  < 1 2 0 ° ,  4 < H < 6 Mm; 6 0 < i  <70°,
1 00 < i  <120° , H > 6 Mm)

is  c h a ra c te r iz e d  by the g re a te s t  r e l i a b i l i t y .  When d e te rm in in g  
R, the  requ irem en ts  to  the  o r b i t  are co n s id e ra b ly  s t ro n g e r ,  the 
two p a rts  o f CBR d i f f e r  s ig n i f i c a n t l y  and the  ne tw ork o f 
o b s e rv a to r ie s  w i th in  M idd le  Europe has a more fa v o u ra b le  con­
f ig u r a t io n .  A need is  in d ic a te d  fo r  the re c o n s tru c t io n  o f and 
th e  a d d it io n  o f new o b s e rv a to r ie s  be they o f the  s ta t io n a r y  or 
o f  the  m obile type  to  the  n e tw o rk , because o f the  B a lkan  p a r t .  
The optimum area E is  fo r  the  d e te rm in a tio n  o f R

E ( R ) £ ( 50 < i  < 70° , 1 0 0 < i  < 1 1 0 °, 6 < H < 8  Mm,
70 < i  <100°, 5 < H < 6 Mm).
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Fig. 2. Areas can be determined with a root-mean square error less than 
3.5 cm where the polar components (a -  fo r the length; fo r the o r i­
entation: b -  by la titu d e , and c -  by longitude) of the chord geo-
kinematic vectors R between the lithosphe ric  plates and CBR: 
Helwan-Penc (1 ), Zvenigorod-Penc (2 ), Helwan-Plana (3), Zvenigorod- 
-Plana (4). For de ta ils  see the text

The e s tim a tio n  o f L co m p le te ly  d i f f e r s  from  those o f R and ф , 
by a new d if fe re n c e  ( in  th is  case - a cco rd in g  to  the l in k  o f 
the v e c to rs  R to  the  l i th o s p h e r ic  p la te s  m entioned) in  the  two 
CBR p a r ts .  N e v e rth e le s s , a minimum area common fo r  the  fo u r  
v e c to rs  R, is  re p re se n te d  in  F ig . 2b:

E( L ) £ (40 < i  < 50°, 7 < H < 9 Mm) , ( 8 )

the r e a l iz a t io n  o f th is  re q u ire m e n t, how ever, w i l l  c re a te  ad­
d i t io n a l  d i f f i c u l t i e s  fo r  the p ro je c t  IDEAL.
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In  c o n c lu s io n , i t  shou ld  be emphasized th a t  the  r e s u lts  
o b ta in e d  in  the  p re s e n t s tu d y , and the  in fe re n c e s  d e r iv e d  from 
them , aim to  he lp  the c o r re c t  p la n n in g  and the fo rth c o m in g  
r e a l iz a t io n  o f the  la s e r  lo c a t io n  o f AES w ith in  the  e n t i r e  CBR 
and i t s  main s t r u c tu r a l  p a r ts .
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Recently a gravimetric geoid (GEOID ’88) has been calculated for Canada 
using 125 530 block averages covering the entire surface of the Earth. The compu­
tation for 6 398 points has been completed on a Cray 1-S supercomputer. Some 
details of data preparation and computations are given. Histograms for three se­
lected points, which were also included in a geoid computation in 1972 using less 
gravity information, and the contour map of the calculated geoid are shown.

Keywords: Canada; EFT; gravimetric geoid; Stokes’s formula

INTRODUCTION

Geoid computations follow a cyclic pattern. The first wave of gravimetric 
geoid computation was started by Hirvonen (1934) who, after discussing the theory, 
carried out a gravimetric geoid computation, w ith an estimation of the error of 
the computed result. Then, in the early 60’s a new wave of computation began, 
which was tied to predicting the gravity anomalies over unsurveyed regions of 
the earth. In the next decade, the improvements in satellite tracking and better 
computational facilities for high degree spherical harmonic expansion of surface 
gravity data provided the foundation for a renewed interest in geoid computations. 
Recently, additional requirements from other disciplines (such as Global Positioning 
System, possible replacements of leveling, etc.) have given way to yet another set 
of geoid computations. After a brief discussion of theory, a summary of recent 
involvements with geoid computations is given.

THEORY

The gravimetric geoid in a spherical polar coordinate system is usually cal­
culated from a spherical approximation, as derived by Stokes (1849):

Acta Geod. Geoph. Mont. Hung. 26, 1991 
Akadémiai Kiadó, Budapest
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N = 4̂ J ( 1)
<7

where N  is the geoidal height,
R is the mean radius of the earth,
7 is the mean gravity,

Ag is the gravity anomaly, corresponding to da, 
S(rp) is the Stokes function,

ф is the spherical distance,
and da is the surface element of the unit sphere.

Stokes’ function is usually given in the following form:

S(ip) =  cosecjtp +  1 — (isin ii/) — 5 cost/) — 3 cos^ ln  (sin ^ф +  sin2 it/t) .

Thus, the geoidal height can be calculated by carrying out the integration 
shown in Eq. (1). In practice the integration is replaced by double summádon. 
The method obviously requires gravity everywhere over the surface of the Earth. 
The surface element, da, on the sphere is:

where a is the azimuth measured from the north. Substituting da into Eq. (1), N  
can be written as:

is shown in Fig. 1. I t  can be seen that even gravity anomalies far from the 
computation point, cannot be ignored and, in order to obtain meaningful geoidal 
heights using Eq. (2), the integration must be carried out to ф — n.

When astro-geodetic deflections are available for an area, but not in sufficient 
detail for numerical integration to obtain relative geoidal heights, then deflections 
calculated from gravity can be used for densification. The starting point in this 
case is the formula derived by Vening-Meinesz (1928):

da =  sin ф dф da

(2)
a = 0 ^=0

In Eq. (2), F is the weight which must be applied to gravity in order to obtain 
the contribution to geoidal height. The function F, defined as:

2F(i/)) =  S(ip) sin ф,

(3)
a

( 4)
(7
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Fig. 1. The plot of F as the function of the spherical distance: у

where

VM(ip) = dS W
dip

— I  cos 1 1p ■ cosec2 !  +  8 siiu/> — 6 cos j  ip

—3(1 — sin p) ■ cosec ip +  3 sin ip ln(sin ^ip  +  sin2 ^ ip ) .

From Eqs. (3) and (4) computational formulae for the plane were derived for 
example, in Nagy (1963).

W ith the introduction of signal processing techniques lor gravity interpreta­
tion and for physical geodesy, the Fourier transform became a useful tool. Devel­
oped by Tsuboi (1937) and later extended and used in Canada by Shimazu (1962), 
its wider application awaited the appearance of the Fast Fourier Transform (FFT) 
algorithm published by Cooley and Tukey (1965). The equivalence of the convo­
lution integrals of both the Stokes and Vening-Meinesz forms and their Fourier 
transform and other details can be obtained from Nagy (1988a,1988b), Nagy and 
Fury (1988,1990), and Tsuboi and Fuchida (1937).

The geoid, for the plane, in the form of convolution integral is given as:

\AX  — X .)2 +  { y -  Ур)
- Ag{xp,yp)dx dy.

Taking the Fourier transform of the kernel and the data (i.e. gravity anomaly), 
then the inverse Fourier transform provides the solution:
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N  =  —-— Ф-1
27Г7 (5)

where

Ф
1

\J (x  -  Xp)2 + (у -  yp)2_

and A G {u ,v) =  Ф [A t/(xp, ур) ].

Неге Ф and Ф-1 stand for the direct and inverse Fourier transform respec­
tively.

The meridian and prime vertical components of the deflections of the vertical, 
(£ ,7/), can be calculated from the expressions:

Although the FFT technique provides an easy and efficient way of carrying out 
the necessary numerical computations, there are a number of characteristics that 
are particular to this technique (periodicity, leakage, sampling interval, etc.), which 
require special attention. To study some of these questions in detail, modeling 
can be used. For the model, the required computations can be generated both 
directly from analytical expressions and numerically by using FFT. The detailed 
investigations by the comparison of the results obtained from modeling provides 
the necessary understanding needed for the proper use of the FFT technique. For 
details and useful expressions see for example Nagy (1966,1980,1988a).

COMPUTATIONS

In this section, the numerical computations relevant to the use of gravity in 
geoid determination (including deflections of the vertical computations) are briefly 
summarized.

G ra v im e tr ic  deflections

Nagy (1963) was possibly the first to implement the calculation of the gravi­
metric deflections of the vertical by digital computer. The computation has been 
carried out for an area of size 1 200x 1 200 km. Where possible, the gravity values 
over un it areas (50x50 km) were represented by integral means, obtained from

(6)

(7)
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second order surfaces (in two variables) fitted to the irregularly distributed gravity 
data by the methods of least squares. The computation was carried out at grid 
points for three overlapping areas, each w ith the origin placed at an astro station. 
The weighting function for the plane was derived from the Vening-Meinesz for­
mula. For the purpose of comparison w ith astro-geodetic deflections available for 
the area, the necessary coordinate transformations were also programmed (from 
Clark’s spheroid to the International Ellipsoid). A visual comparison, especially 
for the centres of regions, showed reasonable agreement.

Geoid 72

The first gravimetric geoid for Canada was computed in the early seventies by 
Nagy and Paul (1973). By that time, the gravity coverage had increased substan­
tially, although there still existed large gaps around Hudson Bay and particularly 
in the western part of Canada. The Geodetic Reference System 1907 was used. For 
Canada, and a 3° belt at the Canada-U.S. border, 30' x 30' block averages were 
calculated (from 111997 points in Canada and from 27976 points in the U.S.A). 
Large part of the United States was covered by 1° mean values. For the rest of the 
world, 5° block averages were used. This totaled up to 7 497 block averages, which 
served as input to calculate one geoidal height. The geoid was calculated at 1 050 
points over Canada. Apart from the vertical shift (due to the use of a different 
reference ellipsoid) all the major features, as we know it today, are on this map 
(Fig. 2).

It is interesting to examine how the geoid builds up as a function of the spher­
ical distance measured from the computation point to the contributing elementary 
block. This was examined in some detail in Nagy (1975). The results of such com­
putations are presented in the form of histograms. Some of these histograms (Nos 
12, 16 and 20 of Fig. 3 in Nagy (1975)) may be compared with more complete 
determinations (discussed below; locations are shown in Fig. 3).

Geoid ’88

This computation is based upon Eq. (1). One of the major tasks has been to 
assemble the input required for the computation. Since the last geoid computation 
in 1972, the global gravity coverage and its quality is greatly improved. However, 
there are still large regions where gravity is poorly known.

The input file consisted of three parts. Over Canada and the continental 
U.S.A. 65 539 15' X 15' block averages were calculated (Nagy 1988c,1988d,1989a). 
For the world, 44 20 blocks of the 1° x 1° data bank of the Ohio State University was 
used (Despotakis 1986). For the remaining areas, the GEM-T1 satellite model of 
NASA was used to compute 15 608 input values (Marsh et al. 1987). In total these 
125 530 block values provided the input for each of the 6 398 computation points 
where the geoid was computed. The computation has been carried out on the Cray 
1-S supercomputer requiring about 8.07 hours of CPU time (Nagy 1988b).

Naturally, the quality of gravity coverage affects the accuracy of every cal-



GRAVIMETRIC GEOID 1972

Fig. 2. The first gravimetric geoid for Canada from 1050 points 
based on world-wide gravity data available in 1972
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culated geoidal height and, thus, study of the error due to lack of coverage or its 
accuracy is important. To provide some insight into the mechanics of computation, 
three histograms show (Fig. 3) how the geoid contributions build up as a function 
of the spherical distance t/>. It, is clear from the histograms, that no simple rule is 
available to obtain a rough estimate of geoidal height by using only local gravity 
data. The partial histograms obtained for the same stations from the 1972 compu­
tations (Nagy 1975 Fig. 3 ) are superimposed on the diagrams and are shown by 
heavy vertical bars. The scaling, quite arbitrarily, was done in such a way that the 
match was established at the last entry of the 1972 computed values. Apart from 
the uncertainty of scaling, the difference indicates the progress due to additional 
information about the gravity field both locally and globally.

A contour map representation of the geoid is shown in Fig. 4. The map is 
also printed as a part of the Geophysical Atlas Series of the Geological Survey of 
Canada (Nagy 1989a).

Throughout the years many computational procedures have been developed 
and refined for geoid computation, but the major obstacle, i.e. sufficient gravity 
coverage of the whole earth, still limits the determination of a high accuracy geoid.
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Fig. 4. Gravimetric geoid for Canada, calulated from world-wide 
gravity data at 6 398 points. Contour interval is 2 m
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In many branches of science and engineering, the mathematical representa­
tion of curves and surfaces plays an increasingly important role. The widespread 
availability of personal computers (PC-s) with good graphic capabilities (resolution 
of up to 1024 X 708) now allows the development of interactive graphic design in a 
very simple environment. One of the most useful techniques for these developments 
is based on the use of the Bezier curves, which will be introduced.A comprehensive 
list of references is also provided.

Keywords: Bernstein; Bezier; METAFONT; PostScript; 1ЦХ

INTRODUCTION

In most geodetic and geophysical applications, the graphic representation of 
data (in two dimensions) requires:

• a simple mathematical form to approximate the given data points, which 
contain errors. This in many cases leads to the use of the method of least 
squares. This procedure selects some simple basis functions (in many cases 
polynomials) and constructs from them a model function to be used for in­
terpolation. This function, in general, w ill not pass through any of the data 
points!

• a mathematical representation to data points such that the input is repro­
duced, i.e. the function satisfies all data points! This requirements leads to 
spline type of an approximation.

In many other applications such as Computer Aided Manufacturing (CAM), 
Computer Aided Design (CAD), typography, generalization in mappings, etc. the

* Dedicated to the 100th birthday of 1’ гоГеяяог Albert Staaney
Acta Geod. Geoph. Mont. Hung. 26, 1991 

Akadémiai Kiadó, Budapest
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purpose is quite different. In these cases, curves are sought which express math­
ematically what the designer has in mind. These curves should be smooth in. the 
definition of the user. They also should be simple to develop, i.e. the designer 
should anticipate the result of changes in the shape of the curve. Today, with 
the availability of PC-s, good graphic boards (EGA, VGA, SuperVGA, etc.) and 
suitable programming languages (such as C), interactive design is a must. The use 
o f Bézier curves in large part fulfills these requirements.

BÉZIER CURVES

The technique to be introduced was developed in the early 1960s mostly by 
people involved in automobile manufacturing for the purpose of defining various 
shapes of automobiles, which were then machined by computer driven software. 
Because of secrecy, little  of the details of the technique became available. Although 
Bézier may not have been the first one to use the curves named now after him, 
it  was his contribution which was widely published and serves as the standard 
reference on the subject.

THEORY

Before discussing the mathematical details, some basic properties of the 
Bézier curve will be summarized:

• it  requires only data points (no derivatives are needed),

• it passes only through the end points,

• it has tangency at the end points (discussed later),

• for t € [U, 1], it always remains w ith in the polygon formed by the data points,

• the degree can be varied from segment to segment,

• the segments can be joined w ith various degree of continuity,

• it is suitable for interactive development,

• extension to higher dimensions is simple,

• implementation for PCs is easy.

To simplify the discussion, only two-dimensional cubic Bézier curves defined 
over four points w ill be treated here. To use higher degree curves or to jo in  the 
piecewise approximations, the reader is referred to the list of references.

The cubic Bezier curve is based on the Bernstein (1912) cubic basis functions. 
In vector notation such a Bezier curve can be written as:

r (t) =  (1 -  <)3r0 +  3t(l  -  t ) 2Г! +  3f2(l  -  f)r2 +  <3r3, ( 1)
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where r o , r i , r 2, r 3 are the position vectors which form a tetrahedron, such that 
r, for £ 6 [0,1], lies w ith in the same tetrahedron. Known as the convex hull 
property of the Bézier curves, this is a most useful property, where bounds in 
various computations, such as hidden line removal, are required.

Expanding the terms, for example for the coefficient of ro one finds:

(1 -  £)3 =  1 -  3£ + 3£2 -  t3.

Thus Eq. (1) can be expressed in matrix form:

r  =  [ l  t t2 £3] А  [г о Г1 Г 2 r 3f  

where T designates the transpose and

0 0 0 \
3 0 U I
6 3 0 I '
3 - 3 1 /

The Bernstein basis functions in Eq. (1), can be generated easily from the 
relation:

=
k\(m — k)

B™ is an m-th degree polynomial, in our case a cubic, with the property:

fc=о
=  1.

They are coefficients of the expansion [£ + 1 — £]m =  1.
By substituting 0 and 1 for t into Eq. (1), it  can be seen that the curve passes 

through the first and the last points. Examining the first and the second derivatives 
with respect to £, r ' and r "  respectively, further insight into the behavior of the 
Bezier curves can be gained. Thus:

r'(£) =  3(1 -  £)2[г 1 -  r 0] + 6£(1 -  £)[r2 -  iq] +  3£2[r3 -  r 2]. (2)

Substituting 0 and 1 for £ into Eq. (2), one gets for the tangents:

r '( 0) = 3[r ! -  r 0], 
r ' ( l )  =  3[r3 — r 2).

This shows that tangents at end points ( r0, r 3) pass through other points ( r i , r 2) 
respectively.



2 2 D NAGY

Taking the second derivative of r:

r " ( t)  =  6(1 -  <)[r0 -  2r i  +  r 2] +  6<[r3 -  2r 2 +  r i]

shows that at each end po in t r "  depends only on three position vectors. This is 
important information if  control of continuity is sought when making a composite 
Bézier curve by joining segments together.

We shall now return to the study of the Bernstein basis functions (also known 
as blending functions). Fig. 1 depicts these functions for m — 3. I t  can be seen 
tha t at t =  0 only B% contributes to the curve. Similarly the curve at t =  1 is 
controlled completely by 13%. The other two functions reach their maxima at |  and 
j  of the interval respectively.

COMPUTATIONS

Eq. (1) for the 2-D case is given explicitly as:

X  =  (1 —  <)3a;o + 3<(1 — <)2Xi +  3 i2( l  — <)x2 +  <3а:з, 

У — (1 ~  1)3Уо +  31(1 — t)2yi +  3f2( l  — t)y2 +  t3y 3.

Here

{.Xk) У к) ^ 0, 1, 2, 3

are the coordinates of the four points which control the shape of the Bézier curve. In 
Fig. 2 some examples are given to show the kind of shapes which can be generated 
easily. For those who want to duplicate (and check their programs) Table I gives 
the corresponding coordinates.

Table I. Coordinates of polygon points to draw Bézier curves. Unit: 1 pt (0.3515 mm)

x0 2/0 Xl 2/1 X2 2/2 X3 2/3
1 0 0 50 250 400 300 450 25
2 50 100 200 350 450 0 500 125

3 50 100 200 350 450 0 500 125

4 125 100 500 375 50 250 450 150

Table II lists the coordinates for the curve 4 as a function of t. For space 
saving, the coordinates (x , y ) are rounded up to the nearest integer point value.
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Figure 1. The Bernstein basis functions for degree equal to 3

Figure 2. Some typical examples of using Bezier curves to draw lines. 

The coordinates of control points for each curve are given in Table 1
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Figure 3. Times-Roman characters from PostScript ( 300 pt size )

Table II. Coordinates of points shown for the Bézier curve 4 in Fig. 2

t. 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X 125 214 264 285 286 278 271 274 299 354 450
V 100 170 220 251 265 266 255 235 210 180 150

APPLICATIONS

There are many applications of Bezier curves as can be seen from the refer­
ences provided. Here only two major applications w ill be mentioned:

T yp o g ra p h y : Font making is one of the major task in desktop publishing. Here
the particular use of M e t a f o n t  designed for TJ3X and IATgX by Knuth 
(1986c, 1986d) is mentioned. The other major application is PostScript. As 
an example in Fig. 3 the characters S and A are shown. The success of 
PostScript to be able to handle practically any size of characters (from points 
to several feet) is due to the use of Bézier curves.

G ene ra liza tio n : Reduction of maps brings in the problems of how to represent
the boundary in a smoother manner. It is easy to see, for example, how the 
southern border of Hungary could be generalized w ith a few Bezier curves to 
provide a smooth form for page size diagrams.
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SUMMARY

In this short introduction to Bézier curves, sufficient detail is provided to 
enable the reader to investigate the usefulness of the technique for a number of 
problems. Implementation of Bezier curve drawing on a PC is straightforward, 
and the interactive mode of operation provides an easy mastering of the design 
principles. Obviously for some applications one may have to use either higher 
degree Bézier curves and/or joining segments. One of the major advantages of 
using segments is, that changes within the segments have no effect at all on any 
other part of the development. This means that once a sectionally good design has 
been achieved it w ill not be changed by any other segment. Another advantage of 
using only the cubic Bézier curves is, that very quickly, the user picks up the idea 
how to change the control points to achieve the desired change in the shape. For 
higher and (variable) degree curves, this knowledge is more difficult to achieve.
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Following a brief review of methods suggested recently by Stolk and Etter- 
shank, and also by Messeder, another derivation is given for the calculation of the 
area enclosed by a polygon. I t  is shown, that after some simplification, the number 
of multiplication can be reduced by a factor of two.

Keywords: Area; enclosed polygon; minimum

INTRODUCTION

In a recent article, Stolk and Ettershank (1987b) commented on the calculation 
of the area enclosed by a closed polygon. Also on the same topic a letter was 

published by Messeder (1987a). His statement about a more general solution and 
no overlapping areas may require clarification.

Following the tradition well established in surveying, we return to the same 
topic and give a different and simpler derivation for the same problem: that is the 
computation of the area enclosed by an n-sided polygon. Our derivation obviously 
gets the same result, but in a different form, and by rearrangement, gives an al­
ternate expression as well, which may be used to check out the correctness of the 
computation (admitedly, this computation is a simple one, however, the provision 
for alternate expression may build good programming habits). In addition, the 
derived expression has the minimum  number of arithmetic operations required in 
the computation.

THEORY

Let us start from Fig. 1, and write out twice the area (in order to avoid the 
use of fractions) under the first polygon side1.

^ o r  simplicity, only the minimum polygon i.e. a triangle is used in the derivation.

A c ta  G eod. Geoph. M o nt. Hung. 2 6 ,  1991
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У
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X 2 X 3

Fig. 1. Notation used in derivation

The area of this trapezoid is the basexheight, i.e.:

2a =  (x2 - x i ) ( t / i  +  Î/2)■

Clock-wise direction gives a positive value for the area. The sum of areas for 
each polygon side actually gives the area inside of the polygon. Thus the general 
expression for an n-sided polygon can be w ritten  immediately:

In  order to get the simplified form, the area for a triangle, (n =  3), w ill be 
w ritten  out in detail, then regrouped:

2A =  (x2 -  x i) ( y i +  y2) + {x3 -  x 2){y2 +  Уз) + ( i 4 -  x3)(y3 +  y4)
=  (x2 -  x i ) y i  +  {x2 -  x i ) y2 +  {x3 -  x 2)y2 +  (x3 -  x2)y3 +

+  (x4 -  x 3)y3 +  (x4 -  x3)y4

=  [ ( ^ 2  -  2:3) +  ( z i  -  x 3)] У\ +  [ ( x 2 -  X i )  +  ( x 3 -  X 2)] У2 +

+  [(Z3 -  X 2 ) +  (X !  -  x 3 )] y 3 
=  [x2 -  x3] y i + [ x 3 -  Xi ]y2+ [ x i  -  x 2]y3.

Here we made use of the property, that:

x n4-i =  Xi and Уп+ i — У\-

Thus the general expression to calculate the area of an n-sided polygon is:

l  =  n

( 1 )
t= l

1 =  71

i= l
( 2 )
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Regrouping the expression in a different manner, or forming the trapezoids 
with respect to the y axis, the following alternate form can be obtained for the 
area:

Since the area is the absolute value of the right-hand side, multiplication by 
— 1 is permitted, which then results in the form:

which can be obtained directly from Eq. (2) by simply exchanging x and y.
I t  is noted here, that all forms, including those of the authors quoted earlier, 

give the same result. The difference is in the derivation and in the number of 
algebraic operations. A ll forms require 2n— 1 additions or subtractions, but whereas 
the other forms quoted, require 2n multiplications, (which is normally a more time 
consuming operation than addition or subtraction), the form I give requires only 
half of the multiplications, i.e. only n.

In conclusion, we return to the statment of Messeder, that his method may 
provide a more general solution analysis than the Stolk and Ettershank approach.

Since all methods are equivalent, it is hard to see the validity of this statement. 
Furthermore, Messeder showed his derivation on a special (definitely not a general) 
triangle, w ith one point at the origin. Writing out the area for a triangle in a 
general position results exactly in the form given by Stolk and Ettershank. Of 
course in this case there w ill be overlapping areas as well.

(3)
t = l

(4)
t=i
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The Fast Fourier Transform (FFT) technique is  an e f f ic ient  and p rac t i ­
cal tool in geodesy for  solving local gravi ty f i e l d  approximation problems, 
among others for  local  geoid (quasigeoid) determination (Schwarz et al . 
1989). In the future we plan to use the FFT procedure for i t s  e f f ic iency in 
computing a detai led gridded set of height anomalies for Hungary (Adám et 
al . 1988).

As a f i r s t  step, a test calculat ion was carried out for the determina­
t ion of height anomalies in Hungary using point gravi ty data published by 
Renner (1959) and Renner and Szi lárd (1959) as well as the global geo­
potent ial  model 0SU86F (Rapp and Cruz 1986).

Keywords: FFT; geoid; gravi ty anomalies; Hungary; quasigeoid

1 . COMPUTATION METHOD

Heigh t  anomal ies have been de te rm ined  f o r  Hungary us ing 
FFT te chn iqu es .  The p re d ic te d  h e ig h t  anomal ies are ob ta ined  by

where i s  the i n f l u e n c e  of  the s p h e r i c a l  harmonic model , and
£ , 2  i s  the c o n t r i b u t i o n  from t e r r e s t r i a l  g r a v i t y  f i e l d  observa ­

t i o n s .  The s p h e r i c a l  harmonic model i s  used as a re fe r e n c e  
f i e l d  and y i e l d s  the major p a r t  o f  the quas igeo id .  Improved 
r e s u l t s  can in  genera l  be ob ta ined by us ing  t e r r a i n  r e d u c t i o n s  
as shown by Kears ley  et  a l .  (1985 ) .

A f t e r  s u b t r a c t i n g  the e f f e c t  of  a g lo b a l  g e o p o t e n t i a l

A c ta  G eo d . G eoph. M o n t. Hung. 2 6 ,  1991
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model  from a l l  o b s e r v a t i o n s ,  the c o n t r i b u t i o n  of  t e r r e s t r i a l  
g r a v i t y  f i e l d  o b s e r v a t i o n s  ( ^ 2 ) can be computed by i n t e g r a l  
f o r m u la s  eva luated by FFÏ te chn iqu es .  The s p e c t r a l  computa t ion  
o f  the  d i s t u r b i n g  p o t e n t i a l  and i t s  f u n c t i o n a l s  by FFT i s  based 
on f l a t - e a r t h  a p p ro x im a t io n s .  Thus, Stokes '  i n t e g r a l  fo rm u la  
can be w r i t t e n  as a tw o -d im ens iona l  c o n v o lu t i o n  in  the form 
(Schwarz et a l .  1989)

1
201T  3 +кддг , ( 2 )

where Ддг are the g r a v i t y  anomal ies reduced f o r  the e f f e c t  of 
a g e o p o t e n t i a l  model . The c o n v o l u t i o n  of  the ke rne l  f u n c t i o n  s 
w i t h  the data Ддг i s  most e a s i l y  done in  the f requency domain. 
U s ing  the a n a l y t i c a l  t rans fo rm  of  s,  fo rmula (2) can be w r i t t e n  
a s

.-1
20Г T

2 JL
00 Д g ( u , V ) 2 2 

U + V (3)

where F" '  denotes the inve rse  F o u r i e r  t r ans fo rm ,  ( u , v )  are the 
f r e q u e n c i e s  and A'g i s  the F o u r ie r  t r a n s fo r m  of Agr .

This  computa t ion  procedure and numer ica l  r e s u l t s  have been 
d i s c u s s e d  in  a number of  papers,  see e . g . ,  Denker (1988,  1989) ,  
F o rs be rg  and Solheim (1989) ,  Kea rs ley  et  a l .  (1983) ,  S i d e r i s  
( 1 9 8 7 ) ,  Schwarz et  a l .  (1989) and Tz iavos  (1987) .

2. DATA COLLECTION AND EVALUATION

For the d e t e r m i n a t i o n  of the long  wavelength p a r t  o f  the 
E a r t h ' s  g r a v i t y  f i e l d ,  the g e o p o t e n t i a l  model 0SU86F has been 
used (Rapp and Cruz 1986) .  This model i s  complete to degree and 
o r d e r  360 co r respond ing  to a s p a t i a l  r e s o l u t i o n  of app rox .  50 
km. The g e o p o t e n t i a l  s o l u t i o n  0SU86F has an accuracy e s t im a te  
o f  r o u g h l y  + 0 .5 -1 .0  m i n c l u d i n g  om iss ion  e r r o r s .

For the g e n e r a t i o n  of  the r e fe r e n c e  he igh t  anomal ies £q



LOCAL QUASIGEOIO IN  HUNGARY 3 5

and g r a v i t y  anomal ies ( A g ^ )  f rom the 0SU86F p o t e n t i a l  model 
complete to degree and orde r  360, the e f f i c i e n t  a l g o r i t h m  of  
Rizos has been used (see e . g . ,  ï s c h e r n i n g  et  a l .  1983) . Ihe 
re fe re n c e  h e ig h t  anomal ies and g r a v i t y  anomal ies were computed 
f o r  a 0°25 g r i d  in  the area F40° = ф = 55°;  10° - К = 30°П. 
A l t o g e t h e r ,  4941 g r a v i t y  anomal ies r e s p e c t i v e l y  h e ig h t  
anomal ies were computed on t h i s  0°25 g r i d ,  these gr idded va lues 
were then i n t e r p o l a t e d  to the a c tu a l  s t a t i o n  l o c a t i o n  us ing  a 
4*4 s p l i n e  window.

For the d e t e r m in a t i o n  of  the medium and sho r t  wavelength 
p a r t  o f  the e a r t h ' s  g r a v i t y  f i e l d ,  the p o i n t  g r a v i t y  data 
r e p o r te d  by Renner (1959)  and Renner and S z i l á r d  (1959) have 
been used f o r  the t e s t  c a l c u l a t i o n ,  these  g r a v i t y  data were 
ob ta ined  by means of  a Hei land  g rav im e te r  ( t y p e  GSC-3, No. 40) 
on 16 f i r s t  orde r  base s t a t i o n s  and on 493 second o rder  base 
s t a t i o n s  w h i l e  e s t a b l i s h i n g  a fundamenta l  g r a v i t y  network 
across Hungary in  the years 1950-1955. Ihe f i r s t  orde r  network 
was ad jus te d  by l e a s t  squares.  Ihe a d ju s te d  g r a v i t y  va lues  of  
the f i r s t  o rde r  network s t a t i o n s  were f i x e d  in  the ad jus tmen t  
of  the second o rder  network.  Ihe second orde r  network was 
ad jus ted  in one s tage to form a u n i f i e d  network as a whole.  Ihe 
p r e c i s i o n  of  g r a v i t y  va lues  in the f i r s t  orde r  network was 
est im a te d  as ±0.02 mgal ( s t d .  d e v . ) .  Ihe p r e c i s i o n  o f  the 
g r a v i t y  data in the second order  networks  i s  es t imated  to  be 
+0.029 mgal. Ihese g r a v i t y  va lues are g iven  in  the Potsdam 
system. Ihe s t a t i o n s  of  the f i r s t  o rde r  network are d i s t r i b u t e d  
a l l  over  the c o u n t r y ,  some 100 to 120 k i l o m e t r e s  a p a r t ,  w h i le  
the average spac ing between second o rder  g r a v i t y  s t a t i o n s  i s  15 
to 20 km. F igu re  1 shows the l o c a t i o n  of  the g r a v i t y  s t a t i o n s .

Ihe ad jus te d  g r a v i t y  values were t r ans fo rm ed  i n t o  f r e e  a i r  
g r a v i t y  anomal ies at  508 of the 509 p o in t s  us ing the 
I n t e r n a t i o n a l  G r a v i t y  Formula (1930) .  Ihe  f r e e  a i r  g r a v i t y  
anomal ies computed i n  t h i s  way and r e f e r r i n g  to the Potsdam 
g r a v i t y  system are shown in  F ig .  2.

Ihe g r a v i t y  anomaly data rep o r te d  by Renner (1959)  and 
Renner and S z i l á r d  (1959)  were conver ted as f o l l o w s  in  o rde r  to 
make them s u i t a b l e  f o r  the t e s t  c om pu ta t ion .  The a p p r o p r i a t e  
fo rmula f o r  the conv e rs ion  from the I n t e r n a t i o n a l  G r a v i t y
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F ig. 1. D is tribu tion  of point g ravity data in Hungary used fo r test computation (a fte r Renner 1959)



Fig. 2. Representation of the free a i r  gravi ty anomalies computed from point gravi ty values using the In t .
Gravity Formula (1930) and the Potsdam gravity system. The contour interval  is  5 mgal (a f te r  Renner 
1959)

LOCAL QUASIGEOID IN HUNGARY
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Formula (1930) to the Geodet ic  Reference System 1980 (GRS80) i s  
g i v e n  by M o r i t z  (1 9 8 4 ) :

^ 1 980 " ^1 930 = ( “ 16.3 + 13 . 7 * s i n 2 ф) mgal .  (4)

Tak ing  i n t o  account  the -14 mgal f o r  the d i f f e r e n c e  between the 
Potsdam g r a v i t y  system and the IGSN71 system, we get  the 
f o l l o w i n g  equa t ion

Дд1 980 = ( A g i  9 3 0  + 2 .3  -  1 3 . 7 * s i n 2 (j)) mgal .  (5)

E qua t ion  (5)  was a p p l i e d  f o r  the data set  of Renner (1959) and 
Renner and S z i l á r d  (1959) .

3. RESULTS OF THE TEST CALCULATION

The f i r s t  s tep  in  the p roc es s ing  was to c a l c u l a t e  the r e ­
s i d u a l  g r a v i t y  anomal ies Ддг . These values were found by 
s im p ly  s u b t r a c t i n g  the i n t e r p o l a t e d  model g r a v i t y  anomaly 
v a lu e s  Agg^ from the t e r r e s t r i a l  g r a v i t y  anomaly values
Ag- j^gg.  These r e s i d u a l  g r a v i t y  anomal ies ( Ддг ) were gr idded 

i n  a 0°1*0°1 g r i d  f o r  the area E43°5 = ф = 50°5;  13°0 = À= 
= 26°0H using the GEOGRID program. This p r e d i c t i o n  area was 
chosen 2° in  l a t i t u d e  and 3° i n  l o n g i t u d e  l a r g e r  than the area 
f o r  which the „ f i n a l "  geoid was to be r e t a in e d .  In  t o t a l ,  9301 
□ 91 g r i d  values were c a l c u l a t e d .  A l l  data are g r id d e d  in a 
geog raph ic  g r i d .  The g r i d d i n g  was done us ing  c o l l o c a t i o n  
( k r i g i n g ) .  The number of  c l o s e s t  p o in t s  per quad ran t  used f o r  
t h e  p r e d i c t i o n  i s  4.

The r e s i d u a l  g r a v i t y  anomal ies in  Hungary r e f e r r i n g  to 
GRS80 are shown i n  F ig .  3. The con tou r  i n t e r v a l  i s  5 mgal .

The r e s i d u a l  h e ig h t  anomal ies were then c a l c u l a t e d
u s i n g  the GE0F0UR program. A t o t a l  o f  8192 values were computed 
on a 0°1 g r i d  i n  the area L4398 = ф = 5091 ; 1 391 = Л = 2598U. 
F i g u r e  4 shows the r e s i d u a l  h e i g h t  anomalies computed by the 
FFT method. Values are g iven  on a 091 *091 g r i d .  Contour 
i n t e r v a l  is  10 cm.

For g e n e ra t in g  the a c tu a l  r e fe re n c e  he igh t  anoma l ies  £,-j ,
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Fig. 3. A representation of the residual gravi ty anomaly f i e ld .  Values given on 0.1^ 0.1° gr id.  Contour 
interval :  5 mgal. Gravity anomalies refer  to the Geodetic Reference System 1980 (GRS80)
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Contour in terval :  10 cm
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the computed va lues  generated from the 0SU86F f i e l d  to degree 
and o rder  360 on a 0?25 g r i d  (see Chapter  2) were i n t e r p o l a t e d  
to the d e t a i l e d  091 g r i d  in  the same area of  C43°8 = ф 5091 ;
1391 = A = 25°83. A t o t a l  of 8192 va lues  were c a l c u l a t e d .  
F i n a l l y ,  the t o t a l  h e ig h t  anomaly Z, was ob ta ined  by adding the 
r e fe re n c e  he ig h t  anomaly Z, -| to the r e s i d u a l  he igh t  anomaly

Z2 ■
The geoid map f o r  Hungary ob ta ined  from the FFT a n a l y s i s  

and r e f e r r i n g  to the Geodet ic  Reference System GRS80 i s  shown 
in  F ig .  3. The s i g n i f i c a n t  d e t a i l s  t h a t  can be seen in  F igs 4 
and 5, l y i n g  in  the n o r th e a s t / s o u th w e s t  d i r e c t i o n  in  two 
separated areas,  p r i m a r i l y  r e f l e c t  the anomaly f i e l d  as s oc ia ted  
w i th  the topography in  t h a t  re g io n s .

The FFT method as used he re in  does not y i e l d  accuracy 
es t im a tes  a l though such es t ima tes  are p o s s i b l e  ( S i d e r i s  1987) .  
The e f f e c t  of the t e r r a i n  on the quas igeo id  has not been taken 
i n t o  account .  A way to do t h i s  i s  to  c a l c u l a t e  the r e s i d u a l  
t e r r a i n  model (RTM) e f f e c t  on both anomal ies and u n d u la t i o n s .  
This can be done by using a rem ove - res to re  techn ique as 
proposed by Forsberg and Tschern ing (1981) .

The FFT procedure descr ibed in  t h i s  r e p o r t  can be used to 
c o n s t r u c t  a high r e s o l u t i o n  l o c a l  quas igeo id  f o r  Hungary us ing  
a l l  the a v a i l a b l e  g r a v i t y  data.  A l though the amount and d i s t r i ­
b u t i o n  of  the p o i n t  g r a v i t y  data (Renner 1959, Renner and 
S z i l á r d  1959) used in  t h i s  t e s t  c a l c u l a t i o n  i s  not s u f f i c i e n t  
f o r  a d e t a i l e d  quas igeo id  d e t e r m in a t i o n ,  however,  these g r a v i t y  
va lues  may be u s e f u l  to i n v o l v e  them in  f u t u r e  g e o p o t e n t i a l  
s o l u t i o n s  .
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THE FR-1 FIELD INSTRUMENT FOR AUTOMATIC RECOGNIZING AND 
RECORDING OF NEAR EARTHQUAKES

Gy Mentes

Geodetic and Geophysical Research In s t i tu te  of the Hungarian Academy of 
Sciences, H-9401 Sopron, РОВ 5, Hungary
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The construction and the operation pr inciple of an automatic earth­
quake recognizing and recording f i e l d  instrument is presented. The 
instrument is  intended to record near week earthquakes to know the local  
seismic ac t iv i ty  in the v i c in i t y  of dangerous industr ia l  establishments. A 
very simple algorithm for  earthquake recognit ion and a simulated example to 
show the eff iciency of the algorithm are given.

Keywords: earthquake recognit ion; f i e l d  instrument; recognit ion
algorithm

INTRODUCTION

The d e s t r o y in g  e f f e c t  of  l a r g e  ear thquakes i s  w e l l - k n o w n .  
The demage can be i n t e n s i f i e d  i f  dangerous i n d u s t r i a l  p r o j e c t s  
e .g .  chemical  f a c t o r i e s ,  n u c le a r  p o w e r - s ta t i o n s  e t c .  are
des t royed  and an a d d i t i o n a l  h i gh -g rad e  and long - te rm  demage of  
the su r round ings  i s  caused by an ear thquake.  T h e re fo re  i t  i s  
ve ry  im p o r ta n t  to know the l o c a l  se ism ic  a c t i v i t i y  i n  the 
d i s t r i c t  of dangerous e s ta b l i s h m e n t s .  For t h i s  purpose i t  i s  
recommended to p lace more seismographs onto the f i e l d  c l o s e l y  
around the dangerous o b j e c t .  However, f o r  ear thquake r e c o r d i n g  
i n  more p o in t s  in  the f i e l d  l o w - c o s t  in s t rum en ts  w i t h  h igh 
r e l i a b i l i t y  are needed. The e x i s t i n g  in s t ru m e n ts  ( e . g .  
KINEMETRICS) are expensive and have much more a b i l i t y  then we 
need f o r  t h i s  purpose.  That was the reason why we developed an 
au to m a t i c  ear thquake r e c o g n i z in g  and r e c o r d in g  i n s t r u m e n t  which 
has the f o l l o w i n g  main p r o p e r t i e s :

1. The i n s t ru m e n t  has a very low energy consumpt ion and 
can ope ra te  from a b a t t e r y  or a s o l a r - c e l l .

Acta Geod. Geoph. Mont. Hung. 26, 1991 
Akadémiai Kiadó, Budapest
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2. The i n s t r u m e n t s  placed in  the f i e l d  can be synchron ized  
by means of a b u i l t - i n  DCF-77 t i m e - s i g n a l  r e c e i v e r .

3. The i n s t r u m e n t  s to res  the recogn ized  earthquake data 
i n  i t s  sem iconduc to r  memory. The recorded data of  the 
i n d i v i d u a l  i n s t r u m e n t s  placed in  the  f i e l d  are c o l l e c t e d  by 
means of  a p o r t a b l e  c a s s e t te  reco rde r  or  a la p top  computer .

THE OPERATION OF THE FR-1 INSTRUMENT

F igure 1 shows the block d iagram of  the FR-1 au tomat i c  
ea r thquake  r e c o g n i z i n g  and r e c o r d in g  in s t r u m e n t .  I t  i s  b u i l t  
w i t h  a Z80 CMOS m ic rop rocesso r .  A l l  o f  the f u n c t i o n s  of  the 
i n s t r u m e n t  which can be r e a l i z e d  by s o f tw a r e  are programmed f o r  
the  m ic rop rocesso r  to  minimize the number of  elements of  the 
i n s t r u m e n t .  Thus the in s t rum en t  i s  ve ry  r e l i a b l e  when put  i t  
i n t o  a c t io n  i n  the f i e l d .  The c o n t r o l l i n g  program of  the 
i n s t r u m e n t  i s  b u r n t  i n t o  the ROM memory. The ins t rum en t ,  has a 
CMOS s o l i d - s t a t e  memory f o r  data s t o r a g e .  The c a p a c i t y  of  t h i s  
memory i s  64K by tes  and i s  expandable to 1024K bytes  on two 
e x t r a  boards of  256K by tes each.

The in s t r u m e n t  has an in n e r  c l o c k  w i th  ca lenda r  f o r  
i d e n t i f i c a t i o n  of  the recognized ea r thqua kes .  The b u i l t - i n  DCF- 
77 r e c e i v e r  i s  used to  r e f r e s h  the i n n e r  c l o c k .  When s w i t c h i n g -  
on the i n s t r u m e n t ,  the m ic rop rocesso r  decodes the rece ived  
t i m e - s i g n a l  and w r i t e s  the c o r r e c t  t im e  i n t o  the inn e r  c l o c k .  
A f t e r  t h a t  the FR-1 i s  ready f o r  o p e r a t i o n .  The inn e r  c loc k  
causes an i n t e r r u p t  once per day and the m ic roprocessor  
r e f r e s h e s  the i n n e r  c lock  in  the above descr ibed way. Th is  
s o l u t i o n  p ro v id e s  a r e l i a b l e  t i m i n g  when r e c e i v i n g  
d i s t u r b a n c e s ,  too .

The inne r  c l o c k  c o n t r o l s  the 8 b i t s  A/D c o n v e r t e r .  The 
sa m p l ing  ra te  o f  the conve r te r  i s  32 samples per second. The 
sa m p l ing  i s  made c o n t i n u o u s l y  and data are s to red  on ly i f  an 
ea r thquake  i s  de te c te d  by the m ic r o p r o c e s s o r .  The low -no is e  
a m p l i f i e r  has a ga in  of  more then 80 dB. The a n t i - a l i a s  f i l t e r  
b u i l t  to ge the r  to the a m p l i f i e r  has a f i x e d  c u t - o f f  f requency  
o f  8 Hz.



A n t e n n a

Fig. 1. The block diagram of the FR-1 automatic earthquake recognizing and recording instrument ' ^
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The in s t ru m e n t  works f u l l y  a u t o m a t i c a l l y .  I t  has th ree 
pushbu t tons  f o r  h a n d l i n g ,  one to r e s e t  the m ic rop roc es s o r ,  one 
t o  c o n t r o l  the r e a d - o u t  o f  the data f rom i t s  memory and one f o r  
e n a b l i n g  the f o u r  LED i n d i c a t o r s .  For sake of  low energy 
consumpt ion the LEDs l i g h t  u n t i l  t h i s  l a s t  push -bu t ton  i s  
pushed. The LEDs i n d i c a t e  the power s upp ly ,  the t ime 
s y n c r o n i z a t i o n , t h e  f u l l  memory and the r e c o r d in g  of  a 
recogn ized  ea r thquake .

The data are r e a d - o u t  from the CMOS memory v ia  a RS 232 C 
p o r t  i n t o  a p o r t a b l e  la p to p  computer.  By means of  an adapter 
and a p o r ta b le  c a s s e t t e  recorde r  the data can be s to red  on a 
c a s s e t t e ,  too .  By means of  t h i s  adap te r  the data can be 
backplayed  from the c a s s e t te  i n t o  a computer  hav ing a RS 232 C 
p o r t  (F ig  . 2) .

Figure 3 shows the  g loba l  f l o w - c h a r t  of  the c o n t r o l l i n g  
program. The main p a r t  o f  the program i s  the t r i g g e r  a lg o r i t h m  
which  recognizes the  ear thquakes.

THE RECOGNIZING PROCESS OF AN EARTHQUAKE

Many a l g o r i t h m s  are a l ready  known f o r  earthquake 
r e c o g n i t i o n  ( S tew a r t  1977, A l len  1978, G o f o r t  and H e r r i n  1981).  
For  the FR-1 i n s t r u m e n t  an a l g o r i t h m  was developped which 
pe r fo rm s  the r e c o g n i t i o n  very r a p i d l y  by means of  s imple 
a r i t h m e t i c  o p e r a t i o n s  and the c a l c u l a t i o n  do not need a l o t  of 
memory l o c a t i o n s .

The sampled raw data are s t o r e d  as p re -e v e n t  va lues 
c o n t i n u o u s l y  i n  the  RAM memory f o r  ea r thquake data.  The number 
o f  pre-even t  va lues  i s  320 what cor responds  to the t ime 
i n t e r v a l  of 10 seconds.  I f  the number o f  the sampled and s to red  
p r e - e v e n t  data i s  more than 320, then the f i r s t  va lue  i s  
s h i f t e d  out of  th e  memory and a l l  data are s h i f t e d  fo rward  by 
one and the l a t e s t  sampled data w i l l  be the 320th data i f  no 
ea r thquake  had o c c u r r e d .

In the case o f  a recognized ear thquake  the data s to rage  is  
made c on t inuous ly  f o r  30 seconds w i t h o u t  s h i f t i n g .  So the 
s t o r e d  data b lock  c o n s i s t s  of 320 p r e - e v e n t  and 960 p o s t - e v e n t
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Fig. 2. The poss ib i l i t i es  of the data transfer from the FR-1 instrument into a computer
чО
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Fig. 3. The f low-chart  of the control l ing program of the FR-1 instrument
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data .
The ear thquake r e c o g n i t i o n  i s  based upon a compar ison of  

the Shor t  Term Average (STA) and the Long Term Average (LTA) of  
the d i g i t i z e d  se ism ic  data .  The STA i s  computed by ave rag ing  
the abs o lu te  value of  each sample over  the SIA i n t e r v a l  o f  4 
seconds. The c a l c u l a t i o n  of the a b s o lu te  va lue ,  t h a t  i s ,  the 
r e c t i f i c a t i o n  of the se ism ic  s i g n a l  i s  per formed d i g i t a l l y  in  
p a r a l l e l  w i th  the raw data s t o r i n g  and i s  used on ly  f o r  
t r i g g e r i n g  compu ta t ions .  There i s  a 128 by te s  leng th  b u f f e r  f o r  
s to rage  of  the abso lu te  va lues f o r  c a l c u l a t i o n  of the STA. When 
a new value i s  coming a l l  by tes of  the b u f f e r  are s h i f t e d  
fo rw a rd .  The f i r s t  va lue  i s  l o s t  and the new value i s  w r i t t e n  
i n t o  the l a s t  by te .  Before the f i r s t  data i s  l o s t ,  the new STA 
i s  c a l c u l a t e d  in  the f o l l o w i n g  way:

STAj^
STA. , ■ 128-DATA, 10H+DATA,
_____1 -  I_______________ 1 -  I L  □________ 1

1 28 i f  i  > 128 . (1 )

The LTA i s  computed as f o l l o w s :

LTA. , 3 2  - LTA. ,+STA
U b i  = ------------------- j 2------ — - , i f  i  > 4096 . (2)

The i n i t i a l  LTA i s  e s t a b l i s h e d  by averaging 32 STA's.  The 
t r i g g e r i n g  i s  i n h i b i t e d  du r ing  the c a l c u l a t i o n  of the i n i t i a l  
LTA. These c a l c u l a t i o n  methods are very e f f e c t i v e  f o r
m ic rop rocesso r  programming because the m u l t i p l i c a t i o n s  and
d i v i s i o n s  by 32 and 128 can be performed very s im p ly  by
s h i f t i n g  of  r e g i s t e r  c o n te n ts .

The program c a l c u l a t e s  the STA^/LTA^ _ 1  r a t i o .  I f  t h i s  i s  
g r e a t e r  than a p reg iven  t r i g g e r  l e v e l ,  the program d e t e c t s  an 
ea r thquake and the in s t rum en t  s t o r e s  a l t o g e t h e r  1280 se is m ic  
data and the exac t  date and t ime of  the l a s t  sample i n  i t s  
memory. Dur ing t h i s  t ime the LTA w i l l  be so high t h a t  a long 
ea r thquake cannot t r i g g e r  the in s t r u m e n t  again.  The t r i g g e r  
l e v e l  can be changed from 2 to 5 i n  the FR-1 ins t ru m e n t .  F ig u re  
4 shows the v a r i a t i o n s  of STA, LTA and the r a t i o  of STA/LTA 
d u r in g  an ear thquake.  The data were recorded w i th  the FR-1 
i n s t r u m e n t  and then processed by a s i m u l a t i o n  program to
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i n d i c a t e  the change of  the above ment ioned values.

THE FIRST PRACTICAL EXPERIENCES WITH THE FR-1 INSTRUMENT

The p r o to t y p e  of  the in s t ru m e n t  has been o pe ra t ing  i n  the 
Geodynamical  Observatory  of the Geodet ic  and Geophys ica l  
Research I n s t i t u t e  o f  HAS in  Sopron f o r  a h a l f  year . The sensor  
i s  an 0Y0 McSEIS TM-202 v e r t i c a l  se ismometer wi th  2 Hz n a t u r a l  
f r e q u e n c y .  The chosen STA/LTA r a t i o  i s  2. In t h i s  t ime i n t e r v a l  
about 100 ear thquakes  or m ic rose ism ic  a c t i v i t i e s  were re c o r d e d .  
A program was developed f o r  an IBM computer to process  the 
recorded ear thquake data .  The da tes of  ear thquakes can be 
l i s t e d  and the recorded data p l o t t e d  by the program.

Though the FR-1 in s t rum en t  was developed f o r  r e c o g n i z i n g  
and r e c o r d in g  of  near ea r thquakes ,  i n  the f o l l o w i n g  the p l o t s  
o f  some la r g e  f a r  ear thquakes are demonstrated to i l l u s t r a t e  
the o p e r a t i o n  of  the in s t ru m e n t .  F ig u r e  5 shows the f i r s t  p a r t

Fig. 5. The Rumanian earthquake (Richter magnitude 6.B)
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Fig. 6. An afterquake of the Rumanian earthquake

Fig. 7. The Iranian earthquake (Richter magnitude 7.3-7.7)
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Fig. 8. An afterquake of the Iranian earthquake (Richter magnitude 6.5)

o f  the p l o t  of  the Rumanian ear thquake ( R i c h t e r  magni tude 6 . 8 ) .  
From t h i s  f i g u r e  i t  can be seen t h a t  the very s e n s i t i v e  
a m p l i f i e r  was s a tu ra te d  at  t h i s  s t ro n g  but not near ea r thquake .  
F ig u re  6 shows an a f te rquake  of  the Rumanian ear thquake on the 
f o l l o w i n g  day. F igu re  7 shows the beg inn ing  of  the I r a n i a n  
ea r thquake ( R i c h t e r  magni tude 7 . 3 - 7 . 7 )  and F ig .  8 shows one of  
i t s  a f te rquak e s  ( R i c h t e r  magni tude 6 . 5 ) .  The date and t ime 
w r i t t e n  on f i g u r e s  are the a r r i v a l  t imes  of  the f i r s t  wave. The 
am p l i tudes  of  the curves are in  r e l a t i v e  u n i t s ,  the t im e  i s  in  
seconds. Thus, the f i g u r e s  show on ly  a 10 seconds p a r t  o f  the 
recorded 40 seconds long curve.
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The LSM yields an unbiased estimation in the case when the measuring 
data are normally dist r ibuted.  Some al ternat ives to the least squares 
estimation are avai lable when the measurements are contaminated by gross 
errors or they are not f u l l y  normally d ist r ibuted.  The paper deals with 
d i f fe ren t  robust estimation methods for geodetical application.

Keywords: dis t r ibut ions;  Hampel's estimator; Huber's function; l i k e l i ­
hood function; M-estimation; object function; Sopron method; W-estimation

1. INTRODUCTION

In geode t ic  data p rocess ing ,  the l e a s t  squares methods i s  
most w ide ly  used. Th is  e s t im a t i o n  process connected w i th  Gauss 
i m p l i e s  the s u p p o s i t i o n  about the normal  d i s t r i b u t i o n  of  the 
measurement data and leads to a very  s imple mathemat ica l  
s o l u t i o n  of  the prob lem. N ev e r the les s ,  the l e a s t  squares 
e s t i m a t o r  i s  very s e n s i t i v e  to gross e r r o r s  caused by o u t l i e r s  
and o the r  con taminated va lues .  They r e s u l t  in  u n c e r t a i n  
e s t i m a t o r s  and in  erroneous consequences of  the a n a l y s i s .  That 
i s  why robust  methods have been developed to reduce the e f f e c t  
o f  o u t l i e r s  and con tam ina t io ns  in  the e s t i m a t i o n .

In the l a s t  decades s i g n i f i c a n t  r e s u l t s  have been achieved 
i n  the development of  robus t  methods and in  t h e o r e t i c a l  
problems connected w i th  them.

Basic  works are those by Tukey (1960) about the 
d i s t r i b u t i o n  of o b s e r v a t i o n s ,  by Huber (1964) about the M- 
e s t i m a t i o n  and by Hampel (1968)  about the i n f l u e n c e  cu rve.

At present  s e v e ra l  robus t  e s t i m a t i o n  methods are at

Acta Geod. Geoph. Mont. Hung. 26, 1991 
Akadémiai Kiadó, Budapest



5 8 J SOMDGYI and 3 KALMÁR

d i s p o s a l .  The i r  p r a c t i c a l  use in c r e a s e s ,  however, s low er  than 
e x pec ted ,  as most o f  the users s t i c k s  to the l e a s t  squares 
method supposing a normal  d i s t r i b u t i o n  of the e r r o r s .  Th is  i s  
e s p e c i a l l y  t r u e  f o r  geodesy, n e v e r t h e le s s ,  the re  were some 
exper im en ts  to i n t r o d u c e  robus t  methods t h e r e ,  t o o ,  e .g .  by 
C a r o s io  (1979) ,  K ra rup et  a l .  (1980) ,  Caspary and Bo ru t ta  
( 1 9 8 7 ) ,  Somogyi and Kalmár (1988) ,  Xu P e i l i a n g  (1989)  and Koch 
( 1 989)  .

In  the p re s e n t  paper a method i s  desc r ibed  which belongs 
t o  the group of  M - e s t im a t i o n s  f o r  the d e t e r m in a t i o n  of  the 
l o c a t i o n  parameter ,  and i t  i s  compared to Hampel 's (1974) 
m e th o d .

2. ESTIMATE FUNCTIONS

The es t ima te  f u n c t i o n  p ( x )  expresses the mathemat i ca l  
c o n n e c t io n  between the  ob s e rv a t io n s  x-̂  and the paramete rs  © to 
be determined. I f  x-| , x j  . . .  xn i s  a random sample w i th  the 
d e n s i t y  f ( x -  0 ) ,  then the l o c a t i o n  parameter  0 can be 
e s t im a t e d  using the popu la r  maximum l i k e l i h o o d  method. The 
l o g a r i t h m  of the l i k e l i h o o d  f u n c t i o n  L( 0 )  of  the l o c a t i o n  
pa ramete r  0 i s :

n n
In L ( 0 ) = Y. In  f C x ^ - Q )  = -  Y  g ( x j _ - 0 )  ( i )

i=1 i = l

where - I n  f ( x )  = g ( x ) .
The aim of  the  M -e s t im a t io n  i s  to maximize the f u n c t i o n  

L ( O )  by m in im iz ing  the o b je c t  f u n c t i o n  Z s  ( x - 0 ) .  Th is  aim i s  
reached by d e r i v i n g  the o b je c t  f u n c t i o n  a f t e r  0 :

- á r  X S W -  0 )  = X  V ( x i '  ©) (2)
du i=1 i=l

where g ' ( x )  = y ( x ) .
The s o l u t i o n

n
Y  V  ( x ^ - 0 )  = 0 

i  = l
( 3 )
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i s  the maximum l i k e l i h o o d  e s t im a to r  o f  the parameter  © .  An 
unambiguous s o l u t i o n  i s  obta ined i f  Eq. (1 )  i s  convex. The 
weigh t  f u n c t i o n  w ( x - 0 )  of the f u n c t i o n  y ( x - 0 )  i s  de f i ned  as 
f o l l o w s  :

w(x -  0 )  = ^ (X" e } . (4 )
( x -  0 )

The M -es t im a t i on  gets  a robus t  one i f  t he  o b j e c t  f u n c t i o n  g ( x )  
i s  chosen to have ro b u s t  p r o p e r t i e s ,  i . e .  i t  i s  u n s e n s i t i v e  f o r  
d e v i a t i o n s  from the supposed d i s t r i b u t i o n .  The s o l u t i o n  would 
be easy i f  the d i s t r i b u t i o n  of  the random sample would be 
known, as in such a case the g e n e r a l i z e d  maximum l i k e l i h o o d  
e s t im a to r s  would lead in  every case to  the most accep tab le  
s o l u t i o n .  To show t h i s  three s o l u t i o n s  are presented f o r  
d i f f e r e n t  types of  d i s t r i b u t i o n s .

a) Normal d i s t r i b u t i o n

0 n
g(x )  = XV  2 + c ,  y ( x )  = x ,  Y_ ( X j . - © )  = 0

i  = 1

g i ves  the l e a s t  squares e s t im a to r  0 = —̂  .
b) Double e x p o n e n t i a l  d i s t r i b u t i o n

g(x )  = I x I + c ,  y ( x )  = -1 i f  x < 0, y ( x )  = 1 i f  x > 0,

I V ( X i -  0 )  = 0 g ives  the median of the sample ê -
c) C a u c h y - d i s t r i b u t i o n

о о п
g ( x )  = 1п(1+хО  + c,  y  ( x ) = 2 x / ( 1 + x ^ ) ,  £  у ( х ^ -  = 0

i  = l

t h i s  i s  a n o n - l i n e a r  system of  e q u a t io n s  and 0 = can be 
ob ta ined by i t e r a t i o n .

F igure 1 shows the f u n c t i o n s  iq of  the th ree  
d i s t r i b u t i o n s .  The l e a s t  squares method i s  f u l l y  i n f l u e n c e d  by 
the o u t l i e r s  and by o th e r  c o n ta m in a t io n s ,  i . e .  by d e v i a t i o n s  
f rom the supposed d i s t r i b u t i o n ,  whereas in  the case of  the 
o the r  two d i s t r i b u t i o n s  t h e i r  e f f e c t  i s  much s m a l le r .  The 
f u n c t i o n s  у  o f  the second and t h i r d  examples have an upper
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Fig. 1. \p (x) curves of normal, double exponential and Cauchy d is t r ibut ions

l i m i t ,  f u r the rmore  the t h i r d  i s  descending and approaches 
a s y m p t o t i c a l l y  zero.

As the l e a s t  squares method does not y i e l d  a r e l i a b l e  
e s t i m a t o r  i f  the sample d i s t r i b u t i o n  has a long t a i l  be ing a 
common case in  the s u rv e y in g  p r a c t i c e ,  i t  i s  recommendable to 
use r o b u s t  methods which are e f f e c t i v e  both i f  the d i s t r i b u t i o n  
i s  normal  and i f  the d i s t r i b u t i o n  has a long t a i l .  S t a r t i n g  
f rom t h i s  p o in t  Huber proposed a robus t  f u n c t i o n  g ( x - 0 ) ,  
which has a d e n s i t y  f u n c t i o n  normal  in  i t s  c e n t r a l  p a r t  and 
dou b le  expone n t ia l  a t  the t a i l s .  Huber 's  f u n c t i o n  Ip i s  the 
f o l l o w i n g  :

tp ( x ) = x i f
= -k i f
- к i f

where x = ( x -  0 ) .
F igu re  2 shows the ip 

e s t i m a t o r .

-k <  X <  к

X < -к (5)
X ;> к

w f u n c t i o n s f o r  Huber ' s
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Fig. 2. y  (x) and w(x) functions fo r  Huber's estimator 

3. HAMPEL'S ESTIMATOR

Huber ' s  e s t i m a t o r  i s  a s o - c a l l e d  no-descending one due to 
the form of the f u n c t i o n  у . I t  i s  c h a r a c t e r i s t i c  f o r  these 
s o l u t i o n s  t h a t  the e s t im a to r  i s  i n f l u e n c e d  by a l l  o b s e r v a t i o n s .  
In orde r  to exc lude  o u t l i e r s ,  Hampel (1974) proposed a 
redescend ing e s t im a te  f u n c t i o n  which ensures in  a d d i t i o n  to  i t s  
robus t  c h a r a c t e r  the e x c lu s io n  o f  s t r o n g l y  d e v i a t i n g  
o b s e r v a t i o n s .  Hampel 's  у  and w f u n c t i o n s  are the f o l l o w i n g :

у  (x ) = X i f 1x1 < a
= a s ign  (x ) i f a< 1 xl < b
= a ( c - J x 1 ) / ( c - b )  s ign ( x ) i f b < 1 XI < c
= 0 e ls e

w(x) = 1 i f Ixl < a
= a / | x | i f a < 1 xl < b
= a ( 1 - с / 1x 1 ) / ( b -c ) i f b < 1 xl < c
= 0 e ls e
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where x = ( x -  0 ) .
F igure 3 shows the у  and w fu n c t i o n s  of Hampel 's  

e s t i m a t o r .

Fig. 3. (x) and w(x) functions fo r  Hampel's estimator

As f u n c t i o n  ip i s  descending,  the cor responding o b j e c t  
f u n c t i o n  is  not convex. That i s  why problems of convergence may 
appear  in  numer ica l  s o l u t i o n s .  The t u n in g  cons tan ts  a, b and c 
are to  be chosen i n  accordance w i t h  the ac tua l  prob lem.  
Hampel 's  p r o p o s i t i o n s  are a=2, b=4, c=8.

3.1 Working fo rm u las  f o r  Hampel 's method f o r  the ad jus tm en t  
o f  i n d i r e c t  o b s e r v a t io n s

The task i s  to  es t im a te  the parameter  vec to r  0 ( w i t h  г 
e lem en ts )  on the bas is  of

V = A 0 1 (B)
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The s o l u t i o n  i s :

Q( Xi ) —-  min
i  = l

(9)

in s te a d  of  Eq. ( 9 ) ,  the f o l l o w i n g  system of  equa t ion  i s  so lved :

( 10 )
n 0 9 ( X j )

X  ....= 0  j  = 1 , • • • г .
i  = l " j

One ge ts :

n 9 q ( x , ) Эх, n
X  -Л т1- - S Ä ' Z  a j

Э д (х . ) n
-----------  = Y_ ai j y ( x i )  = 0 (11)

i=l 9xi ' ' iTl °1J ЗхА iT1

w i th  X = ( x - 0 ) .
By s u b s t i t u t i n g  у and x i  one has:

В ©= d where В = A^PA and

d = ATP1 + a A ̂  Q s ign ( x )  f u r t h e r

P and Q are d iagona l  weight  m a t r i c e s  which f u l f i l  the 
equa t i ons  :

P i i  = 1 i f 1 x i 1 < a
= a / ( b - c ) i f b x< l * i | < c (12)
= 0 else

4 i i  = -1 i f a ^  1 Xi  1 < b
= c / ( b - c ) i f b «  1 x i  1 < c (13)
= 0 e l s e .

The above a lg o r i t h m  y i e l d s  Huber ' s  s o l u t i o n  i f  b = c = go

4. THE SOPRON METHOD

As a v a r i a n t  of  Hampel 's s o l u t i o n ,  a descending e s t im a to r  
f u n c t i o n  has been proposed by us,  where the d e n s i t y  
d i s t r i b u t i o n  i s  a t  the t a i l s  double e x p o n e n t i a l .
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The f u n c t i o n s  LjJ and w of  the e s t im a to r  are the f o l l o w i n g :

(  X )  = X

= a ( x + ( a - 2 b )  s i g n ( x ^ ) ) / 2 / ( a - b )  

= а з 1 д п ( х ^ ) / 2  

= 0

i f  I x i I < a 
i f  a < | x i |
i f  b ^  JX± I
e lse

< b
< c

(14)

w( X i ) = 1
= a ( 1 + ( a - 2 b ) / I  Xj_ I ) / 2 / ( a - b )  

= a /  2 /  I X j_ I 

= 0

i f
i f
i f
e lse

X i  I < a
a $ | x < b
b «£ I Xi I < c

(15)

where x = ( x-  0 ) .
F igure 4 shows the f u n c t i o n  Vjj and w of the e s t i m a t o r .

Fig. 4 . y  (x) and w(x) functions for  Sopron estimator
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4.1 Working fo rm u las  of  the Sopron method f o r  the adjustment  
o f  i n d i r e c t  o b s e rv a t io n s

By s u b s t i t u t i n g  tp and x^ i n t o  the system of  equat ions :  

n
X  a i i V ( x i )  = 0 0 = 1 > • • • » г (16)

i  = l J

one ge ts :
В ' © = d ' ;

where B' = A^PA and

d' = A^p'l + aA^Q' s i g n ( x )
where the d iagona l  weigh t  matr ices P' and Q' f u l f i l  the
f o l l o w i n g  :

P' i i  = 1 i f 1 * i l 1 < a
= a /  [  ( a - b ) 2] i f a « ix i i < b (17)

= 0 e ls e

q 'ü  = ( 2 b - a ) /  [ ( a - b ) 2 ] i f a < 1|XjJ < b

= -1/2 i f b « 1x i  1 < c (18)
= 0 e ls e

where x = ( x - 0 ) .

5. W-ESTIMATION

An a l t e r n a t i v e  f o r  the M -e s t im a t io n s  i s  the W -es t imat ion 
which leads to the weighted average as to  a s o l u t i o n  and the 
we igh ts  depend on the data .  Thus the r o b u s t  e s t im a t i o n  can be 
reduced to the re -w e ig h te d  i t e r a t i v e  l e a s t  squares ad jus tm en t .  
Each weigh t  depends on the d e v i a t i o n s  in  the p rev ious  
i t e r a t i o n .  S t a r t i n g  from a c onven ien t  app rox im a t i on ,  the 
i t e r a t i o n  i s  to be con t inue d  t i l l  the s o l u t i o n  converges w i t h  a 
p r e s c r i b e d  accuracy .  In  the i t e r a t i o n s ,  w e igh ts  r e f e r  to s i n g l e  
da ta ,  e .g .  o u t l i e r s  or contaminated va lues  get zero or low 
w e i g h t s .
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The weigh ts  deduced from the M -es t im a to rs  in  the p rev ious  
c h a p te r s  are in  the method of  the re -w e igh te d  l e a s t  squares the 
f o l l o w i n g  :

0 i s  determined from the equat ions  V = A0 -  1 so t h a t  
the  c o n d i c t i o n

n 2
X  P i v i  — min 
i  = l

be a lso  f u l f i l l e d ,  i . e .  by s o l v i n g  the system o f  equa t i ons  
д Т р д  g  -  дТр1 } where P i s  the d iagonal  weigh t  m a t r i x  and

P i i  “ P i •
By s u b s t i t u t i n g  the p r e v i o u s l y  deduced weigh t  f u n c t i o n s ,  

th e  f o l l o w i n g  fo rm u las  are o b ta in e d :
1 . Hampel' s method

P i i  = 1 i f K |  < a
= a /  1 v-jj i f a < 1 v i | < b
= a ( 1 -с  /  1 VjJ ) / ( b - c ) i f b 4 1v i | < c
= 0 e lse

2. The Sopron method

P i i  1 i f  1Vi| < a
= a ( l + ( a - 2 b ) / | v j j )  /  [2 ( a - b )] i f a 4 1v i l < b
= a / ( 21v i | ) i f b ^  1Vil < c
= 0 e lse

where n a t u r a l l y  v^ = ( x j - 0 ) .
In order  to avo id  c o m p u ta t io n a l  d i f f i c u l t i e s ,  i t  is  

a d v i s a b le  to s t a r t  both i n  the cases of  the M- and W-est ima-  
t i o n s  from s u i t a b l e  a p p ro x im a t i v e  va lues.  As a p p ro x im a t i v e  
v a l u e s ,  the r e s u l t s  of a l e a s t - s q u a r e s  ad justment  can be used 
o r  even more advantageously  the sample median as by i t  the 
o u t l i e r s  can be a l ready  found and the robus t  e s t i m a t i o n  
f o l l o w i n g  the f i r s t  phase may c o n c e n t ra te  on the e l i m i n a t i o n  of 
the  e f f e c t s  of s m a l l e r  c o n ta m in a t io n s .
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6. NUMERICAL EXAMPLE

F i n a l l y  we compare the robus t  e s t i m a t i o n  methods desc r ibed  
i n  the p rev ious s e c t i o n s .  The x and y coo rd in a te s  are ob ta ined  
from the X and Y c oo rd ina te s  of  a s imu la ted  p o i n t  f i e l d  
c o n s i s t i n g  of  125 p o in t s  so t h a t  the former  are r o t a t e d  and 
m u l t i p l i e d  w i th  a sca le  f a c t o r .  For the d e te r m in a t i o n  of  the 
t r a n s f o r m a t i o n  parameters 15 p o i n t s  were chosen. The 
c o o rd in a te s  x , y of  the p o in t s  were contaminated by no rm a l ly  
d i s t r i b u t e d  N (0 ,3 )  e r r o r s  and in  20 p e r c e n t ,  by gross e r r o r s .  
The r e s u l t s  of  the d i f f e r e n t  r obus t  methods are presen ted in  
Table I .  Using the t r a n s f o r m a t i o n  parameters  from the d i f f e r e n t

Table I

H C
w H Wc

v x vy v x vy v x vy vx vy

1 -5 1 -5 0 -6 -2 - 6 -2
2 1 -4 0 -4 0 -4 0 -4
3 44 -8 44 -8 47 -8 47 -8
4 -5 1 -6 2 -8 4 -8 4

5 1 -5 0 -5 -1 -4 -1 -4

6 -B 1 1 -8 12 -9 1 5 -9 1 5
7 -2 -2 -2 -2 -3 -1 -3 1

8 -5 -82 -5 -81 -4 -79 -4 -79

9 -2 -9 -1 -8 0 -7 0 -7

1 0 1 3 3 13 3 1 4 3 14 3
1 1 5 -1 6 -1 8 -2 8 -2
1 2 -2 -3 -1 -4 1 -5 1 -5

1 3 163 -29 164 -30 165 -30 165 -30

1 4 3 6 3 6 2 4 2 4

1 5 0 2 1 1 1 -1 1 -1

H = Hampel 's method
s = Sopron method

wH = Weighted Hampel

ws = Weighted Sopron
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r o b u s t  methods the X and Y c o o r d in a te s  of  the rema in ing  110 
p o i n t s  were computed. Mean square e r r o r s  from the d i f f e r e n c e  
between o r i g i n a l  and computed c o o r d in a te s  are c on ta ine d  in 
Tab le  I I .

Table I I

H S wH ws

AJX AJy AJX XJy AJX AJY LI X u y

1 .58 1 .54 1 . 58 1 . 46 2.28 2.64 2.28 2.64

I t  is  e v id e n t  t h a t  d i f f e r e n t  s o l u t i o n  y i e l d  s i m i l a r  
r e s u l t s  and the e f f e c t  o f  the p o in t s  w i t h  gross e r r o r s  does not 
appear  in o the r  p o i n t s .
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STUDYING THE ATTENUATION OF ELASTIC WAVES IN HOMOGENEOUS 
MATERIALS UNDER HIGH PRESSURES BY USING THE METHOD OF FREQUENCY

ANALYSIS

V A K a l i n i n ,  I V Zhukov, G A Yefimova
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Attenuation character ist ics of ul trasonic waves for  homogeneous 
materials were investigated under high pressure in a piston-type apparatus. 
The approach is  based on Fourier analysis of a pulsed signal taking into 
account the scale factor .  For a test of the method frequency-attenuation 
relat ionships were determined in some metals (copper, brass) undergoing 
pressure up to 0.95 GPa.

Keywords: attenuation; e last ic  waves; high pressure; piston

A high s e n s i t i v i t y  of  u l t r a s o n i c  pu ls e - f re q u e n c y  spec t ra  
to  v a r i a t i o n s  in  p h y s i c a l  p r o p e r t i e s  of  m a t e r i a l s  prompted the 
development of  s p e c t r a l  mehods f o r  d e te rm in in g  the a t t e n u a t i o n  
o f  e l a s t i c  waves in  defec toscopy and in  s o l i d  s t a t e  phys ics 
( T r u e l l  and Elbaum 1969, Merkulov and Tokarev 1970) . In 
s tu d y in g  e l a s t i c  wave a t t e n u a t i o n  in  h ig h - p r e s s u re  setups the 
t r a d i t i o n a l  methods must be m o d i f i e d ,  because in  t h i s  case the 
u l t r a s o n i c  wave channel  resp resen ts  a system of  a b u t t i n g  
e lements and the recorded waveform t u r n s  out to be ext remely
complex f o r  i n t e r p r e t a t i o n .  Moreover ,  in  the ope ra t in g
f requency range one should assess the e f f e c t  of the sca le  
f a c t o r  when using specimens of  l i m i t e d  d imensions.  The proposed 
m e thodo lo g ica l  s o l u t i o n ,  which belongs to  the ca tegory  of  so- 
c a l l e d  v a r i a b l e - d i s t a n c e  methods (B razhn ikov  1965) , pe rm i ts  us 
to  determine the a t t e n u a t i o n  c o e f f i c i e n t  o f  compress ional  waves 
cC p in  the f requency f u n c t i o n  f  f o r  va r io u s  m a t e r i a l s
s u f f i c i e n t l y  homogeneous w i th  respec t  to s t r u c t u r e  and
substance com pos i t i on  in  the case of  q u a s i - h y d r o s t a t i c  
compression in  " p i s t o n - t y p e "  apparatus ( V o la r o v i c h  et  a l .  
1974) .

Acta Geod. Geoph. Mont. Hung. 26, 1991 
Akadémiai Kiadó, Budapest
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F i r s t  our s t u d i e s  of  a t t e n u a t i o n  by the proposed method 
were made f o r  p o l y c r y s t a l l i n e  copper and brass (40 % Zn + 60 % 
Cu) loaded up to 1 GPa p ressure .  U l t r a s o n i c  a t t e n u a t i o n  in  
th e s e  metals under a tm ospher ic  pressure was s tu d ie d  in  some 
works (Papadakis 1969, Kobelev and S o i f e r  1985) .  The e f f e c t  of 
h i g h  pressure on u l t r a s o n i c  a t t e n u a t i o n  in  meta ls  due to 
m e th o d o lo g ic a l  d i f f i c u l t i e s  has not  ye t  been adequa te ly  
s t u d i e d .  In some i s o l a t e d  works ( P i l i p e n k o  1977) i t  was noted 
t h a t  a t t e n u a t i o n  depends on the type of  c r y s t a l  l a t t i c e ,  the 
presence of d e f e c t s ,  the p r o p e r t i e s  of  the medium t r a n s m i t t i n g  
p r e s s u r e  and c e r t a i n  o t h e r  f a c t o r s .

EXPERIMENT

Dete rm ina t ion  o f  oCp a t  d i f f e r e n t  f r eq u e n c ie s  was achieved 
by comparing the a m p l i tu d e s  of  the s p e c t r a l  components of 
u l t r a s o n i c  pulses pass ing  th rough specimens of  one and the same 
m e ta l  having a d i f f e r e n t  len g th  and a l t e r n a t e l y  p laced i n  the 
sys tem. The p r i n c i p a l  computa t ion  fo rmula f o r  oCp a t  a g iven  
f r equenc y  f^  has the fo rm :

oC P ( 1 )

where l n and l m are the leng th s  of  specimens p laced i n  the 
h ig h - p r e s s u re  c e l l ;  An and Am are the co r respod ing  ampl i tudes  
o f  s p e c t r a l  components a t  the f requency  f ^ .

To es t imate  the magni tude of  an e r r o r  i n  de te rm in in g  c6p , 
w h ich  i s  due to a d i f f e r e n c e  in  specimen l e n g t h s ,  we s tu d ie d  
copper  and brass specimens of  19.8 ,  14.9 ,  12.0 and 8.0 mm 
l e n g t h  ( a l l  specimens hav ing the form of  a c y l i n d e r  o f  17.5 mm 
d i a m e t e r ) ;  thus ,  we had 6 combina t ions of  l n- l m.

U l t r a s o n i c  i n v e s t i g a t i o n s  were conducted on s tandard 
equipment ;  the b lo c k - d ia g r a m  of  the setup i s  desc r ibed  in  
( V o l a r o v i c h  et  a l .  1974 ) .  For the e x c i t a t i o n  and r e c e p t i o n  of 
u l t r a s o u n d  we used resonance p ickups made of  lead z i r c o n a t e -  
t i t a n a t e  (PZT).

R e g i s t r a t i o n  o f  pu lses  in  the system w i th  d i f f e r e n t - l e n g t h
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metal  specimens p laced in  i t  was achieved under p ressu res  
ra ng ing  from 0.15 to  1.0 GPa. Loading was made i n  a s tepped 
reg ime.  An adequate q u a l i t y  and s t a b i l i t y  of  a c o u s t i c  c o n t a c t s  
between u l t r a s o n i c  channel  e lements,  as was necessary f o r  
comparison of the wave fo rms,  were guaranteed by the c o n d i t i o n  
of  a complete c lo s u re  of  "gaps" formed by roughnesses at  
c o n ta c t  boundar ies:  t h i s  c o n d i t i o n  was f u l f i l l e d  in  l o a d in g  the 
system up to over 0.15 GPa p ressu res .  The given c r i t e r i o n  was 
e s t a b l i s h e d  e x p e r i m e n t a l l y .

AMPLITUDE-FREQUENCY ANALYSIS

General  t h e o r e t i c a l  p r i n c i p l e s  (2)  p e r t a i n i n g  to the 
s p e c t r a l  method f o r  de te rm in in g  oC p re q u i re  t h a t  f o r  the 
purpose of  a n a ly s i s  a complete pu lse  should  be s in g le d  out  from 
the moment of a r r i v a l  of  the f r o n t  o f  a d i r e c t  com press iona l  
wave t i l l  a complete a t t e n u a t i o n  o f  o s c i l l a t i o n s  a g a i n s t  a 
no ise  background. In p r a c t i c e  t h i s  requi remen t  i s  r e a l i z a b l e  
on ly i n  l i m i t e d  cases, p a r t i c u l a r l y ,  in  a boundless mass o f  a 
homogeneous i s o t r o p i c  m a t e r i a l .  The presence of  a c o u s t i c  
boundar ies i n a v o id a b l y  leads to i n t e r f e r e n c e  e f f e c t s  
i n t r o d u c i n g  c o m p l i c a t i o n s  in  the r e s u l t a n t  waveform. Thus, 
under c o n d i t i o n s  of  the u l t r a s o n i c  channel  o f  the h ig h - p r e s s u r e  
setup used by us we u s u a l l y  succeed in  r e g i s t e r i n g  an 
o s c i l l a t i o n  f r ee  from d i s t o r t i o n ,  which corresponds to a d i r e c t  
compress iona l  wave, i n  a t ime window from t=0 to t= T  . 
A p p a r e n t l y ,  f o r  the purpose of  a n a l y s i s  we should use on ly  t h i s  
p a r t  o f  the pu lse ,  d i s c a r d i n g  the u n e a s i l y  i n t e r p r e t a b l e  pu lse 
" t a i l " .  The spec t ra  o f  incomp le te  pu lses  ob ta ined  i n  the 
f r equency a n a l y s i s ,  as i s  known from works in  the f i e l d  of  
se ismology (Berzon et  a l .  1962) , w i t h  respec t  to  component 
w id th  and amp l i tudes are d i f f e r e n t  from t h a t  o f  a pu lse 
(co r re s p o n d in g  to a g iven  type of  wave) analysed from the 
moment o f  f i r s t  a r r i v a l  t i l l  a complete a t t e n u a t i o n .  To 
e s t im a te  e r r o r s  in  d e te rm in in g  f requency component a m p l i tudes  
and, consequen t l y ,  oi p , we s tu d ie d  the e f f e c t  of  the w id th  of 
t ime window on q u a n t i t a t i v e  s p e c t r a l  parameters .  Proceed ing
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f rom a reasonable p h y s i c a l  assumpt ion t h a t  in  using resonance 
u l t r a s o n i c  t r a n s d u c e r s  the pulse t a i l  must have a form s i m i l a r  
t o  an a t t e n u a t i n g  s in u s o id a l  s i g n a l  a t  the fundamental
resonance harmonic f requency of  the e m i t t e r  (and i t s  i d e n t i c a l  
r e c e i v e r ) ,  the a m p l i t u d e  spectrum of  a complete pu lse was 
c o n s t ru c te d  on the b a s i s  of the fo rm u la :

S ( f )  = \ / s 2 ( f  ) + s | (  f  5 + 2S, ( f ) S 2( f )  c o s [ $ 1 ( f  ) - $ 2( f  ) - 2 l f  X ] ,  ( 2 )

where S-j (f )  and § i ( f )  are the a m p l i tude  and phase spec t ra  of 
th e  head p o r t i o n  of  th e  pu lse,  c o r res pond ing  to the t ime window 
V  , both spec t ra  be ing  determined d i r e c t l y  by ana ly s in g  the 
p u l s e  o s c i l l o g r a m ;  S2 ( f )  and £2( f )  are the ampl i tude and phase 
s p e c t r a  of the a t t e n u a t i n g  p o r t i o n  o f  the pu lse  rep resen te d  in 
an a n a l y t i c a l  fo rm by an a t t e n u a t i n g  s in u s o id  w i t h  the
parameters  ( i n i t i a l  am p l i tude ,  fundamen ta l  f requency and t ime 
a t t e n u a t i n g  c o e f f i c i e n t )  l i k e w is e  to  be determined from the 
o s c i l l o g r a m .

The p u l s e - f r e q u e n c y  spect ra  computed a f t e r  the fo rmula (2)  
i n  a copper specimen f o r  t ime windows T = 1.3,  2 .0 ,  2.4 and
3 .0  yus and the f requency -dependen t  s p e c t r a l  r a t i o s  S -| /  S 2 

o b ta in e d  f o r  these T are presented i n  F igs 1, 2, r e s p e c t i v e l y  
( f o r  0.5 GPa p r e s s u r e ) .  As f o l l o w s  from the above e s t im a te s ,  
th e  maximum e r r o r  i n  a n a l y s i s ,  i . e .  up to 25 %, occurs at  low 
am p l i tudes  of  the  s p e c t r a l  components,  and t h a t  a t  the 
f r e q u e n c ie s  in  the v i c i n i t y  of the resonan t  f requency of  the 
p i c k u p s ,  i . e .  the fundamental  f requency  of  the a t t e n u a t i n g  
s i n u s o i d  (4.2 MHz), i t  i s  up to 20 %. In  the r e s t ,  s u f f i c i e n t l y  
wide f requency i n t e r v a l  the a m p l i tudes  can be determined to 
h ig h  accuracy and used f o r  the purpose of a 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 n c l u d i n g  also the com puta t i on  of  c4p from the 
fo r m u la  (1 ) .

RESULTS

The obta ined  cL p versus A l nm = l n- l m a"t aH  ° f  the
f re q u e n c ie s  under s tudy  are observed to be p r a c t i c a l l y



Fig. 1. Form and amplitude spectra of pulses recorded in the system with 
specimens of polycrystal l ine copper (length pr ior  to loading 
1 9 . 8  mm) under 0 . 5  GPa pressure. The S(f) spectra computed af ter  
the formula ( 2 )  for  d i f ferent  time windows: 1 . 3 / J s  -  1 ;  2 . 0  p s  -  2 ;  
2 . 4 / js -  3 ;  3 . 0 / J S  -  4 .  The amplitude is  given in arbi tary uni ts

i n s e n s i t i v e  to v a r i a t i o n s  of Д1п т , i . e .  oCp( A l nm) = c o n s t .  
Consequen t ly ,  the r e s u l t a n t  waveform at the s e l e c t e d  
f r e q u e n c ie s  i s  not s u b je c t  to p e r t u r b a t i o n s  due to r e s t r i c t e d  
specimen dimensions and oCp to be determ ined  thus c h a r a c t e r i z e  
the p r o p e r t i e s  of  the mass of  the m a t e r i a l  under i n v e s t i g a t i o n .

Q u a s i - h y d r o s t a t i c  pressure was found to a l t e r  cCp i n  the 
i n v e s t i g a t e d  copper w i t h i n  the f requency  i n t e r v a l  where
s p e c t r a l  component am p l i tudes  are de te rm inab le  w i th  a minimum 
e r r o r  ( 1 .0 -3 .1  MHz); moreover , w i t h  an increase in  p res s u re  
from 0.15 to 0.50 GPa oip i s  observed to decrease in  copper  at  
a l l  f r e q u e n c ie s  under study ave rage ly  by 50 %. As l o a d i n g  i s  
f u r t h e r  increased from 0.50 to 1.0 GPa oCp d is p la y  a tendency 
f o r  g row th ,  F ig .  3. P o s s ib l y  t h i s  e f f e c t  i s  assoc ia ted w i t h  the 
appearance of m i c r o p l a s t i c  zones and needs to be i n t e r p r e t e d
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f rom the v ie w p o in t  o f  a d i s l o c a t i o n  model (Merkulov 1963, 
S t r e l ' tsov 1983).

7 4

Fig. 2 .  The rat io  of the spectra S ^ f )  of an incomplete pulse for  d i f fe rent  
T: 1.3^Js -  1; 2 . 0 / J S  -  2 ;  2 .4 /js -  3 ;  3 . 0  *JS - 4 to the
corresponding complete spectra S(f)  computed after the formula ( 2 ) ,  
which characterizes the accuracy of the quantitat ive frequency 
analysis

As regards b r a s s ,  v a r i a t i o n s  i n  c ip w i t h  pressure are le ss  
d i s t i n c t  and do no t  go beyond accuracy  l i m i t s  in  d e t e r m in ig  
oCp(+.l 0 %). This  c o u ld  be expected,  because in brass,  s i m i l a r l y  

as in  a s o l i d  s u b s t i t u t i o n  s o l u t i o n  where Zn atoms occupy the 
p lac es  of Cu atoms in  the F C C - l a t t i c e ,  p l a s t i c  p r o p e r t i e s  are 
expressed much weaker  than is  the case w i t h  pure copper .

Thus, the q u a l i t a t i v e  c h a r a c t e r  o f  cCp versus p ressu re  
r e l a t i o n s h i p s  o b t a in e d  by us c o n f i r m s  the v a l i d i t y  o f  the 
chosen m e th o d o lo g i c a l  approach. Data on e l a s t i c  waves 
a t t e n u a t i o n  under  h igh  pressures i n  meta l ,  apa r t  f rom an 
independent s c i e n t i f i c  s i g n i f i c a n c e ,  may prove u s e f u l  in  
s tu d y in g  the impac t  of  high p ressure  on substances w i th  a more 
complex c om pos i t ion  and s t r u c t u r e ,  p a r t i c u l a r l y  r ocks .  On the 
b a s i s  of the above i n v e s t i g a t i o n s  we may choose brass as a 
re fe r e n c e  m a t e r i a l ,  s ince the e f f e c t  o f  h igh pressure on i t s
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a c o u s t i c  c h a r a c t e r i s t i c s  i s  expressed much weaker compared to  
the m a j o r i t y  o f  rocks.

Fig. 3. Attenuation coef f ic ient  of compressional waves oCp versus pressure 
in copper (a) and brass (b) for  the frequency components 1.0 MHz - 
1; 1.5 MHz - 2 and 3.0 MHz - 3
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ELASTIC MODULI AND ULTRASONIC WAVE VELOCITIES IN A TWO-PHASE 
MEDIUM UNDER HIGH PRESSURES
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Ultrasonic veloci t ies  and density of the two-phases media (quartz sand 
mixed up with stearin) were experimentally determined at high pressure and 
temperature (up to 1.2 GPa and 400 K). Elast ic  moduli of the mixture are 
calculated by the use of the generalized singular approach method based on 
the physical ly more correct model of s train and stress f ie lds in e last ic  
media, then by the Voight-Reuss-Hil l  method. The theoret ical  results are in 
agreement with the experimental data.

Keywords: e last ic  moduli; high pressure; two-phase media; ul trasonic
wave veloci ty

In  d e te rm in ing  the substance c om pos i t ion  of the Ea r th  
the re  a r i s e s  the n e c e s s i t y  of  t h e o r e t i c a l l y  de te rm in ing  the 
e l a s t i c  p r o p e r t i e s  of  rocks from the p r o p e r t i e s  of  the m in e r a ls  
composing them. To achieve t h i s  purpose the V o i g h t - R e u s s - H i l l  
method ( B e l i k o v  1970) i s  w ide ly  used i n  geophys ics.  The method 
i s  based on the f o l l o w i n g  i n e q u a l i t i e s  proved by H i l l  (1952) :

KR ^  К « Kv

/-ip /J. í  /Jy
(1 )

where К and /J are the bu lk  and shear modu l i  of a heterogeneous 
body .

The modul i  Ky, u  у were computed a f t e r  the Voight  method 
( w i t h  an assumption of  the constancy o f  the deformat ion f i e l d )  
and Kp, /Up - a f t e r  the Reuss method ( w i t h  an assumption o f  the 
constancy of  the s t r e s s  f i e l d ) .  On the bas is  o f  (1 )  H i l l  
proposed t h a t  e l a s t i c  modul i  of  a heterogeneous body be

Acta Geod. Geoph. Mont. Hung. 26, 1991 
Akadémiai Kiadó, Budapest
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computed from the fomulae

„  _ K V + K R , ,  _
K V R H -- - - - - - - 2—  > ' V R H - - - - - - - - 2— ( 2 )

I f  we denote the t r u e  value of  the bu lk and shear  modulus 
* t r u e >  then by v i r t u e  of  the i n e q u a l i t i e s  (1)  X^rue = Xy- Sy or

5X r~ Xp. Неге оу i s  an e r r o r  in  d e t e r m in in g  the
modulus ,  which r e s u l t s  from an assumpt ion about the constancy 
o f  the de fo rmat i on  f i e l d ,  i . e .  the Vo ight  method. S i m i l a r l y ,  

Op i s  an e r r o r  in  d e te rm in ing  the modulus, r e s u l t i n g  f rom an 
assumpt ion of the cons tancy of the s t r e s s  f i e l d ,  i . e .  the Reuss 
method.  According to  the d e f i n i t i o n ,

XVRH - x t r u e  + ( " 6r ) / 2 •

I n  the case of  low values of  by and op Xypp i s  c l o s e  to 
x t ru e >  which i s  v a l i d  f o r  the case of w e a k l y - c o n t r a s t i n g  
com pos i te  media, the a n is o t ro p y  o f  e l a s t i c  p r o p e r t i e s  o f  which 
i s  i n s i g n i f i c a n t .  However, in  the l i t h o s p h e r e  and astenosphere 
t h e r e  are presen t  p a r t i a l  m e l t s ,  the e l a s t i c  modu l i  o f  which 
are much s m a l le r  than the co r respond ing  modul i  o f  the s o l i d  
component.  In such a medium the mel t  f i l l s  in  i n t e r s t i c e s ,  
sp reads  out a long g r a i n  boundar ies in  the form of  f i l m s .  Under 
th e  impact of e x t e r n a l  load ing  the m e l t  i s  s ub jec t  to  a g r e a t e r  
d e fo r m a t i o n  than are the s o l i d  components. This b r i n g s  about a 
s t r o n g l y  heterogeneous de fo rm a t i on  f i e l d .  Moreover , i t  i s  to  be 
expec te d  in  t h i s  case t h a t  the s t r e s s  f i e l d  w i l l  be c l o s e  to a 
homogeneous one. T h e r e f o r e ,  6p 6y and Хур^ ъ  X^rue + f r y /2. 
Thus,  in  t h i s  case the VRH method y i e l d s  o v e rs ta te d  va lues  of 
t h e  modu l i .  On the o the r  hand, in  the case of l i q u i d  (K i  0, 
/ J = 0 )  and gaseous (K % 0, /U = 0) components the VRH method 
i s  i n a p p l i c a b l e ,  s ince  the fo rm u lae  invo lved  lead  to a 
n e c e s s i t y  of d i v i d i n g  by zero .  A c c o r d i n g l y ,  there a r i s e s  a need 
o f  using a t h e o r e t i c a l  method t a k i n g  a more c o r r e c t  account  of 
the  d i s t r i b u t i o n  o f  the s t r e s s  and de fo rmat ion  f i e l d s  in  a 
heterogeneous body and f u r n i s h i n g  a p o s s i b i l i t y  o f  e s t i m a t i n g  
the  e f f e c t  of  l i q u i d  and gaseous i n c l u s i o n s  on i t s  e l a s t i c
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p r o p e r t i e s .
In the g iven  work f o r  d e te r m in in g  e l a s t i c  p r o p e r t i e s  of  

such heterogeneous media use was made of the method of  
g e n e r a l i z e d  s i n g u l a r  approach (GSA) which was extended to  the 
case of  mul t i component  systems, such as rocks  (Shermergor 1977, 
K a l i n i n  and Bayuk 1987) .  The GSA method i s  based on an a n a l y s i s  
o f  a d i f f e r e n c e  in  the de fo rm a t i on  f i e l d s  which a r i s e  under 
s i m i l a r  boundary c o n d i t i o n s  in  the i n v e s t i g a t e d  heterogeneous 
body and in  a c e r t a i n  homogeneous body which is  termed the body 
compar ison.  De fo rmat i ons  a r i s i n g  i n  a heterogeneous body 
s a t i s f y  an e q u i l i b r i u m  equa t ion  by means of  which i s  
e s t a b l i s h e d  a r e l a t i o n s h i p  between the magnitude of  the 
de fo rm a t ion  a r i s i n g  in  each of the components and i t s  va lue  
averaged f o r  the volume. This  r e l a t i o n s h i p  i s  determined by the 
e l a s t i c  p r o p e r t i e s  of  the g iven component and the compar ison 
body. Making use of  a d e f i n i t i o n  o f  the e f f e c t i v e  e l a s t i c i t y  
tensor

where t r i a n g u l a r  b racke ts  stand f o r  ave rag ing  by volume, we 
o b ta in  an exp ress ion  f o r  the e f f e c t i v e  e l a s t i c i t y  t enso r  i n  the 
o p e ra to r  form. O b ta in in g  the fo rm u la  in  a tensor  form i s  
p o s s ib le  s o l e l y  by accep t i ng  an assumpt ion about the constancy 
of  the s t r e s s  and de fo rmat i on  f i e l d s  i n s id e  each o f  the 
components. In the case of a rock we presume the constancy of  
the r e s p e c t i v e  f i e l d s  in  the g ra in s  of  one and the same m in e r a l  
hav ing a s i m i l a r  o r i e n t a t i o n  of  c r y s t a l l o g r a p h i c  axes. Whereas 
the f i e l d s  in  the o the r  m ine ra ls  or  i n  the gra ins  of  the same 
m in e r a l ,  but  d i f f e r e n t l y  o r i e n t e d  may be d i f f e r e n t .

In  the case of  i s o t r o p i c  rocks  the p r i n c i p a l  computa t ion  
formulae of  the method concerned have the  form

C* = < 6 > _1< £ > (4)

K*
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Here i s  a volume c o n c e n t r a t i o n  of  the V  - t h  phase, N i s  the 
number of phases, К * ,  / j *  are e l a s t i c  modul i  o f  the V  - t h  
phase ,  Kg, /u q are e l a s t i c  modul i  o f  the comparison body.

The method under  d i s c u s s io n  p e r m i t s  us at  l e a s t  p a r t l y  to 
t a k e  i n t o  account the s t r u c t u r a l  s p e c i f i c s  of a heterogeneous 
body .  This i s  ach ieved by the cho ice  of  a comparison body. In 
t h e  cho ice of a compar ison body we should  proceed from p h y s i c a l  
assumpt ions  about the d i s t r i b u t i o n  of  the s t r e s s  and 
d e f o r m a t i o n  f i e l d s  i n  a heterogeneous body. For compos i tes of 
t h e  " m a t r i x - i n c l u s i o n "  type i n  the case of  a s o f t  m a t r i x  and 
ha rd  i n c l u s i o n s  a compar ison body should  be chosen w i t h  e l a s t i c  
m o d u l i  a f t e r  Reuss, i . e .  on an assumpt ion of the cons tancy  of 
t h e  s t r e s s  f i e l d .  In  an oppos i te  case,  i . e .  "hard m a t r i x  -  s o f t  
i n c l u s i o n s " ,  a compar ison body w i l l  be chosen w i t h  e l a s t i c  
m o d u l i  a f t e r  V o i g h t .  And in  the case of p o l y c r y s t a l l i n e  
agg rega tes  we presume t h a t  Kg = K * , / j g  = /j * ,  which co r responds  
t o  e l a s t i c  f i e l d s  i n  an aggrega te ,  the components o f  which have 
an i s o m e t r i c  form.  An a n a l y s i s  o f  the formulae (5)  enab le s  us 
t o  draw a conc lus ion  t h a t  f o r  d e te r m in in g  the e l a s t i c  modu l i  of 
i s o t r o p i c  rocks i n s t e a d  of  d e te r m in in g  t o t a l  e l a s t i c i t y  t e n s o rs  
o f  the m inera ls  composing the rock i t  i s  s u f f i c i e n t  to  know 
o n l y  the e l a s t i c  modul i  of p o l y c r y s t a l l i n e  aggregates o f  the 
c o r re s p o n d in g  m i n e r a l s .

E l a s t i c  propert ies of  mul t i com ponent  systems, as de te rm ined  
f rom  the formulae ( 5 ) ,  are i n  good agreement w i t h  the 
e x p e r im e n t .  F igure 1 shows v e l o c i t i e s  o f  e l a s t i c  waves versus 
p r e s s u r e  in g r a n i t e s ,  the l a t t e r  being 4- and 5-component 
sys tem s .  Moreover, i t  can be seen t h a t  by ta k in g  accoun t  of  
i s o m e t r i c  pores as a 5th component in  the Wester ley g r a n i t e  
e n a b le s  c a l c u la t e d  va lues  of  e l a s t i c  wave v e l o c i t i e s  to  be 
b r o u g h t  c lose r  to the e x p e r im e n ta l  ones. In t h i s  rock  pores 
a c c o u n t  f o r  1.2 % o f  the volume ( 8 ) .  In  making computa t i ons  to 
s e c u re  an e q u a l i t y  o f  e l a s t i c  modu l i  of  the compar ison body 
q u i t e  e f f e c t i v e  proved the use of  the i t e r a t i o n  p ro c e s s .  The 
v a l u e s  obta ined a f t e r  the VRH method were used as the i n i t i a l  
a p p r o x im a t i o n .  The r e s u l t  was o b ta in e d  a f t e r  3 i t e r a t i o n s ,  as
a maximum.
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Fig. 1. Veloci t ies of compressional and shear e last ic waves in granites.
a) composition (5) ( in percent by volume): ol igoclase-0.32, micro- 
cl ine-0.29, quartz-0.35, biot i te-0.04; calculat ion after GSA method 
of veloci t ies of compressional V„ (1) and shear V (2) e last ic  
wave, X - experimental data; b) composition (Westerley grani te) :  
ol igoclase-0.32, microcline-0.36, quartz-0.28, b iot i te-0.04, 1 - 
calculat ion af ter  GSA method of the ve loc i t ies  of compressional V„ 
and shear Vg waves disregarding pores, 2 -  calculation af ter  GSA 
method of tne veloci t ies  of e last ic  waves, account being taken of 
pores, 3 - l inear  approximation of experimental data (6), (7)

I t  i s  wor th n o t i n g  t h a t  a r e l a t i v e l y  rap id  decrease of  
v e l o c i t i e s  under a d e c l i n i n g  pressure i n  the 0 .2 -0 .3  GPa r e g io n  
i s  u s u a l l y  a t t r i b u t e d  to c racks .  The GSA method depar ts  f rom 
the exper iment  p r e c i s e l y  in  t h i s  r e g i o n .  I t  i s  yet  unable  to  
take account of  the e f f e c t  of j o i n t i n g .

As a r u l e ,  e l a s t i c  p r o p e r t i e s  o f  the mine ra l  s k e le to n  of  
r o c k s ,  determined a f t e r  the VRH and GSA methods, are c l o s e ,  
t h i s  f a c t  be ing due to a s i m i l a r i t y  o f  e l a s t i c  p r o p e r t i e s  of  
the m ine ra ls  composing the rock.  However , once there appears a 
component the e l a s t i c  p r o p e r t i e s  of  which g r e a t l y  d i f f e r  f rom 
those of  the o th e r  components a compar ison of  the com puta t i on  
r e s u l t s  a f t e r  the VRH method w i th  e x p e r im e n ta l  ones p o i n t s  to
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t h e i r  poor agreement .  Thus were c a l c u la te d  the e l a s t i c  
p r o p e r t i e s  of an a r t i f i c i a l  m ix tu r e  c o n s i s t i n g  of  a p o l y e t h e r  
m a t r i x  w i th  g la s s  m ic rospheres  of  210-297 /Urn d ia m e te r  
impregna ted i n t o  i t .  The volume c o n c e n t r a t i o n  of i n c l u s i o n s  was 
s u b j e c t  to change. The r a t i o  o f  e l a s t i c  modul i  of  the m ix tu r e  
components i s  as f o l l o w s :  K j / K M = 7, = 49; I  i s  the 
m ic rosphe res ,  M i s  the m a t r i x .  E l a s t i c  modul i  of the r e f e r e n c e  
body were taken a f t e r  Reuss. An a n a l y s i s  of F ig .  2 i n d i c a t e s  a 
good agreement between the r e s u l t s  ob ta ined  by the GSA method 
and the expe r im en t ,  the l a t t e r  be ing  borrowed from C h r i s t e n  
( 1 9 7 9 ) .  Fur the rmore ,  we may speak of  p r a c t i c a l  i n a p p l i c a b i l i t y  
o f  the  VRH method i n  de te rm in ing  e l a s t i c  p r o p e r t i e s  of  m ix tu r e s  
whose components have s ha rp ly  d i f f e r e n t  p r o p e r t i e s .

Fig. 2. Glass microspheres in a polyether matrix. E - Young's modulus, Cj - 
a volume concentration of microspheres in the matrix, 1 -  calcula­
t ion af ter  VRH method, 2 - calculat ion after GSA method, x -
experimental data (9)

A s i m i l a r  compar ison was made f o r  a mix tu re  of  q u a r t z  sand



TWO-PHASE MEDIUM 8 3

w i th  a f u s i b l e  component - s t e a r i n  -  under pressures up to
1.2 GPa and tempera tu res  - 20°C (unde r  these c o n d i t i o n s  
s t r e a r i n  beeing in  s o l i d  s t a t e )  and 95°C ( s t e a r i n  being in  
mol ten s t a t e  up to 0.6 GPa p r e s s u r e ) .  The composi tes were 
ob ta ined  by i n t e r m i x i n g  a f r a c t i o n a t e d  q u a r t z  sand w i th  mol ten 
s t e a r i n .  Average g r a in  s i z es  of  the sand f r a c t i o n  were 400, 200 
and 50 /Um. S t e a r i n  f i l l s  in  vo ids  between g ra ins  and forms 
f i l m s  at  the c o n ta c t s  o f  separate g r a i n s ,  i . e .  quar tz  i s  w e l l  
wet ted  w i th  l i q u i d  s t e a r i n .  Ihe f i l m  t h i c k n e s s  i s  es t imated  to 
be 10-20 /jm. Exper iments  were conducted in  a p i s t o n - t y p e

Fig. 3. Elast ic wave ve loci t ies  in quartz and stearin. Compressional wave 
V„ veloc i t ies :  1 - in quartz at 20°C and 95°C, 2 -  in stearin at
20°C, 3 -  in stearin at 95°C; shear V5 wave veloci t ies:  4 -  in 
quartz at 20°C and 95°C, 5 - in stearin ax 20°C, 6 -  in stearin at 
95°C
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appara tu s  w i th  e x t e r n a l  hea t ing  (Levyk in  1981).  Ihe  s e le c te d  
u l t r a s o n i c  f r equency (1 MHz) p e rm i t s  the wave to  be cons ide red  
l o n g .

An e r ro r  i n  d e t e r m in in g  v e l o c i t y  values in  s t e a r i n  and 
m ix t u r e s  has been e s t im a te d :  f o r  v e l o c i t i e s  of  compress iona l  
waves not more than 3 %, f o r  shear waves not more than 5 %. 
F i g u r e  3 shows u l t r a s o n i c  wave v e l o c i t i e s  in  s t e a r i n  ob ta ined  
a t  the H igh -Pressure  L a b o ra to ry ,  I n s t i t u t e  of  Phys ics  of  the 
E a r t h  (Levyk in  1981) as w e l l  as the correspond ing v e l o c i t i e s  in 
q u a r t z  (Anderson 1968) .  Compressional  wave v e l o c i t i e s  in 
s t e a r i n g  (20°)  are observed to be s h a r p l y  r i s i n g  w i t h  p re s s u re ,  
t h i s  being a s s o c ia te d  w i th  the s t r u c t u r e  of  o r g a n i c  mat te r  
c o n s i s t i n g  of  l a r g e  c r y s t a l s .  Under high pressures t h i s  i s  a 
compact medium.

I f  s t e a r i n  f i l l s  in  c o n ta c t s  between quar tz  g r a i n s ,  good 
r e s u l t s  are to be expected i f  we take as e l a s t i c  modu l i  o f  the 
compar ison body the co r respond ing  modul i  a f t e r  Reuss. A good 
agreement between c a l c u l a t i o n s  a f t e r  GSA and the chosen 
compar ison body was ob ta ined  f o r  m ix tu res  of  200 and 400 Urn 
(T = 20°C) . I t  i s  to  be noted t h a t  the e x p e r i m e n t a l l y  
de te rm ined  v e l o c i t i e s  o f  com press iona l  and shear waves i n  these 
m i x t u r e s  are p r a c t i c a l l y  c o i n c i d e n t  ( c f .  F ig .  4 ) .  The f a c t  o f  
c o in c id e n c e  between c a l c u l a t e d  and exper im en ta l  va lues  i n  such 
a cho ice of the compar ison body co n f i rm s  our assumpt ion about 
th e  s t r u c t u r e  of  the m ix t u r e .  However, under compression of  the 
m i x t u r e  wi th  the f u s i b l e  component being in  the mol ten s t a t e  
th e  i n t e r n a l  s t r u c t u r e  i s  s u b je c t  to a l t e r a t i o n ,  thus  le a d in g  
t o  the j o i n i n g  of  q ua r tz  g r a in s  be fo re  s t e a r i n  grows s o l i d .  
T h e r e f o r e ,  in c a l c u l a t i o n s  the e l a s t i c  modul i  of  the re fe r e n c e  
body were taken a f t e r  Vo ight  ( i . e .  on an assumpt ion of  the 
homogenei ty of the de fo rm a t io n  f i e l d ) ,  as a r e s u l t  o f  which in 
th e  h ig h -p ressu re  r e g io n  under T = 95°C the re  was o b ta in e d  a 
good agreement between c a l c u l a t i o n s  and the exper imen t  ( c f .  
F i g .  5) .

Comparing e l a s t i c  wave v e l o c i t i e s  c a l c u la t e d  a f t e r  the VRH 
method wi th  e x p e r im e n ta l  ones in  the low -p ressure  r e g i o n ,  i . e .  
where e l a s t i c  p r o p e r t i e s  of  the components are p a r t i c u l a r l y



TWD-PHASE MEDIUM 8 5

Fig. 4. Elast ic wave veloc i t ies  in a mixture of quartz (400 /Jm) and stearin 
at 20°C. Mass concentration of stearin in the mixture - 0.15. 
Compressional wave veloci t ies:  1 -  calculat ion af ter  VRH method,
2 - calculat ion af ter  GSA method; shear wave veloci t ies:  3 - calcu­
la t ion af ter  VRH method, 4 -  calculat ion af ter  GSA method, x - 
experimental veloci ty values, 5 -  calculated density of the 

n
mixture, ç= z l  çv cv , о -  experimental density values

V=1

c o n t r a s t i n g ,  we may draw a c o n c lu s io n  about p r a c t i c a l  
i n a p p l i c a b i l i t y  o f  the VRH method in t h i s  r e g io n .

I t  f o l l o w s  from what has been s a id  above t h a t  f o r  a 
t h e o r e t i c a l  d e t e r m in a t i o n  of e l a s t i c  p r o p e r t i e s  of  rocks e i t h e r  
endowed w i th  p o r o s i t y  or c o n t a in in g  p a r t l y  and com p le te ly  
mol ten components the GSA method y i e l d s  f a i r l y  good r e s u l t s ,  
whereas the VRH method in  these cases i s  e i t h e r  i n a p p l i c a b l e  or 
g ives  va lues  very much d i f f e r e n t  from e x p e r im e n ta l  ones.
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Fig. 5. Elastic wave ve loc i t ies  in a mixture of quartz (400/jm) and stearin 
at 95°C. Compressional wave ve loc i t ies :  1 -  calculat ion af ter  GSA 
method with a comparison body af ter  Voight; 2 -  calculat ion after 
VRH, 3 - calculat ion af ter  GSA method with a comparison body af ter  
Reuss, X - experimental data
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ACOUSTIC EMISSION IN SOLIO-STATE TRANSFORMATIONS
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The acoustic emission ac t iv i ty  was investigated during a process of 
sol id-state transformation (phase t rans i t ion in KNOj at ~ 128°C and
reaction dehydration in gypsum). Experiments were carried out in a range 
from 20°C to 160°C. The sample of the investigated material was slowly 
heated up to 160°C, then i t  was cooled. The biggest acoustic emission peak 
was found during the cooling of the KNO3  sample at ~  128°C.

Keywords: acoustic emissions; dehydration; gypsum; s o l i d - s ta te
transformation

Proceeding from l a b o r a to r y  exper im en ts  under high 
pressures  and te m pera tu res ,  as w e l l  as from t h e o r e t i c a l  
e s t im a te s ,  i t  appears to  be u n i v e r s a l l y  acknowledged today t h a t  
p r a c t i c a l l y  a l l  r o c k - fo r m in g  m ine ra ls  under thermodynamic 
c o n d i t i o n s  of  the E a r t h ' s  c r u s t  and mant le  are expe r ienc in g  
d i v e r s e  s o l i d - s t a t e  t r a n s fo r m a t i o n s  (po lymorphous t r a n s i t i o n s ,  
d e h y d ra t io n ,  metamorphism, e t c . ) .  More and more new data have 
been repor ted  in  r e c e n t  years, i n d i c a t i n g  t h a t  du r ing  the 
process of s o l i d - s t a t e  t r a n s f o r m a t i o n s  accompanied by
m i c r o s t r u c t u r a l  v a r i a t i o n s  of m a te r i a l s ,  s o l i d s  are growing more 
defo rmable,  less s t r o n g ,  p ropaga t ion  v e l o c i t i e s  o f  e l a s t i c  
waves in  them decrease,  thermal  expansion  c o e f f i c i e n t s  are 
s u b je c t  to ab rup t  a l t e r a t i o n s .  Our exper im en ts  in  de te rm in ing  
the d e f o r m a t i o n - s t r e n g t h  p r o p e r t i e s  of  q u a r t z - c o n t a i n i n g  rocks 
under thermodynamic c o n d i t i o n s  of  the cL - fh t r a n s i t i o n  in  
q ua r tz  (Tomashevskaya and K a l i n i n  1985, K a l i n i n  and 
Tomashevskaya 1985) and M u r r e l l ' s  ( M u r r e l l  and I s m a i l  1976) and 
P a te rs o n ' s  (R a le igh  and Paterson 1965) works i n  exper im en ta l  
s t u d ie s  of s t r e n g t h  p r o p e r t i e s  d u r i n g  the process of
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d e h y d r a t i o n  of v a r i o u s  w a t e r - c o n t a i n i n g  m inera ls  have revea led  
t h a t  dur ing these processes s u b je c t  to  anomalous changes are 
t h e  p h y s ic a l  p r o p e r t i e s  not merely o f  i n d i v i d u a l  m ine ra ls  
unde rgo ing  t r a n s f o r m a t i o n  but  of the rock as a whole.

Stud ies of  heat  f low s  and the es t ima tes  of  tempera tu re  
d i s t r i b u t i o n s  w i th  depth ob ta ined  from them i n d i c a t e  t h a t  these 
d i s t r i b u t i o n s  s i g n i f i c a n t l y  d i f f e r  f o r  t e c t o n i c a l l y  a c t i v e  and 
p a s s i v e  reg ions .  F ig u r e  1 shows by way of  i l l u s t r a t i o n  the 
geotherms p l o t t e d  on the bas is  of  (Lyubimova et  a l .  1983) f o r  
p l a c i d  reg ions ( l o w e r  hatched zone) and f o r  s e i s m i c a l l y  a c t i v e  
r e g i o n s  (upper hatched zone) .  The same Fig.  1 p resen ts  p and T 
v a l u e s  f o r  which under l a b o r a t o r y  c o n d i t i o n s  phase 
t r a n s f o r m a t i o n s  were observed i n  СаСОз (Rapopor t 1966) and in

Fig.  1 . p,T-conditions at down to 50 km depths and p,T-condit ions for  some 
sol id-state reactions (c f .  text)
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q ua r tz  (QO) (Rapopor t  1966) , as w e l l  as a dehydra t ion  process 
was observed in  gypsums (G) ,  amphiboles ( A ) ,  c h l o r i t e s  (Ch) and 
i n  a number of  s e rp e n t in o u s  rocks (S) ( M u r r e l l  and I s m a i l  1976, 
Ra le igh  and Paterson 1965, Reference p h y s i c a l  constan ts  o f  the 
rocks 1969).

I t  i s  wor th n o t i n g  t h a t  in  p l a c i d  or s ta b le  r eg ions  
thermodynamic c o n d i t i o n s  p r a c t i c a l l y  do not  change w i t h  t im e ,  
whereas in t e c t o n i c a l l y  a c t i v e  zones these c o n d i t i o n s  are 
changing f a i r l y  r a p i d l y .  Hence, in  s e i s m i c a l l y  passive r e g io n s  
the boundaries of  s o l i d - s t a t e  t r a n s f o r m a t i o n s  do not  change 
t h e i r  p o s i t i o n  and, consequen t l y ,  the s p e c i f i c s  of  the p h y s i c a l  
p r o p e r t i e s  of m in e r a ls  and rocks are not  man i fested ,  because 
anomalous p r o p e r t i e s  a r i s e  s o l e l y  when the process of  l a t t i c e  
r e s t r u c t u r i n g  i s  in  p rog ress .  In s e i s m i c a l l y  a c t i v e  reg io n s  on 
account  of  v a r i a t i o n s  in thermodynamic c o n d i t i o n s  the phase 
boundar ies do not remain s t a t i o n a r y ,  i . e .  phase t r a n s f o r m a t i o n s  
are ta k in g  p lace a long the boundar ies and, as a r e s u l t  o f  t h i s ,  
t he re  a r i s e  d u c t i l e  l a y e r s ,  which s i g n i f i c a n t l y  a f f e c t  the 
p rogress  of t e c t o n i c  processes - a h i g h l y  im po r tan t  f a c t  as f a r  
as geophys ics i s  concerned.

What has been s a id  above i n d i c a t e s  t h a t  the study o f  the 
k i n e t i c s  of s o l i d - s t a t e  t r a n s f o r m a t i o n s  and of  the n a tu re  of  
these phenomena proves to be an im p o r t a n t  task  f o r  geophys ics.

As i s  known, under  mechanical  l o a d i n g  or  under temperature 
v a r i a t i o n  there a r i s e  acous t i c  pu lses  i n  p o l y c r y s t a l s , which 
are due to the f i s s u r i n g  of  the m a t e r i a l ,  t h i s  f a c t  be ing  
w id e ly  turned to account  in  te chno lo gy  f o r  the purpose of  
de fe c to scopy .  I n t e n s i t y  v a r i a t i o n  of  a c o u s t i c  emiss ion (AE) 
under polymorphous t r a n s f o r m a t i o n s  was rep o r te d  only i n  some 
i s o l a t e d  works ( B e a t t i e  1973, L i v s h i t s  e t  a l .  1973, K a l i t e n k o  
et  a l .  1980).  We presume t h a t  AE du r ing  s o l i d - s t a t e  
t r a n s f o r m a t i o n s  can be employed f o r  s tu d y in g  the k i n e t i c s  of  
these t r a n s f o r m a t i o n s  and, consequen t l y ,  f o r  an a n a ly s i s  o f  the 
causes behind anomalous a l t e r a t i o n s  o f  p h y s i c a l  p r o p e r t i e s  of  
s o l i d s  in the process of  t h e i r  t r a n s f o r m a t i o n .

I n v e s t i g a t i o n s  of  AE dur ing  s o l i d - s t a t e  t r a n s f o r m a t i o n s  of  
geophys ica l  o b je c t s  meet w i th  g reat  d i f f i c u l t i e s ,  because these
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t r a n s f o r m a t i o n s  u s u a l l y  occur  under high p ressu res  and 
te m pera tu res  and the a v a i l a b l e  equipment r e s t r i c t s  the 
p o s s i b i l i t y  of r e c o r d i n g  weak a c o u s t i c  s i g n a l s .  A c c o r d i n g l y ,  at 
l e a s t  at the i n i t i a l  s tage of  work, i n v e s t i g a t i o n s  should 
p r e f e r a b l y  be conducted on model m a t e r i a l s  i n  which 
thermodynamic c o n d i t i o n s  of  s o l i d - s t a t e  re a c t i o n s  p e r m i t  us to 
employ the widespread s tandard p i e z o e l e c t r i c  t r a n s d u c e r s .  
Fu r the rm ore ,  t h i s  s i g n i f i c a n t l y  improves c o n d i t i o n s  f o r  
r e c o r d i n g  weak s i g n a l s  because of  the absence of  no is e  from 
m echanica l  equipment s e t t i n g  up h igh  pressure .

At the f i r s t  s tage of work, the r e s u l t s  o f  which are 
r e p o r t e d  h e r e in ,  we worked out the procedure and s o f t w a r e  f o r  
r e c o r d i n g  AE s i g n a l s ,  s tu d ie d  the c h a r a c t e r i s t i c s  o f  AE in  
t h r e e  m a t e r i a l s :  sodium n i t r a t e  NaNOj, potassium n i t r a t e  KNOj 
and gypsum - in  the process of  h e a t in g  f rom room te m pe ra tu re  to 
200°C. these m a t e r i a l s  had been chosen f o r  the f o l l o w i n g  
reasons :  sodium n i t r a t e  in  the above tempera ture i n t e r v a l  does 
n o t  exper ience any t r a n s f o r m a t i o n s  and t h i s  makes i t  p o s s i b l e  
t o  b r i n g  to l i g h t  the l e v e l  and c h a ra c te r  of v a r i a t i o n  of 
a c o u s t i c  noise i n  the system and the nature o f  AE under 
d i f f e r e n t  h e a t ing  r a t e s ;  potass ium n i t r a t e  w i th  re s p e c t  to  i t s  
phase diagram and polymorphous s t r u c t u r e s  happens to  be a c lose  
analogue of CaCOj (Rapopor t 1966) ,  but polymorphous 
t r a n s f o r m a t i o n s  i n  i t  take p lace  under lower  tem pera tu res  and 
p r e s s u r e s ;  on samples of  gypsum we s tu d ied  AE d u r i n g  the 
p roc es s  of d e h y d r a t i o n .

The r e g i s t e r i n g  apparatus  r ep res en te d  a complex c om pr i s ing  
an " E l e k t r o n i k a - 6 0 "  computer  and a modu lar ,  p r o g r a m - c o n t r o l l e d  
system "KAMAK". F igu re  2 shows a f u n c t i o n a l  diagram o f  the 
measur ing  equipment.  The so f tware  and hardware combined made i t  
p o s s i b l e  to r e g i s t e r  AE a c t i v i t y  versus temperature and t im e ,  
t o  coun t  the t o t a l  number of  AE p u ls e s ,  to  s e le c t  the t h r e s h o l d  
o f  d e t e c t a b i l i t y ,  t o  inc rease  the number of measurements w i t h i n  
the  s e lec te d  tem pera tu re  i n t e r v a l  and s im u l taneou s ly  to  p l o t  
d i f f e r e n t i a l  the rma l  a n a l y s i s  (DTA) data f o r  d i f f e r e n t  h e a t in g  
r a t e s  .
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Fig. 2. Functional diagram of the measuring equipment. 1 -  sample, 
2 -  transducer, 3 - thermocouple, 4 -  furnace, 3 - A/D converter, 6  

-  ampl i f ier,  7 -  detector, 8 - counter, 9 - micro-computer, 10 -  X- 
Y recorder, 11 - l ine pr inter

Samples along w i th  p ie z o t ra n s d u c e rs  and thermocouples were 
c o n f in e d  i n s id e  a s t e e l  vessel  which was placed i n  a 
c y l i n d r i c a l  f u rnace .  Both heat ing and c o o l i n g  were conducted at  
r a t e s  w i t h i n  0.5°C to 3°C per minute .  Samples of sodium n i t r a t e  
and potassium n i t r a t e  were pressed from powder and those  of  
gypsum were e i t h e r  cut  out from m o n o l i t h  or pressed from 
crushed gypsum in  the form of  t a b l e t s  of  2 0  mm diamete r  and 
6  mm t h i c k .

S pec ia l  exper iments  were made to  i d e n t i f y  a d i f f e r e n c e  of  
temperature at  the edge and in  the c e n t r e  of  the sample. Under 
the afo rement ioned  hea t in g  ra tes  the d i f f e r e n c e  of  tem pera tu re  
d id  not  exceed 1-2°C o u ts id e  the range of  temperature o f  s o l i d -  
s t a t e  t r a n s f o r m a t i o n .  W i th in  the range of t r a n s f o r m a t i o n
temperature the d i f f e r e n c e  in  tem pera tu re  could inc rease  up to  
5°C .

S tu d ies  of  AE have y ie ld e d  the f o l l o w i n g  r e s u l t s :
1. Sodium n i t r a t e  AE was c h a r a c t e r i z e d  by weak background 

i n t e n s i t y  w i t h o u t  any b u rs ts  whatsoever  in  the process o f  both 
h e a t in g  and c o o l i n g .

2. In potass ium n i t r a t e  we observed AE b u r s t s  at
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t e m p e ra tu re s  of polymorphous t r a n s f o r m a t i o n ,  the AE i n t e n s i t y  
i n  h e a t ing  being some hundred t imes  l e s s  than t h a t  i n  c o o l i n g  
( F i g .  3) .  In a repea te d  heat ing the AE i n t e n s i t y  d u r ing  s o l i d -  
s t a t e  t r a n s f o r m a t i o n  inc reased  n e a r l y  by an o rde r ,  wheres i n  a 
r e p e a t e d  coo l ing  i n  t r a n s i t i o n  i t s  i n t e n s i t y  was n e a r l y  tw ice  
as low as in the f i r s t  c o o l i n g .  In subsequent hea t i ngs  the AE 
i n t e n s i t y  was observed s l i g h t l y  to i n c r e a s e ,  whi lst  i n  c o o l i n g  
i t  p r a c t i c a l l y  d id  no t  change.

Fig. 3. Typical acoustic emission intens ity versus time in the process of 
heating and cool ing of a potassium n i t ra te  sample - temperature 
variat ion, о - AE intensi ty
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3. In h e a t i n g ,  the gypsum samples over the e n t i r e  
t em pera tu re  range are produc ing  AE o f  weak i n t e n s i t y  ( F i g .  4 ) .  
Dur ing a dehyd ra t i on  process the AE i n t e n s i t y  r i s e s  but 
i n s i g n i f i c a n t l y .

Fig. 4. AE intensi ty versus temperature in heating gypsum samples

In  s tudy ing  AE i n t e n s i t y  re c o r d s  we observed c e r t a i n  
s p e c i f i c s :  in  potassium n i t r a t e  under  a temperature decrease  at  
132-135°C temperatures there arose a c o u s t i c  pu lses  w i t h  a 
r a p i d l y  i n c r e a s in g  i n t e n s i t y ;  an i n t e n s i t y  maximum i n  c o o l i n g  
was observed at 123-125°C w i t h  a subsequent abrupt d e c l i n e .  In 
f u r t h e r  c o o l i n g  the r a d i a t i o n  i n t e n s i t y  of a c o u s t i c  pu lses  
c on t inue d  to be s u f f i c i e n t l y  h igh  down to room t e m p e r a t u r e ,  
whereas DTA p l o t t e d  in  tem pe ra tu re  decrease i n d i c a t e s  a 
c o m p le t io n  of the process at  112-114°C.  I t  appears t h a t  in  
c o o l i n g ,  when t r a n s f o r m a t i o n  i s  proceed ing w i th  a volume 
dec rease,  an i r r e g u l a r  s t r e s s  f i e l d  a r i s e s  in  the specimen and
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i t s  subsequent r e l a x a t i o n  is  accompanied by AE (F ig .  5 ) .

Fig. 5. An example of AE attenuation fol lowing a polymorphous t rans i t ion  
in a potassium n i t ra te  sample in cool ing

In view of  th e  f a c t  tha t  in s e i s m i c a l l y  ac t i v e  areas th e r e  
i s  a p o s s i b i l i t y  o f  the temperature reg ime undergoing a change, 
we c a r r i e d  out s p e c i a l  exper iments i n  s t u d y i n g  the AE i n t e n s i t y  
when in the process o f  polymorphous t r a n s f o r m a t i o n  in  po tass ium 
n i t r a t e  the t r e n d  o f  temperature v a r i a t i o n  changes i t s  s ig n  to  
the opposi te  one. F igure 6 p r e s e n t s  some r e s u l t s :  the AE 
i n t e n s i t y  behaves as an analogue of  th e  K a ise r  e f f e c t ,  i . e . ,  i f  
tempera ture in  the  specimen is  reduced f o l l o w i n g  the b e g in n in g  
o f  t r a n s i t i o n  and the  i n i t i a l  b u i l d - u p  o f  AE i n t e n s i t y ,  the AE 
i n t e n s i t y  i s  observed  sharply  to d ec reas e ,  and p r a c t i c a l l y  the 
AE i n t e n s i t y  i s  equa l  to zero u n t i l  te m pe ra tu re  exceeds the one 
a t  which AE i n t e n s i t y  s ta r te d  to  f a l l  o f f .  On the r i g h t  i s  
shown the v a r i a t i o n  p a t te rn  of the AE i n t e n s i t y  at the " t a i l "  
when a tempera ture decrease i s  f o l l o w e d  by a l o c a l  i n c r e a s e .
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Fig. 6 . Manifestation of the Kaiser e f fec t ' s  analog at the s tar t  of d i rect  
t ransi t ion (a) and reverse t rans i t i on (b)

And once again we observe a p r a c t i c a l  d isappearance o f  AE u n t i l  
t em pera tu re  d e c l i n e  a t t a i n s  a l e v e l  a t  which AE d i s c o n t i n u e d .

R e l i e f  or d isappearance of  the Ka ise r  e f f e c t ' s  analogue 
f o l l o w i n g  t r a n s f o r m a t i o n  p o i n t s  to a k ind of  " a n n e a l i n g "  
( r e l i e f  of  in ne r  s t r e s s e s )  in  the process of t r a n s f o r m a t i o n .  
And, as a r e s u l t  o f  t h i s ,  we observe no drop o f  AE i n  a 
m u l t i p l e  passage th rough the t r a n s i t i o n  ( F ig .  3) .

In  conc lus ion  we would l i k e  again to  p o in t  out  t h a t  the 
p re s e n t  work had f o r  i t s  purpose,  above a l l ,  the e l a b o r a t i o n  of  
the expe r im en ta l  procedure and i s ,  in  e f f e c t ,  on ly  the f i r s t  
s tage  i n  the s tudy of  the k i n e t i c s  o f  s o l i d - s t a t e
t r a n s f o r m a t i o n s  w i th  the a id  o f  AE. The r e s u l t s  o f  the  work 
i n d i c a t e  t h a t  in the setup concerned and w i th  the e x p e r im e n ta l  
p rocedure descr ibed the AE i n t e n s i t y  due to thermal  s t r e s s e s  in  
the specimen and in  the setup p roper  i s  s u f f i c i e n t l y  low ,  has
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the cha rac te r  o f  a un i fo rm  noise w i t h o u t  b u r s t s ,  and by s e t t i n g  
i n  the system a s p e c i f i c  s e n s i t i v i t y  l e v e l  of  r e g i s t r a t i o n  i t  
can be e l i m i n a t e d  from a n a l y s i s .  T h is  f o l l o w s  both f rom 
exper iments  w i t h  sodium n i t r a t e  ex pe r ienc ing  no phase 
t r a n s i t i o n s  w i t h i n  the i n v e s t i g a t e d  tempera ture range and in  
the  heat ing o f  potass ium n i t r a t e  up to the t r a n s i t i o n  
tem pera tu re .  Under t r a n s f o r m a t i o n  i n  potassium n i t r a t e ,  
p a r t i c u l a r l y  i n  th e  process of  c o o l i n g ,  the re  i s  observed a 
sharp r i s e  in  AE i n t e n s i t y .  F u r th e rm o re ,  the AE i n t e n s i t y  
s t a r t s  p e r c e p t i b l y  to increase even be fo re  the DTA diagram 
r e g i s t e r i n g  the i n t e g r a l  e f f e c t  o f  t r a n s f o r m a t i o n  does show 
such a t r a n s f o r m a t i o n .  Consequent ly ,  AE i s  a more s e n s i t i v e  
" i n s t r u m e n t "  ( c h a r a c t e r i s t i c )  r e c o r d i n g  the beg inn ing  of  the 
process than i s  DTA.
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The cold plasma density gradients in the v ic in i t y  of the plasmapause 
play an exceptional role in generation of di f ferent  type waves in the 
magnetosphere near L=4. Hydromagnetic waves (ULF-waves) in the Pci and Pc3- 
4 ranges are very commonly seen in the area near the plasmapause. Ground 
and s a te l l i t e  data are analysed. The in tens i ty  maximum of the Pc4 peak 
(T=100 s) is  always located at a lower la t i tude than the intensi ty maximum 
of the Pc3 peak (T=30 s). This was interpreted as produced by a sharp 
decrease of the phase veloci ty of the Alfven waves near the plasmapause. 
The plasmapause region is  a very important area for the generation and 
ducting of the ELF-VLF whist ler mode, too. The chorus emissions are 
typ ica l l y  observed outside the plasmapause, hiss emissions inside the 
plasmapause. There is also a very strong interact ion between ELF-VLF 
whist ler  mode waves and hydromagnetic ones (ULF-waves). Pc5 and Pi2 
geomagnetic pulsations frequently modulate the amplitude of VLF-waves 
observed on the ground.

Keywords: ELF; Pc3; Pi2; plasmapause; pulsations; VLF

INTRODUCTION

Exper im en ta l  r e s u l t s  rep o r te d  i n  the l a s t  years  have 
y i e l d e d  im po r tan t  ev idence t h a t  co ld  plasma dens i ty  g r a d i e n t s  
i n  the v i c i n i t y  of  the plasmapause p lay  an im por ta n t  r o l e  i n  
d e te r m in in g  the l o c a l i z a t i o n  of  d i f f e r e n t  type waves i n  the 
magnetosphere near L=4. S u b s t a n t i a l  t h e o r e t i c a l  work has a l s o  
been c oncen tr a te d  on the impor tance of  plasma dens i ty  g r a d i e n t s  
in  the gene ra t i on  of  hydromagnet ic  waves (ULF-waves) and ELF- 
VLF em iss ions .  The s tepw ise inc rease  of  the A l fven  v e l o c i t y  i n  
t h a t  r eg ion  from about 400-800 km/s to  2000-3000 km/s le ads  to  
a v a r i a t i o n  of the p e r io d  of  the fundamental  t o r o i d a l  
o s c i l l a t i o n s  w i th  the L-paramete r  (Webb and Orr 1975) .  The
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presence of  the ene rge t i c  t rapped  p a r t i c l e s  near c o ld  plasma 
g r a d ie n t s  produces the c o n d i t i o n  f o r  c y c l o t r o n  i n s t a b i l i t y  of 
the w h i s t l e r  mode and of h igh f r equency  hydromagnet ic  waves 
( P c i )  guided by the  plasmapause to  the  ionosphere.  So the area 
i n  the v i c i n i t y  o f  the plasmapause w i l l  probably  be r i c h  in  
d i f f e r e n t  type waves.

Waves w i t h  pe r iods  of about  hundred seconds can be 
de tec ted  both a t  ground s t a t i o n s  and on g e o s t a t i o n a r y  
s a t e l l i t e s .  So, geomagnetic o b s e r v a t i o n s  on the ground at 
subau ro ra l  l a t i t u d e s  give i n f o r m a t i o n  about plasma i n s t a b i l i t y  
and wave g e n e r a t i o n  near the plasmapause. Depending on the 
geomagnetic a c t i v i t y ,  these s t a t i o n s  are p ro je c te d  i n s i d e  or 
o u ts id e  the p lasm asphe re .

HYDROMAGNETIC WAVES (ULF WAVES)

Most s t u d i e s  of geomagnet ic p u l s a t i o n s  near  the 
plasmapause are based on ground o b s e r v a t io n s .  Waves w i th  
pe r iods  in the Pc3-4 range (15-150 s)  are very commonly seen in  
the area near the p r o j e c t i o n  of  the plasmapause. Using data of 
s t a t i o n s  e s t a b l i s h e d  around the  L ~ 4 s h e l l ,  the B e l l  
L a b o ra to r ie s  group (Fukushima and L a n z e r o t t i  1974) found the 
dominant p e r i o d  o f  the p u l s a t i o n s  to  change sha rp ly  near the 
plasmapause. The i n t e n s i t y  maximum o f  the Pc4 peak ( T = 10 0 s) 
near  L=4 was always located a t  a lower  l a t i t u d e  than the 
i n t e n s i t y  maximum of the Pc3 peak (T=30 s ) .  That r e s u l t  was 
ob ta ined  us ing  megnet ic  f i e l d  measurements made at  s t a t i o n s  
rang ing  L = 3 . 2 - 4 . 4 .  This was i n t e r p r e t e d  to be produced by a 
sharp decrease o f  the phase v e l o c i t y  o f  the A l fv en  waves w i th  
dec reas ing l a t i t u d e .  Such a decrease occurs at the plasmapause 
which was presumably  located  a t  a l a t i t u d e  between the 
i n t e n s i t y  maximum o f  the Pc4 and Pc3 peaks.

Resul ts  o b t a in e d  by a Sovie t  group (Kopytenko et  a l .  1975, 
Pudovkin et  a l .  1976) from a dense c ha in  of 11 ground s t a t i o n s  
a long the magne t i c  mer idian over  a wide range of  l a t i t u d e s  
i n d i c a t e d  t h a t  Pc3 ampl i tudes have a minimum value  in  the 
v i c i n i t y  of the expected plasmapause l o c a t i o n  ( F ig .  1 ) .  For Pc3



WAVE PHENOMENA 101

p u l s a t i o n s  one maximum e x i s t s  i n s i d e  the plasmasphere and 
ano the r  at  h igher  l a t i t u d e s ,  o u t s i d e  the plasmasphere.  Th is  
suggests  t h a t  the plasmapause i s  a hydromagnet ic d i s c o n t i n u i t y  
f o r  Pc3 waves because of the jump i n  the Al fven v e l o c i t y  in  
t h i s  r e g io n  (Southwood 1975).

Fig. 1. Amplitude pro f i le  of Pc3 pulsations (from Pudovkin et a l .  1976)

Orr and Mathew (1971) showed t h a t  the dominant p e r i o d s  of  
the hydromagne t ic  waves j u s t  o u t s id e  o f  the plasmasphere are in  
the Pc3 range ( T = 30 s ) ,  w h i le  the dominant  per iods j u s t  i n s i d e  
the plasmasphere are in  the Pc4 range (60-100 s ) .  So, the 
plasmapause d e n s i t y  g ra d ie n ts  p lay  a very  impor tan t  r o l e  i n  the 
l o c a l i z a t i o n  of  the o r i g i n  o f  the hydromagnet ic waves i n  the 
Pc3-4 range.

The wave p o l a r i z a t i o n  in  the H-D p lane as measured on the 
ground ( L a n z e r o t t i  and Fukunish i  1975, Fukunish i  and L a n z e r o t t i  
1974) changes s ign  across the r a t h e r  narrow reg ion  near  the 
plasmapause p r o j e c t i o n .  A r e v e r s a l  in  the sense o f  wave 
p o l a r i z a t i o n  occurs at l a t i t u d e s  where the I SI — 2 s a t e l l i t e  
observed g r a d ie n ts  in the e l e c t r o n  d e n s i t y  vs. L - s h e l l .

The o r i e n t a t i o n  of  the e l l i p t i c a l  p o l a r i z a t i o n s  on both 
s ides  of  the plasmapause p r o j e c t i o n  and the l i n e a r  p o l a r i z a t i o n  
at  the plasmapause occur because the s u r fac e  wave i s  c oup led  to 
the resonan t  f i e l d  l i n e s .  Acco rd ing to Chen and Hasegawa (1974)
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t h i s  happens i n  a reg ion of  magnetospher ic d e n s i t y  
d i s c o n t i n u i t y  .

S a t e l l i t e  da ta  have also shown t h a t  Pc3-4 p u l s a t i o n s  are 
common near the plasmapause. E l e c t r i c  f i e l d  measurements by 
ISEE-1 (Мое et  a l .  1980) conf i rmed t h a t  РсЗ waves w i th  p e r i o d s  
20-40 s are more o f t e n  observed near  L=4 du r ing  l o c a l  day. Ihe 
p o l a r i z a t i o n  f o r  t h e  e l e c t r i c  f i e l d  v e c to r  was mos t ly  l e f t  
handed in the morn ing  sec to r  and r i g h t  handed in  the a f t e r n o o n  
s e c t o r .

Data from the Dynamic E x p lo re r -1  s a t e l l i t e  ( L in  e t  a l .
1986) at L ~ 3-6 and at  magnetic l a t i t u d e s  ^35° of the magnet ic  
e qua to r  showed t h a t  in  general  o s c i l l a t i o n s  are complex.  
Transverse and compress iona l  waves o f  d i f f e r e n t  f r e q u e n c ie s  
o f t e n  occur at  the  same time ( L i n  e t  a l .  1986). I h e i r  p e r io d  
range was 20 to  500 s, the common wave s t r u c t u r e  was 
com p l ica te d  w i th  s h o r t  per iod t r a n s v e r s e  f l u c t u a t i o n s  of  20-40 
s superimposed on long per iod waves w i th  I  ~ 100 s .  They 
cons ide red  t h a t  the  long pe r iod  waves were most l i k e l y
fundamenta l  mode f i e l d  l i n e  resonances w h i le  the sh o r t  p e r io d  
waves were at l e a s t  second harmonic mode resonances. A decrease 
o f  the e ig e n p e r io d s  of the resonan t  f i e l d  l i n e s  w i th  L was 
observed very c l e a r l y  in  some cases.

For s h o r t  p e r i o d  p u l s a t i o n s ,  as IPDP i t  was found 
(Mal tseva et a l .  1981, Hor i ta  et a l .  1979) th a t  i n i t i a l l y  the 
source of IPDP waves is  loca ted  near  the plasmapause and i t  
d r i f t s  l a t e r  on i n s id e  the p lasm asphe re . The p r i n c i p a l
g e n e ra t io n  mechanism is  c y c lo t r o n  i n s t a b i l i t y  of the t rapped  
p a r t i c l e s .

Pci p u l s a t i o n s  w i th  per iods of  0 . 2 - 5 . 0  s of a c y c l o t r o n  
n a t u r e  are gene ra ted  near the plasmapause (Feygin et a l .  1979, 
Webster and F rase r  1985, K ikuch i  and T a y lo r ) .  K i k u c h i  and 
T a y l o r  suggested t h a t  in the plasmapause region the shear  
A l f v e n  waves are capable of produc ing  s h o r t  per iod p u l s a t i o n s  
Pci : they are f r e q u e n t l y  observed on the  ground near the same
l a t i t u d e  and l o c a l  t ime as 0G03 observed a s t r u c t u r e d
plasmapause w i t h  a sharp d e n s i t y  g r a d i e n t .  These r e s u l t s  
i n d i c a t e  t h a t  Pci e x c i t a t i o n  i s  a s s oc ia ted  w i th  plasma

1 0 2
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i r r e g u l a r i t i e s  near the plasmapause and the s i t u a t i o n  i s  
f a v o r a b l e  in the reg ion  of  p o s t - s to r m  recovery and i n  the 
r e g io n  of  plasma bulge of  the a f t e rn o o n  - dusk s e c t o r .  Th is  
mechanism, however takes p lace on ly  a f t e r  very s t rong  magnet ic  
s to rm s .  A more resonable  source of  Pci i s  the c y c l o t r o n
resonance near the plasmapause (Feyg in  et  a l .  1979).

Long pe r iod  su r fa ce  waves cou ld  be e x c i t e d  at  plasmapause 
g r a d i e n t s  (Pc5 and Pi2 range) .

Chen and Wolf (1972) showed t h a t  r a p id  changes w i th  a t ime 
s c a le  of  hours in  the c r o s s t a i l  e l e c t r i c  f i e l d  could produce a 
f i n e  s t r u c t u r e  at  the plasmapause which was observed by many 
s a t e l l i t e s  as by 0G0-1, 3, 5; ISEE-1 a t  a l l  l o c a l  t im e s ,  but 
e s p e c i a l l y  in  the dusk re g io n .  More r e c e n t l y  Daly and Hughes 
(1985)  using a s imple computer model w i t h  a s tagna t io n  p o i n t  on 
the dusk mer id ian have found t h a t  the hydromagnet ic  wave 
e l e c t r i c  f i e l d s  cause f l u c t u a t i o n s  in  the co ld plasma number 
d e n s i t y  both at l a rge  (around IRe) and smal l  ( ~  0.1 Re) 
d i s t a n c e  sc a les .  The e f f e c t  p r i m a r i l y  depends on the
p o l a r i z a t i o n  of  the wave e l e c t r i c  f i e l d .  The l i n e a r l y  p o l a r i z e d  
wave e l e c t r i c  f i e l d  loca ted  on the noon mer id ian caused smal l  
s c a le  p e r t u r b a t i o n s  ( ~ 600 km) in  the shape of the plasmapause 
boundary,  w h i le  a c i r c u l a r l y  p o l a r i z e d  wave e l e c t r i c  f i e l d  
caused the boundary to have much l a r g e r  de fo rm a t ion s  in  
a d d i t i o n  of  the l i n e  sca le  s t r u c t u r e .  The de fo rmat ions  o f  the 
plasmapause boundary by hydromagnet ic  waves are most n o t i c e a b l e  
i n  the dusk reg ion .

ELF-VLF EMISSIONS

The plasmapause reg ion  i s  very r i c h  in  d i f f e r e n t  ELF and 
VLF em iss ions .  K i n t e r  and G urne t t  (1978)  repo r te d  the e x i s t e n c e  
o f  e l e c t r o s t a t i c  ELF-waves found only  a t  the plasmapause ( F i g .  
2 ) and demonstrated t h a t  the p o l a r i z a t i o n  and the s p a t i a l  
r e l a t i o n s h i p  to the plasmapause d e n s i t y  g r a d ie n t  are c o n s i s t e n t  
w i t h  a d r i f t  wave o r i g i n .  The Hawkeye-1 s p a c e c ra f t  c rossed  the 
plasmapause at  h igh a l t i t u d e .  A band of  e l e c r i c  f i e l d  no is e  i s  
de te c te d  o f t e n  in  the f requency range 1.7 to 175 Hz. No



N G KLEIMENOVA and О М RASPOPOV1 О А

MLT(HR) 9.4 9.3 9.3 9.2

HAWKEYE I, 19 FEBRUARY 1975

Fig. 2. Electr ic f i e l d  spectrograms showing the output of the 16 e lec t r ic  
f i e ld  channels from 1.78 to 178 kHz and 6  magnetic f i e ld  channels 
and t ra jecto r ie  of Hawkeye 1 near the plasmapause (from Kinter 
and Gurnett 1978)
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co r respond ing  magnet ic  f i e l d  noise was de tec ted .  That means 
t h a t  the ELF noise i s  e l e c t r o s t a t i c  and the e l e c t r i c  f i e l d  i s  
p o l a r i z e d  p e r p e n d i c u l a r l y  to the plasma d e n s i t y  g r a d i e n t .  The 
no ise  i s  on ly de tec ted  when the sca le  l e n g t h  of  the plasmapause 
was 0.1 Re or less  so a la rge  d e n s i t y  g r a d i e n t  i s  r e q u i r e d  to 
produce the ELF no ise .

The plasmapause reg ion  i s  a very  im po r tan t  area f o r  
g e n e r a t i o n  and d u c t i n g  ELF-VLF w h i s t l e r  waves. Many s a t e l l i t e s ,  
as 0G0-3, 5, S-3-A,  and others  which crossed the plasmapause 
near  equato r  show t h a t  ou ts ide  the plasmasphere the t y p i c a l  
phenomena are ELF-VLF chorus w i th  maximum occurrence from 3 to  
15 hours l o c a l  magnet ic  t ime.  The o b s e r v a t i o n  of  0G0-5 showed 
(Daly  and Hughes 1985) th a t  o u ts id e  the plasmasphere i n  the 
area where the A l f v e n  v e l o c i t y  dropped to  les s  than 3000 km/s,  
the ELF chorus was de tec ted  ( F i g .  3 ) ,  w h i le  i n s i d e  the 
plasmasphere in  the r e g io n  w i th  l a rge  c o ld  plasma d e n s i t y  the re  
i s  an ELF h iss at the same f r e q u e n c ie s .  The i n t e n s i t i e s  o f  ELF 
emiss ions between 0.1 and 1 kHz observed aboard 0G0 5 are shown 
i n  the top p a r t  o f  F ig .  3. Bottom the p r o f i l e  of  the A l f v e n  
v e l o c i t y  i s  shown by s o l i d  l i n e .

The emiss ions can be understood in  terms of  an e l e c t r o n  
c y c l o t r o n  resonance i n s t a b i l i t y  between e n e r g e t i c  e l e c t r o n s  and

Fig. 3. ELF observations aboard 0G0-5 together with the derived p ro f i le  of 
Alfven veloci ty (from Barton et al . 1970)
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w h i s t l e r  mode waves moving i n  oppos i te  d i r e c t i o n  a long  the 
geomagnet i c  f i e l d  l i n e s .  I h i s  mechanism i s  e n e r g e t i c a l l y  
f a v o u r e d  where the c r i t i c a l  energy per p a r t i c l e  i s  s m a l l ,  so i t  
i s  j u s t  in s ide  the plasmapause.

The same r e s u l t  was ob ta ined  on OGO-3 ( K i n t e r  and G urne t t  
1 9 7 8 ) ,  the peak of  the  ELF-chorus i n t e n s i t y  has been observed 
j u s t  ou ts ide of the sharp g r a d ie n t  o f  the co ld  plasma d e n s i t y .  
Low a l t i t u d e  s a t e l l i t e s  as A r i e l  3, A r i e l  4, I n j u n  3 de te c te d  
ELF-VLF chorus o u t s i d e  the plasmapause and the same f requency  
h i s s  emissions i n s i d e  the plasmasphere (Ka ise r  and Bu l lough  
1 9 7 5 ) .

Many authors  have shown t h a t  the plasmapause i s  an 
e x c e l l e n t  guide f o r  ELF-VLF w h i s t l e r  mode waves because o f  the 
s h a r p  g rad ien t  of  c o ld  plasma d e n s i t y .  The w h i s t l e r  waves could 
be ducted by both the inne r  and outward borde rs  o f  the 
plasmapause (F ig .  4 ) .  Wi th i n c r e a s in g  g ra d ie n ts  o f  the plasma 
d e n s i t y ,  the e f f e c t  o f  du c t in g  inc reases  as has been found by

1 06

Fig.  4. The scheme of VLF wave guiding by inner and outward border of the 
plasmapause (from Inan and Bell  1977)
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Inan and B e l l  (1977) .  I f  the plasmapause i s  l o c a te d  near  L = 4, 
the ducted waves have a h igh f requency  c u t t o f f  near 6-7 kHz. 
I h i s  c u t t o f f  exp lanes the high f requency l i m i t  o f  ground 
s u b a u ro ra l  VLF em iss ions .  Ihe r e f l e c t i o n  of  the wave inward by 
the plasmapause i s  a l t e r n a t i v e l y  countered by the c u r v a t u r e  of 
the geomagnetic f i e l d  which d e f l e c t s  the ray outwards.

Ground suba u ro ra l  VLF obse rva t ion s  at  the con juga te  
s t a t i o n s  Sogra-Kergelen (Kleimenova 1985) con f i rmed  t h a t  the 
plasmapause ducted VLF waves from the magnetosphere to  the 
ground.  there was a very  good conjugacy of  VLF emiss ion at  the 
s t a t i o n s  Sogra-Kergelen when the l o c a t i o n  of  the plasmapause 
was near the l a t i t u d e  of these s t a t i o n s  and i t  was very  poor 
when the s t a t i o n s  were p r o je c t e d  in s id e  the plasmasphere du r ing  
p e r io d s  of  qu ie t  magnet ic  a c t i v i t y .

Ihe s t a t i s t i c a l  r e s u l t  of the ground data confirmed th a t  
the maximum of chorus i n t e n s i t y  was every t im es  l o c a te d  ou ts id e  
the s t a t i s t i c a l  plasmapause p o s i t i o n ,  and s h i f t e d  to  lower  
l a t i t u d e s  wi th  i n c r e a s i n g  magnet ic a c t i v i t y  (Kle imenova 1985, 
Raspopov and Kleimenova 1977).

I he re  is  a lso a very  s t rong  i n t e r a c t i o n  between VLF waves 
and hydromagnet ic  ones in  the v i c i n i t y  o f  the plasmapause. Ihe 
long  pe r iod  su r fa ce  waves on the plasmapause modulate the 
growth r a t i o  of  the c y c l o t r o n  i n s t a b i l i t y  by the s t rong  
magnet ic  wave component a long the f i e l d  l i n e .  Such a modu la t ion  
can be observed on ly  on the ground because the s a t e l l i t e s  cross 
t h i s  reg ion  in the t ime less than p e r iod  of  the modu la t ing  
p u l s a t i o n s .  Ihe data f rom Sogra-Kergelen showed (Raspopov and 
Kleimenova 1977) t h a t  the modula t ion of  the ELF-VLF i n t e n s i t y  
by geomagnetic p u l s a t i o n s  Pc5 and Pi2 i s  t y p i c a l  f o r  s ubau ro ra l  
l a t i t u d e s  (F ig .  5 ) .  Ihe modulat ion of  the ELF-VLF h iss  
emiss ions  by P i2 geomagnet ic p u l s a t i o n s  i s  shown on F ig .  5. Ihe 
very  s t rong  i n t e r a c t i o n  between long p e r io d  hydromagnet i c  waves 
and w h i s t l e r  mode e le c t ro m a g n e t i c  waves o f t e n  occurs in  the 
v i c i n i t y  o f  the plasmapause.

Ihe modula t ion of  the ELF-VLF emiss ions by Pc3 p u l s a t i o n s  
near  the plasmapause l a t i t u d e  i s  probab ly  due to the f a c t  t h a t  
the fundamental  model of  f i e l d  l i n e  (Pc3) o s c i l l a t i o n s  has a

1 0 7
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Fig.  5. An example of modulation of the VLF emissions by Pi2 geomagnetic 
pulsations at Sogra

node near the e q u a t o r  where the g e n e r a t i o n  of  e l e c t r o n -  
c y c l o t r o n  w h i s t l e r  mode waves i s  most e f f e c t i v e .
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Seven deep magnetotel luric (MT) soundings were carried out in the 
V i l l a r r i c a  active volcano zone in Chile during January 1986 and December 
1987. Their interpretat ion shows an intercalated conductive layer (ICL) at 
an average depth of between 23 and 40 km, and a sharp decrease of the 
r e s i s t i v i t y  at a depth of about 530 km.

Keywords: Chile; intermediate conductive layer; magnetotellurics;
ul t imate conductive layer; V i l l a r r i ca  volcano

INTRODUCTION

Two deep MT sounding campaigns were done in  January 1986 
and December 1987 i n  the V i l l a r r i c a  vo lcano  re g io n ,  South of  
C h i l e  ( F i g .  1) .  The p o i n t  of  t h i s  s tudy  i s  the a l ignmen t  o f  the 
th ree  volcanoes L a n in ,  Q u e t r u p i l l a n  and V i l l a r r i c a ,  cons idered  
as the r e s u l t  of a movement from E-S-E to  W-N-W of one e r u p t i v e  
c e n te r  du r ing  the end of  T e r t i a r y  and Quaternary e ras .  The 
r e g i o n a l  t e c t o n i c  i s  c h a r a c te r i s e d  by the L i q u i n e - 0 f qu i  f a u l t  
(FL on F ig .  1 ) ,  known over  a d is ta nce  of  1000 km, g e n e r a l l y  NS.

INSTRUMENTATION IN THE FIELD

Two „ b a r r e s - m a g n e t i c - v a r i o m e t e r s "  g iven  by the Geophys ica l  
I n s t i t u t e  of  P a r i s  to the MT Mendoza l a b o r a t o r y  and a f l u x g a t e

Acta Geod. Geoph. Mont. Hung. 26, 1991 
Akadémiai Kiadó, Budapest
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'ARGENTINE

Fig.  1. Map showing the three volcanoes and the seven MI sounding si tes:
SL: San Luis, RI: Rinconada, ME: Metrenehue, PL: El Playon,
JA: El Jaramil lo,  HU: Huiscapi, FQ: Fundo Quechuco

magnetometer were used. The t e l l u r i c  e l e c t r o d e s  were sheets  of 
l e a d  s i t u a te d  in  f o r e s t  humus or in  peat :  p r e v io u s  records 
have shown t h a t  t h e r e  was a n e g l i g i b l e  d r i f t  w i t h  t h i s  
p r oc edu re .  Ihe r e c o r d i n g  t ime was s i x  days f o r  the ME, PL and 
FQ s i t e s ,  fo u r  days f o r  RI and JA and two days f o r  the SL and 
HU s i t e s .

DATA TREA1MENT AND RESULTS

The d i g i t a l  data ob ta ined  on the f i e l d  were ana lysed in  
th e  VAX-VMS/1 180 computer  of  the CRICYT of Mendoza us ing  a 
c h a i n  of fo u r  c o m p le te l y  au tomat ic  programs based on the Fast 
F o u r i e r  Transform.  The MT t e n s o r i a l  ana lys is ,  a p a r t  o f  t h i s  
c h a i n  is  from R a n k in ' s  l a b o r a t o r y ,  U n i v e r s i t y  o f  Edmonton, 
Canada. I h i s  cha in  g i v e s  a complete s tudy  of each s i t e  i n c l u d ­
i n g  the one-d im ens iona l  i n t e r p r e t a t i o n  s e c t i o n s ,  us ing  the one­
d im ens iona l  au to m a t i c  i n v e r s i o n  program by Vozo f f  (see F ig .  7) .
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I t  remains to choose which component i s  p a r a l l e l  w i th  the l o c a l  
t e c t o n i c  ax i s  supposed to be known by the geology.  F igu re  2

1 1 3

Fig. 2. Examples of Rho values of MI soundings at the f i r s t  stage showing 
the error bars, thus before averaging: case of normal dispersion: 
a) RI12, b) RI21 , case of high dispersion: c) PL12, d) PL21,
IJ12 means tensor ial  direction located in the magnetic North-East 
quadrant, and in the same way, 1321 in the magnetic North-West 
quadrant

g ives  two examples of  Rho values w i t h  e r r o r - b a r s :  s i t e s  RI and 
PL (be fo re  the mean average) .  Concern ing the PL s i t e  showing 
very  grea t  e r r o r - b a r s ,  we have rev iewed the a n a l y s i s ,  us ing  a 
0 . 8  coherency c o e f f i c i e n t  l i m i t a t i o n  in s te a d  of  0.4 n o rm a l ly  
used f o r  t h i s  MT s tu d y .  The new r e s u l t  i s  almost the same f o r  
the leng th  of the e r r o r - b a r s  and f o r  the Rho v a lues .  We 
t h e r e f o r e  do not  p resen t  the co r respond ing  graph. Th is  means
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t h a t  the a c t in g  phenomenon i s  the d i r e c t i o n  of  the g e o l o g i c a l  
s t r u c t u r e  ax is  versus t h a t  o f  the ax is  of  the incoming e l e c t r o ­
m agne t ic  waves and not  the q u a l i t y  o f  the data r e c o r d in g  i n  the 
f i e l d .  Concerning the RI s i t e ,  hav ing more or l e s s  normal 
e r r o r - b a r s ,  we g ive i n  the th ree  d im ensiona l  r e p r e s e n t a t i o n  of 
F i g .  6  the d i s t r i b u t i o n  of  the number of  log Rho va lues i n  some 
i n t e r v a l s  versus log  T i n t e r v a l s  f o r  RI21 ( F o u r n i e r  e t  a l .  
1975, Kaufman and K e l l e r  1981, p. 4 9 0 ) . The Gaussian d i s t r i b u ­
t i o n  seems to be a c c e p ta b le .  -  See F ig .  2 (a)  f o r  the ex p re s ­
s i o n  of  the co r respond ing  d i s p e r s i o n .  F igure 3 shows the 
t e n s o r i a l  curves used f o r  the i n t e r p r e t a t i o n  of  each s i t e  w i th  
t h e  co rrespond ing  t h e o r e t i c a l  curve (account  i s  taken of  the 
i n d é t e r m i n a t i o n  p r i n c i p l e  concern ing ICL) .  Table I  g i v e s  the
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Fig. 3. Tensorial MT sounding curves, a f ter  averaging, with the theoret ical  
curves in sol id l ines:  a) RI, b) ME, c) PL, d) JA, e) HU, f )  FQ
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Table I .  T h e o r e t i c a l  s e c t io n s  ob ta ined  by the use of  two 
success ive one-d im ens iona l  MT i n v e r s i o n  programs

Thickness R e s i s t i v i t y Thickness  R e s i s t i v i t y
i n  km in  ohm.m i n  km in  ohm.m

R1 1 2 RI21

0.5 5.2 0.95 15.0
14.0 800.0 30.0 800.0
23.0 2 0 . 0 18.0 18.0

470.0 4000.0 470.0 4000.0
17.0 17.0

ME 1 2 PL 21

0 . 8 30.0 0 . 1 2 92.0
17.0 1 0 0 0 . 0 16.0 1500.0
18.0 63.0 15.0 65.0

526.0 4000.0 520.0 4000.0
93.0 1 . 0

JA 1 2 JA21

0 . 8 25.0 0.95 26.0
25.0 800.0 18.0 800.0
15.0 17.0 2 0 . 0 13.0

470.0 4000.0 470.0 4000.0
17.0 17.0

HU21 FQ2 1

38.0 2 0 0 0 . 0 18.0 800.0
15.0 17.0 10.5 46.0

445.0 4500.0 470.0 5000.0
1 0 . 0 3.0
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correspond ing t h e o r e t i c a l  s e c t i o n s  ob ta ined a f t e r  a rev ised  
s tudy  of the c a l c u l a t e d  r e s u l t s  g i v e n  by the Vozo f f  program, 
us ing  the n o n - a u to m a t i c  one-d im ens iona l  i n v e r s io n  program p ro ­
posed by F o u r n ie r  e t  a l .  (1963) .

I h i s  means t h a t  we are using in  t h i s  study the „ c y l i n d r i c ­
a l  hypo thes is "  f o r  the s t r u c t u r e  and t h a t  we are d e te rm in in g  i t  
us ing  one -d im en s iona l  i n v e rs ion  programs.  I t  i s  p r o v i s i o n a l l y  a 
f i r s t  working h y p o t h e s i s  fo r  t h i s  s t u d y .

INTERPRETATION

The i n t e r p r e t a t i o n  of Table I I  shows two f o l l o w i n g  main 
p o s i t i o n s  of c o n d u c t i v e  laye rs :

1) one ICL i n  the lower c r u s t ,  between 23 and 40 km depth
i n  average ( F i g .  5 ) .  The Moho has been proposed at 37 km depth
i n  the s tu d ie d  r e g i o n  by Diez and In t ro c a s o  (1986) .  In  the
Andes Chain, the  g e o lo g i c a l  s t r u c t u r e s  are not in  accord w i th  
C agn ia rd ' s  t h e o r e t i c a l  c o n d i t i o n s  (Cagn iard 1953) , but  the 
r e s u l t s  of the RI and JA s i t e s  seem to be r e l a t i v e l y  less 
d i s t u r b e d .  The ME, PL and FQ r e s u l t s  show a d i s t o r t i o n  w i th  
d i s p e r s io n  ( R o k i t y a n s k y  1982). The ICL-s of  the RI,  JA and HU 
s i t e s  have an i n t e g r a t e d  c o n d u c t i v i t y  about 1000 to  1500 S 
which we are a l l o w e d  to a t t r i b u t e  to  a mel ted f r a c t i o n  of  the 
ro c k s ,  a phenomenon descr ibed by Feldman (1976) .  Accord ing  to 
the  geology,  the ME and PL s t r u c t u r e s  should be the r e s u l t s  of 
a r e s i s t i v e  g r a n i t i c  a n t i c l i n e  of  the  basement, hav ing an ax is
p a r a l l e l  to the  gene ra l  t rend of  the  Andes Chain (Kaufman and
K e l l e r  1981). T h is  cou ld  exp la in  the d i s t o r t i o n  w i th  d i s p e r s i o n  
presented by the MT curves of the two s i t e s .

On the o t h e r  hand, the skew o f  ME, 0.68, i s  r e l a t i v e l y  
low ,  i n d i c a t i n g  a two d imensional  s t r u c t u r e :  e f f e c t i v e l y  the ME 
s i t e  is  s i t u a t e d  a l i t t l e  to the West of the O f q u i - L i q u i n e  
g r e a t  f a u l t  and consequen t l y ,  the c o n d u c t i v e  e f f e c t  o f  the NS- 
f a u l t  ex p la ins  the  i n t e r p r e t a t i o n  d i r e c t i o n  of the sounding 
r e s u l t ,  i . e .  n e a r l y  NS. The s i t e  FQ a l s o  g ives a low va lue  f o r  
the  skew: 0 .54;  the  geology of t h i s  r e g io n  i s  less  known.

2 ) the top o f  one conduct ive l a y e r  s i t u a t e d  at a depth of 
about  530 km, i n  average (F ig .  5 ) .  We suppose t h a t  i t  i s  the



Table I I

1 2  3 4 5  6 7 8 9 10 11 12 13 U  15 16 17 18

R12 58°Em
1 1986 Rinconada RI 39°23'S 71°41'W 6

R21 32°Wm

NSm 2°Wm
2 1986 Metrenehue ME 39°16 ' S 71°53 'W 6

EWm 2°Sm

R12 38cEm
3 1986 El Playón PL 39°19 'S 71°59'W 13

R21 52°Wm

Rl 2 50°Em
4 1986 El J a ra m illo JA 39°18’ S 72°08'W 4

R21 40°Wm

Rl 2 45°Em
5 1987 San Lu is SL 39°16 'S 71°36'W 7

R21 45°Wm

Rl 2 40°Em
6 1987 Huiscapi HU 39°19 'S 72°23'W 4

R21 50°Wm

Rl 2 65°Em
7 1987 Fundo Quechuco FQ 39°29'S 72°55'W 6

R21 25°Wm

72°Eg 0.76
1.06

14-37 23 20 1150 3

18°Wg 0.75 30-48 18 18 1000 3

12°Eg 0.82
0.68

18-36 18 63 285 3 560

12°Wg 0.82

52°Eg 0.70
1 .37

38cWg 0.85 16-31 15 65 230 3 550

64°Eg 0.70
0.85

33-53 20 30 670 3

26°Wg 0.60 24-51 27 23 1170 3

59°Eg 0.79
1 .14

13-18 5 0.25 2 -104 3

31 °Ug 0.81

54°Eg 0.76
1 .34

36°Wg 0.78 38-53 15 17 880 3

79°Eg 0.71
0.54

11 °Wg 0.95 18—28.5 10.5 46 230 3 500

1: S ite  number, 2: Year o f f i e ld  work, 3: S ite  name, 4: S ite  name ab b rev ia ted , 5: L a titu d e  in  degrees, 6: Longitude in  degrees, 
7: Number o f analyses whose re s u lts  are averaged, 8: T e nso ria l component in te rp re te d , 9: Mean te n s o r ia l d ire c t io n  re la t iv e  to  magnetic 
N orth , 10: Mean te n s o r ia l d ir e c t io n  r e la t iv e  to  geographic North -  the lo c a l d e c lin a t io n  is  14°Eg fo r  the study epoch, 11: Mean 
coherency fo r  the re s u lts  o f the considered component, 12: Mean skew fo r  the s i t e ,  13: Depth o f the top and bottom o f the ICL in  km, 
14: Thickness o f the ICL in  km, 15: R e s is t iv i ty  o f the ICL in  ohm.m, 16: In te g ra te d  c o n d u c tiv ity  o f the ICL in  S, 17: Log T in te r v a l o f 
moving average c a lc u la t io n  in  lo g  Rho versus log  T, 18: Depth o f the top o f the u lt im a te  conductive  la y e r in  km (UCL)

'-j
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Fig. 4. MT curves of San Luis (SL, NE-SW, 2 10^ S), Chile and of Vendée 
(V, NW-SE, 103 S), France
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interpretat ions.  The ver t ica l  scale is  logarithmic. The cross- 
-section shows the posit ion of the intercalated conductive layer 
(ICL) and ul t imate conductive layer (UCL)
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-0 .6  3.4 7.4
Log p Log p

Fig. 6 . Three dimensional representation giving the d is t r ibut ion of the 
number of log Rho values in intervals versus intervals of log T 
for RI21. The Gaussian d ist r ibut ion is  acceptable. The order 
number, the central  period T of the log T in terva l  and the 
number of log Rho values for each in terval  of log Rho are in­
dicated. This representation is given automatical ly by the 
chain of four programs (9000 FORTRAN l ines without comments)
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Fig.  7. Flow chart of the Maxwell tensorial  analysis chain of programs 
containing 11000 FORTRAN l ines (with comments).
A) Entries of the chain: C means entry in the chain by COPY 
operation. 1 : Di rect  measurements of Rho or E/H values for  the 
chosen di rect ion of f i n a l  Vozinvers interpretat ion.  2: Data sets 
ready for tensor ial  analysis having d i f ferent  sens i t i v i ty  and 
interval  of d ig i ta l i s a t io n .  3: Values of the parameters for  the
mean averaging operation, par t icular ly  the coherency l i m i t  -  0.40 
for  this study - and the value of the moving smoothing in terval  - 3  

for  this study. 4: Proposed model of layers section for  the 
Vozinvers one-dimensional inversion program -  possible af ter  a 
f i r s t  run of the chain giving the tensorial  curves. This model 
corresponds to the chosen di rect ion of interpretat ion.  Three runs 
of the program chain are needed to study the two tensorial  
directions of one MT s i te .  The time for  one mean run is  4 minutes 
with 2 minutes CPU time for our VAX-1 1/780 when there is  a low
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computer load. Six minutes CPU time give the complete study of one 
s i te .  In the present study, Vozinvers gave the interpretat ion 
section using two i terat ions with 1 0  % error when the f i r s t  
interpretat ion is used as the proposed section.
B) Exits of the chain: 5: The Rho curves for  each individual  
analysis - fol lowing the t e l l u r i c  measurement di rect ions or 
tensorial  directions -  with the mean coherency, str ike and skew. 6 : 
The Rho log d is t r ibut ion,  the mean Rho curves and the error-bar 
values and graphs fo r  a l l  the group of individual analyses, also 
the mean s tr ike versus log T, etc. (75 pages of l i s t i n g  for  a 
complete output). 7: The layers section given by the Vozoff one- 
dimensional inversion program, with comments. 8 : The same without 
comments. 9: Exits 5, 6  and 7, together

t r a n s i t i o n  l a y e r ,  -  C i n  the Su l len  s t r u c t u r e  - t r a n s i t i o n  f rom 
o l i v i n e  and pyroxenes to s p in e l s  and s t i s h o v i t e  (Feldman 1976, 
Lacam 1982) .  I t  i s  why we name i t  the u l t i m a t e  conduc t i ve  l a y e r  
(UCL) ( F o u r n ie r  1962, F o u rn ie r  et  a l .  1963) .

PARTICULAR CASE

The r e s u l t  from the SL s i t e  i s  very  d i f f e r e n t  f rom the 
o t h e r s ;  i t  i s  i n t e r e s t i n g  to  note t h a t  i t  i s  nea r l y  the same as 
the r e s u l t  of  the MT s i t e  o f  Vendée i n  France ( F o u r n ie r  e t  a l .  
1975) .  In  the two cases ( F i g .  4) the MT soundings i s  s i t u a t e d  
over  a f a u l t  c o n t a in in g  at  depth very  conduc t i ve  ro c k s .  In 
Vendée the conduc t i ve  zone was found at  the same s i t e  by the 
deep e l e c t r i c a l  sounding made by the Compagnie Générale de Géo­
phys ique  in  the I n t e r n a t i o n a l  Geophys ica l  Year wh i le  at  the SL 
s i t e  we do not know at  the su r face  what may be the cause o f  a 
c o n d u c t i v e  f a u l t  a t  t h i s  depth.  There are hot sp r ings  i n  t h i s  
r e g io n  -  see F ig .  1: Termas de Hu i fe  and Termas de Panqui .
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COMPUTER PROCEDURE FOR THE DETERMINATION OF TURBULENT 
PARAMETERS BASED ON IONOSPHERIC SPORADIC E
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I t  has been shown in ear l ier  papers that the turbulent parameters in 
the lower thermosphere can be determined at mid-lat i tudes by means of the 
parameters of sporadic E (Es) layers and ionospheric, as well as
atmospheric models. In th i s  paper the steps of the computation and the 
structure of the computer program are outl ined.

Keywords: computer program; ionospheric sporadic E; lower thermo­
sphere; turbulence

INTRODUCTION

Cons ide r ing  the bas ic  p h y s i c a l  processes ,  the lower 
thermosphere i s  a h i g h l y  im p o r ta n t  re g ion  of  the upper 
atmosphere.  The dynamica l  processes here de te rm ine ,  namely,  the 
d i s t r i b u t i o n  of the c o n s t i t u e n t s  o f  the gas m ix tu re  not  on ly in 
t h i s  he ig h t  range, but by c o n t r o l l i n g  the turbopause he igh t  
( t h e  boundary between homosphere and he te rosphe re )  a lso at 
g r e a t e r  a l t i t u d e s .  From t h i s  p o i n t  o f  v iew, the t u r b u l e n t  
d i f f u s i o n  p lays a s i g n i f i c a n t  r o l e  g i v i n g  r i s e  to the v e r t i c a l  
t r a n s p o r t  of the c o n s t i t u e n t s .

For the i n v e s t i g a t i o n  of  the dynamical  processes 
io n o s p h e r i c  parameters  r e la t e d  d i r e c t l y  to dynamic phenomena 
can a lso be used (Thrane and Grandal  1981, Thrane et  a l .  1985,
1987) .  Thus, at m i d - l a t i t u d e s  the parameters of s p o ra d ic  E (Es) 
l a y e r s  due to w ind -shears  o f f e r  a unique p o s s i b i l i t y  to 
de te rm ine the t u r b u l e n t  parameters ,  s ince  the windshear  is

Acta Geod. Geoph. Mont. Hung. 26, 1991 
Akadémiai Kiadó, Budapest
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connec te d  wi th  t u r b u l e n c e  by the g r a d i e n t  Richardson number 
(Bencze 1984, 1987) .  The Es parameters are r e g u l a r l y  measured 
a t  many ionospher ic  s t a t i o n s  a l l  over the w o r ld .  Where the wind 
speed i s  determined at  a nearby s t a t i o n ,  to o ,  the t u r b u l e n t  
pa ram ete rs  can be computed. For the c a l c u l a t i o n  of  a d d i t i o n a l  
a tm os phe r i c  and i o n o s p h e r i c  parameters  necessary i n  the 
p ro c e d u r e ,  a tmospher ic  and ionosphe r ic  models can be used.

METHOD

A widely accepted  measure o f  the tu r b u le n c e  in  
h o r i z o n t a l l y  s t r a t i f i e d  f l o w s  is  the g r a d i e n t  Richardson number

Ri
au
3Z

Г 7 ( 1 )

where the numerator r ep res en ts  the f o r c e  s t a b i l i z i n g  the 
l a m i n a r  f low by the  v e r t i c a l  g r a d ie n t  o f  the p o t e n t i a l  
t e m p e ra tu re  0  , w h i l e  the denominator  stands f o r  the fo r c e  
making the f low t u r b u l e n t  by the v e r t i c a l  shear o f  the 
h o r i z o n t a l  wind U. The g r a d ie n t  Richardson number i s  p r e f e r r e d  
to  the other measures,  s ince  i t  i n c lu d e s  d i r e c t l y  measurable 
q u a n t i t i e s .

I f  the g ra d ie n t  R ichardson number i s  known, the t u r b u l e n t  
pa ram ete rs  ( t u r b u l e n t  i n t e n s i t y ,  t u r b u l e n t  d i s s i p a t i o n  and 
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 )  can be determined by means of 
e m p i r i c a l  r e l a t i o n s  g i v i n g  the t u r b u l e n t  i n t e n s i t y  as a 
f u n c t i o n  of the g r a d i e n t  Richardson number and the h o r i z o n t a l  
w ind v e l o c i t y  (Deacon 1959, Lumley and Panofsky 1964, Mónin and 
Yaglom 1971, Zimmerman and Murphy 1977) .  In the s tudy  of  
t r a n s p o r t  processes the v e r t i c a l  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  Kz i s  m o s t l y  used, which can be expressed app ly ing  
th e s e  r e l a t i o n s  by the fo rm u la
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Kz = 0.32 <w2 > /N=0.32C+0.15 R i 1 / 2  + 0 .08 J2 U2/N (2)

1 2 5

where N = i s  the B r u n t - V a i s a la  f requency (Weinstock 
1978, 1981).

The d e t e r m in a t i o n  of  the v e r t i c a l  shear  o f  the h o r i z o n t a l  
wind i s  based on the wind-shear  t heo ry  of  m i d - l a t i t u d e  sporad ic  
E (Whi tehead 1961, MacLeod 1966).  In the lower  thermosphere 
ions  l i n k e d  to the n e u t r a l  gas by f r e q u e n t  c o l l i s i o n s  are 
f o r c e d  to move a long geomagnetic f i e l d  l i n e s .  Th is  means th a t  
at  m i d - l a t i t u d e s  charged p a r t i c l e s  move up or down depending on 
the d i r e c t i o n  of  the p r a c t i c a l l y  h o r i z o n t a l  n e u t r a l  wind.  I f  
the d i r e c t i o n  of  the h o r i z o n t a l  wind changes w i t h  h e i g h t ,  in  
the no r the rn  hemisphere where an eastward wind tu rn s  to 
westward wind w i t h  i n c r e a s in g  h e i g h t ,  an accumu la t ion  of 
charged p a r t i c l e s  occurs ;  t h a t  i s ,  due to the shear  of  the 
h o r i z o n t a l  wind a s t r a t i f i c a t i o n  in  the ion d e n s i t y  p r o f i l e  i s  
formed by t h i s  r e d i s t r i b u t i o n  of  i o n s ,  which i s  c a l l e d  a 
s p o r a d ic  E (Es) l a y e r .  Mot ions showing such v a r i a t i o n  of  wind 
d i r e c t i o n  w i th  h e ig h t  occur in a tmospher ic  g r a v i t y  waves. The 
processes c o u n t e r a c t i n g  the e f f e c t  o f  w ind-shear  and the 
s u r v i v a l  of the s t r a t i f i c a t i o n  are recom b ina t i on  of  the ions ,  
as w e l l  as t u r b u le n c e .  The l a t t e r  depends on the s t r e n g t h  of  
the w ind -shea r .

These processes are inc luded  in  the bas ic  r e l a t i o n s  of  the 
w in d -shea r  th eo ry  of  m i d l a t i t u d e  s po rad ic  E ( e . g .  Ax fo rd  et  a l .  
1966) .  For the d e t e r m in a t i o n  of  the r e s u l t a n t  w in d -s h e a r ,  the 
v e r t i c a l  shears of  both components o f  the h o r i z o n t a l  wind are 
needed. Thus, two equa t io ns  are necessary and they are obta ined  
from the bas ic  r e l a t i o n s  w r i t t e n  f o r  both ions and e l e c t r o n s  
and n e g le c t i n g  the e f f e c t  o f  e l e c t r i c  f i e l d s  (Bencze 1989) :

^  = 
dz

Qi  г '1+Q2
1+Qe ] oC n f s m \т е ! t^x Qt X oC n 2 

s m

bl Ux + c
dT

1 dz + ri d2j 
1 dz2

+ e ^  + f  d2n 
1 dz2

-  1 + a l Uy +

( 3 )
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e2 ~

QgCQj-Z2)

o T ~

2Qe(Q2 +Z2)

( i + q 2 ) q i
m.l

dQi
dz

q2_z2 2(Q2 +Z2)

1 + QÍ dz
1

eXZB

f 2  =
(Q2 +Z2 )Qe

~ T

n2 72 Q +Z e kT
neXZB

In these exp ress ions  Uy and Ux are the E-W (wes tward )  and 
S-N (nor thward )componen ts  of  the h o r i z o n t a l  wind,  r e s p e c t i v e l y .  

Qi='V i n/ o o i  ancl Ое= ^ е п / ° ° е >  where Vj_n stands f o r  the i o n -  
n e u t r a l  c o l l i s i o n  f requency and cjj_ i s  the ion g y r o f r e q u e n c y . 
S i m i l a r l y ,  V en i s  the 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 requency  and 
Gje rep resen ts  the e l e c t r o n  g y r o f r e q u e n c y . X and -Z are the 
r a t i o s  of the nor thward and downward components o f  the 
geomagnet ic f i e l d  to  the t o t a l  f i e l d  i n t e n s i t y  B, r e s p e c t i v e l y ,  
n i s  the ion ( e l e c t r o n )  d e n s i t y ,  n0  be ing the background ion 
( e l e c t r o n )  d e n s i t y  ( i n  the absence of  w ind -shear )  and nm the 
maximum ion ( e l e c t r o n )  d e n s i t y  in  the l a y e r .  dCs s tands f o r  the 
e f f e c t i v e  recom b ina t i on  c o e f f i c i e n t  i n s id e  the Es l a y e r ,  cCD 
being the e f f e c t i v e  recomb ina t ion  c o e f f i c i e n t  o u t s id e  the 
s t r a t i f i c a t i o n .  e i s  the u n i t  charge and к Bo l tz mann ’ s 
c o n s t a n t .  iTi| and me are the ion mass and the e l e c t r o n  mass, 
r e s p e c t i v e l y .

I t  i s  to be noted t h a t  in these equa t ions  the f i r s t  terms 
de te rm ine p r a c t i c a l l y  the magni tude of  the w in d -s h e a r .  The 
rem a in ing  terms r e p re s e n t  ra t h e r  a c o r r e c t i o n  being o rd e rs  of 
magni tude sm a l le r  than the f i r s t  te rms.  The magni tude of  the 
terms decreases go ing  from l e f t  to  r i g h t  on the r i g h t  s ide  of 
the equa t io ns .

I f  the w ind -shear  components are computed from these 
equa t io ns  and the v e r t i c a l  g ra d ie n t  o f  the temperature i s  taken 
from atmospher ic  models,  the g r a d ie n t  Richardson number can be 
dete rm ined  by means of  Eq. ( 1 ) .  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  can be ob ta ined  from Eq. ( 2 ) .
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COMPUTER PROCEDURE

1 2 8

For the computer  procedure the s teps  of the computat ion 
a re  given by the above equat ions .  These can be fo l l o w e d  i n  the 
f l o w  diagram p resen ted  in  F ig .  1. F i r s t ,  the q u a n t i t i e s  
necessa ry  f o r  the d e t e r m i n a t i o n  of  the f i r s t  term are computed. 
The t o t a l  i n t e n s i t y  (B)  and the d ip  ang le  (Y1 = arc s in  (Bz/B )  = 
a rc  cos (Bx/B)) are determined by c a l c u l a t i n g  the f i e l d  
components o f  the geomagnet ic f i e l d  on the bas is  of a Legendre 
model  used in  IR I  8 6  (FIELG).  Then, the ion and the e l e c t r o n  
g y r o f r e q u e n c i e s , as w e l l  as the i o n - n e u t r a l  and the 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 ie s  are c a l c u l a t e d  using atmospher ic  
models  (CIRA 1972, MSIS- 8 6 ) .  Thus, the r a t i o  of the i o n - n e u t r a l  
c o l l i s i o n  f requency to  the ion gy ro f reque ncy  and t h a t  o f  the 
i o n - e l e c t r o n  c o l l i s i o n  f requency to the e l e c t r o n  gy ro f requency  
Qe can be computed.

The background e l e c t r o n  d e n s i t y  i s  ob ta ined  by means of 
i o n o s p h e r i c  models ( I R I  9) using on ly  those pa r ts  of  the model,  
which  are necessary f o r  these com puta t i ons .

In Eqs (3)  and (4)  ы s and 0c 0  are unknown. As a f i r s t  
a p p rox im a t io n  i t  i s  assumed t h a t  cC g i s  equal  to of 0 . The 
e f f e c t i v e  r e c om b ina t io n  c o e f f i c i e n t  o u t s i d e  the Es l a y e r  oC0  i s  
de te rm ined  by means o f  a formula g i v i n g  aC0  as a f u n c t i o n  of 
t h e  r e l a t i v e  pe rcen ta ge  dens i ty  o f  the main ions 0 2 + , N0+ and 
th e  correspond ing d i s s o c i a t i v e  re c o m b in a t io n  r a te  c o e f f i c i e n t s  
( T o r r  et a l .  1976, W a l l s  and Dunn 1974) .

The maximum e l e c t r o n  dens i ty  in  the Es la y e r  i s  c a l c u l a t e d  
f rom  the b l a n k e t i n g  f requency fbEs of  the Es l a y e r  read from 
ionograms.  Then, w i t h  the above assumpt ion and using on ly  the 
f i r s t  term in  Eq. (3 )  a zero o rd e r  approx im at i on  of  the 
v e r t i c a l  shear of  th e  E-W wind component i s  ob ta ined .

The components o f  the h o r i z o n t a l  wind v e l o c i t y  are a lso  
i n t r o d u c e d  in the main program. I f  the data of  meteor radar  
measurements (D2) are used, then the components are d i r e c t l y  
g i v e n  and the r e s u l t a n t  speed i s  c a l c u l a t e d .  I f  the data of 
d r i f t  measurements c a r r i e d  out by the spaced r e c e i v e r  method 
( D l )  are a v a i l a b l e ,  a harmonic a n a l y s i s  i s  c a r r i e d  out  by a
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. 1 . Flow diagram of the computer procedure for  the determination of 
turbulent parameters
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s e p a r a t e  program and the ampl i tude of  the mean ( p r e v a i l i n g )  
w in d ,  as wel l  as the  amp l i tudes  and phases of  the d i u r n a l  and 
s e m i - d i u r n a l  components are determ ined .  In t h i s  case the 
a m p l i t u d e  of the wind i s  computed f o r  the g iven hour us ing  the 
r e s u l t s  of the harmonic  a n a l y s i s .

the other terms i n  Eqs (3) and (4)  c o n s i s t  o f  p roduc ts  in  
w h ich  the parameters ( U x , Uy,  d l / d z ,  d ^ n /dz ^ ,  d^T /dz^ ,  g) are 
m u l t i p l i e d  by c o e f f i c i e n t s .  In the s u b r o u t i n e  KORR f i r s t  the 
e lem en ts  of these c o e f f i c i e n t s  as w e l l  as the f i r s t  and second 
d e r i v a t i v e s  of the temperatu re are de te rm ined .  The term w i th  
t h e  second d e r i v a t i v e  of  the e l e c t r o n  d e n s i t y  i s  n e g le c te d .  
T a k in g  the zero o r d e r  approx imat ion o f  the v e r t i c a l  shear  of 
th e  E-W wind component,  the terms of Eq. ( 3 )  are c a l c u l a t e d  and 
a more accurate zero o rd e r  approx im at ion  of  the E-W w ind-shear  
i s  obta ined  ( s t i l l  w i t h  the assumpt ion oC s = oC 0) . In  the 
f o l l o w i n g  step the e f f e c t i v e  recom b ina t io n  c o e f f i c i e n t  i n s i d e  
th e  Es laye r  oC s i s  computed s u b s t i t u t i n g  t h i s  approx imate 
v a l u e  of the E-W w ind -shea r  i n t o  Eq. ( 3 )  and express ing  ^ s 
f rom  i t .  Thus, a f i r s t  approx imat ion f o r  oTs i s  found.  A more 
a c c u r a t e  value of  oC s can be ob ta ined  by re p e a t in g  the above 
p roc e d u re  severa l  t i m e s .  Then the f i r s t  term of  Eq. (3)  and a l l  
t e rm s  of Eq. (4)  are determ ined  and the v e r t i c a l  shear o f  both 
th e  E-W and the S-N wind  components are c a l c u l a t e d .

Return ing to the  main program, the p o t e n t i a l  temperature 
and i t s  v e r t i c a l  g r a d i e n t  are computed, where the tempera tu re  
and pressure are o b t a i n e d  again by means of  a tmospher ic  models.  
Thus ,  the g ra d ie n t  Richardson number and the B r u n t - V a i s a la  
f r e q u e n c y  can be de te rm ined ,  too .  F i n a l l y ,  the t u r b u l e n t  
p a ra m e te rs ,  the t u r b u l e n t  i n t e n s i t y ,  the t u r b u l e n t  d i s s i p a t i o n  
and 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  are c a l c u l a t e d .  The 
f o r m u l a s  used f o r  these  computat ions,  however,  are v a l i d  on ly  
f o r  the i n e r t i a l  subrange of  the t u r b u le n c e  spectrum (Zimmerman 
and Murphy 1977). Thus,  i t  i s  necessary to dete rm ine  the 
v e r t i c a l  scale o f  the mot ion produc ing  the s t r a t i f i c a t i o n  and 
to  e s t a b l i s h  whether the  computed sca le  f a l l s  i n t o  the i n e r t i a l  
sub range .  (The l i m i t s  o f  the i n e r t i a l  subrange are g iven at  the 
l a r g e r  scales by th e  ou te r  sca le  L, at  smal l  sca les  by the 
i n n e r  sca le ,  which i s  a m u l t i p l e  of  the Kolmogorov m ic ros c a le

1 3 0
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(Lumley and Panofsky 1964, Hocking 1985 )) .  The fo rm er  i s  
ach ieved by t a k in g  the r a t i o  of the v e r t i c a l  wind a m p l i t u d e  w 
to  the wind-shea r .

Monthly averages of  these t u r b u l e n t  parameters ,  but  a lso 
t h a t  of  the g r a d i e n t  Richardson number and the w ind -s hea r  
components are de te rm ined .  For the s tudy  of  the h e i g h t  o f  the 
tu rbopause,  the m o lecu la r  d i f f u s i o n  c o e f f i c i e n t  can a l s o  be 
computed (U.S. Standard Atmosphere 1976) .  In F ig .  2 a sample 
o u tp u t  i s  shown where a l l  parameters u t i l i z a b l e  i n  f u r t h e r  
i n v e s t i g a t i o n s  are g iven .

JULIUSRUH JUNE 1982

MONTH LMON3: 6 NUMBER OF DAYS CLDAYJ: 11 

GEOGR. COORDINATES CLATI, L0NGIJ: 54.60 13.40

ALT DVIK DUZ DUZE RI VT W EPS TK

105. •8740E-01 3.089 .2595 •6797E-04 38.21 9.057 .1531 357.1

105. ■6728E-01 2.383 .1997 .1128E-03 27.02 4.488 . 7543E—01 178.0

110. ■2698E-01 .4277 .8008E-01 •3534E-02 26.25 3.481 •5773E-01 140.0

105. ■2792E-01 .9791 . B287E-01 . 6703E-03 14.76 1.263 .2124E-01 50.08

105. .1599 5.548 .4747 •2095E-04 36.62 8.436 .1423 333.4

105. ■8858E-01 3.065 .2629 •6779E-04 24.33 3.673 ■6160E-01 146.0

150. .2139E-01 .7369 .6351E-01 .1178E-02 34.71 6.751 .1132 268.4

Fig. 2. Sample output of the computer program

As regards the i n p u t  data ,  i n  a d d i t i o n  to the geograph ic  
l a t i t u d e  and l o n g i t u d e  of  the p lace ,  the a l t i t u d e  ( g i v e n  by the 
v i r t u a l  he igh t  o f  the Es la y e r  h ’ Es ) ,  the t ime ( g i v e n  by the 
t im e of  i t s  measurement) , the Es parameter  fbEs and the wind 
v e l o c i t y  are needed. Fur thermore,  the 12 month ru nn ing  mean of 
the sunspot number and i f  CIRA 1972 i s  used, the date and t ime 
i n  m od i f ied  J u l i a n  days and the f r a c t i o n  of  i t ,  the  r i g h t  
ascens ion  and d e c l i n a t i o n  of the sun, the p o i n t ’ s r i g h t  
ascens ion  and d e c l i n a t i o n ,  the 10.7 cm s o la r  ra d io  f l u x  f o r  a 
t ime of  1.71 days e a r l i e r ,  the 10.7 cm s o la r  r a d i o  f l u x
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averaged over f o u r  s o l a r  r o t a t i o n s  ( c e n te r e d  on the t ime in  
q u e s t i o n )  and the geomagnetic a c t i v i t y  i n d i c e s  Kp f o r  a t ime 
0.279  days e a r l i e r ,  i f  MSIS- 8 6  i s  s e l e c t e d ,  the 3 month average 
o f  the 10.7 cm s o l a r  r a d io  f l u x ,  the 10.7 cm s o la r  r a d i o  f l u x  
f o r  the prev ious  day and the geomagnet ic a c t i v i t y  index Ap are 
p r e p a r e d .

1 3 2
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The type-model of the probabi l i ty densit ies may be d i f ferent  for  d i f ­
ferent data sets. Certain ranges of the types occur more or less frequently 
in the practice, therefore the occurrence frequencies of the d i f ferent  
types can be characterized by the i r  density functions.

As error d is t r ibut ion types of the f a(x) supermodel are predominant in 
geosciences, the density function f^(p) is  used in the present paper to 
define the average ef f ic iency of d i f ferent  s t a t i s t i c a l  algorithms (p = 
1 / ( a - l ) ) .  The density function f .̂ i s  given numerically, too. The average 
ef f ic iency is a global parameter which enables a simple comparison of 
s t a t i s t i c a l  procedures. Moreover, the values of the average ef f iciency show 
most c lear ly the importance of the robustness for  the practice (an over­
emphasizing of the insens i t i v i ty  for out l iers ,  i . e .  of the resistance often 
ve i ls  in many pract ical  papers the real sense of robustness, and thus the 
importance of this notion remains unclear, too).

Keywords: ef f iciency; error  d ist r ibut ion types; s ta t i s t i c a l  procedures

1 .

Robustness has been t re a te d  r e c e n t l y  in  two monographs 
(Huber 1981, Hampel e t  a l .  1986). Hajagos and S te in e r  (1991a) 
proposed a method to  express n u m e r i c a l l y  the robus tness f o r  
p r a c t i c a l  purposes. Th is  c h a r a c t e r i z a t i o n  can be used i f  a one- 
parameter  supermodel i s  appl ied as bas is  which co n ta in s  ( a t  
l e a s t  as a l i m i t  d i s t r i b u t i o n )  the Gaussian d i s t r i b u t i o n ,  too .  
In  g e n e r a l l y  conceived g e o s t a t i s t i c s  the supermodel f a ( x )  (see 
e .g .  S te in e r  1988) can be v e r s a t i l l y  used and i t  f u l f i l l s  the 
ment ioned c o n d i t i o n ,  too ( the Gaussian d i s t r i b u t i o n  i s  ob ta ined 
here at  a -*■ <o); e l s e  the C a u c h y - d i s t r i b u t i o n  ( a t  a = 2 ) ,  the 
g e o s t a t i s t i c a l  d i s t r i b u t i o n  ( a t  a = 5) and the J e f f r e y s - d i s t r i -  
b u t i o n  ( a t  a = 9) belong to t h i s  f a m i l y ,  too .

Acta Geod. Geoph. Mont. Hung. 26, 1991 
Akadémiai Kiadó, Budapest
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I f  i ns tead  of  a , p = 1 / ( a - l )  i s  in t ro d u c e d  as type  param­
e t e r ,  then the type d i s t a n c e  of  two d i s t r i b u t i o n s  c h a r a c t e r i z e d  
by the type paramete rs  P] and P2 ( p-j < P2 ) can be expressed by 
th e  product  ( p 2  — P1 ) ' 0.064 ( f o r  d e t a i l s  see Hajagos and S te in e r  
1991a ) .  In the f o l l o w i n g  any c o ns tan t  m u l t i p l e  o f  the type 
d i s t a n c e  may be used w i t h o u t  i n f l u e n c i n g  the num er ica l  va lues ,  
consequen t l y  the d i f f e r e n c e  P 2 _ P1 i s  cons idered  as type 
d i s t a n c e .

The s tandard form o f  the d e n s i t y  f u n c t i o n  of  the d i s t r i b u ­
t i o n  types in the supermodel  f a( x )  i s  expressed w i t h  the param­
e t e r  p as f o l l o w s :

__1_ _ I
f g ( x )  = n(p)  ( 1 +x2 ) 2p 2  ( l a )

where the norming f a c t o r  n(p)  i s  to be c a l c u l a t e d  as

n (p ) ( l b )

( I t  would be perhaps d i s t u r b i n g  to use ins tead  of  a, p i n  the 
i n d e x  of f a(x )  as the ch a ra c te r  o f  the supermodel  does not 
e v i d e n t l y  change i f  on the r i g h t  hand s ide  p i s  used i n s t e a d  of
a . )

The minimum a s y m p to t i c  va r iance  of  the es t imated  va lues  of 
the  l o c a t i o n  parameter  i s  (Hajagos 1985 or Eq. (116)  i n  S te in e r
1988 ) :

A2
min (p) P

1 + 3p
1 +p

( 2 )

That  means th a t  i f  a d i f f e r e n t  a l g o r i t h m  — being an optimum one 
f rom the p o in t  o f  v iew of  p — i s  used f o r  each p, then A . ( p ) / / h  
a c c o r d in g  to Eq. (2)  would y i e l d  the v a r iance  of  the
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e s t i m a t i o n s  of g re a t  sets  of  data ,  n.
The ac tua l  type of  the e r r o r - d i s t r i b u t i o n  i s ,  however, 

unknown f o r  p r a c t i c a l  data s e t s .  Some ranges o f  the type 
parameter  occur  w i t h  h igher  p r o b a b i l i t y  then the o th e r s  — th a t  
i s  one hopes t h a t  the used method f o r  e s t im a t i o n  o f  the l o c a ­
t i o n  parameter  i s  not  much less accu ra te  than the optimum one. 
Th is  i s  expressed by the asym pto t i c  va r iance  A^(p )  o f  the 
a c t u a l l y  used procedure so t h a t  the e f f i c i e n c y

e(p) Am in (p)  
A2 ( p )

(3)

should  be made as near to 1 (o r  to 1 0 0  p e r c e n t )  as only 
p o s s i b l e  f o r  the p-s  o c c u r r i n g  in the g iven  s i t u a t i o n .

As A^(p) can be very e a s i l y  g iven  f o r  some a l g o r i t h m s  in 
the case of the supermodel  f a( x ) ,  e (p )  i t s e l f  can be g iven  in 
these cases e x p l i c i t e l y ,  too.

For a l l  unimodal  d i s t r i b u t i o n s  which are s y m m et r i ca l  f o r  
the o r i g i n ,  the asym p to t i c  s c a t t e r  ( i . e . ,  the square r o o t  of 
the asym p to t i c  v a r i a n c e )  of the sample median i s

Amed 2  f ( 0 )

thus by ta k in g  Eqs ( l b ) ,  (2) and (3 )  i n t o  account  the e f ­
f i c i e n c y  i s  f o r  t h i s  e s t i m a t i o n :

emed ^p ^
4nz (p) ( 1 +3p)

1 +p
( 5 )

In the case of  the Hodges-Lehmann e s t i m a t i o n  one has:
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1 /A hl = \ÍVZ ■ f 2 ( x ) dx ( 6 )

(Huber  1981) which r e s u l t s  by s u b s t i t u t i n g  f a ( x )  in  the 
e x p re s s io n

1 / a h l ( p) =  \JT -2
n2 (p)  

n ( 2 / p + 2 ) (7)

Taking Eq. (2)  i n t o  account one ge ts  as the formula  of  the 
e s t i m a t i o n  of the e f f i c i e n c y :

eHL(p )
12p-n 4 (p)  • ( 1 +3p) 
n2 ( 2 /p  + 2 ) ■ ( 1 +p)

( 8 )

For  the e f f i c i e n c y  o f  the  a r i t h m e t i c  ave rag ing  in  f u n c t i o n  of  p 
one gets  the f o l l o w i n g  exp ress ion :

г (i-2p) (i+3p) i f  p < 0 . 5
1 +p н

eE(p)  2 (9)
I 0 i f  p ^  0.5 .

The va r iance i s  namely 1/ ( a — 3) f o r  the case a > 3, e lse i t  i s  
i n f i n i t e  (e .g .  Eq. (89 )  in S te ine r  1988) ,  and the „ v a r i a n c e "  
e q u a l s  s t a t i s t i c a l l y  the asymptot ic  v a r ia n c e  of  the a r i t h m e t i c  
means.

P r a c t i c a l  and t h e o r e t i c a l  problems are t r e a t e d  in  d e t a i l s  
by S te in e r  (1988 ) :  by choosing a c o e f f i c i e n t  k,  d i f f e r e n t
a l g o r i t h m s  are o b t a in e d  f o r  the e s t i m a t i o n  of  the l o c a t i o n  
p a ra m e te r .  The g e n e ra l  fo rmula  f o r  the as y m p to t i c  va r iance  are
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g iven  the re  in Eq. ( 1 2 4 ) .  U s ua l l y  к i s  chosen as к = 1, 2 or  3, 
and the s tandard a lg o r i t h m  of  the c a l c u l a t i o n  o f  the most 
f r e q u e n t  value is  t h a t  at  к = 2. I f  к = 1 or к = 3 i s  used,  the 
most f r e q u e n t  value i s  denoted by M-| ( o r  Mç) and М3  ( o r  M j ) ;  in  
the case of the s tandard a l g o r i t h m ,  the n o ta t i o n  M ( w i t h o u t  
in dex )  i s  used.

The e f f i c i e n c y  fo rmulas  of  the М3 —, M- and M j -c om pu ta t ions  
are not repeated in  t h i s  paper ,  they are on ly shown g r a p h i c a l l y  
( t o p  curves in F ig .  1 taken from S t e i n e r  1990a). In  the type 
range presented the re  which covers types  from the Cauchy type 
to  the Gaussian one, a l l  th ree curves  show high e f f i c i e n c i e s .  
The e^-(p) curve accord ing  the Eq. ( 9 ) ,  however, decreases r a p ­
i d l y  from 1 0 0  pe rcen t  to zero.

F igu re  1 g i ves  a bas is  f o r  the i n t r o d u c t i o n  of  a q u a l i t a ­
t i v e  no t io n  of  the robustness  f o r  users ( the m a th em at i ca l  
d e f i n i t i o n  i s  g iven by Huber 1981, Hampel et a l .  1986 and 
K e r é k f i  1978, but these d e f i n i t i o n s  do not cover the p resen t  
one in  a l l  cases ) .  Accord ing to F ig .  1 there  are s i g n i f i c a n t  
d i f f e r e n c e s  between the d i f f e r e n t  procedures  in  the r a t e  o f  the 
decrease of the s t a t i s t i c a l  e f f i c i e n c y  when one ge ts  f a r t h e r  
and f a r t h e r  away from the d i s t r i b u t i o n  type c h a r a c t e r i z e d  by 
pmax, co rrespond ing to a maximum e f f i c i e n c y  emax. I f  the 
decrease of the e f f i c i e n c y  i s  s low,  the procedure i s  c a l l e d  a 
r o b u s t  one.

The robustness has ment a boundary toward t r a d i t i o n a l  
s t a t i s t i c a l  methods ever  s ince the appearance o f  „ r o b u s t  
s t a t i s t i c s " .  I t  i s  a c u r ious  co inc iden c e  th a t  the n o t i o n  
„ r o b u s t "  was in t ro d u c e d  one decade b e fo re  the appearance o f  the 
r o b u s t  methods by Box f o r  the a lg o r i t h m s  being optimum ones f o r  
the Gaussian d i s t r i b u t i o n  to i n d i c a t e  t h a t  these methods can be 
used not on ly in  the case of  Gaussian d i s t r i b u t i o n s ,  but  i n  the 
case of  o the r  d i s t r i b u t i o n s ,  to o .  In  the possess ion o f  the 
n o t i o n  „ t ype  d i s t a n c e "  i t  i s  e v i d e n t ,  however, t h a t  t h i s  
s ta te m en t  i s  on ly  t r u e  f o r  d i s t r i b u t i o n s  l y i n g  very near  to  the 
Gaussian one. That i s  why robustness got  l a t e r  a d i s t i n g u i s h i n g  
a t t r i b u t e .

Hajagos and S t e in e r  (1991a) proposed the f o l l o w i n g  p r o c e ­
dure to  get a numer ica l  measure of  the robustness :  to  f i t  to

1 3 9
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Fig. 1. Ef f iciency curves for d i f ferent  s t a t i s t i c a l  algorithms

th e  l o c a t i o n  of  th e  maximum a ( s e c o n d - o r d e r  f i t t i n g )  pa rabo la  
and to determine f rom  i t  by

e ( p ) e -c • ( p - p ) '  max "max p ( 10 )

th e  value c c h a r a c t e r i z i n g  the more or  less  quick r a t e  of  
dec rease ( i t  i s  the second order  term i n  the T a y lo r - p o l y n o m ia l
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a t  the maximum m u l t i p l i e d  by ( - 1 ) ) .  I f  t h i s  c o e f f i c i e n t  i s  
denoted by C f o r  the a r i t h m e t i c a l  ave rag ing  then

R = C/c (11)

i s  the measure of  robus tness.  The t r a d i t i o n a l  case i s  
c h a r a c t e r i z e d  by R = 1. This case i s  no more cons idered  as 
r o b u s t ,  i . e .  R has to be much g r e a t e r  than 1 to belong to a 
r obus t  method i n  the p resen t  sense of  the word.

F igu re  2 ( f rom Hajagos and S t e in e r  1991a) shows the curves 
e^ ^ (p )  and e£ (p )  in  a magn i f i ed  form f o r  the range of  
d i s t r i b u t i o n  types G a u s s i a n - g e o s t a t i s t i c a l . The f i t t i n g  
pa rabo la s are not drawn as the value 3.7 be long ing  to М3 can be 
e a s i l y  v e r i f i e d .  F igu re  3 (a l s o  from Hajagos and S t e in e r  1991a)

Fig. 2. A magnification of the maxima of the ef f iciency curves indicates 
the differences in the f latness of these curves, i . e .  in the 
robustness
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Fig.  3. The range of the maxima of the ef f iciency curves of the °C -trimmed 
mean and of the Hodges-Lehmann-estimation

shows in  the v i c i n i t y  of  the maximum in  an even g r e a t e r  
m a g n i f i c a t i o n  f o r  the Hodges-Lehmann-est imat ion,  f u r t h e r  f o r  
th e  oC -t r immed mean ( f o r  oC = 0 . 1 ) the e f f i c i e n c i e s  o f  the 
r e g i o n  around t h e i r  maxima; the measure of  the robus tness  i s  
somewhat le ss ,  R = 3.3 f o r  the Hodges-Lehmann-est imat ion ,  and 
even l e s s ,  R = 2.8 f o r  the cL - t r immed mean.

2  .

In  the cases t r e a t e d  in  the p rev ious  c h a p te r ,  emax has 
been e x a c t l y  100 p e r c e n t  or l e s s  by a few ten th  p e r c e n ts .  In 
such cases the measure of  the robus tness ,  R, can be cons ide red  
i n  a c e r t a i n  sense d i r e c t l y  as a measure f o r  the q u a l i f i c a t i o n  
o f  the s t a t i s t i c a l  method ( i n  the v i c i n i t y  o f  the d i s t r i b u t i o n  
t y p e  pmax) .
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I f  emax l i e s  f a r  away from 100 p e rc e n t ,  the R-s computed 
from Eqs (10) and (11)  are not a p p l i c a b l e  to q u a l i f y  the 
method. Let us c ons ide r  e .g .  the e f f i c i e n c y  of  the median 
d e t e r m i n a t i o n ,  as presen ted  in F ig .  4 w i t h  absc issae d i f f e r i n g  
s i g n i f i c a n t l y  from the p rev ious  one. The R-values would be much 
g r e a t e r  than p r e v i o u s l y  ( i n  accordance w i th  Hampel (1986)  who 
q u a l i f i e d  the median as a „most r o b u s t "  method) , bu t  such a 
h igh degree of  robus tness  i s  accompanied by a maximum 
e f f i c i e n c y  of l e s s  than 84 p e rc en t .  Thus the value R cannot  be 
accepted as a un ique q u a l i f y i n g  measure in  the case i f  emax 
s i g n i f i c a n t l y  d i f f e r s  from 100 p e rc e n t .  We have to c o n t i n u e  the

1 4 3

Fig. 4. Ef f iciency curve of the sample median
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s e a rc h  fo r  a g l o b a l  measure of  r obus tnes s  which enables a 
s i m p l e  comparison o f  s t a t i s t i c a l  methods.

3 .

The e f f i c i e n c y  i s  o f  c r u c i a l  im po r ta nce  in  the q u a l i f i c a ­
t i o n  of s t a t i s t i c a l  methods, but a s i n g l e  va lue e(p)  r e f e r s  to 
a s i n g l e  type o f  d i s t r i b u t i o n  c h a r a c t e r i z e d  by (p)  (which 
r i g o r o u s l y  has a m a th em at i ca l  p r o b a b i l i t y  o f  occurrence zero )  
and a range of  t y p e s  has only a f i n i t e  p r o b a b i l i t y  of  o c c u r ­
r e n c e .  Even i f  the same wide i n t e r v a l s  are taken i n t o  account  
around  d i f f e r e n t  v a l u e s  of p, the p r o b a b i l i t i e s  of  occur rence 
a re  d i f f e r e n t  f o r  them, thus the occu r rence  p r o b a b i l i t y  o f  the 
t y p e s  should be a l s o  c h a r a c t e r i z e d  by t h e i r  d e n s i t y  f u n c t i o n s .

For the d e t e r m i n a t i o n  of a d e n s i t y  f u n c t i o n  f ^ ( p )  the 
necessary q u a n t i t y  o f  type  d e te r m in a t io n s  may not be a v a i l a b l e  
even in geosciences ( i n d e x  t  r e f e r s  to  the d e n s i t y  f u n c t i o n  of 
t y p e s  of d i s t r i b u t i o n s ) .  N eve r the less ,  S te in e r  (1990b) has 
shown tha t  the a v a i l a b l e  data and the r e qu i rem en t  of s i m p l i c i t y  
a re  f u l f i l l e d  by the  f o l l o w i n g  d e n s i t y  f u n c t i o n

f t (p)  = 16pe_4p . ( 1 2 )

Let  us g ive  some f a c t s  which m o t i v a t e  the s e l e c t i o n  of  Eq. 
( 1 2 ) as dens i ty  f u n c t i o n  as long as no more i n f o r m a t i o n  i s  
a v a i l a b l e  about d i s t r i b u t i o n  types.

Both a d e r i v a t i o n  or  F ig .  5 show t h a t  the maximum of  f-t-(p) 
i s  a t  p = 0.25.  D u t t e r  (1987, p. 22) has presented the d e n s i t y  
f u n c t i o n  of a mother  d i s t r i b u t i o n  c o n s id e re d  as t y p i c a l  i n  geo­
s t a t i s t i c s .  This i s  a d e n s i t y  f u n c t i o n  f a ( p )  w i th  the parameter  
a = 5. Newcomb's (1 8 8 6 )  c l a s s i c a l  a s t r o n o m ic a l  d e n s i t y  f u n c t i o n  
i s  very near to a d e n s i t y  f u n c t i o n  w i t h  the parameter  a = 5.3 
( F i g .  38 in S t e i n e r  1988) .  A s i m i l a r  v a lue  of  a c h a r a c t e r i z e s  
t h e  e r r o r  d i s t r i b u t i o n  presented by Romanowski (1964) r e s u l t i n g  
f rom  automat ic ang le  measurements in  a l a b o r a t o r y  - these data 
show tha t  such a t y p e  o f  d i s t r i b u t i o n  may have an eminent r o l e  
o u t s i d e  of geos c ien c es ,  too .  A much s m a l l e r ,  but  not n e g l i g i b l e  
( f i v e  t imes le s s )  d e n s i t y  of p r o b a b i l i t y  i s  a t t r i b u t e d  to  the
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Fig. 5. Density function f^(p)  of the occurrence of error d is t r ibut ion types

C a u c h y - d i s t r i b u t i o n  by Eq. (12 ) ;  the occurrence of  t h i s  
d i s t r i b u t i o n  i s  not n e g l i g i b l e  in geosciences as shown by Landy 
and Lantos (1982) by a p r a c t i c a l  example and by S t e in e r  (1982)  
i n d i r e c t l y ,  from the a n a l y s i s  of  a data system. The d e n s i t y  
f u n c t i o n  f.|.(p) a l l o w s  in  a r a t e  o f  about 9 p e rc en t  
d i s t r i b u t i o n s  w i th  p > 1. (Such d i s t r i b u t i o n s  may occur  seldom 
i n  p r a c t i c e ,  but in  the d i f f i c u l t  case of  the d e t e c t i o n  of  
„ s y m m e t r i c a l  and near o u t l i e r s "  the a p p l i c a t i o n  of  such a type 
cou ld  be a c t u a l ,  and t h e r e f o r e  i t  would be a mis take to  n e g le c t  
such d i s t r i b u t i o n s ;  some m e te o r o lo g i c a l  data sets  may have such 
a c h a r a c t e r ,  t o o . )  The occurrence f requency  of  9 p e r c e n t  of  
these types p > 1 i s  much less  than the p r o b a b i l i t y  o f  the 
types  0 < p < 0.5 :  the l a t t e r  have an occur rence p r o b a b i l i t y  of  
about 60 pe rcen t .

The p r o b a b i l i t y  d e n s i t y  of the Gaussian d i s t r i b u t i o n  i s  
a cco rd ing  to Eq. (12)  zero .  S t e in e r  (1988) summarized i n  a 
t a b l e  some s ta temen ts  about the occur rence of  t h i s  t y p e .
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J e f f r e y s  wrote t h a t  exper iments c a r r i e d  out i n  most c a r e f u l l y  
c o n t r o l l e d  c o n d i t i o n s  r e s u l t  in d i s t r i b u t i o n s  c h a r a c t e r i z e d  by 
6  < a <10 (0.11 < p < 0 .2 0 ) .  Th is  i n t e r v a l  i s  c a l l e d  
„ J e f f r e y s '  i n t e r v a l "  ( w i t h i n  i t ,  the type a = 9 i s  c a l l e d  
J e f f r e y s '  d i s t r i b u t i o n ) .  Ihe f - t (p )  cu rve  in  F ig .  5 shows t h a t  
th e  J e f f r e y s - i n t e r v a l  i s  c h a r a c te r i z e d  by a g rea t  average f ^ ( p )  
v a lu e  being about 90 percen t  of the maximum. X ^ - t e s t s  c a r r i e d  
o u t  f o r  the d i s t r i b u t i o n  types of  t h i s  i n t e r v a l  hav ing high 
occu r rence  f r equency  show in a s i g n i f i c a n t  percentage of  the 
cases tha t  the „ z e r o  hypothes is  acco rd ing  to which the 
d i s t r i b u t i o n  i s  a Gaussian one, can be accepted"  (Hajagos 
1988) .  t h i s  m is le a d in g  r e s u l t  co r respond ing  to  the usual  l e v e l s  
o f  the X ^ - t e s t ,  however ,  cannot ye t  be accepted.

As geosc iences  do not y i e l d  Gaussian d i s t r i b u t i o n s  
(seeming excep t ions  can be produced by i n c o r r e c t  t e s t s ) ,  some 
examples from c l a s s i c a l  s t a t i s t i c a l  tex tb ooks  should be 
i n v e s t i g a t e d .  Our i n v e s t i g a t i o n s  in  t h i s  respec t  led to s i m i l a r  
r e s u l t s ,  thus we r e f e r  here only to Hajagos and S t e in e r  (1991c)  
where two bas ic examples of Kendal l  and S t u a r t  (1958)  have been 
i n v e s t i g a t e d  and the r e s u l t  was in  the f i r s t  case a 
d i s t r i b u t i o n  w i t h  a = 1 0 , in the second a d i s t r i b u t i o n  w i th  
abou t  50 (a = 47 ) .  Thus the c l a s s i c a l  examples in  tex tb ooks  are 
perhaps nearer  to  the Gaussian d i s t r i b u t i o n  than J e f f r e y s '  
i n t e r v a l ,  but they  are no Gaussian ones. The d e n s i t y  f u n c t i o n  
f a ( X) f o r  a = 50 i s  of course ve ry  near to the Gaussian 
d i s t r i b u t i o n  ( t h e  t ype  d i s tance  i s  o n l y  0 . 0 2 ) a compar ison of 
t h e  dens i ty  f u n c t i o n s  l y i n g  near to  each o the r  i s  g iven i n  F ig .  
6 . Hajagos and S t e i n e r  (1991c) have shown t h a t  such near types 
o f  d i s t r i b u t i o n s  can be d i s t i n g u i s h e d  o n ly  on the bas is  of  data 
s e t s  c o n s i s t i n g  o f  n = 3 • 0 . 6 / 0 . 0 2  ̂ = 8100 data and t h i s  d i s ­
t r i b u t i o n  being so near  to the Gaussian one i s  c h a r a c t e r i z e d  by 
th e  dens i ty  f u n c t i o n  f^ . (p )  w i th  the same p r o b a b i l i t y  d e n s i t y  of 
occu r rence ,  i . e .  20 pe rcen t  of the maximum, as the Cauchy-d is -  
t r i b u t i o n .  The d i s t r i b u t i o n  at a = 10 has a d e n s i t y  o f  76 p e r ­
c e n t  of the maximum. We conclude t h e r e f o r e  t h a t  the occurrence 
o f  d i s t r i b u t i o n s  near  to the Gaussian one i s  desc r ibed  by the 
d e n s i t y  f u n c t i o n  f - fXp)  ( Eq. 1 2 ) t h a t  no o b j e c t i o n s  can be made 
based on our p r e s e n t  knowledge a g a in s t  i t  ( i f  on ly  t h a t  the
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Fig. 6 . Density function of the standard Gaussian d is tr ibut ion (curve) and 
the values of the density function of the f a(x) d is t r ibu t ion  for 
a = 50 with the same scatter ( c i r c les ) .  The la t te r  has according to 
f-j.(p) in Fig. 5 a s ign i f icant  probabi l i ty ;  the two near types can 
be only distinguished on the basis of a sample of about 8000 
elements

p r o b a b i l i t y  of the occurrence of the type set c h a r a c t e r i z e d  by 
p < 0 . 2  i s  too h ig h ,  s ince t h i s  p r o b a b i l i t y  i s  a lmost  e x a c t l y  
1 /5 ,  or t h a t  the p r o b a b i l i t y  of  somewhat more than 0.1 i s  too 
h igh which belongs to d i s t r i b u t i o n s  q u a l i f i e d  a c c o r d in g  to 
Csernyák (1991) as s t e r i l e  ones i f  the d e n s i t y  f u n c t i o n  o f  Eq. 
( 1 2 ) i s  a p p l ie d )  .

4 .

Having in  mind the p rev ious  c h a p te r s ,  i t  i s  easy to  f i n d  a
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g l o b a l  measure f o r  t h e  comparison of  s t a t i s t i c a l  a l g o r i t h m s :  i f  
th e  f u n c t io n  e(p)  g i v e s  the e f f i c i e n c y  of  a method, then the 
average e f f i c i e n c y  d e f i n e d  as

e

, 00

e(p) f t ( p )  dp
0

(13)

i s  such a measure as in  i t  the e f f i c i e n c i e s ,  e ( p ) ,  are 
m u l t i p l i e d  w i th  the  cor respond ing p r o b a b i l i t y  o f  occur rence  
f - j -(p) of the e r r o r  d i s t r i b u t i o n  f u n c t i o n s  c h a r a c te r i z e d  by the 
t y p e  parameter p, i . e .  the ave rag ing  of  the e f f i c i e n c i e s  i s  
made using them as weights .  ( E q u a t i o n  (13)  can be e a s i l y  
g e n e r a l i z e d  f o r  t y p e - s e t s  wi th more parameters ,  or even f o r  
those  def ined more g e n e r a l l y ,  where a measure of  p r o b a b i l i t y  i s  
d e f i n e d ;  t h i s  g e n e r a l i z a t i o n  is  not d e a l t  w i t h  h e re . )

The curves i n  F i g .  7 rep resen t  the in teg rand s  of  Eq. (13)  
f o r  d i f f e r e n t  a l g o r i t h m s  of the d e t e r m i n a t i o n  of the l o c a t i o n

Fig. 7. The curves of the integrands in the formula of the average e f f i ­
ciency ë (Eq. 13) fo r  di fferent s t a t i s t i c a l  methods
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param eter .  The r e s u l t s  o f  the c a l c u l a t i o n  of  the average 
e f f i c i e n c y  are g iven  i n  Table I .

1 4 9

Table I

Name of  the s t a t i s t i c a l  
method

N o ta t io n Average e f f i c i e n c y  e 
p e r c e n t

C a l c u l a t i o n  of the 
a r i t h m e t i c  mean E 36

D e te rm ina t ion  of the 
sample median med 80

Hodges-Lehman e s t i m a t i o n HL 85

Most f requen t  value k = 3 m3 90

" " " k = 1 
„ „ „ ( s t a n d a rd )

k = 2

Ml
M

94
96

I t  i s  i n t e r e s t i n g  to compare d i f f e r e n t  degrees o f  r o b u s t ­
ness f o r  methods were emax i s  n e a r l y  or e x a c t l y  1 0 0  p e r c e n t  by 
the va lues  of the average e f f i c i e n c y .  The maximum e f f i c i e n c i e s  
of  the H L -es t im a t ion  and of  the M j - c a l c u l a t i o n  are n e a r l y  at 
the same l o c a t i o n  pmax (see the co r respond ing  curves i n  F igs 2 
and 3) but due to the h ighe r  robus tness  of М3 (R = 3 . 7 ) ,  the 
average e f f i c i e n c y  of  t h i s  e s t im a t i o n  i s  s i g n i f i c a n t l y  h ighe r  
(e M = 90 p e rc e n t )  than t h a t  of the Hodges-Lehmann-est imat ion 
where the robustness i s  somewhat l e s s ,  R = 3.3 ,  but  the  average 
e f f i c i e n c y  i s  on ly  s l i g h t l y  over 85 p e rc e n t .

The ta b le  suggests t h a t  the maximum average e f f i c i e n c y  of 
the s tandard method of  the d e te r m in a t i o n  of the most f r e q u e n t  
va lue  i s  connected to the f a c t  t h a t  i t s  maximum l i e s  at  the 
same p lace as the maximum occurrence f requency of  the  types ,  
c h a r a c t e r i z e d  by the d e n s i t y  f u n c t i o n  f^ - (p) .  T h is  f a c t  i s  
p a r t l y  s e l f - e v i d e n t  (as i t  i s  c l e a r  t h a t  the s ta n d a rd  method
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s h o u ld  be de f i ned  so t h a t  i t s  maximum be the re  where t h a t  of 
f - j - (p)  i s ) ,  p a r t l y  i t  does not show the whole background of  the 
s i t u a t i o n .  This becomes ev iden t  i f  the average e f f i c i e n c y  of  an 
a l g o r i t h m  having a l o c a t i o n  of pmax f a r  f rom p = 0.25 ,  namely 
t h a t  belonging to  the  M - | - c a l c u l a t i o n , ë = 94 percen t  i s  
compared wi th the average  e f f i c i e n c y  36 p e r c e n t  o f  the E - c a l c u ­
l a t i o n .  In l a t t e r  case the maximum l o c a t i o n s  of  e^ (p )  and of 
f- t-(p) are in vane nea r  to  each o th e r :  i n  a d is tanc e  of  0 .25 .  In 
o t h e r  words: the d i s t a n c e  between th e  maximum l o c a t i o n s  of 
в [ г (р )  and f - t (p)  i s  t h r e e  t imes less  than  the d i s tance  between 
eM (p )  (pmax = О  ancl e [ : (p) ,  the d e c i s i v e  f a c t o r  in  the d i f ­
f e r e n c e  of the ave rage  e f f i c i e n c i e s  (36 and 94 p e rc e n t ,  
r e s p e c t i v e l y )  i s  t h e  consequence of  the d i f f e r e n c e  i n  the 
ro b u s tn e s s ;  l e t  us remember,  the E - c a l c u l a t i o n  was on ly  cha rac ­
t e r i z e d  by R = 1 .

The bas ic  i m p o r ta n c e  of a s u f f i c i e n t l y  la rge  robustness  
appea rs  f o r  the p r a c t i c e  in  the h igh average e f f i c i e n c i e s .  I t  
s h o u ld  be cons ide red  t h a t  t h i s  measure c ou ld  be ( a l s o )  used as 
a measure of the robus tness  i t s e l f .  The i n t e g r a l  i n  Eq. (13)  
t a k e s  namely the whole e f f i c i e n c y  e(p)  i n t o  c o n s i d e r a t i o n  w h i le  
R has a p o i n t - l i k e  c ha rac te r  ( n e v e r t h e l e s s  the p o i n t - l i k e  
i n f o r m a t i o n  can be used in a r a t h e r  wide range of  t y p e s ,  as 
e . g .  a comparison o f  t h e  e f f i c i e n c y  cu rves  of  F ig .  3 shows w i th  
F i g .  58 by S te in e r  (1988), where the cu rv es  eH|_(p) and e(p)  can 
be compared in  a f o u r  t imes wider  r a n g e ) .  On the o the r  hand 
w h i l e  R (or  any o t h e r  parameter which i n d i c a t e s  e x c l u s i v e l y  the 
f l a t n e s s  of the e ( p ) - c u r v e )  i s  a p r a c t i c a l l y  use less measure of 
th e  robustness due t o  the  ra the r  low v a lu e  of  emax, the average 
e f f i c i e n c y  ë takes t h i s  p rope r ty  i n t o  ac c o u n t ,  i t  i n f l u e n c e s  in  
a nega t i ve  sense t h e  de te rm ina t io n  o f  the  robustness ( l e t  us 
rem ind  to the f a c t  t h a t  emecj = 80 p e r c e n t  i n  s p i t e  of  a h igh  R 
due to the f l a t n e s s  o f  the e f f i c i e n c y  c u r v e ) .  That means t h a t  
we propose the use o f  th e  average e f f i c i e n c y  a lso  as measure of  
th e  robustness in  a w ide  range of t ypes ;  the  average e f f i c i e n c y  
s h o u l d ,  however, used p r i m a r i l y  as a g e n e r a l  parameter  cha rac ­
t e r i z i n g  the u s e f u ln e s s  of  s t a t i s t i c a l  a l g o r i t h m s .
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The inversion means mathematically a search for  model parameters which 
y ield computed values, the deviations of which from the measured ones are 
characterized by a minimum norm. For a long time exclusively the L2 -norm of 
the deviations has been used (due to computational advantages); from the 
generalized Lp-norms the appl ication of the Li-norm is only spreading 
nowadays moreH and more. (This norm is optimum at the Laplace d is t r ibu t i on  
of errors,  contrary to the Lo-norm which yields optimum at the Gaussian 
d is t r ibut ion.  )

The present paper suggests the use of the Pi-norm in three d i f f e ren t  
real izat ions as a variant of the recently defined Pp-, P- and Pj-norms with 
greater resistance. The P^-norm belonging to к = V T  is  most advantageously 
used in the neighbourhood of the Cauchy-distribution, the P-norm belonging 
to к = 2 \[b in the neighbourhood of the geostat is t ical  d is t r ibu t ion,  and 
the P^-norm belonging to к = 3\ /T  is  optimum in the v ic in i t y  of the 
Jeffreys d is tr ibut ion.  The comparisons are promoted by tables and f igures 
(e.g. curves of the ef f ic ienc ies) .

Keywords: inversion; most frequent value; norm; s t a t i s t i c a l  
e f f ic iency;  type of the error d is t r ibut ion

1. MOST IMPORTANT NOTIONS AND FACTS IN CONNECIION WITH THE 
Mk -ESTIMATION

For the sake of  e a s ie r  unde rs ta nd ing  of  the new p ro p o s a ls  
and s ta temen ts in  t h i s  paper ,  l e t  us f i r s t  g ive a s h o r t  o u t l i n e  
of  the s t a t i s t i c a l  e s t i m a t i o n  method c a l l e d  „ M ^ - e s t i m a t i o n " .

I f  the value of  T f o r  which ho lds :

f _  f ( x i - T ) - x i

f (x i ' T)
i = l

Acta Geod. Geoph. Mont. Hung. 26, 1991 
Akadémiai Kiadó, Budapest
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i s  determined on the basis  o f  a sample x-| , X2 , . . .  x ^ ,  . . .  xn 
w i t h  the help of  the f u n c t i o n  f (■ )  which i s  symmet r i ca l  to  the 
o r i g i n  and has on ly  one maximum then t h i s  value c h a r a c t e r i z e s  
the l o c a t i o n  of  the ga the r ing  of  the  da ta ,  i . e .  i t  i s  - i n  the 
most genera l  sense of  the word - the most f requen t  v a lu e ;  t h i s  
f a c t  was shown i n  d e t a i l s  by S t e i n e r  (1988a) .  (The d e te r m in a ­
t i o n  of T i s  made most advan tageously  by i t e r a t i o n s . )  I f  one 
has a s u f f i c i e n t l y  la rge  number o f  data to c h a r a c t e r i z e  the 
d i s t r i b u t i o n  of  the data x by t h e i r  p r o b a b i l i t y  d e n s i t y  
f u n c t i o n  f ( x ) ,  then Eg. (1) i s  s u b s t i t u t e d  by the equa t i on

x • f ( x - T ) • f ( x ) dx
T = -------------------------------  (2)

■f(x-T)  ■ f  ( x ) dx

which can a lso  be read as a p r e s c r i p t i o n  f o r  i t e r a t i o n .
The a n a l y t i c a l  form of the w e igh t  f u n c t i o n  f  n a t u r a l l y  

d e f i n e s  the process  f o r  the d e f i n i t i o n  of  T, i . e .  t h a t  o f  the 
e s t i m a t i o n  of  the l o c a t i o n  pa ram ete r ,  but  w i t h i n  t h i s  process
the w id th  of  the i n t e r v a l  around the o r i g i n  has eminent
impor tance where the f u n c t i o n  has values d i f f e r r i n g  
s i g n i f i c a n t l y  f rom zero.  This i n t e r v a l  should be f i t t e d  to the 
„most dense" i n t e r v a l  of the data se t  xi , . . .  xn what i s  most
e a s i l y  r e a l i z e d  by de te rm in ing  the d i h e s io n  of the data s e t ,  £ :

£
2

’  I
i  = 1
П

I

( x i -T ) 2 

[ £ 2+ ( x r T ) 2 ] 2

r 2 , 77272[£ + ( x i  -T ) ]

( 3 )

where Eq. (3)  can be again cons ide red  as a p r e s c r i p t i o n  f o r  an 
i t e r a t i o n  (see Eq. 28 in S t e i n e r  1988b),  and the p ro d u c t  of 
t h i s  d ih es ion  w i t h  a number к i s  used as sca le  parameter  in  the 
w e igh t  f u n c t i o n  ' f  ( ■ ) . I f  the d e n s i t y  f u n c t i o n  f ( x )  i s  g iven ,  
then  Eq. (3)  i s  s u b s t i t u t e d  by



THE P*-NORM 1 5 5

( x - T ) '

c2  - [s2+(x -T  ) r F
f ( x ) d x

(4)

[ E 2 + ( x - T ) 2 ] 2
f ( X)dx

I f  a f u n c t i o n  f  i s  to be used f o r  which the necessary  
number of  o p e ra t io n s  i s  a minimum, then the weight f u n c t i o n

f  (x -T ) 1_______
( k £ ) 2+ ( x - T ) 2

(5)

should  be a p p l i e d .  Using t h i s  f u n c t i o n  f  in  Eq. ( 1 ) ,  the  f i n a l  
r e s u l t  T of  the double i t e r a t i o n s  a cco rd ing  to Eqs (1)  and (3)  
i s  c a l l e d  in  a more r e s t r i c t e d ,  bu t  c o r r e c t l y  de f ined sense as 
the most f r e q u e n t  va lue .  This  f a c t  i s  emphasized by d e n o t i n g  
t h i s  va lue  by M ins tead  of T i n  the  s tandard case when к = 2, 
e lse  the n o t a t i o n  i s  used.

The d e n s i t y  f u n c t i o n  f ( x )  of  the  p r o b a b i l i t y  d i s t r i b u t i o n  
f rom which the sample i s  t a k e n ,  determines th e  most 
advantageous value k. E r ro r  d i s t r i b u t i o n s  occu r r ing  i n  r e a l t y  
can be w e l l  model led by means o f  the s o -c a l l e d  „supermodel  

f  a ( x ) " :
f  g( X) = n(a)  ■ ( l + x 2 ) ~ a/ 2 (a > 1) (6)

( t h e  norming f a c t o r  n(a)  i s  computed as

n ( a ) (6a)

Equat ion (6)  g i ves  the d e n s i t y  f u n c t i o n s  f a(x)  in  a s ta n d a rd  
form i . e .  the l o c a t i o n  parameter  T i s  s u b s t i t u t e d  by 0 and the 
s c a le  parameter S by the u n i t y .  The gene ra l  form of  the d e n s i t y  
f u n c t i o n  i s  o b ta in e d ,  as usua l ,  by s u b s t i t u t i n g  x by ( x - t ) / S  
and by d i v i d i n g  the express ion by S.

Some im p o r ta n t  s p e c ia l  cases ( c h a r a c t e r i z e d  by d i f f e r e n t  
va lues  of  the type de te rm in ing  parameter  a) are g iven i n  Table 
I .
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Table I

v a lue  of the 
parameter

type
a

name of the random 
d i s t r i b u t i o n - t y p e

densi ty  f u n c t i o n  i n  
the s tandard case

2 Cauchy 1 1 
JL 1+x2

5 g e o s t a t i s t i c a l 3 1
4

(1+x2) 2- \ / l  + x 2
9 J e f f r e y s 35

32
1

(1+x2) 4- \ / l + x 2

I f  the t ype  parameter  a i s  in c re a s e d  above a l l  bounds 
under  the c o n d i t i o n  S = \/a—3 then one obta ins the d e n s i t y  
f u n c t i o n  of the s tanda rd  Gaussian d i s t r i b u t i o n :

f G(x)

Using the n o t a t i o n

(7)

s^ ( k£ (k£ ) 2
( к £ ) 2+ ( x-T ) 2

i
f ( X) dx ( 8 )

the asym ptot ic  s c a t t e r  of the e s t i m a t i o n  of the most f r e q u e n t  
v a lue  T = Mk can be w r i t t e n  f o r  s y m m e t r i c a l  d i s t r i b u t i o n s  as 
(Hajagos 1 985) :

A(Mk )
\/S-j ( k£)  -  S2 (k£ )  
2S2(k£ )  -  S1 ( к £ ) (9 )

2
As the minimum a s y m p to t i c  var iance Am^ n the s o -c a l l e d  (Cramér-  
Rao-bound) of  the de te rm ina t io n  of  th e  l o c a t i o n  parameter  f o r



the f a m i l y  f a( x )  i s :

a + 2
a ( a - 1 )ЛГП1П ( 1 0 )

(Hajagos 1985) , the e f f i c i e n c i e s  are e a s i l y  computed f o r  any 
f ( x )  = f a (x )  and к by means o f :

e(Mk ) = --------- Щ ---------- . (11)
a ( a - 1 ) A Z (Mk )

Based on the supermodel f a ( x ) ,  so the q u es t ion  can be 
answered now f o r  which type of  d i s t r i b u t i o n  has the s t a t i s t i c a l  
a l g o r i t h m  de te rm in ing  the most f r e q u e n t  value Mk a maximum 
e f f i c i e n c y  at  a g iven  va lue  of  k. One gets

at к = 1, f o r  the Cauchy,
at к = 2, f o r  the g e o s t a t i s t i c a l , (12)
at к = 3, f o r  the J e f f r e y s

d i s t r i b u t i o n  maximum e f f i c i e n c y ,  i . e .  100 percent  ( e . g .  S t e i n e r  
1990a).  D i s t r i b u t i o n  types which d i f f e r  s i g n i f i c a n t l y  f rom t h a t  
o f  maximum e f f i c i e n c y  have n a t u r a l l y  r a t h e r  lower e f f i c i e n c i e s ,  
bu t  the decrease i s  s lower  than t h a t  of  the a r i t h m e t i c  mean 
de s c r ib e d  by

e(E)  .  ^ j P _ i 0 3 )

i f  one gets f u r t h e r  and f u r t h e r  away from the Gaussian 
d i s t r i b u t i o n .  (The type d i s ta n c e  i s  w i t h  c lose a p p ro x im a t io n  
p r o p o r t i o n a l  to the d i f f e r e n c e s  of  the values p = 1/ ( a — 1 ) f o r  
p a i r s  o f  elements of  the supermodel  f a ( x )  as shown by Hajagos 
and S t e i n e r  1991a.)  Th is robus t  c h a r a c t e r  enables to  use on ly  
the va lues  к = 1, 2 and 3 ( w i t h  the excep t ion  of  very  s p e c i a l  
c a s e s ) .  In order  to i d e n t i f y  the correspond ing d i s t r i b u t i o n  
t y p e s ,  M-j and Mj w i l l  be s u b s t i t u t e d  ( i n  the index)  by Mç, and 
M j , r e s p e c t i v e l y .  In the case o f  the standard va lue  к = 2 no 
index i s  used ( i n  t h i s  p a r t i c u l a r  case the g e o s t a t i s t i c a l
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d i s t r i b u t i o n  has the h ighes t ,  100 p e r c e n t  e f f i c i e n c y  f o r  the 
com pu ta t i on  of  the most f requen t  v a l u e ) .  As the occur rence  
p r o b a b i l i t i e s  o f  the d i s t r i b u t i o n s  in  geosciences are model led 
by the dens i ty  f u n c t i o n

f ( p )  = 16pe (14)

(where s i m i l a r l y  p = l / ( a - l ) ,  S t e i n e r  1990b) the average 
e f f i c i e n c y  ( e x p r e s s in g  a lso  the ro b u s tn e s s )  i s  de f ined by

/oo
ë = J f ( p ) e ( p ) d p  . (15)

0
Having a value of  e = 96 percent  in  the case = M, r e a l l y  the
v a lu e  к = 2 should be used in  the cases when one has no 
i n f o r m a t i o n  about the type of d i s t r i b u t i o n .  The f u n c t i o n  e (p )  
i n  Eq. (15) i s  n a t u r a l l y  the e f f i c i e n c y  e(Mk ) in  Eq. (11)  
o b ta in e d  by the v a lu e s  a = 1+1/p and by AiM^) accord ing to  Eq. 
( 9 )  where s ^ (k £  ) (computed acco rd ing  to  Eq. (8) are ob ta ine d  
w i t h  f ( x )  = f a( x ) ) .

In the case o f  the f a m i l y  f a ( x ) ,  the scale parameter  
S = k£ can a ls o  be obtained d i r e c t l y  accord ing to  the
i t e r a t i o n  p r e s c r i p t i o n

S2 (a+1) S2
S] (S) 
d2 (S) (16 )

th u s  values of  a = 2; 5 and 9 are t o  be used in  Eq. (16 )  i n  
t u r n  f o r  the c om pu ta t ion  of  Mç, M and M j . I f  f ( x )  i s  no e lement 
o f  the supermodel f g ( x ) ,  the s t a t i s t i c a l  procedure us ing Eq. 
(16 )  i s  t h e o r e t i c a l l y  not i d e n t i c a l  w i t h  t h a t  which uses the 
d i h e s i o n  m u l t i p l i e d  by k, in  the p r a c t i c e ,  however, both 
procedures  mean the  same th in g .  Consequen t ly ,  they should  be 
cons ide red  as two v a r i a n t s  of a s t a t i s t i c a l  method r e s u l t i n g  
w i t h  good app ro x im a t io n  in  the same r e s u l t s .

The express ion

V (k£ ) 2
Пе“  " A ,  (k£ ) 2+ ( х г Т ) 2

( 1 7 )



THE P*-NORM 1 5 9

i s  the e f f e c t i v e  number o f  data ( p o i n t s ) ,  as i f  i s  very f a r  
from T w i t h  respec t  of  ( k £  ) ,  then f r a c t i o n s  w i th  the p r a c t i c a l  
va lue  zero belong on ly  to in  the sum of  Eq. ( 1 7 ) ;  and i f  x-̂  
i s  c lose to T, then the value be long ing  to  x^ has a va lue of  
n e a r l y  1. Thus nef f  i s  always less than n: Eq. (17)  e l i m i n a t e s  
the va lues  which do not p lay  a s i g n i f i c a n t  r o l e  in  Eq. (1 )  due 
to t h e i r  low w e igh ts ,  t h e r e f o r e  i t  i s  c o r r e c t  to cons ide r  the 
sum in  Eq. (17)  as the e f f e c t i v e  number o f  data .

2. CONSIDERATIONS ABOUT THE M^-ESTIMATION

The number of  the ope ra t ion s  inc reases  on ly  by j u s t  one i f  
i n  the computa t ion  of  the va lues in  the weight  f u n c t i o n ,  the 
square of  the express ion  in  Eq. (5)  i s  cons ide red  as w e igh t :

f  * ( x - T ) _________1_________
[(k*E  ) 2+ ( x - T ) 2] 2

( 1 8 )

I f  t h i s  weigh t  f u n c t i o n  appears in Eq. (1 )  ins te ad  of  f  ( • ) ,  
then the l o c a t i o n  parameter  T i s  es t im a te d  by M* ( S t e i n e r  
1988b, Appendix I I ) ;  more e x a c t l y  t h a t  means t h a t  in  such a 
case t h a t  value i s  es t ima ted  by the i t e r a t i o n  p res c r ibed  i n  Eq. 
(1)  which i s  unambiguously a t t r i b u t e d  by Eq. (2)  to a g iven  
f ( x ) ,  and in  t h i s  case T i s  s u b s t i t u t e d  in  Eq. (2)  by M* , too .  
As Eq. (18)  i s  an un imodal ,  symmetr ic we igh t  f u n c t i o n ,  t o o ,  M* 
i s  a lso  a l o c a t i o n  parameter  of  a most f requen t  v a lu e -  
c h a r a c t e r .  I f  the c o e f f i c i e n t s  of £ in  Eqs (5)  and (18)  are to  
be d i s t i n g u i s h e d ,  then the f a c t o r  in  Eq. (18)  w i l l  be denoted 
by k * .

The most advantageous value of  к i s  determined again by 
the supermodel  f a ( x ) .  The d e c is io n  i s  made on the bas is  o f  the 
maximum e f f i c i e n c y  of  the p o s s ib le  d i s t r i b u t i o n  types ,  as Eq. 
(134)  in  S t e in e r  (1988b) can be r e w r i t t e n  as

a ( m£)
\ / s 3 ( k £  ) - S 4 ( k £  )

k£ 4S3(k£ ) - 3S2 (k£) ( 1 9 )

and the e f f i c i e n c y  i s  ob ta ined  s imply  f rom the formula
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a + 2
( 2 0 )

a ( a - 1 ) • A2 (M*)

b e in g  analogous w i t h  Eq. ( 11 ) .
Let  us t r y  a t  f i r s t  k* = 1 ; the  curve of  the e f f i c i e n c y  

v s .  a i s  shown i n  F ig .  1. The maximum e f f i c i e n c y  l i e s  at
a = 1 .1 ,  t h i s  type of  d i s t r i b u t i o n  i s  c h a r a c te r i z e d  (a c c o rd in g  
to  Eq. 6) by heavy f l a n k s  and by a s t rong  peak in  the c e n t r e .
Thus t h i s  d i s t r i b u t i o n  can on ly  be used f o r  m o d e l l i n g  r e a l
d i s t r i b u t i o n s  in  e x c e p t i o n a l  cases. I f  r e g i o n a l  p a r t s  of  a 
Bouguer  map are approx imated by a s imp le a n a l y t i c a l  fo rm u la ,  
t h e n  the d e v i a t i o n s  of  the Bouguer anomal ies f rom t h i s

Fig. 1. I f  k* has a small value, the maximum place of the ef f ic iency curve 
l ies far  from the range of the often occurring type of d is t r ibu ­
tions beginning at about a = 2 (the meaning of the type parameter a 
is given by Eq. 6)

e ffic iency (% )  

100 -,

9 0 -

80 a
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ap p ro x im a t i v e  f u n c t i o n  can be in  the range of  the l o c a l  e f f e c t s  
by one order  of  magni tude g r e a te r  than the d e v i a t i o n s  f o r  the 
pure r e g io n a l  p a r t s  o f  the map, and a d i s t r i b u t i o n  w i t h  a 
s t r o n g  c e n t r a l  peak and w i th  heavy f l a n k s  i s  expected f o r  the 
whole map. I t  i s  thus not  s u r p r i s i n g  t h a t  Z i l a h i - S e b e s  (1987) 
r e p o r t e d  best r e s u l t s  e x a c t l y  w i th  k*  = 1 f o r  such a prob lem.

Le t  us r e t u r n  to the genera l  s t a t i s t i c a l  problem: to  f i n d
k * - v a l u e s  which can be used i n  the most cases.

In  order  to use the r e s u l t s  i n  the theory o f  the  M^- 
e s t i m a t i o n s ,  l e t  us compare the d ih e s io n  f a c t o r s  which are 
optimum ones f o r  an f a ( x )  be long ing to  a value of a i n  the  case 
o f  M* and of  M ^ - e s t i m a t i o n s . (These k * -  and k - v a l u e s ,
r e s p e c t i v e l y ,  can be ob ta ined as maximum place  o f  the
e f f i c i e n c y  curve,  i f  the e f f i c i e n c i e s  are computed f o r  a va lue  
o f  a vs.  the co r respond ing  c o e f f i c i e n t ,  or by a s p e c i a l  method 
S t e i n e r  1988a.)

F igu re  2 re p re s e n ts  the curve of  the q u o t i e n t  o f  these

Fig. 2. The optimum value of к in Eq. (5) and of k* in Eq. (18) can be 
determined for  the d is t r ibut ion types having the type parameter a. 
The rat io k*/k is  around \T5 for the pract ical ly occurring types of 
distr ibut ions
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f a c t o r s ,  i . e .  the v a l u e s  k * /k  vs. a. The q u o t i e n t  k * / k  i s  q u i t e  
w e l l  averaged by th e  value \ [T  over  the  whole range, but i t  i s  
even more i m p o r t a n t  t h a t  in the i n t e r v a l  of  the most u s u a l l y  
o c c u r r i n g  а-s ( t h i c k  l i n e )  - and even i n  the J e f f r e y s - i n t e r v a l , 
t o o  - \ f }  i s  a good approx im at ion  of  the  va lues of  the q u o t i e n t
k * / k  (a t  a = 2 t h i s  v a lu e  i s  only by 10 pe rcen t  lower ,  w h i l e  at
a = 5 by 3 p e r c e n t ,  a t  a = 6 by 6 p e r c e n t ,  and at a = 10 by i t  
i s  10 percent h i g h e r ) .

These c o n s i d e r a t i o n s  show t h a t  the  va lue

к* = к v T  (21 )

c h a r a c t e r i z e s  the c o n n e c t i o n  between the  f a c t o r s  к and k* be ing 
opt imum ones f o r  a g i v e n  value of a. T h is  can be expressed a lso 
w i t h  the co r re s p o n d in g  scale parameters ( t h e  l a t t e r  ones be ing 
th e  products of  the d ih e s i o n  wi th the c o r respond ing  f a c t o r s ) :

S* = S V T  . (22)

Be S = 1 (what  can be reached i n  each case by s e l e c t i n g  a
s u i t a b l e  u n i t  f o r  x)  and f o r  sake of  s i m p l i c i t y  the va lue  of  I
be 0. Ihe c o r re s p o n d in g  weight f u n c t i o n s  f  ( .  ) and (Eqs
5 and 18) are ( t a k i n g  i n t o  account Eq. 22) s im p ly :

)° (x)  = ---- Ц- and f * ( x )  = ------Ц —  . (23)
^+ x /  (3 + x V

As any weight f u n c t i o n  m u l t i p l i e d  by a c o n s ta n t  y i e l d s  the same 
e s t i m a t i o n  of the l o c a t i o n  parameter  T accord ing  to Eq. ( 1 ) ,  
t h e  v i s u a l  compar ison should be promoted by ta k in g  9 - t im es  the 
v a l u e  f  * ( x )  o b ta ine d  f rom Eq. (23 ) .  Both we ight  f u n c t i o n s  have 
so a maximum w i t h  the  value 1 . F ig u r e  3 shows the we ight  
f u n c t i o n s ;  the sma l l  d i f f e r e n c e s  between the two curves suggest  
t h a t  and M* do no t  d i f f e r  s i g n i f i c a n t l y .  Since the va lues of  
У3* ( х )  are however i n  the case of g r e a t  x - v a lu e s  s i g n i f i c a n t l y  

l e s s  than those of  th e  .weight f u n c t i o n  ^> (x ) ,  the e s t im a t i o n  M* 
i s  a method f o r  th e  de te rm ina t io n  o f  th e  most f requen t  va lue 
w h ic h  is  much l e s s  s e n s i t i v e  f o r  o u t l i e r s  (Appendix I I  i n

1 6 2
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Fig. 3. There are no big differences between the corresponding weight 
functions f  and f * ;  i t  i s ,  however, clear that the weight 
function f *  defines a much more resistant s ta t i s t i c a l  procedure 
than weight function f  does (see the sections of the curves at 
high x-values)

S t e i n e r  1988b g ives  a more exac t  p r o o f  o f  t h i s  s ta temen t  by IC-  
f u n c t i o n s ) .  Th is  f a c t  shows the impor tance of not on ly  the  M*- 
e s t i m a t i o n ,  but  o f  the i n t r o d u c t i o n  of  the P*-norm, too as a 
g e n e r a l i z a t i o n  (see in  the next  c h a p t e r ) .

I t  has been ment ioned t h a t  ( w i t h  the excep t i on  o f  very 
s p e c i a l  cases) i t  i s  s u f f i c i e n t  to t r e a t  the cases к = 1, 2 and 
3. Consequen t ly ,  in  the case of the M * -e s t im a t io n s  - ac c o rd in g  
to  Eq. (21 )  -  i t  i s  s u f f i c i e n t  to i n t r o d u c e  the va lues  к *  =- \ / з ,  
2-\/з~, 3-\/з~, and i t  i s  expected t h a t  the maximum e f f i c i e n c y  i s  
o b ta ine d  near to the d i s t r i b u t i o n  types

k* = \ f j  
k* = 2 V 3 
k* = 3\/T

Cauchy,
g e o s t a t i s t i c a l , l 
J e f f r e y s

(24)

and t h i s  i s  expressed by the n o t a t i o n s  M* at  k* = \ /T ,  and M* at  
k* = 3-VT  analogous ly  to the M - e s t i m a t i o n s . The s ta nda rd  
c h a r a c t e r  o f  the case k* = 2 \ / з "  i s  emphasized by w r i t i n g  s im p ly
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M * , i . e .  s imply  w i t h o u t  index.
The curves o f  the e f f i c i e n c i e s  determined f o r  the

supermodel  f a ( x )  f rom Eq. (20) (and n a t u r a l l y  from Eq. 19) f o r  
th e  th ree c o e f f i c i e n t s  in Eq. (24 )  are presented on F ig .  4. 
(Неге к i s  used i n s te a d  of k* because here no d i s t i n c t i o n  i s  
made between and M * - e s t i m a t i o n s , and f u r t h e r  -  acco rd ing  to 
the  next  chap te r  -  P* i s  used w i t h  the correspond ing index  
i n s t e a d  of M*, as these curves o f  e f f i c i e n c i e s  are very
i n s t r u c t i v e  not  o n ly  f o r  the c a l c u l a t i o n  of  a s i n g le  T - v a lu e ,  
bu t  a lso f o r  t h a t  o f  severa l  unknowns.)  In the case к = \ fb  the 
l o c a t i o n  of  the maximum, amax i s  by on ly  about 0.2 l e s s  than 
th e  value a = 2 c h a r a c t e r i z i n g  the C a u c h y - d i s t r i b u t i o n , and the 
maximum e f f i c i e n c y  i s  more than 97.57 p e rc en t .  I t  should  be 
remarked about t h i s  value t h a t  an e f f i c i e n c y  of  e x a c t l y

1 6 4

e ff ic ie n c y

Fig. 4. The ef f ic iency vs. type of d is t r ibut ion for  the three values of the 
factor к def ining completely P* (k = 2-\/3 is  considered as standard 
case)
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100 percen t  must not  be expected f o r  the M * -es t im a t ion  and f o r  
the elements of  the f a m i l y  f a( x ) ,  as the  M*-est imate i s  f o r  no 
к va lue  a maximum l i k e l i h o o d  e s t im a te  of  an f a( x ) - t y p e  
d i s t r i b u t i o n .  The good app rox im a t i on  of  the 100 p e rc e n t  
e f f i c i e n c y  in  the s tandard case к = 2 - \ f b  i s  shown i n  the 
en la rged  F ig .  5: the maximum e f f i c i e n c y  i s  99.7 percent  g i v i n g  
a f u r t h e r  p roo f  o f  the a f f i n i t y  o f  the  Мц.- and M * - e s t i m a t i o n s . 
(The va lue  amax = 4.95 i s  f o r  a l l  p r a c t i c a l  a p p l i c a t i o n s  
i d e n t i c a l  w i t h  the value a = 5, c h a r a c t e r i z i n g  the geo- 
s t a t i s t i c a l  d i s t r i b u t i o n ,  thus c o n f i r m i n g  the c e n t r a l  l i n e  of  
Eq. ( 2 4 ) . )  The curve P* i n  F ig .  4 (k  = 3-\/3~) has a maximum at  
a = 10.9 ,  i . e .  in  a d i s tance  from the  O e f f r e y s - d i s t r i b u t i o n  
which i s  -  expressed in  type d is tanc e  -  n e g l i g i b l e .  The maximum 
i s  on ly  by 0.03 percent  less  than 100 percen t .  I t  i s  
c h a r a c t e r i s t i c  f o r  the robustness t h a t  the optimum s t a t i s t i c a l

e ffic ien cy  (% )

Fig. 5. Central zone of the eff iciency curve belonging to P* (magnif ication 
of a part of Fig. 4)
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a l g o r i t h m  f o r  d i s t r i b u t i o n s  s i m i l a r  to the J e f f r e y s ­
d i s t r i b u t i o n  has an e f f i c i e n c y  of  about 75 pe rcen t  f o r  the 
C a u c h y - d i s t r i b u t i o n  ; the optimum f o r  the C a u c h y - d i s t r i b u t i o n  M* 
(k  = \ Í3)  has again  an e f f i c i e n c y  of 78.6 p e r c e n t  at 
d i s t r i b u t i o n s  s i m i l a r  to the J e f f r e y s  one ( the e f f i c i e n c y  i s  
68 .6  percen t  a t  the s t e r i l e  Gaussian d i s t r i b u t i o n ,  a t  the geo- 
s t a t i s t i c a l  d i s t r i b u t i o n  i t  i s  85.2 p e r c e n t ) .

The robus t  c h a r a c te r  of the s tandard  case (к  = 2\/з~ ) can 
be c h a r a c t e r i z e d  by s i m i l a r  v a lues :  the  e f f i c i e n c y  i s  more than 
90 pe rcen t  in  the complete G a u s s - C a u c h y - i n te r v a l , and 98.3 
p e r c e n t  at  the J e f f r e y s - d i s t r i b u t i o n  ( a t  the Gaussian one, 92.2 
p e r c e n t ) ;  a t  a = 3, where the a v e rag ing  has an a s y m p t o t i c a l l y  
ze ro  e f f i c i e n c y  i t  i s  97.3 p e r c e n t ,  e tc .  but  the r obus t  
c h a r a c t e r  can be a lso c h a r a c t e r i z e d  in  t h i s  case by a s i n g l e  
n u m e r i c a l  va lue ,  namely by the average e f f i c i e n c y  e (Eq. 15) 
s i m i l a r l y  to the c h a r a c t e r i z a t i o n  of  the standard case M ( i . e . ,  
Mk f o r  к = 2 ) .  Ihe r e s u l t s  shows t h a t  the average e f f i c i e n c y  i s  
f o r  the s tandard M * -e s t im a t io n  96 p e r c e n t ,  i . e .  j u s t  the same 
v a lu e  as f o r  the s tandard  v a r i a n t  o f  the o r i g i n a l  most f r e q u e n t  
v a lu e  c a l c u l a t i o n .

3. DEFINITION OF THE P*-N0RMS -  COMPARISON WITH THE Pk -N0RMS

Both in  s o l i d  Ear th geophys ics  and in  e x p l o r a t i o n  
geophys ics  responses to open problems are most ly g iven by model 
pa ram eters  which y i e l d  computed va lues  best f i t t i n g  to  the 
measured ones. These model pa rameters  which are accepted as 
most l i k e l y  ones are obta ined by the s o - c a l l e d  inve rse  methods 
( r e c e n t l y  surveyed by Taran to la  1987) .

In  case of in v e rs e  methods i t  i s  ev iden t  t h a t  the degree 
o f  app rox im a t i on  o f  the measured data system by the a c t u a l l y  
c a l c u l a t e d  va lues  i s  judged on the bas is  of an a r b i t r a r i l y  
chosen norm -  a t  l e a s t  i t  seems to  be so f o r  a f i r s t  g la n c e .  
S t e i n e r  (1990a and 1990b) gave the general  Lp-norm o f  the 
d e v i a t i o n s  f o r  n measurement data x^ -  in accordance w i th  
T a r a n t o l a  (1987) -  i n  the f o l l o w i n g  fo rm :

1 6 6
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Lp-norm: í - i  I x i  -  T (in ; y i  ) | P j (25 )

' i  = l

where the c a l c u la t e d  va lues  are ob ta ined  to the p r a c t i c a l l y  
a c c u r a t e l y  ( e r r o r f r e e )  known y^ v e c to r s  by an a n a l y t i c a l l y  a 
p r i o r i  known f u n c t i o n  T to  the g iven  model parameter  va lues  
m = m0 , m-| , m2 , . . .  m^, . . .  m j  0 . The d e v i a t i o n s  of the measured

data from these c a l c u l a t e d  ones are denoted by c a p i t a l  
l e t t e r s  , i  . e . :

x i  = x i  - T( iïi; ÿ i ) . (26)

THE P*-NORM 1 6 7

By means of  Eq. (26)  the Lp-norm i s  s im p ly :

/ .  " J  /Р

Lp : 1 ! X i l P (27)

where the two best  known cases be long to p = 

n

1 and to p = 2 :

И  :

and

\

A 2 .
i  = 1

Г  ?

1 x i l (28)

L 2 :
\

Г  к
x i  • (29)

The norms judge the d e v i a t i o n s  i n  respec t  of t h e i r  t o t a l i t y  as 
b ig  or  s m a l l ,  and i f  some k ind  of  norm has been chosen,  then 
the r e s u l t  of the i n v e r s i o n  i s  the p a r a m e t e r - v e c t o r , f o r  which 
the chosen norm of  the d e v i a t i o n s  has a minimum.

The by f a r  most usua l  method in  i n v e r s io n  i s  the 
m i n im iz in g  of  the L2 -norm,  i . e .  the method of  the l e a s t  
squa res.  The g i s t  and at  the same t ime the l i m i t a t i o n  and 
dangers of  t h i s  choice  are i l l u s t r a t e d  by q u o t a t i o n s  from
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T a ran to la  (1 9 8 7 ) :  „Leas t  squares are so popular  f o r  s o l v i n g
in v e rs e  problems because they lead to  the  e a s ie s t  computa t i ons .  
T h e i r  . . .  drawback i s  . . .  t h e i r  s t r o n g  s e n s i t i v i t y  to  a smal l  
number of l a r g e  e r r o r s  ( o u t l i e r s )  i n  a data se t "  (p .  187) ,  
" . . .  l e a s t - s q u a r e s  theory i s  j u s t i f i e d  on ly when data 
u n c e r t a i n t i e s  . . .  can be desc r ibed  us ing  Gaussian s t a t i s t i c s "  
( p .  410) . By choos ing  the p r e s e n t l y  much les s  usual  L^-norm f o r  
m in im iz a t i o n  one o b ta in s  a r e s i s t a n t  ( u n s e n s i t i v e  f o r  a smal l  
number of o u t l i e r s )  i n v e r s io n  method which i s  an optimum in  the 
case of Lap lace e r r o r  d i s t r i b u t i o n s .  In  the most s imp le case, 
i f  T = c o n s t . ,  the  minimum of  the L-j-norm i s  at  the sample 
median, and t h a t  o f  the L2 -norm i s  a t  the a r i t h m e t i c  mean of  
the  sample e lem en ts .

i n t r o d u c e dI f  the 
d e f i n i t i o n  :

P b - n o r m i s

П /  V  \  2  1

<

i = 1

1 + й , >

w i th  the f o l l o w i n g  

2n

(30)

where £ 
equa t i on

i s  the d ihes ion  of the d e v i a t i o n s X^ , i . e . the

I. , ( £2 + X2 ) 21 = 1 ______ l

V  1
2 ,  ( с 2. ф г

( З П

i s  f u l f i l l e d  (compare Eq. 3 ) ,  then i n  the s im p les t  T = cons t ,  
case the minimum o f  the P^-norm vs.  T (under  the c o n d i t i o n  Eq. 
31) i s  to be found  exac t l y  as the d e t e r m in a t i o n  of  the most 
f r e q u e n t  value i s  made.

This f a c t  i s  proven  as f o l l o w s :
1 . the express ion i s  m u l t i p l i e d  by k,
2. (k£ )  is  i n c lu d e d  i n t o  the p roduc t  by m u l t i p l y i n g  each f a c t o r  

by ( k £ ) 2 ,
3. the ( 2 n ) - t h  power o f  the express ion  i s  c a l c u l a t e d ,
4. the express ion i s  logar i thmed .
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The express ion
nY_ [ i n ( к £ ) 2 + X? ]  ( 3 2 )

i  = 1
ob ta ine d  so has o b v io u s ly  i t s  minimum at  the same p lace  where 
the P^-norm has (see Eq. 30) ,  as i n  the t r a n s f o r m a t i o n s  no 
s teps  occur  which would i n f l u e n c e  the minimum p lace :  Equat ion 
(32)  i s  t h e r e f o r e  from the p o i n t  o f  view of  the l o c a t i o n  of  the 
minimum e q u i v a le n t  w i t h  the P^-norm g iven  by Eq. ( 3 0 ) .  So f a r  

was used in  a most genera l  sense accord ing  to Eq. ( 2 6 ) .  By 
us ing  now

x i  = x i  '  T

as supposed o r i g i n a l l y ,  when the s ta temen t  about has been 
co ns ide red  - the minimum a f t e r  T of  Eq. (32)  f o l l o w s  from the 
zero va lue of the d e r i v a t e  a f t e r  T of

f  I n  [ ( k £  ) 2 + ( Х : - Т ) 2 ]  
i  = l

i . e .  f rom the equa t i on :

z
i  = 1

X.  -T l
( k £  )

T = 0
( x i - T ) '

which i s  a f t e r  some rearrangement
n  X

X  (kE ) 2 +
T = --------------------

( x i - T ) i

i l l (kE )T
1

( x i - T ) 1

(33 )

(34 )

(35)

And t h i s  i s  in  f a c t  Eq. (1 )  d e f i n i n g  the most f r e q u e n t  va lue  
w i t h  the weight  f u n c t i o n  of Eq. ( 5 ) .

An exp ress ion can a lso be e a s i l y  g iven  which leads  i n  the 
case T = cons t .  s i m i l a r l y  ( i . e . ,  de te rm in ing  of  the minimum 
p la c e )  to Eq. (1)  w i t h  the we ight  f u n c t i o n  of  Eq. ( 1 8 ) ,  i . e .  to  
the M * - e s t i m a t i o n :
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2 £ ( к / 3  + 1 )

i= 1

4
( k £ ) 2 + X2

( 3 6 )

The cons tan t  o f  the j u s t  i n t r o d u c e d  P*-norm seems at  f i r s t  
t o  be s u p e r f l u o u s l y  compl icated  but  not  on ly  the minimum place  
has s i g n i f i c a n c e  ( y i e l d i n g  the s o l u t i o n  of  the in v e rs e  
p ro b le m ) ,  but t h e i r  minimum value  t o o ,  which i s  cons idered  as 
an e r r o r  c h a r a c t e r i s t i c s .

Hajagos and S t e i n e r  (1991b) show in  d e t a i l  how the va lues  
o f  the minimum of  Eq. (36)  c h a r a c t e r i z e  the u n c e r t a i n t y  in  the 
system of the d e v i a t i o n s .

The sum in  Eq. (36)  can be w r i t t e n  as

n
X (kE ) '  

~Ti = l  (k E ) +X|

i . e .  (by t a k in g  Eq. 17 a lso  i n t o  acoun t)  as

(37)

n - ne f f  . (37a)

That  means t h a t  by m in im iz ing  the P*-norm,  the e f f e c t i v e  data 
number accord ing  to  Eq. (17)  i s  maximized. I f  now T = c o n s t ,  
then the maximum p lace  of the ex p ress ion

ne f f  _ Г  1
(k  £ ) 2 X  (kE ) 2 + ( x r T ) 2

(38)

c ou ld
P*-norm

also be looked f o r  in s te a d  of  the minimum place  of  the 
; here the d e r i v a t e  of  the sum i s  zero:  

n X. -  I
o (39)

\ í  \y Q \  , Г w  1 ^I [ ( kE  ) 2 + ( x r T ) 2]

a f t e r  rearrangement  one gets :
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(40 )

and t h i s  i s  Eq. (1)  w r i t t e n  w i t h  the weight  f u n c t i o n  o f  Eq. 
(18)  y i e l d i n g  r e a l l y  T = M*.

The proposed values к = 1, 2 and 3 f o r  the most f r e q u e n t  
va lues correspond to M and M j , i t  i s  t h e r e f o r e  
advantageous to use the same i n d i c e s  f o r  the P^-norm f o r  these  
к - v a l u e s ,  i . e .  Pq , P and Pj ,  r e f e r r i n g  to  the case к = 2 as to 
the s tandard  one (where no index  i s  w r i t t e n )  and to  the 
p re fe renc e  of  the Cauchy- and J e f f r e y s - d i s t r i b u t i o n s  at  к = 1, 
and at  к = 3, r e s p e c t i v e l y .  S i m i l a r l y ,  the P* norm 
co r respond ing  to к = 2-\fb ( con s id e re d  again as a s tandard  one) 
i s  denoted s im ply  by P*, and those p r e f e r r i n g  the Cauchy- and 
J e f f r e y s - d i s t r i b u t i o n s  at к = \fb and к = З-'/з" by P* and P*, 
r e s p e c t i v e l y .  I t  i s  adv isab le  to  summarize these in  a t a b l e  
(Tab le  I I )  where the i n t e g r a l  forms of the norms are a ls o  
g i v e n ,  being v a l i d  i f  not on ly  a sample wi th  n e lements i s  
known from X, but i t s  d e n s i t y  f u n c t i o n ,  f ( X ) ,  too.  (E-s are the 
d ihes ion s  of  the d e v ia t i o n s  X^ which f u l f i l  Eq. 31 . )  In  the 
case o f  T = const  the r e l a t i v e  e f f i c i e n c y  of  the s tandard cases 
was 96 percent  both f o r  P* and f o r  the P-norm (see in  the  Table 
I I  the c e n t r a l  column r e f e r r i n g  t o  the standard case) .  I f  one 
has no p r e l i m i n a r y  i n f o r m a t i o n  about the type o f  the 
d i s t r i b u t i o n ,  the a c tu a l  decrease of  the e f f i c i e n c y  i s  
g e n e r a l l y  very s l i g h t  using the P- or  the P*-norm.

The sca le parameter  S = k£ can be d i r e c t l y  ob ta ined  f o r  a 
d i s t r i b u t i o n  f g ( x )  w i th  a known a immediate ly  from Eq. ( 1 6 ) .  
A l t e r n a t i v e l y  the sum-equiva lent  o f  Eq. ( 1 6 ) ,

can be cons ide red as a p r e s c r i p t i o n  f o r  i t e r a t i o n ,  namely us ing

S2 = (a + 1 ) (41 )



T a b l e  I I . Г-0

Cauchy G e o s ta t is t ic a l J e f f r e y s

n l l_
2n 2n

P^-norm

pc=e i II D+( V E ) I
• i=1

{ со
1  I  In  Q +(X /£  ) 2 ]  f(X)dX

-C O

P =£• 0 + ( X . / 2 £  Г ]
2 ilTn

PJ = E'
i= l

D+(X±/3£ )2 ]
i=l

2 Ш

P = £■ exp
r CD

\  I In  0 + ( X / 2 £  ) 2 ] f ( X ) d X  Pj  = £■ exp 1  j In  0 + ( X / 3 E  ) 2 ] f ( X ) d X j

n x 2

p* = 4E_.V i
C П 171 3 £ 2+X2

P, -norm

n y 2 
1 0 £ Г  l

n A j  12 £ 2+X2

П X2px 20 £ Г  __ j_
 ̂ п l —  ?7 Г 2

i=l 27C +XÍ

P? = 4£ ( ----- f(X)dX
L J 3 £ +X2

P* = 10 £ • I -------«— -  f  (X)dX
12 £ +X

PY = 20£■ --------í — гг f (X )dX
-c i  27 £ +X2

В HAJAGOS and F 
STEINER
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f o r pc and fo r p ЭК
pc - a = 2

f o r p and f o r p * , a = 3
f o r p ж

r J and f o r p 3K a = 9

( t o  o b t a in  as r e s u l t s  S2 = E2 , S2 = (2£  ) 2 , and S2 = ( 3 £ ) 2 , 
r e s p e c t i v e l y ) .  Th is  express ions  w i l l  appear in  f  d i r e c t l y ,  in  
f *  m u l t i p l i e d  by 3. (Th is  s o l u t i o n  has been mentioned a t  the 

end of Chapter  1, as a v a r i a n t  o f  the  computa t ion of the most 
f r e q u e n t  v a l u e . )  In  such a case the P-norms are used i n  the 
forms

const. □  ♦ (X ^S )2]
i=1

1
2 ÏÏ

and const. ~  lnCl+(X/S)2Ilf (X)dx (42)

r e s p e c t i v e l y ,  f o r  the search of the minimum place ,  the P*-norms 
in  the form

п Xz ,co 2

c o n s t .  \  — and c o n s t .  — ----» f (X )d x  (43)
i  = l 3S +x i  ^

r e s p e c t i v e l y .
A compar ison of  P*-norms f o r  g iven  data sets i s  most 

s imple w i th  the co r respond ing  P^-norms from the p o in t  o f  v iew 
of  the s o l u t i o n  of  the inverse  problem i f  we cons ider  the sum- 
e q u i v a l e n t s  o f  the l a t t e r s  g iven i n  Eqs (32) and ( 3 3 ) .  An 
e x c e l l e n t  f e a t u r e  of  the P*-norm i s  t h a t  an o u t l i e r  be a t  any 
g rea t  d i s t a n c e ,  the term co r respond ing  to  the ac tua l  X^ tends 
to a f i n i t e  v a lu e ,  namely to u n i t y ,  w h i l e  the c o r respond ing  
term in  Eq. (33)  inc reases  w i th  the inc rease  of the d i s t a n c e  
above a l l  l i m i t s  w i t h o u t  l i m i t s ,  too  - the inc rease  i s ,  
however, s lower  and s lower  (as f o l l o w s  from the c h a r a c t e r  o f  
the l o g a r i t h m i c  f u n c t i o n ) .  (Th is  f a c t  e x p la in s  the ment ioned 
h ighe r  r e s i s t a n c e  of  the M * -e s t im a t i o n  i n  comparison w i t h  the 
M ^ - e s t i m a t i o n . )  The " inc rease  w i t h o u t  l i m i t s "  in connec t io n  
w i th  the P^-norm r e s u l t s  f o r  g iven  d e v i a t i o n  values by f a r  
s m a l le r  a d d i t i v e  terms in  the case of  f a r  away o u t l i e r s  than in  
the case of the L^-norm w i th  l i n e a r  i nc reas e  (see Eq. 28) not  
men t i on ing  the sum in  the L2 -norm (Eq.  29 ) ,  where the a d d i t i v e  
terms inc rease  p a r a b o l i c a l l y , in  an even inc reas ing  r a t e  f o r
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o u t l i e r s  in  g r e a t e r  and g r e a te r  d i s t a n c e s ,  i . e . ,  a s i n g l e  va lue  
g e t s  a more and more d e t e r m i n i s t i c  r o l e  in  the sum o f  th e  1 2 - 
norm what r e s u l t s  i n  the ment ioned harmfu l  s e n s i t i v i t y  o f  the 
1- 2 -norm f o r  o u t l i e r s .

From the p o i n t  o f  view of  r e s i s t a n c e  and robus tness  the 
P^-  and P*-norms d i f f e r  s i g n i f i c a n t l y  from the l_2 -norm. What 
the  o f t e n  ment ioned com p u ta t io n a l  advantages of  the l_2 -norm 
c on c e rn s ,  however -  they are v a l i d  in  an im por ta n t  p o i n t  of 
v iew  as f a r  in  the m in im iz a t i o n  of  the P*- and P*- no rm s , as in  
t h a t  o f  the L^-norm in  the most f r e q u e n t  by o c c u r r in g  p r a c t i c a l  
a p p l i c a t i o n s .

This  p r a c t i c a l  case i s  when the f u n c t i o n  T(m;y)  i s  i n  the 
pa ramete rs  l i n e a r ,  i . e .

T ( m ; у ) = т 0+п)] • T -j ( ÿ )  + . . . +m j  . T j ( ÿ ) + . . . m j 0 . T j 0 ( ÿ )  (44)

when T j - s  are a r b i t r a r y ,  but a p r i o r i  known f u n c t i o n s .  I n  such 
a case the d e r i v a t i o n  of  the l_2 -norm y i e l d s  a f t e r  a l l  unknown 
m j - s  a simple l i n e a r  a l g e b r a i c  system of e q u a t i o n s ,  the 
d e r i v a t i o n  of the Рц- and PÍ -norms a system of e qua t io ns  which 
i s  a l s o  l i n e a r  but weighted w i th

r e s p e c t i v e l y .  The weigh ts  depend th rough on the parameter  
v e c t o r  in - and t h e r e f o r e  the system of  equat ions can be on ly 
s o l v e d  i t e r a t i v e l y  (a d e t a i l e d  d e s c r i p t i o n  and e x p l a n a t i o n  i s  
g i v e n  by S te in e r  (1 9 В8b at pp . 167 and 1 74-1 75 ) about the  Pg- 
norm and about a g iven  f u n c t i o n  T ( m ,y ) ;  about the P^-norm see 
S t e i n e r  1 988d ) .  I t  i s  ev iden t  t h a t  even an i t e r a t i v e  s o l u t i o n  
o f  an a lg e b r a i c  system of e q u a t io n s  i s  much s im p le r  than the 
se a rc h  f o r  the minimum place  in  the case of many v a r i a b l e s .  The 
L- j -norm does not  possess t h i s  common p e c u l i a r i t y  o f  the  L 2 - 5 
P^-  and P*-norms. On the o the r  hand any norm, even the l_2 -norm

(45)

and

(46)



leads to a m any -va r iab le  genera l  minimum problem i f  T(m;y)  does 
not possess the form g iven  in  Eq. ( 4 4 ) ,  or  i t  cannot be b rough t  
to such a form,  r e s p e c t i v e l y .  In o the r  words,  the c om pu ta t ion a l  
advantages of  the I-2 - ,  P^- and P*-norms are near ly  the same, 
the i t e r a t i o n  in  the Рц.- and P*-norms i s  in  each step the same 
as a weighted l e a s t  squares c om pu ta t i on ;  the weights come in  
the case of  the P^-norm from Eq. ( 4 5 ) ,  in  the case of  the P*- 
norm from Eq. ( 4 6 ) .

4. THE PERMISSIBLE RATIO OF OUTLIERS IN COMPUTATIONS ACCORDING 
TO THE P- AND P*-N0RMS

The p o i n t  o f  view of  r e s i s t a n c e  has been mentioned a l re a d y  
s eve ra l  t im es .  I t  i s  j u s t i f i e d  q u e s t io n  now t h a t  us ing
d i f f e r e n t  к -s  and co rrespond ing  a-s  -  what amount o f  o u t l i e r s  
i s  p e r m is s ib le  in  the measured data se t  w i t h o u t  any i n f l u e n c e  
of  the f i n a l  r e s u l t .  The answer i s  g iven  f o r  two im p o r t a n t  
cases -  and the r e s u l t s  w i l l  he lp  us in  the gene ra l
o r i e n t a t i o n ,  too .

4.1 The case of  a r b i t r a r i l y  d isp e rs e d  o u t l i e r s

In one of  the p o s s ib le  cases o u t l i e r s  are d i spersed i n  a l l  
p o s s ib le  p o s i t i o n s  w i t h o u t  c o n c e n t r a t i n g  in  a d e n s i t y  
comparable to the c o n c e n t r a t i o n  (around T) o f  the r e g u l a r l y
appear ing data ( i . e . ,  of the data w i t h o u t  b lu n d e rs ) .  Th is case 
i s  d e a l t  w i t h  in  many d e t a i l s  by S t e i n e r  (1988a) w i t h  the
r e s u l t  t h a t  in  the case of the v a r i a n t  using Eq. (41 )  the 
maximum q u a n t i t y  of  p e r m is s ib le  o u t l i e r s  i s  to  be computed from

1 -------------
(a + 1 )

( a+1 ) 2____
^ + 4 ( a + 2 )

(47)

meaning t h a t  i n  the case of a —» 1 , t h e i r  p r o p o r t i o n  may 
approx imate even 75 p e rc e n t .  More i n t e r e s t i n g  f o r  the p resen t  
s tudy are the cases a = 2; 5 and 9:
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c [ 1П
the case o f Pc and n Жpc max . 1 6 / 2 5 = 64 p e r c e n t ,

.2 ro<; i n the case o f P and p Ж max . 7 / 1 6 = 43 .7 5  p e r c e n t
CD [ i n the case o f P j and p Ж

Pj max . 4 4 / 1 4 4 = 30 .5 6  p e r c e n t

a r b i t r a r i l y  d ispe rsed  o u t l i e r s  are p e rm i t t e d .  There are no 
d i f f e r e n c e s  from the  p o i n t  of  view of  the p e r m is s ib le  o u t l i e r s  
betwen and P*, as accord ing  to  S t e i n e r  (1988a) t h i s  maximum 
depends only on the va lue  of a used i n  the d e te r m in a t i o n  o f  the 
s c a l e  parameter ac c o rd in g  to Eq. ( 4 1 ) .  As in  the d e t e r m in a t i o n s  
o f  the  d ihes ion  a = 2, i n  a l l  the norms P^ and P* w i t h  к = 1 ; 2 
and 3 and w i th  к *  =V3~; 2V3_ and 3\/3~, r e s p e c t i v e l y ,  the maximum 
r a t i o  of p e r m is s ib le  o u t l i e r s  i s  i n  a l l  these cases 64 p e rc e n t .  
Tha t  means t h a t  u s in g  the к - v a r i a n t  o f  the P and P* -norms,  the 
maximum p e r m is s ib le  r a t i o  of  o u t l i e r s  i s  64 p e r c e n t ,  in  
c o n t r a s t  to the a - v a r i a n t  where t h i s  r a t i o  changes w i t h  the 
v a l u e  of a.

I f  a —»со, in  the l i m i t i n g  case the m in im iz a t i o n  of  the P- 
and P*-norms i s  i d e n t i c a l  w i t h  the m in im iz a t i o n  a c c o rd ing  to 
the  l-2 -norm (as f g ( x )  converges to  the Gaussian d e n s i t y  
f u n c t i o n ) ,  see the summar izing t a b l e s  in  S t e in e r  1990a and 
1 990b (where к —-со , but  t h i s  i s  a consequence of  a - ^ c o  ) .  This 
f a c t  i s ,  however,  shown by the p resen t  paper ,  t o o :  by 
m u l t i p l y i n g  the w e igh ts  in  Eq. (45 )  by the ( c o n s t a n t )  (k£ ) ^ ,  
and those in  Eq. (46 )  by the ( s i m i l a r l y  cons tan t )  ( k £  ) 4 , the 
cases Ÿ =1 and f  *  =1 зге more and more approx imated by 
i n c r e a s i n g  the v a lue  of  k. I h i s  i s  e q u i v a le n t  w i t h  the  use of 
t h e  l-2 -norm. In such a case Eq. (47) y i e l d s  0 p e rc e n t  of 
p e r m i s s i b l e  o u t l i e r s *  i . e .  no o u t l i e r s  are pe rm i t te d  i n  the 1 2 - 
norm w i th ou t  an a c c i d e n t a l  c a t a s t r o p h i c  d e t e r i o r a t i o n  of  the 
r e s u l t s  (remember t h a t  in  the p res en t  case the o u t l i e r  can l i e  
r e a l l y  anywhere).  Using the a - v a r i a n t  of Pj or  P*,  the 
p e r m i s s i b l e  r a te  o f  d ispe rsed  o u t l i e r s  i s  r a t h e r  h i g h ,  30 
p e r c e n t  and the e f f i c i e n c y  remains at  the Gaussian d i s t r i b u t i o n  
c l o s e  to the 100 p e r c e n t  (e = 97.5 p e r c e n t ) .  I h a t  means t h a t  i f  
i n  a p r a c t i c a l  case the Gaussian d i s t r i b u t i o n  can be accepted 
w i t h  c e r t a i n t y ,  even in  t h a t  case the m in im iz a t i o n  o f  the P j -  
o r  o f  the P*-norm i s  to be recommended. ( I t  i s  r e p e a t e d l y



THE P*-NORM 1 7 7

emphasized in  connec t i on  w i t h  the l a t t e r  t h a t  in  the v a r i a n t s  
us ing  к - t im e s  the d ihes ion s  the va lue  a = 2 i s  used in  each 
case, the p e r m i s s i b l e  r a t i o  of  the a r b i t r a r i l y  d i spersed  
o u t l i e r s  i s  64 pe rcen t  us ing  the m i n i m i z a t i o n  of  the P-, P j - ,  
P*-  and Pj -no rms.

4.2 Concentrated o u t l i e r s

I t  i s  e v id e n t  t h a t  o u t l i e r s  l y i n g  c oncen tr a te d  may modi fy  
a l ready  in  a lower  r a t i o  the l o c a t i o n  of  the minimum of  the 
d i f f e r e n t  norms, i . e .  the r e s u l t  of  the i n v e r s i o n .

In Ha jagos 's  (1988) ex t reme ly  s i m p l i f i e d  model the 
d i s t r i b u t i o n  of  the data w i th o u t  b lunde r  i s  c h a r a c te r i z e d  by a 
D i r a c -  S' in  T w i t h  a len g th  of  the ar row ( 1 - b ) ,  where b i s  the 
r a t i o  o f  the o u t l i e r s .  O u t l i e r s  are now supposed to appear 
c o n c e n t ra te d ,  i . e .  t h e i r  d i s t r i b u t i o n  i s  c h a r a c te r i z e d  by a 
D i r a c -  S of the va lue b in  a p o i n t  d i f f e r r i n g  from T. I t  i s  
i n s i g n i f i c a n t  f rom the p o i n t  o f  v iew of  the r a t i o  of  the 
p e r m i s s i b l e  o u t l i e r s ,  in  which p o i n t  t h i s  D i r a c -  S i s  
( n a t u r a l l y ,  t h i s  p o i n t  d i f f e r s  f rom T ) ,  thus l e t  us c ons ide r  
the case when t h i s  ar row of  the l e n g th  b i s  a t  the p o i n t  ( T + l ) .

I t  i s  e a s i l y  proven t h a t  a r a t i o  o f  50 percen t  o u t l i e r s  
(b = 0 .5 )  i s  not  p e r m i t t e d  in  such a case: i n  t h i s  s p e c ia l  case 
of  the sy mmetr i ca l  U - d i s t r i b u t i o n  both and M* y i e l d  the 
va lue  (T+0 .5)  f o r  any value of  k.

I f  b i s  decreased c o n t i n u o u s l y  from 0.5 then t i l l  a 
c e r t a i n  value of  b the most f r e q u e n t  va lue  s h i f t s  c o n t i n u o u s l y  
from t h i s  p o s i t i o n  neare r  and neare r  to  T; t h i s  s h i f t  from the 
va lue  (T+0 .5)  i s  denoted by t ,  co r respond ing  to a c e r t a i n  va lue  
of  b. Thus the most f r e q u e n t  va lue  i s  at  a d is tanc e  from the 
D i r a c -  S' in  T w i t h  the value (1 -b )  o f  ( 0 . 5 - t ) ,  from the D i r a c ­
s’ a t  ( T + l )  w i t h  the value b of ( 0 . 5 + t ) .  These va lues appear in  
the f o l l o w i n g  equa t i ons  which re p r e s e n t  the s u b s t i t u t i o n  i n t o  
the i n t e g r a l  forms of  the c o n d i t i o n  equa t i on  of  the l o c a t i o n  
parameter  and of  the sca le  parameter  (Eqs 2, 4, 16) o f  t h i s  
f ( x )  c o n s i s t i n g  of  two D i r a c -  S - s.  These equat ions do not  
c o n t a in  i n t e g r a l s  due to the known s e l e c t i o n  c h a r a c t e r i s t i c s  of
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t h e  D i r a c -  £T- s :

r-. _ . ?
0 . 5 - t

( a , . ) ;  ( ° . i - t ) ; S 2 . ( , . b) ,  (■ ■ } )■
[ s  + ( 0 . 5 - t r ] Z Cs^ + (0 .5  + t ) ^ ] 2

0- (49)

These two equa t io ns  enable the i n v e s t i g a t i o n  of  both forms 
o f  the  most f r e q u e n t  va lue  in  both v a r i a n t s  t a k in g  i n t o  account  
th e  f o l l o w i n g :
a) q = 1 at , q = 2 at  M* ;
b) i f  a i s  f i x e d  (as an a r b i t r a r y  value g r e a te r  than 1 or 

acco rd ing  to the p re s e n t  conven t i on  as 2, 5 or 9 ) ,  then an S 
f u l f i l l i n g  Eq. (49)  has a f a c t o r  i n  Eq. (48)  к = 1 f o r  the 
M -es t im a t ions  and к = V T  f o r  the M * - e s t i m a t i o n s ;

c)  i f  a has the f i x e d  va lue  2 i n  Eq. ( 4 9 ) ,  then S f u l f i l l i n g  
Eq. (49) i s  equa l  w i t h  the d ih e s io n  £ which may be 
m u l t i p l i e d  w i th  an a r b i t r a r y  к (acco rd ing  to the conven t i ons  
i n  t h i s  paper ,  we p r e f e r  к = 1 , 2 and 3 at and к = VT, 
2-VT,  and Ъ-\]Т at  M*) .

At the beg inn ing  of  the computa t ions one has to  dec ide 
abou t  the ques t i on  which of  the e s t im a t i o n s  M or i s  to  be 
checked ,  the va lues q are thus known. The p a i r  ( a , k )  i s  a lso
g i v e n ,  as e i t h e r  a i s  a r b i t r a r y  (b u t  g re a te r  than 1) and the
co r re s p o n d in g  va lues  are к = 1 and VT,  r e s p e c t i v e l y ,  depending 
on the value of q (1 or  2 ) ,  -  or a = 2, accompanied by a value
o f  к g rea te r  than 0. The t r i p l e t  (q ,  a, k) de f i nes  the type of
th e  e s t im a t i o n  used, and the va lue  of  b de f i nes  the asymmetry 
o f  the  J - d i s t r i b u t i o n  ( i . e .  o f  the "skew U - d i s t r i b u t i o n " ) which 
s h o u ld  be used f o r  t e s t i n g  the e s t i m a t i o n .  I f  b i s  not  le ss  
th a n  a c r i t i c a l  va lue  then Eqs (48)  and (49)  can be so lved  f o r  
t  and S.

Below the ment ioned c r i t i c a l  b va lue ,  the most f r e q u e n t  
v a l u e  i s  at T, i . e .  the computat ion of  the most f r e q u e n t  va lue  
i s  no t  i n f l uenc e d  by the concen t ra te d  o u t l i e r s  i n  a r a t i o  b. 
From t h i s  p o in t  of v iew ,  a maximum r a t i o  b can be found f o r  any
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t r i p l e t  (q,  a, k) a t  which the c o n c e n t ra te d  o u t l i e r s  may appear 
w i t h o u t  i n f l u e n c i n g  the r e s u l t  o f  the computa t ion .  I t  i s  a 
secondary ques t ion  t h a t  t h i s  r a t i o  c a l l e d  OUT (and g iven  i n  
p e r c e n t )  i s  determined a n a l y t i c a l l y  f rom Eqs (48)  and (49 )  (as 
made by Hajagos 1988) or w i th  a program using e x c l u s i v e l y  
com pu ta t ion a l  t e c h n i c s .

The OUT-values are presented f o r  the к - v a r i a n t s  o f  the P- 
and P*-norms f o r  the f u l l  range к í  1 vs .  1/ к  in  F ig .  6. F igu re  
7 shows the OUT-curves f o r  the a - v a r i a n t  vs. 1/ ( a — 1) f o r  the

Fig. 6. The maximum permissible ra t io of ou t l ie rs ,  OUT, for the s t a t i s t i c a l  
methods based on the P- and P*-norms (k-var iant )
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Fig. 7. The maximum permissible ra t i o  of ou t l ie rs ,  OUT, for the s t a t i s t i c a l  
methods based on the P- and P*-norms (a-variant)

f u l l  range a > 2. (The reader  should  remember t h a t  a d e f in e s  
he re  the s t a t i s t i c a l  p rocedu re ,  and not the type  of
d i s t r i b u t i o n ,  as e . g .  i n  F igs 4 and 5 . )

In s p i t e  o f  the f a c t  t h a t  these f i g u r e s  g i ve a complete 
p i c t u r e ,  we g ive in  the f o l l o w i n g  the exact  OUT-values f o r  both 
v a r i a n t s  of the Pq , P, Pj and P * , P * , P* norms, too .



V a r ia n t Percents

1 p c : 41. 10 P: 31. 05 P j :  25.49

l  p c : 39.83

1 Pc :
41. 10

1 p c : 39.83

These numer i ca l  va lues (and F igs  6 and 7) show t h a t
a) t he re  are no g rea t  d i f f e r e n c e s  between the OUT-values f o r  

the k-  and a - v a r i a n t s  of  the P-and P*-norms ( i n  the case of  
Pq and P * , t he re  are no d i f f e r e n c e s  at a l l  between the 
v a r i a n t s )  ;

b) the OUT-values f o r  P* are everywhere le ss  than the 
co r respond ing  va lues f o r  P, be ing in  connec t ion w i t h  the 
p r o p e r t y  of the P*-norms ment ioned i n  Chapter  3, namely t h a t  
i t  maximizes the e f f e c t i v e  number o f  p o i n t s  (n ef f ) ;

c) as the values appear ing f o r  the P-norms do no t  d i f f e r  
s i g n i f i c a n t l y  from t h a t  of  the P*-norms which maximize the 
va lue  ne f f>  i t  seems t h a t  the m ax im iza t i on  of  the e f f e c t i v e  
p o i n t  number i s  r e a l i z e d  in  good approx imat i on  by the 
m i n i m i z a t i o n  of  the P-norms.
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The most widely used measure of uncertainty of data sets from measure­
ments is  the minimum m value of the l^-norm, i .e .  the standard deviat ion or 
scatter ( 6  ) . This choice is  motivated by the extensive use of the l^-norm 
in inversion problems. I f  the quickly spreading Ц-погт is  used, however, 
the adequate measure of the uncertainty is  the mean deviation denoted by d.

In the last years successful experiments have been made for  the appl i ­
cation of the P-norm in inversions. Most recently, a resistant var iant  of 
the P-norm, the so-called P*-norm has also been defined. The present paper 
gives the formulas for  the uncertainty measures U- and U* as belonging to 
both mentioned cases, i . e .  to the P- and P*-norms, further the numerical 
values are also given for  a wide range of error distr ibut ions in a super- 
model. Comparison of numerical values shows that U and U* approximate in a 
wide range of types an interquant i le range corresponding to the same 
probabi l i ty  values as is approximated by £" in a narrow range around the 
Gaussian d is tr ibut ion.

Keywords: asymptotic variance; in terquar t i le  range; in te rsex t i le  
range; inversion; norm; uncertainty

1 . INTRODUCTION

The nea r ly  e x c lu s i v e  use of  the Gaussian d i s t r i b u t i o n  as 
e r r o r  d i s t r i b u t i o n  type i s  m o t iva ted  by the h i s t o r y  o f  sc ience 
as w e l l  as by i t s  com pu ta t ion a l  advantages (see the t a b l e  w i th  
t ime sca le by S te in e r  1988) .  I f  a l l  e r r o r  d i s t r i b u t i o n s  could 
be accepted as Gaussian ones w i t h o u t  o u t l i e r s ,  then not  on ly  
the whole of  robus t  s t a t i s t i c s  would be supe r f luou s  ( e . g .  Huber 
1981) but a lso  F i s h e r ' s  maximum l i k e l i h o o d  p r i n c i p l e  would not 
be g e n e r a l l y  usab le :  i n  such a case i t  would on ly  se rve  as a
p o s s i b l e  t h e o r e t i c a l  bas is  of  t r a d i t i o n a l  s t a t i s t i c s .

I t  i s  very com fo r ta b le  to accept  in  a l l  cases the Gaussian 
e r r o r  d i s t r i b u t i o n  w i t h  the form of the d e n s i t y  f u n c t i o n

Acta Geod. Geoph. Mont. Hung. 26, 1991 
Akadémiai Kiadó, Budapest
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f g ( X) = (ЭЛ/йЁ) '^  ■ exp ( - x ^ / 2 S ^ ) .  In t h i s  case the q u a s ia u to -
m a t i c a l l y  computed e m p i r i c a l  s c a t t e r  i s  a good approx im at ion  of 
th e  scale  parameter ,  S, o f  the Gaussian d i s t r i b u t i o n .  I f  S ( th e  
„ s c a t t e r " )  in f g ( x )  i s  known, the l e n g t h  q ( p ) of  a l l  con f i dence  
i n t e r v a l s  can be e a s i l y  given ( f r om  a t a b l e  or by another  
method)  to any v a lue  o f  the p r o b a b i l i t y  p ou ts id e  of  which,  to 
th e  l e f t  and to th e  r i g h t ,  e r r o r s  occur  w i t h  a p r o b a b i l i t y  p. 
Two data are g e n e r a l l y  known even w i t h o u t  ta b le s  or o the r  com­
p u t a t i o n :  a) an e r r o r  i s  expected o u t s id e  of  the i n t e r v a l
( - 3 S ,  +3S) w i th  a p r o b a b i l i t y  of  on ly  0.27 pe rcen t ,  i . e .  the
occur rence  p r o b a b i l i t y  of such e r r o r s  i s  p r a c t i c a l l y  
n e g l i g i b l e ;  b) w i t h i n  the i n t e r v a l  ( - 0 .6 7 4 5  S; +0.6745 S) the 
p r o b a b i l i t y  f o r  the occur rence of  an e r r o r  i s  the same, namely 
0 .5  as outs ide of i t .

S y i e ld s  not o n l y  these ,  e .g .  a l l  the  va lues  q ( p ) ,  but  any 
e r r o r  c h a r a c t e r i s t i c s  i s  computable f rom i t ,  thus i f  the d i s ­
t r i b u t i o n  is  real ly a Gauss ian one, the s c a t t e r  c h a r a c t e r i z e s  in  
i t s e l f  a l l  the e r r o r  measures. I f  one expec ts ,  however, the 
occu r rence  of many t y p e s  of e r r o r  d i s t r i b u t i o n s ,  then one has 
to  use a l o t  o f  u n c e r t a i n t y  measures which are mot i vated  by 
d i f f e r e n t  p o in ts  o f  v iew and which have c e r t a i n  connec t ions  
between themselves,  and these u n c e r t a i n t y  measures should be 
known f o r  a wide range  of  e r r o r  d i s t r i b u t i o n  types .  This  paper 
has on ly  the moderate ta s k  to summarize the p r o p e r t i e s  of  some 
i m p o r t a n t  u n c e r t a i n t y  measures t o g e th e r  w i t h  t h e i r  i n t e r c o n n e c ­
t i o n s .  A f i n a l  c o n c lu s io n  about the „most r e a l i s t i c "
u n c e r t a i n t y  measure canno t  yet  be made and i t  i s  even p o s s ib le  
t h a t  such a c o n c lu s io n  s h a l l  never be made.

2. THE INTERQUANTILE RANGES q(p). THE SEMI-INTERQUARTILE RANGE q 
AND SEMI-INTERSEXTILE RANGE Q. THE UNCERTAINTY U

In the f o l l o w i n g  f ( x )  denotes the d e n s i t y  f u n c t i o n  of  the 
e r r o r  d i s t r i b u t i o n ,  i t s  d i s t r i b u t i o n  f u n c t i o n  i s  F ( x ) .  The most 
f r e q u e n t l y  used models of  the d e n s i t y  f u n c t i o n s  are s imp le 
f o r m u l a s ;  in the case o f  the supermodel f a ( x )  e .g .  the value of  
th e  s tandard d e n s i t y  f u n c t i o n  is  o b ta ine d  as

1 8 4
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f a( x )  = V ( a )  ■ ( l + x 2 ) ~ a / / 2 a > i  ( 1 )

f o r  any value of x; in  such a case the l o c a t i o n  pa ramete r ,  T i s  
zero and the sca le  parameter  has the va lue  1. In a gene ra l  case 
x i s  to be s u b s t i t u t e d  by ( x - T ) / S  and the express ion  i s  to be 
d i v i d e d  by S. (The norming f a c t o r  ~v ( a ) i s  ob ta ined  from

1 8 5

f o r  a given va lue o f  a . )  The computat ion of  the d i s t r i b u t i o n  
f u n c t i o n s  F(x)  i s  most ly  somewhat more c om p l i c a ted ,  s imple 
f o rm u la s  f o r  the computat ion of  Fg( x )  are on ly  known f o r  the 
i n t e g e r  values of  a (Eq. 8 8 b in  S t e in e r  1988).  The i n v e r s e  of  
the d i s t r i b u t i o n  f u n c t i o n ,  x = F~4 p) i s  even more c o m p l i c a te d ,  
i . e .  i f  one has to know which i s  the va lue  of  x where the d i s ­
t r i b u t i o n  f u n c t i o n  F(x )  g ives  a c e r t a i n  p r o b a b i l i t y  p. Th is  
va lue  of  x is  c a l l e d  p - q u a n t i l e  and i t  i s  denoted by Qp , thus

F(Qp) = p and Qp = F ~1( p ) r e s p . (2)

Ihe  s e r i e s  of  the q u a n t i l e s  gives i n f o r m a t i o n  about the g iven  
d i s t r i b u t i o n .  Table I  p resen ts  such s e r i e s  of  va lues conce rn ing  
some d i s t r i b u t i o n s  f a ( x ) ,  i . e . ,  f o r  a few values of  the type 
parameter  a, i n c l u d i n g  the l i m i t i n g  case a -» oo , the Gauss ian -  
d i s t r i b u t i o n , and n a t u r a l l y  the C a u c h y - d i s t r i b u t i o n , t o o ,  be ing  
an e lement  of the supermodel  f a(x )  ( i f  a = 2 ) .

The values Qp o f  Table I r e f e r  to  p ^  0.5 as e v i d e n t l y

Q l - p  = - Q p  ( 3 )

ho lds f o r  a l l  d i s t r i b u t i o n s  being sym metr ica l  to the o r i g i n ,
i . e .  i t  i s  s u f f i c i e n t  to present  the range p 0.5 or  p ^  0.5 
o f  p r o b a b i l i t i e s ,  and here the l a t t e r  has been chosen as i n  
t h a t  case the q u a n t i l e s  Qp are p o s i t i v e .  But the s e l e c t i o n  of  
the p r o b a b i l i t y  range p •$ 0.5 i s  more advantageous a l s o  f rom 
a n o t h e r ,  more im p o r ta n t  p o i n t  of v iew:  these Qp-va lues are



Table I
CD
0 \

Values of X = Fa4 p )  = Qp belonging to some probabi l i ty values p( ^-0.5)
(The values x refer to standard density models f a(x) for  a = 2; 2.2; 2.4; 2.8; . . .  ; 100. The l im i t  case 

a —*■ oo i . e .  the Gaussian d ist r ibut ion is also the standard one.)

\  a= 

p \

2
Cauchy

2.2 2.4 2.8 3 3.2 4 5 6 7
Je ffreys

8
in te rv a l!

10 20 40 100
Gauss

0.50 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0.55 0.1583 0.1397 0.1260 0.1073 0.1005 0.0948 0.7886 0.0669 0.0591 0.0535 0.0492 0.0430 0.0292 0.0202 0.0126 0.1256
0 60 0.3249 0.2855 0.2571 0.2181 0.2041 0.1924 0.1597 0.1353 0.1194 0.1081 0.0994 0.0869 0.0589 0.0408 0.0255 0.2533
0.65 0.5095 0.4449 0.3988 0.3366 0.3144 0.2960 0.2449 0.2070 0.1825 0.1650 0.1517 0.1326 0.0897 0.0621 0.0388 0.3853
0.70 0.7265 0.6282 0.5595 0.4684 0.4364 0.4099 0.3374 0.2843 0.2501 0.2259 0.2075 0.1811 0.1223 0.0846 0.0528 0.5244
0.75 q = l.0000 q=0.8522 q=0.7517 q=0.6221 q=0.5773 q=0.5407 q=0.4416 q=0.3703 q=0.3249 q=0.2929 q=0.2687 q=0.2342 q=0.1577 q=0.1090 q=0.0680 q=0.6744
0.80 1.3763 1.1484 0.9989 0.8126 0.7500 0.6993 0.5649 0.4704 0.4112 0.3697 0.3386 0.2944 0.1975 0.1362 0.0849 0.8416
0.83 Q=1.7320 Q=1.4169 Q=1.2166 Q=0.9741 Q=0.8944 Q=0.8306 Q=0.6642 Q=0.5496 0=0.4787 0=0.4294 0=0.3927 0=0.3407 0=0.2277 0=0.1568 0=0.0977 0=0.9674
0.85 1.9626 1.5860 1.3508 1.0710 0.9802 0.9079 0.7215 0.5947 0.5168 0.4630 0.4230 0.3665 0.2444 0.1682 0.1047 1.0364
0.90 3.0776 2.3613 1.9429 1.4769 1.3333 1.2219 0.9455 0.7666 0.6600 0.5877 0.5347 0.4610 0.3046 0.2087 0.1296 1.2815
0.95 6.3137 4.3780 3.3646 2.3506 2.0647 1.8518 1.3587 1.0659 0.9011 0.7933 0.7160 0.6110 0.3966 0.2698 0.1668 1.6448
0.975 12.706 7.8955 5.6261 3.5738 3.0424 2.6622 1.8373 1.3882 1 .1496 0.9989 0.8937 0.7540 0.4801 0.3238 0.1994 1.9599
0.99 31 .820 17.014 10.913 6.0532 4.9246 4.1565 2.6215 1.8734 1.5048 1.2829 1.1331 0.9404 0.5825 0.3884 0.2376 2.3263
0.995 63.656 30.344 17.937 8.9445 7.0179 5.7544 3.3722 2.3020 1 .8032 1.5135 1.3226 1.0832 0.6563 0.4336 0.2639 2.5758
0.9975 127.32 54.075 29.456 13.180 9.9624 7.9274 4.3031 2.7987 2.1347 1.7623 1.5229 1.2298 0.7281 0.4764 0.2885 2.8070
0.999 318.30 116.06 56.714 21.957 15.787 12.061 5.8973 3.5865 2.6356 2.1260 1.8086 1.4322 0.8211 0.5304 0.3190 3.0902
0.9995 636.61 206.83 93.066 32.256 22.343 16.553 7.4616 4.3051 3.0718 2.4326 2.0439 1.5936 0.8909 0.5697 0.3408 3.2905

В HAJAGOS and F STEINER
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i d e n t i c a l  w i th  the s e m i - i n t e r q u a n t i l e  ranges (see be lo w ) .
When f o r  the c h a r a c t e r i z a t i o n  of  the f l u c t u a t i o n  o f  the  x- 

va lues  a range q (p )  i s  to be g i v e n ,  where the x - v a lu e s  occur  
w i t h  a p r o b a b i l i t y  o f  ( 1  - 2 p) and x - v a lu e s  less than the  lower  
l i m i t  of  the range and more than the upper l i m i t ,  have the  same 
p r o b a b i l i t y  p, o b v io u s l y  the co r respond ing  formu la i s  to  be 
used

q(p)  = Q;_p - Qp • (A)

I f  p = 1/4 ,  Qp = Q] / 4  i s  the lower  q u a r t i l e ,  Qi_p = Q3 / 4  i s  the 
upper q u a r t i l e ,  and the le ng th  of  the i n t e r v a l .  q ( 0 . 2 5 )  =
= Q3 / 4  -  Q1 / 4  i s  c a l l e d  i n t e r q u a r t i l e  range; i f  p = 1 / 6 , then
^p = Qi / 6  i s  the lo w er ,  Q5 / 6  i s  the upper s e x t i l e ,  the 
d i f f e r e n c e  Q ( l / 6 )= Q5 / 6  -  Q1 / 6  i s  the i n t e r s e x t i l e  range .

In  the case of  sym met r i ca l  d i s t r i b u t i o n  i t  i s  obv ious  to 
use the h a l f  of the range q( p ) as a measure of u n c e r t a i n t y ,  but  
i t s  use can a lso be suggested f o r  asymmetr ica l  d i s t r i b u t i o n s .  
Namely, by adding and s u b t r a c t i n g  t h i s  value from the c o r r e c t  
va lue  ( f rom I ) ,  below and above t h i s  i n t e r v a l  the va lues  of  the 
random v a r i a b l e  occur  w i th  the same p r o b a b i l i t y  p. The semi- 
i n t e r q u a r t i l e  range be long ing  to p = 1/4 and denoted by q, i s :

q = q ( 0 . 25 ) /2  = CQ3 / 4  -  Q1 /дЗ /2 . (5)

Bessel  proposed the s e m i - i n t e r q u a r t i l e  range in 1815 as a mea­
sure of  u n c e r t a i n t y ;  i f  T i s  the symmetry po in t  o f  a sy m m e t r i ­
c a l  d i s t r i b u t i o n ,  the p r o b a b i l i t y  f o r  the occurrence o f  va lues 
w i t h i n  the i n t e r v a l  ( T- q ; I  + q) i s  the same as ou ts ide  o f  i t .  I f  
a more r i g o ro u s  measure i s  wanted, then the occurrence r a t i o  of 
2:1 i s  to be used. In t h i s  case the s e m i - i n t e r s e x t i l e  range

Q = q ( l / 6 ) / 2  = CQ5 / 6  -  Q1 / 6 D/2 ( 6 )

i s  the measure of  u n c e r t a i n t y :  the occurrence of v a lues  w i t h i n  
the i n t e r v a l  (T-Q; I+Q) i s  r e a l l y  tw ice  as much p ro b a b le  as 
o u t s i d e  of  i t .  Table I  shows th a t  t h i s  q u a n t i t y  i s  ve ry  near  to 
the s tandard  d e v i a t i o n  in  the case o f  a Gaussian d i s t r i b u t i o n .
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Thus in  the case of  a Gaussian d i s t r i b u t i o n ,  the sample average 
p l u s  and minus the s c a t t e r  6  g i v es  an i n t e r v a l  w i t h i n  which 
abou t  twice as much va lues  occur as o u t s i d e  of  i t .

I f  any value o f  p or any r a t i o  o f  occur rence p r o b a b i l i t i e s  
i s  chosen as a p p r o p r i a t e  measure o f  the u n c e r t a i n t y ,  be i t  
e i t h e r  q ( the s e m i - i n t e r q u a r t i l e  r a n g e ) ,  or Q ( the s e m i - i n t e r -  
s e x t i l e  range ) ,  or  any s e m i - i n t e r q u a n t i l e  range belong ing to  a 
v a lu e  p ^ 0.5 ( f o r  e r r o r  d i s t r i b u t i o n s  symmetr ica l  to  the 
o r i g i n ,  thus a lso  f o r  the f a(x )  d i s t r i b u t i o n  where the va lues  
i n  Table I  are v a l i d ,  the upper q u a n t i l e  equals wi th  the semi -  
i n t e r q u a n t i l e  r a n g e ) ,  — one may doub t ,  however, about the c o r ­
r e c t n e s s  of the s e l e c t i o n  of a s i n g l e  value of p and of  a 
s i n g l e  s e m i - i n t e r q u a n t i l e  range, r e s p e c t i v e l y ,  f o r  t h i s  
pu rpose .  I t  would be namely b e t t e r  to take severa l  q ( p ) - s  
we igh te d  wi th  an a p p r o p r i a t e  w e igh t  f u n c t i o n  i n t o  accoun t .  
S t e i n e r  (1985) proposed to use the f o l l o w i n g  i n t e g r a l  which 
y i e l d s  in a l l  cases a f i n i t e  va lue  i n  c o n t r a s t  to w e ig h t i n g  
f u n c t i o n s  which do no t  conta in  q ( p ) :

S t e i n e r  (1985) p r e s e n te d  examples f o r  a given q f o r  the 
i n c r e a s e  of Ö w i t h  i n c r e a s i n g  f l a n k s  o f  the d i s t r i b u t i o n s ,  — at  
the  same t ime Eq. (7 )  does not o v e r e s t im a t e  the r o le  o f  the 
f l a n k s :  even in  th e  case of a d i s t r i b u t i o n  w i th  i n f i n i t e
e n t r o p y  G i s  l e s s  than twice q. The e n t r o p y ,  as u n c e r t a i n t y  
measure is  not d e a l t  w i t h  here as i t s  v a lu e  may be i n f i n i t e  f o r  
c e r t a i n  types of  d i s t r i b u t i o n s .  The same r e f e r s  to the average 
d e v i a t i o n  d, the s c a t t e r  6  is  even le s s  a p p l i c a b le .  Never ­
t h e l e s s ,  the t h e o r y  of  s t a t i s t i c s  i s  so f u l l  of  these
q u a n t i t i e s  th a t  they  s h a l l  be t r e a te d  i n  the next chap te r .

3. UNCERTAINTY MEASURES DEFINED AS MINIMUM NORMS

P ^
U = 48q ( 0 . 2 5 ) (7 )

0

The s o l u t i o n  o f  the in v e rs io n  prob lem in  geophysics means 
to  f i t  the measured v a lu e s  x^ to an a p r i o r i  a n a l y t i c a l l y  known
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f u n c t i o n  T( m; ÿ^)  by m in im iz ing  the  d e v ia t i o n s

Xi = * i  -  T(m;  y A) ( 8)

between these va lues accord ing  to  a chosen norm, more e x a c t l y  
i t  means the d e te r m in a t i o n  of  a se t  o f  parameters m = m0 , m-j . .  
m j , . . .  ni j0  where the co r re s p o n d in g  norm i s  a minimum
( T a r a n t o la  1987).  As norm most f r e q u e n t l y  the e x p res s ion

(9)

c a l l e d  1_2 -по гт  i s  used, but the L-|-norm being

n
( 10)

comes more and more i n t o  use due to  i t s  robustness.  
F u r th e r  norms a lso  e x i s t  as the  express ion

П -

1 У к P
n L  \ г

L i=T _
( 1 1 )

o f  the Lp-norm is  v a l i d  not on ly  f o r  p = 1 and 2 ( g i v i n g  the Lj 
and l_2 -norms) but a lso f o r  any p o s i t i v e  number ( T a r a n t o l a
1985) ,  and t h e r e f o r e  Eq. (11)  d e f i n e s  an i n f i n i t e  number of 
norms. In the p r a c t i c e ,  however,  va lues  other than 1 or  2 are 
h a r d l y  used f o r  p. This i s  p a r t l y  due to c o m p u t a t i o n a l  
advantages,  p a r t l y  due to the f a c t  th a t  the e lemen ts o f  the 
supermodel  de f i ned  by the d e n s i t y  f u n c t i o n

f p (x )
p l - ! / p

2 Г ( 1 / р )
-  Xe p/P (p > o) ( 12 )
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are  in  the p r a c t i c e  q u i t e  seldom adequate models o f  e r r o r  
d i s t r i b u t i o n s .  As e . g .  Taran to la  (1985)  has shown the Lp norm 
m in i m i z a t i o n  a l g o r i t h m  i s  an optimum s t a t i s t i c a l  a l g o r i t h m  in  
t h e  case of f p ( x ) - t y p e  e r r o r  d i s t r i b u t i o n s .

As the e lements  of  the supermodel  f a (x)  (Eq. 1) prove  
q u i t e  o f ten to be accep tab le  models f o r  the d i s t r i b u t i o n s  i n  
s t a t i s t i c a l  p rob lem s ,  the P- and P*-norms -  being optimum ones 
f o r  the f a(x )  d i s t r i b u t i o n s  - should be taken s e r i o u s l y  i n t o  
accoun t  ( f o r  d e f i n i t i o n s  see Hajagos and Ste ine r  1991) .  
A c c o rd ing  to t h e s e ,  P^-  and P* can be used wi th  the h i g h e s t  
s t a t i s t i c a l  e f f i c i e n c y  i n  the v i c i n i t y  o f  the Cauchy- (a = 2 ) ,  Pj 
and P* in the v i c i n i t y  J e f f r e y ' s  type  ( a = 9 ) ,  whi le  the P and 
P*-norm are optimum ones in  the v i c i n i t y  o f  the s o - c a l l e d  geo-  
s t a t i s t i c a l  d i s t r i b u t i o n  (a=5) and have an e f f i c i e n c y  of  over  
90 pe rcen t  in the c o m p le te  Gauss ian-Cauchy-range . (As t h i s  case 
i s  cons idered as a s tandard one f o r  bo th  se r ie s  of norms, no 
i n d e x  i s  used h e r e . )

The r e s u l t i n g  model  parameters d i f f e r  when d i f f e r e n t  norms 
are  used, and these v e c t o r s  are denoted by m(L-|),  m(l_2 ) ,  fn(Pg),  
m (P) ,  m(Pj ) ,  m(P*) ,  m ( P * ) ,  m(P*). Using anyone of these m ( . ) —s , 
a d i f f e r e n t  set  o f  d e v ia t i o n s  i s  o b t a i n e d  from Eq. ( 8 ) ,  and 
t h e r e f o r e  these d e v i a t i o n s  are denoted pe r  analogiam by X( L i ) ,  
XÜ-2 ) ,  X(PC) ,  . . .  X ( P * )  f o r  the sets of  d e v i a t i o n s  obta ined w i t h  
th e  corresponding m ( . ) - s .

These sets o f  d e v i a t i o n s  are th ose  which minimize the 
norms L-|, . . .  P j ,  and j u s t  these minimum norms can be c os ide red  
as measures of  u n c e r t a i n t y  from the p o i n t  o f  view of  the c o r ­
respond ing  norm. (Some h e u r i s t i c  t r a i n s  o f  thought  are g iven  in  
S t e i n e r  1 990). Thus f o r  the 1_2 - п о г т ,  i . e .  i n  the c o n v e n t i o n a l  
s t a t i s t i c a l  methods, t h e  expression

1 9 0

(13 )

i . e .  the s c a t t e r ,  <5 , i s  used to c h a r a c t e r i z e  the u n c e r t a i n t y ,  
w h i l e  in  the case o f  the Ц - п о г т  the average d e v i a t i o n ,  d i s  
t h i s  measure:
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I
n

n

x i < 4 > ( u )

For the P- and P*-norms the u n c e r t a i n t i e s  are denoted by 
Uq , U, U j ,  Up, U*, U*. The fo rmulas  f o r  the u n c e r t a i n t y  mea­
sures were g iven in  Table I I  both i n  form of sums and in  
i n t e g r a l  forms.  These formulas are n a t u r a l l y  the same as the 
index of  the X^-s h i n t s  at t h a t  s p e c i a l  se t  of  d e v ia t i o n s  which 
g i ves  the minimum value of  the norm in  ques t i on .  ( £ i s  the 
d ih e s io n  of  the a c tu a l  set  of  d e v i a t i o n s  X^, see e .g .  Hajagos 
and S t e i n e r  1991.)  Of course,  every  s p e c i a l  set  of d e v i a t i o n s  
i s  a u t o m a t i c a l l y  g iven  s im u l ta n e o u s ly  w i t h  the r e s u l t s  o f  the 
i n v e r s i o n  made by the cor respond ing norm.

F igu re  1 in fo rm s  about the d i f f e r e n t  u n c e r t a i n t i e s  f o r  the 
supermodel  f a( x ) .  Here the q u a n t i l e  v a lues  are given at  which 
the u n c e r t a i n t y  measures of the two s ta nda rd  cases, U and U*, 
as w e l l  as (5 and d are i d e n t i c a l .  The p rec ise  n u m e r i c a l  
va lues f o r  a l l  the u n c e r t a i n t y  measures s tu d ie d ,  i . e .  f o r  the 
th ree  v a r i a n t s  of  U and U*, f o r  <5 and f o r  d, are g iv en  in  
Table I I I ,  where - f o r  completeness - the values o f  the 
d ih e s io n  are a lso g iven .

The curves in  F ig .  1 show t h a t  U i s  a good a p p rox im a t io n  
of  the s e m i - i n t e r s e x t i l e - r a n g e , i . e .  the absolute va lues o f  the 
d e v i a t i o n s  are w i th  a p r o b a b i l i t y  o f  2 /3  le ss  than t h i s  v a lu e .  
A s i m i l a r  co n c lu s io n  r e f e r s  to U*, t o o ,  but  here the d e v i a t i o n s  
from Q are i n  c e r t a i n  type ranges s i g n i f i c a n t l y  g r e a t e r  than 
the d e v i a t i o n s  of Ö. The s tandard d e v i a t i o n  G i s  on ly  i n  the 
immediate v i c i n i t y  o f  the Gaussian d i s t r i b u t i o n  p r a c t i c a l l y  
i d e n t i c a l  w i t h  Q, and the same r e f e r s  to d in the v i c i n i t y  of  
the g e o s t a t i s t i c a l  d i s t r i b u t i o n .  (The weighted average o f  the 
i n t e r q u a n t i l e  ranges, U, accord ing  to  Eq. (7)  i s  a lso p l o t t e d  
in  F ig .  1 , and i t  i s  everywhere neare r  to  Q, then to the sem i-  
i n t e r q u a r t i l e  range,  q . )

The c onc lus ion s  from F ig .  1 sugges t  t h a t  the u n c e r t a i n t y  
measures should be presented f o r  d i f f e r e n t  types  of  
d i s t r i b u t i o n s  by t h e i r  r a t i o  to Q, i . e .  to the s e m i - i n t e r ­
s e x t i l e - r a n g e .  The curve U/Q, but even the curve U*/Q c o n f i r m



1 9 2 В HAJAGOS and F STEINER

T a b le  I I
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Table I I I

a= 1 .8 2 2.2 2.4 3 4 5 10 40 100

1.0000 0.7071 0.3780 0.1644 0.1015

d 3.6043 1.9954 1 .0000 0.6366 0.5000 0.2910 0.1303 0.0808

uc 2.5939 2.0000 1.6638 1.4463 1 .0880 0.8231 0.6875 0.4327 0.2009 0.1253

и 1 .8995 1.5000 1.2693 1.1174 0.8605 0.6628 0.5585 0.3563 0.1667 0.1041

Uj 1 .6616 1.3333 1 .1411 1 .0128 0.7916 0.6166 0.5223 0.3358 0.1577 0.0986

uc 1.7983 1.4641 1 .2389 1.0783 0.7936 0.5772 0.4698 0.2812 0.1264 0.0784

u* 2.9507 2.2401 1.7877 1.4809 0.9806 0.6473 0.5005 0.2759 0.1185 0.0730

u* 4.4772 3.2278 2.4635 1.9639 1.1961 0.7317 0.5444 0.2837 0.1188 0.0728

1 .1155 1.0000 0.9117 0.8418 0.6993 0.5616 0.4818 0.3148 0.1489 0.0932

Fig. 1. Minima of d i f fe rent  norms, as measures of uncertainty; they approx­
imate more or less the semi-intersext i le range Q
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t h a t  U (and U*, to o )  can be cons ide red  as a value app rox im a t in g  
Q, i . e .  they can be i n t e r p r e t e d  as s e m i - i n t e r s e x t i l e  ranges in  
th e  complete Gauss ian-Cauchy- type i n t e r v a l ,  s i m i l a r l y  as the 
s c a t t e r  (s tandard d e v i a t i o n )  i s  i n t e r p r e t e d  as such but  on ly  in 
th e  immediate v i c i n i t y  of the Gaussian d i s t r i b u t i o n .  F ig u re  2 
shows th a t  the cu rve <5/ Q i s  s t e e p l y  i n c r e a s in g  t i l l  1 / ( a - 1  ) = 
= 0.5 l a t e r  at (a 3 ) 6  is  i n f i n i t e ,  i . e .  i t  cannot be used as 
an e r r o r  c h a r a c t e r i s t i c s .  The v a lue  d only gets u n a p p l i c a b le  
f rom  a = 2 on.

1 9 A

measure o f dispersion

Fig. 2. The norm ninimun/Q rat io  vs. d ist r ibut ion type
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F igu re  3 shows the curves Uq/Q,  U/Q and Uj /Q, F ig .  4 the 
co r respond ing  curves denoted by U*/Q, U*/Q and U*/Q. There are 
p laces where these r a t i o s  d i f f e r  s i g n i f i c a n t l y  from 1 , bu t  in  
the m a j o r i t y  these values are near to  1. The ac tua l  judgement  
about the s i g n i f i c a n c e s  of  these d e v i a t i o n  also depends on the 
accuracy of  the d e te rm in a t io n  of  the u n c e r t a i n t y  measures; the 
e r r o r  o f  e r r o r s  is  a very wide f i e l d  which s h a l l  not be t r e a t e d  
in  the p resen t  paper .  I t  i s  to be ment ioned,  however, t h a t  
indep e n d e n t l y  of  the d e v i a t i o n  from Q o f  an u n c e r t a in t y  measure 
f o r  a d i s t r i b u t i o n  f g(x )  w i th  the type parameter a, a 
compar ison of  the data in  Tables I I I  and I  g ives a l l  necessary 
f a c t o r s  to be m u l t i p l i e d  w i th  the u n c e r t a i n t y  measure o b ta in e d

Fig. 3. The dependence of the three kinds of U as referred to Q, on the 
type of the d is t r ibut ion
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uncertainty

(к*ЗУЗ)

(k=2./3)

tk=Æi

Fig. 4. The dependence of the three kinds of U* as referred to Q, on the 
type of d is t r ibu t i on

as minimum norm f o r  ob ta in in g  any s e m i - i n t e r q u a n t i l e  range ( i n  
Table I )  and t h e r e f o r e  one gets a complete p i c t u r e  on the e r r o r  
d i s t r i b u t i o n .  For t h i s  purpose, s u f f i c i e n t l y  p rec ise va lues  of  
G ,  d, Uq , U, . . .  are needed what n e c e s s i t a t e s  not on ly  a g rea t  
number of v a lu e s ,  but  s u f f i c i e n t l y  r e s i s t a n t  e r ro r  c h a r a c t e r i s ­
t i c s ,  too.  Such a s u f f i c i e n t l y  l a r g e  r e s i s t a n c e  is  c h a r a c t e r i s ­
t i c  on ly f o r  the u n c e r t a in t y  measures U*, U* , and U*,  i f  
o u t l i e r s  can occur  r e a l l y  anywhere.

4. ABOUT ASYMPTOTIC SCATTERS

I f  the ta sk  i s  to determine j u s t  the most c h a r a c t e r i s t i c
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values T ( e . g .  the symmetry p o i n t ) ,  i t  i s  o f t en  necessary to 
es t im a te  the e r r o r  of t h i s  es t im a te  ( s tanda rd  d e v i a t i o n )  ( th e  
l a t t e r  i s  ob ta ined a f t e r  a l l  as the l o c a t i o n  of the minimum 
norm).  As the d i s t r i b u t i o n  of the es t im a te s  approx imates at  
g rea t  va lues of  n under loose c o n d i t i o n s  the Gaussian d i s t r i b u ­
t i o n  (Huber 1981),  i t  i s  s u f f i c i e n t  to give the s c a t t e r  
( s ta n d a rd  d e v i a t i o n )  of the es t im a te s  to  be computed as A/\ /n i f  
the asym p to t i c  s c a t t e r  A i s  known.

The est im a tes  of T are denoted by Mc , M and M j , i f  the 
c o r respond ing  P-norms are used, and by the same n o t a t i o n s  w i t h  
s t a r s ,  i f  the P* norms are used. E s s e n t i a l l y  a l l  the  s i x  
q u a n t i t i e s  should be cons ide red as most f requen t  va lues .

The formulas f o r  the as y m p to t i c  var iances are g iv en  by 
Hajagos and S te in e r  (1991 ) .  I t  i s  advantageous to denote w i th  
s t a r  these asym pto t i c  s c a t t e r s  A or  to  use them w i t h o u t  s t a r ,  
and to use the same i n d i c e s  C and J ( o r  leave them un indexed )  
as i t  i s  used f o r  the co rrespond ing  most f requen t  va lue .

The f o l l o w i n g  t a b le  con ta ins  not  on ly  the a s y m p to t i c  
s c a t t e r s  f o r  these s i x  k inds of  most f requen t  va lues  f o r  
d i f f e r e n t  values of  the type parameter  a, but these o f  the 
average,  Ajr, too (bu t  i t  i s  i d e n t i c a l  w i t h  <3 , as w e l l  known) ,  
and the asympto t i c  s c a t t e r  of d, denoted by Ame(j  which i s  f o r  
unimodal d i s t r i b u t i o n s  being symmetr i ca l  at T:

Amed = 2 f ( T ) (15)

(see e .g .  S te in e r  1988).  The q u o t i e n t s  A/U and A*/U* are a lso 
i n c lu d e d  i n t o  t h i s  t a b l e ;  the l a t t e r  curves  are p l o t t e d  i n  F ig .  
5, too .

The curve A/U in  F ig .  5 and the l a s t  but  one row of  Table 
IV shows t h a t  A/U = 1 i s  f u l f i l l e d  in  h igh  app rox im a t i on .  I t  i s  
analogous to the e q u a l i t y  <3 = A^. The curve A*/U* i s  a l s o  ap­
p r o x im a t i n g  in  average 1, but s i g n i f i c a n t l y  less  c l o s e l y .  As 
the t h i n  curve in  F ig .  5 shows, the r a t i o  Ame[j / d  has va lues  
between 1.6 and zero in  the Gaussian-Cauchy-range (an exac t  
i d e n t i t y  i s  v a l i d  a t  a = 3), thus i t  cannot be s ta te d  f o r  the 
complete range t h a t  Amecj and d cou ld  be s u b s t i t u t e d  by each 
o t h e r ,  not  even i f  a g rea t  e r r o r  i s  p e r m i t t e d .
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a s y m p to t ic  s c a t te r  o f the e s tim a te  
minimum va lu e  o f the norm in q u e s tio n

Fig. 5. The connection of the asymptotic scatters and corresponding norm 
minima vs. d i s t r ibut ion type

The com fo r t  be ing usual f o r  A^ and G (as they  are 
i d e n t i c a l  f o r  the f i r s t  h a l f  of  the Gauss ian -Cauchy-range , i . e .  
i f  these va lues  are not i n f i n i t e  ones)  i s  not v a l i d  f o r  the 
l o c a t i o n  of  the minimum of the Ц -no rm,  i . e .  f o r  the va lue  d 
and the asym pto t i c  s c a t t e r  of the median.  We have seen t h a t  the 
va lues  A* and U* are near to each o t h e r  (have app rox im a te ly  the 
same v a lu e ) ,  and A and U can be taken  as p r a c t i c a l l y  eq u a l .  In 
the  e v a lu a t io n  of  the l a t t e r  s ta tem en t  the e r r o r s  o f  the 
es t im a te s  of  these  values from g i v e n  samples are a lso to  be 
taken i n t o  ac c o u n t ,  as these u n c e r t a i n t i e s  are o f te n  u n c e r t a i n
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Table IV

a= 2 2.5 3 4 5 10 40 100

ae 1 .0000 0.7071 0.3780 0.1644 0.1015 1 .0000

Amed 1 .5708 1.1982 1.0000 0.7854 0.6667 0.4295 0.2020 0.1263 1.2533

AC 1.4142 1.1011 0.9261 0.7311 0.6214 0.4002 0.1818 0.1174 1.1646

A 1.5000 1.1251 0.9236 0.7080 0.5917 0.3694 0.1699 0.1057 1 .046

AJ 1.6330 1.1941 0.9636 0.7234 0.5974 0.3652 0.1658 0.1030 1.0177

A* 1.4347 1.1241 0.9492 0.7526 0.6411 0.4144 0.1948 0.1218 1.2085

A* 1.4976 1.1261 0.9253 0.7094 0.5925 0.3690 0.1692 0.1053 1.0413

A* 1.6375 1.2008 0.9697 0.7275 0.6000 0.3652 0.1652 0.1025 1.0127

A/U 1 .000 1.063 1 .073 1.068 1.059 1 .037 1.019 1.015 1 .013

A*/U* 0.669 0.826 0.944 О 40 ON 1.184 1 .337 1 .428 1 .442 1 .452

to s e v e ra l  tens of  pe rcen ts .  The d e v i a t i o n s  of the va lues  A* 
and U* in  F ig .  5 have as maximum the j u s t  mentioned va lue  
w h i le  the d e v i a t i o n s  of  A and U are not more than a few 
p e r c e n t .
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RELATIVE MOTIONS BETWEEN THE INNER CORE AND THE EARTH'S MANTLE 
DUE TO ATTRACTIONS OF THE SUN AND THE MOON
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The response of the inner core motion with respect to the mantle due 
to the at t ract ion of the Sun and the Moon is  studied. I t  could be shown 
that some periodic constituents of polar motion and the dipole part of the 
geomagnetic westward d r i f t ,  which correspond with astronomical nutat ion 
periods, are in accordance with the applied hypothesis of a re la t i ve  pre­
cession and nutation of the inner core.

Keywords: geomagnetic secular var iat ion;  inner core motion; polar
motion

R e c e n t l y ,  Smyl ie et  a l .  (1984)  d iscussed  the mot ion o f  the 
inn e r  core and mant le coupled v ia  mutual  g r a v i t a t i o n .  The bas ic  
idea of  t h e i r  i n v e s t i g a t i o n s  was the hypo thes is  t h a t  th e  sym­
metry ax i s  of  the in ne r  core i s  i n c l i n e d  to t h a t  of the m an t le .  
The above ment ioned au thors  showed t h a t  t h i s  model i s  capable  
to  produce a r e t ro g ra d e  p recess ion  r e l a t i v e  to the m a n t le .  The 
amounts of  the p recess ion  and the i n c l i n a t i o n  are g iven  by the 
westward d r i f t  and the i n c l i n a t i o n  of  the geomagnetic d i p o l e .  
Some au tho rs  ( B u l l a r d  1949, Schmutzer 1978) showed t h a t  the 
d i r e c t i o n  of  the observable d ip o le  f i e l d  -  which i s  a r e s u l t  of  
the induced d ip o le  f i e l d  of the i n n e r  core and the d i p o l e  p a r t  
o f  the f l u i d  ou te r  core - c o in c id e s  w i th  the symmetry a x i s  of  
the i n n e r  core.  Smyl ie et  a l .  (1984) proved th a t  the g r a v i t a ­
t i o n a l  to rque  exer ted by the mant le  and the f l u i d  o u t e r  core 
can e x p l a i n  t h i s  p re c e s s io n a l  m o t ion ,  because t h i s  t o r q u e  i s  
l a r g e r  than v iscous or e le c t r o m a g n e t i c  torques i n f l u e n c i n g  the 
mot ion of  the inne r  core .  They r i g o r o u s l y  c a l c u l a t e d  the 
to rques  exer ted  by the mant le and the o u te r  core,  and assuming 
t h a t  the westward d r i f t  o f  the geomagnet ic d ip o le  r e p r e s e n t s

Acta Geod. Geoph. Mont. Hung. 26, 1991 
Akadémiai Kiadó, Budapest
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the  p re c e s s io n a l  mo t i on ,  the r o t a t i o n a l  v e l o c i t y  o f  the i n n e r  
co re  was c a l c u l a t e d ,  supposing r e g u l a r  p recess ion .

The h y p o th e s is  o f  inner  core m o t io n ,  as i n d i c a t e d  by the 
v a r i a t i o n  of  the geomagnetic d i p o l e ' s  westward d r i f t ,  was 
con f i rm ed  by c a l c u l a t i n g  the p o l a r  mot ion component which i s  
e x c i t e d  by i n n e r  core motion (see Jochmann 1989).

In the f o l l o w i n g ,  the a t t r a c t i o n  of  the Sun and the Moon 
w i t h i n  a model c o n s i s t i n g  of an i n n e r  core and mant le w i l l  be 
d iscussed .  Some p e r i o d i c  v a r i a t i o n s  o f  the d i p o l e ' s  westward 
d r i f t  and p o l a r  mot ion  w i l l  be e x p la in e d  by these c o n s i d e r a ­
t i o n s  .

1. THE EQUATIONS OF MOTION

The mot ions of  the inner  core and the mantle are d esc r ibed  
by the mot ions o f  an inner  core f i x e d  c o - o r d in a te  system ( i  -j , 
i-2 , 1 3 ) and a mant le  f i x e d  c o - o r d i n a t e  system (e^ , §2 , §3 ) w i t h  
r e s p e c t  to an i n e r t i a l  frame of r e f e r e n c e  ( | i , E2 , E3 ) a t t ached  
to  the plane of  the e c l i p t i c .  E3  i s  p e rpend ic u la r  to  t h i s  
p l a n e .

The i n e r t i a  frame i s  chosen i n  the above ment ioned way, 
because i t  a l l o w s  the  connect ion to  the  o r b i t a l  mot ions of  the 
E a r th  and the Moon. The mot ions o f  the above ment ioned co­
o r d i n a t e  systems are descr ibed by E u l e r ' s  angles (see F ig .  1 
and 2  ) .

e'  and i '  are the u n i t  v e c to r s  a long the nodal  l i n e s  be­
tween the mant le  and the i n e r t i a l  f rame and the inn e r  core and 
the mantle f rame.

The mot ions of  the inner  core and the mantle are governed 
by the equat ions

-=Ja +
d  t

( o u  1 X ëm ) = km + f

dH .
— + 
d t

( 0 0  2  X S i ) II

111
— 1

where Hm and are the angular  momenta of the mant le and the 
i n n e r  core.  0 0  ̂ and 0 0 2  are the angu la r  v e l o c i t i e s  of  the



INNER CORE AND MANTLE 2 0 3

Fig. 1. The mantle f ixed and the in e r t i a l  coordinate systems
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Fig. 2. The inner-core fixed and the mantle fixed co-ordinate systems

c o - o r d i n a t e  systems where the equa t i ons  ( 1 ) are g i v e n .  Г  i s  
the to rque caused by mutual  g r a v i t a t i o n  between the i n n e r  core 
and the mant le .  Lm and L j  are the to rques  a c t in g  on the mant le  
and the inner  core which are caused by the a t t r a c t i o n s  o f  the
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Sun and the Moon.
According to Smyl ie et a l .  (1984) i t  i s  conven ien t  to 

choose c o - o r d i n a t e  systems f o r  the c o n s t r u c t i o n  of  equa t io ns  
( 1 ) w i t h  f o l l o w i n g  u n i t  vec to rs  a long t h e i r  axes 

i ^ ,  § з X § 3  f o r  the f i r s t  e q u a t io n  ( 1 )
i j  ж Í j , 4  3  f o r  the second e q u a t io n  ( 1 ) .

The angular  v e l o c i t i e s  of  these c o - o r d i n a t e  systems are

'i’l - Ут + W  |3 

^ 2  = ^ s  ”  1° i  13

( 2 )

where eom i s  the s p a t i a l  angular  v e l o c i t y  o f  the mantle and a_>s 
i s  t h a t  of the i n n e r  core .

According to F ig .  2 the r e l a t i v e  r o t a t i o n a l  v e l o c i t y  o f  
the inner  core w i t h  respec t  to the mant le  can be w r i t t e n  in  the 
n o t a t i o n

^ i  ~ 13 + ~^i Ü  + f i  Í3  • (3 )

I n t r o d u c i n g  s p a t i a l  r o t a t i o n a l  v e l o c i t y  components ip s > 1>S and
f s along the same vec to rs  as in  equa t i on  (3) we o b t a in  an 

exp ress ion  f o r  the s p a t i a l  r o t a t i o n a l  v e l o c i t y  of  the in n e r  
core

S^s - V s 13 + ^ s  Ü  + f s  Î 3  •

Acco rd ing to Eqs (3 )  and (4) the s p a t i a l  angular  v e l o c i t y  of  
the mant le i s  g iven  by

t 'm  O*s ~ V^i ( ^Ps -  4 ^ )  f3  +  ̂ ^ s  ' V  i l  +

+ < f s  -  f O  ±3 •

(5)

Using the Eu le r  angles between the mant le and the i n e r t i a l  
f rame, the s p a t i a l  a ngu la r  v e l o c i t y  o f  the mant le reads
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Using the tensors  of i n e r t i a  o f  the mantle I m and the  i n n e r  
core 1^ the angular  momenta of  both components of the E a r th  are 
ob ta ine d  acco rd ing to

I n t r o d u c i n g  (7)  in  (1)  and us ing  the express ions (4)  and ( 5 ) ,  
we o b ta in  a f t e r  some t r a n s f o r m a t i o n s  between d i f f e r e n t  co­
o r d i n a t e  systems the f o l l o w i n g  d i f f e r e n t i a l  equat ions

w i t h  the p r i n c i p a l  moments of  i n e r t i a  C, A, C^, A^ o f  the 
mant le  and the in ne r  core.

Comparing (5)  and (6)  we o b t a i n  the r e l a t i o n  between the 
angu la r  v e l o c i t y  components f , ip , , and those c o n t a in e d  in
the d i f f e r e n t i a l  equa t ions  (8)  and (9)
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Equat ions ( 8 ) ,  (9 )  and (10) enable us t o  determine the r e l a t i v e  
m o t i on  between i n n e r  core and m a n t l e ,  and the motion o f  the 
man t le  w i th  r e s p e c t  to the i n e r t i a l  c o -o rd ina te  system, 
p rov ided  t h a t  we can obtain  s u i t a b l e  express ions f o r  the 
to rq u e s  Lm, and Г .

2. THE TORQUES INFLUENCING MOTIONS OF THE PRESUMED EARTH MODEL

The components o f  the presumed E a r th  model are s u b j e c t  to 
e x t e r n a l  and r e l a t i v e  torques. R e l a t i v e  torques are caused by 
e le c t r o m a g n e t i c  f o r c e s ,  which act  on th e  inn e r  core because of  
i t s  high e l e c t r i c a l  c o n d u c t i v i t y  and th e  s t rong  magnetic f i e l d  
i n  the outer  c o re .  The r e l a t i v e  mot ion o f  the inner  core t o  the
o u t e r  core w i l l  be re s i s te d  by v i s c o u s  drag. Mot ions o f  an
i n n e r  core w i t h  an in c l i n e d  symmetry a x i s  cause an i n e r t i a l
r e s t o r i n g  to rque .

A l l  these t o r q u e s  are f o u r  o r d e r s  of  magnitude s m a l l e r  
than  the to rque  caused by mutual g r a v i t a t i o n  between core and 
m a n t l e .

Therefore i n  Smyl ie  et a l .  (1984 )  on ly  the torque due to 
mutua l  g r a v i t a t i o n  i s  considered. They found tha t  t h i s  t o rque  
i s  given by

X
Г= Г COS I t ,  s i n t t ;  — Ï—7- (11)
= 1 1 I e 3 X I 3 I

where Г = 2 .5 2 - 1 0 24 Nm.
As Smyl ie e t  a l .  (1984) have shown, i t  i s  p o s s ib le  to 

determine the v e l o c i t y  of r o t a t i o n  o f  the  inne r  core by means
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of  t h i s  torque  and assuming the westward d r i f t  of  the geomag­
n e t i c  d ip o le  as p recess ion  of  the inn e r  co re .

2.1 The to rques due to the a t t r a c t i o n  o f  the Sun and the Moon

E x te r n a l  to rques  a c t in g  on the i n n e r  core and the mant l e  
can be c a l c u l a t e d  acco rd ing  to

where G i s  the g r a v i t a t i o n a l  c on s ta n t ,  m i s  the mass of  the Sun 
or  the Moon r e s p e c t i v e l y .  R i s  the g e o c e n t r i c  d is tance of  the 
c e l e s t i a l  body which produces the to rq u e .

Formulae (12)  are w e l l  known from the  theory  of  p re c e s s io n  
and n u t a t i o n .  In the c o - o r d in a t e  system connected to  the 
e c l i p t i c  the v e c to r  R i s  g iven by

R = R cosb cos l  e 1| + R cosb s i n l  (E j  x e j )  + R s inb  E3 . (13 )

In equa t io n  (13)  b and 1 are the l a t i t u d e  and the l o n g i t u d e  i n  
the e c l i p t i c  of  the c e l e s t i a l  body con s id e re d .  R, b and 1 i n  
equa t i on  (13)  are t e m p o ra l l y  v a r i a b l e .  The temporal  v a r i a t i o n  
o f  R w i l l  be ne g le c te d ,  because we c o n s id e r  only f i r s t  o r d e r  
e f f e c t s .  Only those can be proved by geomagnet ic f i e l d  v a r i a ­
t i o n s ,  because of  the i n s u f f i c i e n t  accuracy  of  the f i e l d  d a ta .

The ve c to r  R must be t ransformed  i n t o  the inner  core and 
the mant le f rame,  to eva lua te  the to rques  ( 1 2 ) .  The components 
o f  the to rques ,  which must be in t ro d u c e d  i n t o  the equat ions  ( 8 ) 
can be w r i t t e n  in  the n o t a t i o n

( 1 2 )

Lm i j  = I  Кj  cos(  cC j t +  7- j )
j ( 1 4 )

Lm ( e j x i j )  = - Y. Kj  s i n (  oC j t +  -j-j) .
j

S i m i l a r  we o b ta in  f o r  the components to be in t ro d u c e d  i n
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e qua t io ns  (9)

L i  Í  j = Г  K j i  cos ( cC j t+  -Jpj)
j  (15)

Li LÎ3 x i 1 ) = - I K j 2  s i n (  oC j t +  7 - j ) . 
j

The c i r c u l a r  f r e q u e n c ie s  o(j i n  express ions (14)  and (15) 
depend on the tempora l  v a r i a t i o n s  of  the o r b i t a l  e lements of 
th e  Ear th and. the Moon, the r o t a t i o n a l  v e l o c i t y  of  th e  E a r t h ' s  
man t l e  and the p recess iona l  v e l o c i t y  of the in n e r  co re .  X j  
depends on the moment to which th e  c a l c u l a t i o n s  of  the  to rques  
are r e l a t e d .  K j ,  Kj-| , and К j  2 эге shown in  Tables I  and I I  f o r  
d i f f e r e n t  c i r c u l a r  f r equenc ie s .  I n  the above ment ioned ta b le s  
are

( 1 )

( 2 )

( 3 )

(4)

j  Gm 
2

2
2

3  
2

2

2 R3К о

C-A

Rt
A “

C-A

R^
A

Gmc Ci - Ai
„3 A .
R(i 1
Gm_ C . -A .О 1 1

A .
1

4.2422 ■ 1СГ16 

1 .9538 • 1СГ1 6 

= 3.1087 ■ 10“ 16 

= 1 .4318 • 1 0 " 16 .

I n  Tables I  and I I  are 1Q and 1<j- the v e l o c i t i e s  o f  the
e c l i p t i c a l  l o n g i t u d e s  of the Sun and the Moon. i  i s  the 
i n c l i n a t i o n  between the Moon's o r b i t  and the e c l i p t i c .  — Cl i s  
the  v e l o c i t y  o f  the re t r og rade  m o t i on  of  the Moon's node.

3. SOLUTIONS OF THE EQUATIONS OF MOTION

3.1 The s o l u t i o n  of Smy l ie ,  Szeto and Rochester

Comparing the orders  of magni tude  of the e x t e r n a l  to rques 
and the to rque produced by mutual  g r a v i t a t i o n  between the core 
and the mant le ,  we f i n d  th a t  the r e l a t i v e  torque ( 102^ Nm)
between the core and the mantle i s  much l a r g e r  than the  to rques 
caused by the a t t r a c t i o n  of  the Sun and the Moon (L,  % 101  ̂ Nm
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Table  I .  Ampli tudes of p e r i o d i c  terms of the torques  

e x c e r t in g  the mantle

1. Terms caused by the Sun

From t h i s  fo l lo w s  th a t  the r e l a t i v e  motion between the  

inner  core and the mantle is mainly  governed by the tor que  Г .  

The e f f e c t  of the e x t e r n a l  torques w i l l  be considered as a

2. Terms caused by the Moon
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Table I I .  Am p l i tu des  of p e r i o d i c  terms of the to rques  
e x c e r t i n g  the i n n e r  core
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Table I I  ( c o n t d )



2 1 2 H JOCHMANN

s m a l l  d is tu rbance  o f  t h i s  mot ion.  Smyl ie  e t  a l .  (1984)  d i s c u s ­
sed the problem c o n s id e r i n g  the to rque  of  mutual g r a v i t a t i o n  
o n l y .  They so lved the equat ions  o f  mot ion supposing r e g u l a r  
p r e c e s s i o n .  This s u p p o s i t i o n  i s  i n  accordance w i t h  the 
p r o p e r t i e s  of the westward d r i f t  o f  the  d ip o le  f i e l d .

Regular  p recess ion  re q u i re s

V i  = c o n s t ,  = cons t  and = cons t .

I n t r o d u c i n g  these q u a n t i t i e s  in  (8)  and (9)  we f i n d  a lso

3 .2  R e la t i v e  mot ion of  the inn e r  c o re ,  caused by e x t e r n a l
to rques

^ f i j ;  denote d is tu rbance s  of  the param­
e t e r s  o f  the r e l a t i v e  mot ion caused by a p e r i o d i c  c o n s t i t u e n t  
o f  the  ex te rn a l  t o r q u e s .  I f  we mark the parameters v a l i d  f o r  
r e g u l a r  precess ion by a zero in d e x ,  we ob ta in  the f o l l o w i n g  
pa ram e te rs  f o r  the complete mot ion

W i th  ■'J'i = 11° and ÿ i  = -0 .0 5 °  per  year. Smylie e t  a l .  ( 1 904) 
o b t a i n e d  the f o l l o w i n g  q u a n t i t i e s  f o r  the parameters  to  be 
de te rm ined
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In  equat ions ( 1 8 )  and (19)  and in  a l l  tha t  f o l l o w s  we 

can ce l  the index zero of the components of r o t a t i o n  f o r  s i m p l i ­

f i c a t i o n  .
The s o lu t io n  of the equat ions ( 1 8 )  and (19)  y i e l d s  values  

f o r  the s p a t i a l  and r e l a t i v e  r o t a t i o n a l  v e l o c i t y  components of 
the in n e r  core.  A f t e r  some s imple  c a l c u l a t i o n s  and an a d d i t i o n ­
a l  i n t e g r a t i o n  we ob ta in  f o l l o w i n g  p e r i o d i c  c o n s t i tu e n t s  of  the  

Eu le r  ang les ,  which stand f o r  the r e l a t i v e  motion between in n e r  

core and mantle

J

S i m i l a r  expressions are obta ined  fo r  the s p a t i a l  components of  

the r o t a t i o n a l  v e l o c i t y  of the inner  core y s , f s and T>s .
I f  we in troduce  the expressions (17 )  in the equat ions  ( 8 )  

and ( 9 ) ,  we ob ta in  fo r  each p e r i o d i c  c o n s t i tu e n t  of the  

e x t e r n a l  torques f o l l o w i n g  d i f f e r e n t i a l  equat ions t a k i n g  i n t o  

account  the r e l a t i o n s  (16 )



By means o f  the  ampl i tudes Кj , Кj i , K j 2  con ta ined  in  
Tab les I  and I I  the  p e r io d ic  c o n s t i t u e n t s  of  the i n n e r  core 
mot i on  can be e v a l u a t e d  according to  equa t i ons  ( 2 0 ) .  A number 
o f  p e r io d ic  c o n s t i t u e n t s  in Tables I  and I I  depend on c i r c u l a r  
f requenc ie s  c o n t a i n i n g  f  . These c o n s t i t u e n t s  vary w i t h  a 
n e a r l y  d iu r n a l  p e r i o d .  Other c o n s t i t u e n t s  vary w i t h  ne a r l y  
s e m i - d iu r n a l  p e r i o d s .

These terms cause v a r i a t i o n s  o f  ДТ>^ and Д у ^  which do 
n o t  exceed 0 . 0 1 " .  These smal l q u a n t i t i e s  cannot  be de r ived  from 
th e  c o e f f i c i e n t s  o f  the s p h e r i c a l - h a r m o n ic  expansion of  geo­
magnet ic  f i e l d  d a t a .

Besides the i n s u f f i c i e n t  accuracy  the not de te rm inab le  
o r i g i n  of these p e r i o d s  prevents  the i n v e s t i g a t i o n  of  such 
s m a l l  v a r i a t i o n s .  They can be a t t r i b u t e d  to the i n t e r n a l  or 
e x t e r n a l  geomagnet ic f i e l d .

3.21 The i n f l u e n c e  of  lo n g -p e r io d  v a r i a t i o n s  of  the e x t e r n a l  
torques

In Table I I  we f i n d  l o n g -p e r io d  c o n s t i t u e n t s  which depend 
on temporal v a r i a t i o n s  of the l o n g i t u d e s  1Q and and the
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v e l o c i t y  of the r e t r o g r a d e  motion of the Moon's node. For these  

terms the c o e f f i c i e n t s  Kj j  and K j 2 vanish and we o b ta i n  from 
equat ions  (20 )  f o l l o w i n g  r e l a t i o n s

A\>i = A \>o i __________m .

< Y (tv
COS (  oC lt+  t j )

Only the 18.6 years per iod  has a s u f f i c i e n t  la rge a m p l i tud e  to 

be determined from geomagnetic d a ta .  The p o t e n t i a l  of  the geo­
magnet ic d ip o le  is  g iven by

vDip = r o ( 9? Pÿtcos V )  + (g ]  cos \ + h ]  s in  \  ) p ] ( cost> )  ( 22 )

from which we ob ta in  the parameters  of  the westward d r i f t

U i =

Vi =

arc

arc

tan (B

tan
1

9l

1/2

"1 ( 23 )

which are  per d e f i n i t i o n  the parameters of the r e l a t i v e  p r e c e s ­
s ion and n u ta t i o n  of the inner  c o r e .  The s pher ica l  harmonic  

expansion of the geomagnetic f i e l d  i s  given fo r  d i f f e r e n t  

epochs. From these expansions we can cons tr uc t  time s e r i e s  f o r  

V ^ and These t ime s e r ie s  a l lo w  to determine the p e r i o d i c  

c o n s t i t u e n t s  conta ined in the temporal  v a r i a t i o n s  of the above

Using the q u a n t i t i e s  Kj-| g iven in  Table I I  we o b ta i n  f o l ­
lowing ampl i tudes of the v a r i a t i o n s  Д1>^ and Ду^
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mentioned pa ra m e te rs ,  accord ing to  s u i t a b l e  mathemat i ca l  
procedures.  We used a method p u b l i s h e d  by Jochmann (1 9 8 6 ) .  The 
r e s u l t  is  e x h i b i t e d  i n  F ig .  3. For an 18.6 years pe r iod  r e s u l t s  
an ampl i tude of

A y i  = 0 .103°

Fig. 3. Amplitude spectra of the direction angles of the geomagnetic dipole
axis
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which agrees s u f f i c i e n t l y  w i t h  the t h e o r e t i c a l l y  c a l c u l a t e d  
v a lu e ,  because the mean square e r r o r  o f  the est imated q u a n t i t y  
amounts to 0 . 1 ° .  This  r e s u l t  can be suppor ted by an i n v e s t i g a ­
t i o n  of  the 18.2 years p e r i o d i c  c o n s t i t u e n t  of  p o l a r  m o t ion .  
Th is c o n s t i t u e n t  o f  p o la r  mot ion i s  caused by inner  core mot ion 
and t i d a l  e f f e c t s .  The l a t t e r  e f f e c t  i s  very smal l  and can be 
n e g le c te d .  The inn e r  core mot ion c o n t r i b u t e s  to the e x c i t a t i o n  
f u n c t i o n  of  p o la r  mot ion.  By Jochmann (1989) a method f o r  the 
c o n s t r u c t i o n  of  the e x c i t a t i o n  f u n c t i o n  of  i nner  core m o t i on  i s  
g i v e n .  App ly ing  t h i s  and c a l c u l a t i n g  the cor responding p e r i o d i c  
c o n s t i t u e n t  of  p o la r  mot ion,  we found f o r  the 18.6 years  p e r i o d  
an e l l i p t i c a l  pole  path w i th  the semi-axes

a = 0.008"  
b = 0

From the amp l i tude  spectrum of  p o l a r  mot ion r e s u l t s

a = 0.007"  
b = 0 .0004 " .

Both va lues agree very w e l l .  S ince by Jochmann (1989) the r e l a ­
t i o n  between the v a r i a t i o n s  of  the geomagnet ic d ip o le  and p o l a r  
mot ion was proved f o r  a number o f  p e r i o d i c  terms, t h i s  r e s u l t  
c o n f i rm s  the r e l a t i o n  between i n n e r  core motion and the  wes t -  
d r i f t  of  the geomagnet ic d i p o l e .

3.22 The e f f e c t  of  sec u la r  v a r i a t i o n s  of  the e x t e r n a l  t o rques

Table I I  shows t h a t  the e x t e r n a l  torques a c t i n g  on the 
in n e r  core con ta in  cons tan t  c o e f f i c i e n t s  which are the  reason 
f o r  s e c u la r  v a r i a t i o n s  of  the r e l a t i v e  mot ion between the i n n e r  
core and the mant le .  So lv ing  Eqs (9 )  and (10) f o r  these  te rm s ,  
we o b ta in

Д у А = 6.178 • 10 ‘ 1 0  t  + Д у 0

, Ki
AM. = 2.14 1 O' 4  rad - —-----Ц -

1 6Г i  -  f  i

( 2 4 )
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The s e c u la r  v a r i a t i o n  cor responds  to  a v a r i a t i o n  of  the 
r e l a t i v e  p rec es s ion  w i th  a pe r iod  o f  320 years.  This term of  
th e  inner  core m o t ion  can be cons ide red  as an a d d i t i o n a l  n u t a ­
t i o n  imposed on the  r e g u l a r  p recess ion .  The constan ts  Д у 0  and 
К 1 cannot be de te rm in e d  because of  the  l a c k  of  i n i t i a l  v a lu e s .

In  archaeomagnet ic  t ime s e r i e s ,  which were i n v e s t i g a t e d  by 
Adam (1983) , t h e r e  i s  a 360 years p e r i o d  shown, which may 
correspond  to the s e c u l a r  motion (24)  (see F ig .  4) .

S(T)

Fig. 4. Spectral densi ty of archaeomagnetic data (according to Adam N V 
1983)

4. CONCLUSIONS

In Jochmann (1989 )  the c o r r e l a t i o n  between v a r i a t i o n s  of  
geomagnet ic f i e l d  da ta  and po la r  mot ion cou ld  be proved,  us ing  
the  hypothes is  o f  a r o t a t i n g ,  p r e c e s s in g  inn e r  core acco rd ing  
to  Smylie et  a l .  (1984 ) .  We extended the theory g iven in  the 
quoted paper to the i n f l u e n c e  of e x t e r n a l  torques caused by the 
a t t r a c t i o n  of  the Sun and the Moon. I t  cou ld  be proved t h a t  
p e r i o d i c  terms i n  the  westward d r i f t  o f  the geomagnetic f i e l d  
were caused by i n n e r  core n u ta t io n s  due to  correspond ing terms 
o f  the te m p o r a l l y  v a r i a b l e  e x t e r n a l  t o rq u e s .  S i m i l a r  c o r r e ­
sponding terms were found in the t ime s e r i e s  of  po la r  mot ion .

From these r e s u l t s  f o l l o w s  t h a t  the  app l ie d  hypo thes is  i s  
u s e f u l  to e x p l a i n  some r e l a t i o n s  between the geomagnetic w e s t ­
ward d r i f t ,  p o l a r  mot i on  and the o r b i t a l  elements of the Ea r th
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and the Moon. On the o th e r  hand the r e s u l t s  seem to c o n f i r m  the 
h y p o th e s is  of  a r o t a t i n g ,  p recess ing  i n n e r  core .  But ,  one must 
ment ion t h a t  the r e s u l t s  are on ly  a f i r s t  step to prove t h i s  
h y p o t h e s i s .

Extended t ime s e r i e s  o f  the i n v e s t i g a t e d  phenomena, which 
may be a v a i l a b l e  i n  f u t u r e  w i l l  p o s s i b l y  con f i rm  the o b ta in e d  
r e s u l t s .
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In this paper, we have developed an algorithm based on the method of 
integral  equations (IE) to simulate the magnetotel luric (MT) response of 
three-dimensional (3D) bodies in a layered earth. I t  has two steps. F i rs t  
is  to compute the equivalent volume currents in inhomogeneities. The 3D 
bodies are replaced by an equivalent volume current d is t r ibut ion which is  
approximated by pulse basis functions. The integral  equations of unknown 
e lec t r ic  f ie lds in 3D bodies are constructed using the tensorial  Green 
functions appropriate to a layered earth. The second step is  to f ind the 
scattered f ields at the earth surface by integrat ing the e lec t r ic  and 
magnetic tensorial  Green functions over the scatter ing currents.

In order to reduce computation time and memory, three kinds of 
processing methods are adopted. They are Hankel transformation and 
interpolat ion,  group transforms, and the sparse tensorial  Green function 
matrix.

A comparison of our responses over a 3D body in a uniform half-space 
to these reported in ea r l ie r  works and a checking of the reciproci ty of the 
Green functions have ver i f ied  our program. The distor t ions of 3D MT curves 
are prel iminar i ly  discussed by pract ical  modeling and some new suggestions 
are presented.

Keywords: Green function; Hankel transform; integral  equation; 
magnetotelluric response; magnetotelluric modeling; numerical modeling; 3D 
modeling

INTRODUCTION

The s t r a i g h t f o r w a r d  problem o f  3D MT responses i n  an 
im p o r ta n t  p a r t  o f  m a g n e t o t e l l u r i c s . The i n t e g r a l  equa t ions  ( IE )  
method was p r e v i o u s l y  used in  e le c t r o m a g n e t i c  s im u l a t i o n s  to  
model the inhom oge ne i t ie s  in  a h a l f - s p a c e  by Hohmann (1975 ) .  
L a t e r  Wannamaker e t  a l .  (1984) developed an IE method i n  a 
l a y e re d  ea r th  f o r  MT model ing and ob ta ined  a l o t  of  u s e f u l  
r e s u l t s .  Owing to  i t s  advantages les s  computat ion t ime and

Acta Geod. Geoph. Mont. Hung. 26, 1991 
Akadémiai Kiadó, Budapest
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s m a l l  memory, g r e a t  a t t e n t i o n  i s  pa id  to t h i s  method and has 
became one of  the most commonly used s i m u l a t i o n  t o o l s  
( V a r e n ts o v  1983).

The recent  developments i n  MT f i e l d  surveys  and data 
i n t e r p r e t a t i o n  in  China have p ro fo u n d ly  c o n t r i b u t e d  to  our 
u n d e rs ta n d in g  of  the r e l a t i o n s  between the subsur face  
r e s i s t i v i t y  s t r u c t u r e  and observed MT q u a n t i t i e s .  However, 

. e x i s t i n g  ID and 2D MT t h e o r i e s  are not enough to  r a t i o n a l l y  
i n t e r p r è t e  the p r a c t i c a l  observed data and i t  i s  necessary to 
d i s c u s s  the c h a r a c t e r i s t i c s  o f  d i s t o r t i o n s  of  3D MT cu rves .

S t a r t i n g  w i th  the Maxwel l  equa t i ons  and us ing S ch e lk u n o f f  
sym m etr i c  p o t e n t i a l s ,  the dyadic  Green f u n c t i o n s  i n  a la ye red  
e a r t h  are de r ived  f o l l o w i n g  Wannamaker e t  a l .  (1984) .  Then the 
seconda ry  v e c t o r i a l  Fredholm i n t e g r a l  equat ions  are c o n s t r u c t e d  
f o r  the e l e c t r i c  f i e l d s  in  the inhom ogene i t y . In o rd e r  to 
im prove  the computa t ion  e f f i c i e n c y ,  we have used th ree  methods 
i n  d i g i t a l  p r o c e s s in g .  They are Hankel t r a n s f o r m a t i o n  and 
i n t e r p o l a t i o n ,  group t r a n s f o r m s ,  and sparse Green m a t r i x .  
F i n a l l y ,  we v e r i f i e d  our  program and s tu d ie d  the d i s t o r t i o n s  of  
3D MT based on p r a c t i c a l  mode l ing.

BASIC PRINCIPLES OF INTEGRAL EQUATIONS

Consider  a 3D body w i t h  the c o n d u c t i v i t y  (5 q i n  a N- 
l a y e r e d  hos t ,  shown in  F ig .  1 c o n f ined  to l a y e r  j  f o r  
s i m p l i c i t y .  Impressed w i t h  a downward p ropaga t i ng  p lane  wave, 
th e  s c a t t e r i n g  e l e c t r i c  and magnet ic  f i e l d s  (Es , Hs ) as
f u n c t i o n s  of p o s i t i o n  R and f o r an exp ( i c j t ) t ime depedence
obey the Helmhol tz e q u a t io n s (Wannamaker e t  a l . 1 984)

(V 2 +K2 ) Es = 0 Ш 0 ) ( l a )

(V2 +K2) Hs 0 ( 1 / j ) ( l b )

(V2 +K?) Es = 1[ -  í r -  VV 

Yj

Л

• + zj j  Jg + V X M

\

( l  = j ) ( l c )

(V2 +K2) *"*s = 1. -  i r - V V
V ZJ

Л

• + Yj j  Mg -  V  X J ( l  = j ) ( I d )
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where

Fig. 1. Geometry of 30 body in layered earth

Here 3S and Ms are c a l l e d  e q u i v a l e n t  s c a t t e r i n g  e l e c t r i c
and magnet ic c u r r e n t  s u b s t i t u t i n g  f o r  the body. Y i s  the 

Л \ I /Гл~
a d m i t t i v i t y  and Z i s  the impedance at  any p o i n t .  К = у -YZ i s

' л л
the wawe-number in  any l a y e r .  The r e l a t i o n s  among Y, Z 
c o n d u c t i v i t y  6  , d i e l e c t r i c  p e r m i t t i v i t y  £ and magnet ic
p e r m e a b i l i t y  /j are

6  + iuu£

i  UOfJ.

(3a)

(3b)

where i  i s  the imag inary  u n i t .  S u b s c r ip t  b re p re s e n ts  a 3D 
body, j  i s  the l a y e r  which c o n ta in s  the 30 body, 1 i s  any 
l a y e r .

and G^(R IR ' )  are the e l e c t r i c  and magnet icI f  gE(r i r ' )
dyad ic  t e n s o r i a l  Green f u n c t i o n s  i n  h a l f - s p a c e  w i t h  l a y e r e d  
e a r t h ,  the s o l u t i o n  of  Eqs (1 )  are g iven  by the method o f  Green
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f u n c t i o n s  a c c o rd in g  to  the v e c t o r i a l  Green theorem. We only  
c o n s id e r  the e l e c t r i c  d i f f e r e n c e  o f  l a y e r e d  ear th  and ne g le c t  
th e  d isplacement  c u r r e n t s .  The i n t e g r a l  equa t ions  are as f o l l o w

ES(R) G | (R IR ' ) • Js ( R1)dv
V

(4a)

HS(R) G^(RIR ' )  • Js ( R ' ) d v  .
V

(4b)

The q u a n t i t i t e s  G^(RIR' )  and G ^ (R IR ' )  are the e l e c t r i c  and 
magnet ic  f i e l d s  w h ich  r e l a t e  a v e c t o r  f i e l d  a t  R in  l a y e r  1, to 
a c u r r e n t  element a t  R i n  l aye r  j  , i n c l u d i n g  the case l = j .

Using dec o m p o s i t i o n  of the t o t a l  f i e l d s  (E,H) and Eq. ( 2 ) ,  
a v e c t o r i a l  Fredholm i n t e g r a l  e qua t io n  of  the second-o rder  can 
be w r i t t e n  about e l e c t r i c  f i e l d s  i n  the inhomogenei ty  as

E ( R ) E i  ( R ) + ( 6 b- 6 j ) G^(RIR'  ) • 3g (R ' ) dv
V

(5)

where Ê  i s  a p lane  wave response i n  a laye red  ea r th .  A s imple 
m a t r i x  equat ion  ( 6 ) w i t h  order  3N i s  o b ta ine d  using the method 
o f  c o l l o c a t i o n  w i t h  pu lse subsec t i on  b a s is  f u n c t i o n s .  N i s  the 
number of r e c t a n g u l a r l y  p r i s m a t i c  c e l l s  by which the 30 body i s  
approx im ate d .

E ll )  • FED = ЕЕа :  . ( 6 )

From these we can c a l c u l a t e  a l l  MT responses of  the 3D 
body at the s u r f a c e  o f  ea r th  by s o l v i n g  f o r  the e l e c t r i c  f i e l d s  
w i t h i n  the c e l l s ,  by computing the s c a t t e r i n g  f i e l d s  about the 
inhomogenei ty ,  and by us ing  the d i s c r e t e  v e r s io n  of  Eq. ( 2 ) ,

I t  should be noted t h a t  when the d i f f e r e n c e  of 
c o n d u c t i v i t i e s  between host and 3D inhomogenei ty  i s  l a r g e  and 
the  working f r e q u e n c i e s  are also h i g h ,  the vo r tex  c u r r e n t s  in  a 
3D body should be considered i n  the  i n t e g r a l  equa t ion .  Thus 
i n t e g r a l  equa t i on  ( 5 )  should a lso  be m o d i f i e d  co rrespond ing  to
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eddy c u r r e n t s .  This i s  one of  the im p o r t a n t  pa r ts  in  which we 
have m o d i f i e d  Wannamaker's program us ing  the IE method. 
U n f o r t u n a t e l y ,  by now we have not  seen any d i s c u s s io n  about  
t h i s  aspec t  in  p ub l i s he d  papers.  Our program has demonstrated 
t h a t  eddy c u r r e n t s  are s i g n i f i c a n t  i n  30 MT model ing under  some 
c o n d i t i o n s .  A d e t a i l e d  d i s c u s s io n  i s  found at Chen J i u p i n g  
( 1 987) .

NUMERICAL PROCESSING

1 . Hankel t r a n s f o r m a t i o n  and i n t e r p o l a t i o n

The p r im ary  t e n s o r i a l  Green f u n c t i o n s  are a n a l y t i c  
e x p re s s io n s ,  but  the secondary ones r e q u i r e  much t i n e  to  
c a l c u l a t e  the Hankel t r a n s f o r m a t i o n  o f  the comp l i cated k e r n e l  
f u n c t i o n s  of  o rde rs  0 and 1. I f  the  inhomogenei ty  i s  d i v i d e d  
i n t o  N c e l l s  and M comput ing p o i n t s  are needed at  the s u r f a c e  
of  the e a r t h ,  t he re  are 6 N+llM-*-N t o t a l  t r ans fo rm s .  For 
overcoming t h i s  d i f f i c u l t y ,  we s e t  up s i x  e l e c t r i c  and f i v e  
magnet ic  Hankel t r a n s fo rm  ta b le s  p r i o r  to  the m a t r i x  e q u a t i o n .  
Then we compute secondary Green f u n c t i o n s  by c u b ic
i n t e r p o l a t i o n  us ing  Newton's d i v i d e d  d i f f e r e n c e  method 
(Wannamaker e t  a l .  1984). In Hankel  t r ans fo rm s ,  Anderson 's  
(1975)  numer ica l  f i l t e r s  are used w i t h  283 c o e f f i c i e n t s .

I f  a 3D body i s  d i v i d e d  i n t o  128 c e l l s  and no
i n t e r p o l a t i o n  i s  used, we need 2 * 1 0  ̂ Hankel t r a n s f o r m s .  
O therw ise ,  on ly  10^ t rans fo rm s  are needed. There i s  200 t imes  
d i f f e r e n c e  between them.

The i n t e r p o l a t i o n  reduces not  o n ly  the computat ion t im e ,  
but  a l s o  s a t i s f i e s  the requ i rement  o f  a c e r t a i n  p r e c i s i o n .  
Table I  i s  a compar ison of  a n a l y t i c  to  i n t e r p o l a t i o n  r e s u l t s  
us ing  1 0 x 5 x 5  bas ic  p o i n t s .

2. Group t r a n s f o r m a t i o n

A u n i t a r y  t r a n s f o r m a t i o n  m a t r i x  can be c ons t ruc ted  us ing  
group r e p r e s e n t a t i o n  theory  as shown i n  F ig .  2, i f  a l l  the
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Table I

C a lc u la tin g  Point R = 1500 M,Z = 750 M,Z' = 750 M

fu n c tio n s
Re Im Re Im Re Im Re Im

in te rp o la t io n

a n a ly t ic
e r ro r

2.4961E-5 

2 .4546E-5 

1.6 %

3.6623E-9 

3 .5278E-9 

3.8 %

2 .2455E-4 

2 .3561E-4 

4.7 X

6.7377E-4 

6.4676E-4 

4.1 %

2 .0132E-8 
1 .9291E-8 

4 .3  %

4.3245E-12 

4 .1391E-12 
4.4 X

2.0187E-8 

1.9291E-8 

4.6 %

4 .3444E-12 
4 .1 331E-12 

5.1 X

h o r i z o n t a l  c ross s e c t i o n s  of a 3D body w i th  v e r t i c a l  edges 
possess a c e r t a i n  symmetry ( T r ip p  e t  a l .  1984). Through m a t r i x  
U the o r i g i n a l  c o e f f i c i e n t  m a t r i x  Z of  dimension 3Nx 3N in  
Eq. ( 6 ) ,  c o n t a i n i n g  redundant i n f o r m a t i o n ,  can be t rans fo rm ed  
i n t o  a b l o c k - d i a g o n a l  m a t r i x ,  Z ' ,  each of whose f o u r  d iagon a l  
s u b n a t r i c e s  have d imensions 3 N / 4 x 3N/4. The t rans fo rm  fo rm u la  
i  s

Г  = U Z UT (7)

where 0^ i s  the t ranspose of  Ö. S i m i l a r l y ,  E and E-̂  can be 
t ransformed i n t o  E' and E| by Eqs ( 8 ) .

E* = U E ( 8 a)

Ej = ü Ej . ( 8 b)

I t  can be demonstrated t h a t  the o r i g i n a l  Eq. ( 6 ) i s  
e q u i v a l e n t  to Eq. (9 )

CZ] ■ CE' ]  = EE{D . (9)

Having so lved f o r  t r ans fo rmed  e l e c t r i c  f i e l d s  by a n t i -  
t r a n s f o r m a t i o n



MAGNETOTELLURIC MODELING 2 2 7

Fig. 2. The horizontal cross sections of a body with ver t ical  sides possess 
a certain symmetry (point group C2 )

E = U E' (10 )

the e l e c t r i c  f i e l d s  E i n  Eq. ( 6 ) can be e a s i l y  ob ta ined .
Using t h i s  techn ique  we only  need 1/16 of  the s to rage  

c a p a c i t y  and 1/4 at  m a t r i x  f o r m a t i o n  t ime requ i red  f o r  the 
o r i g i n a l  m a t r i x .

3. Sparse Green m a t r i x

The elements of  m a t r i x  Z are r e l a t e d  to the r e l a t i v e  
d i s ta n c e  of  the observed c e l l  to the source c e l l  acco rd ing  to  
the p h y s i c a l  meaning of  the Green f u n c t i o n s .  Compared to  the 
p r im a ry  Green f u n c t i o n s ,  the secondary ones are smal l  and can 
be neg lec te d  i f  the d i s ta n c e  between the c e l l s  are l a r g e  
enough. T h e re fo re ,  the secondary Green m a t r i x  can become a
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s p a r s e  m a tr i x  ac c o rd in g  to a c e r t a i n  p r e c i s i o n  r equ i rem en t .

3D MODEL STUDY

The program was v e r i f i e d  by compar ing i t s  3D MT model ing 
r e s u l t s  w i th  those rep o r te d  i n  e a r l i e r  works and by check ing 
t h e  r e c i p r o c i t y  o f  the Green f u n c t i o n s .

F igu res  3 and 4 a id  compar isons of  Wannamaker's IE ,  Lee 's  
h y b r i d  method and our  model ing r e s u l t s  f o r  ТЕ and TM mode 
e x c i t a t i o n s .  I t  i s  c l e a r  t h a t  our curves  are very c los e  to  
Wannamaker's ones.

Table I I  c o n t a in s  the check ing of  r e c i p r o c i t y  o f  the  Green 
f u n c t i o n s .  Here the Green f u n c t i o n  im p ly  t h e i r  secondary p a r t .  
The r e c i p r o c i t y  r e l a t i o n  i s  g iven as

G±j ( R IR ' ) = Gj  ±( R’ IR) i , j = x , y , z  . (11)

Table I I

Fi f2
Re Im Re Im

1 1 .7241E-5 5.6768E-8 11.3347E-8 4.9109E-11
2 1 .7241E-5 5.6768E-8 1.3347E-8 4.9109E-11

F3 F4 F3

Re Im Re Im Re

2 .5321E-6 7.4002E-5 2.6738E-8 1.9005E-10 1 .3422E-8
2 .5321E-6 7 .4002E-5 2.6738E-8 1.9005E-10 1.3422E-B

F5 F6

3
Im Re Im

2 .9557E-10 2.6736E-8 1.8986E-10
2.9557E-10 2 .6736E-8 1.8986E-10

The model pa ramete rs  are shown in  F ig .  5. The work ing 
f r e q u e n c y  i s  0.01 Hz. Source and observed p o in t s  are (0 ,  0, 
750 ) , ( 1 , 1000, 1500) .

Consider  a 3D body of  low r e s i s t i v i t y  in  a t h r e e - 1 ayered 
e a r t h  (F ig .  5) .  M u l t i f r e q u e n c y  maps o f  the t e n s o r i a l  apparen t
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Fig. 3. Comparison of 
Wan's, Lee's and 
the present MT 
results fo r  TE- 
mode exc itat ion.  
Legend: + 20;
□ Lee et a l .  ; 
• Wannamaker et 
a l .; ° Chen et
a l .

I km

Fig. 4. Comparison of 
Wan's, Lee's and 
the present MT 
results fo r  TM- 
mode exci tat ion.  
Legend: + 2D;
□ Lee et a l .  ; 
• Wannamaker et 
a l . ;  ° Chen et 
a l .
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Fig. 5. Theoretical 3D model: a) plan map, b) section map

r e s i s t i v i t i e s  § Xy anc* 9yx are shown in  F ig .  6 . At low 
f r e q u e n c ie s  ( <0 .1  HZ), the con tou rs  o f  g Xy and gy X are c los e  
t o  each othe r  e s p e c i a l l y  near the edge of  3D body, and form a 
" r e s i s t i v i t y  g r a d i e n t  band".  I f  f requenc ie s  are h i g h e r  than 
5 Hz, the con tou rs  become sparse and anomalies are not  c l e a r .  
T h i s  phenomenon i s  exp la ined  as a " s t a t i c  f i e l d  d i s t o r t i o n "  
(Chen 1987).

F igure 7 shows sounding curves  o f  the apparent r e s i s t i v i t y  
o v e r  a 3D body a t  s i t e  A as w e l l  as ID and 2D models which 
co r respond  to the 3D model.  Note a t  low f requenc ies t h a t  the  3D 

g xy and gyx curves  are s e r i o u s l y  depar ted .  However, the  2D 
and 3D gyx curves are c lose to  each o th e r  at a l l  f r e q u e n c i e s .

I t  should be emphasized t h a t  impedance phase cu rves  are 
d i f f e r e n t  f rom p s e u d o - r e s i s t i v i t i e s  in  d i s t o r t i n g
c h a r a c t e r i s t i c s  ( F i g .  7b) .  At h igh  and low f r eq u e n c ie s ,  the two 
phase curves are a lmos t  u n d i s t o r t e d ,  but  at middle range ,  they 
de p a r te d  c l e a r l y .
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Fig. 6 . Multifrequency plan map of apparent r e s i s t i v i t i e s  gXy and gy X

A map and a s e c t i o n  of the t i p p e r  magni tude T are 
d i s p la y e d  over a 3D body in  F ig .  8 . Ihe t i p p e r  s t r o n g l y  changes 
vs. f requency and i t  looks l i k e  a band f i l t e r .  Ihe t i p p e r  
changes most q u i c k l y  i n  the range 1-10 Hz and q u i c k l y  decreases 
beyond t h i s  range. We de f ine  t h i s  range as the best range of 
f r e q u e n c ie s  f o r  the t i p p e r .  I t  i s  not  d i f f i c u l t  to  see t h a t  
t h i s  bes t  range i s  j u s t  correspond ing to  the p e n e t r a t i o n  depth 
i n  t h i s  example.

In  the map, the con to u rs  are extended in  a d i r e c t i o n  which 
i s  p a r a l l e l  to the s t r i k e  of  the e l o n g a t i o n  in  30 and ga thered  
near  the edge of  the inhomogenei ty .

G enera l l y  s peak ing ,  the skew S i s  an impo r tan t  parameter  
which i s  an i n d i c a t o r  o f  the d imensions of  subsur face t a r g e t s .  
In the map of  F ig .  9a, the c on tou rs  appear as a bundle of 
i n c l i n e d  e l l i p s e s .  As the observed s i t e s  are on the symmetry 
a x i s  o f  the p r i s m a t i c  3D body, the skew approaches z e ro .  This 
i l l u s t r a t e s  t h a t  S cannot  present  the c h a r a c t e r i s t i c s  o f  3D 
bodies in  some s p e c i a l  p o s i t i o n s .

As shown in  the pseudo -sec t i ons  o f  the skew, F ig .  9b, the 
c o n to u rs  look l i k e  an i n v e r t e d  V, the a x i s  i s  lo ca ted  a t  the 
r i g h t  s ide and i s  p a r a l l e l  to the f requency ax is .  Moreover ,
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In

Fig. 7. MT sounding curves at s i t e  A

th e  magnitude dec reases  i f  the f r equency  increases. T h e re fo re ,  
t h e  e f f e c t i v e  f r e q u e n c y  o f  the skew i s  a t  low f r e q u e n c ie s .  The 
skew i s  a f f ec ted  by th e  d i s t o r t i o n  due to  i nhom ogene i t i es .
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Fig. 8 . Tipper T: a) prof i les  at x=0 m, b) plan map 

DISCUSSIONS AND CONCLUSIONS

Based on the model ing r e s u l t s  over  a 30 body in  a l a y e re d  
e a r t h ,  we conc lude t h a t

1. The d i s t o r t i o n s  of  3D MT responses can be s t i l l  d i v i d e d  
i n t o  two types:  g a l v a n i c  and induced ones. But g a l v a n i c  ones
are more s i g n i f i c a n t  than induced ones. E s s e n t i a l l y ,  g a l v a n i c  
d i s t o r t i o n s  may be due to  the s t a t i c  e f f e c t  which i s  the d i r e c t  
reason of  the d e p a r t i n g  of  ç xy and Qyx at  a l l  f r e q u e n c i e s .
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Fig. 9. Skew S: a) plan map, b) pseudosections at x=500 m

2. The t i p p e r  has the c h a r a c t e r i s t i c  to i n d i c a t e  the 
w o r k in g  f r e q u e n c ie s .  At the best  f r equency  range, the t i p p e r  
r e f l e c t s  the e x i s t e n c e  of  a subsur face  t a r g e t .  The s t r i k e  and 
t h e  border of an e longa ted  inhomogene i t y  can be determ ined  
ac c o rd in g  to the map of  t i p p e r  magn i tude ,  so the t i p p e r  i s  a 
v e r y  usefu l  pa ram e te r .

3. The e f f e c t i v e  f requency range of  the skew cor responds 
t o  low f r e q u e n c i e s .  I t  is  not  enough to determine the 
d imens ions  of a 3D body only from the va lues  of  the skew at  a 
s i n g l e  s i t e .
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A JOINT VIEW OF GEOMAGNETIC, IONOSPHERIC AND THERMOSPHERIC
DISTORBANCES*

P Bencze

Geodetic and Geophysical Research Ins t i t u te  of the Hungarian Academy 
of Sciences, H-9401 Sopron, РОВ 5, Hungary

Common features of the storm time and disturbance dai ly var iat ions of 
the geomagnetic f i e l d ,  the ionosphere and the thermosphere are discussed. 
An attempt is made to use the results achieved in the interpretat ion of one 
of these phenomena, e.g. in the geomagnetic disturbances fo r  the 
explanation of the others. I t  has been found that as energy sources 
producing these var iat ions not only auroral processes, but also pa r t i c le  
prec ip i ta t ion from the r ing current be l t  should be taken into 
consideration.

Keywords: energetic par t ic les;  geomagnetic disturbances; ionospheric
storms; r ing current; thermospheric disturbances

INTRODOCTION

I f  the v a r i a t i o n s  of  the geomagnet ic f i e l d ,  the ionosphere  
and the thermosphere r e l a t e d  to  geomagnet ic  d i s tu r b a n c e s  are 
c o n s id e re d ,  se v e ra l  common fe a t u r e s  can be de tec ted .  Both the 
h o r i z o n t a l  component o f  the geomagnet ic f i e l d  and the e l e c t r o n  
d e n s i t y  in the F r e g io n  of  the ionosphere  - the former  a t  low 
and m i d - l a t i t u d e s ,  the l a t t e r  at  m idd le  and high l a t i t u d e s  - 
show a s torm t ime v a r i a t i o n  c o n s i s t i n g  of  a l a s t i n g  decrease of  
the f i e l d  and the 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  (s to rm t im e  i s  
reckoned from the commencement o f  the storm) ( F ig s  1, 2) 
(Chapman and B a r t e l s  1951, M a ts u s h i t a  1959, Bencze 1965, 
Obayashi and Matuura 1971) .  In t h i s  paper  the F re g ion  e l e c t r o n  
d e n s i t y  is  r ep resen ted  by the c r i t i c a l  f requency o f  the F2

*Paper presented at the 10th KAPG Winter School on „Physical Processes in 
the Plasma of the Magnetosphere" and dedicated to the memory of the late 
professor Dr Ch-0 Wagner

Acta Geod. Geoph. Mont. Hung. 26, 1991 
Akadémiai Kiadó, Budapest
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Fig. 1. Storm time var iat ion in the horizontal  component of the geomagnetic 
f ie ld  at low and middle lat i tudes (a f te r  Chapman and Bartels 1951)

STORM TIME

Fig. 2. Storm time var iat ion of foF2 (proport ional  to the maximum electron 
density of the F2 layer) in d i f f e ren t  seasons at low, middle and 
high lat i tudes (a f t e r  Matsushita 1959)

l a y e r  foF2 i n d i c a t i n g  the maximum e le c t r o n  d e n s i t y  o f  the 
ionos ph e re .  In the same l a t i t u d e  zone ( 3 0 ° - 6 0 ° ) ,  where the
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decrease of the e l e c t r o n  d e n s i t y  du r ing  geomagnet ic 
d i s tu rb a n c e s  (a n e g a t i v e  ion o s p h e r i c  s to rm) can be observed ,  at 
the same t ime the com pos i t i on  of  the n e u t r a l  atmosphere i s  
changed in the thermosphere (com pos i t ion  d i s t u r b a n c e ) .  The 
c o n c e n t r a t i o n  of  the mo lecu la r  c o n s t i t u e n t s  (N2 , Ar )  i s  
i nc reased  as compared to t h a t  of  the atomic  c o n s t i t u e n t s  ( 0 ,He) 
( F i g . 3 )  (P ro lss  1980) .  At low l a t i t u d e s  the i nc reas e  of  the 
e l e c t r o n  d ens i t y  i n  the F r e g io n  d u r ing  geomagnet ic 
d i s tu r b a n c e s  ( p o s i t i v e  ion o s p h e r i c  s torm) ( F i g .  2) c o in c id e s  
w i t h  the zone of  unchanged com pos i t i on  i n  the thermosphere 
( F i g .  3 ) .  The r e l a t i o n  between the F reg ion  e l e c t r o n  d e n s i t y  
v a r i a t i o n  and the c om pos i t ion  d i s tu rb a n c e  in  the thermosphere 
d u r i n g  geomagnetic d is tu rb a n c e s  i s  conf i rmed  by the 
co r respond ing  change of  the l a t i t u d i n a l  e x tens ion  o f  the 
decreased e le c t r o n  d e n s i t y  and t h a t  of  the com pos i t i on  
d i s t u r b a n c e  w i th  season,  too .  In summer the zone o f  decreased 
e l e c t r o n  d ens i t y  i s  extended equatorward as compared to  w in t e r

HEIGHT (KM)
280 260 2A0 231 2A0 260 280 300 ЗАО

Fig. 3. Lat i tudinal  var iat ion of the composition disturbance in the thermo­
sphere (af ter  Prolss 1980)
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i n  accordance w i t h  which the zone of  the compos i t i on  
d i s t u r b a n c e  i s  a l s o  en larged equatorward (F igs  2, 4) 
( M a t s u s h i t a  1959, P r o l s s  1980).

GEOMAGNETIC LATITUDE

Fig.  4. Seasonal var ia t ion of the la t i t ud ina l  extension of the composition 
disturbance in the thermosphere (af ter  Prolss 1980)

Fu r th e r  s i m i l a r i t i e s  can be found i n  the d i s tu rb a n c e  d a i l y  
v a r i a t i o n s  (SD) of  the  above q u a n t i t i e s .  Both the d i s tu rb a n c e  
d a i l y  v a r i a t i o n  of  the geomagnetic h o r i z o n t a l  component and 
t h a t  of  the F r e g i o n  e l e c t r o n  d e n s i t y  changes s i m i l a r l y  the 
maximum being s h i f t e d  w i th  i n c r e a s i n g  l a t i t u d e  from the 
fo r e n o o n  hours at low l a t i t u d e s  to the a f t e rn o o n  hours at  mid­
l a t i t u d e s  (F igs 5, 6 , 7) (Chapman and B a r t e l s  1951, M ats ush i ta  
1959,  Bencze 1965) .  In  the d e n s i t y  o f  the thermosphere a 
d i s t u r b a n c e  d a i l y  v a r i a t i o n  could a l s o  be t raced  at  low 
l a t i t u d e s  the mean v a r i a t i o n  determined f o r  the l a t i t u d e  zone 
_+30° having a maximum i n  the day - t im e  hours ( F i g .  8 ) ( I l l é s -  
A lm ár  et  a l .  1989) .  T h i s  p i c t u r e  i s  i n  agreement w i t h  the w e l l  
known fa c t  th a t  a t  low l a t i t u d e s  the F r e g io n  e l e c t r o n  d e n s i t y



GEOMAGNETIC, IONOSPHERIC DISTURBANCES 2 4 1

i n c re a s e s  w i th  geomagnet ic a c t i v i t y .  Here a morning maximum in  
the d i s tu rb a n c e  d a i l y  v a r i a t i o n  of  the e l e c t r o n  d e n s i t y  
cor responds  to the morning maximum of  the d i s tu r b a n c e  d a i l y  
v a r i a t i o n  of the geomagnet ic h o r i z o n t a l  component ( i n d i c a t i n g  
the geomagnet ic a c t i v i t y ) .  As f o r  the d i s tu rb a n c e  d a i l y  
v a r i a t i o n  of  the F r eg ion  e l e c t r o n  d e n s i t y  at  midd le  l a t i t u d e s ,  
the c i rcumstance  t h a t  at  the t ime of  maximum geomagnet ic

Fig. 5. Disturbance dai ly var iat ion in the horizontal component of the geo­
magnetic f ie ld  determined for  the f i r s t  and second days of the 
disturbance (af ter  Chapman and Bartels 1951)



2 4 2 P BENCZE

Fig. 6 . Disturbance da i l y  variation of foF2 (proport ional to the maximum 
electron density of the F2  layer) in d i f fe rent  seasons at middle 
lat i tude (Bencze 1965)

d is tu rb a n c e  in  th e  af ternoon i n s t e a d  a minimum a maximum i s  
observed,  h i n t s  a t  a process d i f f e r i n g  f rom t h a t  produc ing the 
s torm t ime v a r i a t i o n s .  S i m i l a r l y ,  s inc e  r i s i n g  geomagnet ic 
a c t i v i t y  i s  accompanied by inc reased  the rmospher ic  d e n s i t y ,  
enhanced day- t ime  d e n s i t y  corresponds to  the morning maximum of  
the d is tu rbance  d a i l y  v a r i a t i o n  of  the geomagnetic h o r i z o n t a l  
component ( r e m in d in g  th a t  the d i s t u r b a n c e  d a i l y  v a r i a t i o n  of  
the the rmospher ic  d e n s i t y  cons ide red here rep resen ts  a s p a t i a l  
mean and the d e la y  in  the r e a c t i o n  of  the thermosphere must 
a l s o  be taken i n t o  accoun t) .

DISCUSSION AND INTERPRETATION

As the background of the geomagnet ic  d is tu rb a n c e s  i s  
f a i r l y  w e l l  known, i t  can suppo r t  the i n t e r p r e t a t i o n  of
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TIMES OF MAXIMA

Fig. 7. The la t i t ud ina l  var iat ion of the phase ( local  time of the maxima) 
of the disturbance dai ly var iat ion in foF2 ( f u l l  l ine)  (a f t e r  
Matsushita 1959) and in the geomagnetic horizontal component 
(c i rc les)  (a f te r  Chapman and Bartels 1951)

Fig.. 8 . Disturbance dai ly var iat ion of the running mean residuals of the 
neutral density measured at about 400 km (deviations from the model 
values corrected for  storm time var ia t ion  determined f ro the to ta l  
material ( f u l l  l ine)  and for  disturbed days (dots) ( I l lés-Almár  et 
al .  1989)
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i o n o s p h e r i c  and thermospher ic  phenomena o c c u r r in g  d u r i n g  
geomagnet ic  d i s t u r b a n c e s .

The l a s t i n g  dep ress ion  of the h o r i z o n t a l  component o f  the 
geomagnet ic f i e l d  a t  low and m i d - l a t i t u d e s  - c a l l e d  the main 
and recovery phases of a geomagnet ic storm - are due to  the 
r i n g  . c u r r e n t .  I t  has been found t h a t  as a consequence o f  the 
i n t e r a c t i o n  between the cross t a i l  ( c o n v e c t i o n )  e l e c t r i c  f i e l d  
generated by the s o l a r  wind and the geomagnetic f i e l d  a plasma 
sheet  i s  formed a long the c e n t r a l  p lane of the t a i l .  A f t e r  
ea r thward  t r a n s p o r t  p a r t i c l e s  get f rom the plasma sheet bo th  to 
the  a u ro ra l  ov a ls  and the r i n g  c u r r e n t .  The p a r t i c l e  i n j e c t i o n  
to  both of these r e g io n s  dur ing geomagnet ic  d i s tu rbances  i s  due 
to  the inc reased  c o n v e c t io n .  The p a r t i c l e s  en te r  i n t o  the r i n g  
c u r r e n t  b e l t  as a r e s u l t  of g r a d i e n t  and cu rva tu re  d r i f t s  in  
the  geomagnetic f i e l d .  The main phase depress ion o f  the 
geomagnet ic  f i e l d  at  low and m i d - l a t i t u d e s  i s  the e f f e c t  o f  the 
i n t e n s i f i c a t i o n  of  the r i n g  c u r r e n t  due to t h i s  p a r t i c l e  
i n j e c t i o n  from the plasma sheet .  The decrease of the e l e c t r o n  
d e n s i t y  in the F - r e g io n  and the c om p o s i t i o n  d is tu rbance  i n  the 
thermosphere at  m idd le  and high l a t i t u d e s  can be r e l a t e d  to  the 
e f f e c t s  of the p a r t i c l e  i n j e c t i o n  f rom the plasma sheet  to  the 
a u r o r a l  ova ls  o c c u r r i n g  s i m u l t a n e o u s l y  w i th  the i n j e c t i o n  to 
the r i n g  c u r r e n t .

The m o d e l l i n g  of  the rmospher i c  storm e f f e c t s  has shown 
t h a t  heat ing caused by p r e c i p i t a t i n g  e l e c t r o n s  in  the a u r o r a l  
zones e s t a b l i s h e s  an upw e l l i ng  o f  a i r  r i c h  in  m o le c u la r  
c o n s t i t u e n t s  t h u s ,  i n c re a s in g  the c o n c e n t r a t i o n  of  m o le c u la r  
c o n s t i t u e n t s  as compared to t h a t  o f  the atomic components 
(R is h b e th  et a l .  1985) .  The e f f e c t  o f  the upw e l l i n g ,  however ,  
spreads over a l a t i t u d e  zone of  on ly  5° equaforward f rom the 
a u r o r a l  ov a ls ,  the v e r t i c a l  d i f f u s i o n  being f a s t e r  than the 
equato rward t r a n s p o r t  by the h o r i z o n t a l  wind (Rishbeth  e t  a l . ,  
1985) .  Thus, at  lower  l a t i t u d e s  -  a t  m idd le  l a t i t u d e s  - t he rm a l  
expansion due to  a d d i t i o n a l  h e a t i n g  can assure the in c re a s e d  
c o n c e n t r a t i o n  of  the molecular  c o n s t i t u e n t s  as compared to  t h a t  
o f  the atomic c o n s t i t u e n t s .

Hence at m idd le  and high l a t i t u d e s  negat ive i o n o s p h e r i c
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storms are connected w i th  composi t ion  changes mentioned above. 
The increase  of  the c o n c e n t ra t i o n  of  the molecular  components 
(N2 , 0 2 ) as compared to th a t  o f  the a tom ic  oxygen can enhance 
the r a t e  of  d i s s o c i a t i v e  recom b ina t i on  and a reduc t i on  o f  the 
e l e c t r o n  d e n s i t y  i s  observed in  the F r e g i o n .

At low l a t i t u d e s  thermal  expansion caused by a d d i t i o n a l  
hea t ing  can a lso be necessary to compensate the e f f e c t  o f  
s i n k i n g  of  a i r  r i c h  in  atomic components corresponding to  the 
u p w e l l i n g  of a i r  at  h igh l a t i t u d e s  and e s t a b l i s h i n g  unchanged 
c o m p o s i t i o n .

The development o f  the p o s i t i v e  io n o s p h e r i c  storm i s  l e s s  
c l e a r .  Cons ide r ing  the s ta te  of  the  thermosphere d u r i n g  
geomagnet ic d i s t u r b a n c e s ,  i t  can no t  be due to c om pos i t ion  
changes. Thus, i t  has been assumed t h a t  the increase o f  the F 
reg ion  e le c t r o n  d e n s i t y  i s  r e la t e d  to the  v e r t i c a l  t r a n s p o r t  o f  
i o n i z a t i o n  caused by equatorward winds and /o r  zonal  (eas tw a rd )  
e l e c t r i c  f i e l d s .  The c i rcumstance t h a t  a t  low l a t i t u d e s  the rm a l  
expansion due to  a d d i t i o n a l  hea t in g  i s  necessary f o r  the  
maintenance of  unchanged c o m p o s i t i o n ,  h i n t s  at the r o l e  o f  
increased tem pera tu re .  An inc rease  o f  the temperature would 
a l so  decrease the recombinat ion  r a t e  and r e s u l t  in  enhanced 
e l e c t r o n  d e n s i t y .

The d i s tu r b a n c e  d a i l y  v a r i a t i o n  o f  the geomagnetic f i e l d  
i s  a t t r i b u t e d  p a r t l y  to the asymmetry o f  the r i n g  c u r r e n t ,  
p a r t l y  to a u r o r a l  sources.  Thus, an i n t e r p r e t a t i o n  of  the  
d i s tu rb a n c e  d a i l y  v a r i a t i o n  of the F r e g io n  e le c t ro n  d e n s i t y  
and t h a t  o f  the the rmospher ic  d e n s i t y  m igh t  be at tempted on the  
bas is  o f  t h i s  assumpt ion .  The r i n g  c u r r e n t  i s  asymmetric f i r s t  
of  a l l  from the p o i n t  o f  view of  i t s  i n t e n s i t y  the l a t t e r  be ing  
g r e a t e r  at  the n i g h t  s ide than on the day s ide .  The asymmetry 
of  the i n t e n s i t y  i s  due p a r t l y  to  the l i m i t e d  range of  the  
l o n g i t u d i n a l  d r i f t  o f  the p a r t i c l e s ,  p a r t l y  to the p a r t i a l  r i n g  
c u r r e n t  e s t a b l i s h e d  by f i e l d  a l i g n e d  c u r re n ts  ( r e g i o n  I I  
c u r r e n t s )  ( I i j i m a  et  a l .  198B). The r i n g  c u r re n t  i s  a l s o  
asymmetr ic c o n s id e r i n g  i t s  c o m p o s i t i o n .  I t  has been found t h a t  
0 + ions  are the dominant ions on the  days ide dur ing the main 
and recove ry phases of  geomagnetic s to rms (Lundin et  a l .  1983 ) .
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The decay of  the r i n g  c u r r e n t  i s  a t t r i b u t e d  p a r t l y  to 
ch a rge  exchange between r i n g  c u r r e n t  ions (H+ ,0 + ,He+ ) and 
n e u t r a l  atoms in  the geocorona ( D e s s le r  et  a l .  1961),  p a r t l y  to 
w a v e - p a r t i c l e  i n t e r a c t i o n  ( C o rn w a l l  e t  a l .  1970, W i l l i a m s  and 
Lyons 1974a,b, W i l l i a m s  et  a l .  1976, doselyn and Lyons 1976, 
Lyons and Speiser  1982).  As a r e s u l t  of the fo rmer  process 
e n e r g e t i c  n e u t r a l  atoms are produced p r e c i p i t a t i n g  i n t o  the 
upper  atmosphere a t  low l a t i t u d e s ,  wh i le  due to the  l a t t e r  
p roc es s  e n e rg e t i c  e l e c t r o n s  leave  the r a d i a t i o n  b e l t  ( F i g .  9) 
( T o r r  1983).  The p a r t i c l e s  lose  t h e i r  energy in c o l l i s i o n s  w i th  
th e  ambient atmosphere.  The w a v e - p a r t i c l e  i n t e r a c t i o n  can be 
c o n s id e re d  as a t h i r d  f a c t o r  c o n t r i b u t i n g  to the asymmetry o f  
t h e  r i n g  c u r r e n t .  The e f f i c i e n c y  of the w a v e - p a r t i c l e  
i n t e r a c t i o n  as a lo ss  process f o r  the r i n g  c u r r e n t  i s  
i n f l u e n c e d  namely by the i n t e r a c t i o n  between the hot  plasma of 
th e  r i n g  c u r r e n t  and the c o l d  plasma of the plasmasphere 
( C o r n w a l l  et  a l .  1970, Kozyra 1988 ) .  The plasmasphere being 
l a r g e r  on the days ide  than on the n i g h t s i d e  and hav ing a bulge 
i n  the a f te rnoon  s e c t o r  (Oecreau e t  a l .  1982, Gr ingauz 1983) , 
t h e  p a r t i c l e  lo ss  due to t h i s  p rocess  i s  not un i fo rm a long  the 
b e l t .  Thus, the p a r t i c l e  los s  can be la r g e r  on the day s ide ,  
e s p e c i a l l y  in the a f t e r n o o n  than on the n ig h t  s ide.

Making use of  these f i n d i n g s ,  i n  case of the d i s t u r b a n c e  
d a i l y  v a r i a t i o n  of  the geomagnet ic  h o r i z o n t a l  component the 
maximum in the morning hours a t  low l a t i t u d e s  h i n t s  a t  the 
r e l a t i o n  to the asymmetry in  the i n t e n s i t y  of the r i n g  c u r r e n t .  
As to  the d i s t u r b a n c e  d a i l y  v a r i a t i o n  of  the F - reg ion  e l e c t r o n  
d e n s i t y  and the thermospher ic  d e n s i t y  the c o m p o s i t i o n a l  
asymmetry (presumably  the f l u x  o f  e ne rge t i c  oxygen atoms 
produced by charge exchange being l a r g e r  and r e s u l t i n g  a l s o  in  
a g r e a t e r  energy d e p o s i t i o n  on the  days ide in the thermosphere 
than  p ro to ns )  can a lso  c o n t r i b u t e  to the development o f  the 
maximum in  the morning-midday h o u rs .  The s h i f t  of  the maximum 
f rom  the forenoon to the a f t e r n o o n  hours w i th  i n c r e a s i n g  
l a t i t u d e  can be connected w i th  the i n c r e a s i n g  impor tance o f  the 
w a v e - p a r t i c l e  i n t e r a c t i o n  in  the af te rnoon as compared to 
charge-exchange in  the p r o d u c t i o n  o f  ene rge t i c  p a r t i c l e s .  An
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Fig. 9. The nighttime zones of prec ipi ta t ing electrons (dashed l i ne )  and 
ions (sol id l ine)  as a function of geomagnetic lat i tude, energy f l ux  
refer r ing to 200 km, moderately disturbed conditions ( l o r r  1983)

argument in  f avou r  of  t h i s  e x p la n a t i o n  can be the c i rcum stance  
t h a t  at  the t ime of  the maximum geomagnet ic d i s tu rb a n c e  a 
maximum of  the d i s tu rb a n c e  d a i l y  v a r i a t i o n  of the F r e g io n  
e l e c t r o n  d e n s i t y  occurs a lso at m i d - l a t i t u d e s  as at  low 
l a t i t u d e s ,  i n d i c a t i n g  a process analogous to the c o n d i t i o n s  at  
low l a t i t u d e s ,  probable  hea t i ng  but not  composi t ion  change.

CONCLUSIONS

Up to recen t  years the a u r o r a l  o v a l  has been cons ide red  as 
the p lace  of  energy i n p u t  i n t o  the upper atmosphere d u r i n g  
magnetospher ic  s torms.  The uncommon phenomena ( a u r o r a ,  
geomagnet ic ,  i o n o s p h e r i c  d i s tu r b a n c e s )  t a k in g  place i n  these 
cases at  high l a t i t u d e s  d i r e c t e d  the a t t e n t i o n  to the a u r o r a l  
zone. Since such phenomena of  s i m i l a r  i n t e n s i t y  were observed
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nowhere e lse,  the i n v e s t i g a t i o n  o f  the t e r r e s t r i a l  e f f e c t s  of  
th e  s o la r  a c t i v i t y  has been focussed on the po la r  r e g i o n s .  The 
o b s e r v a t i o n  of  a tmospher ic  em iss ions  at  low l a t i t u d e s  was 
p r o b a b le  the f i r s t  o b s e r v a t io n ,  i n d i c a t i n g  t h a t  the storm 
energy  has access to  the upper atmosphere at these l a t i t u d e s ,  
to o  (Ba rb ie r  1947, Seaton 1956, Chapman 1957 a ,b ,  Chamber lain  
1961, Levasseur and Blamont 1973, Meier and W e l l e r  1975, 
Paresce 1979, T i n s l e y  1979, B u rns ide  et  a l .  1980, Mer iw e th e r  
and Walker 1980, Thomas 1 980 , Cazes and Enterich 1 980 , T in s le y  
and Burnside 1981, T in s le y  et  a l .  1982, Rohrbaugh e t  a l .  1983, 
T i n s l e y  et a l .  1984, Ish imoto et  a l .  1986, T ins ley  e t  a l .  1986, 
Abreu et a l .  1986 ) .  At f i r s t  i t  was not  q u i te  c l e a r  how these 
em iss ions  are produced.  A s y s t e m a t i c  study of  a tm ospher ic  
em iss ions  has enabled the d e t e r m i n a t i o n  of  the energy sou rce of  
these  emiss ions,  p a r t i c l e s  t r a n s f e r r i n g  the energy s t o r e d  in 
th e  magnetosphere (M e ie r  and W e l le r  1975, T ins ley  1979, T i n s l e y  
and Burnside 1981, T in s le y  et a l .  1982, Rohrbaugh e t  a l .  1983, 
I s h i m o t o  et a l .  1986, T ins ley  et  a l .  1986, Abreu et  a l .  1986) . 
I o n o s p h e r i c  o b s e r v a t i o n s  have a ls o  shown t h a t  at low l a t i t u d e s  
t h e r e  i s  an excess i o n i z a t i o n  ( i n t e r m e d i a t e  l a y e r  f o r m a t i o n )  
d u r i n g  geomagnetic d is tu rb a n c e s  h i n t i n g  at  an a d d i t i o n a l  energy 
sou rc e  (Rowe 1974, Goldberg 1974, Ke l ley  et a l .  1977) .  
I n c re a s e d  e l e c t r o n  temperature has a lso been observed i n  the 
r e c o v e r y  phase at  middle l a t i t u d e s  ( F ig .  10) (Wagner e t  a l .
1986 ) .  The inc rease  o f  the n e u t r a l  temperature at low l a t i t u d e s  
deduced from s a t e l l i t e  drag data c o u ld  p a r t l y  be e x p la in e d  by 
p a r t i c l e  ( e n e r g e t i c  hydrogen atoms)  p r e c i p i t a t i o n  f rom the 
s to rm  r i n g  c u r r e n t  (P rö ls s  et  a l .  1973).  However, no t  on ly 
th e s e  e f f e c t s  o f  p a r t i c l e  p r e c i p i t a t i o n ,  but  also the p a r t i c l e s  
themse lves ,  e .g .  q u a s i - t r a p p e d  p a r t i c l e s  (2-20 keV e l e c t r o n s  or 
p r o t o n s )  have been observed by r o c k e t  measurements above 2 0 0  

km at  low l a t i t u d e s  (Goldberg 1974, K e l l e y  et a l .  1977, Guzik 
e t  a l .  1989) s u p p o r t i n g  the idea of  m u l t i p l e  charge-exchange 
between r a d i a t i o n  b e l t  ions and n e u t r a l s  (Schole r  e t  a l .  1975) .

Thus, there are many o b s e r v a t i o n s  i n d i c a t i n g  the access of  
energy  in t o  the upper atmosphere dur ing geomagnet ic 
d i s t u r b a n c e s  a lso  a t  low l a t i t u d e s .  Consequent ly ,  in  a d d i t i o n
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Fig. 10. Lat i tudinal  var iat ion of the electron temperature measured by the 
s a te l l i t e  IK-10 on 29.1.1974 (+) and 31.1.1974 (Д) at 5 MLT in 
about 1000 km a l t i tude (Wagner et a l .  1986)

to  the a u r o r a l  processes the p a r t i c l e  p r e c i p i t a t i o n  at  low and 
m i d - l a t i t u d e s  should a lso be taken i n t o  account .  As i t  has been 
shown, in  d i s t u r b e d  pe r iods  the d i f f e r e n t  typs of p r e c i p i t a t i n g  
p a r t i c l e s  can c o n t r i b u t e  to the v a r i a t i o n s  of  the geomagnet ic 
f i e l d ,  the ionosphere  and the the rmosphere.
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One day of geomagnetic pulsation records have been compared at the 
Indian magnetotelluric stat ion Dharampur wi th those of the mid- lat i tude 
stat ions Nagycenk and Niemegk. I t  was found that at the low la t i tude 
stat ion,  the pulsation ac t i v i ty  is d i f fe ren t  in i t s  spectrum from the mid­
lat i tude ones, and the differences are most substantial i f  there is  no 
la t i tude dependence of the period at mid- lat i tudes. In such a case even 
impulsive events may be absent at one of the locations and/or the frequency 
contents may also be d i f ferent .  In the case of lat i tude dependent events, 
there is some s im i la r i ty  between low- and mid- lat i tude records.

Keywords: dynamic spectrum; geomagnetic pulsations; L-value

1. INTRODUCTION

L o w - l a t i t u d e  p u l s a t i o n s  have been s tu d ie d  almost f rom the 
beg inn ing  of p u l s a t i o n  resea rch.  Kunetz and Richard (1952)  used 
records  from Madagascar and Venezuela when he d i scove red  the 
s imul taneous w o r ld -w id e  appearance o f  p u l s a t i o n s .  Hut ton  (1962) 
was the f i r s t  to show t h a t  at  an e q u a t o r i a l  s t a t i o n  p u l s a t i o n s  
have d a i l y  v a r i a t i o n s  w i th  s i g n i f i c a n t  maxima in  n i g h t - t i m e  
hours.  Sa i to  (1961)  a lso inc luded  l o w - l a t i t u d e  s t a t i o n s  i n  h i s  
s tudy on the d a i l y  v a r i a t i o n  of p u l s a t i o n  ampl i tudes .

Models based on the f i e l d  l i n e  resonance p r e d i c t e d  very  
s h o r t  pe r iods  at  low l a t i t u d e s  (Jacobs and Watanabe 1962) .  
L a te r  the re  were c a l c u l a t i o n s  which agreed b e t t e r  w i t h  
expe r im en ta l  data by us ing  non-homogeneous plasma d i s t r i b u t i o n s  
(Jacobs and Watanabe 1963).

The e q u a t o r i a l  enhancement o f  a t  l e a s t  a p a r t  o f  the 
p u l s a t i o n s  has been s tu d ie d  by Sas t r y  e t  a l .  (1983) .

Acta Geod. Geoph. Mont. Hung. 26, 1991 
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A s i g n i f i c a n t  change occur red i n  the i n t e r p r e t a t i o n  of  
l o w - l a t i t u d e  p u l s a t i o n s  when the p o s s i b i l i t y  of  the co ­
e x i s t e n c e  of two ( o r  more) d i f f e r e n t  types of p u l s a t i o n s  has 
been e s tab l i s he d  (see e.g .  Yumoto 1986) .  Thus waves o f  s o l a r  
w ind  o r i g i n  may p e n e t r a t e  the magnetosphere to r a t h e r  low 
l a t i t u d e s  on the one hand, conserv ing  t h e i r  o r i g i n a l  p r o p e r t i e s  
( f r e q u e n c y ) ,  on the o th e r  hand f i e l d  l i n e  resonances may be 
e x c i t e d  in the magnetosphere t r i g g e r i n g  s ig n a l s  of f r e q u e n c i e s  
c hang ing  wi th  L - v a lu e  ( o r  geomagnet ic l a t i t u d e ) .  A compar ison 
has shown in  the s i x t i e s  t h a t  i n s t e a d  of  the per iods  20-25 s 
( a t  L ~ 2 ) ,  at L ~  1 .22 (Tamanrasset ) p e r iods  of 8  to  12 s may 
o c c u r .  In o the r  cases (Cz M i l e t i t s  e t  a l .  1990) the p e r i o d  d id  
n o t  change at l a t i t u d e s  below L ~ 2.0 to  2 .2 .

Japanese s t u d i e s  (Yumoto e t  a l .  1985, Yumoto 1985) 
i n c l u d e d  s t a t i o n s  a t  L -va lues  of  1 .15 ;  1.3 and 1.8 and da ta  of  
t h e  year  1981. No ment ion i s  made on any sys temat ic  v a r i a t i o n  
o f  the f requency w i t h  the L - v a lu e ,  and the fu n c t io n s  T = f (B )  do 
n o t  d i f f e r  c o n s id e r a b l y  even from those at  L ~ 5 . 6 ,  moreover  the 
s c a t t e r s  are s i m i l a r .  Yumoto (1986)  presen ted a model f o r  low-  
l a t i t u d e  p u l s a t i o n s  based on s t a t i o n s  at  L~  1 .06 -1 .57  , but  
w i t h o u t  a study of  the pe r iods .

F igure 1 g i ves  a scheme of the d i s t r i b u t i o n  of  p e r i o d s  vs.  
L - v a l u e  ( l a t i t u d e )  f o r  the two types  of  p u l s a t i o n s  a t  two 
v a l u e s  of the i n t e r p l a n e t a r y  magnet ic  f i e l d .

2. RECORDS USED IN THIS STUDY

The coverage o f  the p resen t  s tudy  was determined by the 
f a c t  th a t  d i g i t a l  reco rds  were a v a i l a b l e  from the s t a t i o n  
Dharampur , DHA ( L ~  1 .04 ,  near Bombay) f o r  a day A p r i l  10, 1988 
12 00 UT t i l l  A p r i l  11, 12 00 UT f o r  the 5 EM components bu t  in  
t h i s  study on ly re c o rd s  of the component Hx were used. These 
d a ta  were compared to records of  the component Ey i n  the 
o b s e r v a t o r y  Nagycenk, NCK (L~  2 .1 4 )  and Hx in  Niemegk, NGK 
( L ~ 2 . 6 3 ) .  The l o n g i t u d e  at these o b s e rv a to r ie s  d i f f e r s  by 
abou t  55° from t h a t  o f  DAA. The sampl ing ra te  was g e n e r a l l y  
3 s .



GEOMAGNETIC PULSATIONS AT LOW-LATITUDES 2 5 5

/0° Ub° 55° 60° 63.5° / Ф

Fig. 1. A scheme of the function period vs. L-value for the two pulsat ion 
types; the period of the magnetospheric type changes here at a rate 
of 10 percent for  a degree of la t i tude .  Ful l  l ine represents the 
s i tuat ion for an interplanetary magnetic f ie ld  of 8 nT, dotted one 
fo r  that of 16 nT

The most i n t e r e s t i n g  p a r t  o f  the records  i s  A p r i l  
11, 0353 - 0843 UT, when a l l  s t a t i o n s  were in the s u n l i t  p a r t
of  the Ear th  ( d u r i n g  n i g h t - t i m e  hours ,  p u l s a t i o n  a c t i v i t y  was 
low at  DHA, t o o ) .  Th is  f i v e  h o u r s - s e c t i o n  was s tu d ie d  i n  more 
d e t a i l .

H i g h - r e s o l u t i o n  dynamic s pec t ra  were computed f rom these 
f i v e  hours long s e c t i o n s  of  the r e c o rd s ,  and these dynamic 
s pec t ra  were used f o r  the comparison of  the c h a r a c t e r i s t i c  
p e r io d s  at  the th ree  s i t e s ,  f u r t h e r  impu ls ive ev en ts  were 
s e le c te d  from them and then compared. Average a m p l i tudes  over  
these s e c t i o n s  were a lso computed and used as a m p l i t u d e  
s pec t ra  .
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3. RESULTS

3.1 P u l s a t i o n  a c t i v i t y  in  the i n v e s t i g a t e d  i n t e r v a l

During the f i v e  hours of the i n v e s t i g a t e d  i n t e r v a l  ( A p r i l  
11, 0353 - 0843 UT) th ree sec t ions  c o u ld  be separated o f  d i f ­
f e r e n t  p u l s a t i o n  a c t i v i t i e s .
1) 0353 - 0638: s t r o n g  p u ls a t io n  a c t i v i t y  which ends w i t h  a

s w i t c h - o f f .  The p e r i o d  i s  the same a t  the o b s e r v a to r i e s  NCK 
and NGK, i t  means tha t  t h i s  even t  i s  o f  a l a t i t u d e  ( o r  L-  
va lue )  i ndependen t  pe r iod .

2) 0638 - 0801 : v e r y  low p u l s a t i o n  a c t i v i t y  at a l l  the th re e
s t a t i o n s

3) 0801 - 0843: s w i t c h - o n ,  f o l l o w e d  by s t rong p u l s a t i o n
a c t i v i t y .  The spect rum at NCK i s  s i m i l a r  to t h a t  o f  the 
f i r s t  p a r t ,  i n  NGK, the per iod i s  l o n g e r  (peak at NCK, 23 s, 
a t  NGK 36 s ,  i . e .  the p e r iod  changes by 9 pe rcen t  f o r  a 
degree of l a t i t u d e ,  being a normal  v a l u e ) .

Figure 2 shows th e  dynamic spec t rum of  a h a l f  hour s e c t i o n  
o f  the f i r s t  p u l s a t i o n  event (1)  f rom  ОНА and NCK; F ig .  3 the 
same from the second p u l s a t i o n  event  ( 3 ) ;  here the NGK dynamic 
spectrum is  a ls o  p r e s e n te d  f o r  compar ison .

A lo n g - s c a le  compar ison of the p u l s a t i o n  a c t i v i t i e s  a t  DHA 
and NCK (and NGK) shows tha t  the t im e  e v o lu t i o n  o f  the 
p u l s a t i o n  a c t i v i t y  i s  s i m i l a r  at  a l l  s t a t i o n s ,  main ly  due to 
th e  mentioned s w i t c h - o f f  and s w i t c h - o n  which are p res en t  at  
each of the th r e e  s t a t i o n s .  The a m p l i t u d e  spect ra  are,  however , 
d i f f e r e n t  at the th r e e  s t a t i o n s  ( F i g . 4 ) :  at NGK, th e re  i s  a 
narrow peak at  abou t  30 s w i th  f g /  Afg_y= 2. Here fg i s  the 
f requency c o r r e s p o n d i n g  to the a m p l i t u d e  peak, Ag, and f g y  
t h a t  co r respond ing  to  0.7 Ag. At NCK, th e r e  are two peaks,  one 
a t  2 0  s, w i th  s i m i l a r l y  f g /  Afg 7 =2 , and a second one at  1 0 0  s. 
The 30 s NGK and the 20 s NCK peaks correspond to the l o c a l  
f i e l d  l i n e  r e s o n a n t  pe r iods .  At DHA, a f l a t  maximum covers  the 
f u l l  Pc 3-4 range  (20-  to 120 s)  w i t h  f g /  Afg_7=0.85.  The 
d i f f e r e n c e  of the s p e c t r a  i s  a lso r e f l e c t e d  in  the f a c t  t h a t  at  
NCK, 50 pe rcen t  o f  a l l  s h o r t - l i v e d  even ts  (as e .g .  s h o r t



Fig. 2. Dynamic spectra of NCK anä DHA for the f i r s t  event on Apr i l  11, 1988. On the ver t ica l  axis, periods are 
given (no frequencies). Isol ines are plotted for  amplitudes d i f fe r ing  by a factor of 2 ; the three 
highest amplitude vaiues are ihdicated

GEOMAGNETIC PULSATIONS AT LOW
-LATITUDES 

257



080

1988 04.11

NCK 0820 0810 n u . 0820 DHA NCK

Fig. 3. Dynamic spectra of NCK, DHA and NGK for  the second event on Apr i l  11, 1988 (with a period changing 
with la t i tude) .  Isol ines are s imi lar  to those in Fig. 2
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Fig. 4. Amplitude spectra of the f u l l  5h section investigated at NCK and 
DHA, and spectrum of the event shown in Fig. 3c (0801-0843 v . )  at 
NGK. NCK spectrum is e lect r i c  (Ey), the other two magnetic (Hx)

im pu lses ,  sw i tches  of  s h o r t  d u r a t i o n ,  ampl i tude peaks e t c . )  
occur  in  the 20-25 s i n t e r v a l ,  at  DHA, the same amount occu rs  
i n  the 15 to  35 s range.

As the p u l s a t i o n  a c t i v i t y  i s  determ ined  by the s w i t c h - o f f  
a t  0638 and by the s w i t c h - o n  at  0801, a t  a l l  the  t h r e e  
s t a t i o n s ,  the c o r r e l a t i o n  between peak ampl i tudes i s  h i g h .  Th is  
h igh  c o r r e l a t i o n  ( s i m i l a r i t y )  does not  mean a s i m i l a r i t y  o f  the 
c o r respond ing  reco rds  in  d e t a i l ,  as the f o l l o w i n g  compar ison 
w i l l  show.

Dur ing  the f i v e  hours i n t e r v a l ,  a t o t a l  of about 50-  t o  60 
s h o r t - l i v e d  events  were counted in  the DHA and NCK r e c o r d s .
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From them, about  30 percent  c o i n c i d e  in  t ime at  the two 
s t a t i o n s  what i s  not  s i g n i f i c a n t l y  more than expected i n  a 
random d i s t r i b u t i o n .  I t  i s ,  however,  wor th  ment ion ing t h a t - i n  
the f i r s t  p a r t ,  on ly  13 to 20 p e rc e n t  of these events  
c o in c id e d ,  whereas in  the t h i r d  p a r t ,  about 50 p e rc e n t .  There 
are cases when a most c h a r a c t e r i s t i c  s h o r t - l i v e d  event  a t  a 
m i d - l a t i t u d e  s t a t i o n  i s  absent at  low l a t i t u d e s ,  in o th e r  cases 
the spect ra  are s t r o n g l y  d i f f e r e n t  as i n  the event p resen ted in  
F i g .  5, when t h e r e  i s  no i nc reas e  a t  DKÄ in  the range o f  the 
NCK-impulse (15 -40 s ) .

DH A 1988. 0 4.11 .
NCK

S S

Fig. 5. Dynamic spectra of a section when an impulse at NCK has no 
counterpart at DHA in the Same period range
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In  the p u l s a t i o n  event w i th  L-dependent  pe r iods  ( 3 ) ,  the 
a c t i v i t i e s  are in a r a t h e r  comp l i cated c o n n e c t i o n .  C o r r e l a t i o n s  
between NCK and DHA a c t i v i t i e s  are g e n e r a l l y  h ighe r  than 
between NCK and NGK (a low c o r r e l a t i o n  between sh o r t  s e c t i o n  
NCK and NGK p u l s a t i o n  ampl i tudes i s  normal  f o r  a p u l s a t i o n  
event w i th  L-dependent  p e r i o d ) .  The c o r r e l a t i o n  between the 
am p l i tudes  at NCK and DHA i s  h igh f o r  the s h o r t e s t  pe r iod  
ranges (10 to 15 s ) , f u r t h e r  f o r  the NCK 20-25 s range ( the  
l o c a l  f i e l d  l i n e  resonance)  w i th  a r a t h e r  wide range of  pe r iods  
at  DHA. Both f o r  the sh o r t  pe r iod  p u l s a t i o n s  and f o r  the NCK 
20-25 s range, the c o r r e l a t i o n  c o e f f i c i e n t  reaches a value of
0 .7 ,  being s i g n i f i c a n t  a t  the 1 pe rcen t  l e v e l .  Pc 4 a c t i v i t i e s  
are not  c o r r e l a t e d .

4. CONCLUSION

In the even ts  i n v e s t i g a t e d  i n  the p resen t  s tu dy ,  
p u l s a t i o n s  w i th  L - independen t  pe r iods  (com press iona l  waves of 
s o l a r  wind o r i g i n )  d id  not reach the e q u a t o r i a l  r e g io n .  Th is 
event  compared w i t h  a number of  o th e rs  ( e . g .  in  Cz M i l e t i t s  et  
a l .  1990) shows t h a t  the e q u a t o r i a l  edge of  the p e n e t r a t i o n  
r eg ion  of the compress ional  waves may s h i f t  q u i t e  
s i g n i f i c a n t l y .

In the case o f  f i e l d  l i n e  resonances,  however, e q u a t o r i a l  
s t a t i o n s  „see"  at  l e a s t  pa r t s  of the p u l s a t i o n s  at  d i f f e r e n t  L-  
va lues  (o f  d i f f e r e n t  p e r i o d s ) ,  thus i n  such events  low-  and 
m i d - l a t i t u d e  p u l s a t i o n  a c t i v i t i e s  are b e t t e r  c o r r e l a t e d ,  even 
i f  the spect ra  are d i f f e r e n t .  I t  seems t h a t  in  the e q u a t o r i a l  
zone due to the m ix tu r e  of  s ig n a l s  f rom d i f f e r e n t  L - v a lu e s ,  
sp e c t ra  are much f l a t t e r  than at  somewhat h ighe r  l a t i t u d e s ,  
where f i e l d  l i n e  resonances crea te  narrow s p e c t r a l  peaks. In 
the e q u a t o r i a l  zone, l o n g e r  pe r iod  a c t i v i t y  i s  s t ro n g e r  than at  
somewhat h igher  l a t i t u d e s .  N eve r th e less ,  the dynamic spec t r a  o f  
t h ree  s t a t i o n s  show t h a t  in  s p i t e  of the s i m i l a r i t y  o f  the peak 
amp l i tu de  per iods  at  NGK and DHA ( L ~ 2 . 3 5  and 1 .0 4 ) ,  the 
p u l s a t i o n  a c t i v i t i e s  are less c o r r e l a t e d  than between DHA and 
NCK ( L ~  2.14) i n  s p i t e  of the f a c t  t h a t  the pe r iods  are
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d i f f e r e n t  at the l a t t e r  s t a t i o n s .
A comparison of  these r e s u l t s  w i t h  Yumoto’ s (1986)  model 

shows a p o s s i b i l i t y  f o r  t h e i r  i n t e r p r e t a t i o n .  Yumoto supposed 
t h a t  l o w - l a t i t u d e  p u l s a t i o n s  are caused by an io n o s p h e r i c  
Pedersen eddy c u r r e n t  induced by the i n d u c t i v e  e l e c t r i c  f i e l d  
o f  f a s t  magnetosonic source waves p lus  ( i n  o rder  to  e x p l a i n  the 
observed e l l i p t i c  p o l a r i z a t i o n  ins tead  of the t h e o r e t i c a l l y  
expec ted  c i r c u l a r  one) a H a l l  eddy c u r r e n t  by a s ta n d in g  f i e l d ­
l i n e  o s c i l l a t i o n  e x c i t e d  near L ~ 2 . 0 .  Now i f  the l a t t e r ,  the 
H a l l  eddy c u r r e n t  may reach the e q u a t o r i a l  r eg ion  f rom h igher  
L - s h e l l s ,  too,  the appearance of  the pr imary  source wave ( the 
Pedersen eddy c u r r e n t )  i s  no more p r e r e q u i s i t e  o f  the  low-  
l a t i t u d e  p u l s a t i o n  a c t i v i t y ,  the ob s e rv a t io n  in  the present  
paper  can be w e l l  e x p l a i n e d .
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A method of ground-based monitoring of B, using geomagnetic pulsations 
Pc2-4 i s  presented in this paper. The method we used consists of computing 
the coherence function of the signals of two stations. This method is  
simple and requires the fol lowing steps:

1. Two stations (or more) equipped with ident ical  instruments ( d ig i t a l  
f luxgate magnetometers) located at the same lat i tude and spread in 
longitude at a distance > 2 0 ° are chosen for  the measurement of geomagnetic 
pulsations in the frequency range of 10-200 mHz. Recording of the two 
horizontal  components H and D of the magnetic f i e ld  should be organized 
from dawn to afternoon.

2. The modulus of the coherence funct ion is computed fo r  the two 
stat ions for  the H- and D-components separately for selected time- 
in tervals .

3. The frequency interval  which corresponds to the width of the 
maximum of the coherence-function above a level  of 0.8, is determined fo r  H 
and 0 : AFj^, AFg respectively.

4. The common part AFC of two the frequency bands AF^ and AFq is  
evaluated.

5. В is  calculated, subst i tut ing AF„ into Eq. (1).
This method was tested with data of the stat ions Lindau and Sverdlovsk 

( ДЛ=38°). Bca^c matched with the averaged value of the measured Brea^.
The error of Bcai c is  composed of the error of F and the er ror  of C 

(Eq. 3). The error of C is ~ 5 %, as numerous s ta t i s t i ca l  invest igat ions of 
the coupling coef f ic ient  in the F-В relat ionship have demonstrated.

The accuracy of the determination of В can be improved by increasing 
the accuracy of the determination of F. This can be achieved in three ways:

1 . by improving the resolut ion of the frequency in the ca lculat ion of 
the power spectrum and the coherence funct ion, choosing the optimal 
parameters of the computer program,

2 . by undertaking a massive s t a t i s t i c a l  study for improving of the 
methodics, part ly as the basis for  choosing the level of s ign i f i can t  
coherence function,

3. by mastering the present method by placing stat ions along the 
meridian.

Keywords: f i e ld  l ine resonance; geomagnetic pulsations; ground-based
methods; interplanetary magnetic f i e ld ;  spectrum
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INTRODUCTION

The magni tude o f  the I n t e r p l a n e t a r y  Magnet ic F i e l d  В i s  an 
i m p o r t a n t  parameter  which determines the  in p u t  of energy f rom 
the s o la r  wind i n t o  the magnetosphere (Akasofu 1981, Pudovkin 
and Semenov 1986) .

There e x i s t s  a d ia g n o s t i c  t o o l  t o  measure В by means of  
m i c r o p u l s a t i o n s ,  us ing  the one s t a t i o n  data -  , ,B- index"  
( G u l ' e l m i  and Bolshakova 1973). I t  i s  based on the idea o f  the 
e x t e r n a l  o r i g i n  o f  Pc2-4 and on th e  observa t ion  t h a t  the 
f o l l o w i n g  r e l a t i o n s h i p  e x i s t s :

T = 160/B or F = CxB (1 )

where C = 6.25 mH/nT (see T r o i t s k a y a  e t  a l .  1971) and T and F 
are the pe r iod  and f requency of the p u l s a t i o n s ,  r e s p e c t i v e l y .

The d i sadvan tage  of t h i s  method i s  th a t  the s t r o n g  
c o r r e l a t i o n  of  eq u a t io n  ( 1 ) i s  not  f u l l y  f u l l f i l l e d  w i t h  the 
o b s e r v a t i o n s  taken i n t o  account:  the percentage of success i s  
low ( o n l y  33 %), i f  the method c i t e d  by G u l ' e l m i  and Bolshakova 
(1973)  i s  used. The at tempt  to change the  method has not  lead  
to  a cons id e ra b le  success (55 % o f  success of „Advanced B-
i n d e x " ,  see in  d e t a i l  Russel and F leming 1976).

The f a i l u r e  o f  the В- index  o c c u r re d  because p u l s a t i o n s  in  
th e  f requency range o f  Pc2-4 are waves, which are generated  by 
d i f f e r e n t  sou rces ,  no t  only e x t e r n a l  ones as i t  was suggested 
i n  T ro i t s k a y a  et  a l .  (1971) and o t h e r  paper  (see rev iew Odera 
1986 ) ,  but ma in ly  by i n t e r n a l  ones: К-H i n s t a b i l i t y  a t  the 
magnetopause, plasmapause, d r i f t  and bounce i n s t a b i l i t i e s  and 
o t h e r s  (Southwood 1974, Chen and Hasegawa 1974, S iebe r t  1964) .

The c loud of  p o i n t s  out of the main dependence T = 160/B,  
wh ich one can see at  F ig .  1 i n  T r o i t s k a y a  et  a l .  (1971) and 
F i g .  2 in G u l ' e l m i  (1974) show t h a t  the  c o r r e l a t i o n  between В 
and T d i f f e r s  w i t h  the  source of the p u l s a t i o n s  cons idered .

Hence, the prob lem of В- d i a g n o s t i c  r e s u l t s  in  the problem 
o f  the s e p a ra t io n  o f  the waves of  e x t e r n a l  o r i g i n  f rom the 
o t h e r  ones. The r e p o r t  o f  P lyasova-Bakounina et  a l .  i n  Budapest
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EGU-meeting (p u b l i s h e d  Pl yasova-Bakounina et a l .  1983) 
demonstra ted  t h a t  the same f r e q u e n c ie s  of  Pc2-4, which are 
observed at  two s t a t i o n s  (Borok and H a r t l a n d )  located  over  more 
than 2 0 ° - d i s t a n c e  apar t  (what we b e l i e v e  i s  the sca le  o f  the 
c o r r e l a t i o n  of  the l o c a l  wave f i e l d s  o f  e x te r n a l  o r i g i n ) ,  are 
h i g h l y  c o r r e l a t e d  w i th  B. Hence, they made a c o n c lu s io n ,  t h a t  
the s o l a r  w i n d - c o n t r o l l e d  Pc have a g lo b a l  w a v e - f i e l d .  Th is  
r e s u l t  was conf i rmed  by s tu d ie s  o f  Green et  a l .  (1983)  ( a l s o  
Borok and H ar t l and  data)  and Odera (1986 ) ,  who a lso  showed, 
t h a t  the c o r r e l a t i o n  between F and В i s  best when the 
l a t i t u d i n a l  d i s ta n c e  between s t a t i o n s ,  which are obse rv in g  the 
same f re q u e n c ie s  F, i s  more than 20° f o r  Pc3 and more than  60° 
f o r  Pc4 p u l s a t i o n .

The f o l l o w i n g  s imp le arguments s u p p o r t  a g loba l  w a v e - f i e l d  
o f  s o l a r  wind c o n t r o l l e d  Pc. The e x t e r n a l  source - the upst ream 
waves - can be found on the whole d a y - s id e  before the bow shock 
( F a i r f i e l d  1969).  I t s  p r o j e c t i o n  on the ground i n t o  the r e g i o n  
of  the d a y -p o la r  cusp c rea tes  i n  the upper ionosphe re  a 
„seconda ry "  source of  seve ra l  ten degrees s ize ( P l y a s o v a -  
Bakounina et  a l .  1986, L a n z e r o t t i  e t  a l .  1986, Engebretson e t  
a l .  1986) i . e .  a c u r r e n t ,  which p ro b a b ly  c lo s in g  th rough  the 
m idd le l a t i t u d e s ,  forms a g lo b a l  w a v e - f i e l d  the re .

The s ize  of  the reg ion  of the i n t e r n a l  sources i s  r a t h e r  
i n d e f i n i t e ,  but  i t  seems t h a t  i t  i s  not  l a r g e r  than  the 
resonance re g ion  and at  any ra te  not  l a r g e r  than the e x t e r n a l  
source re g io n .

C e r t a i n l y ,  both e x t e r n a l  p u l s a t i o n s  and i n t e r n a l  ones can 
a m p l i f y  in  the co r respond ing  resonance tu bes ,  but the i n t e n s i t y  
of  the e x t e r n a l  p u l s a t i o n s  can be h igh  out of the resonance 
r e g i o n ,  w h i le  the i n t e n s i t y  o f  the i n t e r n a l  ones seems to  be 
l i m i t e d  by the resonance reg ion .

So, we b e l i e v e  t h a t  the s i z e  o f  the resonance r e g i o n  can 
be t h a t  c r i t i c a l  s i ze  which d i v i d e s  w a v e - f i e ld s  o f  the 
p u l s a t i o n s  i n t o  two groups: g lo b a l  and l o c a l  ones.

The s i z es  of  such a resonance reg ion  on the ground 
acco rd ing  to the s a t e l l i t e  data (see Hughes et  a l .  1978, Hughes 
1980) are 5-10° in  l a t i t u d e  and < 20° i n  lo n g i tu d e  f o r  Pc3 and
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a l i t t l e  more f o r  Pc4.
The aim of  the  present  work i s  t o  work out m e t h o d i c a l l y  a 

ground-based method of  m on i to r ing  o f  В which would be s im p le ,  
easy to rep roduce ,  provided a s a t i s f a c t o r y  accuracy o f  the 
d e f i n i t i o n  o f  В and an u n i n t e r r u p t e d  set of the p r e d i c t e d  
v a lu e s  of В are a v a i l a b l e .

DATA AND ANALYSIS

The p u l s a t i o n  data of a p a i r  o f  s t a t i o n s  were processed 
L indau  ( Л = 10° ,  $=  53°) and S v e rd lo v s k  ( A =  48°, $ = 5 2 ° ) .  The
da ta  were recorded d u r in g  the Sov iet -German exper iment  campaign 
o f  1974 ( Augus t -O c tob e r )  over a network  of middle l a t i t u d e
s t a t i o n s .  The l o n g i t u d i n a l  d i s t a n c e  between the s t a t i o n s  i s  
38 ° .  The s t a t i o n s  were equipped w i t h  t y p i c a l  measur ing 
in s t r u m e n t s  ( f l u x g a t e  magnetometers) and record ing  i n s t r u m e n t s  
( d i g i t a l  tape r e c o r d e r s ) .  The h o r i z o n t a l  H- and D-components o f  
the  magnet ic f i e l d  were recorded i n  the f requency range 0 - 
1000 mHz (Münch et  a l .  1975). The magnetograms were f i l t e r e d  in  
the  f requency range of  Pc2-4 p u l s a t i o n s ,  10-200 mHz.

The i n t e n s i t y  of the w a v e - f i e l d  in  t h i s  f requency range 
was analysed s im u l ta n e o u s ly  at  bo th  s t a t i o n s  f rom dawn to 
a f t e r n o o n  0 6 . 0 0 -1 4 .0 0  UT. No s p e c i a l  s e l e c t i o n  of the ana lysed  
i n t e r v a l s  has been done. 20 h a l f - h o u r  i n t e r v a l s  from 05.09 t i l l  
08.09  1974 were ana lysed .  The l i s t  o f  events  i s  shown i n  Table
1. The data were processed i n  the  f o l l o w i n g  way ( i n d e x  "1"  
d e n o t in g  L indau ,  index  "2"  deno t ing S v e r d lo v s k ) :
1 . Power s pec t ra  were computed f o r  th e  H- and D-components in  

Lindau and in  Sve rd lovsk :  S1̂ ( F ) , S ^ ( F ) ,  S- j íF),  S ^ iF ) .
2. Modulus of  the coherence f u n c t i o n  between two se ts  of

data of the H-components was c a l c u l a t e d .

( 2 )

|_|
where i s  the cross-spec t rum between the H-components of
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Table I

No.
Data

Day month year
Time UT

AFH

(mHz)

afd

(mHz)

AFc

(mHz)
^calc Breal

1 . 5.09.74 06.00-06.30 40-37 37 37 5.9 5.9+4
2 . 06.30-07.00 38-33 36 36 5.8 5.9+4
3. 07.00-07.30 34 1 0 0 - - 5.6+4
4. 07.30-08.00 71 55 - - 5.6+4
5. 6.09.74 06.00-06.30 30 43 - - 4.4+3
6 . 06.30-07.00 27.8 27.8 4.4 4.4+3
7. 07.00-07.30 28-25 37-28 28 4.5 4.5+3
B. 07.30-08.00 25-33 31-24 25 4.0 4.5+3
9. 7.09.74 06.00-06.30 25 20-14 - - 5.5+3

1 0 . 06.30-07.00 72 59 - - 5.5+3
1 1 . 07.00-07.30 2 0 25; 14 - - 3.6+_3
1 2 . 07.30-08.00 2 0 2 0  ; 14 2 0 3.2 3.6+3
13. 08.00-08.30 40-31 33 33 5.3 5.3+4
14. 08.30-09.00 25-20 29 - - 5.3+4
13. 0.09.74 06.00-06.30 34-27 27 27 4.3 4.3+3
16. 06.30-07.00 32-27 27 27 4.3 4.3+3
17. 07.00-07.30 29 46-29 29 4.7 4.5+3
18. 07.30-08.00 - 27 - - 4.5+3
19. 00.00-08.30 27 14 - - 5.3+1
2 0 . 08.30-09.00 22-18 25 - - 5.3+1

s t a t i o n s  1 and 2.
3. Modul i  of the coherence fu n c t i o n  of  two sets of the data

of the О-components were a lso c a l c u l a t e d .
F i g .  1 shows and ")fg as a f u n c t i o n  of f requncy F. 7Г 

changes from 0 to 1.
Taking in to  account t h a t  the observed c o e f f i c i e n t  of  

c o r r e l a t i o n  between F and В i s  > 0 .8  (see f o r  in s ta n c e  

G u l ' e l m i  et  a l .  1 973 ) ,  i . e .  r a t h e r  h ig h ,  we have adopted t h i s  

value  f o r  the es t im a t io n  the op t imal  s i g n i f i c a n t  l e v e l  of  2 ' .
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8.09.74 630-7.000UT

FREQUENCY (Hz)
Fig. 1.

We suppose t h a t  i f  T  reaches  the l e v e l  0 . 8 , the 
c o r res pond ing  f r e q u e n c ie s  can be c ons ide red  c o n d i t i o n a l l y  as 
c o h e re n t  ones.

C a l c u l a t i n g  the f requency w id th  of the maxima o f  the 
coherence f u n c io n  a t  the l e v e l  0 . 8 ,  we de f ine  A F |_| and AFq . 
Then we de f ine  the common pa r t  f o r  these  two f requency ranges - 
AFC.

P u t t i n g  AFC i n  Eq. ( 1 ) ,  the В- v a l u e  i s  c a l c u l a t e d .

^ H >  AFq , A F c and Bcalc are l i s t e d  in  Table I .

DISCUSSION

The r e s u l t s  o f  the analyses are shown in  Table I .  Besides 
Bc a l c ’ ihe va lues Br e a l  measured a t  s a t e l l i t e s ,  are c i t e d  in
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the form:  averaged В +_ d e v i a t i o n  (see ca ta logue  by King 1977) .
The compar ison of  Bca^ c w i th  Br e a 2 demonstrates t h a t  Bca^ c 

l i e s  w i t h i n  the l i m i t s  o f  the d e v i a t i o n ,  i . e .  i n  the l i m i t  o f  
5 % from the averaged value B.

The Table I  shows t h a t  f o r  10 events  from 20, no common 
f r e q u e n c ie s  were observed in  the s p e c t r a .  For the rem a in ing  10 
events  Beale was c a l c u l a t e d .  9 o f  them revealed a very  good 
c o in c id e n c e  w i th  Br e a l -  The e r r o r  o f  the d e f i n i t i o n  o f  В i s  
w i t h i n  the l i m i t  of  5 %.

For bur l i m i t e d  s t a t i s t i c s  we can es t im a te  the p e r c e n t  o f  
success of  the method being — 90 %, to  be compared w i t h  the B- 
index -method which had 33 % of  success ,  and the „Advanced B- 
i n d e x "  — method which had 55 X.

Let  us es t im a te  the accuracy of  Eq. ( 1 ) .  The e r r o r  of  
c a l c u l a t i n g  В r e s u l t s  from sources:

Which of  the two parameters C or F g ive  the l a r g e r  
c o n t r i b u t i o n  to the e r r o r  of  B - d e f i n i t i o n ?

F i r s t  of  a l l  we cons ide r  the e r r o r  o f  C.
The c o e f f i c i e n t  C was i n v e s t i g a t e d  in  many s t u d i e s :

1 . ground-based p u l s a t i o n  measurements at  one s t a t i o n  and at  
networks of  s t a t i o n s  ( T r o i t s k a y a  e t  a l .  1971, V inogradov and 
Parkhomcv 1974, G u l ' e lm i  and Bolshakova 1973, G u l ' e l m i  1974, 
Barcha tov  et  a l .  1974, Russel  and Fleming 1976, Verő and 
H o l l ó  1978, Plyasova-Bakounina e t  a l .  1978, Verő 1980, Odera 
1982, 1984, Green et  a l .  1983, Verő et  a l .  1985, Engebretson 
e t  a l .  1986, Best and Best 1987) ;

2. p u l s a t i o n s  at geosynchronous o r b i t  (Yumoto et a l .  1984) ;
3. waves i n  the s o la r  wind i n  the v i c i n i t y  of the E a r t h ' s  

bowshock (Russel  and Hoppe 1981, Odera 1982);
4. waves in  the v i c i n i t y  of o t h e r  p la n e ts  (Hoppe and Russel  

1982, Russel and Hoppe 1983).
The l a s t  s t u d ie s  (Hoppe and Russel  1982, Russel and Hoppe 

1983) rep resen te d  s t r i k i n g l y  t h a t  c o e f f i c i e n t  i n  the  F-B 
r e l a t i o n s h i p  g iven  there p r a c t i c a l l y  ( w i t h i n  the l i m i t  o f

Д В  _ _A_F 
B " F

АС
С ( 3 )
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d e v i a t i o n )  c o in c id e s  w i th  the same one received  from g round-  
based data by T r o i t s k a y a  et a l .  (1971 )  what i s  im p o r ta n t  f o r  
the  c l e a r  unde rs tan d ing  of the prob lem of the mechanism of  
a c c e l e r a t i o n  of  p ro to n s  at  shocks i n  space.

The average va lue  deduced from th e  above mentioned papers
i s  :

C = i . 2  + 0.3  mHz/nT 

(compare G u l ' e l m i  1988) .
Since the c o n t r i b u t i o n  of  C = 6.25 to the e r r o r  o f  В i s  

s m a l l  (5 %) , the accuracy of  the c a l c u l a t e d  В-v a lu e  depends 
m a in l y  on the accuracy of  the d e t e r m i n a t i o n  of  F. How may the 
accu racy  of  the d e t e r m in a t i o n  of  F be improved?

F i r s t  of  a l l  -  the methodology can be improved, e . g .  by a 
massive s t a t i s t i c a l  s tudy in o rd e r  to  f i n d  the s i g n i f i c a n t  
opt imum l e v e l  of  modulus of  coherence f u n c t i o n .

One of  the weaknesses of  the present  method i s  the 
p o s s i b i l i t y  o f  the appearance of  a f a l s e  maximum in  the 
coherence f u n c t i o n  due to a c o in c id e n c e  of  l o c a l  resonances in  
L indau  and S v e rd lo v s k ,  because they occupy the same L - s h e l l .  
T h is  seems to be happened in event  8  o f  Table I ,  the f requency  
o f  which cor responds  probably  to  the t h i r d  harmonic o f  the 
fundamen ta l  model ( P i l i p e n k o  e t  a l .  1988). By a r r a n g in g  
s t a t i o n s  a long a mer id ian  can a v o id  the appearance o f  f a l s e  
maxima.

I t  i s  p o s s i b l e  to master the method i t s e l f  by the 
i n s t a l l a t i o n  of  the s t a t i o n s  a long a m e r id ia n .  Baransky e t  a l .  
(1985)  ana ly s in g  Pc2-4 data on th e  m e r id iona l  ne tw ork  of  
s t a t i o n s ,  d is c ov e red  t h a t  the D-component of p u l s a t i o n s  has a 
c o n s t a n t  spectrum a long the m e r i d i a n .  On the c o n t r a r y  the 
spec t rum of the H-component o f  p u l s a t i o n s  changes a long 
m e r i d i a n  acco rd ing  to the p r e d i c t i o n  of  the resonance t h e o r y .  
I t  means t h a t  the spectrum of the H-component i s  de f ined  m a in ly  
by re s o n a n t in g  p u l s a t i o n s  in  compar ison  w i th  the spect rum of  
the  D-component which i s  d e f i n e d  main ly  by s o l a r  w ind -  
c o n t r o l l e d  p u l s a t i o n s ,  the p e r i o d  o f  which i s  supposed to  be
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cons tan t  in  a l a rg e  area, a c c o rd ing  to the theory of  
ex t ram agne tospher ic  o r i g i n .

Hence i t  i s  p o s s ib le  to s e l e c t  s o l a r  wind c o n t r o l l e d  
p u l s a t i o n s  by a n a ly s in g  on ly the D-component of  Pc2-4 f o r  
s t a t i o n s  loca ted  a long the m e r id ia n .  The d i s ta n c e  between 
s t a t i o n s  should be more than 1 0 ° ,  i f  one takes i n t o  account the 
es t im a te d  r a d i a l  s i z e  of  the resonance re g ion  in  the
magnetosphere (Hughes et  a l .  1978, Hughes 1980) .
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DETECTABILITY OF HIGH-CONDUCTIVITY PLATES BY THE CSAMT METHOD 
ON BASIS OF ANALOGUE MODELLING RESULTS*
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In the CSAMT method i t  is  very rare that in the anomaly maps the pure 
geometry of the model would be d i rect ly ref lected. In an analogue model 
experiment 3-D thin-sheet l i ke  graphite plates were put on the sa l t  
water/high re s i s t i v i t y  bottom boundary and amplitude and phase of the 
e lec t r i c  component para l le l  to a distant HED transmitter were measured. The 
posi t ion of the phase anomaly proved to be stable in the whole period range 
( i . e .  in the wave-, the t rans i t i on - ,  and in the quasi-near zones) serving a 
correct basis for the in terpretat ion. The amplitude maps were more variable 
and unusual behaviour was discovered in a narrow period range ( that is  at 
the very beginning of the evolut ion of the long-period anomaly): the small 
changes over the 3-D thin-sheet l ike plate were found in an unbelievable 
close rela t ion with the real  shape of the model, leading to much better 
de tec tab i l i t y ,  than at any other periods. In spi te of that this e f fec t  in 
the f i e l d  in most cases would be masked by measuring er rors,  th is  
experiment is  a clear proof that we must pay more at tent ion to such 
t rans i t i on  phenomena.

Keywords: analogue modell ing; control led source methods; e lect ro­
magnetic methods; horizontal  e lect r i c  dipole; three-dimensional problem

INTRODUCTION

In  1989 at  the Geodet ic  and Geophys ica l  Research I n s t i t u t e  
o f  the Hungarian Academy of  Sc iences CSAMT analogue model 
exper im en ts  were c a r r i e d  out f o r  the  Geophysica l  E x p l o r a t i o n  
Company of  the Hungar ian O i l  and Gas T r u s t .  In the model tank 
s e v e r a l  h i g h - c o n d u c t i v i t y  t h i n - s h e e t  l i k e  p la te s  hav ing the 
same area but hav ing d i f f e r e n t  g e o m e t r i c a l  shape were pu t  and 
the o b j e c t  of the exper im en t  was to f i n d  r e l a t i o n s  between the 
anoma l ies and the geo m e t r i c a l  shape of  the models.

*Paper presented at the 10th Workshop on Electromagnetic Induction in the 
Earth IAGA WG 1-3, Ensenada, August 1990

Acta Geod. Geoph. Mont. Hung. 26, 1991 
Akadémiai Kiadó, Budapest
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(A d e s c r i p t i o n  of  the  f i e l d  problem i s  g iven by Nagy et  a l .  
1989 . )

As a t r a n s m i t t e r  a d i s t a n t  HED was used and the am p l i tude  
and phase of  f i v e  e le c t ro m a g n e t i c  f i e l d  components were 
measured at e i g h t  d i f f e r e n t  f r e q u e n c ie s .  ( L a t e r  the 
measurements were l i m i t e d  to the e l e c t r i c  components. )  The 
r e s u l t s  are summar ized in  our Research Repor t (1989 ) .  (Other  
3-D examples are c o l l e c t e d  by Nagy and Szarka 1989.)  Here only 
an i n t e r e s t i n g  m o d e l l i n g  exper ience ,  as a " b y - p r o d u c t "  o f  the 
measurements, i s  p re s e n t e d .

DESCRIPTION OF THE MODELS

The d e s c r i p t i o n  o f  the m ode l l ing  equipment i s  d iscussed  in 
d e t a i l s  by Marcz e t  a l .  (1986) and Ádám et  a l .  (1981) .  A plan- 
- v i e w  in  F ig.  1 shows
-  the HED t r a n s m i t t e r ,
-  th re e  d i f f e r e n t  models :  a, b and c,
-  o r i e n t a t i o n  of  the measuring d i p o l e  MN,
-  the measuring g r i d .

In Fig.  2 the c ros s  sec t i on  i s  shown. F igu res  1 and 2 are 
p r o p o r t i o n a l  i n  a l l  d i r e c t i o n s .

ABOUT THE DATA USED FOR THE INTERPRETATION

Re la t i ve  a m p l i t u d e  (am p l i tude  w i th  g r a p h i t e / a m p l i t u d e  
w i t h o u t  g r a p h i t e )  and r e l a t i v e  phase (phase w i th  g r a p h i t e  - 
phase w i thou t  g r a p h i t e )  of the h o r i z o n t a l  e l e c t r i c  f i e l d  
measured by MN (see F i g .  1) were de te rm ined .

Figure 3 shows t y p i c a l  sounding curves at th ree  d i f f e r e n t  
measur ing s i t e s .  (A long  the h o r i z o n t a l  ax is  lambda i s  the 
wavelength in s a l t  w a te r  and hi i s  the depth of the m ode ls . )  In 
agreement wi th  1-D t h e o r e t i c a l  c a l c u l a t i o n s  i t  can be seen th a t  
where the phase reaches  i t s  maximum, the ampl i tude anomaly is  
p r a c t i c a l l y  zero.

We were i n t e r e s t e d  f i r s t  o f  a l l  i n  the " b i g "  am p l i tude  
anomal ies :  in  the s h o r t - p e r i o d  ABS(Ex ) - i n c r e a s e  (a t
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Fig. 1. Plan-view of the CSAMT model experiment. AB: current electrodes, 
MN: measuring dipole for Ex 
model a: p is to l  
model b: reversed le t t e r  U 
model c: l e t te r  U



2 7 6 L SZARKA

MEASURING SITE
* ----------------- X------------ -------* ----------------- *■ ЧХг -X-

SURFACE
---------------- X

SALT WATER
g = 0.06 Пт

Ы

RESIN

ARTIFIC IAL GRAPHITE Q ~10'5Лт
X ......................... ............

д*10^Лт

Fig. 2. Cross section

lambda/h l  = 4 - 5 ) ,  i n  th e  lo n g -p e r io d  ABS( Ex ) -dec rease , and a l s o  
i n  the phase anomaly.

In Fig.  4, 5, 6  and 7 ampl i tude and phase anomaly maps are 
shown at a c h a r a c t e r i s t i c  " s h o r t "  p e r i o d  and a c h a r a c t e r i s t i c  
" l o n g "  per iod f o r  a l l  the th ree  models .  In F ig .  8  the phase 
anomal ies are shown a t  lambda/hl  = 5 .4 9 .

In f i g u r e s  i t  can be seen t h a t  the ampl i tude anomal ies are 
more v a r i a b le ,  w h i l e  the phase anom al ies  are more s t a b l e .  The 
r e s o l u t i o n  power i n  n e i t h e r  case can be s ta ted to be h i g h .  
Those par ts  o f  th e  model which are pe rpend icu la r  to  the 
d i r e c t i o n  of the t r a n s m i t t e r ,  remain h id d e n .

A SURPRISING RESULT

In a narrow t r a n s i t i o n  zone, where the A B S( E x ) anomaly i s  
j u s t  changing from i t s  s h o r t - p e r i o d  maximum to a more and more 
im p o r t a n t  l o n g - p e r i o d  minimum, the ABS(EX) values should be 
c l o s e  to 1. Of c o u r s e ,  at d i f f e r e n t  s i t e s  these values 1 are
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E x - a m p l i t u d e  a n o m a l i e s  
d u e  to a  s q u a r e  m o d e l

amplitude with graphite/without graphite

P h a s e  d i f f e r e n c e  
d u e  to  a  s q u a r e  m o d e l

10 100 
Iambda/h1

'measuring sites:

—  centre, d-R — inner side, d<R over the centre, d>R

Fig. 3. Relative Ex amplitude and phase sounding curves. Ihe anomaly maps 
were measured at re la t ive wavelengths indicated by the three 
ver t ica l  l ines: lambda/hl = 3.82 ( "shor t"  period), lambda/hl =5.49 
( in  the " c r i t i c a l "  period range), lambda/hl = 7.77 ("long" period)
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n'l'i F ig . 4a. Ex phase over model a at short period
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Fig. 5b. Ex amplitude over model 
b at short period

Fig. 5a. Ex amplitude over model a 
at short period
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F i g .  5 c . Ex a m p li tu d e  o v e r  m odel c
a t  s h o r t  p e r io d
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Fig. 6 a. Ex phase over model a at 
long period

Fig. 6 b. Ex phase over model 
b at long period

I Fig. 6 c. Ex phase o v e r  m o d e l c  a t
lo n g  p e r io d

9E -0 I 
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7E-BI 
2E -a i 
BG- Bl 
7E-BI 
ЗЕ-П1

Fig. 7a. Ex amplitude over model a 
at long period

SE-BI

Fig. 7b. Ex amplitude over model 
b at long period

e.sc-ei
8.2C -BI 
7 .AC-81

Fig. 7 c . Ex a m p li tu d e  o v e r  m odel c
a t  lo n g  p e r io d
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Fig. 8 a.
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phase over model a at 
e c r i t i c a l  period
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taken up at s l i g h t l y  d i f f e r e n t  p e r i o d s ,  depending on the 
t r a n s m i t t e r - r e c e i v e r  d i s ta n c e  and the ac tua l  c o n d u c t i v i t y  
s t r u c t u r e .  Consequent ly  i f  we have a map measured at  a c e r t a i n  
p e r i o d ,  s l i g h t l y  d i f f e r e n t  va lues w i l l  belong to d i f f e r e n t  
measur ing s i t e s .  Since at  t h i s  p e r i o d  the v a r i a t i o n  over  the 
model i s  expected to be somewhere at  the measur ing e r r o r s ,  
nobody has paid  a t t e n t i o n  to the d e t a i l s  of  these  smal l  
anoma l ies .  The refore i t  was a s u r p r i s e  f o r  us to have a r e a l l y  
good c o r r e l a t i o n  between the i s o l i n e s  and the shape of  the 
t h re e  s t r u c t u r e s  as i t  i s  shown i n  F ig .  9. (E .g .  a r o t a t i o n  of 
the model b by 180 degrees to get  the model c i s  f o l l o w e d  by 
the i s o l i n e s  on ly  at  t h i s  c r i t i c a l  p e r i o d . )

REMARKS

Accord ing to F ig .  9 the e v o l u t i o n  of 3-D anomal ies takes 
p lace  in  a very e x c i t i n g  way as f a r  as the i s o l i n e s  i n  the 
t r a n s i t i o n  zone seem to be c l o s e l y  connected to the geom etr i c  
shape of  the models. I t  seems t h a t  the b igger  the anomaly , the 
worse i s  the l a t e r a l  r e s o l u t i o n .

U n f o r t u n a t e l l y  t h i s  d e l i c a t e  phenomenon in  the f i e l d  i s  
p robab ly  masked by measur ing e r r o r s ,  h in d e r in g  any d i r e c t  
a p p l i c a t i o n .  F u r th e r  s t u d ie s  (model measurements and 
compar isons w i th  3-D numer ica l  r e s u l t s )  are needed y e t  to  g i ve 
s a t i s f a c t o r y  e x p la n a t i o n  of  the phenomenon. The aim of  t h i s  
paper  i s  j u s t  to c a l l  the a t t e n t i o n  to t h i s  problem.
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Fig.  9a. Ex amplitude over model a 
at the c r i t i c a l  period

Fig. 9b. Ex amplitude over model b 
at the c r i t i c a l  period

1 .0E*B0 
1.0E»00 
»4-01 
*  0E 61 
6. »E-0I 
9. M 01 
9 .6E -6 I

Fig. 9c. Ex 
at

amplitude over model 
the c r i t i c a l  period

c

Í.4E-0



CSAMT ANALOG MODELLING 2 8 5

the I n t e r n a t i o n a l  Geophys ica l  Symposium, Budapest
Research r e p o r t  f o r  the Geophys ica l  E x p l o r a t i o n  Company on the 

EOR analogue model ing r e s u l t s  1989: Geod. Geoph. Research 
I n s t i t u t e ,  Sopron





Acta Geod. Geoph. Mont. Hung., Vol . 26 (1-4), pp. 287-300 (1991)

ON THE PROTECTION AND OPERATION OF NUCLEAR POWER PLANTS AND 
GREAT STRUCTURES IN CENTRAL EUROPE WITH RESPECT TO THE 

TECTONICS OF EUROPEAN ALPIDS. A CONCEPTION STUDY

Ű Nedoma

Inst,  of Computer Sciences, Czech. Acad. Sei .,  182 07 Prague 8 -Liben, 
Pod vodarenskou vezi 2, Czechoslovakia

[Manuscript received October 26, 199011

This conception study wants to show that the f inancial  resources, 
needed for  exploi tat ion of the energetical resources as well as fo r  the 
securi ty of great energetical structures ( i . e .  nuclear power plants (NPP), 
deep mines, great waterdams, e tc . ) ,  can be employed with high e f f e c t i v i t y  
only when using appropriate basic and applied geological and geophysical 
invest igat ions. One can only by this way save money expended during the 
last  years to great structures b u i l t  in c r i t i c a l  regions. The breakdown of 
the Chernobyl NPP and the catastrophic earthquake in Armenia as well  as the 
construction of a NPP there, situated on the Ararat deep fa u l t ,  in a 
re la t ive ly  small distance from the earthquake region, warn us and 
const i tute the main reason for the rea l izat ion of the research programme 
presented in th is  paper as well as for the recommendation of th is  research 
programme to be solved within the framework of a Pentagonal group.

Keywords: Alpids; earthquake r isk ;  nuclear power plants; tectonics;
waterdams

INTRODUCTION

A s u b s t a n t i a l  p a r t  of the in c re a s e  of  energy needs i n  the 
c o u n t r i e s  of  C en t ra l  Europe i s  to  be covered by nuc lea r  power 
p l a n t s  (NPPs) f o r  which the re  i s  a good raw m a t e r i a l  supp ly  
e .g .  in  the dep o s i t  of  the Bohemian M a s s i f .  With respec t  t o  the 
f a c t  t h a t  the whole C en tr a l  Europe i s  densely popu la ted ,  the 
d e t a i l e d  o b s e r v a t i o n  of  p h y s i c o - t e c t o n i c  processes in  the area 
of  c o n s t r u c t i o n  of  a NPP and o t h e r  g r e a t  c r i t i c a l  s t r u c t u r e s  
themselves as w e l l  as in  t h e i r  f a r t h e r  v i c i n i t y  is. cons ide red  
as an immediate n e c e s s i t y .  The o b s e r v a t i o n  has to take  i n t o  
account  the r e g i o n a l  v iew po in t  of  g e o t e c t o n i c  processes i n  the 
c e n t r a l  and southern  p a r ts  of Europe and i s  to be based on a 
d e t a i l e d  fundamenta l  geodynamic re s e a rc h .  Here, the t e c t o n i c s
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i s  rep resen te d  by the c o l l i s i o n  o f  the A f r i c a n  p l a t e  (more 
e x a c t l y ,  the A d r i a t i c  m ic r o p la t e )  w i t h  the Euroasian one which 
has r e s u l t e d  in  f o l d i n g  of the Alps and of  the Carpa th ian  Arc.

The breakdown of  a NPP in  the  wor ld  has d i s a s t r o u s  
a l a r m i n g  consequences f o r  the p o p u l a t i o n  of l a rge  re g io n s  of  
ou r  p la n e t .  To b u i l d  NPP-s in  C e n t r a l  Europe, i n  c o n t r a s t  to 
o t h e r  c o u n t r i e s  as US, e t c . ,  means to  c o n s t ru c t  i n  densely  
p o p u la t e d  areas g e o l o g i c a l l y  i n f l u e n c e d  by T e r t i a r y  and o ld e r  
t e c t o n i c s .  A g r e a t  deal  of deep f a u l t  zones are a c t i v e  t he re  
even now.

GEOLOGICAL STRUCTURE OF CENTRAL EUROPE

The g e o l o g i c a l  s t r u c t u r e  of  C e n t r a l  Europe i s  s t r o n g l y  
i n f l u e n c e d  by the A lp ine  orogene m a in l y  in  the T e r t i a r y  e ra.  
From a geog raph ica l  p o i n t  of view th e  r eg ion  of C e n t r a l  Europe 
c o v e r s  the Bohemian Mass i f  as fundamen ta l  pa r t  of t h i s  domain, 
t h e  p la t f o r m  p a r t  o f  Europe to the N o r th ,  the West C a rpa th ian s  
t o  the East and the Eastern Alps t o  the  South ( the  l a t t e r  are 
immed ia te  r e s u l t s  o f  the c o l l i s i o n  o f  the A d r i a t i c  m i c r o p l a t e  
w i t h  the Euroas ian p l a t e )  and the Pannonian Basin.  Acco rd ing  to 
t h e  p l a t e  t e c t o n i c s ,  Cen tra l  Europe i s  c h a r a c t e r i z e d  by a 
mosa ic  of l i t h o s p h e r i c  b locks .  In Czechos lovak ia  a NPP or  o th e r  
c r i t i c a l  s t r u c t u r e s  are being b u i l t  i n  the Bohemian M ass i f  and 
th e  West C a rpa th ians .

The g r e a t e r  p a r t  of  the Bohemian Massi f  i s  i n  the 
t e r r i t o r y  of Bohemia and Morav ia ,  marg ina l  pa r t s  ex tend to 
A u s t r i a ,  to Germany and to Poland.  The massi f  i s  bo rde red  to 
t h e  S and SE by the A l p i n e - C a r p a t h i a n  young f o l d - b e l t ,  i t s  
Neogene foredeep i s  s i t u a t e d  on the  submerged p a r t s  o f  the 
m a s s i f .  I t  i s  bounded to  W by a number o f  f a u l t s  s e p a r a t i n g  i t  
f r o m  the Mesozoic Bavar ian p l a t e .  I t s  margins are covered to  N 
and NW e i t h e r  by Upper Permian and Lower T r i a s s i c  sed iments  or 
by t h i c k  Quaternary  dep o s i t s .  I t  i s  bounded by the g r e a t  Odra 
f a u l t  to NE.

In  the Bohemian Massi f  g e o l o g i c a l  b locks  can be d e f i n e d  of 
a r e l a t i v e l y  r e g u l a r  mosaic s t r u c t u r e .  The predominant
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d i r e c t i o n s  of t e c t o n i c  l i n e s  i n  the Bohemian Massi f  are the 
same as i n  whole Europe. The d i r e c t i o n s  are a p p ro x im a te ly  NE 
(KruSné Ногу f a u l t  ( 6 ) ,  L i tom e? ic e  f a u l t  ( 1 ) ,  K la to v y  f a u l t  
( 2 ) ,  Benesov f a u l t  ( 3 ) ,  Kladno (4 )  and S tF ib ro  (5 )  f a u l t s ) ,  
a p p ro x im a te ly  NW ( i . e .  Podebrady f a u l t  ( 7 ) ,  Jáchymov f a u l t  ( 8 ) ,  
Tachov f a u l t  ( 9 ) ,  Mar iánské Lázne f a u l t  (10 ) ,  Horni  S lavkov  
f a u l t  ( 1 1 ) ,  Tábor f a u l t  (13)  RiSany f a u l t  (15 ) ,  Cinovec f a u l t  
( 1 6 ) )  and app rox im a te ly  NNE-SSW ( i . e .  B lan ice  graben (17 )  and 
P i l s e n  f a u l t  ( 1 8 ) )  i . e .  the s o - c a l l e d  Rhenish and J i z e r a  
d i r e c t i o n  as w e l l  as f a u l t s  p e r p e n d i c u l a r  to the Rhenish 
d i r e c t i o n  which are of  a le ss  impor tance  (see F ig .  1 a f t e r  
R öh l i ch  and S tovícková 1968).  These deep f a u l t s  d i v i d e  i n  the 
Bohemian Massi f  b locks  of  d i f f e r e n t  g e o lo g i c a l  s t r u c t u r e  and 
development .  The f o l l o w i n g  b locks  have been d e f i n e d :  KruSné 
Ногу Mts b loc k ,  T ep lá -B a r rand ian  b lo c k ,  Cen tra l  Bohemian 
t r a n s i t i o n a l  segment, Cesky Les segment,  Moldanubian b lo c k  
d i v i d e d  i n t o  Bohemian and Moravian segments,  Elbe zone segment,  
West Sudeten b lock  and M o r a v i a n - S i l e s i a n  b lock .  A r e c e n t  
d ia g o n a l  p a t t e r n  of  deep f a u l t s  l i m i t  these b locks .

The development o f  the deep s t r u c t u r e  of the Bohemian 
Mass i f  can be summarized i n  f o u r  stages of  t e c t o n i c  
development ,  i . e .  the Pre-Cadomian, the  Cadomian, the V a r i s c a n  
and the p la t f o r m  s tages .  A l though the con tac t  between the 
p l a t f o r m  and the A lp id s  i s  a t  p r e s e n t  r e l a t i v e l y  q u i e t ,  t h e r e  
i s  a number of c o n c lu s i v e  g e o l o g i c a l  evidences about m o t ions  in  
t h i s  r e g io n  du r ing  P l iocene  and La te  Quaternary ( P l e i s t o c e n e ) ,  
but  as geophys ica l  measurements ( e . g .  r e c e n t  c r u s t a l  movements) 
show p res en t  l i t h o s p h e r i c  mot ions a l s o  e x i s t  in t h i s  r e g i o n .

The European A lp id s  ( th e  A lp s ,  the Carpa th ians ,  e t c . ) ,  
r e p r e s e n t  a system of  zonal  m oun ta ins .  The i r  o r i g i n  i s  due to 
A lp in e  f o l d i n g .  The European A l p i d s  are in  a sharp t e c t o n i c  
c o n t a c t  w i t h  the European p l a t f o r m .  The i r  b a s i c  and 
c h a r a c t e r i s t i c  f e a t u r e  i s  a l a r g e  number and v a r i e t y  o f  
t e c t o n i c  u n i t s  formed by the A l p i n e  f o l d i n g ,  m o s t l y  f rom 
sediments  of  the A lp in e  c y c l e .  The basement u n i t s  b u i l t  up of  
p r e - A l p i n e  complexes were r e b u i l t  and i nc o rpo ra te d  i n t o  the 
A lp in e  s t r u c t u r a l  p la n .  From the v iew po in t  of  T e r t i a r y
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t e c t o n i c s ,  the A lp in e -C a rp a th ia n  mounta in  system has two 
d i f f e r e n t  zones.

The West C a rpa th ians  are d i v i d e d  i n t o  severa l  zones, each 
of  which i s  c h a r a c t e r i z e d  by i t s  h i s t o r i c a l  e v o l u t i o n  and 
s t r u c t u r e :  1. Inne r  ( C e n t r a l )  C a rpa th ian s ,  2. the K l ippen  zone,
3. Outer  (F l y s c h )  Carpath ians ,  4. C a rpa th ian  Foredeeps. There 
are se v e ra l  deep-seated f a u l t  zones i n  the Bohemian M ass i f ,  
a lso  in  the West Carpath ians  which d i v i d e  the zonal  s t r u c t u r e  
i n t o  la rg e  b lo c k s .  These f a u l t s  on ly  became more a c t i v e  in  the 
Late T e r t i a r y ,  but  they are a c t i v e  a l s o  at  p resen t .  Dur ing the 
Neogene the Inner  Carpath ians s p l i t  i n t o  a s e r ie s  of b lo c k s ,  
t h e i r  mot ions are as soc ia ted  w i th  Miocene vo lcanism fo rm ing the 
Inner  Carpath ian  v o l c a n i c  arc .

The most e x p res s iv e  s e i s m i c a l l y  a c t i v e  g e o lo g ic a l  boundary 
i s  the K l ippen  B e l t  between the I n n e r  and Outer Carpa th ians  
( th e  s o - c a l l e d  Záhorie-Elumenné deep f a u l t  or  the P e r i - P ie n n in y  
zone, r e s p e c t i v e l y ) .  Other boundar ies a re:  a) the Vepor deep 
f a u l t  or the Raab's l i n e ,  r e s p e c t i v e l y  which crosses the inn e r  
West Carpa th ians from Komárno to Poprad and con t inues  to  the NE 
i n t o  the Outer  C a rpa th ians ,  b) the S t i a v n i c a - P r e r o v  deep f a u l t  
i n  NW-SE d i r e c t i o n ,  c)  the Slansky deep f a u l t  in  East S lovak ia  
runn ing  N to S a long the Slanské p o h o r i e  mountain range (see 
F ig .  2, a f t e r  Fusán et  a l .  1979).  The ment ioned deep f a u l t s  
d e f i n e  the fundamenta l  n e o t e c t o n i c  b locks  of the West 
Ca rpa th ians ,  i . e .  Danubian, S o u t h - S l o v a k i a n , E a s t - S l o v a k i a n , 
F a t r a - T a t r a ,  S l o v a k - S i l e s i a n  and S lovak -Morav ian  b lo c k s .  A l l  
these b locks are d i v i d e d  i n t o  s eve ra l  s u b -b lo c k s .

In the sou thern  p a r t  of the Danubian b lock  the re  are two 
s e i s m i c a l l y  a c t i v e  f a u l t s .  The n o r t h e r n  one extends from 
Pezinok to Komárno. In the Maié Ka rpa ty  mountains i t  i s  
r e f l e c t e d  by an a x i a l  depress ion between B r a t i s l a v a  and Modrá. 
The southern  one extends from B r a t i s l a v a  towards SE a long the 
r i v e r  Danube. In the no r the rn  p a r t  o f  the Oanubian b lo c k ,  the 
Dobrá Voda zone i s  an im por tan t  s e i s m i c a l l y  a c t i v e  f a u l t  zone. 
I t  extends from the depress ion between Maié Karpaty and the 
Nedzev Range towards SE, i . e .  to Trnava and Nővé Zámky, passes 
th rough the c e n t r a l  p a r t  of the Danubian b lo c k .  I t  d i v i d e s  the
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Danubian b lock  i n t o  a n o r the rn  and a sou thern  p a r t .  In o the r  
fundamenta l  b lo c k s ,  deep f a u l t s  a l so e x i s t .  An i n t e r e s t i n g  f a c t  
i s  t h a t  the fundamental  b locks are separa ted  by s e i s m i c a l l y  
a c t i v e  zones. The p a r t i a l  b locks are bounded as a r u l e  by 
a c t i v e  zones, many of  which are s e i s m i c a l l y  a c t i v e  and 
s i m u l t a n e o u s l y  form boundar ies i n  the i n t e n s i t y  o f  recen t  
v e r t i c a l  movements and of  the geo thermal  f i e l d  between 
i n d i v i d u a l  b locks (see e .g .  Fusán e t  a l .  1979, Zátopek 1979, 
Dudek 1981, Beránek and Zátopek 1981, Mahel '  et  a l .  1974, Ádám 
1976) .

DISCUSSION

A s u b s t a n t i a l  p a r t  of the inc rease  of  the energy 
consumpt ion in  C e n t ra l  Europe i s  to  be covered by NPPs. 
U n f o r t u n a t e l y ,  t h e i r  s i t e s  are not  always o p t i m a l l y  chosen. 
Wi th regard  to g e o l o g i c a l l y  com p l ica te d  c o n d i t i o n s  i n  C en t ra l  
Europe, they are o f t e n  lo c a te d  in  s e i s m i c a l l y  a c t i v e  areas .  A 
s e r i e s  of  ear thquakes i n  the area of  Dobrá Voda ( n o r t h e r n  
e p i c e n t r a l  zone of  Maié Ka rpa ty )  a t  a r a t h e r  s h o r t  d i s ta n c e  
from the NPP Jas lovské  Bohunice i n  1987 i s  a f i r s t  s e r io u s  
w a rn ing .  I t  i s  w e l l  known t h a t  on ly  p a r t  o f  the mot ion  of  
l i t h o s p h e r i c  b locks r e s u l t s  in  se is m ic  e f f e c t s .  Geodet ic 
measurements have proved the recen t  mot ion in  the Maié Karpaty  
r e g i o n .  The s i t e s  of  NPPs s i t u a t e d  i n  s e i s m i c a l l y  a c t i v e  areas 
w i t h  the e f f e c t s  o f  r ecen t  se ism ic  a c t i v i t y  (NPP Jas lovské 
Bohunice,  a depress ion area w i th  a c t i v e  f a u l t s  i n  the v i c i n i t y  
o f  the NPP Temel in,  s i t u a t e d  in  the Bohemian M as s i f ,  h o r i z o n t a l  
movements in  the area of  B la h u to v ic e  s i t u a t e d  on the Lednice 
deep f a u l t ,  e t c . )  r a i s e  the n e c e s s i t y  o f  a d e t a i l e d  o b s e r v a t i o n  
of  geodynamical  processes in  the area of  c o n s t r u c t i o n  of  NPPs 
and of  o the r  g rea t  c r i t i c a l  s t r u c t u r e s  as w e l l  as i n  t h e i r  
broader  v i c i n i t y  (see e .g .  Nedoma 1986) .  The breakdown o f  a NPP 
or  o f  a g rea t  waterdam, r e s p e c t i v e l y ,  w i t h  d i s a s t r o u s  
consequences f o r  the p o p u la t i o n  of  l a r g e  reg ions  of  our  p la n e t  
i s  a la rm in g .  Moreover , b u i l d i n g  NPPs i n  c o n d i t i o n s  of  C e n t ra l  
Europe,  i n  c o n t r a s t  to o th e r  c o u n t r i e s  w i t h  spac ious
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u n in h a b i t e d  t e r r i t o r i e s  (China,  USA, USSR, e t c . ) ,  means to 
c o n s t r u c t  in  dense ly  popu la ted areas.  The more so we should do 
ou r  best to ensure the s a fe t y  o f  NPPs i n  these areas and, w i th  
i t ,  a lso our s a f e t y .  The c o n s t r u c t i o n  of  NPPs should be decided 

a f t e r  a d e t a i l e d  and, in  p a r t i c u l a r ,  t r u s t w o r t h y
i n v e s t i g a t i o n  and pay ing  a t t e n t i o n  to  the p u b l i c  o p in io n  - in  
th e  f i r s t  p lace to  s c i e n t i s t s  and not  to  p o l i t i c i a n s  who, even 
w i t h  the best  i n t e n t i o n s ,  cannot  p r o f e s s i o n a l l y  judge
advantages or drawbacks of  the p o s s i b l e  s i t e s .  Having the 
recommendation of  s c i e n t i s t s ,  the s u b je c t  should be again 
d i s c u s s e d .  We can on ly  avoid a p o s s i b l e  f a i l u r e  by means of 
c o n s i s t e n t  c o n t r o l  and c r i t i c i s m  of  the p r o j e c t  be fo re  i t s  
r e a l i z a t i o n  s tage w i t h  immense consequences or ,  in  a b e t t e r  
c a s e ,  wi th  a m u l t i - b i l l i o n  economic l o s s .

One of the p r i n c i p a l  f a c t o r s  t h a t  dete rm ine  the s a f e t y  of 
NPPs is  the maximum p o s s ib le  ear thquake which s t i l l  does not 
endanger the o p e r a t i o n  of  a NPP. Severa l  methods are used to 
e s t i m a t e  i t .  They are based on c a l c u l a t i o n s  f rom s imple 
observed data or on an e v a lu a t i o n  of  g e o l o g i c a l - g e o p h y s i c a l  
d a ta  from the area concerned.  The methods i n v o l v e  e s t im a tes  of 
th e  maximum magni tude of  ear thquakes Mmax in  the r eg ion  of  the 
NPP by se ismology,  s t a t i s t i c a l  data a n a l y s i s  w i t h  the he lp  of 
th e  Gumbel d i s t r i b u t i o n ,  and analyses of  se i s m ic ,  g r a v i m e t r i c ,  
and geodet ic  data f rom the i n v e s t i g a t e d  area.  A l l  these methods 
e v a l u a t e  o b s e r v a t io n s  on the E a r t h ' s  s u r fa c e .  None of  them 
t a k e s  in t o  account  the accum ulat ion of  s t r e s s  i n  g e o l o g i c a l  
b l o c k s  def ined by t e c t o n i c  l i n e s  in  the areas cons ide red  and in 
t h e i r  broader v i c i n i t y  and, t h e r e f o r e ,  none of  them s t u d ie s  the 
causes  of a c t i v i t y  i n  these areas.  The p r o j e c t  which i s  the 
s u b j e c t  of my p ro p o s a l  and whose r e a l i z a t i o n  i s  p o s s ib le  from a 
t e c h n i c a l  po in t  of  v iew ,  i s  based on s t r e s s  data.

Since i t  i s  no t  p o s s ib le  to  inc rease  the number of 
s t r u c t u r a l  bo reho le s i n  the area of  the c o n s t r u c t i o n  of  a NPP 
beyond an a c c ep tab le  measure f o r  reasons of both economy and 
r e s o u r c e s ,  the e v a l u a t i o n  of the a c t u a l  s t r e s s  and s t r u c t u r a l  
s t a t e  has to use an a n a l y s i s  of geodynamical  processes in  the 
a rea  considered and in  i t s  v i c i n i t y ,  i . e .  t e c t o n i c s ,
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sed imen to logy  and, i n  p a r t i c u l a r ,  s t r e s s  s t a t e  i n  the 
neighbourhood of a few boreholes in  the area.  We have to  be 
aware t h a t  w h i le  the i n t e r e s t  of b u i l d e r s  o f  a NPP (as w e l l  as 
of  o th e r  g rea t  c r i t i c a l  s t r u c t u r e s )  i s  c oncen tr a te d  on a 
d e t a i l e d  e v a lu a t i o n  of  a few square m i le s  of  the area 
concerned,  the laws i n f l u e n c i n g  t e c t o n i c s  and s t r e s s  s t a t e  in  
t h i s  area must be s t u d ie d  from a r e g i o n a l  p o i n t  o f  v iew, i . e .  
in  a l a rge  area of  which the area of  NPP i s  on ly  a p a r t .  
W i thou t  t h i s  i n f o r m a t i o n ,  our knowledge would be incom plete and 
cou ld  t h e r e f o r e  r e s u l t  i n  an image f a l s e  f rom the v ie w p o in t  of 
the t e c t o n i c s  of  the area.  This i s  the reason why a l l  the 
a v a i l a b l e  boreholes i n  the area should serve t h i s  purpose.  They 
ought  to  be equipped w i t h  probes (which are c e r t a i n  smal l  
l a b o r a t o r i e s )  capable of  measuring t ime changes of  the s t r e s s  
( f r om the i n i t i a l  s t r e s s  va lues found i n  the area of  the NPP,
i . e .  by the o v e r c o r i n g  method) caused by t e c t o n i c s  and, in  
a d d i t i o n ,  a lso  by c i v i l i z a t i o n  a c t i v i t y  i n  the rock massi f  
d u r i n g  the c o n s t r u c t i o n  of  NPP as w e l l  as the rma l  and f u r t h e r  
geoph y s ic a l  f i e l d s .  Since we can on ly f i n d  the s t r e s s  s t a t e  in  
the area at  d i s c r e t e  p o i n t s ,  we use mathemat i ca l  m ode l l ing  and 
s i m u l a t i o n  of  geodynamic processes in  the area concerned to 
e x t r a p o l a t e  the s t r e s s  i n f o r m a t i o n  to g r e a t e r  depths and longe r  
d i s ta n c e s  from the p lace  of  s t r e s s  measurement in  s i t u .

At p resen t ,  the problems ment ioned are on ly  very s p a rs l y  
s t u d i e d  by complex research p r o j e c t s  a t  geophys ica l  or 
g e o l o g i c a l  i n s t i t u t e s .  No complex research  does e x i s t  i n  the 
branches of i n t e r e s t  governed by a u n i f i e d  methodology i n  the 
whole f i e l d .  This i s  an enormous chance f o r  fundamental  
resea rch  in  C e n t ra l  Europe to get  funds f o r  a u n i f i e d  and 
complex g e o lo g i c a l  and geophys ica l  s tudy  i n  the c e n t r a l  reg ion  
of  the con tac t  zone between the p l a t f o r m  and the A lp i d s .  The 
f a c t  t h a t  Czechoslovak ia  as a whole l i e s  i n  the c e n t r a l  p a r t  o f  
the l a r g e s t  t r a n s v e r s a l  e l e v a t i o n  c r o s s in g  the co n ta c t  o f  the 
p l a t f o r m  w i th  the A lp id s  in  Europe g i v es  an o p p o r t u n i t y  to 
s tu dy  g e o l o g i c a l l y  and g e o p h y s i c a l l y  the c o n t a c t ,  i t s  
fo reg roun d  as w e l l  as h i n t e r l a n d  i n  a number o f  s t r u c t u r a l  
depths  th a t  can be reached by boreho les  both in  Bohemia and in
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t h e  Carpa th ians ,  too .
For the b e n e f i t  o f  fundamental  geophys ica l  and g e o lo g i c a l  

r e s e a r c h  ( w i t h  s t r a i g h t f o r w a r d  a p p l i c a t i o n s  to  the 
c o n s t r u c t i o n ,  o p e r a t i o n  and s a f e t y  o f  NPPs, deep mines, g rea t  
w a t e r  dams, e t c . ) ,  the proposed i n v e s t i g a t i o n  shou ld  in c lu d e  
t h e  s tudy of f u r t h e r  geoph y s ic a l  f i e l d s  and p rocesses .  In  such 
a case the fundamenta l  research of the r e g i o n a l  area has to 
i n c l u d e  :

a) long - term t e c t o n o p h y s i c a l  research  of  the present  
m o t i o n  of the l i t h o s p h e r e  by the means of  the s t r e s s - s t r a i n  
f i e l d  observed in  a c c e s s i b l e  p laces of  the l i t h o s p h e r e  ( i n  deep 
b o r e h o le s  at v a r i o u s  dep ths ,  i n  g a l l e r y  e t c . ) .  In  a d d i t i o n ,  
o b s e r v a t i o n  of  the r e c e n t  mot ion of  the E a r t h ' s  c r u s t  ( i . e .  of 
b o t h  components, v e r t i c a l  as w e l l  as h o r i z o n t a l )  and of  the 
s e i s m i c i t y  in the area ( d e t e c t o r s ,  i . e .  w ide-band geophones, 
a re  p laced in  a probe to  measure the s t r e s s - s t r a i n  f i e l d  i n  the 
b o r e h o l e  du r ing  long  t im e )  and d e t a i l e d  d e t e r m i n a t i o n  of  the 
g e o l o g i c a l  s t r u c t u r e  of  the area by methods o f  se i s m ic  and 
e l e c t r o m a g n e t i c  tomography in  bo reho les ,  se ism ic  m ic rozon ing ,  
e t c  .

b)  T h e o r e t i c a l  a n a l y s i s  of  the s t r e s s - s t r a i n  f i e l d  i n  the 
a rea  completed w i th  the map of  the s t r e s s - s t r a i n  f i e l d  and w i th  
a database f o r  v a r i o u s  depths.  Comparison of  t h e o r e t i c a l  
r e s u l t s  based on m a th em at i ca l  m ode l l ing  and s i m u l a t i o n  of 
t e c t o n o p h y s i c a l  processes i n  the r e g i o n a l  area w i t h  the r e s u l t s  
o f  measurements i n  s i t u .  E x t r a p o l a t i o n  of  the r e s u l t s  of 
measurements to l o n g e r  d i s ta n c e s  and g r e a t e r  depths from the 
p l a c e  of  measurement i n  s i t u .  Choice of  a most probab le 
geodynamica l  model o f  the area based on e x pe r t  systems and 
f u r t h e r  improvement o f  t h i s  model f a c i l i t a t e d  by c o n t i n u i n g  
r e s e a r c h .

c )  Measurement o f  the  se ism oacous t i c  a c t i v i t y  i n  the lo n g ­
te rm  obse rva t i on  p o i n t s  ( d e te c to r s - g e o p h o n e s , are p laced  in  the 
p ro b e s  f o r  the l o n g - t e r m  measurement o f  the s t r e s s - s t r a i n  f i e l d  
i n  the  b o r e h o le s ) .

d) Long-term o b s e r v a t i o n  of  the s t r e s s - s t r a i n  f i e l d  caused 
by t i d a l  fo rces  i n  the  area of  i n t e r e s t  and the f o l l o w i n g



NUCLEAR POWER PLANTS 2 9 7

comparison w i th  analogous measurements in  t i d a l  resea rch  
s t a t i o n s  and s t a t i o n s  i n  o ther  areas.

e) Observa t ion o f  the d i s t r i b u t i o n  and o r i e n t a t i o n  of  
macro-  and m ic roc rac k s  by p a t t e r n  r e c o g n i t i o n  methods and 
d e t e r m in a t i o n  of  the s t r e s s  in  the rock  massi f  by means of  the 
s tu dy  of  the d e f o r m i c i t y  of rock c r y s t a l l i c  s t r u c t u r e  and of 
the a c q u i s i t i o n  o f  rock cores from p laces  where the o v e r c o r i n g  
method i s  a p p l ie d  to  s tudy the p re s e n t  s t r e s s - s t r a i n  s t a t e  in  
the rock massif  ( t h i s  i s  p a r t  of  the i n v e s t i g a t i o n  in  i tem  a ) .

f )  Long- term measurement of  tem pera tu re  and heat  f l o w  in  
o b s e r v a t i o n  of the s t r e s s - s t r a i n  f i e l d  ( d e t e c t o r s - t h e r m o m e t e r s , 
are p laced in  the  probes at  l o n g - t e r m  o bs e rv a t iqn  p o i n t s  i n  
a c c e s s ib le  p laces o f  l i t h o s p h e r e ) .

g) A l l  the c u r r e n t l y  per formed measurements of  p h y s i c a l  
q u a n t i t i e s  (as d e n s i t y ,  Young modulus of  e l a s t i c i t y ,  P o i s s o n ' s  
c o n s t a n t ,  p o r o s i t y ,  e t c . )  of the r o c k - c o r e s  ob ta ined  i n  the 
o v e r c o r i n g  method.

h) Paleomagnet ic measurements of  the rock core samples 
f rom the p laces of  a p p l i c a t i o n  of  the o v e r c o r in g  method and of  
l o n g - t e r m  o b s e r v a t i o n  p o in t s .  They enable the pa leom agne t ic  
r e c o n s t r u c t i o n  of  the o r i e n t a t i o n  of  the magnet ic  f i e l d  and the 
d e t e r m in a t i o n  of  mot ion  and h i s t o r i c a l  r o t a t i o n  o f  the 
i n d i v i d u a l  b locks t h a t  form the area o f  i n t e r e s t .

i )  Magnetic measurements at l o n g - t e r m  ob s e rv a t io n  p o i n t s .
j )  M a g n e t o t e l l u r i c  measurements c a r r i e d  out at  l o n g - t e r m  

o b s e r v a t i o n  p o in t s  and, moreover, on e x a c t l y  de f ined  p r o f i l e s  
t h a t  c h a r a c t e r i z e  the t e c t o n i c s  of the r e g i o n a l  area.

k )  Magnetometr ic  measurements f o r  de te rm in ing  f r a c t u r e s  
and t h e i r  mot ion.

l )  Deep s e is m ic  sounding on the p r o f i l e s  i n  i tem  j )  f o r  
d e t e r m in a t i o n  of  the g e o l o g i c a l  s t r u c t u r e  of  the area of interest .

m) A e r i a l  and s a t e l l i t e  photography o f  the cons ide red  area 
f o l l o w e d  by e v a l u a t i o n .

n) Gradual c r e a t i o n  of databases f o r  the area of  i n t e r e s t  
c o n t a i n i n g  the r e s u l t s  o f  the proposed complex research  o f  the 
whole area.

F u r th e r  improvement of  geodynamical  models o f  the r e g i o n a l



2 9 8 J NEDOMA

area  based on the a c t u a l  l e v e l  of  knowledge.  This w i l l  a l l o w  
t h e  e l i m i n a t i o n  o f  the i n f l u e n c e  of  c i v i l i z a t i o n  on the area 
c o n s id e r e d  and f a c i l i t a t e  f i n d i n g  c r i t e r i a  f o r  the p r e d i c t i o n  
o f  mine shocks and ea r thquakes  in  the whole area.

We admit t h a t  the  task i s  ex t re m e ly  d i f f i c u l t .  I t  i s  
connected wi th  a g r e a t  deal  of problems not  yet  solved t h a t  are 
o u t s i d e  the scope of  geology and geophys ics .  The p resen t  s t a t e  
o f  the Au s t r i a n ,  Hungar ian ,  I t a l i a n ,  Yugoslav ian  and Czecho­
s l o v a k  geology and geophys ics as w e l l  as the s t a t e  of  these 
b ranches of sc ience  i n  Germany, Po land,  S w i t z e r la n d ,  USSR and 
Rumania, however, gua rantee t h a t  i t  can be c a r r i e d  out  and 
s u c c e s s f u l l y  s o lv e d .  The g e o l o g i c a l ,  but  even the economic 
communi ty  does not  r e a l i z e  s u f f i c i e n t l y  the consequences of  the 
p r o j e c t  proposed i n  o the r  branches of  economy, e .g .  m in ing ,  
s a f e t y  of c o n s t r u c t i o n  and o p e r a t i o n  of  deep mines, g rea t  
waterdams, t r a n s p o r t a t i o n ,  nuc lear  power p l a n t s ,  e tc .  ( e . g .  the 
p rob lem  of a low p o r t i o n  of o b t a in a b le  reserves of s o l i d  f u e l  
i s  not only the consequence of  economic,  t e c h n o l o g i c a l ,  
e c o l o g i c a l  and s o c i a l  c i r cumstances ,  b u t ,  to a c o n s id e r a b le  
e x t e n t ,  also of n a t u r a l  resources and, u n f o r t u n a t e l y ,  even t h a t  
o f  the i n s u f f i c i e n t  knowledge of  g eo log ic a l  s t r u c t u r a l  
phenomena of coa l  seams).  Many l e g a l  problems should  be 
im m e d ia te l y  so lved i n  t h i s  p o in t ,  t o o .  An example t h a t  hampers 
th e  development o f  complex g e o lo g i c a l  and geophys ica l  research  
i s  the problem of  the  r e s i d u a l  value o f  the borehole a f t e r  i t s  
c o m p le t i o n  f o r  g e o l o g i c a l  p r o s p e c t in g .  The p r i c e  of a bo reho le  
depends on i t s  depth and ranges from s e v e r a l  hundred thousands 
( f o r  shal low b o r e h o le s )  to severa l  ten or  hundred m i l l i o n s  ( f o r  
deep boreholes)  i n  A u s t r i a n  s c h i l l i n g  or  in  Czechoslovak crown. 
A f t e r  complet ing a bo reho le ,  the g e o l o g i c a l  survey i s  not 
i n t e r e s t e d  in  these  s t r u c t u r a l  b o re h o le s ,  they are c losed  up 
and dest royed.  But such a bo reho le  could be a v a lu a b le  
l a b o r a t o r y  f o r  complex g e o lo g ic a l  and geophys ica l  r e s e a rc h ,  in  
p a r t i c u l a r  f o r  the s t u d y  of  tempera tu re ,  s t r e s s - s t r a i n  f i e l d  in  
t h e  rock m ass i f ,  and,  in  a d d i t i o n ,  f o r  f u r t h e r  geoph y s ic a l  
f i e l d s ,  m ic ro c ra c k in g  of  rock, s a f e t y  o f  mines, waterdams, 
e t c . ,  i n c lu d in g  n u c l e a r  power p l a n t s .  Moreover, i t  cou ld
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f a c i l i t a t e  the p r e d i c t i o n  of mine shocks i n  areas of mines and 
g r e a t  waterdams -and ear thquakes in  s e i s m i c a l l y  a c t i v e  zones in  
the v i c i n i t y  of NPPs. The p r o f i t  o f  such a study would then 
a f f e c t  both fundamenta l  and app l ied  research  and p r a x i s ,  
r ep resen ted  in  the f i r s t  p lace by mines ,  waterdams and NPPs. 
But the methodology of  some research p r o j e c t s  i s  a p p l i c a b l e  
a l s o  to o the r  branches of  economy ( e . g .  the  methodology of  the 
s t r e s s - s t r a i n  measurement i n  the rock m as s i f  i s  a p p l i c a b le  to  
b u i l d i n g  i n d u s t r y  and t r a n s p o r t a t i o n  - i n s t a b i l i t y  of s lo p e s ,  
t u n n e l s ,  tubes,  s u p p o r t i n g  w a l l s ,  e t c . ) .  Moreover, the 
e x p l o i t a t i o n  of  bo reho le s  f o r  the above mentioned research  
v a l o r i e s  them and the cost  of  t h e i r  b u i l d i n g  r e la t e d  to t h e i r  
u t i l i z a t i o n  decreases.  Every g e o lo g i c a l  bo reho le  should thus be 
used f o r  the above proposed research w i t h  a u n i f i e d  programme 
f o r  the whole area ( t h a t  may cover even s e v e ra l  c o u n t r i e s )  and 
equipped w i th  dev ices  of  u n i f i e d  t ype  to  ensure comparable 
r e s u l t s .

The i n e x o ra b le  l o g i c  of  my note p r e s e n t i n g  the impor tance 
o f  o r g a n iz in g  the complex g e o lo g i c a l  and geophys ica l  research  
l i e s  in  the f a c t  t h a t  t h i s  s ub jec t  improves the s a fe ty  o f  the 
o p e r a t i o n  of NPPs and the a c t i v i t y  in  o t h e r  branches of economy 

as i n  min ing .  Th is  research makes the l i f e  of  coal  mines and 
q u a r r i e s  in  the next  cen tu ry  many tens  of  years l onger  and 
p r o t e c t s  thus f u t u r e  gene ra t i ons  from g r e a t  t r o u b le s  w i t h  the 
energy balance.  I t  he lps to avoid c a t a s t r o p h i c  s i t u a t i o n s  
connected w i th  breakdowns of NPPs, mines,  and g reat  waterdams. 
Moreover ,  the r e s u l t s  o f  t h i s  research can be app l ied  to o t h e r  
branches of economy. The c o n t r i b u t i o n  of  fundamental  research  
w i l l  appa ren t l y  be much g re a te r  than the inves tmen t  put i n  i t .  
But we cannot do w i t h o u t  changes of  the present  l e g a l  
r e g u l a t i o n s ,  f i n a n c i a l  resources,  development o f  new 
in s t ru m e n ts  and measurement dev ices ( f o r  the a u t h o r ' s  and h i s  
coworke rs '  r e s u l t s  see Nedoma 1990a, b ) ,  and a lso  a new, more 
f l e x i b l e  approach to  urgen t  economic problems rep resented  by 
the energy balance of  the p resen t ,  but  above a l l  the f u t u r e  
g e n e ra t io n s  and a new way of economic as w e l l  as p o l i t i c a l  
t h i n k i n g  in both l o c a l  and i n t e r n a t i o n a l  s c a le .
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DERIVING VELOCITY ESTIMATES FROM VSP DATA ? A NOVEL APPROACH 
USING EDGE DETECTION

Z Wéber and I  Bondár

Department of Geophysics, Eötvös Universi ty, H-1083 Budapest, 
Kun Béla tér 2, Hungary

EManuscript received January 8 , 19913

One of the prime purposes of ver t ical  seismic p ro f i l i ng  (VSP) is  to 
f ind wave veloci ty as a function of depth. In the l i te ra tu re  several 
proposed inversion methods can be found. The in terval  veloci ty function 
calculat ion from the f i r s t  break time is  the simplest method, but the 
resul ts may have s ign i f i can t  errors due to errors in the estimates of the 
f i r s t  break times. The general l inear inversion (GLI) method, that takes 
into consideration the whole VSP wavefield, gives more re l iab le  resul ts but 
i t  needs a good i n i t i a l  model, true amplitudes and i t s  execution is  very 
time consuming.

The inversion method described in th is  paper is  free of the above 
mentioned disadvantages. After  careful wavelet f i l t e r i n g  and wavefield 
separation the gradient of the travel  time curve of the f i r s t  ar r iva ls  as a 
function of depth is  estimated, on the basis of which the veloci ty function 
can also be estimated. The gradient of the t ravel  time curve is  determined 
from the instantaneous phase section calculated from the downgoing 
wavefield by means of edge detection well known from image processing.

The method is i l l u s t ra ted  by synthetic and real examples of zero- 
o f fset  VSP data.

Keywords: edge detection; inversion; seismic at t r ibutes;  VSP

INTRODUCTION

E x p lo r a t i o n  geophys ics i s  i n v o l v e d  w i t h  f i n d i n g  a number 
o f  parameters t h a t  d e s c r ib e  the types and s t a t e s  of  rocks  i n  a 
g iven  reg ion .  Many t o o l s  and techn iques  are commonly used in  
t h i s  p u r s u i t ,  among those being the v e r t i c a l  se ism ic  p r o f i l e  
(VSP). One of  the pr ime purposes of  t h i s  i n  s i t u  survey i s  to 
f i n d  the wave v e l o c i t y  as a f u n c t i o n  of  depth.  Th is v e l o c i t y  i s  
then used in the l i t h o l o g i c  d e l i n e a t i o n  and mapping process .

Most f r e q u e n t l y  the i n t e r v a l  v e l o c i t y  f u n c t i o n  i s
c a l c u l a t e d  from the t r a v e l  t imes of  d i r e c t  a r r i v a l s .

Acta Geod. Geoph. Mont. Hung. 26, 1991 
Akadémiai Kiadó, Budapest
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U n f o r t u n a t e l y  the v e l o c i t y  values es t im a te d  by t h i s  method may 
have s i g n i f i c a n t  e r r o r s  because the t r a v e l  t imes  cannot  be 
de te rm ined  w i th  p r o p e r  accuracy n e i t h e r  by i n t e r a c t i v e  nor by 
a u to m a t i c  methods (Ba lch  and Lee 1984, Stewar t  1984, Vermes 
1984) .

Methods us ing the whole w a v e f i e l d  i n  the VSP in v e r s i o n  
y i e l d  more r e l i a b l e  r e s u l t s  ( G r i v e l e t  1985, Mace and L a i l l y  
1986, Ursin 1986) .  The proposed methods use b a s i c a l l y  an 
i t e r a t i v e  model ing approach in  which a p rocessor  d e f in e s  an 
i n i t i a l  e s t im a t io n  o f  the ac ous t i c  impedance f u n c t i o n ,  computes 
th e  s y n t h e t i c  VSP w a v e f i e l d  and then compares t h i s  c a l c u l a t e d  
response w i th  the a c t u a l  VSP data.  I f  the s y n t h e t i c  and the 
measured data do no t  agree w i t h i n  an accepted t o l e r a n c e ,  then 
th e  impedance f u n c t i o n  i s  ad jus te d ,  and the process i s  repeated 
u n t i l  the d i f f e r e n c e  between the measured and c a l c u l a t e d  VSPs 
becomes in  a l e a s t  squares sense - minimum. This method i s  
c a l l e d  general  l i n e a r  i n v e r s i o n  (G L I) .

As the problem i s  n o n l i n e a r ,  the i n i t i a l  e s t i m a t i o n  of  the 
a c o u s t i c  impedance f u n c t i o n  has to be c lose  enough to  the re a l  
one in  order  to get  the g lo b a l  -  and not the l o c a l  - minimum of 
t h e  o b je c t i v e  f u n c t i o n  to  be min imized .  Because the GLI method 
uses the dynamic f e a t u r e s  of  the VSP data,  i n s te a d  of  the 
v e l o c i t y  f u n c t i o n ,  i t  i s  the a c o u s t i c  impedance f u n c t i o n  which 
can be est imated and, on the o th e r  hand, the am p l i tudes  of  the 
VSP data have to  be c o r r e c t l y  r e c o n s t r u c t e d  d u r i n g  data 
p r o c e s s in g .  Another  d isadvantageous f e a t u r e  of  the GLI 
t e c hn iqu e  i s  t h a t  the c a l c u l a t i o n  of  r e a l i s t i c  s y n t h e t i c  VSPs 
and the s o l u t i o n  o f  the la rge  sets of  l i n e a r  equa t io ns  re q u i r e  
ex t re m e ly  f a s t  com pu te rs .

The i n v e r s i o n  method descr ibed  i n  t h i s  paper does not 
possess the above ment ioned d isadvan tages .  Ampl i tudes do not 
have to be r e c o n s t r u c t e d ,  the f i r s t  break t imes do not  have to 
be determined,  c a l c u l a t i o n  of s y n t h e t i c  VSPs, s o l u t i o n  of  la rge  
s e t s  of l i n e a r  e q u a t i o n s  and d e f i n i t i o n  of  an i n i t i a l  model are 
n o t  needed. C a r e f u l  w ave le t  f i l t e r i n g  and w a v e f i e l d  s e p a ra t io n  
are s u f f i c i e n t .
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THE METHOD

The s e r i e s  of  the f i r s t  breaks on a VSP de f i nes  the t r a v e l  
t ime curve of the f i r s t  a r r i v a l s .  As i t  i s  w e l l  known, the 
g r a d i e n t  of  t h i s  t r a v e l  t ime cu rve i s  in a very  c los e  
connec t io n  w i th  the wave v e l o c i t y :  i n  the case of  z e r o - o f f s e t  
VSP and h o r i z o n t a l  l a y e r i n g  the g r a d i e n t  and the v e l o c i t y  are 
equal  .

The g r a d ie n t  of  the t r a v e l  t ime curve vs. depth f u n c t i o n  
can be es t ima ted  by method of edge d e t e c t i o n  w e l l  known from 
image p rocess ing  (see Appendix ) .  On the VSP s e c t i o n  which i s  
co ns ide red  as an image, the gray l e v e l s  change r a p i d l y  i n  the 
v i c i n i t y  of  the f i r s t  a r r i v a l s  because of  the la rg e  am p l i t u d e  
and the h igh s ig n a l  to  noise r a t i o .  These rap id  changes can be 
d e tec ted  by edge d e t e c t i o n  o p e r a t o r s .  A f t e r  edge d e t e c t i o n  the 
g r a d i e n t  of  the t r a v e l  t ime curve of  the f i r s t  a r r i v a l  can be 
es t im a ted  by a s t a t i s t i c a l  method us ing  the g ra d ie n t  va lues  in  
the v i c i n i t y  of the f i r s t  breaks.  The s t a t i s t i c a l  p ro c e s s in g  of  
the la rg e  number of  g r a d ie n t  data i n v o l v e s  t h a t  in  a d d i t i o n  of 
the es t ima ted  v e l o c i t y  va lues the e r r o r  of the e s t i m a t i o n  can 
a l s o  be g i ven .  In t h i s  paper the most f requen t  value p rocedure 
i s  used because of  i t s  robus tness  and re s i s ta n c e  (Ferenczy 
1988, Ferenczy et  a l .  1988, S t e in e r  1988) .

Exper iences ob ta ined  in  the t e s t s  of  the above d e s c r ib e d  
method suggest t h a t  edge d e t e c t i o n  shou ld be c a r r i e d  ou t  on the 
ins ta n ta n e o u s  phase s e c t i o n  (Taner e t  a l .  1979), c a l c u l a t e d  
from the VSP r a t h e r  than on the o r i g i n a l  VSP data.  The reason 
f o r  t h i s  i s  e x p la ine d  in  F ig .  1. F igu re  la shows a K lauder  
w ave le t  w i t h  peak f requency of 40 Hz repeated f i v e  t im e s ,  and 
F ig .  lb i s  the ins ta n ta neous  phase of  t h i s  s e c t i o n .  I t  i s  
e v id e n t  t h a t  i n  the same t ime i n t e r v a l  the ins tan taneous  phase 
s e c t i o n  co n ta in s  sha rper  " jumps" than the o r i g i n a l  s e c t i o n  of 
K lauder  w ave le ts .  As a consequence the g r a d ie n t  values o b ta ine d  
from the in s tan tan eous  phase data are more accura te than t h a t  
c a l c u l a t e d  from the o r i g i n a l  VSP da ta .



3 0 4 Z WEBER and I  B0NDÁR

Fig. 1. Top: Klauder wavelets with the peak frequency of 40 Hz. Bottom:
The corresponding instantaneous phase

SYNTHETIC EXAMPLES

The fe a t u r e s  o f  the i n v e r s i o n  method desc r ibed  i n  the 
p r e v i o u s  paragraph were s tud ied  on s y n t h e t i c  data.  By means of  
th e  f o l l o w i n g  examples we examine how the method i s  i n f l u e n c e d  
by random noise and model e r r o r s .

The v e l o c i t y  f u n c t i o n  used i n  s y n t h e t i c  z e r o - o f f s e t  VSP 
c a l c u l a t i o n  i s  shown in  Fig.  2. The model c o n s i s t s  o f  1000 
l a y e r s .  Each l a y e r  i s  2 metres t h i c k .

The c a l c u l a t e d  s y n t h e t i c  VSP can be seen in  F ig .  3. The 
s e c t i o n  c o n s i s t s  o f  149 t r ac es ,  the d is tanc e  between the
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Fig. 2. Velocity and density functions fo r  calculat ing synthet ic VSP

d e p t h  ( m )

20.00 1500 .00

Fig. 3. Synthetic zero-of fset  VSP calculated from the veloci ty model shown 
in Fig. 2 (wavelet: Klauder with the peak frequency of 30 Hz; 
source depth is  1 0  m)
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e q u a l l y  spaced geophones ( t r a c e s )  i s  1 0  metres,  t ime sampl ing 
i s  2 msec, the dep th  o f  the source i s  10 met res .  The c a l c u l a t e d  
im pu lse  response i s  convolved by a K laude r  wavelet  w i t h  the 
peak frequency of  30 Hz.

The downgoing w a v e f ie ld  used i n  v e l o c i t y  e s t im a t i o n  and 
th e  corresponding ins ta n ta n e o u s  phase s e c t i o n  are shown i n  F igs 
4 and 5, r e s p e c t i v e l y .  According t o  our  e x p e c ta t i o n ,  the 
ins tan taneous  phase s e c t i o n  con ta ins  much sharper  " jumps"  than 
t h e  o r i g i n a l  VSP, so the g r a d ie n t  d a ta ,  demanded by the 
v e l o c i t y  e s t i m a t i o n  procedure, were c a l c u la t e d  from the 
ins tan taneous  phase s e c t i o n .  For the v e l o c i t y  e s t im a t io n  those 
g r a d i e n t  data were used which were found  i n  2 0 0  msec wide t ime 
i n t e r v a l s  around t h e  f i r s t  breaks. The f i n a l  r e s u l t s  are shown 
i n  F ig.  6 . (The e s t i m a t i o n  u n c e r t a i n t y  shown in  the lower  p a r t  
o f  F ig.  6 means t h a t  the t rue v e l o c i t y  va lues  are between the 
l o w e r  and the upper  l i m i t s  of e r r o r  w i t h  a p r o b a b i l i t y  of  about 
6 6  p e r c e n t .)

In the case o f  n o is e - f re e  VSP th e  est imated v e l o c i t y

dep t h  ( m)

20.00

10 20 3 0  40  50 60 70 80 9 0  100 110 120 130 140

Fig. 4. Downgoing wavef ield separated from the VSP shown in Fig. 3
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d e p t h  ( m)

20.00 1500.00

10 20 30 40 50  60 70 BO 90 100 110 120 130 140

Fig. 5. Instantaneous phase section calculated from the downgoing wavefield

Fig. 6 . Top: The true (sol id l i ne )  and the estimated (dashed l ine)  veloci ty 
functions. Bottom: The estimation uncertainty (sol id l ine:
estimated veloci ty function; dashed l ines: the upper and the lower 
l im i t s  of error)
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f u n c t i o n  i s  a v e ry  good a p p ro x im a t io n  of  the t r u e  v e l o c i t y  
da ta .  The mean d i f f e r e n c e  between the two ve lo -c i ty  f u n c t i o n s  i s  
on ly  1.2 p e r c e n t  and the e s t i m a t i o n  u n c e r t a i n t y  O r i g i n a t i n g  
f rom the d e v i a t i o n  of the g r a d i e n t  data i s  less  than +5-6 
pe rcent  of the e s t im a t e d  values.

As was m ent ioned in the p r e v io u s  s e c t i o n ,  d u r ing  the 
s t a t i s t i c a l  p r o c e s s i n g  of the g r a d i e n t  data the most f r e q u e n t  
va lue procedure i s  used. Since t h i s  method i s  much more robus t  
and r e s i s t a n t  t h a n  the usual  l e a s t  squares method, the f i n a l  
r e s u l t s  -  m a in l y  i n  the case o f  no is y  VSP data -  are a lso 
expected to be more r e l i a b l e .  In  o rde r  to a s c e r t a i n  t h i s  
e x p e c ta t io n ,  the p rev ious  v e l o c i t y  e s t i m a t i o n  was c a r r i e d  out 
by a p p l i c a t i o n  o f  the le a s t  squares s t a t i s t i c s .  The r e s u l t s  
( F i g .  7) are r e a l l y  more i n a c c u r a t e  than t h a t  ob ta ined  by the 
a p p l i c a t i o n  of  th e  most f requen t  va lue  procedure ( F ig .  6 ) :  the 
mean e r r o r  of  th e  e s t im a t io n  i s  2 .4  p e rc en t  and the e s t i m a t i o n  
u n c e r t a i n t y  o r i g i n a t i n g  from the d e v i a t i o n  oi  the g r a d ie n t  data 
has also in c r e a s e d .

In orde r  to  i n v e s t i g a t e  how the proposed i n v e r s i o n  method
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Fig. 7. Topi The t rue  veloci t ies (sol id  l i ne )  and the veloci ty function 
estimated by using the least squares s ta t i s t i cs  (dashed l ine) .  
Bottom: The estimation uncertainty
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i s  a f f e c t e d  by a d d i t i v e  no ise ,  5 and 10 p e r c e n t ,  resp.  c o lo u r e d  
no ise  was added to the downgoing w a v e f i e l d  shown in  F ig .  4; the 
mean am p l i tude  of  the no ise  was c a l c u l a t e d  from the maximum 
am p l i tude  of  the n o i s e - f r e e  VSP, random numbers were added to  
each sample of  the s y n t h e t i c  impulse response and the sum was 
convolved by a Klauder  wave let  w i t h  the peak f requency o f  30 
Hz. A f t e r  c o n v o lu t i o n  w h i te  noise was not  added to the s e c t i o n  
because du r ing  data p rocess ing  t h i s  type  of noise -becomes 
c o lo u r e d  in  any case. The downgoing w a v e f i e l d  co r rup te d  by 10 
p e rc en t  co lou red  no ise  i s  shown i n  F ig .  8.

The i n v e r s i o n  of  VSPs co r ru p te d  by 5 and 10 percent  no ise  
g i v e s  the r e s u l t s  shown i n  F igs 9 and 10, r e s p e c t i v e l y .  For the 
v e l o c i t y  c a l c u l a t i o n  g r a d ie n t  data were used which were found 
i n  200 msec wide t ime i n t e r v a l s  around the f i r s t  breaks.

In the case of  5 percent  a d d i t i v e  noise the es t im a te d  
v e l o c i t y  data -  except  a few la y e r s  -  approximate the t r u e  
va lues  f a i r l y  w e l l  ( th e  mean d i f f e r e n c e  i s  1.7 pe rcen t )  and the

d e p t h  ( m )

20.00 1500.00

Fig. 8. The downgoing wavefield shown in Fig. 4 corrupted by 10 per­
cent coloured noise
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depth (m /se c )

Fig. 9. Top: The true (sol id l ine)  and the estimated (dashed l ine)
veloci ty funct ions in case of 5 percent coloured noise. Bottom: The 
estimation uncertainty
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Fig. 10. Top: The true (sol id l ine)  and the estimated (dashed l ine)  
veloci ty functions in case of 10 percent coloured noise. Time 
gate: 200 msec. Bottom: The estimation uncertainty
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e s t i m a t i o n  u n c e r t a i n t y  o r i g i n a t i n g  f rom the d e v ia t i o n  of  the 
g r a d i e n t  data i s  not  g r e a t e r  than _+l 0 p e r c e n t  in  the main p a r t  
o f  the depth i n t e r v a l .  However, in  the case of  10 pe rcent  no is e  
the es t ima ted  v e l o c i t y  va lues d i f f e r  c o n s id e r a b l y  from the t r u e  
v e l o c i t y  f u n c t i o n  ( t h e  mean d i f f e r e n c e  i s  2 .4  pe rcen t )  and the 
e s t i m a t i o n  u n c e r t a i n t y  i s  between +_ 1 0  and j_20 percent  in  most 
l a y e r s .  But t h i s  problem can be s o lv e d ,  i f  the t ime i n t e r v a l s  
which c o n ta in  the g r a d i e n t  data used i n  v e l o c i t y  d e t e r m in a t i o n  
are chosen so s h o r t  around the f i r s t  b reaks ,  t h a t  i n s id e  them 
the s i g n a l  to no ise  r a t i o  - because of  the  Targe am p l i tudes  - 
i s  very  h igh.  I f  t h i s  t ime i n t e r v a l  i s  o n l y  50 msec Tong, the 
i n v e r s i o n  of  the VSP cor rup ted  by 10 pe rc e n t  a d d i t i v e  no ise  
g ives  the f a i r l y  good f i n a l  r e s u l t s  shown i n  F ig .  11: the 
e s t i m a t i o n  u n c e r t a i n t y  has c o n s id e ra b ly  decreased and the mean 
d i f f e r e n c e  between the es t imated  and the t r u e  v e l o c i t y  f u n c t i o n  
has changed to 1.4 p e rc e n t .

In  the case of  z e r o - o f f s e t  VSP the g r a d i e n t  of the t r a v e l  
t ime curve  of  the f i r s t  a r r i v a l s  i s  equal  to  the wave v e l o c i t y  
on ly  i f  the medium i s  h o r i z o n t a l l y  s t r a t i f i e d .  Thus i t  i s

31 1

Fig. 11. Top: The true (sol id l ine)  and the estimated (dashed l i ne )  
veloci ty functions in case of 10 percent coloured noise. Time 
gate: 50 msec. Bottom: The estimation uncertainty
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d e s i r a b l e  to i n v e s t i g a t e  how the es t imated  v e l o c i t y  va lues 
d i f f e r  from the t r u e  v e l o c i t y  f u n c t i o n  i f  the l a y e r  boundar ies  
are  not  h o r i z o n t a l .

In  order  to  c a r r y  out t h i s  i n v e s t i g a t i o n  some two- 
d im e n s io n a l  g e o l o g i c a l  models were de f ined  w i th  p a r a l l e l ,  but 
n o t  h o r i z o n t a l  l a y e r s  f o r  which the  v e l o c i t y  f u n c t i o n  shown in  
F i g .  12 i s  v a l i d  a t  the b o re h o le .  The s y n t h e t i c  VSPs were 
c a l c u l a t e d  by ray t r a c i n g ,  w i t h  the  c o n d i t i o n s  t h a t  the o f f s e t  
i s  1 0  metres,  the depth of  the uppermost geophone i s  1 0 0  

m e t r e s ,  geophone spac ing  i s  1 0  metres and the w a v e le t  i s  a 
damped s ine  f u n c t i o n  w i t h  the peak f requency of  30 Hz.

Fig. 12. Velocity funct ion for  two-dimensional geological model with 
para l le l ,  but not horizontal layers

The i n v e r s i o n  of  s y n t h e t i c  VSPs c a l c u la t e d  from the model 
o f  l a y e r s  w i th  d ips  of  1 0  and 2 0  degrees g ives  the f i n a l  
r e s u l t s  shown in  F igs 13 and 14, r e s p e c t i v e l y .  For the  v e l o c i t y  
c a l c u l a t i o n  those g r a d i e n t  data were used which were found in  
200 msec wide t ime i n t e r v a l s  around the f i r s t  b reaks .  In  the 
case of  la y e rs  w i t h  d ips  of  1 0  degrees the es t ima ted  v e l o c i t y  
v a lu e s  -  except f o r  a few la y e r s  -  are p r a c t i c a l l y  equa l  to  the 
t r u e  v e l o c i t y  f u n c t i o n  ( the  mean d i f f e r e n c e  i s  0.9 p e r c e n t )  and 
th e  e s t i m a t i o n  u n c e r t a i n t y  i s  on ly  cons id e ra b le  at  a few la y e r s  

u s u a l l y  where the e s t i m a t i o n  i s  i n a c c u r a te  (F ig .  13 ) .  In  the 
case of  la y e rs  w i t h  d ips of  20 degrees ( F ig .  14) ,  the 
d i f f e r e n c e  between the es t im a te d  and the t rue  v e l o c i t y  values



VELOCITY ESTIMATES FROM VSP DATA 3 1 3

Fig. 13. Top: The true (sol id l ine)  and the estimated (dashed l i ne )
veloci ty functions in case of dipping layers. Dip = 10 degrees. 
Bottom: The estimation uncertainty

i s  g r e a t e r  than i n  the prev ious  case,  s t i l l  i t s  mean v a lu e  i s  
on ly  1.2 p e rc e n t .  The e s t i m a t i o n  u n c e r t a i n t y  i f  aga in  on ly  
c o n s id e r a b le  a t  a few l a y e r s ,  i . e .  the  e r r o r  of the e s t im a t e d  
v e l o c i t y  f u n c t i o n  which inc reases  w i t h  depth can o n l y  be 
e x p la ine d  by the d ip  of the l a y e r s  have not been taken  i n t o  
account  d u r ing  the in v e r s io n  p ro c e d u re .  A f t e r  a l l ,  the 
i n v e r s i o n  method desc r ibed  in  t h i s  paper  g ives  r e l i a b l e  r e s u l t s  
when the d ip  o f  the la y e rs  i s  -  f rom a p r a c t i c a l  view o f  p o i n t  
- l a r g e .

Remark: I f  the t r u e  v e l o c i t y  f u n c t i o n  c o n s i s t s  of
r e l a t i v e l y  t h i c k  l a y e r s ,  i t  can be observed tha t  the e s t im a te d  
v e l o c i t y  f u n c t i o n  f o l l o w s  the t r u e  v e l o c i t y  changes ( v e l o c i t y  
" j um ps" )  by i n s e r t i o n  of  one or two a d d i t i o n a l  s teps ,  even i f  
the e s t i m a t i o n  i s  very  good. I t  i s  because the edge d e t e c t i o n  
o p e r a t o r ,  d u r ing  the c a l c u l a t i o n  of  the  necessary d i f f e r e n c e s ,  
determines  weighted average of  the a d ja c e n t  ins tan taneous  phase 
data (see Append ix ) :  where the t r a v e l  t ime curve of  the f i r s t
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Fig. 14. Top: The true (sol id l ine) and the estimated (dashed l ine )  
velocity funct ions in case of dipping layers. Dip = 20 degrees. 
Bottom: The estimation uncertainty

a r r i v a l s  i s  broken -  i . e .  where the v e l o c i t y  changes r a p i d l y  - 
the  edge d e t e c t i o n  ope ra to r  rounds the t r a v e l  t ime cu rve  o f f .  
Because of t h i s  r o u n d -  o f f ,  the g r a d i e n t  data do not  change 
r a p i d l y ,  so the es t im a te d  v e l o c i t y  f u n c t i o n  cannot  change 
r a p i d l y  , e i t h e r .

APPLICATION TO FIELD DATA

In t h i s  s e c t i o n  the proposed i nv e rs ion  method i s  
i l l u s t r a t e d  w i th  a r e a l  example o f  z e r o - o f f s e t  VSP measured in  
Hungary by the Geophys ica l  E x p l o r a t i o n  Company (GKV). The GKV 
has made a v a i l a b l e  f o r  us the s epa ra ted  downgoing and upgoing 
w a v e f i e l d s ,  the v e l o c i t y  f u n c t i o n  es t ima ted  from the f i r s t  
b reak  t imes and the a c o u s t i c  log.

The downgoing w a v e f i e l d  separated  from the z e r o - o f f s e t  VSP 
measured in b o re h o le  Dévaványa 0-1 and the c o r res pond ing  
i n s ta n ta n e o u s  phase s e c t i o n  are i l l u s t r a t e d  in  Figs 15 and 16,
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Fig. 15. Oowngoing wavefield separated from the VSP measured in  borehole 
Dévaványa D-l

r e s p e c t i v e l y .  The f i r s t  20-25 t races  o f  the downgoing w a v e f i e l d  
are f a i r l y  no is y ,  but  on the ins ta n ta neous  phase s e c t i o n  sharp 
edges can be found in  the v i c i n i t y  of  the f i r s t  a r r i v a l s .  
A c c o r d i n g l y ,  in  the v e l o c i t y  e s t i m a t i o n  those g r a d i e n t  data 
were used, which were found in  2 0 0  msec wide t ime i n t e r v a l s  
around the f i r s t  breaks.

The v e l o c i t y  f u n c t i o n  c a l c u l a t e d  from the a c o u s t i c  log 
( s o l i d  l i n e )  and ' t h a t  es t imated  from the f i r s t  break  t imes 
(dashed l i n e )  are shown in  F ig .  17. The es t imated  v e l o c i t y  
va lues  d i f f e r  c o n s id e r a b l y  from the measured v e l o c i t y  da ta  at  
many depths because of  the er roneous e s t im a t io n  of  the  f i r s t
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Fig. 16. Instantaneous phase section calculated from the downgoing wave- 
f ie ld  shown in Fig. 15

b re ak  t imes:  the mean d i f f e r e n c e  between the two v e l o c i t y
f u n c t i o n s  is 11.7 p e r c e n t ,  the l a r g e s t  d i f f e r e n c e  i s  104 
p e r c e n t .

The f i n a l  r e s u l t s  of  the proposed i n v e r s i o n  techn ique  are 
shown in Figs 18 and 19. Figure 18 shows the v e l o c i t y  f u n c t i o n  
c a l c u l a t e d  f rom the  f i r s t  break t im e s  ( s o l i d  l i n e )  and t h a t  
g i v e n  by the i n v e r s i o n  (dashed l i n e ) .  In  F ig .  19 the es t im a ted  
v e l o c i t y  values (dashed l i n e )  are compared w i th  the measured 
ones ( s o l i d  l i n e ) :  the  mean d i f f e r e n c e  between the two v e l o c i t y  
f u n c t i o n s  is 7.7 p e r c e n t ,  the l a r g e s t  d i f f e r e n c e  i s  33.2 
p e r c e n t .  These v a lu e s  prove tha t  the proposed in v e r s io n  method
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Fig. 17. The veloci ty log (sol id l i ne )  and the velocity function estimated 
from the f i r s t  break times (dashed l ine)

Fig. 18. The veloci ty function estimated from the f i r s t  break times (sol id 
l ine)  and the inversion resul t  (dashed l ine)

g i v e s  more accura te  r e s u l t s  than the v e l o c i t y  e s t i m a t i o n  
procedure  based on the f i r s t  break t im es .

On the bas is  o f  the l a s t  two f i g u r e s  i t  can be observed 
t h a t  low f requency p a r t  of  the i n v e r s i o n  r e s u l t  and t h a t  o f  the 
v e l o c i t y  f u n c t i o n  es t im a te d  from the f i r s t  break t imes  are very 
s i m i l a r .  However, i n  the depth i n t e r v a l s  of  2300-2400 m and 
2700-2800 m the i n v e r s i o n  r e s u l t s  d i f f e r  c o n s id e ra b ly  f rom the 
measured v e l o c i t y  va lues .  In o t h e r  words, the two v e l o c i t y  
f u n c t i o n s  es t ima ted  by two d i f f e r e n t  methods from the same VSP
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Fig. 19. Top: The ve loc i ty  log (sol id l i ne )  and the estimated veloci ty
function (dashed l i ne ) .  Bottom: The estimation uncertainty

a re  s i m i l a r ,  but  -  a t  l e a s t  in some dep th  i n t e r v a l s  -  they are 
n o t  i n  accordance w i t h  the acous t i c  l o g .  For lack  of s u f f i c i e n t  
i n f o r m a t i o n  the reason of  t h i s  o b s e r v a t i o n  cannot be e x p la in e d .

SUMMARY

In t h i s  paper a new method f o r  VSP i n v e r s i o n  i s  d es c r ibed .
A f t e r  c a r e f u l  w ave le t  f i l t e r i n g  and w a v e f ie ld  s e p a r a t i o n  

th e  g rad ien t  of  the t r a v e l  t ime curve o f  the f i r s t  a r r i v a l s  as 
a f u n c t i o n  of dep th  i s  est imated,  on the bas is  of  which the 
v e l o c i t y  f u n c t i o n  can also be e s t i m a t e d .  The g rad ien t  o f  the 
t r a v e l  t ime curve i s  determined f rom the  ins tantaneous  phase 
s e c t i o n  c a l c u la t e d  f rom the downgoing w a v e f ie ld  by means of  
edge d e te c t io n  w e l l  known from image process ing .  Th is  new 
i n v e r s i o n  procedure g i v e s  more accura te  r e s u l t s  then the method 
based on the f i r s t  break t imes and needs much less comput ing 
t im e  than the GLI: i t  takes  only a few m inu tes on IBM PC.
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APPENDIX

Edge detection

In image processing dif ference operators are used for sharpening the 
pictures. These operators give large values at those places where the gray 
levels are changing fast ,  while the i r  response is  close to zero at areas 
with slowly changing gray levels. The dif ference operators can be 
considered highpass f i l t e r s  that amplify not only the edges but the high 
frequency noises as wel l ,  thus i t  is  advisable to smooth the picture before 
applying them.

An edge is defined as a local property of an image, where the gray 
level is re la t ive ly  consistent in each of two adjacent, extensive regions, 
and changes abruptly as the border between the regions is  crossed 
(Rosenfeld and Как 1982). I t  involves that an edge detector applied to the 
instantaneous phase section w i l l  f ind the zero crossings of the signals.

In an image g(x,y) ,  i f  the rate of change of the gray levels in two 
perpendicular direct ions are Эд/ Эх and Эд/ Эу, then the rate of change 
in an appropriate лУ d i rect ion is

Эд э д  э д
------  = ----- cos \У + ----- sin Л? ■

Эх' Эх Эу

The rate of change is  maximal in the

= arctan
Эд/ Эу 

Эд/ Эх

di rect ion, and i t s  magnitude is given by

m = \ / (  Эд/ Эх) 2  + ( Эд/ Эу) 2 •

The vector whose di rect ion is ХУ, and whose magnitude is m, is  cal led 
the gradient of g at the location of (x ,y) .

In d ig i t a l  pictures we compute the f i r s t  differences instead of the 
f i r s t  derivatives:

which define the

л хд(х.у) = g(x,y) -  g(x-i ,y)

Д уд(х,у) = g(x,y) - g(x ,y- l  )

[ - 1  1 ]̂ and
- 1

1

convolution masks. I t s  should be remarked, however, that the f i r s t  
di f ference operator is  not symmetric, and i t  is  very sensit ive to the high 
frequency noises to which i t  responds approximately as strong as to the 
edges.

The undesired responses to noise can be reduced i f  the picture is 
loca l ly  smoothed before taking the di f ferences, i .e .  i f  we apply an
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operator which computes the difference of loca l  averages (Rosenfeld and Как 
1982). the simplest operator having these properties is  the Prewitt  
operator whose response is  given by the convolution of the image with the 
two symmetric d i g i t a l  f i l t e r s :

S H ( x . y )
1

3

1 1 1 

0  0  0 

-1 -1 -1
and sy(x,y') = 3

0 -1
0  - 1

0  - 1

where is sens it ive to the horizontal edges and Sy perceives ver t i ca l  
edges on the image. The transfer functions of the Prewitt masks are given 
by

SH( f x , f y ) = y j - s i n 2 ( J L f y - (1 + 2 -co s2 ÎL fx ) 

Sv ( f x , f y )  = y j  s i n 2 j l f x - ( l  + 2 cos23l fy) -

The transfer funct ion of the f i r s t  Prewi tt  mask is shown in Fig. 20a. 
Note that the t ransfer  function does not disappear on the borders of the 
Nyquist interval .

We can apply weighted averaging in the local  smoothing, too. This is 
what the most commonly used Sobel operator real izes which is defined by the 
convolution masks:

sH(x,y) = {
1 2 1 

0  0  0 

-1 -2  -1
and sV(x,y) = 4

1 0 -1
2 0 - 2
1 0 -1

The f i l t e r  renders larger weights to the points nearest to the center 
of the mask, therefore i t s  response is  not weakened so much as that  of the 
Prewi tt  operator. The transfer  functions of the Sobel f i l t e r s  are given by

SH( f x , f y ) = j - s i n 2 X f y  (1 + cos2dtfx)

Sv ( f x , f y ) = j - s in 2 J C f x - (1 + cos2JTfy)-

The transfer funct ion of the f i r s t  Sobel mask - which disappears on 
the borders of the Nyquist interval -  is  shown in Fig. 20b.

The magnitudes and the direct ions of the edges on the image can be 
determined from the responses of the f i l t e r s  by the following formulas:

Ema gn( x >У) = V ^ j ( x > y )  + R(?(x ,y)

Ry^x.y)
Edir(x,y) = atan ------------

R|-|(x >y)

where R^Cx.y) and Ry(x,y) denote the response of the Sobel operator at the 
locat ion (x,y) on the image, and Emagn and r are the magnitude and the 
di rect ion of the edge, respectively.

Using these two edge properties, two di f ferent images can be 
constructed; one fo r  the edge magnitudes and the other for  the edge
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di rect ions.

Fig. 20. Top: The transfer  function of the Prewitt operator. Bottom: The
transfer function of the Sobel operator
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In of fset  ver t ica l  seismic pro f i l i ng  (OVSP) usually one-fold coverage 
is  achieved since during data acquisi t ion the source posi t ion is  
essent ial ly not changed. I f  the source of f set  is  large compared to the 
depth interval  to be investigated, the one-fold coverage resul ts in 
la te ra l l y  l imi ted resolut ion during OVSP migration. I t  is obvious that  in 
order to increase the resolut ion, as well as the signal to noise ra t i o ,  a 
mul tiple coverage method should be used. Mul t iple coverage can be obtained 
i f  in due course of data acquisit ion two or more OVSPs are measured in the 
same borehole with d i f fe rent  source posit ions.

In th is  paper the advantages of using mul t io f f set  VSP data in VSP-CDP 
mapping are i l l us t r a te d  on synthetic examples. Sets of curves have been 
constructed for the approximate determination of the source offsets before 
the mul t iof fset  VSP experiment. The in terac t ive ly  i terat ive VSP-CDP 
mapping, used during the preparation of the examples, is also described.

Keywords? mul t io f fset  VSP; mult iple coverage method; sets of curves; 
VSP-CDP mapping

INTRODUCTION

In su r face  se ism ic  e x p l o r a t i o n  the m u l t i p l e  coverage 
method has become standard p r a c t i c e .  M u l t i p l e  coverage i s  
ob ta ined  when consecu t ive  spreads are c l o s e r  than h a l f  o f  the 
t o t a l  spread l e n g t h .  Several  r e f l e c t i o n s  o r i g i n a t i n g  f rom the 
same - or app ro x im a te ly  the same - r e f l e c t i n g  p o i n t  are 
d e te c te d .  I t  i m p l i e s  t h a t  t h i s  method g ives  more i n f o r m a t i o n  
about the subsur face  than the c on t inuo us  coverage method. 
S i g n a l - t o - n o i s e  r a t i o  can be s i g n i f i c a n t l y  enhanced and 
a d d i t i o n a l  i n f o r m a t i o n ,  such as v e l o c i t i e s  can be e x t r a c t e d .

In o f f s e t  v e r t i c a l  se ismic p r o f i l i n g  (OVSP) u s u a l l y  one­
f o l d  coverage i s  achieved s ince d u r i n g  data a c q u i s i t i o n  the

Acta Geod. Geoph. Mont. Hung. 26, 1991 
Akadémiai Kiadó, Budapest
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sou rce p o s i t i o n  i s  e s s e n t i a l l y  no t  changed. I f  the  source 
o f f s e t  i s  l a r g e  compared to  the depth i n t e r v a l  to  be 
i n v e s t i g a t e d ,  the o n e - f o ld  coverage r e s u l t s  i n  l a t e r a l l y  
l i m i t e d  r e s o l u t i o n  d u r in g  OVSP m i g r a t i o n  (Chiu et  a l .  1987) .

I t  i s  obv ious t h a t  in  orde r  to inc rease  the r e s o l u t i o n ,  as 
w e l l  as to improve the s i g n a l  to  noise r a t i o ,  a m u l t i p l e  
coverage method should be used. M u l t i p l e  coverage can be 
o b ta in e d  i f  i n  due course of data a c q u i s i t i o n  two or  more OVSPs 
a re  detected i n  the same bo reho le  w i th  d i f f e r e n t  source 
p o s i t i o n s .  M u l t i o f f s e t  VSP data are u s e fu l  in d e l i n e a t i o n  of 
c om p l ica ted  s t r u c t u r e ,  too (Chang and McMechan 1986) , s i n c e  i t  
may happen t h a t  some p a r t  o f  the s t r u c t u r e  cannot  be imaged 
w i t h  on ly  one source p o s i t i o n .

CRP t ra c e s  can be added a f t e r  dynamic and s t a t i c  
c o r r e c t i o n s .  In the case of  VSP data a more s o p h i s t i c a t e d  
p r e p a r a t i o n  c a l l e d  VSP-CDP mapping i s  necessary.

In t h i s  paper the advantages of  us ing  m u l t i o f f s e t  VSP data 
i n  VSP-CDP mapping are i l l u s t r a t e d  on s y n t h e t i c  examples.  The 
p l a n n i n g  of m u l t i o f f s e t  VSP f i e l d  geometry -  f i r s t  o f  a l l  the 
sou rce  p o s i t i o n s  - i s  a l so c ons ide red .  The imaging method used 
d u r i n g  the p r e p a r a t i o n  of  the examples i s  s h o r t l y  a lso 
d e s c r i b e d .

VSP-CDP MAPPING

VSP-CDP mapping i s  de f ined  as a process t h a t  t r a n s fo r m s  
th e  VSP t races  i n t o  a v e r t i c a l l y  o r i e n t e d  se ismic s e c t i o n  t h a t  
be g in s  at or near  the boreho le and extends l a t e r a l l y  to  the 
f a r t h e s t  r e f l e c t i o n  p o i n t .

Ea r ly  v e r s io n s  of  the VSP-CDP mapping a lg o r i t h m s  move the 
da ta  of the upgoing w a v e f ie ld  to  the r e f l e c t i o n  p o i n t s  whose 
c o o r d in a t e s  are c a l c u l a t e d  by assuming s t r a i g h t  ra y p a th s  and 
h o r i z o n t a l l y  l a y e r e d  ea r th  ( D i l l o n  and Thomson 1984) .  The 
r e s u l t  of the procedu re  i s  the image of  the subsur face i n  the 
h o r i z o n t a l  d i s ta n c e  - depth ( x - z )  domain. In o rde r  to  get  
u n i f o r m l y  spaced, v e r t i c a l l y  o r i e n t e d  image t r a c e s ,  a g r i d  of  
s t a c k i n g  bins should  be i n t roduc ed  i n t o  the x-z domain.



MULTIPLE COVERAGE OVSP DATA 3 2 5

The i n t e r p r e t a t i o n a l  value of  an image, c rea te d  by the 
procedure desc r ibed  above, i s  l i m i t e d  p r i m a r i l y  by the f a c t  
t h a t  the image c o n s t r u c t i o n  i s  based on the assumpt ions of  
h o r i z o n t a l l y  la ye red  e a r th  and s t r a i g h t  r ay pa ths .

The VSP-CDP mapping a lg o r i t h m ,  used d u r i n g  the p r e p a r a t i o n  
of  the examples shown in  t h i s  paper ,  overcomes many of  the 
l i m i t a t i o n s ,  ment ioned above. The i n t e r a c t i v e l y  i t e r a t i v e  
model ing techn ique  a l low s  the user  to  d e f i n e  a complex, two-  
d im ens iona l  g e o l o g i c a l  model; to c a l c u l a t e  the r e f l e c t e d
raypa ths  between the source and the geophones i n  t h i s  assumed 
model by ray t r a c e  model ing (Weber 1990) ;  and then to  use the 
c a l c u l a t e d  a r r i v a l  t imes - to g e th e r  w i t h  the r e a l  OVSP data - 
to  c o n s t r u c t  an image of  the subsu r fa ce .  Since the ea r th  model 
u s u a l l y  c o n s i s t s  of  on ly  a few l a y e r s ,  the c a l c u l a t e d  t r a v e l  
t imes and r e f l e c t i o n  p o i n t  coo rd in a te s  are i n t e r p o l a t e d  in  such 
a way t h a t  they can be d e a l t  w i t h  as co n t i nuous  f u n c t i o n s  of  
t ime and space. Thus a l l  data p o i n t s  i n  the r e a l  OVSP t ra c e s  
can be t rans fo rm ed  i n t o  the x-z domain. The g e o l o g i c a l  model 
then should  be updated u n t i l  s a t i s f a c t o r y  match i s  achieved 
between the r e a l  and the mode l -determ ined a r r i v a l  t imes (L ines  
et  a l .  1984, Hardage 1985) or  between the model and the image. 
Because of  i t s  g r e a t e r  accuracy,  the l a t t e r  method i s  used in  
t h i s  paper .

The f l ow  c h a r t  o f  the i n t e r a c t i v e l y  i t e r a t i v e  VSP-CDP 
mapping procedure i s  shown in  F ig .  1.

VSP-CDP MAPPING OF MULTIOFFSET VSP DATA

In o rder  to  i l l u s t r a t e  the impor tance of  m u l t i o f f s e t  VSPs 
i n  VSP-CDP mapping, t h ree  s y n t h e t i c  OVSPs have been c a l c u l a t e d  
by ray t r a c e  model ing f o r  the s imple tw o -d im ens ion a l  g e o l o g i c a l  
model shown i n  F ig .  2, and then the th ree  s e c t io n s  have been 
t rans fo rm ed  i n t o  the x-z  domain by the method desc r ibed  in  the 
p re v io u s  s e c t i o n .  Since the aim of t h i s  i n v e s t i g a t i o n  i s  not  to  
prove t h a t  the procedure can recover  the g e o l o g i c a l  s t r u c t u r e ,  
f o r  the sake of  s i m p l i c i t y  the t r u e  g e o l o g i c a l  model was used 
d u r in g  the mapping procedure .
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y e s
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ч____________,/

Fig. 1, Flow chart of the interact ive ly  i te rat ive VSP-CDP mapping
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Table I .  Layer  parameters o f  the model shown in  F ig .  2

Layer  No. V e l o c i t y  (m/sec) D ens i t y  (g/ccm) Q

1 2 0 0 0 2 . 0 1 0 0

2 2 1 0 0 2 . 1 1 0 0

3 2 2 0 0 2 . 2 1 0 0

4 2300 2 .3 1 0 0

5 2400 2 .4 1 0 0

6 2500 2.5 1 0 0

7 2600 2 . 6 1 0 0

8 2700 2 .7 1 0 0

D IS TA N C E  (M )

-50 0 . 0. 500.

Fig. 2. A simple two-dimensional geological model. The layer parameters are 
shown in Table I
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The th ree  s y n t h e t i c s  have been c a l c u l a t e d  f o r  source 
o f f s e t s  of 80, 200 and 300 metres.  The r e f l e c t i o n  p o in t s  
c a l c u l a t e d  d u r ing  the 0VSP s i m u l a t i o n  and the VSP-CDP image f o r  
t h e  source o f f s e t  o f  300 m can be seen in  F ig .  3.

The r e s u l t s  i l l u s t r a t e  t h a t  the d e n s i t y  o f  the r e f l e c t i o n  
p o i n t s  is  f a r  f rom being u n i f o r m :  f o r  f i x e d - o f f s e t  VSP i t  
i n c r e a s e s  w i t h  depth and w i t h  the d i s ta n c e  from the bo re h o le .  
I t  i s  a lso obv ious  t h a t  the s m a l le r  the source o f f s e t ,  the 
h i g h e r  the d e n s i t y  o f  the r e f l e c t i o n  p o in t s  in  the v i c i n i t y  of  
t h e  w e l l .  As a consequence the s ta c k in g  f o l d  i n  a VSP-CDP 
mapping v a r ie s  acc ross  the subsur face  image, s in c e  i t  i s  in  
d i r e c t  p r o p o r t i o n  to  the d e n s i t y  o f  the r e f l e c t i o n  p o i n t s .  On 
th e  o the r  hand, the q u a l i t y  o f  the VSP-CDP image i s  poor  where 
t h e  s tac k ing  f o l d  i s  s m a l l ,  as i l l u s t r a t e d  in  F ig .  4. The 
f i g u r e  i s  based on the same in p u t  data as those  used in  
c r e a t i n g  the VSP-CDP image o f  F ig .  3, but  the data i n  those 
b i n s ,  i n  which the  s t a c k in g  f o l d  i s  less  than a p r e v i o u s l y  
d e f i n e d  th r e s h o ld  v a lu e ,  were s u b s t i t u t e d  by ze ros .  In  F ig .  4 
t h e  t h re s h o ld  va lue i s  3. The f i g u r e  proves t h a t  the q u a l i t y  of  
t h e  image, the d e n s i t y  o f  the r e f l e c t i o n  p o i n t s  and the 
s t a c k i n g  f o l d  are a l l  c l o s e l y  r e l a t e d .

The above d is cussed  f e a t u r e s  of  the VSP mapping in v o l v e  
t h a t  the l a r g e r  the source o f f s e t ,  the l a r g e r  the h o r i z o n t a l  
e x t e n s i o n  of  the image, but  a t  the same t ime the s t a c k i n g  f o l d  
becomes s m a l le r  and s m a l le r  near  the w e l l  r e s u l t i n g  i n  poor 
image q u a l i t y  i n  t h i s  r e g i o n .  I f  the source o f f s e t  i s  
decreased ,  the image q u a l i t y  becomes acceptab le  everywhere,  but  
t h e  ex te ns ion  of  the image becomes s m a l l e r .

In  order  to  ach ieve both the des i red  e x t e n s io n  and 
q u a l i t y ,  VSP-CDP mapping of  m u l t i o f f s e t  VSPs i s  necessary .  The 
r e f l e c t i o n  p o i n t s  f o r  the source o f f s e t s  o f  80, 200 and 300 
m e tr es  can be seen to g e th e r  i n  the upper p a r t  o f  F i g .  5. Now 
th e  d ens i t y  of  the c o l l e c t e d  r e f l e c t i n g  p o in t s  i s  accep ta b le  
b o th  in  the v i c i n i t y  o f  and f a r  f rom the w e l l .  I t  sugges ts  t h a t  
th e  s u p e r p o s i t i o n  o f  the th ree  d i f f e r e n t  images g i v es  an image 
w i t h  high r e s o l u t i o n  and good s i g n a l  to noise r a t i o .  The lower  
p a r t  of  F ig .  3 shows the r e s u l t  o f  t h i s  s u p e r p o s i t i o n  which i s
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DISTANCE (M)
-50 0 . 0. 500.

d i s t a n c e  ( m )

Fig. 3. Top: Reflecting points corresponding to the source of fset  of
300 m and geophone distance of 10 n. Bottom: VSP-CDP image 
calculated from the synthetic OVSP
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distance (m)

EUT3

0.00 500.00

о
ю

Fig. 4. As Fig. 3, but the data in those stacking bins, in which the stack­
ing fold is less than 3, are substi tuted by zeros

r e a l l y  a high q u a l i t y  image of the s ubsu r fa ce .
Since the m u l t i o f f s e t  VSP method shows c lose  s i m i l a r i t y  

w i t h  the m u l t i p l e  coverage method used in su r face  se is m ic  
e x p l o r a t i o n  - both o f  them d e te c t  r e f l e c t i o n s  o r i g i n a t e d  from 
th e  same reg ion w i t h  d i f f e r e n t  source p o s i t i o n s  - i t  may be 
c a l l e d  m u l t i p l e  coverage 0VSP method.

DETERMINATION OF THE OPTIMUM MULTIOFFSET VSP FIELD GEOMETRY

The d e te r m in a t i o n  of  the p roper  source o f f s e t s  b e fo re  
m u l t i o f f s e t  VSP measurements i s  very im po r tan t  both f rom the 
economica l  and res ea rc h  p o i n t  o f  v iew. In t h i s  s e c t i o n  we 
i n v e s t i g a t e  how to p o s i t i o n  the se ism ic  sources in  o rd e r  f o r  
t h e  s ta c k in g  f o l d  i n  the VSP-CDP mapping not to be les s  than a
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X  
I—  
CL 
LU
Q

DISTANCE (M)

d i s t a n c e  ( m )

0.00

Fig. 5. Top: The ref lect ing  points fo r  the source offsets of 80, 200 and
300 m shown together. Bottom: The superposition of the three VSP- CDP images
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p r e v i o u s l y  de f ined  t h r e s h o l d  va lue .
Let  us de te rm ine  f i r s t  the c onnec t io n  between the o f f s e t  

( L ) ,  the geophone depth (g)  and the coo rd ina te s  o f  the 
r e f l e c t i n g  p o i n t  (x  and z ) .  Assuming h o r i z o n t a l  l a y e r i n g  and 
s t r a i g h t  raypaths ( F i g .  6 ) we get  t h a t

x 2
2 z-g L ( 1  )

Fig. 6 . OVSP data acquisi t ion geometry

For  f i x e d  o f f s e t  and depth Eq. (1 )  d e f i n e s  the x c o o r d i n a t e  of  
th e  r e f l e c t i n g  p o i n t  as a f u n c t i o n  of  geophone dep th.  I f  the 
geophone depth changes w i t h  Дд, then the abso lu te  va lue o f  the 
v a r i a t i o n  of x i s  a p p ro x im a te ly

Ax zL
( 2 z-g  ) 2

д д  • ( 2 )

E x p re s s in g  g f rom Eq. (1 )  and s u b s t i t u t i n g  i t  i n t o  Eq. ( 2 ) ,  we 
o b t a i n
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Ax = ÍL z J Ú l Д д  . 
Lz a (3 )

I f  i n s i d e  the g e o l o g i c a l  s e c t i o n  to  be imaged the d i s t a n c e  
between two ad jacen t  r e f l e c t i n g  p o i n t s  must not  be g r e a t e r  than 
a p r e v i o u s l y  d e f in e d  va lue  Axmax, then we have the i n e q u a l i t y

Eq. (4 )  y i e l d s  a q u a d r a t i c  i n e q u a l i t y  f o r  the source o f f s e t  L:

The e q u a l i t y  in  Eq. (3)  ho lds i f  L i s  equal  to  e i t h e r  of  the 
two ro o ts  of the po lynom ia l  in  Eq. ( 5 ) ,  w h i le  the i n e q u a l i t y  
h o ld s ,  i f  L i s  between these two r o o t s .

I t  r e s u l t s  from the above d i s c u s s i o n  t h a t  i f  i n s i d e  the 
g e o l o g i c a l  s e c t i o n  to  be imaged the d i s ta n c e  between two 
ad jacen t  r e f l e c t i n g  p o in t s  must not  exceed A x max, then the 
source o f f s e t  should  be between the two ro o ts  o f  Eq. (3 )  and, 
a t  the same t im e ,  g r e a t e r  than

where gm^n and xmax denote the depth o f  the uppermost geophone 
and the d i s ta n c e  of  the f a r t h e s t  image p o i n t  from the bo reho le ,  
r e s p e c t i v e l y .  The l a t t e r  c o n d i t i o n  i s  necessary i n  o rder  to  get  
r e f l e c t i o n  from the f a r t h e s t  p o i n t  to be imaged.

The a n a l y t i c a l  procedure d es c r ibed  above i s  d i f f i c u l t  t o  
use i n  p r a c t i c e ,  because the a l t e r a t i o n  o f  on ly  a s i n g l e  
parameter  r e q u i r e s  the repeated s o l u t i o n  of  the q u a d r a t i c  
i n e q u a l i t y  (5)  and, on the o the r  hand, i n  the case of  
m u l t i o f f s e t  VSPs Д х тах i s  the l a r g e s t  pe rm issab le  d i s ta n c e  
between the r e f l e c t i n g  p o in t s  of  a l l  the OVSPs and, as a 
consequence, i t s  va lue  cannot be used d i r e c t l y  in  Eq. ( 5 ) .  In  
o rde r  to  remove the above ment ioned d i f f i c u l t i e s ,  se ts  o f  
cu rves have been c o n s t r u c t e d .

Let  us denote the g r i d  s i z e  used d u r in g  the VSP-COP

(4 )

L 2 Ag - L(2xA g + zA xmax) + x 2  Ag 0 .ma x ( 5 )

- -. ■■ . . VLo z-a . max » amm
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mapping and the s t a c k i n g  f o l d  a t  coo rd in a te s  ( x , z )  by ДХ and 
Nx z , r e s p e c t i v e l y :  Tak ing Eq. (3 )  i n t o  c o n s i d e r a t i o n ,  i t  i s  
o b v io u s  tha t

AX _ Lz AX 
XZ Ax " ( L - x ) 2  A 9

( 6 )

As i t  was found i n  the p rev ious  s e c t i o n ,  the l a r g e r  the value 
o f  Nx z , the b e t t e r  the q u a l i t y  o f  the image.

Based on the Eq. ( 6 ) -  assuming t h a t  ДХ/ Ag = 1 -  se ts  of 
c u rv e s  can be c o n s t r u c t e d .  Each se t  r e f e r s  to a g iven  va lue of 
t h e  parameter  L. Such sets  o f  curves  are shown in  F igs 7 to  9. 
The v e r t i c a l  and the h o r i z o n t a l  c oo rd ina te s  denote depth and 
th e  l a t e r a l  d i s ta n c e  from the bo reho le ,  r e s p e c t i v e l y .  The s o l i d  
l i n e s  connect the p o i n t s  of  equal  Nx z . The ac tu a l  va lue  of  the 
s t a c k i n g  f o l d  i s  equal  to the number w r i t t e n  bes ide the curve 
i n  ques t ion  m u l t i p l i e d  by the va lue  of  ДХ/  Ag.  The do t ted  
l i n e s  de f i ne  the r e f l e c t i n g  p o i n t s  co rrespond ing  to  those 
geophone depths, a t  which the curves s t a r t .

In order  to  i l l u s t r a t e  how to use the sets  o f  curves 
d u r i n g  the d e t e r m i n a t i o n  of  the source o f f s e t s  before 
m u l t i o f f s e t  VSP expe r im en t ,  l e t  us set  the aim to  image the 
domain x •$ 2 0 0  m and z 2 0 0  m on c o n d i t i o n  t h a t  the s ta c k in g  
f o l d  i s  nowhere le s s  than 2. Let  us assume t h a t  the depth of 
th e  uppermost geophone i s  50 m, the geophone d i s t a n c e  and the 
g r i d  s ize used d u r i n g  the mapping procedure are equal  to  1 0  m. 
As a consequence, ДХ/  Ag = 1, i . e .  the Nxz va lues  w r i t t e n  
b e s id e  the curves can be used w i t h o u t  m o d i f i c a t i o n .

According to  the x c o o r d in a te  of  the f a r t h e s t  p o i n t  to  be 
imaged, the l a r g e s t  source o f f s e t  should be 400 m. As i t  can be 
seen in  F ig .  9, f o r  t h i s  source o f f s e t  the s t a c k i n g  f o l d  i s  
l e s s  than 2  i n  the main p a r t  o f  the reg ion  to be imaged and, a t  
th e  depth of 200 m, the va lues  of  Nxz are between 0.5 and 1.5.

Since the s t a c k i n g  f o l d  does not  reach the prede te rm ined  
minimum value anywhere at  the depth of  2 0 0  m, the second o f f s e t  
s h o u ld  not be much les s  than 400 m, o th e rw ise  at  the upper  edge 
o f  the image domain a too wide zone w i th  Nxz < 2 w i l l  occu r .  So 
l e t  the next o f f s e t  be 350 m. I t  can be read from the se t  of
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o f f s e t = : 2 0 0 m

O 50 100

D i s t a n c e  (m)

Fig. 7. Set of curves to determine Nxz. Source of fset  = 200 m

curves w i th  the o f f s e t  = 350 m ( F i g .  8 ) t h a t  a t  the depth of  
200 m the s t a c k i n g  f o l d  i s  between 0.6  and 1.75.  Because the 
Nxz va lues co r respond ing  to two d i f f e r e n t  source o f f s e t s  should
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o f f s e t = 3 5 0 m
0 50 100 150

D is t a n c e  (rn)

Fig. 8 . Set of curves to determine Nxz. Source of fset  = 350 m

be summed up, the summarized s t a c k i n g  f o l d  i s  between 1.1 and 3 
a t  th e  depth of  2 0 0  m and i s  le s s  than 2  f o r  the x c o o r d in a t e s  
l e s s  than 90-100 m. This f a c t  i n v o l v e s  t h a t  a t h i r d  o f f s e t
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should a lso be used.
The t h i r d  o f f s e t  should be chosen so, t h a t  the f a r t h e s t  

image p o i n t  at the depth of  200 m i s  about 90-100 m f a r  from

o f f s e t = 4 0 0 m
0 50  100 150  200

Fig. 9. Set of curves to determine Nxz. Source offset = 400 m



3 3 8 Z WEBER

t h e  borehole and th e  s tack ing  f o l d  i s  a t  l e a s t  0.9 near  the 
b o r e h o le .  The sou rce  o f f s e t  of 200 m meets these requ i rem en ts  
( F i g .  7).

F i n a l l y ,  i t  s h o u ld  be mentioned t h a t  the above desc r ibed  
method y ie ld s  a pp rox im a te  o f f s e t  va lues  o n l y ,  because d u r ing  
t h e  c a l c u l a t i o n s  h o r i z o n t a l  l a y e r i n g  and s t r a i g h t  raypa th s  were 
assumed. I f  a c c o r d i n g  to a p r i o r i  i n f o r m a t i o n  these
app rox im a t ions  do n o t  ho ld ,  the source o f f s e t s  shou ld  be 
e s t im a te d  by ray t r a c e  model ing us ing  the t r i a l - a n d - e r r o r  
m e thod .

SUMMARY

In t h i s  paper th e  advantages of  us ing  m u l t i o f f s e t  VSP data 
i n  VSP-CDP mapping have been i l l u s t r a t e d  on s y n t h e t i c  examples.  
The examples have demonstrated t h a t  i f  the source o f f s e t  i s  
l a r g e  compared to  th e  depth i n t e r v a l  to  be i n v e s t i g a t e d ,  high 
r e s o l u t i o n  can be ob ta ine d  by VSP-CDP mapping of m u l t i o f f s e t  
VSP data,  on ly .

For the app ro x im a te  d e t e r m in a t i o n  of  the source o f f s e t s  
b e f o r e  m u l t i o f f s e t  VSP exper iment the  use of  sets  of  curves 
have been proposed and i l l u s t r a t e d  on a s imple example.  The 
example has proved t h a t  the sets o f  cu rves  y i e l d  a u s e f u l  t o o l  
f o r  f a s t  e s t im a t i o n  o f  the o f f s e t s .
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For the exploration of a horizontal coal seam a ver t i ca l ly  oriented 
e lect r ic  dipole produces the most favourable electromagnetic f i e l d .  Due to 
the ver t ica l  dipole or ientat ion both the ver t ica l  e lect r ic (Ez ) and the 
horizontal  magnetic (Hp) components can be applied for the exploration of 
la te ra l  inhomogeneities.

The goal of the study is  to determine the role of the seam parameters 
and the adjacent layers in Ez and Hf  as a funct ion of the frequency and the 
transmi tter-receiver distance.

The most typical  feature of the sounding curves is the increase of 
1 Ez I due to the seam which is much more s ign i f icant  than that of IH40I. 
Therefore t Ez I is the component most recommended for the transi l luminat ion 
of the seam.

Keywords: horizontal magnetic f i e l d ;  mining geophysics; seam; 
underground frequency sounding; ver t ica l  e lec t r i c  dipole; ver t ica l  e lec t r i c  
f i e ld

. INTRODUCTION

E f f e c t s  of the coa l  seam on the v e r t i c a l  e l e c t r i c  f i e l d  
(Ez ) due a v e r t i c a l  e l e c t r i c  d ip o le  (VED) s i t u a t e d  w i t h i n  the 
seam have been s tu d ie d  by Takács et  a l .  (1986) ,  Takács (1988a,  
1988b).  Some f e a tu r e s  of  Ez proved to  be very prom is ing  to  the 
d e t e c t i o n  of  the inhom ogene i t i es  i n  the seam by a 
m u l t i f r e q u e n c y  t r a n s i l l u m i n a t i o n  method. These t h e o r e t i c a l  
r e s u l t s  have been j u s t i f i e d  by f i e l d  measurement c a r r i e d  out  in  
Hungar ian coa l  mines.

A q u es t ion  a r i s e s :  what i s  the s i t u a t i o n  w i th  the magnet ic  
f ie ld - c o m p o n e n t  H^, which i s  a lso connected to the c u r r e n t -  
system in  the seam. The ques t i on  w i l l  be answered in  t h i s  paper 
by a compar ison between Ez and H.p. In such a way t h e i r

Acta Geod. Geoph. Mont. Hung. 26, 1991 
Akadémiai Kiadó, Budapest
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advantages or d i s adv an tages  can be c l e a r e d ,  too.
The numer ica l  i n v e s t i g a t i o n s  were c a r r i e d  out  f o r  an 

e lementa ry  VED h a v in g  a u n i t  moment, but  the p o s s i b i l i t y  of 
u s i n g  a f i n i t e  d i p o l e  instead of the i n f i n i t e l y  smal l  one w i l l  
be presented, too .

2. HORIZONTAL MAGNETIC FIELD IN THE EQUATORIAL PLANE OF A VED 
IN HOMOGENEOUS SPACE

The dependence o f  the h o r i z o n t a l  magnet ic f i e l d  on the 
t r a n s m i t t e r - r e c e i v e r  d is tance (R ) ,  f requency ( f )  and 
r e s i s t i v i t y  (g)  can be com prehensive ly  presented by the so 
c a l l e d  in d u c t io n  number (В) .  В t u r n s  ou t  to  be the r a t i o  o f  the 
t r a n s m i t t e r - r e c e i v e r  d is ta nce  R to  the s k in - d e p t h ,  which i s  
de termined by f  and g . In F ig .  1 I Ez I and IH.pl f i e l d s  are 
shown normal ized to  th e  DC f i e l d  va lues  as a f u n c t i o n  of  B. The

Fig. 1. AC amplitudes of the vert ical  e lec t r i c  and horizontal magnetic com­
ponents normalized to their DC ones as a function of the induction 
number in a uniform whole space in the equatorial plane of a VED. 
В - R/S’ (where R is  the transmi tter -receiver  distance and S is 
the skin depth)



ELECTRIC FIELDS WITHIN  A COAL SEAM 341

v e r t i c a l  e l e c t r i c  f i e l d  i s  more i n f l u e n c e d  by the i n d u c t i o n  
e f f e c t s  than H^.

Frequency sounding curves measured in  a l ay e red  space 
shown in  F ig .  1 w i l l  be used i n  the f o l l o w i n g  f o r  apparent 
r e s i s t i v i t y  com puta t i on .  This procedure i s  based on the 
p o s i t i o n  of  c h a r a c t e r i s t i c  p o i n t s :  extreme va lues  and zero-  
c ro s s in g s  along the f r e q u e n c y - a x i s .  ( S i m i l a r l y  to the case of 
Ez , f o r  apparent r e s i s t i v i t y  computat ion the phase proved to 
be more convenient  (Takács 1988a) . )

3. HORIZONTAL MAGNETIC FIELD IN THE EQUATORIAL PLANE OF A VED 
WITHIN A COAL SEAM SITUATED IN A LAYERED SPACE

The h o r i z o n t a l  magnet ic  f i e l d  i s  presented f o r  t y p i c a l  
Hungar ian t h r e e - ,  and f o u r - l a y e r e d  coa l  mine s e c t i o n s .  In  the 
t h r e e - l a y e r e d  s e c t i o n  the coal  seam i s  the second one; the 
f o u r - l a y e r e d  s e c t i o n  corresponds to  g e o l o g i c a l  s i t u a t i o n s ,  
where the T r i a s s i c  l im es tone  or do lo m i te  basement i s  c los e  to 
the coa l  seam. The t r a n s m i t t e r  and the r e c e i v e r  are s i t u a t e d  in  
the m idd le pa r t  of  the seam ( 9 2  = 250 ohmm, F12 = 5 m).

In Figs 2 and 3 ampl i tude  and phase f r equency sounding 
curves f o r  Нл and Ez are shown. In o rde r  to es t im a te  the e f f e c t  
of  the seam, sounding curves co r respond ing  to the 2 0  ohmm 
homogeneous whole space are a lso  presen ted .

Accord ing to F ig .  2 in  the t h r e e - l a y e r e d  s e c t i o n  the 
q u a s i - s t a t i o n a r y  va lues of  IH^I in c reased  app rox im a te ly  by one 
o rde r  due to the e f f e c t  of the seam. Wi th i n c r e a s in g  f requency  
the e f f e c t  of the seam becomes more and more s i g n i f i c a n t .  
However t h i s  in c rease  i s  f o r  I H^ I  much l e s s ,  than f o r  J E z I . 
(For  1Ez I t h i s  in c rease  reaches about two orders i n  the qu a s i -  
s t a t i o n a r y  range . )

The IHуз I curves  do not have - even in  the presence of  the 
seam - any maxima. However such maxima can be always found on 
the IE z I cu rves .  Such a maximum i s  a very fa v o u r a b le  f e a t u r e ,  
s ince  i t  makes 1Ez l more measurable.  The s i t u a t i o n  i s  s i m i l a r  
on the descending p a r t  o f  the cu rves ,  because in  the t h r e e -  
laye red  s e c t io n  the í Ez I curve becomes le ss  s teep than t h a t  in
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V/m

Fig. 2. Amplitude and phase frequency sounding curves of the horizontal 
magnetic f i e l d  H ^ i n  the equatorial plane of a VED situated in the 
middle of the seam at a distance of 50 m

t h e  homogeneous space.  For example, a t  40 kHz I Ez I t u rn s  out 
t o  be h igher ,  than a t  DC, whi le  IH^I i s  on ly  about o n e - t h i r d  of 
i t s  DC value.

However, the s i t u a t i o n  w i th  H ^ i s  more fa v o u ra b le  
r e g a r d i n g  the phase.  For example the Ez phase va lues are very 
s m a l l  below 10 kHz and t h e r e f o r e  the seam has an e f f e c t  o f  on ly
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|EZ |<f ) j R = 50m г =0
V/m

Fig. 3. Amplitude and phase frequency sounding curves of the ver t ical  
e lect r i c  f i e l d  Ez in the equatorial plane of a VED si tuated in the 
middle of the seam at a distance of 50 m

a few degrees. In the same f requency range the normal  phase of 
H has h igher  va lues and the seam produces a w e l l  d e te c ta b le
phase decrease.

On the bas is  o f  f requency sounding curves shown i n  F ig .  3 
the e f f e c t  o f  the f o u r t h  l a y e r  (a r e s i s t i v e  basement) can be 
e s t im a te d ,  too .  I t  i s  very p e c u l i a r  t h a t  the maximum of  the 
I E z ( f  ) I curve i s  reduced due to the presence of  the basement. 
Th is phenomenon i s  cons ide red as an i n d i c a t i o n  of  the 
basement 's  c loseness  to the seam. At s m a l le r  f r e q u e n c ie s  t h i s  
e f f e c t  becomes more and more s i g n i f i c a n t ,  s ince  the c u r r e n t
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w i l l  be d i s t r i b u t e d  w i t h i n  a l a r g e r  and l a r g e r  volume. The low-  
f r e q u e n c y  zone i s  s h i f t e d  towards h ig h e r  v a lues ,  r e s u l t i n g  in  
an ampl i tude  decrease i n  the maximum zone. The response of  IH^I 
t o  the depth-changes  of  the basement i s  somewhat more 
p ronounced .

Above 40 kHz p r a c t i c a l l y  the re  i s  a co inc idence  between 
t h e  th re e -  and f o u r - l a y e r e d  curves .  I t  means t h a t  the f i e l d -  
v a l u e s  at t h i s  R are i n f l u e n c e d  merely by 10 m t h i c k  s t r i p e s  i n  
t h e  r o o f ,  and in  the f l o o r .

Due to g e o m e t r i c a l  sounding e f f e c t s  the response of  the 
seam depends on R, t o o .  F igure 4 shows the r e l a t i v e  in c rease  of  
t h e  q u a s i - s t a t i o n a r y  IH.pl and J E z I va lues  due to the seam 
s i t u a t e d  in a 2 0  ohmm homogeneous whole space as a f u n c t i o n  of 
R .

Rlml

Fig.  4. Relative increase in the amplitude of the horizontal magnetic and 
vert ical  e l e c t r i c  components in the equatorial  plane of a VED in 
the middle of the seam due to the presence of the seam
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From p r a c t i c a l  p o i n t s  of  view i t  i s  an e s s e n t i a l  problem 
to s tudy  the e f f e c t  of  changes i n  l a y e r  parameters  on the 
d i f f e r e n t  f i e l d  components. In o rder  to  get such an i n f o r m a t i o n  
the parameters  of the t h r e e - l a y e r e d  s e c t i o n  were a l t e r n a t i v e l y  
in c reased  by 1 0 - 1 0  p . c .  and the am pl i tude-changes were 
c a l c u l a t e d  f o r  d i f f e r e n t  f requenc ie s  and t r a n s m i t t e r - r e c e i v e r  
d i s t a n c e s .  The r e s u l t  i s  g iven f o r  IH^I in  F ig .  5 and f o r  J E z I 
in  F ig .  6 . The abs o lu te  value i s  a f f e c t e d  most ly  by the seam 
r e s i s t i v i t y ,  and t h i s  e f f e c t  i nc reases  w i th  i n c r e a s in g  
f r equency and t r a n s m i t t e r - r e c e i v e r  d i s t a n c e .  An inc rease  in  the

§1=2 0 лгт> R=50m
Ç2=250ûm, h2 =5 m 1 0 0 m
§3 =2 0 űm 2 0 0 m

Fig. 5. Amplitude response of the horizontal  magnetic component to a 10 
p.c. change in d i f fe rent  parameters of the given three-layered 
section, in the equatorial plane of a VED si tuated in the middle of 
the seam as a function of the frequency and the t ransmitter- 
receiver distance, in percents
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ç-| = 2 0  íim 
Ç2=2S0 f lm ; h2 = Sm 

p3 = 2 0  fim

R = 50 m -------
100m — —  

200m -------

Fig. 6 . Amplitude response of the ver t ical  e lec t r i c  component to a 10 p.c.
change in the parameters of the given three-layered section, in the 
equatorial plane of a VED situated in the middle of the seam as a 
function of the frequency and the t ransmi tter-receiver distance, in 
percents

seam r e s i s t i v i t y  9 2  causes an inc rease i n  both am p l i tudes .  The 
changes in IH. |  and i n  I Ez I are s i m i l a r ,  however,  in  I Ez I i t  i s  
e s p e c i a l l y  s i g n i f i c a n t  in  the range 2 .5 -40  Hz. At low 
f r e q u e n c i e s  an i n c r e a s e  in  the seam th i c k n e s s  r e s u l t s  in  a 
dec rease  in both f i e l d  i n t e n s i t i e s ,  w h i l e  a t  h igh f r e q u e n c ie s  
t h e  e f f e c t  i s  r ev e rs ed .

Any increase i n  the roo f  or f l o o r  r e s i s t i v i t y  decreases 
somewhat the a b s o lu t e  va lues.  In a c e r t a i n  f requency  range 
depending on the l a y e r  parameters the e f f e c t  due to the roo f
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and the f l o o r  i s  a minimum. This remarkable f a c t  c ou ld  be 
a p p l ie d  f o r  the m o n i t o r i n g  of  p h y s i c a l  processes w i t h i n  the 
h i g h - r e s i s t i v i t y  seam.

As i t  has been ment ioned, apparen t  r e s i s t i v i t i e s  can be 
de r i v e d  on bas is  o f  F ig .  1 from the f r equency  sounding curves 
measured in a l ay e red  space. The appa ren t  r e s i s t i v i t y  can be 
cons ide red  as an e f f e c t i v e  r e s i s t i v i t y  of  t h a t  p a r t  o f  the 
laye red  space, which c o n t r i b u t e s  to  the e le c t r o m a g n e t i c  f i e l d  
a t  a g iven  f requency and t r a n s m i t t e r - r e c e i v e r  d is ta n c e .  In  F igs 
7 and 8  the f requency-dependence of  apparent r e s i s t i v i t i e s  
c a l c u l a t e d  by us ing the curves in  F ig .  1 f o r  the t h r e e - l a y e r e d  
s e c t i o n  f o r  s e v e ra l  t r a n s m i t t e r - r e c e i v e r  d is tanc es  are shown. 
I n c r e a s in g  the f r equency  the c u r r e n t - s y s t e m  due to the VED w i l l  
be c o n t r a c te d  towards the e q u a t o r i a l  p lane .  In t h i s  way the

ç ÎUm l

Fig. 7. Frequency dependence of the apparent res i s t i v i t y  for  several 
transmi tter-receiver distances calculated from the phase of the 
horizontal magnetic f ie ld  in the equatorial plane of a VED si tuated 
in the middle of the seam
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j a  Üiml

Fig. 8 . Frequency dependence of the apparent res i s t i v i t y  fo r  several 
transmi tter-receiver distances calculated from the phase of the 
ver t ical  e le c t r i c  f i e l d  in the equatorial plane of a VED si tuated 
in the middle of the seam. Values denoted by ci rcles belong to the 
amplitude maxima

r e l a t i v e  e f f e c t  of  the seam in  the appa ren t  r e s i s t i v i t y  i s  more 
and more emphasized, l e a d in g  to an R-dependent dynamic inc rease  
o f  the apparent r e s i s t i v i t y  toward h ig h e r  f r equenc ie s  shown in  
F ig s  7 and 8 . At l a r g e r  R the f requency  dependence i s  more 
s i g n i f i c a n t ,  e s p e c i a l l y  i n  the case of  H^,. I t  i s  a remarkable 
f e a t u r e ,  t h a t  the apparen t  r e s i s t i v i t y  i n  a s e c t i o n - d e te r m in e d  
f r e q u e n c y  range - i n  our  case at  4-9 kHz - ha rd l y  depends on R. 
In  e x p l o r a t i o n  of  seam inhom ogene i t i es  by the c ro s s e d - ra y  
t r a n s i l l u m i n a t i o n  method, when R depends on the ray d i r e c t i o n ,  
t h i s  phenomenon can be w e l l  a pp l i ed .
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4. HORIZONTAL MAGNETIC FIELD DUE TO A VED HAVING A FINITE 
LENGTH

In the p r a c t i c e  on ly  d ip o le s  hav ing  f i n i t e  l e n g t h s  can be 
r e a l i s e d .  In o rde r  to  have s u f f i c i e n t  c u r r e n t  i n t e n s i t y ,  the 
t r a n s m i t t e r  i s  u s u a l l y  grounded on the ro o f  and the f l o o r  to 
e le c t r o d e s  placed in  the more conduc t i v e  a d jac en t  l a y e r s .  
Accord ing  to the p resen t  i n v e s t i g a t i o n s  the h o r i z o n t a l  magnet ic  
f i e l d  due to a VED reach ing  to  a smal l  e x te n t  i n t o  the more 
c o n d u c t i v e  la y e r s  can be de r ived  by the app rox im a t i on  method, 
used a l ready  f o r  the Ez component (Takács 1988a).

The i n t e g r a l  a long the f i n i t e  d ip o le  ( t h a t  i s  the 
i n t e g r a t e d  e f f e c t  o f  the c o n s t i t u e n t  e lementary  d i p o l e s )  can be 
s u b s t i t u t e d  by a summation of  the f i e l d s  due to segments w i t h i n  
the seam and out  of  i t .  I t  has been found,  t h a t  the f i e l d  in 
the m iddle p a r t  o f  the seam depends on ly  s l i g h t l y  on the 
v e r t i c a l  p o s i t i o n  of  an e lementary  VED w i t h i n  the seam. Out of 
the seam the f i e l d  i s  reduced by a f a c t o r  o f  9acj jacen f / ^ seam  
and up to a moderate v e r t i c a l  d i s ta n c e  - e .g .  0 .5  m - i t  
remains nea r l y  c o n s t a n t .  For t h i s  reason the h o r i z o n t a l
magnet ic  f i e l d  i n  the middle of  the seam due to a f i n i t e  VED 
(н£>) can be d e r i v ed  from the h o r i z o n t a l  magnet ic f i e l d  a t  the
same s i t e  due to an e lementary  VED p laced in  the m idd le  o f  the
seam (H®). The h o r i z o n t a l  magnet ic f i e l d  o f  a f i n i t e  VED i s  as 
f o l l o w s

1н£|  *  h 2 IH ^ I  + Ah,  ( g i / 9 seam) I Hp, I + Ah3 ( 9 3/ 9 searn) IH j | l

where -  h 2 i s  the d im ens ion less  t h i c k n e s s  of  the seam
- Ah-j , Ah2  are d im ens ion less  segments in  the hos t

r o c k s .
The s m a l le r  Ah1 , Ah3 , h2 , as w e l l  as the f r e q u e n c y ,  are 

and the l a r g e r  R i s ,  the more accep ta b le  i s  t h i s  a p p ro x im a t io n .

5. CONCLUSIONS

A d ip o le - g e n e r a t e d  e le c t r o m a g n e t i c  f i e l d  i s  i n f l u e n c e d  to
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t h e  h ighes t  degree by the coal  seam i n  case of  a v e r t i c a l l y  
o r i e n t e d  d ip o le .  Around a VED both i t s  v e r t i c a l  e l e c t r i c  (Ez ) 
and h o r i z o n t a l  m agne t i c  (Hp) components are s u i t a b l e  f o r  the 
e x p l o r a t i o n  of l a t e r a l  in hom oge ne i t ie s .  A m o rpho log ica l  
d i f f e r e n c e  in  t h e i r  f r equency-dependent  am p l i tudes  appears due 
t o  fo rm a t ion  of a maximum on the IEZ I cu rve  between the q u a s i -  
s t a t i o n a r y  and the h ig h  frequency zones. Th is  maximum inc reases  
w i t h  the increase o f  the seam r e s i s t i v i t y  and of  the seam 
t h i c k n e s s .  On the Ez phase curve a s i m i l a r  maximum appears at  
low f r equenc ies ,  which i s  missing on the phase curve.

The seam pa ram ete rs  have much l a r g e r  e f f e c t  to both 
components than the  parameters of  the  ad jacen t  l a y e r s .  With 
i n c r e a s i n g  f requency the e f f e c t  of the seam gets more and more 
d o m i n a n t .

Apparent r e s i s t i v i t i e s  c a l c u l a t e d  from the f r equency -  
s ound ing  curves i n c r e a s e  c ons ide rab ly  w i t h  the f r equency ,  s ince  
t h e  cu r ren ts  get more and more c o n c e n t r a te d  towards the 
e q u a t o r i a l  p lane,  t h a t  i s  towards the seam.

For the two components there are some d i f f e r e n c e s  in  the 
f r e q u e n c y -  and R-dependence of the p a r a m e t e r - s e n s i t i v i t y  and of 
the  apparent r e s i s t i v i t y ,  however, the t r ends  in  the case of  
b o t h  components are th e  same.

For d e t e r m in a t i o n  o f  apparent r e s i s t i v i t y  values in  the 
w ho le  f requency - range  the Hp a m p l i t u d e - c u rv e s  seem to be more 
s u i t a b l e ,  because -  on the con t ra ry  to  the  I Ez I curves - they 
do not  have any maximum. The phase of  Hp i s  a lso measurable at  
l o w e r  f r equenc ies ,  and the Hp phase i s  c h a r a c t e r i s t i c  to the 
l a y e r i n g .  In s p i t e  o f  the above ment ioned f a c t s  nev e r th e le s s  
! Ez I i s  recommended f o r  the l a t e r a l  t r a n s i l l u m i n a t i n g  
e x p l o r a t i o n  s ince i t s  in c reased  f i e l d  i n t e n s i t y  in  the seam.

REREFERENCES

Takács E 1988a: G eophys ica l  T rans ac t ions ,  34, 343-359.
Takács E 1988b: Acta Geod. Geoph. Mont. Hung. ,  24, 453-469.
Takács E, Nagy J, Mádai  F 1986: Geophys ica l  T ra n s a c t io n s ,  32,

43-56.



A cta  Geod. Geoph. M o n t .  H u n g . ,  V o l .  26 ( 1 - 4 ) ,  p p .  3 5 1 - 3 6 3  ( 1 9 9 1 )

EXPLORATION OF ROOF AND FLOOR LAYERS BY THE HORIZONTAL 
ELECTRIC COMPONENT DUE TO A VERTICAL ELECTRIC DIPOLE SITUATED

WITHIN A COAL SEAM

E Takács

University Miskolc, Department of Geophysics, H-3515 Miskolc, 
Egyetemváros, Hungary

[Manuscript received January 13, 1991J

According to one-dimensional numerical model computation the 
horizontal  e lect r ic f i e l d  Ex around a VED transmi tter si tuated wi thin the 
seam is  measurable on i t s  boundaries due to the signal-enhancing ef fect of 
the res is t ive seam. The Ex frequency-sounding curves are determined mainly 
by the parameters of the adjacent layers. The ver t ica l  extension of the 
section having influence on the horizontal e lec t r i c  f i e l d  is  a function of 
the frequency and the transmitter-receiver distance. This zone is  broader 
at lower frequencies. Layers with higher re s i s t i v i t y  contrast appear on the 
curves with local extrema. Therefore a poss ib i l i ty  arises by measuring E„ 
frequency sounding curves at the upper and lower boundaries of the coal 
seam fo r  the separate invest igat ion of layers in the f loor  and the roof.

Keywords: coal seam; f loo r ;  horizontal e l ec t r i c  f i e ld ;  layering;
mining geophysics; roof;  ver t i ca l  e lect r ic dipole

1. INTRODUCTION

The tasks o f  geophys ica l  measurements in  a coa l  mine are 
t w o f o ld  :
1 . l a t e r a l  e x p l o r a t i o n  of  the coal  seam inhom ogene i t i es  and
2 . v e r t i c a l l y  up- and downwards o r i e n t e d  e x p l o r a t i o n  of  l a y e r  

inhom ogene i t i es  i n  the roo f  and the f l o o r .
V e r t i c a l  e l e c t r i c  (Ez ) and h o r i z o n t a l  magnet ic  (Ĥ >) f i e l d  

components o f  a v e r t i c a l  e l e c t r i c  d ip o l e  (VED) s i t u a t e d  in  the 
coa l  seam proved to  be very s e n s i t i v e  i n d i c a t o r s  f o r  l a t e r a l  
i nhom ogene i t i es  i n  the coal  seam (Takács 1991).  At the same 
t ime these components are much les s  s e n s i t i v e  to 
i nhom ogene i t i es  below or over the coa l  seam. Taking i n t o  
account  t h a t  Ez and Н̂з determine a h o r i z o n t a l  Poyn t ing  vec to r  
component,  the h o r i z o n t a l  e l e c t r i c  f i e l d  - s ince  i t  c o n t r i b u t e s

Acta Geod. Geoph. Mont. Hung. 26, 1991 
Akadémiai Kiadó, Budapest
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i n  a v e r t i c a l  P oy n t ing  f i e l d  component - cou ld be a p p l i e d  in  
th e  v e r t i c a l l y  - up- and downwards - o r i e n t e d  e x p l o r a t i o n .

In  a homogeneous whole space the Ex component i s  zero in  
th e  e q u a t o r i a l  p l a n e ,  and i t  remains a lso very  sma l l  i n  i t s  
v i c i n i t y .  For t h i s  reason i s  q u e s t io n a b le  whether  t h i s  
component i s  measurable or  no t .  However in  a lay e re d  medium the 
Ex f i e l d  i s  c o n s id e r a b l y  m od i f ied  by the h igh r e s i s t i v i t y  coal  
seam. At the bounda r ies  of  the seam -  or i n  t h e i r  v i c i n i t y  -  
t h e  h o r i z o n t a l  e l e c t r i c  component inc reases  to  a w e l l  
measurable  va lue,  so i t  becomes usable in  e x p l o r a t i o n .

Resu l ts  shown i n  t h i s  paper are based on 1-D numer ica l  
i n v e s t i g a t i o n .  The n u m e r i c a l  method was desc r ibed  by Takács et  
a l .  (1986) .

2. HORIZONTAL ELECTRIC FIELD DUE TG A VED IN A THREE­
LAYERED SECTION

Let  the e lemen ta ry  VED having a u n i t  moment be s i t u a t e d  in  
t h e  middle pa r t  o f  the most r e s i s t i v e  second l a y e r ,  the coal  
seam ( i t s  r e s i s t i v i t y  i s  g 2 = 250 ohmm and i t s  t h i c k n e s s  i s  
H2  = 5 m). In the case when the s e c t i o n  i s  sym m etr i ca l  to  the 
e q u a t o r i a l  p lane,  the  r a d i a l  e l e c t r i c  components a t  the upper 
and lower  boundar ies are c ons ide rab ly  g r e a t e r  due to the 
presence  of the seam, and at the same t ime these two r a d i a l  
f i e l d  components have the  same abso lu te  va lues w i t h  oppos i te  
s i g n s .  The z e r o - c r o s s i n g  takes p lace j u s t  in  the e q u a t o r i a l  
p l a n e  of the VED (and the coal  seam). In the case of  an 
asym met r i c  r e s i s t i v i t y  s e c t i o n ,  when the r e s i s t i v i t i e s  o f  the 
upper  and lower  h a l f - s p a c e s  are not the same, the s i tua t ions  are 
c o n c e r n in g  the a b s o lu t e  va lues and the z e r o - c r o s s i n g  s i t e  
d i f f e r e n t .

In  Figs 1 and 2 the  change of  the h o r i z o n t a l  e l e c t r i c
component i s  shown a long  a v e r t i c a l  l i n e  50 m a p a r t  f rom the
VED f o r  f i v e  d i f f e r e n t  f r e q u e n c ie s ,  i f  = 10 ohmm,

g 2  = 250 ohmm, h2 = 5 m and Çj = 30 ohmm. In f i g .  1 the  rea l
and imaginary  p a r t s  are presented.  The z e r o - c r o s s i n g s  of  the 
r e a l  p a r t  are s h i f t e d  from the e q u a t o r i a l  p lane towards the
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—  Re Ex(z); lmEx(z), R = 50m

- 2- 1  0 1 2x10

Fig. 1. Vert ical  var iat ion of the real and imaginary parts of the 
horizontal  e lec t r i c  component due to a VED situated in the middle 
part of the coal seam at a distance of 50 m, at d i f fe ren t  
frequencies

|Ex|(z) , R=50m

20 Hz 230 2600 30000 230000

1 2x104 . .__ _

Fig. 2. Vert ical  var iat ion of the amplitude of the horizontal e lec t r ic  com­
ponent due to a VED situated at a distance of 50 m, at d i f fe rent  
frequencies
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l o w e r  r e s i s t i v i t y  h a l f  space e s p e c i a l l y  at  lower  f r e q u e n c ie s .  
I n c r e a s i n g  the f r e q u e n c y  the z e r o - c r o s s in g s  approx imate  the 
e q u a t o r i a l  p lane .  The h o r i z o n t a l  f i e ld - c o m p o n e n t  i s  s m a l l e r  at  
t h e  more c o n d u c t i v e  s i d e .  The behav iou r  of the im ag inary  p a r t  
i s  j u s t  the o p p o s i t e  rega rd ing  both i t s  z e r o - c r o s s in g s  and 
a b s o lu t e  v a lues .  At h igher  f r e q u e n c ie s  both p a r t s
d i s r e g a r d i n g  the s i g n  - have the same behaviour  due to  t h e i r  
i n d u c t i v e  o r i g i n .  There are s ign  r e v e r s a l s  in  the r e a l  p a r t  
a t  230 Hz and i n  the imaginary  p a r t  at  30 kHz. The s ign 
r e v e r s a l  i s  connec ted to the f a c t ,  t h a t  at  i n c r e a s i n g
f re q u e n c ie s  the two oppos i te -p hase  c u r re n t - s y s te m s  are
g r a d u a l l y  s h i f t e d  toward the t r a n s m i t t e r .  (Consequen t ly  a 
phase-boundary c rossed  the s i t e  50 m apar t  from the VED.) 
F ig u r e  2 shows the v a r i a t i o n  of  the Ex ampl i tude a long the 
v e r t i c a l  a x i s .  I t s  c h a ra c te r  r e s u l t s  from the above ment ioned 
facts.

Let us see now the r a t i o  of  the h o r i z o n t a l  e l e c t r i c  f i e l d  
v a lu e s  on the lower  (z = + 2 .5 )  and the upper  ( z = — 2 .5)  bounda r ies .

F requency 20 230 2600 30000 230000 Hz

Re Ex ( 2 . 5 ) / R e  Ex ( - 2 . 5 ) 3.0 2.9 1 . 8 1 . 4 1 . 5

lm Ex ( 2 . 5 ) / I m  Ex ( - 2 . 5 ) 0.06 0.11 0.34 0.96 1 . 6

I E x ( 2 . 5 ) l / I E x ( - 2 . 5 )  1 3.0 2.9 1 . 6 1 . 36 1.17

At low f r e q u e n c ie s  the c u r r e n t  volume i s  l a r g e r  than at  h igh 
f r e q u e n c ie s  and t h e r e f o r e  at low f r e q u e n c ie s  the c o n t r i b u t i o n  
o f  the upper and lo w e r  h a l f - s p a c e s  are much more s i g n i f i c a n t  to 
t h e  h o r i z o n t a l  e l e c t r i c  f i e l d  than t h a t  of the seam. For t h i s  
reason the r a t i o  o f  the re a l  p a r t s  and the r a t i o  o f  the 
a b s o lu t e  values p r a c t i c a l l y  c o in c id e  w i t h  the l ow e r /uppe r  h a l f  
space ( f l o o r / r o o f )  r e s i s t i v i t y  r a t i o .  Wi th i n c re a s in g  f requency  
the  r a t i o  of the  e l e c t r i c  f i e l d s  decreases due to the 
i n c r e a s i n g  r e l a t i v e  p r o p o r t i o n  of  the coal  seam in  the whole 
c u r r e n t  volume.
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The volume - f rom which the i n f o r m a t i o n  o r i g i n a t e s  - 
depends on the t r a n s m i t t e r - r e c e i v e r  d i s ta n c e  R. Consequent ly 
the r a t i o  of  the h o r i z o n t a l  e l e c t r i c  f i e l d s  changes w i t h  R. In 
the p resen t  case the s i t u a t i o n  i s  as f o l l o w s ;

R 25 50 1 0 0 1 50 2 0 0  m

IEX( 2 . 5 ) I / I E X( - 2 . 5 ) I 3.0 3.0 3.0 2.9 2 . 6

Due to  the f a c t  t h a t  a v e r t i c a l l y  o r i e n t e d  e x p l o r a t i o n  u s u a l l y  
needs on ly  smal l  R t r a n s m i t t e r - r e c e i v e r  d i s ta n c e s  these r e s u l t s  
can be regarded s a t i s f a c t o r y .

In  F ig .  3 f o u r  f requency -sound ing  curves are shown: the 
z = -2 .5  m, z=+2.5 m curves and f o r  compar ison two a d d i t i o n a l  
cu rves be long ing to  the two symmetr ic s e c t i o n s  co r respond ing  to 
the 10 ohmm and the 30 ohmm ad jacen t  h a l f - s p a c e  r e s i s t i v i t i e s .  
In the l a t t e r  cases th e re  are no d i f f e r e n c e s  between the curves 
a t  the z= -2.5 m and z=+2.5 boundar ies .  The curves  become 
d i f f e r e n t  on ly  in  case of  the asymmetr ic s e c t i o n .

On the Ex a m p l i tude  curve a f t e r  a q u a s i - s t a t i o n a r y  p a r t  a 
maximum appears,  due to  the h igh r e s i s t i v i t y  coa l  seam. (On the 
curves  of the h o r i z o n t a l  magnet ic component th e re  i s  not any 
maximum in  s p i t e  o f  the f a c t  t h a t  in  the homogeneous space the 
IEx I and I Hy l  f requency  sounding curves  have the same fo rm . )  
The curves be long ing  to  the upper and lower  boundar ies are 
sepa ra ted from each o th e r  sha rp ly  beg inn ing  from the maximum 
towards the q u a s i - s t a t i o n a r y  p a r t  a cco rd ing  to  the 
r e s i s t i v i t i e s  of  the ro o f  and the f l o o r .  However they do not 
c o i n c i d e  w i th  the curves  be long ing to  the two co r respond ing  
symmetr ic  s e c t i o n s .  The d i f f e r e n c e  between the curves  inc reases  
w i t h  the r e s i s t i v i t y  asymmetry. At h ig h e r  f requency the e f f e c t  
o f  the roo f  and the f l o o r  i s  less s i g n i f i c a n t ,  r e s u l t i n g  in  a 
dec reas ing  d i f f e r e n c e  between the curves.  However, t he re  i s  not 
any co inc idence  between the two cu rves ,  s ince  even at  high 
f r e q u e n c ie s  some e f f e c t  o f  the ad jacen t  h a l f - s p a c e s  remains and
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Fig. 3. Amplitude and phase frequency-sounding curves of the horizontal 
elect r ic f i e l d  at the seam-boundaries in symmetric and asymmetric 
three-layered sect ions. The VED is  si tuated in the middle part of 
the seam at a distance of 50 m

moreover  the z e r o - c r o s s i n g  p o in ts  do not  c o in c id e  w i t h  the 
e q u a t o r i a l  plane o f  the seam. The maximum s i t e s  a long the
f r e q u e n c y - a x i s  are v e ry  near to those be long ing  to the 
c o r res pond ing  symmet r i c  s e c t i o n s .  I t  i s  e v id e n t  t h a t  sounding 
c u r v e s  belonging to  th e  boundary of the 1 0  ohmm h a l f - s p a c e  must 
have t h e i r  maximum a t  a lower  f requenc y ,  than the curves 
measured at the boundary o f  the 30 ohmm h a l f - s p a c e .

The phase-curve d i f f e r e n c e s  g ive i n f o r m a t i o n  about the 
r o o f  and the f l o o r  a t  lo w er  f r eq u e n c ie s :  f rom the z e r o - c r o s s in g  
to w a rd s  the DC zone.  At the boundary of  the more conduc t i ve
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h a l f - s p a c e  the phase-va lu es  are h ig h e r  and the maximum appears 
at  a lower  f requency  than at the o t h e r  s i d e .  The maximum s i t e  
of  the phase curve i s  very c lose to t h a t  o f  the co r respond ing  
symmetr ic  s i t u a t i o n .

The form of  the f requency -sound ing  curves bears l a r g e l y  
separate i n f o r m a t i o n  on the r o o f  and f l o o r  l a y e r s .  However 
the h o r i z o n t a l  e l e c t r i c  f i e l d  at a boundary depends on both the 
ro o f  and bottom param eters .  I t  means t h a t  any change i n  one of  
the h a l f - s p a c e s  i n f l u e n c e s  the h o r i z o n t a l  e l e c t r i c  f i e l d  a t  
both seam boundar ies .

The r e g u l a r i t y  of  t h i s  change i n  the q u a s i - s t a t i o n a r y  
range - at  the g r e a t e s t  p e n e t r a t i o n  depth upwards and downwards 

i s  as f o l l o w s .  In the case of  a t h r e e - l a y e r e d  s e c t i o n  a
r e s i s t i v i t y  change i n  the upper or  i n  the lower  h a l f - s p a c e  
i n f l u e n c e s  the f i e l d  i n t e n s i t y  on the co r respond ing  boundary.  
The change in  the f i e l d  i n t e n s i t y  i s  i n  a c lose r e l a t i o n  w i th  
the h a l f  of the r a t i o  of  the changed to  the o r i g i n a l  h a l f - s p a c e  
r e s i s t i v i t y  v a lu e s .  At the o th e r  boundary -  where the 
r e s i s t i v i t y  c o n t r a s t  remained unchanged - the change o f  the 
h o r i z o n t a l  e l e c t r i c  component i s  connected w i th  the h a l f  o f  the 
r e c i p r o c a l  of the same r a t i o .  To t h i s  value ( t h a t  i s  to  the 
h a l f  o f  the r a t i o  or  of i t s  i n v e r s e )  a c o r r e c t i o n  i s  to  be 
added depending on the l a y e r  parameters .

This c o r r e c t i o n  i s  due to the s i z e  d i f f e r e n c e  of  the rock 
volumes i n f l u e n c i n g  the f i e l d  i n t e n s i t y  i n  the r o o f  and i n  the 
f l o o r  and the zero va lues of Ex do no t  c o in c id e  any more w i th  
the e q u a t o r i a l  p lane  of  the seam.

In order  to  have some idea about  the magni tude o f  t h i s  
c o r r e c t i o n  the curves  i n  F ig .  3 (sym m etr i c  s e c t io n  w i th  10 ohmm 
upper-  and lower  h a l f - s p a c e  r e s i s t i v i t y  and an asymmetr ic  
s e c t i o n  w i th  10 and 30 ohmm roo f  and f l o o r  r e s i s t i v i t i e s )  are 
i n v e s t i g a t e d .  In the case of  a u n i t  moment t r a n s m i t t e r  a t  20 Hz 
the f i e l d  i n t e n s i t i e s  are as f o l l o w s :
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9 l . 93 1 0 , 1 0  ohmm 10, 30 ohmm

9 2 > h 2 250 ohmm, 5 m 250 ohmm, 5 m

1 E x ( z =+2.5)1 6.71 10~ 5 V/m 4.13 10" 5 V/m

N

X
L

U -2 .5 )1 6.71 10~ 5 V/m 1.25 10‘ 4 V/m

At 20 Hz a r e s i s t i v i t y  change at  the lower boundary from 
10 to 30 ohmm causes a 1.86 = (30/1 0 ) / 2  +0.36 t ime growth in 
I E x I . At the uppe r ,  unchanged boundary I E x I decreases w i t h  a 
f a c t o r  of 0.615 = [ ( 3 0 / 10 ) / 2 ] - ^ -0.051 . At the same t im e  the 
r a t i o  of Ex a m p l i tu d e s  be long ing  to the two boundar ies becomes 
3, which value co r responds  to the f l o o r / r o o f  r e s i s t i v i t y  r a t i o .

The t h i c k e r  i s  the seam the nea rer  i s  the r a t i o  o f  the 
f i e l d  i n t e n s i t i e s  to  the f l o o r / r o o f  r e s i s t i v i t y  r a t i o .  The 
e f f e c t  of the seam th i c k n e s s  i s  shown at  unchanged r e s i s t i v i t y  
v a l u e s ,  at R = 50 m and f  = 20 Hz by the f o l l o w i n g  r e s u l t s :

h 2 (m ) 2 . 5 5.0 1 0 . 0

! E x ( z = + 2 . 5 ) 1 / 1 Ex (z = - 2 . 5 ) 1 3 . 3 3.0 3.0

HORIZONTAL ELECTRIC FIELD DUE TO A VED IN THE
MULTILAYERED ROOF AND FLOOR

In a t h r e e - l a y e r e d  s e c t io n  the r a t i o  of the h o r i z o n t a l  
e l e c t r i c  f i e l d  i n t e n s i t i e s  at  the two seam-boundar ies r e f l e c t s  
t h e  f l o o r / r o o f  r e s i s t i v i t y  r a t i o .  A q u e s t io n  a r i s e s ,  whe ther  i t  
i s  pos s ib le  to conc lude  from the Ex f r equency -sound ing  curves 
measured at the seam-boundar ies to  the r o o f -  and f l o o r  
l a y e r i n g s .

The roo f  and f l o o r  l a y e r i n g  d i f f e r e n c e s  cause a f r e q u e n c y -  
dependent  d i f f e r e n c e  i n  the apparent r e s i s t i v i t i e s  a t  the upper
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and lower  seam boundar ies .
Let  us see at  f i r s t  the e f f e c t  o f  a h i g h - r e s i s t i v i t y  

basement, c l ose  to  the seam. In F igs 4 and 5 t E x I f requency 
sounding curves measured at  the upper and lower  seam boundar ies 
are shown. For compar ison the curves be long ing  to  the t h r e e -  
la ye red  s e c t i o n  (a s e c t i o n  w i th o u t  h i g h - r e s i s t i v i t y  basement) 
are a lso  presented .

At the lower  boundary the ! E x ( f  ) I curves (see F ig .  4) have

20am

250nm  5 m 

20nm

20am

250am 5 m 

20am h=van 

10000 am

h = 10 m 
20 m ■ 
30 m ■

Fig. 4. Effect of the res is t ive basement near to the seam on the amplitude 
and phase frequency-sounding curves of the horizontal  e lect r i c  
f i e l d  at the lower seam boundary. The VED is  si tuated in the middle 
of the seam at a distance of 50 m
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Fig. 5. Effect of the res is t i ve  basement near to the seam on the amplitude 
and phase frequency-sounding curves of the horizontal  e lect r i c  
f ie ld  on the upper seam boundary. The VED is  si tuated in the middle 
of the seam at a distance of 50 m

a q u a s i - s t a t i o n a r y  asymptote.  This asymptote depends on R due 
t o  the s o - c a l l e d  g e o m e t r i c  sounding e f f e c t .  The IEx I - i n c r e a s e  
i s  the h ighe r ,  the n ea re r  i s  the basement to  the seam. In the 
i n t e r m e d i a t e  f r equency  range a l a y e r  between the seam and the 
basement having 2 0  ohmm r e s i s t i v i t y  i s  c l e a r l y  i n d i c a t e d  by a 
r e l a t i v e  ampl i tude dec rease .

The basement has a c h a r a c t e r i s t i c  i n d i c a t i o n  on the phase 
c u r v e ,  too.  Beg inn in g  from hj=30 m at  low f re q u e n c ie s  a 
p o s i t i v e  u n d u la t i o n  appears,  which i s  more emphasized at
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s m a l l e r  h j  v a lues ,  r e s u l t i n g  f i n a l l y  i n  a change of  s ign and i n  
a s i g n i f i c a n t  change of  the form o f  the cu rve.  However the 
phase changes due to  the basement remain r a t h e r  sma l l .

At the upper  boundary (see F ig .  5) the basement causes a 
q u a s i - s t a t i o n a r y  decrease in  IEx ( f  ) I as i t  i s  expected from the 
t h r e e - l a y e r e d  case. The basement has an e s p e c i a l l y  d r a s t i c  
e f f e c t  at i t s  s m a l l e r  depth,  r e s u l t i n g  in  a dynam ica l l y  
changing cu rve.  The fo rm a t ion  of  the maximum in  the l E x ( f  ) I 
curves  i s  due to the h igh  r e s i s t i v i t y  seam. The Ex phase at  the 
upper  boundary becomes c ons ide rab ly  h i g h e r  due to  the presence 
o f  the basement i n  the bottom. The upper  h a l f - s p a c e  above the 
seam i s  homogeneous, consequent ly  the curves  the re  do not have 
any i n d i c a t i o n  of  the l a y e r i n g .  The t r a n s i t i o n  from the qu a s i -  
s t a t i o n a r y  p a r t  towards h igher  f r e q u e n c ie s  - where a l ready  the 
e f f e c t  o f  the seam dominates - i s  r e g u l a r  w i t h o u t  any l o c a l ,  
r e l a t i v e  extrema.

F igu re  6  demonstrates t h a t  the h o r i z o n t a l  e l e c t r i c  
component bears much more i n f o r m a t i o n  about  the r o o f -  and f l o o r  
l a y e r i n g  than the v e r t i c a l  e l e c t r i c  component.  The t r a n s m i t t e r  
and the r e c e i v e r  are p laced in  the case o f  s e c t i o n s  1-3 in  the 
l a y e r  of  250 ohmm; i n  the case of  s e c t i o n  4 they are placed in  
the l a y e r  of  2 0  ohmm r e s i s t i v i t y ,  i n  each case at  a d i s tanc e  
50 m from each o t h e r .  There i s  a s i g n i f i c a n t  d i f f e r e n c e  in  the 
v e r t i c a l  e l e c t r i c  f i e l d  component IEz ( f ) l  a t  h ighe r  f r equenc ie s  
on ly  i n  the case of  s e c t i o n  4. This d i f f e r e n c e  i s  connected to 
changes in  the r e s i s t i v i t y  and t h i c k n e s s  of  the seam. In the 
q u a s i - s t a t i o n a r y  f requency - range  the d i f f e r e n c e  between the 
IEZ I curves i s  sm a l l  in  s p i t e  o f  c o n s id e r a b le  changes in  the 
parameters  of  the s e c t i o n s .  Consequent ly  the v e r t i c a l  e l e c t r i c  
f i e l d  i s  s e n s i t i v e  f i r s t  o f  a l l  to the inhom ogene i t i es  w i t h i n  
the seam.

At the same t ime the a m p l i t u d e -c u rv e s  of  the h o r i z o n t a l  
e l e c t r i c  component c o n s id e ra b ly  d e v ia t e  a t  the seam-boundar ies 
f rom each o th e r  e s p e c i a l l y  towards the  lower  f requenc ie s  
because of  the d i f f e r e n c e  in  the ro o f  and f l o o r  l a y e r i n g s .  E.g.  
a 2 0  ohmm l a y e r  hav ing  a th ickness  15-20 m i s  a l ready  c l e a r l y  
i n d i c a t e d  at  the lower  seam boundary by a r e l a t i v e  minimum.
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Fig. 6 . Amplitude frequency-sounding curves of the horizontal  (E„) and 
ver t ical  (Ez) e lec t r i c  components in d i f ferent  sections. The VED is 
situated in the middle part of the seam at a distance of 50 m. The 
IEx I curves belong to the lower (1 ) and upper (u) seam-boundaries 
while the J Ez I curves re fer to the middle part of the seam

4. CONCLUSIONS

The v e r t i c a l  e l e c t r i c  f i e l d  in  the e q u a t o r i a l  p lane  of  a 
VED s i t u a t e d  w i t h i n  the seam depends fu ndam en ta l l y  on the 
pa ram ete rs  of the seam, e s p e c i a l l y  at h igher  f r e q u e n c i e s .  The 
h o r i z o n t a l  e l e c t r i c  f i e l d s  at  the seam boundar ies,  however , are 
m a i n l y  i n f l u e n c e d  - e s p e c i a l l y  at  lower  f r eq u e n c ie s  - by the
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parameters o f  the ad jacen t  l a y e r s .
In  the case of  an asymmetr ic s e c t i o n  the z e r o - c r o s s i n g  of  

the h o r i z o n t a l  e l e c t r i c  component i s  s h i f t e d  along a v e r t i c a l  
ax i s  from the e q u a t o r i a l  plane towards the h a l f - s p a c e  o f  lower  
r e s i s t i v i t y .  In a t h r e e - l a y e r e d  s e c t i o n  at  low f re q u e n c ie s  the 
r a t i o  of the a b s o lu te  values of  the  h o r i z o n t a l  e l e c t r i c  f i e l d  
i n t e n s i t i e s  measured at the two bounda r ies  i s  the same as the 
r e s i s t i v i t y  r a t i o  o f  the co r respond ing  ad jacen t  l a y e r s .

The f requency  sounding curves  of  the h o r i z o n t a l  e l e c t r i c  
f i e l d  at  the upper  and lower  seam boundar ies  have the s m a l l e s t  
d i f f e r e n c e  at  h ig h e r  f r e q u e n c ie s ,  when they are determ ined  
ma in ly  by the c oa l  seam and by the c lo s e  v i c i n i t y  of the seam. 
Decreasing the f requency the d e v i a t i o n  between the two curves  
becomes l a r g e r  acco rd ing  to the asymmetry in  the roo f  and f l o o r  
paramete rs .  Layers w i t h  c h a r a c t e r i s t i c  r e s i s t i v i t y  c o n t r a s t  and 
s u f f i c i e n t  th i c k n e s s  appear w i t h  l o c a l  extreme va lues .  
There fo re  the f requency -sound ing  cu rves  measured a t  the seam 
boundar ies can be r e a l l y  app l ie d  f o r  e x p l o r a t i o n  of  l a y e r s  in  
the ro o f  and in  the f l o o r  s e p a r a t e l y .
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The p re s e n te d  a lg o r i t h m  is  a tw o -d im e n s io n a l m a g n e to te l lu r ic  in v e r s io n  
p ro g ra m . The c r u c i a l  s te p  in  th e  m ethod i s  th e  r a p id  c a lc u la t i o n  o f  
m o d e lin g  d a ta  w i t h  r e s p e c t  to  th e  model p a ra m e te rs . The a p p l ie d  m odel 
in c lu d e s  r e s i s t i v i t y  as  w e l l  as g e o m e tr ic  p a ra m e te rs . S y n th e t ic  in v e r s io n  
r e s u l t s  a re  g iv e n  f o r  tw o  s im p le  m odels.

K eyw ords: m a g n e to te l lu r ic s ;  tw o -d im e n s io n a l m o d e l l in g ;  tw o -d im e n s io n a l 
in v e r s io n

1. INTRODUCTION

The development of computational algorithms that easily 
extract useful information about the conductivity structure of 
the earth has been a long time goal of geophysics. In the case 
when the conductivity structure is only a function of depth a 
great number of methods have been proposed, implemented 
numerically, and applied in every-day practice. On the other 
hand, few algorithms have been developed that are able to use 
two-dimensional data and fit a two-dimensional model to them.

One remarkable approach to 2d inversion consists of a 
computer workstation with high resolution graphics and great 
computational power. An interpreter can use a trial and error 
method to find a subsurface geoelectrical model that fits the 
data and any other information at a reguired accuracy. A 
computer program solving the direct problem can be applied by 
the interpreter, then he can measure the "distance" between 
measured and computed data, and decide which model parameters he 
should change in order to obtain a better fit to the observed 
data and to any other information. This might be

A c ta  Geod. Geoph. M ont. Hung. 26, 1991 
A ka d é m ia i K ia d ó , B udapest
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labour-consuming for the interpreter. Anyway, this approach is 
currently feasible and useful.

There are a number of "standard methods" for 2d inversion 
which imply the following basic steps: (i) linearise the 2d MT
direct model around an initial guess to the solution model (ii) 
find derivatives of observed data with respect to small changes 
of parameters (iii) find a better guess to the last guess (iv) 
repeat (i)-(iii) until a satisfactory fit to the observed data 
has been reached.

Standard methods have the advantage of being simple. This 
is a superior goal for algorithms to be used in every-day 
practice. The main disadvantage is their high time consumption, 
especially in calculating partial derivatives. This may be 
prohibitive in three dimensions.

An important thing that cannot be circumvented is the 
parameterization of the model. A common approach is to divide 
the earth structure into individual homogeneous blocks. Then 
conductivities of these blocks are only changed. A reason for 
this approach might be that it is quite easy to calculate 
partial derivatives with respect to conductivity parameters. On 
the other hand the geometric configuration of the model is 
unchanged. This restriction might be eliminated to some extent 
by making the blocks smaller, thus resulting in a greater number 
of conductivity parameters. In using this approach one must bear 
in mind that a fine subdivision (too many parameters) may lead 
to unstable interpretation (Cerv 1981). Too many parameters 
lead to an overinterpretation of data (e.g. revealing 
non-existing structures).

Presently available algorithms that allow the inclusion of 
changes in geometric parameters of models are based on various 
principles (Ku 1976, Rodi 1976, Рек 1987).

A drawback of the approach of mixing conductivity and 
geometric parameters is that the obtained derivatives mix two 
effects together: the effect of changing position of the
geometric boundary of the structure and the effect of changing 
parameters of the mesh. A change in one of the parameters can 
easily lead to a change in a remote parameter (Рек 1987) .

A great number of iteration methods different from the
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standard ones have also been developed. The crucial step of the 
so-called rapid inversion schemes is to approximate the lateral 
gradients of the electric and magnetic fields in the model by 
their values from the previous iteration (Smith, Booker 1989) . 
The EMAP (Electromagnetic Array Profiling) intends to overcome 
the effect of static shifts caused by near-surface conductors 
(Bostick 1986). One more interesting approach is the aim of 
generating smooth models (deGroot-Hedlin 1989), that is a model 
the resistivity function of which is as smooth as possible.

The algorithm to be presented here is the two-dimensional 
version Of the Id MT inversion program I have developed (Steiner
1989) . It is a standard method that aims to determine a model 
with variable conductivity and geometric parameters.

2 . BACKGROUND OF THE METHOD
A basic step is each inversion algorithm is the computation 

of the direct problem. In this case, the direct problem is the 
calculation of the electric and magnetic fields for a given 2d 
resistivity distribution below the earth surface.

Many 2d MT modeling programs have been developed over the 
past years. For this method to be applicable, it is not 
necessary to know much about the direct problem calculation. 
Thus, I will not mention much about the direct problem 
calculation method I used.

The calculation of the direct problem consists of setting 
up a system of linear equation B(i) * x(i) = c(i) for the i-th 
period (with B(i) as matrices, x(i) as response modeling 
results, and c(i) as the right hand side of equations). The 
B(i)-s can be set up e.g. by the discretisation of Maxwell's 
equations on a rectangle with the finite element (FEM) or the 
finite diffrence (FDM) or by any other method.

The developed iterative standard method (based on Tarantola
1987) applicable to two-dimensional magnetotelluric data 
consists of the following basic steps:
- The real earth structure is parametrized, thus we obtain a 
number of resistivity and geometric parameters - blocky model

- A starting model is guessed, a priori information about the 
wanted solution model is collected.
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- Matrices В ( i) describing the direct problem for the i-th 
frequency are calculated by using the finite element method
(triangular elements).

- Matrices B(i) are decomposed into B(i) = L(i) * tran(L(i)) 
with Cholesky's method (matrices L(i) and tran (L(i)) are 
lower and upper triangular, respectively).
Equations B(i) * x(i) = c(i) are solved, electric E(i) and 
magnetic fields H(i) are computed from x(i)-s.Thus, the 
initial guess responses are computed.

- The partial derivatives of the data (apparent resistivities or 
complex impedances) with respect to small changes in 
resistivity and geometric parameters are calculated. The 
matrix A of partial derivatives contains as many lines as many 
data there are (e.g. the number of measuring sites multiplied 
by the number of frequencies multiplied by the number of 
polarisation modes) and as many columns as many model 
parameters there are in the model.

- Resistivity and geometric perturbations are predicted that 
should best improve the fit to the observed data 
(least-squares or least-absolute-values approach). The 
function S to be minimized in each step is:

S = S I A * m
q

m . I /  w p r i o r 1 m

A : matrix of partial derivatives of the observed data with 
respect to the model parameters (linearised direct 
problem around the last approximation to the solution)

d , : observed dataobs
m : model parameters
mprioi*3 Priori model
wd : data weights
wm : model parameter weights

where q = 1 for the least-absolute-values and q = 2 for the 
least-squares approach, respectively. The summation is done for 
all data and all parameters. The 1st part of the sum 
expresses that the modeling results (A * m - Remember that A is 
the locally best linear MT response function around m.) should 
be as close as possible to the observed data. The 2nd part,
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which can be possibly omitted, prescribes that the model 
parameters should be close to the previous knowledge about the 
model. The inclusion of an a priori model can help to prevent 
the parameters from converging to uninteresting or unlikely 
ones. These two parts can be weighted by the data and parameter 
weights.

q = 2 leads to a system of linear equations which can be 
solved by any method, q = 1 leads to the standard problem of 
linear programming which is to be solved e.g. by the simplex 
method.
- The model perturbations are added to the initial guess in 
order to produce a better approximation to the solution model. 
The forward problem is solved once more again to calculate new 
data residuals (S). The process is repeated until a 
satisfactory fit to the data (and to the a priori model) has 
been reached.

A crucial step is the calculation of partial derivatives 
because this step might be the most time-consuming one. In a 
one-dimensional MT inversion, this calculation does not require 
much time since a Id MT calculation is very rapid. However, in 
the 2d case, a faster method is required. This is based on the 
factorisation of matrices B(i) into the product of a lower and 
an upper triangular part. If the model parameters are only 
changed to a small extent, the new model response can be 
computed using the old and the new equations, the old solution 
and the old factorisation.

3. MESH GENERATION

An important part of a two-dimensional inversion algorithm 
is the inclusion of an automatic mesh generation routine. The 
utilized routine has the following features:
- The mesh sizes are the smallest at the model boundaries, then 
the sizes increase exponentially. This is a compromise between 
the limited number of nodes and the requirement of small 
(possibly equally spaced) meshes.

- The mesh size at boundaries is about one third of the 
penetration depth for the largest conductivity. The mesh is
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big enough to ensure negligible influence of inhomogeneities 
on the response.

- At lower depths the decreasing amplitude of the excitation is 
taken into account. Thus there are smaller meshes at the upper 
part of the body than at its lower part (Figure 1) .

THE INNER PART OF THE tESH

к m

Fig. 1
Automatically created mesh Horizontal size of body : 10 km 

Depth of body : 0.04 km 
Thickness of body : 1 km 
Resistivity of host : 500 ohmm 
Resistivity of body : 1 ohmm 
Period : 0.3 sec

4. COMPUTATIONAL CONSIDERATIONS

The generally accepted method of measuring parameters and
data has been used:
- loglO(resistivities)
- loglO(geometrical parameters)
- loglO(complex impedances) or loglO(apparent resistivities)
In the presented examples only loglO(complex impedances) are
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used. It is certain that the results would be different if the 
apparent resistivities were included.

The location of the model (the distance between the model 
centre and observation site centre) is measured either linearly 
or the third root of the distance is taken.

It would also be possible to use other measuring systems 
for data or parameters (e.g. impedance phases linearly measured, 
electric or magnetic field values logaritmically) . The model 
parameters are not necessarily measured in such a simple way as 
given above. It might be adviseable to fix some of the model 
parameters or some funtion of them. E.g. one only wants to 
determine the ratio of some layer thicknesses instead of their 
actual values. This might reduce the number of parameters (the 
computation time needed) and enable the interpreter to include a 
part of his knowledge about the searched model.

The algorithm has been implemented on an IBM-АТ with 640 К 
core memory. The run time depends on the complexity of the model 
and the number of periods used. A typical simple 5-6 parameter 
model with about 4 periods requires 2 hours.

The time consumption depends on the number of model 
parameters (complexity) because the number of partial 
derivatives increases. This is one more reason to keep the 
number of parameters as low as possible. The time consumption 
also depends on the number of frequencies (but not on the number 
of measuring sites) since the response of the model must be 
calculated at each frequency. Finally, it depends on the number 
of iterations. The latter is in concord with the closeness of 
the initial model to the solution.

This time consumption can be reduced by a network (even by 
a PC based one). Due to the structure of the algorithm, it is 
possible to assign the computation of direct problems at 
different periods to different PCs. A co-ordinating "main" PC 
can be in charge of collecting the modeling results (and the 
derivatives) and of calculating the next guess.

5. SYNTHETIC MODEL STUDIES

Three simple models have been used to test the algorithm.
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Two of them consist of a body embedded in a host medium while 
the third one consists of two bodies in a host medium.

The measure used to indicate difference between the 
observed data and the theoretical response is a least squares 
measure (RMS: root mean square error) :

RMS = £
th obs I 7  wh

r ^  : theoretically computed response of the last approximatinq 
model

dobs: loglO of observed data (impedances or apparent
resistivities)

w^ : data weights (in the presented examples = 1)
Figure 2 shows test model 1 (model used to generate data) , 

the initial guess, a single intermediate result (iteration 1) 
and the final guess (iteration 3) which numerically coincides 
with the test model. In this case, only 3 iterations are 
necessary to reach the solution. Nevertheless, unbiased data are 
used, the starting model is not very far from the solution, and 
the algorithm is only allowed to change four parameters: the
depth and thickness of the body, the resistivity of the host and 
that of the body.

Figure 3 is a more complex TE-mode study because more 
parameters can change. It can be seen that the convergence of a 
single parameter (e.g. the thickness of the body) is not always 
straightforward. At first, this parameter increases then it 
begins to tend towards its true value. A similar study of the 
same data with some Gaussian noise added practically yields the 
same results. That means errors do not necessarily prevent the 
method from converging to the "true" solution. Note that the RMS 
error at the final step is quite large compared to the model in 
Figure 2. This is because of the Gaussian noise added to the 
data. On the other hand, it should be pointed out that this RMS 
would still be small for field data.

A TM mode calculation for the same amount of data and the 
same model would show (not presented here) that a much closer 
initial guess is required to reach the same accuracy of model 
parameters. Thus, it is advisable to use only ТЕ mode data in 
the first few steps of the iteration and to include TM mode data
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d i s p

2 - 1 km Рг ~ 1 °m

h = 10 km

J  d j  = 0 . 0 4  km 

p j  =  5 0 0  Om

disp

h

r l

p 2

distance between model centre and centre of measuring 
sites (fixed)

: depth of body (can be changed)
: thickness of body (can be changed)
: width of body (fixed)
: resistivity of host medium (can be changed)
: r e s i s t i v i t y  o f  bodies (can be c h a n g e d )

Test model used to generate data

Щ 2 .  6 E + 0 2  - 5 . 1 E < 0 2

И 1 . 3 E + 0 2  - 2 .  Í  E + 0 2

í- ül) 6 . 4 F + 0 1  - 1 . 3E-* 0 2

> 11!!::!: 8 . B E  + 0 P 6 . 4 E  + P 1

CO iil«::: 4. 0 E + 0 0  ~ 8 . 0 E  + 710

(Л 2 . 0 E  + 0 0  - 4 . 0 E + 0 0
Ш
O ' 9 . 9 E - 0 1  -- 2 . 0E+C10

5 . 0 E - 0 1  - 9 . 9 E - 0 1

Fig 2
ТЕ mode convergence for test model

Convergence for this simple case is rapid. Iteration 3 is 
practically the same as the model that was used to generate 
data.
Period 0.3 sec
Number of observation sites : 3

P a r t  1
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MEASURING S ITE S

IТЕК = 1 RMS = 2e-2

MEASURING S ITE S

SOLUTION

ITER = 3 RMS = 5e-5 

FiS • 2
ТЕ mode convergence for test model
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d 1 s p

d2 1 km r>2 - 2 nm

h = 10 km

J d^ = 0.5 km 

 ̂ = 500 Om

disp

dl

distance between model centre and centre of measuring 
sites (can be changed)
depth of body (can be changed)

: thickness of body (can be changed)
width of body (can be changed)

: resistivity of host medium (can be changed)
: r e s i s t i v i t y  o f  b o d y  ( c a n  be  c h a n g e d )

Test model used to generate data

Ib-
Q.iu
О

-6  -4  - 2 - 0  2 4 6
DISTANCE ( KM)

О.ui
о

0

1

2

3 dpi

........siHHt • » : i"
H :::!:::: ::::: :::: ::: i i i  : . t : : j : *
..........  : * * : : : : : » •

i %:y . J . . ' :  I
* 1 i : J :« i : i « * M I • "  « .

jjjjljj KÜH » .  : i s1
* 4 *  11 t j i : : »  »• :

-0  -6  -4  -2  -0 2 4 6 8'
DISTANCE ( KM)

INITIAL RMS = ..255908 ITER = 3 RMS = •. 145095

disp = 2 km h = 13 km disp = 0.855 km h = 11.29 km

dj = 0.2 km d2 = 2 km di = 0.913 km d2 = 2.489 km

Pj = 200 Om
P Z

= 5 Om p i  = 120.7 Om p2 =4.18 Om

Fig 3
TE mode convergence for test model

Convergence for this case is slower than in Fig. 2. 
Periods: 10,100,1000,1000 sec 
Number of observation sites : 13 
Gaussian noise added to the data
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-8 -6 -4 -2 -0 2 4 6
DISTANCE ( KM)

ITER - 5 RM S .809281c-!

X

0,

-8 -6 -4 -2 -0 2 4 6
DISTANCE ( KM)

ITER = 7 RMS . 41444e 1
disp — 0.158 km h = 10.13 km disp  ̂0.130 km h - 10.19 km

di 0.447 km иÍN3
■o 3.973 km dl = 0.486 km d2 = 1.712 km

p i = 314 Om p 2 r 4.57 Dm p i = 383.3 Om
p 9.

- 3.14 i2m

Iy~
ü.
ШO

8 -6 -4 -2 -0 2 4 6
DISTANCE ( KM)

ITER - 14 RMS = .87092e-2 
SOLUTION

disp — 0.040 km h = 10.02 km

d] 0. 504 km d2 = 1 - 007 km

Pi = 512.1 om p  2  = 2.00 fim

3.73E+02 5.49E+02
2.00E+02 3.73E+02
1.41E*02 2.00E*02
8.87E400 1.41E+02
7.16E»00 8.87E•00
5.00E+00 - 7.16E+00
3.14E+00 - 5.00E+00
2.04Ef00 - 3.14E*00

RESISTIVITY CODES FOR MAPS

Fi«. 3
TE mode convergence for test model
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afterwards.
Figure 4 shows a more complicated test model, the initial 

guess, and some iteration steps. It is remarkable that a quite 
large number of iterations are required to reach the right fit 
to the data (without errors).

The correct parametrisation is a vital step in a 2d MT 
interpretation. If the data are not from the same model group as 
we assume results are unpredictable. E.g. if we use the data of 
two embedded bodies (Figure 4)

+ h 2  + h3 = 4 4  km P 1 = 1 0 0  Пт P2 ~ 1 Пга
but another model for inversion (one embedded body - Figure 3), 
then it is not necessary to be able to determine the model 
parameters correctly. A study (Table I) shows that the host 
resistivity can be determined correctly but the thickness and 
the resistivity of the bodies cannot. (Remember the difference 
between the model used to generate data and the model used to 
invert them). At the same time, the algorithm converges to

Table I
disp (fix̂

h
h dl d2 P1 P2 rms

initial guess 44 7 2 100 . 1 .79e-l
iter = 1 44.8 8 10. 4 95 .08 .39e-l
iter = 2 45.2 8.3 . 18 95 .01 .39e-l
iter = 4 45.8 8. 1 . 04 94 6e-4 .35e-l

another model. The difference between the initial guess and the 
1st iteration result is quite large while the differences 
between iter=l, iter=2 and iter=3 are small if we consider the 
rms error of field data. On the other hand, the difference in 
the models of iter=l, iter=2 and iter=3 is large. An idea to 
circumvent this equivalence problem is to involve an a priori
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disp

d2 p 2  ~
. 1 Om P 2~ 1 Om

hi = 10 km h3 = 12 km

I dj = 7 km 

P^ = 100 Om

h2 = 14 Jun
disp distance between model centre and centre of measuring

sites (fixed)
dj : depth of bodies (fixed)
dg thickness of bodies (fixed)
ĥ  •- width of left body (can be changed)
hg distance of bodies (can be changed)
h^ •- width of right body (can be changed)
P^ ■- resistivity of host medium (can be changed)
^2 : r^5Î5tivity of bodies (can be changed)

Test model used to generate data

Xb-
Ü.UJ

0  £щ

2  I !

4 - I  

6 -|| 

n I  

10 - I 

12 ч"

...A .....Л..-.Л.......

-30 -20 - 10  0 10
DISTANCE ( KM)

20 30

Xh-П.Ul
О

= 0.06 Om

Fig. 4
TE+TM mode convergence for test model

Note the small difference in the error between iteration 4 and 
iteration 6.In practice, results at iteration 4 could not be 
improved because of the small error.
Periods: 10,100,1000,1000sec 
Number of observation sites : 15 
Unbiased data are used.
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DISTANCE C KM)
ITER = 3 RMS .402193e-1 
h, 17.16 km

h2 - 17.57 km h3 l1.30 km

P 1 - 90.3 Om p2 : 0.10 Dm

0

2

4

6

8

10

12
30 -20 -10 0 10 20 30

DISTANCE ( KM)
ITER = 4 RMS = .200829-1 
h ̂ -  17.50 km
hg - 15.71 km 11.77 km
P 1 101.1 Dm pg 0.00 Kim

12 -F
-30 -20 - 10 0 10 20

ITER 6
DISTANCE ( KM)
RMS .612053e 3

hl =

SOLUTION 
17.93 km

h2 14.07 km h- - 11.92 km

Pi = 99.73 Om p „  = • Ю  Om

9.05E *01 
7.13E *01 - 
6.00ЕЧ01 - 
5.00E 01 - 
1.01E-01 - 
9.67E 02 - 
8.11E 02 - 
5.85E-02

1.02E+02 
9.05F.*01 
7.13E+01 
6.00E *■ 01 
5.00E 01 
1.01E 01 
9.67K 02 
8.11E 02

RESISTIVITY CODES FOR MAPS

Fig. 4
ТЕ * TM mode convergence for test model 
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model in the inversion. This would prevent the convergence to a 
highly unlikely model (e.g. iter=4).

Another difficult problem may arise from the small number 
of nodes. It is clear that it would be useful to apply as many 
nodes as possible in calculating the direct problems and the 
derivatives. However, one is confined to the available memory. 
The following guestion arises: Is the result of the inversion 
influenced by the smaller than necessary number of nodes?

Table II contains some iteration steps for model of Figure 
4 if the synthetic data are generated by a 18*18 mesh (18 nodes 
horizontally and 18 nodes vertically) , and the inversion is done 
with the same number of nodes (the vertical parameters are 
fixed) . In this case, the convergence is not surprising. The 
data in Table III are generated by a 31*26 mesh but the 
inversion is done with an 18*18 mesh. The latter involves that 
some systematic error is surely included in calculating the 
direct problems and the partial derivatives. It is clear that 
the same accuracy cannot be achieved but the main features of 
(the model still remain.

T a b le  I I

h l  h2 h3 P 1 p2 rms 

(s e e  m odel d e f i n i t i o n  in  F ig u re  4)

t e s t m ode l (mesh: 1 8 *1 8 ) 18 14 12 100 . 1

i n i t i a l guess 15 12 8 60 . 5 . 173

i t e r = 1 (mesh s iz e :  1 8 *1 8 ) 8 .7 3. 1 5. 3 46 . 05 .088

i t e r = 2 1 6 .7 2 0 .2 1 3 .2 67 . 13 . 058

i t e r = 3 17 1 5 .4 1 1 .3 87 . 10 .009

i t e r = 4 1 7 .8 1 4 .2 1 1 .8 99 . 10 .0 0 14

i t e r = 5 18 14 12 100 . 10 . 0001

A higher accuracy with this limited number of nodes (18*18) 
cannot be achieved. In Table IV, the starting model is the same 
model that was used to generate the data with a 31*26 mesh. That 
means a better fit to the data can only be obtained with a 
greater number of nodes. From Table IV and Figure 5 it can be 
clearly seen that the algorithm tries to increase all horizontal
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Table III

hl h2 h3 
(see model definition

pl
in

P2
Fig. 4)

rms

test model (mesh: 31*26) 18 14 12 100 . 1
initial guess 15 12 8 60 .5 . 186
iter = 1 (mesh: 18*18) 8. 4 3.8 5 42 .05 . 118
iter = 2 14.4 25 10 55 . 11 . 071
iter = 3 18 17.3 11.6 76 . 10 .03
iter = 4 19. 3 15. 1 12.9 94 . 10 . 0266
iter = 5 19.6 14.5 13.3 95 . 10 .0264

sizes. The reason for that lies in the different mesh s
for computing the data and the inversion mesh size. The smaller 
than neccessary mesh size (and the systematic error in computing 
the direct problem - Figure 5) causes the algorithm to make the 
horizontal sizes larger.

P rofiles (model 3)

apparent re s is t iv ity  (ohmm)

-4 0  -3 0  -2 0  -10 0 10 20 30 40
d is tance  (Km)

10 sec (31*26) - + -  100 sec (31*26)

10 sec (18*18) 100 sec (18*18)

2d modeling results of a model type 3 for two 
Irequoncies and two different meshes. The influence of the 
smaller than necessary number of nodes Í3 larger at the higher 
frequency. The inversion algorithm uses a 18*18 mesh, the data 
ore generated with a 31*26 mesh. Thus, the inversion algorithm 
enlarges the horizontal sizes of the model.

Fig. 5
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T ab le  IV

h l
(s e e  model

h2 h3 
d e f i n i t i o n

P 1 p2 
i n  F ig u re  4)

rms

t e s t  model (mesh: 3 1 * 2 6 ) 18 14 12 100 . 1

i n i t i a l  guess 18 14 12 100 . 1 . 0334

I t e r  = 1 (m e sh :1 8 *1 8 ) 19 .5 14. 5 13. 1 95 . 1 .0265

I t e r  = 3 19. 5 14 .5 13. 3 96 . 11 .0264

6. CONCLUSIONS

We have seen a quite simple algorithm for solving 2d MT 
problems. The presented synthetic model results show that it is 
possible to use a PC for such complicated problems as is a 2d MT 
inversion which is generally tackled by large computers. Studies 
with small performance computers show interesting features of MT 
modeling, the resolution capacity, the required quality of 
initial guesses.

The main advantages of tackling the 2d MT inversion with an 
inversion algorithm of variable geometry and resitivities are:
- It is one of the simplest approaches. The simplicity is the 
more laudable because field data are usually blurred. It is 
good if at least the method is clear and simple.

- The possibility of the variable geometry enables to reduce the 
number of parameters searched thus the calculation time, too.

The drawbacks are also clear:
- The parametrization can mislead the interpreter. 
Overparametrisation can also introduce non-existing structures.

- The method is time-consuming, although there are approaches to 
keep the time consumption within acceptable limits.

The special advantages of the presented approach are:
- It is a simple PC-based method, thus generally usable.
- By using Id and 2d methods, and gradually increasing node 
numbers, it is not difficult to produce results in sensible 
time.

- The inclusion of a priori models allows us to give a better
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control over nearly equivalent models and the parameters 
generally.
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In geostat ist ical  practice three dimensional (spat ial ) models are 
used. Time as a fourth dimension should be taken into consideration from 
the point of view of the environmental protect ion. I t  requires the 
development of the geostat ist ical  theory and the extension of empir ical  
invest igat ions. The paper gives a summary of the geostat ist ical  methods 
which can be applied in the environmental protect ion. I t  refers to the 
f ie lds ,  where new theoret ical  and methodological developments are needed. 
F ina l ly ,  experience of the investigations carr ied out so far is presented.

Keywords: environmental protection; geostat is t ics

We have to face more and more prob lems connected w i t h  the 
t r a n s f o r m a t i o n  of  our env i ronment .  We have t r i e d  to apply  a l o t  
o f  methods so f a r  to so lve them. Beyond these methods th e r e  i s  
a need f o r  app ly ing  o the r  ones, too .  The a p p l i c a t i o n s  o f  the 
p r o b a b i l i t y  theory and the math em at i ca l  s t a t i s t i c s  are 
f a v o u r a b le  p o s s i b i l i t i e s .  One of  the new models o f  the
a d a p t a t i o n  i s  the g e o s t a t i s t i c s .  Th is  d i s c i p l i n e  has become 
l a t e l y  more and more popu la r  among g e o l o g i s t s  and m in ing  
eng in e e rs .  I t  should be noted,  t h a t  h y d r a u l i c  engineers have 
a l re a d y  used c l a s s i c a l  s t a t i s t i c a l  methods f o r  decades.

In connect ion w i th  the p o s s i b l e  a p p l i c a t i o n  of  
g e o s t a t i s t i c s  in  the env i ronm en ta l  p r o t e c t i o n  we emphasize,  
t h a t  we meet here processes d i f f e r i n g  to  a c e r t a i n  e x te n t  f rom 
those of  o th e r  g e o s t a t i s t i c a l  a p p l i c a t i o n s .  Namely, p o l l u t i o n  
and i t s  impacts are processed hav ing  both t ime and space 
d imens ion .  Research t h e r e f o r e  should be extended.

A random v a r i a b l e  i s  de f i ned  f o r  the r e s u l t s  o f  the 
i n v e s t i g a t i o n s  (cons ide red  as e x pe r im en ta l  r e s u l t s ) .  Th is  i s

Acta Geod. Geoph. Mont. Hung. 26, 1991 
Akadémiai Kiadó, Budapest
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the  t h e o r e t i c a l  bas is  of a p p l i c a t i o n  of  the methods. The 
v a r i a b l e  may be equal  to any va lue  o f  a reasonable domain.  The 
d i s t r i b u t i o n ,  d e n s i t y  fu n c t i o n  and parameters of t h i s  v a r i a b l e  
can be determ ined  f o r  a given t im e  t  by d i f f e r e n t  e s t i m a t i o n  
methods on the b a s is  of  the samples.  The expected v a lu e ,  the 
s ta nda rd  d e v i a t i o n ,  the v a r i a t i o n  f a c t o r  e tc .  are c ons ide red  as 
param eters .  V a r i a b i l i t y  in t ime of  th e  s t a t i s t i c a l  i n d i c e s  can 
be descr ibed by f u n c t i o n s  r e f e r r i n g  to  d i f f e r e n t  t im es .

There are a l o t  of wel l - known d i s t r i b u t i o n  types  i n  the 
s p e c i a l  l i t e r a t u r e ,  but  only a few of  them are used i n  the 
problems of each s p e c i a l  f i e l d .  One o f  the research tas k s  i s  to 
de te rm ine the s u i t a b l e  d i s t r i b u t i o n  f u n c t i o n s  f o r  the 
env i ronm en ta l  p r o t e c t i o n  and the env i ronm en ta l  geology.

Not on ly  the phy s ic a l  c h a r a c t e r i s t i c s  can be c a l c u l a t e d  
w i t h  the he lp  o f  the d i s t r i b u t i o n  f u n c t i o n s ,  but  the 
s t a t i s t i c a l  p r o p e r t i e s ,  d i r e c t  and i n d i r e c t  mechanisms of 
e f f e c t s  de r ived  from these c h a r a c t e r i s t i c s  can be de te rm ined  as 
w e l l .  I f  we know e . g .  the d i s t r i b u t i o n  of  i t  in some f o r m a t i o n ,  
th e  s o r p t i o n  p r o p e r t i e s  de r ived  f rom i t  or the s t a t i s t i c a l  
c h a r a c t e r i s t i c s  o f  the delayed m ig r a t i o n  can be a lso 
de te rm ined .  The above methods can be used f o r  i d e n t i f i c a t i o n  of 
s t r a t a ,  but they  are a lso s u i t a b l e  f o r  examining spontaneous 
a r e a l  p o l l u t i o n s  (caused by e.g .  t r a n s p o r t a t i o n ) .

The d i f f e r e n t  phys ica l  and chem ica l  parameters may have 
c om p l ica ted  c o nnec t io ns  wi th each o t h e r .  I n v e s t i g a t i o n  of  these 
c onnec t ions  may throw  l i g h t  on new laws .  Measure and c h a r a c t e r  
o f  connec t ions  between two or more p r o p e r t i e s  can be desc r ibed  
by c o r r e l a t i o n  a n a l y s i s .  In some cases, r e s u l t s  o f  t h i s  
a n a l y s i s  make i t  p o s s ib le  to reduce the number of  the f u r t h e r  
l a b o r a t o r y  t e s t s .  Connect ions between cause and e f f e c t  can be 
o f t e n  descr ibed  by mathematical  f o rm u la s  in  the env i ronm en ta l  
geo log y .  N e v e r th e le s s ,  i f  the measured connected va lues  are 
rep resen ted  i n  a c oo rd ina te  system, the c o e f f i c i e n t s  o f  the 
co r respond ing  f u n c t i o n  vary from sample to sample because of 
th e  r e s t r i c t e d  measurements p r e c i s i o n  and the inhomogenei ty  of 
th e  l a y e r .  Th is  i s  a lso a c o r r e l a t e  r e l a t i o n s h i p .  Let  us 
c o n s id e r  what k in d  of  d i f f i c u l t i e s  may a r i s e  e .g .  i n  the
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d e t e r m in a t i o n  of p h y s i c a l  and chemica l  parameters of  the 
hypergene zone, i . e .  in  the i n v e s t i g a t i o n  of the 
i n t e r r e l a t i o n s h i p  among the o x y d a t i o n - r é d u c t i o n ,  h y d r a t i o n  
s o l u t i o n ,  c o l l o i d a l  and s o r p t i o n  p rocesses .  Anyway, they are 
the de te rm inan t  f a c t o r s  of  the element d i s t r i b u t i o n .  Obv ious ly  
m u l t i v a r i a t e  c o r r e l a t i o n  a n a l y s i s  shou ld  be app l ied  i n  the 
i n v e s t i g a t i o n  of the above parameters .  Method of p r i n c i p a l  
components and f a c t o r  a n a l y s i s  should be used a f t e r  each o the r  
i n  o rde r  to  determine the number o f  t y p i c a l  c h a r a c t e r i s t i c s .  
C o r r e l a t i o n  a n a l y s i s  i s  app l ied  in  g eo log y ,  too .  For example 
expe r ts  of  the Plann ing O f f i c e  of  'Dorog '  C o l l i e r e s  appp l ied  i t  
to  des c r ib e  the c onnec t i on  between the water  l e v e l  of  the 
Danube and the cavern water  f l ow .

A p p l i c a t i o n  of  c ross c o r r e l a t i o n  p la y s  an im por ta n t  r o l e  
in  the anomal ies of  water  economics and the env i ronmen ta l  
prob lems.  There are a l o t  of examples in  the h y d r o l o g i c a l  
s t a t i s t i c s  -  in c onnec t i on  w i th  s u r fa c e  cases and underground 
water  -  which prove t h i s .  Cross c o r r e l a t i o n  can be a p p l ie d  in  
the a n a l y s i s  of i n f i l t r a t i o n  and wate r  l e v e l  change, l o w e r in g  
of  cavern water l e v e l  and remote e f f e c t ,  or in  the 
i n v e s t i g a t i o n  of p l a n t s  i n f l u e n c i n g  the wa te r  economics.

For example any k ind  of  i n t e r f e r e n c e  w i th  the n a t u r a l  
r e l a t i o n s  of  r i v e r s  induce processes which cause changes in  
s t ream, s lu d g in g  v e l o c i t y  and the decom pos i t i on  mechanism in  
the w a te r ,  t h e r e f o r e  these processes i n f l u e n c e  the s e l f -  
p u r i f i c a t i o n  processes .  I t  can be cons ide red  as anothe r  
example, t h a t  t e r r a i n  subs idences as a s u r fa c e  impact o f  the 
hydrocarbon min ing may induce a r a i s e  o f  the underground water  
l e v e l  and they may modi fy  the f a l l  o f  r i v e r s  as w e l l .  These 
cases can be cons ide red  as e n v i ronm en ta l  damages, where 
c o r r e l a t i o n  can be a p p l i e d .  We have a l r e a d y  mentioned the r o l e  
of  t ime dimension i n  the p o l l u t i o n  of  the  env i ronment .  I f  data 
s e r i e s  are analysed as a f u n c t i o n  of  t im e ,  th ree  components can 
be g e n e r a l l y  sepa ra ted :  the t rend ,  a p e r i o d i c  component and a 
s t o c h a s t i c  one as a random e f f e c t .  The f i r s t  component 
d esc r ibes  the l o n g - te rm  t rend .  The second one i s  the r e s u l t  o f  
r e g u l a r l y  r e p e a t in g  processes,  where the le n g th  of p e r iod  can
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be determined.  The random e f f e c t  i s  de r ived  from the process 
i t s e l f  and the t e c h n i c a l  e r r o r s  o f  sampl ing.  A s u f f i c i e n t  
number of samples i s  the necessary c o n d i t i o n  of  a reasonable  
c a l c u l a t i o n  of  the  t r e n d  concern ing  a g iven t im e ,  w h i l s t  a 
s u f f i c i e n t  number o f  samples i s  needed du r ing  a l o n g e r  pe r iod  
f o r  c a l c u l a t i o n  o f  the lo n g - te rm  t r e n d .  E x p lana t io n  of  the 
t r e n d  may be e i t h e r  a n a t u r a l  or an a r t i f i c i a l  e f f e c t  a c t i n g  in 
a d i r e c t i o n .  S i m i l a r  f a c t o r s  e x p la in  the p e r i o d i c i t y ,  bu t  t h e i r  
d i r e c t i o n s  are c y c l i c a l l y  changing i n  space and t im e .  These 
changes are o f t e n  i n  connec t i on  w i th  m e te o r o lo g i c a l  phenomena. 
For  example the d a i l y  and seasonal  changes of  the underground 
w a te r  can be connected w i th  the changes of decompos i t ion 
processes of p o l l u t i o n ,  as the presence of wa te r  i s  a 
d e te rm inan t  f a c t o r  o f  the b i o l o g i c a l  a c t i v i t y .  Movement of 
w a te r  ( w a te r f l o w )  p la y s  an im p o r t a n t  r o le  in  the spread of 
p o l l u t i o n ,  too .  However the exam ina t i on  of  the a r t i f i c a l  
e f f e c t s  has a g r e a t e r  impor tance in  the env i ronm en ta l  
p r o t e c t i o n  ( p e r i o d i c a l l y  r e p e a t i n g  p o l l u t i o n  of  a g r i c u l t u r a l  
a c t i v i t i e s  of i n d u s t r i a l  and p u b l i c  i n s t i t u t i o n s  in  to w ns ) .

For example phosphate m ine ra ls  may appear in  the s o i l  as 
an e f f e c t  of the r e g u l a r l y  used a r t i f i c i a l  f e r t i l i z e r s .  The 
p rocess  of t h e i r  emergence can be examined w i th  the he lp  of 
t im e  s e r ie s .  The 'memory'  of  each env i ronmen ta l  e lement  should 
a l s o  be i n v e s t i g a t e d ,  because i t  p lay s  an im p o r ta n t  r o l e  in 
the  s e l f - p u r i f i c a t i o n  processes.  In env i ronmen ta l  p r o t e c t i o n  
t h e r e  is  a g rea t  p o s s i b i l i t y  f o r  obse rv ing  and g a t h e r i n g  data,  
i f  te le s e n s in g  methods are a p p l i e d .  We r e c a l l  the s e r i a l  and 
cosmic photographs used f r e q u e n t l y  in  d e t e c t i o n  of  p o l l u t a n t s  
o f  the atmosphere and the oceans. Use of  photographs made in 
a p p r o p r i a t e  t ime and wavelength i n t e r v a l s  can be even extended. 
I f  the a p p ro p r ia te  measures are c a r r i e d  out w i th  the he lp  of  the 
pho tographs ,  t ime s e r i e s  of  changes w i t h  respec t  to d i r e c t i o n s ,  
a reas  and r e f e r r i n g  to  the i n t e n s i t y  can be dete rmined .

A s u f f i c i e n t  number o f  samples should be a v a i l a b l e  f o r  
examin ing  an area.

A rc h iv a l  data can be used, but  they must not  be accepted 
w i t h o u t  any c r i t i c i s m .  Namely, the u n r e l i a b l e  data may
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c o n s id e r a b l y  b ias the es t ima ted  parameter  v a lues ,  t h e r e f o r e  one 
has to  act  w i t h  unders tand ing  when us ing  them. The a r c h i v a l  
data have been c o l l e c t e d  f o r  decades by d i f f e r e n t  methods in  
d i f f e r e n t  l a b o r a t o r i e s .  The p rocess ing  of  t h i s  whole data se t  
may be a source of  e r r o r .  I t  has to be emphasized t h a t  samples 
have to be r e p r e s e n t a t i v e  f o r  the data p rocess ing .  I t  means 
t h a t  samples should r e f l e c t  the assembly,  and they have to  be 
independent  as w e l l .

The above f a c t s  are i l l u s t r a t e d  by the f o l l o w i n g  examples. 
Coas ta l  f i l t e r i n g  an tenna l  w e l l s  have been cons t ruc ted  f o r  the 
wa te r  supply  of  Budapest.  However, a t  some in ta k e  p laces 
q u a n t i t i e s  of i r o n  and manganese exceed the f i x e d  s tandard 
v a lu e s .  As they are p resen t  i n  the wa te r  under r e d u c t i v e  
c i r cum s ta nces ,  a system w i th  in  s i t u  h igh  a c tu a l  o x i d a t i o n -  
r e d u c t i o n  p o t e n t i a l  has to be a r t i f i c a l l y  c reated f o r  t h e i r  
p r e c i p i t a t i o n .  A way of  i t  can be the so c a l l e d  a e r a t i o n .  
Aer ing  the exper iment  the process of  a e r a t i o n - p r o d u c t i o n  were 
repeated seve ra l  t im es .  The chemical  data s e r i e s  were examined 
f o r  every pe r iod  and i n  an aggregated way as w e l l .  F ig .  1 
p res en ts  the e m p i r i c a l  and t h e o r e t i c a l  semivar iogram of  the 
manganese c reated  on the base of  the aggregated data s e r i e s .  
One can see, t h a t  the i n f l u e n c e  t ime i s  cca.  6.5 days. At the 
g iven  l e v e l  of  techno logy  there i s  an im p o r t a n t  economic impact  
o f  t h i s  r e s u l t  f rom the research and p ro d u c t io n :  i t  i s  
s u f f i c i e n t  to take samples only by 1 1 - 1 2  days.

Dur ing the exper im en t  samples were examined from the p o i n t  
o f  view of the c h l o r i n e ,  too .  I t  has to  be emphasized, t h a t  the 
exper imen t  has no i n f l u e n c e  on the q u a n t i t y  o f  the c h l o r i n e .  
V a r i a b i l i t y  of  c h l o r i n e  conten t  can be o p t i m a l l y  presented by a 
s p l i n e  i n t e r p o l a t i o n  ( F ig .  2) .  The p o ly n o m ia l  and thg  harmonic 
t r ends  have a smoothing e f f e c t  on the data s e r i e s  (F ig .  3) .  As 
the i n f l u e n c e  t ime i s  10.47 days ( F i g .  4 ) ,  the l a s t  samples 
f rom t h i s  i n t e r v a l  o f  the t ime s e r i e s  were used f o r  the 
p r e d i c t i o n .  P r e d i c t i o n  can be based e i t h e r  on po lynomia l  ( F ig .  
5) or  harmonic t r end  ( F i g .  6 ) .  Sometimes t h e i r  comb inat ion can 
be a lso  used. The range of p r e d i c t i o n  e r r o r  i s  i l l u s t r a t e d  by 
us ing  a po lynomia l  t rend  f o r  the p r e d i c t i o n  ( F ig .  7) .  I t  shows,
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Mn content

theoreticol semi-v a г io g ram, spherical type (Co>0) jj- (h) = c ( l.5h /a -0 .5 (h /a )â)*Co

С = 2.492734 ■ nr3 Со = 3.714571 ■ 1 0 '3 
Em pirica l s e m i-variogram M atheron-type

Fig. 1. Ráckeve, f i r s t  wel l  series, variogram analysis of the manganese 
data

F i g .  2 .  R áckeve, f i r s t  w e l l  s e r i e s ,  f o u r t h  p e r i o d  s p l i n e  i n t e r p o l a t i o n  o f
th e  c h l o r i n e  d a t a
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correlation coefficient = 0.824 standard error = 0.692 effective error = 2.744 •/.

Fig. 3. Ráckeve, f i r s t  well  series, fourth period regression analysis of 
the chlorine data

Cl content
theoretical spherical type (Co>0) f t * 1) = c(l.5h /a -0 .5 (h /a )3)  .Co

C =0.72061 Co = 0.350814
Empirical sem i-variogram  M atheron-type

F i g .  4 .  R áck eve ,  f i r s t  w e l l  s e r i e s ,  f o u r t h  p e r i o d  v a r io g r a m  a n a l y s i s  o f  th e
c h l o r i n e  d a ta
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correlation coeffic ient =0.720 standard error =0.736 relative error = 3,019 */.

ig .  5. Ráckeve, f i r s t  w e ll series, fo u rth  period . Forecast by polynomial 
trend func tion  o f the ch lorine data

y
lm g/l)

27

26 -

25-

24

23-

X = t i m e  
y = Cl content

y = a • bx .  сх г
where X = sin (X/A*2»JF) A= 6.960 

a = 25.53 b = -0.80A8 c = -2.29A

~T I T
44 48 52 56 (day) *

correlation coeffic ient = 0.912 standard error = 0.435 effective error = 1.787•/.

i g .  6 .  Ráckeve, f i r s t  w e l l  s e r i e s ,  f o u r t h  p e r i o d .  F o r e c a s t  by h a rm o n ic  o f
th e  c h l o r i n e  d a t a
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Fig. 7. Forecast and error of predict ion in case of polynomial trend 
function

t h a t  i f  there i s  a t r end  in  the p r e d i c t i o n ,  the r e a l i s t i c  
p r e d i c t i o n  t ime may c o n s id e r a b l y  sho r tened .

We hope, t h a t  we succeeded in  h i g h l i g h t i n g  the g rea t  
p o s s i b i l i t i e s  of the mathemat ica l  and g e o s t a t i s t i c a l  
a p p l i c a t i o n s  in  the env i ronm en ta l  p r o t e c t i o n  problems.  At the 
same t ime we are aware of  the d i f f u l t i e s ,  because we have not a 
data set  yet  s a t i s f y i n g  the necessary c o n d i t i o n s .  T he re fo re  the 
f u t u r e  examinat ions should  be planned in  such a way, so t h a t  
they make p o s s ib le  the g e o s t a t i s t i c a l  approach of  the above 
problems.  Theory should  be a lso developed f o r  the a p p l i c a t i o n  
of  g e o s t a t i s t i c s  in  the env i ronment  p r o t e c t i o n .
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DISCONTINUITIES USING THE MATRIX METHOD
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A matrix method is presented fo r  the computation of apparent 
r e s i s t i v i t y  in the v ic in i t y  of ver t ical  discont inu i t ies.  The method i s  also 
used to estimate the kernel function from the apparent res i s t i v i t y  data. A 
simple procedure is given for  the estimation of parameters of the model 
from the computed kernel values. A few examples of interpretat ion using 
theoret ical  data sets are included which demonstrate the u t i l i t y  and 
l imi ta t ions of the method.

Keywords: apparent r e s i s t i v i t y ;  d i g i t a l  modeling; r e s i s t i v i t y
sounding; ver t ica l  discont inuity

INTRODUCTION

Logn (1954) used the s p h e r i c a l  harmonic approach to  deduce 
the p o t e n t i a l  as w e l l  as the apparent  r e s i s t i v i t y  f u n c t i o n s  due 
to  a p o i n t  c u r r e n t  e le c t r o d e  p laced i n  the v i c i n i t y  of  v e r t i c a l  
d i s c o n t i n u i t i e s .  He presented a few types of curves us ing  a 
r i g o r o u s  com pu ta t i ona l  p rocedure .  Lee and Green (1973)  
developed a s imple method f o r  the d i r e c t  i n t e r p r e t a t i o n  of 
e l e c t r i c a l  sounding c a r r i e d  out  e i t h e r  normal or p a r a l l e l  to 
the v e r t i c a l  d i s c o n t i n u i t i e s .  For numer ica l  computat ion of  an 
i n f i n i t e  i n t e g r a l ,  Lee and Green (1973) used the Meinardus 
(1970) p rocedure .  A c r i t i c a l  a n a l y s i s  of  the r e s u l t s  by Lee and 
Green (1973)  shows t h a t  the num er i c a l  values o s c i l l a t e  what 
b r i n g s  s u b j e c t i v i t y  in  the g r a p h i c a l  method and undes i red  e r r o r  
i n  the au tomat i c  method of  i n t e r p r e t a t i o n .  A d i g i t a l  l i n e a r  
f i l t e r  method f o r  r e s i s t i v i t y  i n t e r p r e t a t i o n  was f i r s t  
suggested by Kunetz (1966) and executed by Ghosh (1970)  f o r  
h o r i z o n t a l l y  s t r a t i f i e d  e a r t h .  S r i  Niwas (1975) used the l i n e a r

Acta Geod. Geoph. Mont. Hung. 26, 1991 
Akadémiai Kiadó, Budapest
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f i l t e r  method f o r  v e r t i c a l  d i s c o n t i n u i t y  problems. P a t e l l a  
(1980 )  has d iscussed  a procedure s i m i l a r  to th a t  o f  Lee and 
Green (1973) f o r  g r a p h i c a l  i n t e r p r e t a t i o n  of  the v e r t i c a l  f a u l t  
p r o b l e m .

Recen t ly  S r i  Niwas and I s r a i l  (1986, 1987a, 1987b) 
deve loped  a m a t r i x  method f o r  the g e o e l e c t r i c a l  computat ion f o r  
h o r i z o n t a l l y  s t r a t i f i e d  layered e a r t h .  The approach i s  extended 
here  f o r  the com puta t i on  of  apparen t  r e s i s t i v i t i e s  and k e r n e l  
v a l u e s  f o r  the v e r t i c a l  d i s c o n t i n u i t i e s .  A few num er ica l  
r e s u l t s  are presen ted  as an example.

MATHEMATICAL FORMULATION

The express ion f o r  the p o t e n t i a l  as obta ined by Logn 
(1954 )  due to a p o i n t  c u r r e n t  source o f  s t re n g th  I  p laced  at  
th e  o r i g i n  in the v i c i n i t y  of  v e r t i c a l  d i k e  or a f a u l t  i s  g iven  
by ( F ig  . 1)

oo
1 9iV ( г , X )  = [e ^ x + K ( A ) e /' 'x 3 J g ( A r ) d \

0

( 1  )
-  ao <  X <  a

У
/

a b
?i h  ?2

V
z

Fig. 1. Geometry of the ver t ical  d iscont inu i ty problem
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where г i s  the r a d i a l  d is tanc e  from the source on yz p lane  and 
К ( Л) i s  the ke rne l  f u n c t i o n  given by 8 2 1  e~2^a and

[ 9 3 1  e‘ 2Aa + 9 2 3  e- 2 ( a +b)A]

[ l  -  ke-2Ab]

f o r  v e r t i c a l  f a u l t  and d ike  r e s p e c t i v e l y ,  a i s  the d i s t a n c e  
from the f i r s t  d i s c o n t i n u i t y ,  g - j ,  g 3 and g 2 are the
r e s i s t i v i t i e s  of  the success ive media,  g mn = ( 9 rn- 9 n ) / ( g m+ 9 n ) , 
and b i s  the w id th  of  the d ike .  Here the X-ax is  and Z - a x i s  are 
a long  the 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  and the Y - a x i s  i s  
p a r a l l e l  to the s t r i k e  of  the v e r t i c a l  d i s c o n t i n u i t i e s .

The ke rne l  can be w r i t t e n  using an e x p o n e n t i a l
app rox im a t io n  upto p term as ( S r i  Niwas and I s r a i l  1986)

P
к ( Л) = Y f i

i  = l
( 2 )

S u b s t i t u t i n g  Eq. (2)  and by using the L i p s c h i t z  i n t e g r a l

CD

e^ lX J g ( Ar ) d Л = ----
0  V(С 2 + Г 2 )

Eq. (1 )  can be w r i t t e n  as

V ( r , X) Ü 1

2 X ( x 2 + r 2  )
Z_ 

i  = l ( C i 'X ) 2 +r"

( 3 )

For sounding c a r r i e d  out p a r a l l e l  t o  the f a u l t  or d ike (x=z=0)  
we get

I 9i
Г

I
i  = l

V ( Y )
2JL Y

( f 2 +Y2)
( 4 )
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T h is  equa t ion can be used to w r i t e  the apparent r e s i s t i v i t y  
e x p r e s s io n  f o r  any des i red  e l e c t r o d e  c o n f i g u r a t i o n .  As an 
example the Schlumberger  apparent r e s i s t i v i t y  express ion can be 
w r i t t e n  us ing the f o l l o w i n g  equa t i on

За« = V2 ' - ü í° as ! 3Y

a s

3 a s 9 l

1------------

Г'Л-->
-4--

■ ■ l _  1 j

i = l  V  ( ^ 2 + Y 2 ) У  J

F o l l o w i n g  the procedure o u t l i n e d  by S r i  Niwas and I s r a i l  
t he  m a t r i x  equa t i on  to  compute the ke rne l  f u n c t i o n  
measured data can be w r i t t e n  as

(5)

(1986)
. f rom

К = E(GGt ) " 1 Gt R . ( 6 )

Where the elements 
v3

are
($2+Y2)3 /2

of  the m a t r i x  E 

1 , 2 , . . ,  p; j

4 i A n
are e J and those of  G 

1 , 2, . . ,  q . The column

v e c t o r  R i s  assembled from the t a b u l a r  values of the l e f t  hand 
s i d e  of  Eq. (5)  a t  q e le c t ro d e  s e p a r a t i o n s  y^. Once the k e r n e l  
f u n c t i o n  i s  ob ta ined  i t  can be subsequen t l y  analysed i n  terms 
o f  v a r i o u s  parameters of the f a u l t  or d i k e .

DERIVATION OF THE PARAMETERS

For la rg e  va lues  of  Л , the express ion of the k e r n e l  
f u n c t i o n  f o r  a v e r t i c a l  d ike can be expanded as a power s e r i e s  
i n  the e x p o n e n t ia l  f u n c t i o n  e~2A^ as

K(X) = [ 9 3 1  e " 2Aa + 32 3  e - 2 A (a + b ) j  ( 1 _ke- 2 A b ) - l  (7 )

th e  above equa t i on  can be w r i t t e n  as.

[331 + §23 е~2ЛЬ ] e~
2  xa

n = 0
K(A) ^ n g — 2 ЛЬn ( 8 )



R E S IS T IV IT Y  DATA INTERPRETATION 3 9 9

f o r  a l a r g e  va lue of  Л , Eq. ( 8 ) may be approximated f o r  a 
v e r t i c a l  d ike  as,

K(X) ~ 9 3 1  e~2Aa . (9 )

By s u b s t i t u t i n g  g 23  = 0, b = 0 and g3 1  = g 21 in Eq. ( 7 ) ,  the 
ke rn e l  f u n c t i o n  f o r  the v e r t i c a l  f a u l t  can be w r i t t e n  as,

K(X) = 92 1  e ‘ 2Aa . (10)

I f  K(A) i s  p l o t t e d  on a log sca le  a g a i n s t  A on a l i n e a r  s c a l e ,  
a s t r a i g h t  l i n e  i s  obta ined  in  the case of  a v e r t i c a l  f a u l t .  
The i n t e r c e p t  of  the s t r a i g h t  l i n e  on the o rd ina te  g i v e s  g 2  ̂
and i t s  s lope  the value of a. For the  case of v e r t i c a l  d i k e ,  
va lues of  K(A) f o r  l a rge  va lues of  A f a l l  on a s t r a i g h t  l i n e  
whose i n t e r c e p t  on the o r d in a t e  g i v e s  9 3  ̂ and whose s lope  
g ives  the value of  a. To determine the value of b and S2 3  we 
have to c a l c u l a t e  a f u n c t i o n  F( A) d e r i v e d  from К( A) g iven  by

F ( A )
К( A) — g31 e~2Aa' 

e " 2Xa'+ S 31  К ( A)
( П )

where a'  and g 3] are the i n t e r p r e t e d  va lues .
The above express ion  reduces to  the f o l l o w i n g  eq u a t io n

F( A) = g 2 3  e - 2Ab . ( 1 2 )

I f  we p l o t  F(A) on a log sca le  a g a i n s t  A on a l i n e a r  s c a l e ,  a 
s t r a i g h t  l i n e  i s  ob ta ined  whose i n t e r c e p t  on the o r d i n a t e  g i v e s  
9 2 3  and the s lope b.

ACCURACY OF NUMERICAL RESULTS

The c om pu ta t iona l  procedure has been discussed in  e a r l i e r  
works ( S r i  Niwas and I s r a i l  1986, I s r a i l  1988). M a t r i x  G i s  
c o n s t i t u t e d  using the a p p r o p r ia te  v a lue  of  e le c t rode  s e p a r a t i o n  
and a s e t  o f  va lues inc rease  i n  geom etr i ca l  p r o g r e s s i o n
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w i t h  a l e a d in g  term 0.2 and a common r a t i o  2. Schlumberger  
sound ing c a r r i e d  out  p a r a l l e l  t o  a v e r t i c a l  f a u l t  w i t h  
pa ram ete rs :  a = 1.0 and q 21  = 0 .435  i s  taken i n i t i a l l y .  The
k e r n e l  values are eva lua te d  using Eq. ( 6 ) and p l o t t e d  i n  F ig .  2
w i t h  the va lues  ob ta ined  by Lee and Green (1973) f o r  the same
mode l .  The va lues  ob ta ined  by Eq. ( 6 ) are c o n s i s t e n t l y  l y i n g  on
a s t r a i g h t  l i n e .  I n t e r p r e t e d  v a lu e s  are a = 1.0 and 

92 1 = 0.434 ( 0 . 4 ) ,  va lues in b r a c k e t  are values i n t e r p e t e d  by
Lee and Green (1973 ) .  Another example o f  Schlumberger sounding 
c a r r i e d  out p a r a l l e l  to the v e r t i c a l  d ike  w i th  pa ram e te rs :  
a = 1.0 ,  b = 0 .5 ,  9 з 1 = 0.435 and 32з = -0.635 i s  a l s o

Fig. 2. Interpretat ion of ver t ical  fa u l t  model with parameters: a = 1.0, 
9 21 = 0.435
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i n t e r p r e t e d  and r e s u l t s  are p resen te d  in  F ig .  3. The f i r s t  
s tage of  i n t e r p r e t a t i o n  i s  aga in  compared w i th  the va lues  
ob ta ine d  by Lee and Green (1973 ) .  I t  may be mentioned here t h a t  
a d i f f e r e n t  express ion  has been used by Lee and Green f o r  the 
second s tage of i n t e r p r e t a t i o n .  The f i r s t  s tage  of  
i n t e r p r e t a t i o n  y i e l d s  a = 0.985 and g3] = O.AA, these va lues  
have been used to eva lua te  F( X )  f o r  the second s ta ge  of 
i n t e r p r e t a t i o n  which g ives  b = 0.45 ( 0 . 6 )  and §23 = “ 0-62 
( - 0 . 9 ) .  From Figs 2 and 3 i t  can be seen t h a t  o s c i l l a t i o n  has 
been reduced d r a s t i c a l l y  in  the p res en t  computat ions which 
leads  to  a c ons ide rab le  improvement i n  the i n t e r p r e t e d  r e s u l t s .

Fig. 3. Interpretat ion of dike model with parameters: a = 1.0, b = 0.5,
931 = 0.435, 92з = -0.635
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To f u r t h e r  t e s t  the l i m i t a t i o n s  of  the  p resen t  method f o l l o w i n g  
models w i th  v a r i a b l e  d i ke th icknesses  have been i n t e r p r e t e d .

i  ) a =
i  i  ) a =
i  i  i  ) a =

0 , b = 0.75;

0 , b = 0.5 ;
0 , b = 0 . 1  ;

931 = 

931 = 
93 l =

above models

0.435,  § 2  3
0.435,  g2 3

0.435,  g2 3

are shown in

= -0 .435  
= -0 .435  
= -0 .435  .

F ig .  4. TheI n t e r p r e t a t i o n s  of
o b ta ine d  va lues  of  the parameters a re:

Fig. 4. Interpretat ion of three dike models with varying dike thickness b, 
parameters are: a = 1.0, 9з; = 0.435, 92з = -0.435 and
b(varying) = 0.75, 0.5, 0.1
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i ) a = 0.99, b = 0.72;

Г-Л

ОII

CD

9 2 3  = -0 .4 3

i i ) a = 0.99 , b = 0.48; 9 3] = 0 .43, §23 = - 0 .4 3

i i i ) a = 0 . 8 8 , b = 0.62; 9 3 1  = 0.105, 9 2 3  = - 0 . 1 1

For model i i i ) ,  where the th i c k n e s s  of  the d ike  i s  very sma l l  
( 0 . 1 ) ,  a l a rg e  e r r o r  has been o b ta in e d  in  the i n t e r p r e t a t i o n .  
Thus i t  i s  not  p o s s ib le  to de te rm ine  a very smal l  va lue  of  
b ( ■$ 0 .1 )  a c c u r a t e l y ,  using the g r a p h i c a l  method. In such cases 
a d i r e c t  i n v e r s i o n  method can be a p p l i e d .  We have c a r r i e d  out  
an i t e r a t i v e  l e a s t  square i n v e r s i o n  (L ines  and T r e i t e l  1984) 
f o r  f i v e  d ike  models w i th  v a r i o u s  d ike th icknesses .  In  t h i s  
scheme k e r n e l  va lues  are ob ta ined  by the method d iscussed  in  
the p resen t  paper .  I n i t i a l  model parameters  are ob ta ined  us ing  
the g r a p h i c a l  method. F igu re  5 shows the convergence f o r  these 
models.  In a l l  cases good r e s u l t s  are ob ta ined  w i th  smal l  e r r o r  
( l e s s  than 0 . 1  p e rc e n t )  in  each param eter .

CONCLUSION

The u t i l i t y  of  m a t r i x  method has been i n v e s t i g a t e d  f o r  the 
problems of  v e r t i c a l  d i s c o n t i n u i t i e s .  The main c o n t r i b u t i o n  
l i e s  in  s i m p l i f y i n g  the com pu ta t ion  of  apparent r e s i s t i v i t y  and 
k e r n e l  va lues  from the known apparen t  r e s i s t i v i t i e s .  The 
procedure i s  analogous to the h o r i z o n t a l l y  s t r a t i f i e d  e a r t h .  
Once the k e rn e l  values are o b t a in e d ,  d e r i v a t i o n  o f  model 
parameters  becomes e a s ie r .  The o s c i l l a t i o n  in  the computed 
k e r n e l  va lues have been reduced what leads  to an improvement of  
the r e s u l t s .  The models d i scussed  above a lso show the 
l i m i t a t i o n s  of  the method f o r  a very  t h i n  d ike .
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Fig. 5. Convergence of the least squares er ror  for the various dike models
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IN TWO-DIMENSIONAL MAGNETOTELLORICS
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Electr ic  and magnetic f i e ld  components inside a conducting lower hal f  
space exhibi t ing arbi t rary res i s t i v i t y  inhomogeneities have been d i rec t l y  
expressed by Szarka and Fischer (1990) in terms of subsurface current and 
charge d ist r ibut ions.  Comparing these equations with the def in i t ions of the 
potent ials,  s ign i f icant  new integral  formulas can be found in the basic 
magnetotel luric si tuat ions for  the components of the vector potent ia l  and 
the scalar potent ial .

A clear separation of the relat ions into normal and anomalous parts 
would perhaps provide a re l iable basis for  an exact el imination of the 
magnetotel luric f ie ld  distor t ions.

The relat ion between d i f ferent  vector potent ial  components and the 
scalar potent ial  and i t s  e f fect  on the electromagnetic f i e ld  components and 
the i r  combinations are also analysed.

Keywords: current f i e ld ;  electromagnetic potentials; free charges; 
magnetotel lurics; two-dimensional problems

INTRODUCTION

The c l a s s i f i c a t i o n  of  d i s t o r t e d  m a g n e t o t e l l u r i c  sounding 
cu rves g iven  by Berd ichevsky and D m i t r i e v  (1976) has been the 
s t a r t i n g  p o i n t  of  sev e ra l  r ecen t  i n v e s t i g a t i o n s ,  however,  the 
t e rm in o lo g y  used in  Western c o u n t r i e s  i s  d i f f e r e n t  f rom t h a t  
used by Sov ie t  autho rs  (e .g .  Jones 1983) .

The usual  method of d e te rm in in g  m a g n e t o t e l l u r i c  or  o th e r  
e le c t r o m a g n e t i c  f i e l d  d i s t o r t i o n s  i s  to  c a l c u l a t e  appa ren t  
r e s i s t i v i t y  curves from the g e o e l e c t r i c  parameters ( u s u a l l y  the 
c o n d u c t i v i t i e s  and the g eom e t r i c a l  s t r u c t u r e )  and then to  s tudy  
how these curves depend on p a r t i c u l a r  subsur face  model 
parameters .  In the p resen t  paper the i n v e s t i g a t i o n  w i l l  be 
conducted s t a r t i n g  from the r e a l ,  e f f e c t i v e  source  of

Acta Geod. Geoph. Mont. Hung. 26, 1991 
Akadémiai Kiadó, Budapest
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e le c t r o m a g n e t i c  anomal ies,  i . e . ,  f rom the subsur face c u r r e n t  
and charge d i s t r i b u t i o n s .

A need f o r  such an approach was c l e a r l y  expressed a t  the 
Sochi  IAGA e le c t r o m a g n e t i c  i n d u c t i o n  workshop ( e . g .  Oi racek 
1988, Oldenburg 1988 and Spichak 1988) .  However, i n s t e a d  of  
l i m i t i n g  the c o n s i d e r a t i o n s  to appa ren t  r e s i s t i v i t y  and phase, 
a long  the l i n e s  by,  e .g .  M e n v ie l l e  (1 9 8 8 ) ,  we s h a l l  d e r i v e  the 
e le c t r o m a g n e t i c  p o t e n t i a l s  f o r  the two bas ic  tw o -d im ens iona l  
m a g n e t o t e l l u r i c  s i t u a t i o n s .

The aim of  t h i s  paper i s  j u s t  t o  p resen t  c lose p h y s i c a l  
connec t i ons  between the p o t e n t i a l s  and subsur face c u r r e n t -  and 
charge d i s t r i b u t i o n s  in  order  to  demonstrate t h a t  i n  each 
p a r t i c u l a r  s i t u a t i o n  which p o t e n t i a l  component i s  r e s p o n s ib le  
f o r  the observed e le c t r o m a g n e t i c  f i e l d  d i s t o r t i o n .

The r e l a t i v e l y  s imp le d e r i v a t i o n  a long  the l i n e s  of  Szarka 
and F ischer  (1989,  1990) given here may perhaps c o n t r i b u t e  to 
e s t a b l i s h  a c l e a r  p o t e n t i a l - o r i e n t e d  a n a l y s i s  of  the e l e c t r o ­
magnet ic  methods.

PROBLEMS IN DETERMINATION OF ELECTROMAGNETIC POTENTIALS IN 2-D 
MAGNETOTELLURICS

The genera l  s o l u t i o n  f o r  the v e c t o r  p o t e n t i a l  _A, where j  
means the c u r r e n t  d e n s i t y  in  the volume V ' , i s  w e l l  known:

A ( £ ,  t  )
j  ( г ', t  )
-----------  dV' .
( , £ - £ ' )

( 1  )

The s c a la r  p o t e n t i a l  ф i s  ob ta ined  w i t h  a s i m i l a r  f o rm u la :

Ф ( г  , t  ) 4 TZ

( r', t  )
-----------  dV'
( r - j :  ' )

( 2 )

where S i s  the volume charge d i s t r i b u t i o n  w i t h i n  V1 , j  a n d 6Г 
are assumed to be zero ou ts ide  V  and the magnet ic p e r m e a b i l i t y
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AJ and the e l e c t r i c  p e r m i t t i v i t y  £ are both assumed to  be 
u n i fo rm  and cons tan t .

Equat ions (1)  and (2)  show c lo s e  connec t ion  between j  and 
A a lso  between S and ф , but  they are too g e n e r a l  to 
demonstrate any c lose j  or  5 -dependence in  2-D magneto-  
t e l l u r i c s .

The e l e c t r i c  and magnet ic  f i e l d s  can be ob ta ined f rom the 
s c a l a r  and vec to r  p o t e n t i a l s  by the f o l l o w i n g  d e f i n i n g  
fo rm u las  :

0 A
- 9 Í  - grad Ф > (3)

r o t  A (4)

There are two p o s s ib le  ways to  f i n d  2-D r e l a t i o n s  between 
the e le c t ro m a g n e t i c  p o t e n t i a l s  and the c u r re n t  or  charge 
d i s t r i b u t i o n s  :
a) by c a r r y i n g  out an i n t e g r a t i o n  of  the general  s o l u t i o n s  ( 1 ) 

and (2)  f o r  some j  and 5 d i s t r i b u t i o n s  in  a 2-D volume V;
b) under s u i t a b l e  c o n d i t i o n s  the 2 - 0  e le c t ro m a g n e t i c  f i e l d  

components can be determined f i r s t  as a fu n c t i o n  o f  j  and 6  

and d e f i n i t i o n s  (3)  and (4)  can then be used to  f i n d  2-D 
ex p ress ions  f o r  A and ф .

Equat ions  (1)  and (2)  cannot  be used f o r  a 2-D d e r i v a t i o n  
because of  d ivergence problems i n  the i n t e g r a t i o n  o f  the 
gene ra l  f u n c t i o n s  j  and 6  . Method (b )  c o n s is ts  of two s t e p s :
1 . d e t e r m in a t i o n  of JE and H as f u n c t i o n s  of  j  and 5 ,
2. a p p l i c a t i o n  of  Eqs (3)  and (4)  to d e r i v e  A and ф .
The main problem in  method (b)  i s  to f i n d  the miss ing r e l a t i o n s  
between the e le c t ro m a g n e t i c  f i e l d  components and the c u r r e n t  
and charge systems.

SUBSURFACE ELECTROMAGNETIC FIELD IN TERMS DF CURRENT 
DISTRIBUTION AT DE ТРИ

The m iss ing  equat ions  needed to  determine the p o t e n t i a l s  
have been de r ived  by Szarka and F ischer  (1989, 1990) .  The
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g e n e ra l  fomulas are a ls o  v a l i d  f o r  t h r e e - d im e n s io n a l  prob lems,  
b u t  in  Table I  o n l y  the th ree  s i m p l e s t  m a g n e t o t e l l u r i c  
c o n f i g u r a t i o n s  are cons idered,  i . e . ,  1-D, 2-D/E- or  H- 
p o l a r i z a t i o n .

A l l  equat ions w i l l  be expressed i n  a r i g h t - h a n d  c o o r d in a te  
system X ,  y, z, where x i s  the s t r i k e  d i r e c t i o n ,  y i s  a long  the 
p r o f i l e  and z i s  d i r e c t e d  downwards.

According to  Tab le  I in the 1-D s i t u a t i o n  the h o r i z o n t a l  
magnet ic  components are determined e x c l u s i v e l y  by c u r r e n t s  
which f low beneath th e  obse rvat ion p o i n t ,  assumed to be l o c a t e d  
a t  a depth z. The c o r respond ing  e l e c t r i c  f i e l d  i s  determined by 
a l i n e a r  moment o f  c u r ren ts  f l o w i n g  below the o b s e r v a t io n  
p o i n t .  I t  i s  a remarkable f a c t  t h a t  c u r re n ts  above the 
o b s e r v a t io n  p o i n t  do not play any e x p l i c i t  r o l e  in  these 
e q u a t io n s ,  as i t  was shown by Szarka and F ische r  (1989, 1990) . 
(Any cu r ren t  d e f l e c t i o n  above the o b s e r v a t i o n  p o in t  would 
o b v i o u s l y  have an i n f l u e n c e  on the c u r r e n t  d i s t r i b u t i o n  below 
z.  )

I t  is  a c r u c i a l  po in t  in  the  d e r i v a t i o n  th a t  in  both 
p o l a r i z a t i o n s  of  the  e lec t rom agn e t i c  f i e l d  components are 
a lways  given as a sum of t h e i r  normal  (one -d im ens io na l )  and 
anomalous p a r t s ,  where the 1-D component v a r ie s  from p lace  to 
p la c e  according to  t h e  ac tu a l  g e o e l e c t r i c  parameters.

For example i f  C i s  an a r b i t r a r y  2-D f i e l d  component, in  
Tab le  I the f o l l o w i n g  r e p r e s e n ta t i o n  i s  g i v e n :

where Fq_g i s  the corresponding 1-D f i e l d  component and Ca 
means any 2-D anomalous term.

The E - p o l a r i z a t i o n  r e l a t i o n s  are s i m i l a r  to the one­
d im ens iona l  ones, th e  only d i f f e r e n c e  beinp th a t  f o r  the

in s t e a d  of .
x a

In H - p o l a r i z a t i o n  the magnet ic f i e l d  i s  given by the sum 
o f  i t s  o n e -d im en s iona l  value and the  amount of anomalous 
h o r i z o n t a l  c u r r e n t  f l o w i n g  below th e  depth z. However, when

C ( y , z )  = C]_ D( y , z ) + Ca ( y , z ) (5)

c u r r e n t  d ens i t y  an express ion to be used
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z = 0 the t o t a l  i n t e g r a t e d  anomalous c u r r e n t  vanishes which 
leads  to  the we l l -known constancy of  Hx . The h o r i z o n t a l  
e l e c t r i c  f i e l d  in  H - p o l a r i z a t i o n  c o n s i s t s  o f  th ree  p a r t s :  a 
normal  p a r t  and two anomalous ones.

Table I  i s  a summary of  the r e l a t i o n s  needed to c a r r y  out  
the f i r s t  s tep toward d e te r m in a t i o n  of  the 2-D p o t e n t i a l s .

DETERMINATION OF THE 2-D ELECTROMAGNETIC POTENTIAL COMPONENTS

Table I I  shows the r e l a t i o n s  based on Eqs (3)  and (4)  
between the e le c t r o m a g n e t i c  f i e l d  components and the  2-D 
p o t e n t i a l s .  In a l l  o f  the t h ree  bas ic  m a g n e t o t e l l u r i c  
s i t u a t i o n s  the components a c t u a l l y  e x c i t e d  are on ly  l i s t e d .

I t  i s  q u i t e  remarkable t h a t  the components of  the  2-D 
v e c t o r  p o t e n t i a l  and the s c a la r  p o t e n t i a l  can be d i r e c t l y  
dete rmined  by s imp le compar ison of  Tables I  and I I .  The r e s u l t s  
are summarized in  Table I I I .

The one-d imensional  case

In the one-d im ens iona l  geometry i t  i s  on ly necessary to  
c o n s id e r  one h o r i z o n t a l  vec to r  p o t e n t i a l  component which has 
the same d i r e c t i o n  as the e l e c t r i c  f i e l d .  In the paren theses  we 
g iv e  the v e r t i c a l  d e r i v a t i v e s ,  ob ta ined  from the magnet ic  f i e l d  
components. (The necessary equ iva lence  between these two 
a p p a r e n t l y  d i f f e r e n t  formulas can be shown by a s im p le  
d e r i v a t i o n . )

E - p o l a r i z a t i o n  c o n f i g u r a t i o n

The E - p o l a r i z a t i o n  equat ions  f o r  the vec to r  p o t e n t i a l  are 
shown in  the c e n t r a l  p a r t  of  Table I I I .

From Tables I  and I I  the v e c t o r  p o t e n t i a l  which has a
s i n g l e  component, i s  ob ta ined  at  once:

00

A Y = Ay
Л ^ A - A1 ( z - z '  )

Э Н .
dz ( 6 )

z
ay
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H - p o l a r i z a t i o n  c o n f i g u r a t i o n

The H - p o l a r i z a t i o n  problem r e q u i r e s  a more d e t a i l e d  
d i s c u s s i o n .

In Table I  we see th a t  the h o r i z o n t a l  e l e c t r i c  f i e l d  i s
g i v e n  by :

EyH = Eyl -D

CO

ico/U ( z - z ' )  j a dz '  
I Уz

00

z
(7)

A c c o rd ing  to Table I I  the f o l l o w i n g  r e l a t i o n  i s  v a l i d  between
E., and the p o t e n t i a l s :  

y H

S o l v i n g  
r e s u l t s  :

= E,
1 -D

- ice A. 6  ф
Э У

( 8 )

Eqs (7)  and ( 8 ) f o r  Av and ф we o b ta in  the f o l l o w i n g
“  я

Av (z - z  ' ) j v d z '
ao z

Ez d z ' + c o n s t a n t , Эф
3z

(9)

( 1 0 )

(9) and (10 )  have a s im p le  but im po r tan t  p h y s i c a l
A., behaves 

y a

E qua t ions
meaning:  the anomalous vec to r  p o t e n t i a l  component
l i k e  a l i n e a r  moment o f  anomalous c u r r e n t s  f l o w in g  beneath the 
o b s e r v a t i o n  p o i n t ;  t h e  sc a la r  p o t e n t i a l  ф rep resen ts  the work 
needed to t r a n s p o r t  a u n i t  charge f rom i n f i n i t e  depth to  the 
de p th  z.

I f
e q u a t i o n

Эф
3z ’ then Az must be zero in  the f o l l o w i n g

Ez ico Az
d z ( 1 1 )

I t  means th a t  the v e c t o r  p o t e n t i a l  has on ly  a s i n g le  component 
Ay, and at the same t ime Ez i s  s im p ly  the v e r t i c a l  Coulombian 
f i e l d  of the boundary charges.
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For the magnet ic  f i e l d  the f o l l o w i n g  equat ions  are to  be 
compared: °o

Hx = Hx- -D
dz ( 1 2 )

, ЗА , 3AV
u _ H . J. ____z _ J_ ___ i l

* X1 _g /и Эу M 3z (13)

3 A_
I f  A7 = 0 then _ 1 z 3y
(13)

i s  zero,  too ,  and from equa t i ons  ( 1 2 ) and

9 A
j v dz 'y a

(14)

must ho ld .  At the z = 0 su r fa c e  the i n t e q r a t e d  anomalous
ЭАУаc u r r e n t s  van ish,  t h e r e f o r e  — rr—  = 0  f o r  z = 0 .’ dz

Now in Eq. ( 8 ) we have two appa ren t l y  independen t
anomalous terms f o r  the h o r i z o n t a l  e l e c t r i c  f i e l d ,  bu t  A., and

y a
ф are c l o s e l y  r e l a t e d ,  s in c e ,  accord ing  to the s o - c a l l e d  

Lo ren tz  c o n d i t i o n ,

d i v  A + Eyu - | 4 ~  = °- 9 t
(15)

About the Lo ren tz  c o n d i t i o n

As a consequence, f o r  the f i e l d  components e x c i t e d  under 
H - p o l a r i z a t i o n  i n d u c t i o n  at  the z = 0 su r face  we have:

iuoE/j ф (16)

Accord ing to  Eq. (16)  the l a t e r a l  v a r i a t i o n  of  the 
anomalous pa r t  of  the v e c to r  p o t e n t i a l  i s  determined by a t ime 
d e r i v a t i v e  of the s c a l a r  p o t e n t i a l .  As i s  w e l l  known, ф i s  due 
to  the f r e e  charges appear ing at  r e s i s t i v i t y  i n t e r f a c e s  and the 
s ign  of  these charges v a r i e s  w i t h  the c u r r e n t  d i r e c t i o n .  The 
r a t e  of  change of  charges r e s u l t s  i n  a secondary c u r r e n t  system
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d e s c r i b e d  by the  anomalous v e c t o r  p o t e n t i a l  Av . These
y a

secondary c u r r e n t s  produce in-phase magnet ic  f i e l d s  and the 
t i m e - v a r i a t i o n  of  th e s e  magnetic f i e l d s  induces the anomalous
h o r i z o n t a l  e l e c t r i c  f i e l d  E,

ja
O r i g i n  o f  E.. i s  s o l e l y  i n  the

v e c t o r  p o t e n t i a l .  (The t o t a l  anomalous e l e c t r i c  f i e l d  component

ЕУа = Ey 
te rm  . )

where E.
ja qa

ЭУ

' qa
i s  the  s c a l a r  p o t e n t i a l - o r i g i n

F i n a l l y ,  the l a t e r a l  
t h e  f o l l o w i n g  e x p r e s s i o n

ЭЕ.

v a r i a t i o n  o f  E.
ja  '

JL£ = -£u со

can be g iven  by

( 1 7 )

This r e l a t i o n  means tha t  the p a r t  of  the anomalous 
e l e c t r i c  f i e l d  o r i g i n a t i n g  from the v e c t o r  p o t e n t i a l  i s  on ly  
induced  by the second t i m e - d e r i v a t i v e  of  the o r i g i n a l  boundary 
c ha rges .  In orde r  t o  g i v e  a simple p o i n t - c h a r g e  e s t im a t i o n  f o r  
t h e  r e l a t i v e  i m p o r ta n c e  of the anomalous vec to r  and s c a l a r  
p o t e n t i a l  terms, we w r i t e

ЭЕ.

' qa
9 y

1 2 q
4 f T  г

4 (TC L 7 ^

cor
c

(18)

where q is  a p o i n t  charge  at a d i s ta n c e  г from the o b s e r v a t i o n  
s i t e  and c i s  the speed of  l i g h t .

From Eq. (18)  i t  can be seen t h a t  the l a t e r a l  v a r i a t i o n  of  
t h e  anomalous v e c t o r  p o t e n t i a l  term i s  o n ly  comparable to the 
l a t e r a l  v a r i a t i o n  due to the s c a l a r  p o t e n t i a l  at  very  long 
d i s t a n c e s  or at ve ry  h ig h  f r equenc ies .  Equa t i on  (18) means t h a t  
i n  H - p o l a r i z a t i o n  p r a c t i c a l l y  the whole e l e c t r i c  anomaly a long 
th e  in v e s t i g a te d  p r o f i l e  o r i g i n a t e s  f rom the d i r e c t  Coulombian 
f i e l d  of charges a p p e a r in g  at r e s i s t i v i t y  i n t e r f a c e s .

In Table I I I  b o th  vec to r  and s c a l a r  p o t e n t i a l s  as w e l l  as 
th e  Lorentz c o n d i t i o n  are summarized.
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E- AND H-POLARIZATION DISTORTIONS AT THE SURFACE

In Table IV and V a l l  the v e c t o r  p o t e n t i a l  components 
which occu r ,  the s c a l a r  p o t e n t i a l  and the e l e c t r i c  and magnet ic 
f i e l d  components are summarized f o r  z = 0 , as e x p l i c i t
f u n c t i o n s  of  c u r r e n t  d e n s i t y  and i m p l i c i t  f u n c t i o n s  of  the 
charge d i s t r i b u t i o n  ( i n s t e a d  of charges we have g iven  t h e i r  
as soc ia ted  p o t e n t i a l s ) .  The p h y s i c a l  meaning of  these 
q u a n t i t i t e s  i s  a lso  g iven  s u c c i n t l y .  A l l  o f  them, excep t i ng  Hz , 
have been d iscussed a l r e a d y .  The v e r t i c a l  magnet ic  component in  
E - p o l a r i z a t i o n  can be i n t e r p r e t e d  as a l a t e r a l  v a r i a t i o n  of  the 
l i n e a r  moment o f  the subsur face E - p o l a r i z a t i o n  c u r r e n t s

in  tne Dottom p a r t  of Tables IV and V some meaning fu l  
comb ina t i ons  are a lso  ment ioned. Most o f  them of  course,  are 
not  new a p p l i c a t i o n s .  The aim of  t h i s  summary i s  to p o i n t  out 
t h e i r  d i r e c t  p h y s i c a l  meaning.
1. The impedance, both f o r  E- and H - p o l a r i z a t i o n s , can be 

i n t e r p r e t e d  as a complex mean depth of  subsur face c u r r e n ts  
(Szarka and F is c h e r  1989).

2. In E - p o l a r i z a t i o n  the express ion  io j /uHz / E x (suggested to use 
a t  f i r s t  by Takács 1976) seems to be e s p e c i a l l y  u s e fu l  as i t  
can p h y s i c a l l y  be i n t e r p r e t e d  as a s o r t  of normal ized  
l a t e r a l  v a r i a t i o n  o f  moment of s u b s u r fa c e  c u r r e n t s .

3. Since Hz i s  p e r f e c t l y  f r e e  from H - p o l a r i z a t i o n  e f f e c t s ,  and 
Ez i s  f r e e  f rom E - p o l a r i z a t i o n  d i s t o r t i o n s  ( i t  depends 
e x l u s i v e l y  on c h a rg e s ) ,  t h e i r  s y s t e m a t i c  measurements could 
serve as bas is  to  sepa ra te  the v e c t o r  p o t e n t i a l -  and s c a la r  
p o t e n t i a l - o r i g i n  e f f e c t s .

On the bas is  o f  e a r l i e r  works (Szarka and F ische r  1989,
1990) r e l a t i o n s  between the e le c t r o m a g n e t i c  f i e l d s  and the 
subsur face  c u r r e n t  system were compared w i t h  the d e f i n i t i o n s  of 
the p o t e n t i a l s .  The r e s u l t s  of  t h i s  paper  can be summarized as 
f o l l o w s  :

SUMMARY



T a b le  I .  E l e c t r i c  and m a g n e t ic  f i e l d  components i n  te rm s  o f  c u r r e n t s  a t  d e p th  i n  th e  t h r e e  b a s ic  m a g n e t o t e l l u r i c  f ;
s i t u a t i o n s  ° \

1-0

(Ex , Hy or Ey , Hx ) (E.

cO

iu J M  ( z ' - z )  j  ( z 1) dz' Ev ( y ,z )  = E (z )  +
1-0

j m □z
cO

T /
j  ( z ' )  dz' *  iu>/u ( z ' - z )

1 1-0 z z \

E-POL

, H , H ) X’ y ’ Z

H-POL

(Hx> Ey- Ez>

av y’z,) W
y1-0

yl -0
E (z) = ioo /u  ( z ' - z )  j  ( z ') dz' H  ( y ,z )  = H (z )  + j  ( y , z ' )  -

yl-D

ЭУ

3Hz( y , z ' ) 

3y
dz'

H (z) = -  j  ( z *) dz'
1-0 yl -0

E ( y ,z)  = E (z)  + icoyu ( z ' - z )  j  ( y ,z ' ) dz' -  
yH y l -0

--§7 I Ez(y'z,) dz'

Нж ( y >z) = Hx (z)  “  j v ( y ’ Z ,)  dz XH Xl-0

L SZARKA



T a b le  I I .  R e l a t i o n s  between th e  e l e c t r o m a g n e t i c  f i e l d  components and th e  p o t e n t i a l s  i n  th e  t h r e e  b a s i c
m a g n e t o t e l l u r i c  s i t u a t i o n s

1-D E-POL H-POL
E , H or E , H ) 

X ’ у  у ’ X « V  "у. V
rv

N
L

U>4
L

U

X
JZ

1-D

'1-D

= -ieoA (z)
X 1 -D

ЭА (z)
1 X 1 -D

A1 3z

E (z) = 
yl-D

H ( z )  =
xl - 0

-icoA (z) 
y l-D
ЭА (z) 

_ I  y l - D

A1 9z

Ey ( y ' z )  = Ex ( z )  "  i c o A x ( y > z )  XE 1-D a
ЭДх ( y , z )

Hv (y>z) = Hv (z) + П ------1-------yE y 1 -D M 9z
9Ax ( y , z )

HzF(y ’z) = ~ ÄL 3^ E (y,z) = E (z) - icoA (y,z) -  Э^ ^ 1z)
1-D ЭУ

E (y,z) = - icjA (y,z) - 9 ‘M -t--- 
za *H 9z

Hv ( y , z )  = H ( z ) + i  " a

9AV (y,z) ЭА (y,z) 
1 ya

X1 -D ’ м  Эу V dz

—i
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Table I I I .  The vector potent ial  components and the scalar potential  in terms of subsurface current- and 
charge systems in the three basic magnetotelluric situat ions

■p*
C D

1-D

(E , H o r  E , H ) 
X*  у y ’ X

E-POL

(E , H , H ) 
X ’  y ’ z

H-POL

(Hx- Ey  Ez>

A ( z )  = - M  ( z ' - z )  j  ( z ‘ ) d z ’ 
1-D I  1-D

Ay ( y ,z ) = A (z )

ЭА (z)  
1-D,  =M Cz') dz
3z J x ]_o

A (z )  = - M  ( z ' - z )  j  ( z ' )  dz ' 
y l -D i yl-D

M  J ( z ' - z )
Z

ЭА ( y , z )  
a

dz

3H ( y , z ' )  
j x ( y , z ' )  -  Z 

*a
dz '

X (y.z')

ЭУ

3Hz ( y , z ' )

Эу
dz ' ( y . z )  = A (z )  -  y  ( z ’ - z )  j  ( y , z ' )  dz' 

yH y l -D 1 ya

ЭА (z )  
y l -D

= M Jv ( z ' )  dz ' 
3z I У] . 0

3Az ( y , z )  ЭА ( y , z )  “

—--------V -^P y a(y'z')dz3y

, (y ,z )  = E ( y , z ' )  dz'

L o re n tz -c o n d i t io n ,  Az ( y , z )  =  0, see Eq. (15)

ЭА ( y , z )

ЭУ
iO j£ /J  фн( у , г )  = 0

L SZARKA



Table IV. E-polarization relat ions at the surface

Name 1

со

ve c to r A (y )  = -  /0 j  z 

p o te n t ia l 0 

Ay (y )  = Az(y )  =

D e fin it io n

ЭН ( y ,z )  "

_Jx ( y ’ z) -  эу  J

P hys ica l meaning 

dz moment o f  subsurface E -p o la r iz a t io n  c u rre n ts  producted 

by -Д1

sca la r ф (y )  = 0  
p o te n t ia l W

CO

e le c t r ic  Ex (y )  = icJ/u  j z 

f ie ld  0 

Ey (y )  = Ez (y )  =

3H (y ,z )
j xCy,z > ---------г -------

x Эу
dz moment o f subsurface E -p o la r iz a t io n  cu rre n ts  producted 

J by i  со /и

Hx(y )  = 0

c°

magnetic u ( y )  = Í j ( y , .  
f ie ld  y 1 i

U CO

W  - i r l -  
0

ЭН (y ,z )
: ) ------------------  dz

Эу

ЭН (y ,z )

J x( y ' z ) * Эу J

the  subsurface E -p o la r iz a t io n  cu rre n ts

la te r a l  v a r ia t io n  o f moment o f subsurface E -p o la r iz a t io n  
z cu rre n ts

E ( y ) / H  ( y )  complex mean depth o f subsurface E -p o la r iz a t io n  cu rren ts  
X  y

m eaningful the  re la t iv e  value o f  la te r a l  v a r ia t io n  o f moment due to 
com binations 1(jJ/U subsurface E -p o la r iz a t io n  cu rre n ts

Ex ( y ) / io o /J  o r
the  v e c to rp o te n tia l (n o t in flu e n ce d  by H -p o la r iz a t io n  

Hz (y )  dy e f fe c ts )

POTENTIALS 
IN MAGNETOTELLURICS



Table V. H-polarization relat ions at the surface

Name Definit ion Physical meaning

vector
potential

Ax(y) = Az(y) = 0

moment of subsurface currents producted by -M
Ay(y) = z j  (y,z) dz 

0

scalar
potential

aO
ж / \ _ I F (v z) dz work neecled to transport the unit charge from in f i n i te  depth 
y J Lz ŷ> -to the surface 

0

electr ic
f ield

Ex(y) = 0

CO

r- _ :, ,y j _ • --j r)_ Эф(у) moment of subsurface currents producted bv icou  minus the 
y y ^  ) Jyyy’ 0 y horizontal Coulombian f ie ld  of boundary charges 

0

Ez(y) = 0  ̂Ez(y,z) = - j (the vert ical  Coulombian f ie ld  of boundary charges)

magnetic
f ield

cO

Hx(y) = - jy(.y,z) dz
0 the subsurface current 

Hy(y) = Hz(y) = 0

meaningful
combinations

-E (y)/Hx(y) complex mean depth of subsurface currents

jr / z-j the vert ical  Coulombian f ie ld  of boundary charges 
zyy’ (not influenced by E-polarization effects)

4 20 
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1. Mean ingfu l  i n t e g r a l  formulas have been der ived f o r  the 
e le c t r o m a g n e t i c  p o t e n t i a l s  which can probably  no t  be 
ob ta ined  in  any o th e r  way.

2. The E- and H - p o l a r i z a t i o n  d i s t o r t i o n s  have been expressed in  
terms of  co r respond ing  components o f  the vector  and s c a l a r  
p o t e n t i a l s .  The sources of E- and H - p o l a r i z a t i o n  d i s t o r t i o n  
terms at  the s u r fa c e  are tw o fo ld :
a) In E - p o l a r i z a t i o n  the anomalous p a r t  of the s in g l e - c o m ­

ponent v e c to r  p o t e n t i a l  r e s u l t s  i n  an anomalous b ehav io u r  
o f  both the e l e c t r i c  and the magne t i c  f i e l d  components.

b) In H - p o l a r i z a t i o n  the d i s t o r t i o n s  seem to be o f  two 
d i f f e r e n t  o r i g i n s :  the s c a la r  p o t e n t i a l  and the s i n g l e -  
-component v e c t o r  p o t e n t i a l ,  bu t  these d i s t o r t i o n s  are 
not independent  o f  each o the r  because the p o t e n t i a l s  are 
r e l a t e d  by the Lorentz c o n d i t i o n .  In p r a c t i c e  i n  the 
l a t e r a l  v a r i a t i o n  of the e l e c t r i c  anomaly the s c a l a r  
p o t e n t i a l  term i s  always the d om ina t ing  f a c t o r ,  and the 
anomalous v e c t o r  p o t e n t i a l  term can be neglected.

Any method to  get  r i d  of  t h r e e - d im e n s io n a l  d i s t o r t i o n s  
must begin w i t h  an exact r e c ip e  f o r  the e l i m i n a t i o n  of  
d i s t o r t i o n s  in  both H- and E - p o l a r i z a t i o n s .  P re s e n ta t io n  of  
p o t e n t i a l - o r i e n t e d  formulas and the d iscuss ion  about the
p o s s ib le  p h y s i c a l  meaning of s e v e r a l  known e le c t r o m a g n e t i c  
parameters  cou ld  be one step in t h i s  a t t e m p t .
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The problem of equivalence in r e s i s t i v i t y  data inversion culminates in 
"extremely small eigenvalues". These extremely small eigenvalues are the 
root cause of unstable inverse solutions. The question, how small the 
eigenvalues may be to qual i fy them as "extremely small ones" so that they 
s t i l l  enable stable i te rat ive methods to be used, is  investigated here more 
c r i t i c a l l y  by singular value analysis (SVA) of the matrix operator. I t  is 
found that even a thick layer can lead to unstable solutions i f  the 
re s i s t i v i t y  is  below a threshold value. This threshold w i l l  of course be 
changing when compared with the res i s t i v i t y  of the upper layer and bottom 
layers. The whole process is  analysed by taking H-type curves.

Keywords: eigenvalues; equivalence; inverse solut ion; matrix operator; 
r e s i s t i v i t y

1 . INTRODUCTION

The exac t  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  of g e o m e t r i c a l  
r e s i s t i v i t y  ( e .g .  Schlumberger) sounding data i s ,  p o p u l a r l y ,  
c a r r i e d  out  using au tomat ic  i t e r a t i v e  methods. The g e n e r a l i z e d  
l i n e a r  in v e rs e  (GLI)  techn ique ,  based on s i n g u l a r  va lue 
decom pos i t i on ,  i s  the most v e r s a t i l e  o f  a l l  the a v a i l a b l e  ones 
(Inman et  a l .  1973, Vozo f f  and Jupp 1975, Johansen 1977) . The 
q u a l i t y  of  an inve rse  s o l u t i o n  i s  c r i t i c a l l y  judged by the 
c r i t e r i a  o f  (1)  ex is tenc e  (2)  c o n s t r u c t i o n ,  (3)  uniqueness and 
(4)  s t a b i l i t y .  Because of  the s t a b i l i t y  c r i t e r i o n ,  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  of  r e s i s t i v i t y  sounding data poses 
s e r i o u s  problems of r e l i a b i l i t y  of  the inve rse  s o l u t i o n  from 
s o f t r o c k  t e r r a i n ,  compr is ing  a l t e r n a t i o n  of s a n d - c la y / s h a le  
sequences, u n l i k e  the hard rock da ta .  I t  i s  so because o f  the 
phenomena of  " supp ress ion "  f o r  ascending or descending type

Acta Geod. Geoph. Mont. Hung. 26, 1991 
Akadémiai Kiadó, Budapest
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c u r v e s  and of  ' e q u i v a le n c e '  f o r  K- or  H- type curves ( M a i l l e t  
1947, Rocroi  1975, Koefoed 1976, 1979) .  Bhat tacharya and Patra 
(1968 )  have shown t h a t  the l a y e r  pa ramete rs ,  in  case of  a t h i n  
l a y e r  problem, happen to be l i n e a r l y  dependent when the t h i n  
l a y e r  i s  e i t h e r  h i g h l y  conduc t ing (S=d /g )  or h ig h l y  r e s i s t i v e  
(R=d£>). The l i n e a r  dependence of  l a y e r  parameters r e s u l t s  in  a 
near  s i n g u l a r  system m a t r i x .  The presence of  a ' t h i n '  
c o n d u c t i n g  or r e s i s t i v e  l a y e r ,  which i s  poo r ly  rep resen ted  in  
th e  da ta ,  des t r oys  the o r t h o g o n a l i t y  o f  the inve rse  prob lem. As 
a r e s u l t  the e igenva lues  are e i t h e r  zero or ' e x t re m e ly  s m a l l ' .  
I n v o k i n g  the c o m p a t i b i l i t y  c o n d i t i o n  of  Lanczos (1 9 6 1 ) ,  the 
z e ro  e igenva lues  and t h e i r  a s s o c ia te d  e igenvec to rs  can be 
ex c luded  w h i le  s o l v i n g  the s i n g u l a r  l i n e a r  systems. However, 
th e  'ex t re m e ly  s m a l l '  e igenva lues ,  i n d i c a t i n g  a n e a r - s i n g u l a r  
sys tem, r e s u l t  in  uns tab le  s o l u t i o n  i n  case of erroneous data,  
possess ing  enhanced va r iance  wh ich,  i n  t u r n ,  a f f e c t s  the 
r e s o l u t i o n .  In o rd e r  to enhance the r e s o l u t i o n  one can s t i l l  
f o l l o w ,  at the c o s t  of  accuracy,  the Lanczos (1961) procedure 
and exc lude the smal l  e i genv a lues  and t h e i r ,  ass o c ia te d  
e i g e n v e c t o r s  a lso  f rom the system.

However, f o r  a b e t t e r  t r a d e - o f f  between r e s o l u t i o n  and 
e r r o r ,  the ' r i d g e - r e g r e s s i o n  i n v e r s i o n '  (Marquardt  1963, 1970, 
H o r e l  and Kennard 1970a, 1970b, Inman 1975) or 'damped l e a s t  
square  i n v e r s i o n '  technique i s  more u s e f u l .  I t  has been 
conc luded  by Marquardt  (1963) t h a t  the GLI should be p r e f e r r e d  
f o r  problems w i t h  mos t ly  l a rg e  e igenva lues  and some zero 
e ig e n v a lu e s ,  w h i l e  the ' r i d g e  r e g r e s s i o n '  should be p r e f e r r e d  
f o r  problems w i th  some very smal l  e ig e n v a lu e s .  However, i t  may 
be s t ressed  here t h a t  ' r i d g e  r e g r e s s i o n '  i s  a remedy f o r  a 
p a r t i c u l a r  s i t u a t i o n  and should  not be r e s o r t e d  to 
i n d i s c r i m i n a t e l y .  Whether the ' r i d g e  r e g r e s s i o n '  i s  r e q u i r e d  or 
n o t ,  must be i n v e s t i g a t e d  through the ' c o n d i t i o n  number ' ,  which 
i s  the r a t i o  o f  the l a r g e s t  e ig e n v a lu e  ( Â  ) w i th  subsequent  
e ig e n v a lu e s  ( A-̂  ) .

Over the years the authors  have been i n v e r t i n g  r e s i s t i v i t y  
sound in g  data p rocured  from both hard rock t e r r a i n  and a l l u v i u m  
zones of  I n d i a .  In  t h e i r  op in io n  a l s o  hard rock data are less
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v u l n e r a b l e  to  i n s t a b i l i t y  than the a l l u v i u m  ones. The I n d ia n  
a l l u v i u m  compr ises a top s o i l  cover  o f  approx imate ly  1 0 0  ohmm 
r e s i s t i v i t y ,  u n d e r l a in  by c lays  and sands. The r e s i s t i v i t y  o f  
c la y s  range from 2  ohmm to 1 0  ohmm w h i l e  th a t  of sand v a r i e s  
between 20 ohmm and 100 ohmm. In  the present note the 
v u l n e r a b i l i t y  of the r e s i s t i v i t y  i n v e r s e  s o l u t i o n  i s  s t u d i e d ,  
f o r  the f i r s t  t ime,  f o r  an o th e rw ise  ' t h i c k  l a y e r ' .

2. METHODOLOGY

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  of  r e s i s t i v i t y  sounding 
data can be performed in  r e s i s t i v i t y  domain ( г -domain)  or  i n  
r e s i s t i v i t y  t rans fo rm  domain (À-domain)  w i t h  equal v i g o u r  and 
accuracy (Koefoed 1979, S r i  Niwas and I s r a i l  1987b).  The 
com puta t i on  of  apparent r e s i s t i v i t y  f rom r e s i s t i v i t y  t r a n s f o r m  
and t h a t  o f  r e s i s t i v i t y  t rans fo rm  from apparent r e s i s t i v i t y  can 
be e a s i l y  performed e i t h e r  by the c o n v o lu t i o n  method (Ghosh 
1971a, 1971b) or using the m a t r i x  method ( S r i  Niwas and I s r a i l ,  
1986, 1987a, 1987b). However, i n  the p resen t  ana ly s i s  we would
be p e r fo rm in g  a l l  the o p e ra t io n s  i n  À-domain.  The t h e o r e t i c a l  
com puta t i on  of  the r e s i s t i v i t y  t r a n s f o r m  f u n c t i o n  f o r  the 
assumed model i s  ob ta ined  by a re c u r re n c e  r e l a t i o n  g i v e n  by 
Koefoed (1979 ) .

Let  us assume t h a t  the h o r i z o n t a l l y  s t r a t i f i e d  e a r t h  i s  
c h a r a c t e r i z e d  by la y e r  r e s i s t i v i t i e s  ( , 9 2 , • • •» ) and
la y e r  th i c k n e s s e s  (d-j , d 2 , • • • ,  d ^ _ j ) .  Then the r e s i s t i v i t y
t r a n s f o r m  f u n c t i o n  can be expressed as a f u n c t i o n  o f  two 
parameter  v e c to r s ,

Ti  = Ti  ( P , U )  ( 1)

where P i s  the v e c to r  of  unknown parameters to be de te rm ined  
and i t s  components being

P = ( ,  §2> 9 n > d l > d 2 • • • >  ^N- 1 ) ( 2 )

and U i s  the vec to r  of  known parameters  as
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U = ( u-, , u2 , . . . , un ) ( 3 )

where u = 1 / s e p a r a t i o n  cons tan t  (= h a l f - c u r r e n t  e l e c t r o d e  
s p a c in g ) .  Let  P° be an es t im a te d  s o l u t i o n  of P and ДР the 
d e s i r e d  d e v i a t e r  to  render c o in c id e n c e  of c a l c u l a t e d  and 
observed r e s i s t i v i t y  t rans fo rm s .  Expanding (1) in  T a y l o r ' s  
s e r i e s  and r e t a i n i n g  only the f i r s t  d e r i v a t i v e  term a m a t r i x  
e qua t io n  i s  o b ta in e d :

AT = G AP 
nxl nxm mxl

(4)

where AT = Ti (Ui P ) - T i (Ui ,P° ) , nxl  column vec to r  of r e s i s t i v ­
i t y  t r a n s f o r m  anomaly,

AP = p . -P .
J J ’ 

ЭТ.(U,P)

mxl column vec to r  of 
c o r r e c t i o n s ,

parameter

and G = 1
ЭР . 

J
nxm system m a tr i x  of 
c o e f f i c i e n t s .

i n f l u e n c e

The problem as posed above has been l i n e a r i z e d  to  e x p l o i t  
the f a c i l i t i e s  o f  the matr ix  f o r m u l a t i o n ,  a l though i t  means 
t h a t  the f i n a l  s o l u t i o n  would be ob ta ined  i t e r a t i v e l y  by 
u pda t in g  the v e c t o r  p° a f t e r  every  i t e r a t i o n .  However, f o r  an
' i l l  posed' prob lem (n £ m), i n  a g iven i t e r a t i o n ,  the

л
es t im a ted  AP i s  ob ta ine d  from the r e l a t i o n

AP = G~ 1 AT (5 )

where G"^ i s  i d e n t i f i e d  as g - in v e rs e  o f  m a t r i x  G.
Indeed, t h e re  are a number o f  g - i n v e r s e s ,  but  the one 

making use of  the s in g u la r  va lue  decomposi t ion (SVD) i s  
p a r t i c u l a r l y  i n s t r u c t i v e  as i t  q u a n t i f i e s  many p h y s i c a l  
aspects  of the i n v e r s e  problem. I t  enables one to i n v e s t i g a t e  
the "goodness" o f  the inverse s o l u t i o n  y ie ld e d  by a g iven  data 
s e t  and analyse the r e l a t i v e  i n f l u e n c e  o f  va r ious  data e lements 
i n  i l l u m i n a t i n g  the s o l u t i o n  space. A c c o r d in g l y  Eqs (4 )  and (5)  
can be w r i t t e n  as
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ЛТ = U A  V1 AP ( 6 )
and

Л P = VA _ 1  U1  ЛТ (7)

where A. i s  the d iagona l  m a t r i x  c om pr is ing  the e igenv a lues  of 
Ĝ -G or GĜ  ar ranged in  descending o rder  of  magni tude, V and U 
a re ,  r e s p e c t i v e l y ,  the o r thogon a l  m a t r i ces  c om pr is ing  the

The r e s o l u t i o n  of model parameters  can be measured th rough 
the r e s o l u t i o n  m a t r i x  as

I d e a l l y  the r e s o l u t i o n  m a t r i x  R i s  des i red  to be an i d e n t i t y  
m a t r i x .

3. DISCUSSION

We have cons idered  a r e p r e s e n t a t i v e  3 - l a y e r  e a r t h  model 
s i m u l a t i n g  an a l l u v iu m  t e r r a i n  w i t h  s o i l ,  c lay  and sand l a y e r s  
as top ,  i n t e r m e d ia t e  and bottom l a y e r s ,  r e s p e c t i v e l y .  The model 
parameters  of  the top and bot tom l a y e r s ,  Q-| = 1 0 0  ohmm, 
9-j = 2 0  ohmm, d  ̂ = 1 0  m, and the th i c k n e s s  of the i n t e r m e d i a t e  
l a y e r s ,  d2 = 30 m, are f i x e d .  The models I ,  I I  and I I I  have 
midd le l a y e r  r e s i s t i v i t i e s  as 5, 4 and 10 ohmm, r e s p e c t i v e l y .  
The k e r n e l  va lues ,  f o r  i n v e r s i o n  i n  Л-domain,  were e s t im a te d ,  
us ing the method of S r i  Niwas and I s r a i l  (1986, 1987a),  from 
the s y n t h e t i c  Schlumberger apparen t  r e s i s t i v i t y  curves  f o r  the 
th ree  models.  I t  has been p o in te d  out by S r i  Niwas and I s r a i l  
(1987b)  t h a t  the convergence of  i n v e rs e  s o l u t i o n s  i s  more or 
le ss  i d e n t i c a l  in  both ke rn e l  domain and r e s i s t i v i t y  domain. 
The c a l c u l a t i o n  of  d e r i v a t i v e s  of  the r e s i s t i v i t y  t r a n s fo r m  
f u n c t i o n  w i t h  respec t  to model parameters  i s  done us ing  an 
ex p res s ion  developed by S r i  Niwas e t  a l .  (1982) .  F igu re  1 shows 
the convergence p a t t e r n  f o r  the th re e  models. The i n i t i a l  model 
f o r  t h ree  cases were taken the same, namely Q-| = 1 0 0  ohmm, 

§ 2  = 7 ohmm, Q3 = 20 ohmm, d-| = 8 m, d 2  = 35 m. I t  i s  e v id e n t

e i g e n v e c to r s  of Ĝ G and GG^.

ДР = RAP ; R = G_1G = V V^ .
0

( 8 )
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ITERATION NUMBER

Fig. 1. Convergence pattern of rms errors in responses for  d i f ferent  models

t h a t  models I  and I I I  possess good convergence c h a r a c t e r i s t i c s  
w h i l e  model I I  i s  d i v e r g e n t .  The i n v e r t e d  r e s u l t s  f o r  model I  
and I I I  are ex t re m e ly  accura te (0.001 p e rc en t  e r r o r ) .  In case 
o f  model I I ,  the a p p l i c a t i o n  of the ' r i d g e  reg ress ion  method'  
(damped le a s t  s q u a r e s ) ,  w i th  a s t a r t i n g  value of the damping 
f a c t o r  equal to 1 and i t s  v a r i a t i o n  r a t e  w i th  each advancing 
i t e r a t i o n  1/3,  a l t h o u g h  gets r i d  o f  d ivergence ,  ye t  the 
a s y m p to t i c  rms e r r o r  i s  s t i l l  unaccep ta b le .  Since model I I I  has 
n i c e  convergence beh a v io u r ,  sub s e q u e n t l y ,  i t s  r e s u l t s  are not  
rep roduced .  I t  i s  i n s t r u c t i v e  to note i n  Table I the i n v e r t e d  
v a lu e s  of the l a y e r  parameters  f o r  model I I  ( l e a s t  squares and 
r i d g e  r e g r e s s i o n ) .  The in v e r te d  va lues  f o r  model I I  are
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Table I .  I n v e r te d  r e s u l t s  of  model I I  through Least Squares 
I n v e r s i o n  (LS I)  and Ridge Regress ion Inv e rs ion  (RRI)

Model
parameter True I n i t i a l

L.S. Results 
of 6 th 

i terat ion

R.R. Results 
of 6 th 

i terat ion

R.R. Results 
of 1 2 th 

i t e ra t i o n

i-i (ohmm) 1 0 0 1 0 0 96.826 97.936 97.873
8 2  (ohmm) 4 7 4.731 3.999 3.564
9j (ohmm) 2 0 2 0 20.314 19.890 19.860
d; (m) 1 0 8 10.458 10.070 10.070
d2  (m) 30 35 35.477 35.055 30.050

ex t rem e ly  bad in  case of  d2 and not  so good in  case o f  92- 
Even us ing the r i d g e  re g re s s io n  method there i s  no improvement  
up to the 5th i t e r a t i o n ,  however, a t  the 12th i t e r a t i o n  th e re  
i s  a marked improvement in  d2 va lues but  at  the same t ime th e re  
i s  d e c l i n e  in  9 2  va lues.  However, the conductance va lues  
remain more or less  the same (8 .7 5 ;  8 . 4 3 ) .

The d i f f e r e n c e  in  models I  and I I  i s  1 ohmm i n  the 
r e s i s t i v i t y  of  the middle  l a y e r .  F ig u re  2 shows the v a r i a t i o n  
of  percentage  e r r o r  in  l a y e r  parameters  o f  models I  and I I  w i t h  
i t e r a t i o n  number. U n l i ke  model I ,  where e r r o r s  i n  a l l  
parameters  tend smoothly  and q u i c k l y  to  zero,  e r r o r s  i n  th e  top 
and bottom l a y e r  parameters  o f  model I I  show o s c i l l a t o r y  but  
conve rgen t  behav iour  w h i le  the i n t e r m e d i a t e  la y e r  pa ramete rs  
tend to d i v e r g e .  Th is  o b s e rv a t io n  p o i n t s  towards the u n s t a b l e  
na tu re  of  the data i n v e r s i o n  f o r  model I I .  F igure 3 g i v e s  the 
S in g u la r  Value A na ly s i s  (SVA) of  the m a t r i x  G. I t  i s  appa ren t  
t h a t  the parameters as s oc ia ted  w i t h  ' l a r g e '  e i g e n v a lu e s  
converge q u i c k l y  and u n i f o r m l y  whereas the paramete rs  
ass o c ia te d  w i th  ' s m a l l '  e igenva lues  converge s l o w l y .  The 
parameter  d2 i s  assoc ia te d  w i th  the s m a l l e s t  e igenva lues .  Hence 
i t s  convergence and r e s o l u t i o n  i s  weak and poor.

In o rde r  to a s c e r t a i n  the p robab le  ex is tence of  i n h e r e n t  
f e a t u r e s  d i s c r i m i n a t i n g  the two models ,  the ' c o n d i t i o n  number'  
p l o t  f o r  the two models has been s t u d ie d  (F ig .  4) .  I t  r e v e a l s
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Fig. 2. Convergence pat tern of rms errors in layer  parameters for models I 
and I I

no d i s c r i m i n a t o r y  d i f f e r e n c e  between the  two cases except  f o r  a 
minimum d i f f e r e n c e  i n  the g rad ien t  o f  the l a s t  p o r t i o n s  of  the 
c u r v e s .  The system matr ices f o r  i n v e r s i o n  have s i m i l a r  
s t r u c t u r e s  in  the  two cases, yet  the i n v e r s i o n  f o r  model I  i s  
s t a b l e  whi le  t h a t  f o r  model I I  i s  u n s t a b l e .  Table I I  p resen ts  
th e  s t r u c t u r e  of  r e s o l u t i o n  matr ices  f o r  models I  and I I .  There 
i s  a d r a s t i c  smear ing  of  the e lements o f  the m a tr i x  f o r  model 
I I  i n  compar ison t o  model I .  I t  appears t h a t  in  the p res en t  
case an i n t e r m e d i a t e  l a y e r  r e s i s t i v i t y  o f  5 ohmm ( 9 2 / 9 3  = 5/20 
and S2 / 9] = 5 / 1 0 0 ) ,  i s  the t h r e s h o l d  va lue  beyond which the 
equ iva lence  e f f e c t  becomes severe.

The f i n a l  a t t e m p t  to dec iphe r  why model I I  i n v e r s i o n  i s  
u n s t a b l e ,  was made by using P y la e v ' s  nomograms. The d ia g o n a ls  
o f  rec tang les  of  e qu iva le nce  f o r  models I ,  I I  and I I I  are shown 
i n  F ig .  5. I t  i s  e v i d e n t  tha t  the r e c t a n g l e s  of  equ iva lence f o r
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EIGENVALUE N U M B E R  ________

Fig. 4. Condit ion number plots for  models I  and I I

Table I I .  S t r u c t u r e  o f  Resolut ion M a t r i x  R f o r  model I  and
model I I  f o r  LSI
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Fig. 5. Rectangles of equivalence on Pylaev's nomogram for d i f fe rent  models 
Case I :  9  ̂ = 100 0  m, З2  = 5 П m, S3 = 20 Л m, d1 = 10 m,
d2  = 30 m. Case I I :  9i = 100 f l  m, 9 2  = 4П m, S3  = 20 D m,
d1 = 10 m, d2  = 30 m. Case I I I :  ^  = 100 П т ,  9 2  = 10 f l  m,
9з = 20 П m, 3] = 10 m, d2 = 30 m 

H type Pylaev's nomogram for  equivalence 
-------  l ines of equal S2 /S3

l im i t i ng  values of 9 2 /  9̂  and d2 /d] for  equivalence

models I  and I I I  are f i n i t e  w h i le  t h a t  f o r  model I I ,  i n  e f f e c t ,  
i s  i n f i n i t e .

These r e s u l t s  shake the common b e l i e f  t h a t  data i n v e r s i o n ,  
based on a t h i c k  l a y e r  model,  i s  always s t a b l e .  The equ iva lence  
prob lem, which i s  g e n e r a l l y  b e l i e v e d  to be as s oc ia ted  w i t h  a 
t h i n  l a y e r  model, can be o p e r a t i v e  even in  a t h i c k  l a y e r  model. 
P y la e v ' s  nomograms p rov ide  an e x p la n a t i o n  about the c r i t i c a l  
l i m i t  f o r  an expected s t a b le  or u n s tab le  in ve rse  s o l u t i o n .
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RESOLVING POWER OF DIRECT CURRENT AND MAGNETOTELLURIC 
RESISTIVITY SOUNDINGS IN EXPLORING THICK SEDIMENTARY HORIZONS
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Thick sedimentary basins having marked contrast between thei r  
d i f ferent  l i t ho  units are ideal targets for geoelectromagnetic exploration. 
I t  has been brought out here that the D.C. r e s i s t i v i t y  and MT soundings are 
the best avai lable tools to get information regarding conductivi ty 
d is t r ibut ion in the sub-surface layers. Data are interpreted using powerful 
ridge regression inversion. I t  has been shown by singular value analysis 
that the conducting layers are best resolved by MT data but resist ive 
layers are poorly resolved. However, the resis t ive layers are best resolved 
using D.C. data but conducting layers are poorly resolved. Thus, D.C. and 
MT data are complimentary to each other and for  complete subsurface 
information j o i n t  inversion may be t r ied.  I t  is  also established through 
extensive numerical experiments that D.C. data are much more prone to the 
pr inciple of equivalence in comparison to MT data. However, D.C. data 
provide marked contrast between two formations, a need to s ta r t  the 
inversion process.

Keywords: D.C. sounding; magnetotellurics; singular value analysis;
resolving power

1. INTRODUCTION

E x p l o r a t i o n  geophys ics i s  guided by the i n t e l l e c t u a l  
c u r i o s i t y  about the na tu re  of  the e a r t h  and a lso by the more 
s e c u la r  need to know what resources and m a t e r i a l  are a v a i l a b l e  
to  the mankind, where and in  what q u a n t i t i e s .  Bur ied  reserves  
of  hydrocarbon resou rces  are one such t a r g e t  which have become 
an im p o r ta n t  need f o r  any deve loped /d eve lop ing  c o u n t r y .  Thick 
sedimen tary  bas ins depos i te d  under mar ine env i ronments are most 
pronounced zones f o r  the e x p l o r a t i o n  f o r  hyd rocarbons.  
R e f l e c t i o n  se ism ics  and e le c t ro m a g n e t i c s  are cons ide red  as 
d i r e c t  means of  e x p l o r a t i o n  of  t h i c k  sedimentary  bas ins  and 
hence the hydrocarbon p r o b a b i l i t i e s  on the bas is  o f  thumb r u l e

Acta Geod. Geoph. Mont. Hung. 26, 1991 
Akadémiai Kiadó, Budapest
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t h a t  the t h i c k e r  such a sedimentary  column i s  the h ig h e r  i s  the 
p o s s i b i l i t y  of hyd roca rbon  resou rces .  Maps of  the parameter  S 
( e l e c t r i c a l  u n i t  conductance)  are e q u i v a le n t  to  se ism ic  
r e f l e c t i o n  t ime maps of  t Q; the problem of  the m i g r a t i o n  of 
th e s e  maps to depth-maps depends on the knowledge of  the 
r e s i s t i v i t y  d i s t r i b u t i o n  or the v e l o c i t y  d i s t r i b u t i o n .  
G e n e r a l l y  the r e s o l u t i o n  of  se ism ics  i s  much h ighe r  than t h a t  
o f  the g e o e l e c t r i c a l  responses,  however, in  some s p e c i a l  cases 
l i k e  a low v e l o c i t y  zone l y i n g  below a h igh  v e l o c i t y  zone, the 
r e s o l u t i o n  of s e i s m ic s  becomes suspect  and t h a t  o f  the 
e le c t r o m a g n e t i c  method becomes pronounced i f  the low v e l o c i t y  
zone is  h ig h ly  c o n d u c t i n g .

P o r s te n d o r fer  (1975)  a t tempted to rev iew s c h e m a t i c a l l y  the 
v a r i o u s  methods to  'sound '  the v a r ious  sub -su r face  la y e r s  of 
t h i c k  sedimentary bas ins  by using one form or anothe r  of 
e l e c t r o m a g n e t i c  p r o b i n g .  The sed imentary  bas ins  in  
c o n s i d e r a t i o n  are c h a r a c t e r i z e d  by a t h i c k  ( 2  km) w e l l  
c o n d u c t in g  top l a y e r  w i t h  a r e s i s t i v i t y  1 . 8  ohmm f o l l o w e d  by an 
i n s u l a t i n g  ( r e s i s t i v i t y  1 0  ̂ ohmm) s a l t  l a y e r  of  a th i c k n e s s  
1 km and 6.5 km sed imen ts  of  medium r e s i s t i v i t y  (19 ohmm), 
l y i n g  over a r e s i s t i v e  ( r e s i s t i v i t y  = oo ) basement, thereby 
emerges a p i c t u r e  o f  a 4 - l a y e r  s e c t i o n .  I t  i s  w e l l  known t h a t  
th e  low f requency e l e c t r o m a g n e t i c  waves capable to p e n e t r a te  to 
dep ths  are i n f l u e n c e d  by h o r i z o n t a l  and v e r t i c a l  anomal ies of 
th e  r e s i s t i v i t y  which produce d i s t o r t i o n s  in  the form of 
secondary f i e l d s  used as convenient  means to  o b ta in  knowledge 
abou t  the s u b - s u r f a c e .  However, the i n t e r a c t i o n  of 
e le c t r o m a g n e t i c  waves w i t h  the ea r th  can be very c om p l i c a ted ,  
even f o r  a f a i r l y  s im p le  geometry.  F o r t u n a t e l y ,  the s i t u a t i o n  
i s  much eas ie r  to handle at  d i r e c t  c u r r e n t  e x c i t a t i o n  which i s  
th e  l i m i t i n g  case o f  zero f requency  and i s  an e x c e l l e n t  
s t a r t i n g  p o in t  f o r  such comp l ica ted  p h y s i c a l  phenomena. 
P o r s t e n d o r f er (1975)  has cons idered fo u r  p o s s i b i l i t i e s  f o r  
g e t t i n g  the g e o e l e c t r i c a l  p r o f i l e  of the sedimentary  bas in  v i z .  
( 1 )  Deep e l e c t r i c a l  sounding (2)  Frequency sounding (3)  
T r a n s i e n t  e le c t r o m a g n e t i c s  and (4)  M a g n e t o t e l l u r i c  sounding.  
However, there  i s  a fundamental  p h y s i c a l  l i m i t a t i o n  of  such
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su r face  measurements in  the form of  an adverse masking 
i n f l u e n c e  of  the overburden l a y e r s .  When d i r e c t  c u r r e n t  i s  
employed, the i n j e c t e d  c u r r e n t  tends to  be d i v e r t e d  f rom the 
deeper reg ions  by the upper l a y e r  and u s e f u l  i n f o r m a t i o n  f rom 
the t a r g e t  i s  c om p le te ly  screened ( i n  case of  an i n s u l a t i n g  
subsequent l a y e r ) .  In the case of  a l t e r n a t i n g  c u r r e n t  or 
t r a n s i e n t  e x c i t a t i o n ,  the re  i s  an a d d i t i o n a l  degrada t ion caused 
by the a t t e n u a t i o n  of  the propagated s i g n a l  over the two-way 
path.  In s p i t e  of  such f o r b i d d i n g  l i m i t a t i o n s ,  g rea t  e f f o r t s  
have been made over  the years in  overcoming the hurd les  of  the 
p h y s i c s .

Let us s tudy  s c h e m a t i c a l l y  the r e l a t i v e  s t re n g th  of  a l l  
the f o u r  p rob ing  techn iques  in  case of  the above ment ioned 
f o u r - l a y e r  e a r t h .  In case of the d i r e c t  c u r r e n t  method the 
phys ics  of the laye red  s t r u c t u r e  in  q u e s t io n  c l e a r l y  i n d i c a t e s  
t h a t  f a r  away from the source,  the c u r r e n t  l i n e s  f l ow  i n  a 
h o r i z o n t a l  p lane p a r a l l e l  to the i n t e r f a c e ,  thus v e r t i c a l  
p lanes are e q u i p o t e n t i a l  su r faces and as such they g ive  
c ons ta n t  measured re s i s ta n c e  i r r e s p e c t i v e  of  the subsur face 
c o n d i t i o n  and e l e c t r o d e  s e p a r a t i o n .  The apparent r e s i s t i v i t y  
curve a s y m p t o t i c a l l y  approaches u n i t  l o n g i t u d i n a l  conductance 
S -J ( = d 1 /  9-j ) o f  the l a y e r  over the s a l t  l a y e r .  And i t  i s  
v i r t u a l l y  im p o s s ib le  to  get any i n f o r m a t i o n  about the sediments 
below the s a l t  because of  the sc reen ing  e f f e c t .  The methods 
us ing  a l t e r n a t i n g  f i e l d  are h e l p f u l  i n  such cases due to  the 
law of the s k i n - e f f e c t .  The ' f req uency  sounding '  i s  capable of  
g i v i n g  S3 ( = d 1 / g 1 + d2/92 + ^ 3 / 9 3 ) ,  however , h igh energy 
v a r i a t i o n s  of  d i s c r e t e  pe r iod  (T % 100 s)  are not p r a c t i c a b l e .  
In the ' t r a n s i e n t  method' (ТЕМ) the computat ion of  S3 i s  
r e l i a b l e  on ly  i f  t he re  i s  a g re a t  d i s ta n c e  between source 
d ip o le  and measur ing d i p o l e ,  but  a l i m i t i n g  s i t u a t i o n  i s  soon 
reached depending upon the high g e ne ra to r  power needed and the 
noise due to n a t u r a l  ea r th  and i n d u s t r i a l  c u r r e n t s .  However, 
c o n s id e ra b le  success has been r e c e n t l y  c la imed  w i th  long o f f s e t  
t r a n s i e n t  e le c t r o m a g n e t i c  (LOTEM) depth sounding under such 
c o n d i t i o n s .  The apparent  d i sadvan tages of  these methods are 
supposed to be min imized by using the always a v a i l a b l e  pass ive
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sou rce  f i e l d  of  n a t u r a l  e l e c t r o m a g n e t i c  v a r i a t i o n s  by 
m a g n e t o t e l l u r i c  sounding .  Due to  the s i m p l i f i e d  assumpt ion of  
p la n e  wave, the i n t e r p r e t a t i o n  techn ique of  the MT method i s  
sound in compar ison to  ' f r e q u e n c y  sound in g ' ,  ТЕМ and LOTEM, 
however,  the exact  na tu re  of  the source i s  s t i l l  a prob lem.

Such a r e a l i s t i c  s i t u a t i o n ,  as discussed above, where 
c o n d u c t in g  porous sediments are e x i s t i n g  underneath a t h i c k  
c o v e r  of b a s a l t i c  lava  f l ow  (known as Deccan t r a p  i n  I n d i a )  
e x i s t s  in  Saurash t ra  Pen insu la ,  Western I n d ia .  In se ism ic  
su rv ey  f o r  the e x p l o r a t i o n  o f  hyd rocarbon,  the sequence of 
sed imen ts  posed s e r i o u s  problems as the p e n e t r a t i o n  of  se ism ic  
ene rgy in these rocks i s  d i f f i c u l t .  Other problems such as the 
presence of h igh v e l o c i t y  noise and s t rong  s c a t t e r i n g  of  energy 
make the s i t u a t i o n  even more d i f f i c u l t .  Sing et  a l .  (1988)  
conducted a number o f  deep e l e c t r i c  soundings employ ing 
Schlumberger  and e q u a t o r i a l  a r ra y s  and they o b ta ine d  a 
d i f f e r e n t  subsu r face  p i c t u r e  as compared to se ism ic  r e s u l t s .  
Verma (1988) p resen ted a t h e o r e t i c a l  study on the p o s s i b i l i t y  
o f  d e l i n e a t i n g  sub- t rappean  sediments  using a deep p e n e t r a t i o n  
t im e-doma in  EM method. S r i  Niwas et  a l .  (1988) p resen ted  a 
s t u d y  on the i n v e r s i o n  of f i e l d  D.C. and s y n t h e t i c  MT 
r e s i s t i v i t y  data f rom the Saurash t ra  re g io n .  Recent l y  Rao and 
S h a s t r i  (1991) r e p o r t e d  LOTEM exper imen ts  c a r r i e d  out  in  
Sau rash t ra  Pen insula  by t a k in g  9 p r o f i l e s  using 13 t r a n s m i t t e r s  
and 361 r e c e i v e r  s t a t i o n s  c o v e r in g  the e n t i r e  area w i t h  the 
o b j e c t i v e  to d e l i n e a t e  Mesozoic sediments between the top t h i c k  
b a s a l t i c  l a y e r  and the bottom m os t l y  c r y s t a l l i n e  basement 
r o c k .  The r e s u l t s  are not yet  a v a i l a b l e .

I t  i s  e v id e n t  t h a t  the i n t e r p r e t a t i o n  techn iques  f o r  
g e o e l e c t r i c  e x p l o r a t i o n  of  t h i c k  sedimen tary  s e c t io n s  are on ly 
sound f o r  d i r e c t  c u r r e n t  and m a g n e t o t e l l u r i c  methods. The aim 
o f  the p resen t  paper i s  to  analyse c r i t i c a l l y  and 
q u a n t i t a t i v e l y  the r e s o l v i n g  power of these two methods by 
s i n g u l a r  value a n a l y s i s  (SVA) r a t h e r  than q u a l i t a t i v e l y ,  i n  
e x p l o r i n g  the sed imen ta ry  sequences.
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2. FORWARD AND INVERSE MODELLING

Any form of  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  r e q u i r e s  in  
the f i r s t  p lace  a p h y s i c a l - m a t h e m a t i c a l  model. Ihe e a r t h  i s  
supposed to  be a l i n e a r  system and m o d e l l i n g  i s  presented by a 
c o n v o lu t i o n  model ( fo rw a rd  prob lem) and 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  ( i n v e r s i o n )  can be ach ieved by a d e c o n v o lu t i o n  
model ( i n v e r s e  p rob lem ).  A genera l  anomaly equat ion  used in  
geophysics can be w r i t t e n  as Fredholm type  i n t e g r a l  e qua t io n

where G ^ ( r , ^ )  i s  the Frechet  ke rn e l  o f  the i n t e g r a l  and the two 
con t i nuous  f u n c t i o n s  f ( r )  and m(r )  r e p r e s e n t  data and model .

M o d e l l i n g  i s  presumed to  be the process of p r e d i c t i n g  the 
r e s u l t s  o f  measurements ( p r e d i c t i n g  d a ta )  on the bas is  o f  some 
genera l  p r i n c i p l e  or model and a se t  o f  s p e c i f i c  c o n d i t i o n s  
r e l e v a n t  to  the problem at  hand. As i t  i s  w e l l  known the d i r e c t  
c u r r e n t  m o d e l l i n g  i s  based on the s o l u t i o n  of Laplace e q u a t i o n  
which has been ob ta ined by S te fanescu (1930) .  Ihe nu m e r i c a l  
computat ion would be per formed by a technique g iven  by S r i  
Niwas and I s r a i l  (1986, 1987).  Ihe m a g n e t o t e l l u r i c  e q u a t io n  i s  
ob ta ined by s o l v i n g  the Helmhol tz  equa t ion  and we use the 
s o l u t i o n  g iven  by Kunetz (1972) and m o d i f i e d  by Рек (1980 ) .

The i n v e r s i o n  process s t a r t s  w i t h  the data and w i t h  a 
genera l  p r i n c i p l e  or model and de te rm ines  es t ima tes  o f  the 
model param eters .  The s o l u t i o n  of  a type (1)  prob lem i s  
ob ta ined th rough con t inuous  inve rse  t h e o r y .  However, i t  l i m i t s  
p r a c t i c a l l y  the r i g o u r  w i t h  which c on t i nuous  f u n c t i o n s  can be 
s t u d ie d .  However, s im p le r  d i s c r e t e  models e a s i l y  p e r m i t  
c o n s id e ra b le  i n s i g h t  by d i s c r e t e  i n v e r s e  theory  s ince  they  r e l y  
ma in ly  on the theo ry  of  v e c to rs  and m a t r i c e s  ra th e r  than on the 
somewhat more comp l i cated  th eo ry  of  con t inuous  f u n c t i o n s  and 
o p e r a t o r s .  Equat ion (1)  i s  as i t  has been desc r ibed  f o r  a 
l i n e a r  system, however, f o r  a q u a s i - l i n e a r  one f-  ̂ s tands  f o r

f  i  ( г ) ( 1  )
0
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th e  observed data minus t h a t  c a l c u l a t e d  f o r  the i n i t i a l  model 
and m stands f o r  the p r o f i l e  o f  a c e r t a i n  q u a n t i t y  i n  the 
d e s i r e d  ear th  model minus t h a t  p r o f i l e  f o r  the i n i t i a l  model . 
T h e i r  ke rne l  G ^ ( r )  i s  c a l c u la t e d  f o r  the  i n i t i a l  model. In  most 
i n v e r s e  problems,  f-^-s are s im ply  a t a b l e  of numer i ca l  v a lu e s ,  
t h e y  can be rep resen ted  by the e lements of  a vec to r  _f o f  l e n g t h  
N ( i f  i = l , N i s  the number o f  da ta  p o i n t s ) .  S i m i l a r l y ,  the 
model  parameters can be rep resented  as the elements of  a v e c t o r  
m o f  le ng th  M ( i f  the number o f  model parameters i s  M). then 
th e  r e l a t i o n s h i p  between data and model parameters may be 
w r i t t e n  in  d i s c r e t e  form,  by Eq. (1 )  as:

M

f i  = Gi j mj  ( i = 1 . N; j = 1  - M) ( 2 )
j  = 1

w hich  i s  in  m a t r i x  form

f  = G m ( 3 )
( N X1) (NxM) ( M X1 )

where m a t r i x  G i s  g iven by 3G^/3mj  and i s  c a l l e d  the data 
k e r n e l  in  analogy to  the theory of  i n t e g r a l  equat ions .

The freedom of  choosing the c o o rd in a te  system i s  of 
g r e a t e s t  impor tance in  both phy s ic s  and mathemat ics.  Thus, i f  
th e  co o rd in a te  system of (3)  i s  t r ans fo rm ed  to the p r i n c i p a l  
axes system in  which the e ig e n v e c t o r s  (u^)  of GG* i . e .  the 
column of the o r th o g o n a l  m a tr i x  JJ and the eigenvectors (V-^) o f  Ĝ -G 
i . e .  the column o f  the o r th o g o n a l  m a t r i x  V d e f i n e  the 
p r i n c i p a l  axes. Th is  g ives  c o n s id e r a b le  i n s i g h t  of the phys ics
o f  the problem. This means t h a t both data and model can be
re p r e s e n te d  by the gene ra l i z e d v e c t o r s  _f' and m̂ and the m a t r i x
G by a d iagona l  m a t r i x A  i . e .

f = U f 1 ; I 1 = J j t f (4)

m = Vm' ; m1 = (5)
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f 1 =Лд1 ; ji j1 = А ' 1 д  (6)

where A  i s  a d iagona l  m a t r i x  hav ing  elements À ; , e i genv a lues  
of  Д^Д or ДД^-, p laced on the d ia g o n a l  in  decreas ing o r d e r  o f  
magn i tude.  I f  a l l  the parameters are l i n e a r l y  independent then 
M non -v a n is h in g  e igenva lues  are expected and i f  i t  i s  an 
overde te rm ined  system (N ^M )  then (N-M) e igenvalues would be 
equa l  to zero.  Equat ion (4)  shows t h a t  the data e ig e n v e c t o r s  
(u ^ )  are a comb inat ion of  the o r i g i n a l  data and Eq. ( 5 )  shows 
t h a t  the parameter  e igenve c to rs  ( v ^ )  rep res en t  a c om b ina t ion  of  
the o r i g i n a l  parameters t h a t  may be u n iq u e l y  determined.

Using the s i n g u l a r  value decom pos i t ion (SVD) theorem 
(Lanczos 1961) we can w r i t e  Eq. (3 )  and i t s  inverse s o l u t i o n s  
th rough ( 4 ) ,  (5)  and ( 6 ) as

UAVt  m (7 )

V A  ~1 U^ f ( 8 )

m i s  some es t im a te  of m as in  case of  an i l l  posed problem 
(N $ M )  i t  i s  on ly  p o s s ib le  to get some es t im a te  of the p o s s i b l e  
s o l u t i o n  and not the s o l u t i o n  i t s e l f .  Ihe answer to  the 
q u e s t io n  how c lose m i s  to m i s  o b ta in e d  through

m = VV* m• (9 )

Ihus  any p a r t i c u l a r  s o l u t i o n  i s  a weighted average o f  the 
t r u e  s o l u t i o n  w i th  weights  g iven  by row vec to rs  o f  m a t r i x  
IMA = R, known as r e s o l u t i o n  m a t r i x .

However, as due to l i n e a r  dependence of  some model 
pa ramete rs ,  the o r t h o g o n a l i t y  of  the system is  des t r oyed  and 
the m a t r i x  G i s  ne a r l y  s i n g u l a r ,  one' i s  bound to get ' v a n i s h i n g  
e i g e n v a l u e s ' .  I f  the data are e r roneous ,  then the r e l a t i v e  
va lues  of  the e igenva lues  become im p o r t a n t  in  v i s u a l i s i n g  data 
e r r o r  p ropaga t ion  in  the s o l u t i o n .  Equat ion ( 8 ) c l e a r l y  
demonstra tes  t h a t  i f  the data p o i n t s ,  along which the  data 
e ig e n v e c t o r s  are p r i n c i p a l l y  d i r e c t e d ,  con ta in  e r r o r  cĈ  and i f
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the  assoc ia ted  e igenv a lue  i s  s m a l l ,  the e r r o r  in  parameter  
w i l l  be g r e a t l y  magn i f i ed  in  the d i r e c t i o n  of the as s o c ia te d  
parameter  e ig e n v e c t o r  which r e s u l t s  in  an uns tab le  s o l u t i o n  and 
c o u ld  r e s u l t  i n a  very la rge  I I  /3 11^. In such a s i t u a t i o n  the 
r e l i a b i l i t y  o f  the s o l u t i o n  becomes suspect .  One measure of  
r e l i a b i l i t y  o f  the s o l u t i o n  i s  i t s  co -v a r ia n c e  m a t r i x< /3 /3  
which becomes l a r g e  when i s  e x t re m e ly  sma l l .  The measure to
d i s t i n g u i s h  between ' v a n is h in g  e ig e n v a lu e s '  and ' n o n -v a n is h in g  
e ig e n v a lu e s '  i s  the c o n d i t i o n  number ( ^ i )  given by

-J^r « N Л  I I • I I  A  - 1 I I Щ -  ( i n )
11 I I m I

and i s  n u m e r i c a l l y  equal  to

7 i = V Ai • Ol )

I f  the c o n d i t i o n  number is  large  the s o l u t i o n  becomes u n s ta b le  
i n  the sense t h a t  the r e l a t i v e  e r r o r  in the s o l u t i o n  may 
c o n s id e r a b l y  exceed t h a t  of the parameter  i t s e l f .  The c o n d i t i o n  
number i s  a lso  s p e c i f i e d  by M A I I -  I I A  “  ̂ I I and i f  i t  i s  c lose  
to  1 then the prob lem i s  'w e l l  c o n d i t i o n e d '  and i f  much l a r g e r  
than  one, the prob lem i s  ' i l l - c o n d i t i o n e d ' .

The r i d g e  r e g r e s s io n  i n v e r s i o n  (Marquardt  1963) i f  some 
compromise va lue  i s  used f o r  the Marquardt  constant  ( k )  o b t a in s  
a s t a b le  s o l u t i o n  which approx im ate ly  min imizes the p r e d i c t i o n  
e r r o r  and a lso  the s o l u t i o n  le n g th .  Any ' v a n is h in g  e ig e n v a lu e s '  
o f  Gt G are inc re a s e d  in  the r i d g e  r e g r e s s io n  by a f a c t o r  к 2 . 
I n c r e a s in g  the s i z e  of a l l  the e igenva lues  r e s u l t s  in  a 
s i g n i f i c a n t  decrease of the mean of  the squared s o l u t i o n  l e n g th  
(m-m) and v a r ia n c e  of the e s t im a ted  s o l u t i o n .  The r i d g e -  
- r e g r e s s i o n  e s t im a te  of m is

m* = V ( A 2 +k2 I ) _ 1  A  JJ* f  . (12)

Here the cho ice  of the value of  k 2  i s  ext remely  im p o r t a n t  
because of i t s  p h y s i c a l  s i g n i f i c a n c e :  the c o n t r i b u t i o n s  of
e ig e n v e c to rs  w i t h  e igenva lues  s m a l l e r  than k 2 are a u t o m a t i c a l l y
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supressed the reby  the s o l u t i o n  gets  degraded in both model and 
data spaces.

3. NUMERICAL EXPERIMENTS OF FIELD DATA (D .C .)  AND SYNTHETIC 
DATA (MT)

For s tu d y in g  the r e l a t i v e  r e s o l v i n g  power of  the D.C. and 
MT data we have cons idered the most t y p i c a l  model as g i v e n  by 
P o r s t e n d o r f er  (1975)  and mentioned i n  S ec t ion  1.

We would c a l l  i t  Model 1. Computed apparent r e s i s t i v i t i e s  
f o r  the model us ing  both D.C. and MT source f ields are g i v e n  in  
F ig .  1. I t  i s  i n t e r e s t i n g  to note t h a t  when the c o n d u c t in g  
t h i r d  l a y e r  i s  supposed to be removed the nature of the anomaly 
i s  q u i t e  d i s t i n g u i s h a b l e  in  the MT case whereas there i s  h a r d l y  
any change in  D.C. source anomaly. The f u r t h e r  i n t e r p r e t a t i o n  
of the D.C. apparent  r e s i s t i v i t y  i s  not  use fu l  as i t  cannot  
g ive  any i n f o r m a t i o n  beyond the second r e s i s t i v e  l a y e r .  
However, 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  of the MT sound ing

Fig. 1. Forward MT and D.C. apparent r e s i s t i v i t y  response over Model 1
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c u r v e  i s  per formed using two p o w e r f u l  i n v e r s io n  te c h n iq u e s ,  
i . e .  R id g e - re g re s s io n  In v e rs io n  (Inman 1975) and B a c k u s - G i l b e r t  
I n v e r s i o n  (O ldenberg 1979). I t  i s  apparent to note t h a t  the 
B a c k u s - G i l b e r t  r e s u l t s  (F ig .  2) are s u p e r io r  to  the Ridge 
r e g r e s s i o n  s o l u t i o n .  F igure 3 p r e s e n ts  the c o n d i t i o n  number 
p l o t .  The c o n d i t i o n  number curves  are q u ic k l y  r i s i n g  w i t h  a 
h i g h  g r a d i e n t ,  showing the ' i l l  c o n d i t i o n e d '  na tu re  of  the 
p rob lem .  To q u a n t i f y  the r e s o l v i n g  power of the D.C. and MT 
r e s i s t i v i t y  data one has to r e f e r  to  the S i n g u l a r  Value 
A n a l y s i s  (SVA) of  m a t r i x  G which i s  g iven  in  F ig .  4 f o r  Model 
1 , f o r  both D.C. and MT cases. The p h y s ic a l  parameter ( i . e .  
r e s i s t i v i t y )  governs the phys ics o f  the  problem more than the 
g e o m e t r i c a l  pa ramete rs  ( t h i c k n e s s e s )  of  the model which are 
c l e a r l y  brought i n  q u a n t i t a t i v e  terms by SVA. The f i r s t  two 
l a r g e s t  e igenva lues  (Aj = 426.3,  Л2  = 7.426)  in the MT case 
have assoc ia ted  e ig e n v e c to r  p o i n t s  a lmost e n t i r e l y  i n  the g j  
and Q-| d i r e c t i o n s ,  r e s p e c t i v e l y ,  i n d i c a t i n g  th a t  these  two 
pa ram e te rs  are very  s t r o n g l y  d e f in e d  i n  the MT data.  And i n  the

Fig. 2. Interpreted models for synthet ic MT response for Model 1
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Fig. 3. Condition number plot  for  Model 1 (D.C. and MI) and for  model DES- 
10A (D.C. and MT)

D.C. case the f i r s t  two l a r g e s t  e ig enva lues  ( X1 = 6.921 and 
Л2  = 6 .320 )  have t h e i r  assoc ia ted  e ig e n v e c to r  p o in ts  e n t i r e l y  
i n  the d i r e c t i o n s  of  9 2  and 9 ^, r e s p e c t i v e l y .  Ihus ,  these  two 
pa ramete rs  are s t r o n g l y  de f ined  by the  D.C. data.  C o n s id e r in g  
the f a c t  t h a t  the parameters  as s o c ia te d  w i th  the l a r g e s t  
e igenv a lues  are best  reso lved  and l e s s  prone to e r r o r s  i n  the 
da ta ,  i t  can be seen in  q u a n t i t a t i v e  term t h a t  the MT method 
p r o v id e s  b e t t e r  r e s o l u t i o n  f o r  c onduc t in g  laye rs  and the  D.C. 
method p rov ides b e t t e r  r e s o l u t i o n  f o r  r e s i s t i v e  l a y e r s .  
However, in  the p resen t  case, the MT response is  computed f o r  
p e r i o d s  g r e a te r  than 0 . 1  s,  as such a top sur face l a y e r  cannot  
be reso lved  at  t h i s  pe r iod  range and f o r  t h i s  purpose s t i l l  
lower  pe r io d s  are needed. At the same t ime g* in  D.C. case may 
not  be ob ta ined  in  f i e l d  o b s e r v a t i o n ,  because of  the s c re e n in g  
e f f e c t  o f  the second l a y e r .
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Fig. 4. Singular Value Analysis of matrix G for Model 1 (D.C. and MT)

Let us move on to the problem o f  geophys ica l  e x p l o r a t i o n  
i n  Saurasht ra  P en in s u la ,  Western I n d i a ,  where the expected 
g e o l o g i c a l  sequences are weathered d e c c a n - t r a p ,  compact deccan-  
t r a p ,  Mesozoic sediments  fo l low ed  by basement. Because of  t h i c k  
v o l c a n i c  rocks ( d e c c a n - t r a p s ) , the c o n v e n t i o n a l  se ism ic  survey 
was not s u c c e s s f u l .  Singh et a l .  (1988 )  conducted a number of  
deep e l e c t r i c a l  soundings i n  an at tempt  to p r o v id e  a 
r e p r e s e n t a t i v e  subsu r fa ce  l i t h o l o g i c a l  c o n f i g u r a t i o n .  S ince the 
r e s i s t i v i t y  of  the t r a p s  i s  not very  h igh  (200-500 ohmm), D.C. 
methods may succeed to p rov ide mean ing fu l  r e s u l t s .  We have 
taken  a few sounding curves from Singh et  a l .  (1988)  f o r  the 
purpose of the p resen t  s tudy and present  them w i t h o u t  
m e n t io n in g  t h e i r  s p e c i f i c  l o c a t i o n .  We have i n t e r p r e t e d  these
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soundings by R id g e - Regress !on I n v e r s i o n  hav ing  a s t a r t i n g  va lue  
of  the Marquardt cons tan t  equal  to 1 and w i t h  a v a r i a t i o n  r a t e  
of  1/3 in  subsequent  i t e r a t i o n s .  The i n t e r p r e t e d  r e s u l t s  are 
g iven  by Model A. Singh et  a l .  (1988)  i n t e r p r e t e d  these 
soundings by a t r i a l  and e r r o r  method g iven  by Das and Verma 
(1977) and the r e s u l t  i s  reproduced by Model B. We have a r r i v e d  
to  ye t  anothe r  i n t e r p r e t a t i o n  of  the data by R idge-Regress ion 
I n v e r s i o n ,  t a k i n g  Model В as i n i t i a l  guess.  This i n t e r p r e t a t i o n  
i s  shown as Model C. I t  i s  s i g n i f i c a n t  to  note th a t  a l t h o u g h  
Models A, В and C are d i f f e r e n t ,  t h e i r  fo rw a rd  response matches 
w e l l  w i th  the observed apparent r e s i s t i v i t y  data w i t h i n  
reasonable l i m i t s  (rms e r r o r  < .1 ohmm). This shows t h a t  the 
D.C. r e s i s t i v i t y  data are more prone to the p r i n c i p l e  of  
equ iva le nce .  One such sounding and i t s  i n t e r p r e t a t i o n  i s  
presen ted  in  F ig .  5 f o r  DES-10. These r e a l i s t i c  models (Models  
A, В and C) based on Deep E l e c t r i c a l  Sounding data are used f o r  
comput ing MT fo rw ard  responses i n  apparent  r e s i s t i v i t y  and 
phase v a r i a t i o n  f o r  per iods  from 0 . 1  to  2 0 , 0 0 0  secs and are
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Fig. 5. D.C. apparent res i s t i v i t y  curves and various interpreted model for  
f i e ld  curve DES-10
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g i v e n  in  F ig .  6 . The MT responses f o r  a l l  the three  models are 
d i s t i n c t  p rov ing  t h a t  the e qu iv a le nc e  i s  less severe i n  MT in  
compar ison to the D.C. method. S i n g u l a r  value decom pos i t i on  of 
th e  m a t r i x  G f o r  Model DES-10A has been c a r r ie d  our  f o r  D.C. 
and MT cases and the c o n d i t i o n  number p l o t  i s  i nc luded  i n  F ig .
4. The S ingu la r  Value Ana lys is  i s  g iv en  in  F ig .  7. In  Model A 
th e  i n i t i a l  guess i s  f o r  a f i v e  l a y e r  sequence and f o u r t h  l a y e r  
( § 4 , d^) r e p re s e n ts  the conduc t in g  Mesozoic sed imen ts .  The 
l a r g e s t  e igenva lue  (A-|=128.7) i n  the MT case shows t h a t  the 
a s s o c ia t e d  e i g e n v e c t o r  s t r o n g l y  p o in t s  in g ^ - d i r e c t i o n  
( r e s i s t i v i t y  of the conduct ing l a y e r )  whereas the l a r g e s t  
e ig e n v a lu e  in  the D.C. case (Л- |=44.56)  has an a s s o c ia te d  
e ig e n v e c t o r  which i s  d i r e c t e d  c h i e f l y  i n  d^ d i r e c t i o n .  But the 
n e x t  l a r g e s t  e igenv a lue  ( ^ = 4 . 2 9 )  has an e igenvec to r  u n iq u e l y  
d i r e c t e d  in g2  ( r e s i s t i v i t y  o f  r e s i s t i v e  d e c c a n - t r a p )  
d i r e c t i o n .  This a lso  suppor ts  the e a r l i e r  conc lus ion t h a t  an MT 
s u r v e y  in  necessary f o r  the r e s o l u t i o n  of  conduct ing l a y e r s  and
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Fig. 6 . Forward MT (apparent res i s t i v i t y  and phase) response for Model A, В 
and C of Fig. 3
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D.C. survey in  e s s e n t i a l  f o r  the r e s o l u t i o n  of  r e s i s t i v e  
l a y e r s .  I t  i s  im p o r ta n t  to  note t h a t  o the r  e ig e n v e c t o r s  
a s s o c ia te d  w i t h  e igenva lues  sm a l le r  than the l a r g e s t  ones ( Л-j ) 
in  case of  MI and A] and Л2  i n  case of D.C.)  are more 
c om p l i c a te d  and do not p o i n t  in  one d i r e c t i o n .

However, the l i n e a r  comb ina t ions  of  parameters a s s o c ia te d  
w i t h  extreme e igenva lues  (h ig h e r  c o n d i t i o n  number) are more 
prone to  the e r r o r  p ropaga t ion  and t h e i r  de te rm in a t io n  would be 
i n a c c u r a t e .  F igure  8  p resen ts  the D.C. f i e l d  sounding curve  
DES-9 and the three  i n t e r p r e t e d  Models A, В and C. The computed 
fo rw a rd  response f o r  a l l  the th ree  models resembles w e l l  t o  the 
f i e l d  data,  however, the MT fo rw a rd  response (a p p a re n t  
r e s i s t i v i t y  and phase) d i f f e r s  s i g n i f i c a n t l y  from each o t h e r  in  
case of  Models A, В and C ( F i g .  9) .

4. CONCLUSION

From the above d i s c u s s io n  i t  can be concluded t h a t  D.C. 
and MT r e s i s t i v i t y  soundings are e f f e c t i v e  t o o l s  w i t h  w e l l



45 0 SRI NIWAS and PRAMOD KUMAR

1Ö4

>
§
шen
ê
Шen<
b>Fenen
Шen

10 -

10"

Apparent Resistivity

t X X X 
F + + +

Model A 
Model B 
Model C 
Field Data

»— su,—6l— M-

Г

I ■

Step Model

"—•ii
í noc*

I о
I О I О

r |---------
i I

i°

! i 
I I
i____J

10 1СГ 10

DEPTH and A B /2  (meters)

10*

Fig. 8 . D.C. apparent res i s t i v i t y  curves and various interpreted models for 
f ie ld  curve DES-9

developed fo rw a rd  and inverse  m o d e l l i n g  technique f o r  the 
e x p l o r a t i o n  of  t h i c k  sedimentary b a s i n s .  MT sounding t h e o ry  i s  
developed f o r  H - p o l a r i z a t i o n  and E - p o l a r i z a t i o n .  In H- 
p o l a r i z a t i o n  the l o n g i t u d i n a l  conductance of the sediments  i s  
c o r r e c t l y  de te rm ined  from the ascending branch of  the sounding 
cu rve  and w i t h  the  E - p o l a r i z a t i o n  the depth of  the w e l l  
co nduc t i ng  l a y e r  i s  c o r r e c t l y  de te rm ined  from the descending 
branch of the sounding curve. However, w i th  D.C. r e s i s t i v i t y ,  
the  l o n g i t u d i n a l  conductance o f  th e  sediments i s  c o r r e c t l y  
determined from the ascending branch o f  the sounding curve but 
no such f a c i l i t y  i s  a v a i l a b le  to de te rm ine  c o r r e c t l y  the depth 
o f  the conduc t in g  la y e r  from the descending branch of  the 
sounding cu rve.  At the same t ime i f  t h e r e  are conduct ing l a y e r s  
below a v i r t u a l l y  i n s u l a t i n g  l a y e r  l i k e  s a l t  ( i n  Model 1) the 
D.C. r e s i s t i v i t y  method is  incapab le  o f  g i v i n g  i n f o r m a t i o n  due 
to  screening e f f e c t  of  the s a l t  l a y e r .  But the MT method i s  not 
a f f e c t e d  by such s i t u a t i o n s .  Through ex tens ive  num er ica l
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exper imen ts  and by c o n s id e r in g  r e a l i s t i c  models ( f rom 
S au ras h t ra )  i t  has been e s t a b l i s h e d  t h a t  the equ iva lence  
p r i n c i p l e  in  D.C. r e s i s t i v i t y  i s  s t r o n g l y  v a l i d  whereas i n  MT 
method i t  i s  p a r t i a l l y  v a l i d .  On the bas is  of the s i n g u l a r  
va lue a n a l y s i s  of  the m a t r i x  o p e r a to r  G, i t  has been 
q u a n t i t a t i v e l y  shown t h a t  MT data are n e c e s s a r i l y  r e q u i r e d  to 
r e s o l v e  conduc t i ng  ho r izons  whereas D.C. data are e s s e n t i a l l y  
r e q u i r e d  to res o lv e  r e s i s t i v e  h o r i z o n s .  One advantage of  the 
D.C. data i s  t h a t  i f  the s c reen ing  la y e r  ( l i k e  s a l t )  i s  
rep laced  by an o th e r  r e s i s t i v e  l a y e r  l i k e  v o lc a n ic  rocks  (as 
d ec c an - t rap  i n  I n d i a )  then i t  i s  the on ly  method to p r o v id e  a 
s t a r t i n g  model f o r  i n v e r t i n g  MT da ta .  I f  a f u l l  i n t e r p r e t a t i o n  
of  a l l  the s e c t i o n s  of  t h i c k  sed imen ta ry  ho r izons i s  r e q u i r e d  
th e re  i s  no scope of  i g n o r i n g  D.C. r e s i s t i v i t y  sounding even i f
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t h e  cos t  of  survey  i s  h ighe r  as complementary data to  the 
i n d u c t i v e  methods l i k e  MI sounding or i f  the t h e o r y  is  
p e r f e c t e d ,  to the LOIEM depth sound ings .
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I t  is a j u s t i f i e d  demand in a l l  branches of geosciences that the 
uncertainty of the data uninfluenced by foreign (outl ier-generating) 
ef fects,  i .e .  the errors of rel iable data should be expressed numerically. 
The author analyses in th is  paper seven kinds of error character ist ics 
using a two-parameter, simple model for  the out l iers ; the re la t ive 
distor t ions due to the out l iers  reached often several orders of magnitude 
in these parameters. As the standard deviation (cal led in short "scat ter" )  
is  extremely sensit ive against out l iers,  i t  is  advisable to use other kinds 
of error parameters. I f  for any special reason jus t  the scatter (or the 
variance) is to be determined with the greatest possible accuracy (e.g. i f  
a variogram is  to be constructed), even in such cases some other kind of 
error,  e.g. the empirical value of the probable error q ( i . e . ,  the sample 
semi- interquart i le range) should be determined in the f i r s t  step, and this 
value is then to be mul t ipl ied with the value б /q which quotient is  well 
known for  any kind of probabi l i ty d is tr ibut ion.

Keywords: asymptotic scatter; dihesion; er ror  characterist ics; model 
of out l iers ; most frequent value; ou t l i er s ;  resistance; scatter; semi- 
in terquar t i le  range

1. DEFINITION OF SOME ERROR CHARACTERISTICS

Several  k inds  of  e r r o r  d e f i n i t i o n s  can be used f o r  the 
c h a r a c t e r i z a t i o n  of  the u n c e r t a i n t y  o f  da ta ,  r e s u l t i n g  from the 
essence of the phenomenon s t u d ie d  and from the normal  
c o n d i t i o n s  of  the measurements. In  o r d e r  to  make the fo rm u las  
s im p le r ,  in  the f o l l o w i n g  the p r o b a b i l i t y  d e n s i t y  f u n c t i o n  f ( x )  
o f  the d e v i a t i o n s  x from the t r u e  va lue  s h a l l  be supposed to  
have symmet r i ca l  d i s t r i b u t i o n  w i t h  re s p e c t  to the o r i g i n  
(g ene ra l  fo rmulas  are g iven e .g .  by S t e i n e r  1988 and 1990) . The 
d i s t r i b u t i o n  f u n c t i o n  cor responding to  f ( x )  i s  F ( x ) ,  i t s  
in ve rse  w i l l  be denoted by F- ' .

Acta Geod. Geoph. Mont. Hung. 26, 1991 
Akadémiai Kiadó, Budapest
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Pr imary e r r o r  c h a r a c t e r i s t i c s  being independen t  of 
s t a t i s t i c a l  a l g o r i t h m s  are the s o - c a l l e d  s e m i - i n t e r q u a n t i l e  
ra n g e s .  Among them the s e m i - i n t e r q u a r t i l e  range

q = -1 EF' 1 ( 3 /4  ) - F “ 1 ( 1 / 4 ) :  (1)

and the s e m i - i n t e r s e x t i l e  range

Q = 1  EF- 1 ( 5 / 6 ) - F - 1 ( 1 / 6 ) 3  ( 2 )

are  the most o f t e n  used ones; q i s  a lso  c a l l e d  p robab le  e r r o r  
(B e s s e l  proposed i t s  use at  the b eg inn ing  of  the l a s t  c e n t u r y ) .

The most usua l  a p p l i c a t i o n  of  the s c a t t e r  ( s ta n d a rd  
d e v i a t i o n )  de f i ned  as

6  = f ( x ) dx ( 3 )

i s  due to the f a c t  t h a t  s t a t i s t i c a l  a lg o r i t h m s  are m os t l y  based 
on the l e a s t  squares p r i n c i p l e ,  i . e . ,  the l_2 -norm o f  the 
d e v i a t i o n s  is  made a minimum; 6  i s  the minimum norm of  the  x-s 
( e . g . Taran to la  1 987) .

A la rge  t a b le  f o l l o w i n g  p. 334 in  S te in e r  (1990) g i v e s  the 
d e f i n i t i o n  of the s o - c a l l e d  P-norm f o r  symmetr i ca l  unimodal  
d i s t r i b u t i o n s .  The l o c a t i o n  of  the minimum f o r  t h i s  norm i s  
fo und  by the a lg o r i t h m s  c a l l e d  "most f r e q u e n t  value 
p r o c e d u r e s " .  Other names are:  MFV-method (üresen e t  a l .  1989) , 
M - f i t t i n g  ( S i l v a  and Cutr im 1989) ;  i n  German t e x t s ,  HWM does 
o c c u r ,  too.  The va lue  £ (which p lay s  a c e n t r a l  r o l e  i n  the
e x p r e s s io n  of the P-norm) f u l f i l s  the equat ion

00

£2 3 — CO 

CO

T~2— 7T7LE +x J

7 2  272
[E + x J

f ( X )dx

f ( X ) dx
(4)

-o o

i n  an i t e r a t i v e  sense; t h i s  va lue  E be longing to the minimum 
p l a c e  of  the P-norm i s  c a l l e d  d ih e s io n  and i t  i s  a measure of
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the compactness of the data w i th  the d e n s i t y  f u n c t i o n  f ( x ) ,  - 
thus i t  g i v e s  a p o s s i b i l i t y  f o r  the c h a r a c t e r i z a t i o n  o f  the 
e r r o r s  in  the data .  The u n c e r t a i n t y  o f  the most f requen t  va lue  
M ( th e  l o c a t i o n  of  the minimum of  the P-norm) i s  c h a r a c t e r i z e d  
by the as y m p to t i c  s c a t t e r  (denoted here by A) s i m i l a r l y  t o  6  

which l a t t e r  i s  the asym pto t i c  s c a t t e r  o f  the expected v a lue  E. 
The formula  f o r  A i s  somewhat c o m p l i c a te d :  i f  the f u n c t i o n  s ( x )  
i s  de f i ned  by the d ihes ion  Í  as

then
s ( X ) 4 £

r 2 24L +x

A = 2 Í
V'n , - n1 2

2 n2~n 1

(5 )

( 6 )

where

and

s ( x ) f ( x )  dx ( 6 a)

i 2  - 7 ( x )  • f  (x ) dx
-oó

( 6 b)

A i s  i n  many cases w e l l  approx imated by the f o l l o w i n g  much 
s im p le r  fo rm u la  (which has an i n t e r e s t i n g  s i m i l a r i t y  to  Eq. 3) :

A = f s ( x ) f ( X) dx (7)

F i n a l l y  i t  should be ment ioned t h a t  the u n c e r t a i n t y  o f  the 
data system i t s e l f  can be measured w i t h  the sca le  parameter  
appear ing in  the a lg o r i t h m  c a l l e d  by Andrews et  a l .  (1972)  
"C M L-es t im a t ion "  which f u l f i l s  the e q u a t io n :

? 2

3CML

с 2 2
SCML+X

f ( X) dx

1

72-------- 2
SCML+X

f ( X) dx
( 8 )

-со
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i s  a lso  to be unde rs tood in an i t e r a t i v e  sense.
I t  i s  to  be remarked here t h a t  d i f f e r e n t  e r r o r

c h a r a c t e r i s t i c s  have d i f f e r e n t  nu m e r i c a l  values (as they have 
d i f f e r e n t  meanings) ,  n e v e r the le s s ,  f o r  a given type of  f ( x ) ,  
th e  t r a n s f o r m a t i o n  f a c t o r s  among them can be de te rm ined ,  
consequen t l y  i f  any k ind  of ( f i n i t e )  e r r o r  c h a r a c t e r i s t i c s  i s  
de te rm ined ,  any o t h e r  can be computed from i t .  I f  one has a so-  
c a l l e d  g e o s t a t i s t i c a l  d i s t r i b u t i o n ,  which i s  expected to  occur  
acco rd in g  to Eqs (6 -14)  in S t e i n e r  (1990) w i th  the h ig h e s t  
p r o b a b i l i t y  be ing c h a r a c te r i z e d  w i t h i n  the supermodel f a ( x )  by 
th e  type parameter  a=5, then the s c a t t e r  6  can be c a l c u l a t e d  
as 1.91 q, 1.29 Q or 1.47 £ (see formulas 1-13 and 1-14
( S t e i n e r  1990) f o r  the d e f i n i t i o n  of  f a( x ) ,  the num er ica l  
v a lues  of the e r r o r  c h a r a c t e r i s t i c s  are to be found in  t a b le s  
1 .1 and 3 . 4 ) .  I t  i s  t h e re fo re  necessary to be in formed about 
th e  d i s t o r t i n g  e f f e c t  of  o u t l i e r s  r e s u l t i n g  from e f f e c t s  due to 
f o r e i g n  causes which surpass s i g n i f i c a n t l y  the s t a t i s t i c a l  
v a r i a b i l i t y  o f  the data due to i n h e r e n t  changes in  the s t u d i e d  
p r o c e s s .

2. THE MODEL OF OUTLIERS USED

The appearance of  o u t l i e r s  may be very d i f f e r e n t  (even 
r h a p s o d i c ) .  I f  s t a t i s t i c a l  a l g o r i t h m s  are to be t e s te d  about 
t h e i r  s e n s i t i v i t y  or i n s e n s i t i v i t y  ( r e s i s t a n c e )  a g a in s t  
o u t l i e r s ,  then the  d i s t r i b u t i o n  o f  the o u t l i e r s  i s  to  be 
mode l led ,  too .  Andrews et  a l .  (1972)  (see pp . 1 02-1 03) supposed 
t h a t  from the sample wi th  n e lements n - j  are s tandard Gauss- 
d i s t r i b u t e d  random numbers, j  are o u t l i e r s  w i th  the va lues 1 0 0 ; 
200; . . . ;  j x l O O .

Such a " o n e - s id e d "  d i s t r i b u t i o n  of  the o u t l i e r s  ( o n l y  
p o s i t i v e  d e v i a t i o n s )  i s  j u s t i f i e d  i n  t h i s  case by the f a c t  t h a t  
the  breakdown bounds of  a lgo r i th m s  f o r  the d e te rm ina t io n  o f  the 
l o c a t i o n  parameter  are s tu d ie d .  The d i s t o r t i o n  of  e r r o r  
c h a r a c t e r i s t i c s  may be caused by o u t l i e r s  of sym m etr i ca l  
d i s t r i b u t i o n ,  to o ,  t h e r e fo r e  ( f o r  i l l u s t r a t i v e  purposes,  and 
f o r  s i m p l i c i t y ,  r e s p . )  the o u t l i e r s  are supposed to  have a
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sy mmetr i ca l  d i s t r i b u t i o n  in  the p res en t  model i n  the range 
(-m ^  X < - l )  and (1 < x $ m) but  the d i s t r i b u t i o n  i s  e ls e  
un i fo rm  as at  Andrews et  a l .  The range being u n d i s t o r t e d  by 
o u t l i e r s  i s  ( - 1  < X ^ 1 ) ;  se v e ra l  p o i n t s  of view speak i n  
f av ou r  of a un i fo rm  d i s t r i b u t i o n  o f  the "good" d a ta ,  to o ,  
w h i t i n  t h i s  i n t e r v a l .  (The most im p o r ta n t  such p o i n t  i s  the 
lac k  of  f l a n k s ,  thus values w i t h  I x l  > 1 should be r e a l l y  
cons ide red  as o u t l i e r s ,  i f  the und is tu rbe d  data have t h i s  
advantageous d i s t r i b u t i o n . )

N a t u r a l l y  a l l  s t a t i s t i c a l  a l g o r i t h m s  - d i s r e g a r d i n g  some 
t h e o r e t i c a l l y  unfounded ad hoc procedures  - handle the o u t l i e r s  
(be ing  present  in  a r a t i o  r )  t o g e t h e r  wi th  the u n d i s t u r b e d  
da ta ,  and t h e r e f o r e  i t  i s  l o g i c a l  to  c h a r a c te r i z e  the p r e s e n t  
model of o u t l i e r s  by a s i n g l e  d e n s i t y  f u n c t i o n  f ( x ) :

f ( x )  = j c = 2(.^_ 1  ̂ i f  1 < Ix l  < m (9 )
0  e ls e

(see F ig .  1) .  The i n t e g r a l s  in  the d i f f e r e n t  e r r o r  fo rm u las  can 
be e a s ie r  s tu d ie d  i f  f ( x )  from Eq. (9 )  i s  w r i t t e n  as

f ( x )  = f 1 ( x )  + f 2 ( x ) ( 1 0 )

where

d =
7  ( 1  -  r  -  -7 -7 ) , 
2 m- 1

i f  - 1

V
/

XV
/ ( 1 0 a)

f 1 (x ) = J

[ o else

f u r t h e r

г i f  -m ^  x ^  m ( 1 0 b)
2 (m- 1 ) ’

f 2 ( x )  = ‘
0 else
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(see again F i g . I ) .
Accord ing to th ese ,  any i n t e g r a l  appear ing in  Eqs (3 ,  4, 

6 , 7) and ( 8 ) can be g iven  in  an e x p l i c i t  form.  The next
s e c t i o n  g ives the fo rmulas  f o r  the d i f f e r e n t  e r r o r  
c h a r a c t e r i s t i c s  in  form of  a l i s t .

3. FORMULAS FOR THE ERROR CHARACTERISTICS FOR THE PRESENT MODEL 
OF OUTLIERS

The i n t r o d u c t i o n  of  c e r t a i n  s i m p l i f y i n g  n o t a t i o n s  he lps  a 
b e t t e r  arrangement o f  the program. Before l i s t i n g  them, the 
d e f i n i t i o n  of n o t a t i o n s  i s  repeated which have been a l ready  
used in  the prev ious  s e c t i o n s ,  too:  
r :  r a t e  of the o u t l i e r s
m: maximum abso lu te  va lue  of  the o u t l i e r s
£: d ih e s io n  (see the genera l  formula 4, f u r t h e r  Eq. (14)  con­

c e rn in g  the p resen t  model o u t l i e r s ) .

2  ( m- 1 )

_ 1

qi

qml

■k ( 1  -  r

1

1 + £ 
m

2  r 2  m + E

t l  = d- arc tan j-

tml = -r arc tan jr

tS = arc  tan

tmS = arc  tan

1

CML
m

3CML

q2  = 

qm2  =

1

1 + ( 2 £ Г
m____

m2 + ( 2 £ ) 2

t 2  = ^  arc  tan ^

tm2  = j - -  arc  tan

The formulas f o r  the e r r o r  c h a r a c t e r i s t i c s  are w i t h  these 
n o t a t i o n s  the f o l l o w i n g :



E q u a t io n  (17) i s  a l s o  to  be understood i n  an i t e r a t i v e  sense 
s i m i l a r l y  to Eq. ( 1 4 ) .  (Equa t ions 14-17 can be e a s i l y  de r ived  
on ground of the Eqs 4 -8 ,  i . e . ,  o f  the genera l  d e f i n i t i o n s ,  
a p p l y i n g  known m a them at ica l  r e l a t i o n s  g iven  e .g .  by Gröbner and 
H o f r e i t e r  (1961) ,  see Eqs 15a,b on page 15 and Eq. 3c on p. 
18. )
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4. NUMERICAL VALUES OF THE DISTORTIONS OF THE ERROR CHARACTER­
ISTICS CAUSED BY OUTLIERS

In a case w i t h o u t  o u t l i e r s  ( r = 0 )  the numer ical  va lues  of  
the e r r o r  c h a r a c t e r i s t i c s  are the f o l l o w i n g  f o r  a u n i f o rm  
d i s t r i b u t i o n  in  the range ( - 1 , + 1 ) :

q = 0.50000 
Q = 0.66667 
6  = 0.57735 
Í  = 0.71852 
A = 0.67433 

SCML = 0.42898 .

(As i t  has been a l ready  ment ioned,  i f  any of  the  e r r o r  
c h a r a c t e r i s t i c s  i s  known, a l l  o th e r s  can be computed f o r  an 
a r b i t r a r y  type of  d i s t r i b u t i o n ,  e .g .  1.155-t ime.s the q - v a lu e  
determined from a sample y i e l d s  the value of 6  f o r  a u n i f o rm  
d i s t r i b u t i o n . )

In cases г > 0 ( w i t h  any va lue  o f  m) Eqs (11-17)  g i v e  the 
e r r o r  c h a r a c t e r i s t i c s  f o r  a d i s t r i b u t i o n  d i s t o r t e d  by o u t l i e r s .  
I f  the s u rp lus  due to  the o u t l i e r s  i s  d iv ided  by the c o r r e c t  
va lue r e f e r r i n g  to the s t e r i l e  case, a su rp lus  in  p e r c e n ts  i s  
ob ta in e d ,  and these values enable a comparison of  the d i s ­
t o r t i n g  e f f e c t  of  o u t l i e r s  on d i f f e r e n t  e r r o r  c h a r a c t e r i s t i c s .  
(The d i s t o r t e d  va lues of  A are r e f e r r e d  immediate ly  to  the 
c o r r e c t  value of A, as A was ab ovo d e f in e d  as an a p p ro x im a t io n  
to  A. )

Equat ions (3 ,  4, 6 , 7) and ( 8 ) show t h a t  the g r e a t e s t
d i s t o r t i o n  due to  o u t l i e r s  occurs at  the s c a t t e r ,  6  , as the 
g r e a t e s t  m u l t i p l i e r ,  i s  ob ta ined  here on the in t e g r a n d  f o r
the g rea t  values of  Ix l  in  the f u n c t i o n  f ( x )  being g r e a t e r  than 
0 due to the o u t l i e r s .  F igure 2 shows in  a double l o g a r i t h m i c  
sca le  the r e l a t i v e  va lues  of the d i s t o r t i o n s  in  6  due to 
o u t l i e r s  f o r  d i f f e r e n t  ra te s  of  the o u t l i e r s  ( r )  vs .  the 
maximum o u t l i e r  va lue .  (The compu ta t ions  have been c a r r i e d  out 
both in  г and in  m w i th  equal  l o g a r i t h m i c  s teps,  thus the r a t i o
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surplus 6 values

Fig. 2 .

o f  two values f o l l o w i n g  each other  i s  a lways \/l  0 . )
I t  is  c h a r a c t e r i s t i c  t h a t  in  the case of m=100 the 

d i s t o r t i o n  i s  more than twice of  the  r e a l  value even i f  the 
r a t e  of the o u t l i e r s  ( r )  i s  as sm a l l  as one per m i l l e .  That 
means th a t  the d i s t o r t e d  6  - v a lu e  i s  more than th ree  t imes 
g r e a t e r  than t h a t  o f  the sample w i t h o u t  o u t l i e r s .  The choice  
m=100 is  s i m i l a r  t o  the procedure used by Andrews et  a l . ;  i f  
t h e  sample has an e x te n t  of n=1 0 0 0 , the o u t l i e r  j = l  has j u s t  
t h e  value 100; Andrews et a l ' s  o r i g i n a l  method leads g e n e r a l l y  
t o  even g rea te r  m v a lu e s .

The unexpec ted ly  h igh values shown i n  F ig .  2 are connected
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(as the formu la of  the s c a t t e r ,  Eq. (3 )  shows) w i t h  the f a c t
t h a t  the g r e a t e s t  we igh ts  are obta ined f o r  the f a r t h e s t  p a r t  of
the f l a n k s  of  f ( x ) ,  thus the va lues in c re a s e  s t r o n g l y  w i th  
i n c r e a s in g  m. ( I f  the minimum value of  the Loo-norm would be 
used f o r  the c h a r a c t e r i z a t i o n  of  the e r r o r s  - the d e f i n i t i o n  i s  
g iven  e.g .  by T a ra n to la  (1987) - ,  then i t  would be e x a c t l y  
equal  w i th  m. These va lues  are rep resen te d  i n  F ig .  2 by the 
d o t te d  l i n e  and denoted by m, and t h i s  g i v e s  a curve f i t t e d  to 
the curve se t  6  , above the curve w i th  the parameter  r=31.6 
p e r c e n t . )  The d i s t o r t e d  va lues of  6  are mos t ly  ( w i t h  the
ex c ep t ion  of the s m a l l e s t  values of  г - s  and m-s) no adequate
e r r o r  c h a r a c t e r i s t i c s  o f  the "good" data .

One could suppose t h a t  o the r  e r r o r  c h a r a c t e r i s t i c s  get 
s i m i l a r l y  use less  at  most pa i r s  of  the parameters  ( r ,m )  
represen ted in  F ig .  2, even i f  less than v a l i d  f o r  the s c a t t e r  
6  . F igure 3 shows, n e v e r th e le s s ,  t h a t  the g r e a t e s t  d i s t o r t i o n  
of  the d ihes ion  in  the range of  the parameters  ( r ,m )  s tud ied  in  
F ig .  2 is  on ly  s l i g h t l y  more than 30 p e rc e n t ,  and these 
d i s t o r t i o n s  decrease s t r o n g l y  w i th  the i nc reas e  of  the maximum 
value of the o u t l i e r s ,  m. This decrease i s  the consequence of  
the f a c t  t h a t  in  the i n t e g r a l s  of  Eq. (4 )  the m u l t i p l i e r  of 
f ( x )  decreases s t r o n g l y  w i th  i n c r e a s in g  I x I , t h e r e f o r e  the 
va lues of the i n t e g r a l s  are on ly i n f l u e n c e d  by o u t l i e r s  l y i n g  
r e l a t i v e l y  near the g r e a t e s t  data d e n s i t i e s  ( i . e . ,  which are 
not  too f a r  from the s t e r i l e  d a ta ) ,  and acco rd ing  to Eq. ( 9 ) ,  
in  the present  model o f  the o u t l i e r s  the p r o b a b i l i t y  d e n s i t y  
f ( x )  decreases in  these  pa r ts  of the f l a n k s  ( s i m i l a r l y  to 
everywhere e l s e )  as r / 2 (m - 1 ) .

The m u l t i p l i e r  o f  f ( x )  in  the i n t e g r a l s  of  Eq. ( 8 ) ,  
d e f i n i n g  i t e r a t i v e l y  ScML, does n° t  decrease as s t r o n g l y ,  as 
necessary to g iv e  dec reas ing  d i s t o r t i o n s  f o r  i n c r e a s in g  m-s 
( w i t h  constan t  r ) .  In  F ig .  4 the r e l a t i v e  d i s t o r t i o n s  of 
are p l o t t e d  a g a in s t  m f o r  r=31.6 pe rcen t .  These va lues inc rease 
w i t h  i n c r e a s in g  m, but  t h i s  increase i s  very  s l i g h t ,  moreover 
i t  reaches q u i c k l y  s a t u r a t i o n .  Concerning the l e v e l  of  
d i s t o r t i o n :  the s a t u r a t i o n  value i s  n e a r l y  1 0 0  p e rc en t ,  in
c o n t r a s t  to the va lues  f o r  the d ihes ion  f o r  the same value of
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surplus £ -values 
caused by outliers

Fig. 3.

г ,  which are s m a l l e r  by o rders  of  magni tude. ( Ih e  s e n s i t i v i t y  
o f  SCM|_ aga inst  o u t l i e r s  and the r e s i s t a n c e  of the d ih e s io n  £ , 
r e s p e c t i v e l y ,  have been shown a l ready  in  a conc re te  case of  a 
d a ta  system by Csernyák and S t e in e r  1985.)  A comparison of  the 
c u r v e  in  F ig .  3 f o r  £ i s  enabled by r e p l o t t i n g  i t  i n  F ig .  4; 
th e  correspond ing £ - c u r v e  i s  a lso  shown here f rom F ig .  2 to 
see the e f f e c t  of an i n c r e a s i n g  m in  a l l  the t h ree  pos s ib le  
cases  .

The approx imat io n  of  a cons tan t  value of  the d i s t o r t i o n  
w i t h  i c re a s in g  m ( f o r  a g iven  value of r )  i s  c h a r a c t e r i s t i c  not
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surplus values of error

Fig. 4.

on ly  f o r  Sç|v||_, but  a lso f o r  the a s y m p to t i c  s c a t t e r  o f  the  most 
f r e q u e n t  v a lu e ,  A (and of  A approx im at i ng  i t ) .  As the 
s i m i l a r i t y  concerns a lso  the f a c t  t h a t  the va lues  a t  m= 1 0  

approx imate a l ready  r a t h e r  c l o s e l y  the va lues at m —►oo , these 
l a t t e r  co n s ta n t  values are g iven in  F ig .  5 f o r  Sq^ l , A and A 
vs. r .  (The d i s t o r t i o n  of  the a s y m p to t i c  s c a t t e r  A i s  even a t  a 
10 p e rc en t  r a t e  of  the o u t l i e r s  on ly  about 5 p e r c e n t ,
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i n d e p e n d e n t l y  of the  va lue of m, i . e .  even in  the case o f  l a r g e  
v a l u e s  of m.)

F i n a l l y  we c o n s i d e r  s h o r t l y  the e r r o r  c h a r a c t e r i s t i c s  q 
and Q, the d i s t o r t i o n s  of which are independent o f  m, i f  
г  ^  1/3 (see Eqs. 11 and 12). E lem en ta ry  computat ions show t h a t  
t h e  r e l a t i v e  d i s t o r t i o n s  are to be computed in  t h i s  range in  
b o th  cases r / ( l —r )  , and these v a lu e s  are p lo t t e d  w i t h  t h i c k  
l i n e  in  F ig.  6  ( n o t a t i o n  "q ;Q " ) .  For some values of m ( t h i n

surplus values of error characteristics 
for m »  (being approximative^ valid

Fig. 5.
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surplus values of q , Q and £ 
caused by outliers

Fig. 6 .

l i n e s )  the r e l a t i v e  d i s t o r t i o n s  o f  the  F -s are a lso  shown in  
t h i s  f i g u r e .  The case m=3.16 i s  j u s t  a t  the boundary to  model 
r e a l i s t i c  o u t l i e r s  us ing the p resen t  model of the o u t l i e r s ,  and 
the d i s t o r t i o n  of  the d ihes ion  i s  even i n  these cases l e s s  than 
the d i s t o r t i o n  of  q and Q. (And i t  has been shown p r e v i o u s l y  
t h a t  w i t h  i c r e a s i n g  m the d i s t o r t i o n s  of  Í  decrease q u i c k l y ,  
see F ig .  3 . )  I f  the model of  the o u t l i e r s  i s  mod i f ied  so t h a t  
a l l  the o u t l i e r s  appear in  the range ( l , m )  (w i th  a r a t e  o f  r ) ,  
say,  w i t h  un i fo rm  d i s t r i b u t i o n ,  the range of the m-independence 
and to g e th e r  w i t h  i t ,  the range o f  the smal l  values f o r  q and Q 
w i l l  be halved ( e . g .  f o r  Q, 0 г < 1 /6 ,  ins tead  of  r max= l / 3 ) .
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I n  c o n t r a s t  the asymmetry of the o u t l i e r s  causes no s i g n i f i c a n t  
d i s t o r t i o n  in  £ . This can be seen from Eq. (4)  d e f i n i n g  the 
d i h e s i o n  where x appears on ly  squared.  This i s ,  however ,  
i n s u f f i c i e n t ,  as Eq. (4 )  i s  g iven  here f o r  s i m p l i c i t y  a t  a zero 
v a lu e  of  the l o c a t i o n  parameter T=M, and t h e r e f o r e ,  i n  the 
g e n e r a l  case, in  the denominator  o f  the f r a c t i o n s  i s  ( x -M )^  
i n s t e a d  of  x^ what means t h a t  i f  the asymmetr ic o u t l i e r s  would 
s i g n i f i c a n t l y  modify the most f r e q u e n t  va lue  M, then t h i s  would 
cause a secondary, but  not  n e g le c t a b le  d i s t o r t i o n  of E . Such a 
d i s t o r t i o n  of  the l o c a t i o n  parameter  i s ,  however, i m p o s s ib le  
even at  the g r e a t e s t  m-values s t u d ie d  i n  the present  paper ,  i f  
t he  s tandard  o p t i o n  of  the com puta t i on  of  the most f r e q u e n t  
v a lu e  i s  used (see the Figs i n  S t e i n e r  1988, pp . 67 and 6 8 , 
e s p e c i a l l y  the o r d i n a t e s  f o r  k = 2, i . e .  roughly  f o r  M ' ) .  Thus 
the  s ta temen ts in  the presen t  paper  about the o u t l i e r -  
i n s e n s i t i v i t y  of the d ihes ion  ( i . e .  about the r e s i s t a n c e )  are 
no t  connected w i th  the symmetry o f  the present  model o f  the 
o u t l i e r s .
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Professor Hazay nonagenarian

A crowd of his former students, former and present co-operators, 
colleagues and a l l  the Hungarian geoscientists congratulate Professor Hazay 
at his 90th birthday.

His extremely ef fect ive carreer is  closely connected par t ly wi th the 
Hungarian National Land Survey, par t ly  with the Technical Universi ty of 
Budapest.

After graduating in c i v i l  engineering at the Technical Universi ty 
Budapest in 1922, he entered state service as a land surveyor at the 
National Land Survey 1923. During his successful act iv i ty  for  about 30 
years he gained a lo t  of experience in a l l  phases of land surveying works: 
t r iangulat ion,  precise level l ing,  geodetic astronomy etc.

As a resul t of his outstanding a b i l i t i e s  he received soon managing 
tasks: from 1932 in the works of the geodetic control net and survey of 
Budapest, from 1938 in the national land survey, and from 1942 on, he 
became the head of the Hungarian National Land Survey.

His a b i l i t i e s  manifested themselves already in his youth both in the 
s c ie n t i f i c  research work and the professional education.

His f i r s t  sc ie n t i f i c  papers have appeared in 1930. Up to now he has 
published about 100 papers and 6  s c ie n t i f i c  books, among them "Adjusting 
Calculations in Surveying" also in English. He concentrated his research 
a c t i v i t y  on the current theoret ical  and pract ical  problems of geodesy, 
surveying and mapping. Several of his ideas have became topics of 
internat ional  interest .

The fol lowing steps of his s c ie n t i f i c  carreer have been: he was 
awarded the doctor degree by the Technical University of Budapest in 1934; 
at the same universi ty he was awarded the Professor t i t l e  in 1941; the 
Hungarian Academy of Sciences elected him i t s  corresponding member in 1967, 
and f u l l  member in 1976. As president of the Geodetic Commission of the
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Hungarian Academy of Sciences, he played a leading role in the Hungarian 
geodetic science fo r  -a long time.

Professor Hazay's connection with the professional education started 
in 1929, when he began to teach Adjustment and Geodetic Astronomy at 
special courses. Later when the special education of c i v i l  engineers in 
geodesy, surveying and mapping was started in th is  country, he has put a l l  
his force into the service of professional education.

From 1951 he educated many generations of geodesists at the Technical 
University in Sopron, from 1959 at the Technical University of Budapest as 
the Professor of Mathematical Cartography, Adjustment, National Survey etc. 
and Head of Department of Geodesy.

His excel lent lecture notes and textbooks were published in several 
edi t ions.  He was Dean of the Faculty fo r  C i v i l  Engineering in the period 
1960-1964, and subsequently Rector of the Universi ty unt i l  1967. Meanwhile 
several of his students and assistants have became professors, outstanding 
engineers or sc ient is ts .

Professor Hazay is  holder of the State Kossuth Prize, of three 
governmental and two minister ial  medals, and of the Honorary Medals of 
Hungarian geodesists. The Technical Universi ty Budapest awarded him the 
t i t l e  "doctor honoris causa" and the Honorary Medal of the University.

His deep knowledge, undinimished energy and outstanding human 
character are examples to be followed for  a l l  of us. We express our best 
wishes at his 90th birthday in the hope that he w i l l  be further active for  
a long time in a good health.

The Edi tor ia l  Board

Publications of Professor István Hazay in the period 1981-1990

Addenda to the l i s t  of his publ icat ions related to the period 1930- 
1980, published in the Acta Geod. Geoph. Mont. Hung., 16 (1981), 7-10.

97. Quick zone-to-zone transformation in the Gauss-Kriiger projection. Acta 
Geod. Geoph. Mont. Hung., 18 (1983), 71-82.

98. The scale of the map (A térkép méretaránya). Geodézia és Kartográfia, 
1986.

99. The importance of projections in mapping (A vetületek szerepe a 
térképészetben). Geodézia és Kartográfia, 1988.

100. Remembrance of Gyula Papp (Emlékezés Papp Gyulára). Geodézia és 
Kartográfia, 1988.
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BOOK REVIEWS

L FIALOVSZKY e d .-in -C h ie f: Survey Instruments and th e ir  Operational
P rinc ip les. Akadémiai Kiadó, Budapest, 1991. 750 pp, 646 fig s , 26 tables

The book is  the revised and enlarged version of the handbook in 
Hungarian language "Geodéziai műszerek, edited also by L Fialovszky 
(Műszaki Könyvkiadó, Budapest, 1979).

This new ed ition  gives a detailed theore tica l background to understand 
the basic princ ip les of construction and operation of the instruments 
necessary fo r the most general tasks of surveying, and presents many types 
of these instruments, together with th e ir descriptions. As compared to the 
e a r lie r  ed ition  the scope is  greatly expanded, especially in respect of the 
new types of modern instruments, such as e lectron ic distance meters and 
tacheometers, automatic equipments fo r mapping etc.

The book contains three parts and 14 chapters in them, w ith the 
fo llow ing topics:

Part I .  Opto-Mechanical Surveying Instruments
1. Fundamentals and elements of optics; levels
2. Instruments fo r measuring angles
3. Instruments fo r measuring elevation
4. Precision instruments fo r  horizontal and v e rtic a l setting out
5. Instruments and equipment fo r distance measurement
6. Instruments fo r tacheometry

Part I I .  E lectronic Surveying Instruments
7. Elements of e lectron ic instruments
B. Distance measuring instruments using the p rin c ip le  of interference
9. E lectronic distance measuring instruments

10. E lectronic theodolites and tacheometers
Part I I I .  O ffice Instruments and Equipment fo r Processing

11. Grid square and coordinate p lo tting  devices
12. Equipment fo r automatic mapping and p lo ttin g
13. Automatic equipment fo r map production
14. Instruments to measure areas.

In the Appendix one can find  a l i s t  of some important firms producing 
surveying instruments, a selected bibliography and a detailed name and 
subject index.

The book was published (as Number 62) in  the series "Developments in 
Geotechnical Engineering", as a jo in t  ed ition  with Elsevier, Amsterdam- 
Oxford-New York-Tokyo.

This well compiled, c lea rly  w ritten  uptodate work w i l l  surely be 
he lp fu l fo r undergraduate and graduate students and teachers of surveying, 
fo r practis ing bu ilders, architects and technicians and for everybody who 
is  interested in any branch of surveying.

At the f i r s t  pages of the book there is  a short biography of the 
Ed itor-in -C hie f with the comment under his photo: "Professor Fialovszky 
died two weeks a fte r the f in a l version of th is  manuscript was received by 
the publishers".

Thus, when taking th is  book - his very la s t work -  in hand, i t  reminds 
us of him, the u n tir in g  s c ie n tis t, too.

L Miskolczi
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K R KOCH: Bayesian Inference with Geodetic Applications. Springer Verlag, 
B e rlin , Heidelberg, New York, London, 1990. 198 pp, 4 f ig s , 6 tables, 
Appendix

The Bayesian approach provides a u n ifie d  approach to Analytic 
S ta tis tic s . There is  no need to distinguish the d iffe re n t hypotheses, tests 
and estimations. Bayesian analysis uses the same basis. In the Bayesian 
phylosophy the elements in  a s ta t is t ic a l model can be assigned a 
p ro b a b ilis tic  s truc tu re . Parameters appearing in  the model can be assigned 
p ro b a b ility  d is tr ib u tio n s . The Bayesian s ta t is t ic s  is  a very useful too l to 
analyze d iffe ren t kinds o f data.

This book gives a very nice presentation of the Bayesian Inference 
w ith  geodetic app lica tions.

After a short in troduc tion , Chapter 2 deals with the basic concepts of 
Bayesian inference. I t  gives the derivation of the Bayes theorem summarizes 
the p rio r information fo r  the unknown parameters. I t  treats the point 
estimation, confidence regions, the hypothesis testing and pred ictive  
analysis. F inally the numerical techniques fo r the s ta t is t ic a l inference 
are presented.

Chapter 3 is  focussed on problems of models and special applications. 
D iffe re n t models are introduced. Thus the lin e a r models with noninformative 
and informative p rio rs  fo r  the unknown parameters, nonlinear models, mixed 
models and linear models with unknown variance and covariance components. 
I t  deals with the problem of c la ss ifica tio n  solved by applying the Bayes 
ru le . The so-called M or robust estimates are also derived by Bayesian 
inference. F ina lly , the reconstruction of d ig ita l images is  discussed.

The appendix summarizes the d iffe ren t kinds of d is tribu tions ,
A basic knowledge of s ta t is t ic a l methods is  needed to read the book. 

The book is  very c le a r ly  w ritten and helps the sc ien tis ts  who are 
interested in evaluating and analysing of data.

J Somogyi

ISPRS Commission I I / V I I  International Workshop Proceedings. Advances in 
S patia l Information Extraction  and Analysis fo r Remote Sensing. American 
Society fo r Photogrammetry and Remote Sensing, 1990. 112 pp, 42 f ig s , 5 
tab les

The book contains the papers of ISPRS Commission I I /V I I  In ternationa l 
Workshop held at the U n ivers ity  of Maine Orono (13-17 January 1990).

The five inv ited  papers and the ten presented papers are grouped in to  
the following subjects: "Data Fusion in Remote Sensing and GIS. Knowledge- 
Based Systems. Processing on Small Computers". The topics of the papers 
include the fo llow ing: Integration of GIS w ith  remote sensing; Standards 
fo r  data transfer and exchange; Man-machine in te rac tion ; Database design 
and data management systems; Computer v is ion  and image understanding 
techniques in remote sensing; Large shared data bases; Algorithms fo r 
information extraction from image data of high spatia l and spectral 
reso lu tion .

J Somogyi
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Protecting Natural Resources with Remote Sensing. Proceedings of the Third 
Forest Service Remote Sensing Applications Conference - A p ril 9-13, 1990. 
American Society fo r Photogrammetry and Remote Sensing. 488 pp, 75 f ig s , 43 
tables

This issue contains papers from the Third Forest Service Remote 
Sensing Application Conference held at the University of Arizona and the 
Doubletree Inn Tucson, Arizona.

Most of the papers deal with the use and application of remote sensing 
technology in some way or another related to the monitoring and protection 
of natural resources.

The proceedings give a very informative summary about the top ic .

J Somogyi

Global Natural Resource Monitoring and Assessments: Preparing fo r  the 21st 
Century Proceedings of the In ternational Conference and Workshop - 
September 24-30, 1989. Three volumes. Published by American Society fo r 
Photogrammetry and Remote Sensing. 1990. 1495 pp

The three volumes c o lle c t the papers presented to the In te rna tiona l 
Conference and Workshop of Global Natural Resource Monitoring and 
Assessments: Preparing fo r the 21st Century. The objectives of the 
conference were: To fo llow  up on the recommendations from past meetings, 
and improve the in tegra tion  and coordination of national and in te rna tiona l 
inventory and monitoring systems and th e ir associated data bases to support 
environmental assessments in  the 1990s and beyond.

Volume I included 65 papers of seven sessions with the fo llow ing 
subjects: Global monitoring, the planning perspective, the environmental 
perspective and the social/economic perspective. Importance of global data 
in  monitoring forests and d e se rtifica tio n , range resources, s o il and water 
resources. Review of current global assessment e ffo rts . Linking monitoring 
and assessment to planning and action fo r sustainable development. Social 
aspects of global monitoring. In ternational range inventory and monitoring. 
Water resources. Monitoring environmental health.

Volume I I  includes 67 papers of seven sessions. The main topics are: 
Resource inventories. Technical forecasts fo r the future. Global coordina­
tio n  e ffo r ts . Resource management planning. Policy aspects of monitoring 
systems. Ecological approaches to resource inventory and monitoring.

Volume I I I  includes 69 papers of eight session with the fo llow ing 
themes: Future s a te ll i te  sensing ca p a b ilitie s . Resource measurements and 
modeling. Data bases and geographic information systems. Remote sensing 
opportun ities. Remote sensing case studies. Achieving the fu tu re . B lueprint 
of the future, recommendations and proposals. Responses and c losing.

The lectures which are collected in  these three volumes deal w ith the 
questions of the moment and can be useful fo r d iffe re n tly  s k ille d  experts.

3 Somogyi

W J RIPPLE ed. : Fundamentals of Geographic Information Systems: A
Compendium. Published by American Society fo r Photogrammetry and Remote 
Sensing, 1989. 248 pp, 84 f ig s , 9 tables

One meets with an increasing number of resource management and
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environmental problems. these include global climate change, acid 
deposition stemming from the burning of fo s s il fue ls , the disposal of tox ic  
wastes, increasing s o i l  erosion and decreasing water qua lity , population 
growth etc. Geographic information systems have the potentia l to help fo r 
so lu tions to such problems.

Ihe book is  divided in to  eight sections, the f i r s t  section deals with 
the de fin ition  of GIS, the h istory of the technology, and requirements and 
p rin c ip le s  for GIS implementation. Ihe second section focuses on entry of 
s p a tia l d ig ita l data in to  a GIS. Section three gives a review on the 
p rin c ip le s  of log ic  as they apply to geographic data analysis, fundamental 
GIS operations, and d ig i ta l  te rra in  models. Ihe fourth  section deals with 
GIS data quality issues and error assessment. Part five  treats the recent 
developments and fu tu re  trends in GIS. Examples of GIS applications can be 
found in sectin s ix . Gne can find in section seven information on how to 
se le c t and evaluate a GIS. Section eight co lle c ts  the GIS lite ra tu re .

3 Somogyi

Twelfth Biennial Workshop on Color Aerial Photography and Videography in 
the Plant Sciences and Related Fields. American Society fo r Photogrammetry 
and Remote Sensing, 1990. 303 pp, 84 fig s , 52 tables

The book contains the papers from the Workshop on Color Aeria l 
Photography and Videography in  the Plant Sciences and Related Fields held 
in  Sparks, Nevada, 23-26, May 1989. Most of the papers deal with the color 
and color infrared photography for vegetation and eleven of the papers 
discuss the use of videography for the plant sciences.

J Somogyi

Image Processing '89, Sparks, Nevada, 23 May 1989, American Society fo r 
Photogrammetry and Remote Sensing, 258 pp, 121 f ig s ,  46 tables

The book contains the papers of the Image Processing 89' meeting which 
was held in conjunction w ith  the twelfth B iennial Workshop on Color Aeria l 
Photography and Videography in  the Plant Sciences and Related Fields.

The papers are d iv ided in to  the fo llow ing top ics:
I .  Imaging Spectroscopy w ith  six papers 

I I .  Geology with fiv e  papers
I I I .  Forestry with seven papers

IV. Image Processing Techniques with six papers
V. Land and Water Resources with five  papers.

The Proceedings give a very informative summary about the remote 
sensing problems in USA.

J Somogyi

J R WILLIAMSON and M H BRILL: Dimensional Analysis Ihrough Perspective. A 
Reference Manual American Society fo r Photogrammetry and Remote Sensing, 
Kendal/Hunt Publishing Company, Iowa, 1990. 242 pp, 52 fig s , 1 table

This book gives a summary of perspective which is  one of the f i r s t  
geometric properties o f photography. According to the authors i t  is  the
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purpose of th is  manual to provide the photogrammetric analyst with step-by- 
step procedures w ithout dealing how the procedures have been derived. They 
have used spec ific  aspects of single-photograph perspective to present a 
fresh review of techniques commonly used in  photogrammetric analysis of 
one-, two- and three-point perspective photography. Ihe use of single-image 
perspective techniques are not widely treated in  photogrammetric l i t e r a ­
ture. th is  work gives a help to the photogrammetric analyst using s ing le  
images.

Ih is  manual is  intended fo r the professional photogrammetrist.

J Somogyi

Earth Observation Systems, Legal Considerations fo r the '90s. Published by 
American Society fo r  Photogrammetry and Remote Sensing and American Bar 
Association, 1990. 253 pp

This book contains the product of two in-depth workshops. The f i r s t  
part of th is  volume "S a te llite s  and Remote Sensing" is  a c o lle c tio n  of 
papers presented at the 1987 Workshops and gives a nice presentation on the 
technology of earth remote sensing, the current and potentia l app lica tions 
of th is  technology, and the current sta te  of the industry and government 
a c t iv ity  in th is  area.

The second part "Current Developments in  Remote Sensing Law and 
Practice" consists of transcrip ts of the actual proceedings of the 1989 
Workshop. Ih is  Workshop was held as a roundtable discussion among the 
partic ipan ts .

Ihe proceedings give a very useful help to experts who a working in 
th is  f ie ld .

3 Somogyi

P VYSKOCIL, C REIGBER, P A CROSS eds: Global and Regional Geodynamics. 
In ternational Association of Geodesy Symposia, Symposium No. 101. Series 
ed ito r: I  I  Mueller. Springer-Verlag, New York, 1989, 349 pp., 193 f ig s

This volume contains the proceedings of a symposium held w ith in  the 
General Meeting of the International Association of Geodesy (IAG) to 
commemorate i ts  125th Anniversary (Edinburgh, Scotland, August 3-5, 1989).

This book is  a d irec t resu lt of the improved cooperation between the 
IAG Commission V II on Recent Crustal Movements (CRMC) and IAG Commission 
V III  of Space Techniques fo r Geodesy and Geodynamics (CSTG) with the aim to 
extend information on recent crusta l movements on global, regional and 
loca l scales as well as to improve the ideas, techniques and th e o re tica l 
studies fo r a deeper understanding of the geodynamic phenomena.

The CRMC has reached a great progress with the te r re s t r ia l 
instrumentation on loca l and partly  regional scales incorporating advanced 
estimation and f i l te r in g  methods to monitor the displacement and s tra in  
accumulation f ie ld s  of special in te res t.

Ihe CSTG is  developing and coordinating the links between the various 
groups engaged in  the f ie ld  of space techniques as well as elaborating and 
proposing projects of in ternationa l cooperations. I t  has proved the 
capab ility  of the re la tive  expensive techniques of S a te llite  Laser Ranging 
(SLR) and Very Long Baseline Interferom etry (VLBI) to monitor the recent 
global plate motions.

The appearance of coordinate d ifferences measured by a re la t iv e
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unexpensive NAVSTAR Global Positioning System (GPS) among the c lass ica l 
observables was the f i r s t  signal of the cooperation. Moreover, the GPS and 
the mobile SLR/VLBI techniques are able to f i l l  the regional gap between 
the loca l and global approaches.

Ihe most pregnant proof of the facts  above is  a large number of high 
q u a lity  papers included in  th is  volume.

In the f i r s t  f iv e  papers SLR/VLBI data collected in the las t years fo r 
g loba l plate motion investigations are analysed. Ihe space geodetic resu lts  
are compared to the widely accepted geophysical models.

Ihe instrumentation and modelling o f SLR/VLBI observations are 
presented in four add itiona l papers.

Ihe regional app lica tion  of SLR/VLBI technique to the Japanese island 
arc contraction, to the Pacific Basin and to  the meeting of the Eurasian, 
A frican  and Arabic Plates (WEGENER MEDLAS p ro jec t) are presented in  four 
papers.

Ihe modelling in  non-Cartesian frame, the e ffects of p rec ip ita tion  and 
groundwater on ground deformation as w ell as the lithospheric deformation 
and asthenospheric pressure are discussed in  the next three papers, 
respec tive ly .

Six papers deal w ith GPS applications from regional to loca l scales, 
spec ified  as the Ira n sa tla n tic  Net (TANGO), the Australian P ilo t Project 
fo r  o rb it  inprovement and local f ie ld s  of special in terest in  China, 
Iceland, Venezuela and Canada.

The horizontal investigations by te r re s t r ia l methods are covered by 
ten papers. Beside lo ca l projects in Venezuela, Romania, Canada and Egypt 
the related design, random d is tr ib u tio n  and environmental problems are 
presented in d iffe re n t papers. Some papers investigating the repeated 
distance measurements and s tra in  observations with holographic 
interferom etry in Japan are also included.

The ve rtica l investiga tions by te r re s tr ia l methods in Japan and I ta ly ,  
the Kalman F ilte r  technique and the water-tube tiltm e te r application in 
Japan are discussed in  four papers, respective ly .

The volume is  closed by the inves tiga tio n  of the secular change in 
g ra v ity  on the Fennoscandian region.

Summarizing, th is  book is  a very ch a ra c te ris tic  cross section of the 
geodynamic investigations by geodetic methods giving an ins ight not only 
fo r  geodesists in terested in the "s tra in " ,  but to other geoscientists 
engaged mainly in the "stress" part of the same phenomena.

L Bányai

H SÜNKEL, T BAKER eds: Sea Surface Topography and the Geoid. In te rna tiona l 
Association of Geodesy Symposia, Symposium No. 104. Series e d ito r: I  I 
M ueller. Springer-Verlag, New York, 1989. 187 pp, 66 figs

This volume contains papers presented August 3-5, 1989 a t the 
Symposium 104 of the General Meeting of the IAG in  Edinburgh. I t  is  d ivided 
in to  four parts according to the sessions of the Symposium.

In Part 1 on the Geoid, the published papers re fle c t the recent 
p ra c tic a l and theo re tica l e ffo rts  to improve the accuracy of g loba l, 
reg iona l and local geoid determinations in  national and in te rna tiona l 
re la t io n . The availab le  high precision o f GPS positioning measurements 
which are now in cm order in  re la tive  sense requ ire  sim ilar accuracy of the 
reso lu tio n  of gravity f ie ld  models and geoid computation, so the presented 
geopotentia l models and the computational methods aimed at th is  precis ion.
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I t  seems me from the papers that the larger and larger number of s a te l l i te  
tracking data, a ltim eter data and surface gravity  data with topographical 
information and the sophisticated computational methods lik e  co lloca tion  
and Fast Fourier Transform make th is  accuracy possible. There are also very 
impressive and in i t ia t iv e  e ffo rts  to make geoid determination and le v e llin g  
automatic by the combination of GPS and In e r t ia l Navigation System.

In Part 2 on Sea Surface Topography, most of the papers deal w ith the 
problems of the combination of s a te ll i te  a ltim etry data with sea or land 
gravimetry. The knowledge on sea surface topography and the shape of the 
geoid on the sea is  very important fo r  oceanographers as w e ll as fo r 
geodesists since 2/3 of the Earth surface is  covered by water. So any 
geodetic information about the sea surface improves the global p icture 
about the Earth's surface and i t s  gravity  f ie ld .  The computational resu lts 
show that the combination of a ltim eter data with gravity data improves the 
pred iction  accuracy both of a ltim eter heights (that is  the sea topography) 
and of gravity f ie ld  (tha t is  the geoid). By th is  combination the so called 
crossover differences have a standard deviation of some decimeters a fte r 
the adjustment of data.

In Part 3 on The V ertica l Datum, several papers treated the problem of 
the connection of loca l ve rtica l datum between continents. Since the mean 
see levels detected by loca l Tide Gauge stations are not. on the same 
equipotentia l surface of the Earth's g rav ity  f ie ld  so the separation should 
be known fo r the exact connection. The authors described three main 
approaches to solve th is  problem which are based on (1) global gravity  
f ie ld  models, loca l g rav ity  surveys and levelings, (2) the so lu tion  of a 
geodetic boundary value problem, and (3) s a te ll i te  a ltim etry. I t  is  clear 
from the papers that in  solving such problems - which serve the geodetic 
background to solve other problems of the natural sciences -  the 
contribu tion  of space techniques lik e  SLR, GPS, VLBI w i l l  increase 
s ig n if ic a n tly  in the near future.

In the jo in t-v iew  part 4, a simultaneous determination of a general 
ocean c ircu la tio n  model and an Earth g rav ity  f ie ld  model, a sea surface 
topography model, a geopotential model derived from a ltim eter, Doppler and 
laser tracking data is  presented in  terms of spherical harmonics. Some 
questions of precise leve ling are also discussed here w ith  special 
a tten tion  to the corrections fo r atmospheric re fraction .

In conclusion th is  proceedings give an impressive p ic tu re  about the 
recent state and accuracy of the determination of geoid re lated quantities  
and show clear connection points to other Earth's sciences in  which the 
geodetic information is  necessary to study global processes. I t  is  also 
clear that fo r such tasks the development of the methods of space geodesy 
is  indispensable.

G Papp

Gy BÁRD0SSY and G J J ALEVA- L a te r it ic  bauxites. Akadémia Kiadó, Budapest, 
1990. 624 pp, 225 fig s , 53 tables, 16 coloured plates

The book of one of the authors (Gy Bárdossy: Karst bauxites, 1982, 
Akadémiai Kiadó and Elsevier, Budapest) has been highly appreciated by 
experts dealing with bauxite exploration. Simultaneously, the need has come 
up that as a continuation of th is  work the knowledge on la te r i t ic  bauxites 
ought to be summarized, as w ell. I t  is  a laudable aim that authors prepared 
th is  book wthin a re la tiv e ly  short time. The book "L a te r it ic  bauxites"
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together w itht he "Karst bauxites" can be regarded as a two-volume work and 
i t  has to be found in  the lib ra ry  of the s c ie n t is t ,  teacher and p rac tica l 
expert. The value of the book is reflected also by the fact that the work 
published jo in t ly  by the Akadémiai Kiadó and E lsevier Science Publishers 
B.V. is  the book No. 27 o f the well-known series "Developments in Economic 
Geology".

The nine chapters include a ll the things tha t are worth knowing about 
la t e r i t ic  bauxites. The large number of references (about 500 items), the 
Glossary at the end o f the hook and the exact d e fin ition s  make th is  work 
not only an important source but also a fundamental co llec tion  of 
information fo r a l l  the experts dealing with bauxite exploration. The work 
gives indispensable a id  fo r experts to speak a uniform professional 
language a ll over the world.

The review of la te r i t iz a t io n  and of the genetic processes of la te r i t ic  
bauxites, the c la s s if ic a t io n  of bauxite deposits as well as the ou tline  of 
the world d is tr ib u tio n  are important in troducto ry  aspects to discuss the 
la t e r i t ic  bauxites in  d e ta il.  Discussing the main characteristics of 
la t e r i t ic  bauxites in  harmony with the external and internal factors the 
fo llow ing  aspects are dea lt with: climate, tecton ics and source rocks as 
externa l, and geometry of deposits, lith o lo g y  (structures and textures, 
colours e tc.) geochemistry and mineral compositions of the deposits as the 
most important in te rn a l facto rs . The review of information concerning the 
genetics of la te r i t ic  bauxites is  a summary of these chapters.

Having summarized the main cha rac te ris tics  of la te r i t ic  bauxite 
formation, the la t e r i t i c  bauxite deposits of the world are described and 
l is te d  over about 300 pages in more or less de ta ils  according to the 
s ign ificance of them. In  the course of th is  discussion the la te r i t ic  
bauxite deposits are assigned to eight provinces: South America, Southeast 
B ra z il, West A frica , Southeast Africa, Ind ia , Southeast Asia, West and 
North Australia, Southeast Australia. The iso la ted  bauxitic areas are 
grouped at the end of th is  chapter.

Information on each deposits w ith in  the provinces derive from 
published or pa rtly  unpublished data and have been provided by bauxite 
companies for the s p e c if ic  purpose of inc lus ion  in  th is  book. Authors 
studied most of the beds in  the fie ld .

The authors fo llowed the same sequence in  the concise description of 
the deposits. The main aspects of th is  descrip tions are: name, location , 
s ize , bauxite p ro f ile ,  chemical and mineral composition, geomorphology, 
age, genesis, ownership, reserves, exploration and mining.

The last chapter deals with bauxite as an aluminium ore and i t  becomes 
obvious to the reader here how the s c ie n tif ic  knowledge serves the economic 
purposes. In th is  chapter useful information can be obtained on the 
methodology of bauxite exploration s ta rting  from the f ie ld  studies through 
laboratory measurements to  the reserve estim ation, on the quality con tro l, 
on the mining, concentration and processing of the ore. The comprehension 
o f data of the world bauxite reserves and production fa ir ly  well re f le c t 
the s itua tion  and dimensions of th is branch of industry .

As for myself who have been in contact w ith  bauxite exploration in 
many aspects, f i r s t  of a l l  in  the fie ld s  of m ineralogical and geochemical 
researches, I  can sa fe ly  declare that the geological lite ra tu re  of the 
world has gained a very important, informative book w ritten  with s c ie n t if ic  
a u th o r ity .

Gy Panto
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J FÜIÖP: Bevezetés Magyarország geológiájába (In troduction to Hungary's 
geology). Akadémiai Kiadó, Budapest, 19B9. 246 pp, 109 figures and three in 
colour

This book is  the second part of a voluminous work on Hungary's 
geology. The f i r s t  part included the h istory of the exp lo ita tion  of mineral 
resources in  Hungary, th is  second part gives the outlines of the geological 
structure of Hungary. The author extends the discussion in two d irections: 
f i r s t ,  he gives a h is to r ic a l account, i .e .  he s ta rts  with early ideas and 
shows how the geologic structure became more and more deeply known both by 
exploration and by theore tica l hypotheses. The second extension is  in 
space: he does not re s tr ic t  to Hungary, or to the Carpathian Basin w ith in 
which Hungary is  the centra l part, but he discusses surrounding mountains 
of the Carpathians towards the Alps and towards the Balkan peninsula.

Geologic and geophysical exploration of the basin and in  the 
surrounding mountain chains yielded ample information about near-surface 
and deep structures, age and tectonics of the area and enabled plate 
tecton ica l reconstructions which are sometimes contradictory, nevertheless 
they point toward a f in a l solution fo r the reconstruction of the geologic 
past of the basin. The h is to r ic  viewpoint leads to the reconstruction of 
not only the geologic h is to ry , but also to the h is tory of the ideas. 
Especially the basin i t s e l f  was the object of d iffe re n t theories 
(intermediate massif, orogenic o rig in , heterogeneous composition, mantle 
d ia p ir and f in a lly  the p late tectonic model). As the p o lit ic a l h is tory of 
the basin was nearly as variable as the geologic one, l is ts  of geographic 
names in d iffe re n t languages (and d iffe re n t times) help the orien ta tion  
together with an extensive bibliography. I t  is  to be considered i f  the book 
would be worth being translated in to  English as the in te res t in  the 
Carpathian Basin has increased recently, and a Hungaro-American geological- 
-geophysical cooperation continues to complete our ideas on the development 
of the basin.

J Verő

W SCHRODER ed .: Advances in  Geosciences In te rd iv is io n a l Commission on 
History of the IAGA. Bremen-Roennebe :k, 1990. 358 pp, many figures

This book contains papers presented at the symposia "The h is to ry  of 
geomagnetism and aeronomy" and "Problems of uncerta inties in  geophysical 
time series" of the In te rd iv is io n a l Commission on History of the IAGA 
during the IAGA General Assembly, held in Exeter, August 1989.

The papers presented in  th is  book are concentrated around a few topics 
being presently of sp e c ific  in te res t. The f i r s t  of these topics is  the 
eleven-years solar cycle, i t s  h is to ry , with special emphasis on the Maunder 
minimum. Legrande and LaGoffe look fo r connection between the Maunder 
minimum and c lim a tic  changes (no unambiguous correspondence is  found), 
A t to l in i,  Cecchini, G a lli and Nanni use tree ring  radiocarbon data together 
with auroral occurrences fo r the establishment of the solar cycle in 
h is to r ic  times, Krakovetsky, Loisha and Popov conclude from S ib irian  
auroral data that no Maunder minimum can be found there, Schröder brings 
evidence fo r the eleven-years cycle before the Maunder minimum, Kopecky 
re lates the auroral occurrence to solar a c t iv ity ,  Búmba and Hejna propose a 
new index of high geomagnetic a c t iv ity ,  and somewhat d if fe r in g  from these, 
Banzon et a l. report on the e ffect of the volcanic a c t iv ity  on Ita lia n  
floods. Methods fo r s im ila r studies are presented by Sneyers and by
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G regori. In spite of the deviating data, there is  l i t t l e  doubt about the 
existence of the Maunder minimum, i ts  c lim ato log ica l e ffe c t, however, is  
much less well established. Anyway, one has to be extremely carefu l with 
the analysis of h is to r ic  data, and basic data are as fa r as possible to be 
cross-checked from h is to r ic ,  soc ia l, economic and thematic points of view.

A second group of papers deals with the early h is tory of sun-earth 
re la tio n s , including geomagnetism (Skinner with he early h is to ry  of the 
e le c tro je t,  McNoe with the Apia observatory, Steleanu with Edmund Halley, 
Wiederkehr with Neumayer's plan to establish an observatory in  Austra lia , 
and Humboldt's role in th is  p ro jec t, Legrand with de Mairan's surpris ing ly  
modern ideas on the aurora). Hall added to th is  group a scientometric 
ana lys is  of nineteenth century lite ra tu re  on geomagnetism. Ihe most 
in te re s tin g  points of these accounts is  that the parameter time played a 
d if fe re n t role in  that time: the time needed to co lle c t funds fo r a project 
las ted  nearly as long, as e.g. an expedition i t s e l f ,  or even much longer, 
and the rea lisa tion  of the plan could be a t in y  part of the whole pro ject. 
H e ider's  account on the one and a ha lf centuries of geophysics in  Canada, 
and Schmidlin's report on the Ihyssen-gravimeter re fe r only p a rtly  to 
geomagnetism, nevertheless, they are in te res ting  to read.

I t  is  a p ity  that two papers by Debarbat and by Brown about the role 
o f women in earth sciences are very short summaries. Ihe la s t group deals 
w ith  persons in sun-earth physics of the present century (Baer and 
Liebow itz on Landsberg, Dobson on Schove, Dieminger on Lange-Hesse and 
Tiemann on Foerster). They show a wide varie ty  of persona lities, beginning 
from enthusiastic organizers to self-devoting teachers.

The volume is  recommended to a l l  who are interested in the h is to ry of 
the sun-earth physics, be i t  from a h is to r ic a l point of view, be i t  through 
the use of h is to rica l data.

J Verő

W WITTKE: Rock Mechanics. Theory and Applications with Case H istories.
Springer-Verlag, Berlin , Heidelberg, 1990. 1075 pp, 861 fig s

This book is  the English trans la tion  of the German ed ition  extended by 
reports  on pa rticu la rly  d i f f i c u l t  rock engineering projects.

The book is  based on more than 20 years experience in  research, 
teaching and p rac tic is ing  of the author in  the re la tiv e ly  new engineering 
f ie ld  of rock mechanics. He focussed on the co ns titu tive  laws governing the 
mechanical and hydraulic behaviour of jo in ted  rock, on th e ir  numerical 
implementation and on the application of th is  knowledge to rock 
construction.

Special attention is  paid to the computer-oriented methods of analysis 
corresponding to the current "state of the a r t"  in rock mechanics, namely 
to  the f in i te  element method applied to s ta b i l i ty  analyses of various types 
o f construction during the design and d iffe re n t construction stages.

This work consists of 28 continuously numbered chapters devided in to  5 
la rge  lo g ica lly  b u ilt  up parts .

In part "A" the conceptual models are presented comprising the grain 
and rock mass fab ric , the d iscon tinu itie s , the s tress-s tra in  behaviour of 
d if fe re n t  rock masses, the basis fo r the consideration of deformation due 
to  sw elling  and the model o f seepage flow through a rock mass.

In part "B" the procedures of the f in i te  element analysis are 
developed describing the stresses and stra ins in  a rock mass, the stresses 
and deformations due to sw elling, the rock mass wedge s ta b i l i ty  and the
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three-dimensional seepage flow using the homogeneous model. The seepage 
flow analysis using the discrete model is  also presented.

In part "C" the analysis procedures are applied to the d iffe re n t rock 
engineering constructions as t r a f f ic  tunnels and ad its , caverns, pressure 
tunnels, foundations of gravity  and arch dams as well as slopes.

In part "D" the d iffe re n t investigations, explorations and tests are 
presented which are required to build up the mechanical characte ris tics , 
the loadings, the boundary conditions and geometry of the f in i te  elements 
system during the design as well as necessary to be performed during the 
construction stages to check the previously made assumptions. The chapters 
describe the s ite  observations, the laboratory tests, the shear tests on 
d iscon tinu ities , the tests to determine the deform ability and in -s itu  
stresses as well as the groundwater conditions and permeability 
investigations. Examples of rock mechanic investigations are also included.

In part "E" the case h is to ries  of the Hasenberg tunnel in S tu ttga rt 
Rapid-Transit Railway, the Wehr and the Estangento-Sallente powerhouse 
caverns are presented. These studies show the methodology of the complex 
rock mechanical investigations from the p ro ject level to the monitoring 
stages.

A large number of excellent figures makes through the chapters the 
understanding of the text easy.

The prelim inary demand is  e n tire ly  f u l f i l le d  to be a text-book not 
only fo r students, p rac tic is ing  engineers and geologists but fo r the 
surveying engineers or geodesists, working together in the displacement 
measurement part of the same rock engineering projects.

The bases of conceptual models fo r  rock mass behaviour and 
d iscon tinu ities  or fa u lts  as well as the f in i te  element approach may be 
useful fo r the geoscientists engaged in s tress-s tra in  investigations of 
regional scales caused by geodynamic processes, too.

L Bányai
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Announcement
Cultural Heritage Collected in Libraries of Geoscience, Mining 

and Metallurgy -  Past, Present and Strategy for the Next Millennium

The libraries of geoscience, mining and metallurgy in Europe (as well as on other continents) 
contain a rich cultural heritage consisting of ''old” books, manuscripts, sketches, maps and 
unpublished works, sometimes also coins, medallions, pewter figures, carvings, etc. The importance 
of these collections is well known to librarians, historians, restorers, antiquarians, academies, 
scientific societies and associations, curators of monuments, and many more...
In September, 1993, an international symposium of several days will be held on the above subject 
in Freiberg, Saxony. This symposium is jointly organized by the Department of reserve précieuse 
of the Library of Bergakademie Freiberg and the University Library of Montanuniversität Leoben. 
The first announcement ist to be distributed in mid-1992.
In order to efficiently prepare the symposium, we request all those interested to send us their 
wishes, comments, suggestions for papers, etc. now.
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