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N IG H T T IM E  E N H A N C E M E N T S  IN  IEC  
AT LO W  L A T IT U D E S

—  A  S T U D Y  W IT H  R E F E R E N C E  TO F R E G IO N
D Y N A M IC S

D S V V D P ra sa d1, P V S R ama R ao1, P S ri R am1, К N ir a n ja n 1

The nighttime enhancement (NTE) in the ionospheric electron content (IEC) are 
observed over Waltair (17.7°N) and Calcutta (22°N), when the equatorial F region 
rises to higher altitudes during the post-sunset hours over Kodaikanal (10°N). No 
significant enhancement is seen at either of the stations if the altitude of the F region 
near the equatorial region is confined to lower altitudes. In addition to the altitude 
rise at the equatorial region, an earlier post-sunset reversal in the meridional neutral 
wind direction from poleward to equatorward also seems to be a requisite condition 
for the enhancements in IEC to occur at off-equatorial regions. The observed features 
are discussed in the light of the F region dynamics.

K eyw ords: equatorial F region height; ionosonde; ionospheric electron content; 
meridional neutral wind; satellite beacon

1. Introduction

Sudden increase in the upward drift of plasma at the equator during post-sunset 
hours is found to be responsible for many ionospheric phenomena observed in the 
equatorial anomaly region during late evening hours, viz., the occurrence of irreg
ularities, NTE in IEC. During the period of sunspot maximum years substantial 
redevelopment of anomaly in the late evening hours is observed after the initial 
diurnal decay in IEC in the after-noon hours. It is known that the vertical trans
port of plasma perpendicular to the magnetic field-lines is governed primarily by 
E X В drifts and along the field-lines at the equator by diffusion and meridional 
neutral winds giving rise to a normal F region anomaly during daytime (Martyn 
1955, Appleton 1960). However, at sub-tropical latitudes, a post-sunset increase in 
the ionisation is often observed, which is also basically due to the equatorial plasma 
transport governed by E x В and neutral winds (Anderson and Klobucliar 1983, 
Balan and Bailey 1995). The latitudinal extent of such enhancements in IEC is 
attributed to the maximum height rise of the F layer over the magnetic equator 
as well as to the direction of meridional neutral winds (Garg et al. 1983, Balan 
and Bailey 1995). A possible qualitative explanation regarding the strength and 
the latitudinal extent of the post-sunset movement of ionisation anomaly under the 
influence of E x В drift and meridional wind is presented in this paper.

'Department of Physics, Andhra University, Visakhapatnam 530 003, India
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4 D S V V D PRASAD et al.

2. Data

IEC data obtained at a low latitude station, Waltair (17.7°N, 83.3°E) during 
October 1989 -  November 1990 (average Rz =  150) is used to study the charac
teristics of the nighttime enhancements. Simultaneous data on IEC obtained at 
Waltair and Calcutta, an anomaly crest station (22.6°N, 88.4°E) during October- 
November 1989 (Rz = 150) is used to study the latitudinal extent of the nighttime 
enhancements (NTE) in IEC. The ionosonde data obtained at Kodaikanal (10°N) 
is used to evaluate the variation in the F region altitude over the magnetic equator, 
for three typical days considered in the present study. The meridional neutral wind 
velocities are computed from the F region height variations at Kodaikanal (10°N) 
and Ahmedabad (23°N).

3. Results

3.1 Association of NTE in IEC over Waltair with equatorial F layer height
variations

The IEC variations at Waltair quite often show significant nighttime enhance
ments during the post-sunset hours centred around 2200 hrs 1ST particularly during 
the high sunspot activity periods. Since the occurrence and the magnitude of these 
enhancements in IEC show large day-to-day variability, a case study is made in 
an effort to identify the possible mechanisms responsible for such increases. Typi
cal nocturnal plots showing the IEC variations with nighttime enhancement (16th 
May, 1990) and without nighttime enhancement (31st May, 1990) are presented in 
Fig. la. On 16th May 1990, the nighttime increase in IEC started from 2100 hours, 
while on 31st May 1990, the IEC decreased monotonically without any nighttime 
enhancement. The corresponding h'F variations at Kodaikanal (Fig. lb) on 16th 
May show that (when the NTE in IEC is present at Waltair), there is a sharp rise in 
the F region altitude at the magnetic equator starting from 1800 hrs 1ST attaining 
a peak altitude of 570 km between 2000-2100 hrs 1ST. But, on 31st May 1990, the 
F region attained a lower altitude of 450 km at the magnetic equator (when there 
is no NTE in IEC at Waltair). Also, the sharp rise in the altitude of the F region 
seen on 16th May is absent on 31st May 1990.

3.2 Latitudinal extent of NTE in IEC and the F layer height variations at the
equator

To specify the strength of the NTE in IEC, an index basing on the extent of 
the enhancements, is determined by taking the ratio between the post-sunset peak 
value of the enhanced IEC at Calcutta and at Waltair. The IEC variations during 
three typical days (10th, 3rd and 4th November, 1989) with different values of NTE 
index are presented in Fig 2. On 10th November, 1989 (Fig. 2a), the NTE index 
is found to be 2.67 where the post-sunset increase in IEC is more significant at 
Calcutta (with peak occurrence around 2100 hrs 1ST), whereas the increase is less 
and occurred an hour later (at 2200 hrs 1ST) at Waltair. On 3rd November, 1989

Acta Geod. Geoph. Hung. 33, 1998
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Fig. 1. Typical variation of a) IEC at Waltair with post-sunset enhancement and monotonie 
decrease and b) corresponding F layer height at Kodaikanal

(Fig. 2b), the NTE index is found to be 1.97 and the post-sunset peak value in IEC 
at Waltair is more pronounced (around 2100 hrs 1ST) than at Calcutta (around 
2000 hrs 1ST). On 4th November, 1989 (Fig. 2c), there is no enhancement in IEC 
at Calcutta, but a pronounced enhancement in IEC is observed at Waltair around 
2200 hrs 1ST.

The corresponding F region altitude variations (h’F) at Kodaikanal during the 
above three days are presented in Fig. 3. When the NTE is seen both at Calcutta 
and Waltair with a higher NTE index (2.67 on 10th Nov ’89), the F region at 
Kodaikanal rises to 470 km. On 3rd November 1989, when the NTE index is 1.97 
the peak altitude of F layer at Kodaikanal is 380 km. When the NTE in IEC is 
present only at Waltair (on 4th November, 1989) the F region altitude at Kodaikanal 
is 350 km. Thus, it is clear that whenever the peak altitude of the F region at the 
magnetic equator is higher during the post-sunset hours, the NTE index is larger 
and the anomaly is more pronounced at higher latitudes (Calcutta). From a study 
of the data of 12 typical days during the period of October-November 1989 it is 
estimated that, if the maximum altitude at the magnetic equator is around 400 km,

Acta Geod. Geoph. Hung. 33, 1998



6 D S V V D PRASAD et al.

O

Fig. 2. Typical cases of NTE in IEC at Waltair and Calcutta

the NTE index goes up to 2 units and if the maximum altitude is above 500 km 
the NTE index is around 2.5 units. Thus it may be inferred that the higher the 
maximum altitude attained by the F layer at equatorial region, the higher is the 
NTE index.

3.3 Meridional wind variation during the presence and absence of N TE in IEC

The vertical drift of F region around the equatorial latitudes is mainly electrody
namic (E xB) in nature, while the vertical drift at off-equatorial latitudes is effected 
by the direction of the meridional neutral winds besides the E x В drift. To study 
the meridional wind variations which effect the F region ionisation at low latitudes, 
the meridional wind velocity components are calculated using the F layer altitude 
variations at the equatorial (Kodaikanal, 10°N) and off-equatorial (Ahmedabad, 
23°N) stations, following the method proposed by Krishna Murthy et al. (1990). 
The meridional wind variations calculated during the three typical days considered 
above (10th, 3rd and 4th November, 1989) are presented in Fig. 3b. The wind

Acta Geod. Geoph. Hung. 33, 1998



NIGHTTIME ENHANCEMENTS IN IEC 7

pattern is almost similar upto 1900 hrs 1ST during all the three days. However, the 
time of reversal in the wind direction from poleward (—ve values) to equatorward 
(+ve values) is earlier (around 1915 hrs 1ST) by 30-45 minutes on 10th and 3rd Nov 
’89, when the NTE in IEC is present at both the stations. While on 4th Nov ’89, 
when the NTE in IEC occurred only at Waltair, the reversal in the wind direction 
from poleward to equatorward is delayed and occurs later (around 2000 hrs 1ST).

4. Discussion

When the F region at the equator is at its peak altitude, the plasma tries to 
move downward along the field lines and towards sub-tropical latitudes. This move
ment ceases soon after the F region drift becomes downward. When there is large 
downward drift during evening hours, the prevailing meridional wind, which is equa
torward around that time, tries to push the plasma along the filed lines towards 
the equator from the anomaly crest regions (Balan and Bailey 1995). This pro
cess is termed as the reverse movement of the fountain (Rama Rao et al. 1980, 
Balan and Bailey 1995) and leads to the reverse flow of plasma resulting in a strong 
pre-midnight increase in 7Vmax and IEC at sub-tropical latitudes.

In the present study, it is observed that if the peak altitude attained by the F 
layer at equatorial region is higher and if the reversal in the wind direction is earlier, 
then the NTE index is larger. By the time the F region at Kodaikanal reaches the 
maximum altitude (1800-1900 hrs 1ST, see Fig. 3a) on 10th and 3rd Nov ’89, the 
wind at low latitudes is poleward (Fig. 3b), which may result in the development 
of a prominent post-sunset anomaly in the ionisation (Garg et al. 1983). However, 
about 30 minutes later, the wind becomes equatorward, which pushes the ionisation 
up along the field lines towards the equator causing the reverse movement of the 
anomaly towards equator (Garg et al. 1983, Balan and Bailey 1995). On 4tli Nov 
’89, when the F region at Kodaikanal reaches the maximum altitude around 2000 
hrs 1ST, the poleward wind is almost minimised and hence might have restricted 
the movement of ionisation anomaly to a narrow belt around the magnetic equator, 
and hence the NTE in IEC on this day Is seen only at Waltair. The occurrence 
of secondary peak during the post-sunset hours in IEC appearing first at Calcutta 
(anomaly crest station) and later at Waltair (low latitude station) indicates the 
reverse movement of the plasma (Balan and Bailey 1995). However, if the F region 
maximum altitude is lower at the equator and the wind remains poleward for longer 
time (i.e. the reversal in the wind direction is delayed), the development of the 
anomaly during the post-sunset hours is confined only to lower latitudes (Fig. 2c).
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Fig. 3. Variation of a) h'F at Kodaikanal and b) meridional wind velocity at low latitudes
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SO L A R  A N D  M A G N E T IC  A C T IV IT Y  C O N T R O L  
O N  T H E  V H F  IO N O SP H E R IC  SC IN T IL L A T IO N S  

AT LO W  L A T IT U D E

S ushil K um ar1, P  K P urohit1, A  К  Gwal1

Solar and magnetic activity effects on VHF night-time ionospheric scintillations 
recorded during three and half year at Bhopal, a station near the northern crest of 
the equatorial anomaly in the Indian region have been presented. The night time 
diurnal scintillation occurrence decreases with decrease in solar activity. Monthly 
mean scintillation occurrence changes according to solar activity during E- and D- 
months but not so during J-months. The magnetic activity shows seasonal effect 
on scintillations and, in general, inhibits the scintillation occurrence in pre-midnight 
period and enhances little in post-midnight period especially after 03h 1ST. For most 
of the severe magnetic storms in which Dst goes below —125 nT and recovery phase 
starts in post-midnight - dawn local time sector, strong post-midnight scintillations 
which sometimes extend for several hours beyond the local sunrise, are observed.

K eyw ords: geomagnetic activity; irregularities; scintillations; spread-F

1. Introduction

The radio wave scintillation technique is a simple and convenient method of 
studying the ionospheric electron density irregularities. At low latitudes the scin
tillation is basically a night-time phenomenon associated with spread-F seen as 
diffuse F region traces in ionograms. It is generally agreed that, after the local 
sunset, the bottomside F region over the magnetic equator is subjected to gravita
tional Rayleigh-Taylor (R-T) mechanisms hence the irregularities known as plasma 
bubbles are generated which rise to the topside of ionosphere due to non-linear evo
lution of EXB drifts, and produce the scintillations at the stations situated off the 
magnetic equator in discrete patches. Dabas and Reddy (1986) have reported that 
scintillation activity up to 23° N magnetic latitude in the Indian region during high 
solar activity is controlled by the generation of F region irregularities. It has been 
shown that plasma bubbles have the large N-S extent of more then 2000 km on either 
side of magnetic equator and are strongly field aligned (Weber et al. 1982). With 
an increasing intefest in understanding of the behaviour of ionospheric irregularities 
at the magnetic equator, some excellent efforts have been made to examine the so
lar and magnetic activity control of the occurrence of scintillations associated with 
ionospheric irregularities at equatorial and low latitudes (Aarons et al. 1980, Das- 
Gupta et al. 1981, Rastogi et al. 1981, DasGupta et al. 1985, Dabas et al. 1989). 
Rastogi et al. (1990) for Indian equatorial stations showed a very large decrease 
in scintillation activity with decrease in solar activity, whereas for the American 
sector they found low dependence of scintillations on sunspot number. Dabas et

'Space Plasma Laboratory, Department of Physics, Barkatullah University, Bhopal-462 026, 
India
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al. (1989) considering the scintillation data from a chain of stations extending from 
the equator to 21°N magnetic latitude along 94°E longitude in the Indian zone and 
a t Lunping (14.09°N dip lat.) in far eastern zone, have observed that with increase 
in magnetic activity, the scintillation occurrence increases in post-midnight periods 
in all the longitude sectors while the pre-midnight phenomenon is dependent on 
season as well as on longitude.

In India, a network of radio wave scintillation recording stations, commissioned 
by the Department of Science and Technology, Govt, of India, New Delhi, was 
established as a part of All India Coordinated Programme on Ionospheric Thermo
spheric Studies (AICPITS), to understand the daily, latitudinal, longitudinal, solar 
and magnetic activity variations of scintillations. The data recorded during Phase 
I of the AICPITS offer us an excellent opportunity to present a study on the solar 
and magnetic activity effects on VHF scintillations recorded at Bhopal, a station 
near the equatorial anomaly crest in the Indian region.

2. Experimental data

Radio signals at 244 Mhz from September 1988 to December 1991 and at 250 
MHz from October 1992 to February 1993 were received at Bhopal (23.5°N, 77.6°E, 
sub-ionospheric points for FLEETSAT at 400 km; 21.6°N, 77.2°E, dip lat. 16.5°N) 
using a simple eleven element Yagi-Uda antenna and indigenously fabricated VHF 
receiver. A single channel strip chart recorder was used for recording the ampli
tude of signals. The 244 MHz signal could not be recorded from February 1992 to 
September 1992 due to non-availability of this signal and it took sometime to modify 
the receiver capable of receiving the 250 MHz signal. The above periods of scintil
lation observations correspond to higher solar activity phase of solar cycle 22 with 
its maxima in 1989. Quarter hourly scaling of scintillations having peak-to-peak 
fluctuations > 1 dB forms the basis of data for analyses.

3. Results

3.1 Solar activity variation of scintillations 
To study the effect of solar activity on scintillations, the diurnal variation of 

scintillation occurrence has been plotted in Fig. 1 wherein mean sunspot numbers 
have been indicated on respective curves. It can be seen that peak scintillation 
occurrence at around 2200 1ST, was 20% during 1989, 15% during 1990, 13% during 
1991 and 10% during October 1992 to February 1993 which indicates a strong 
dependence of scintillation activity on solar activity. Pathak et al. (1995) working 
on 244 MHz scintillations at Rajkot located in the anomaly crest region in India 
have shown the similar trend of decrease in night-time scintillation occurrence from 
1989-1991 but the occurrence at Rajkot was larger as compared to that at Bhopal. 
It is mainly due to the fact that at Rajkot the scintillations of magnitude > .5 
dB were taken for analysis whereas in this paper the scintillations > 1 dB have 
been considered. It can not be accounted for the longitudinal difference because 
the magnetic declination angles at Bhopal and Rajkot are nearly the same. The

Acta Geod. Geoph. Hung. 33, 1998
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LOCAL TIME (8 2 5 °  EMT)

Fig. 1. Nocturnal variation of percentage occurrence of scintillations during 1989, 1990, 1991 and 
October 1992 to February 1993 with respect to averaged sunspot numbers

difference in magnetic dip angle at these two stations is approximately 1°. Month- 
to-month variation of mean percentage occurrence of scintillations for the years 
1988-1991, the annual sunspot number (R) being 98, 154, 145 and 121, has been 
plotted together with the sunspot number in Fig. 2. It is clearly seen from this 
figure that there is an increase in scintillation activity corresponding to the increase 
in sunspot numbers during E- and D-months. During the decreasing phase of solar 
activity the scintillations are found to decrease, during E- and D-months. But 
during J-months there is no significant change in occurrence of scintillations with 
change in solar activity. Another feature of interest is that although the scintillation 
activity changed with the solar activity but the equinoctial maxima are always most 
prominent in every year during 1989-1991. The positive association of scintillation 
activity with sunspot number (Fig. 2) is in good agreement with results reported 
by Rastogi et al. (1990) for equatorial stations in the Indian region and by Pathan 
et al. (1991) for the Indian low latitude station Karur (3.4°N dip lat.) during E- 
and D-months. The solar activity effects reported here are consistent with previous 
results by DasGupta et al. (1981) and Pathak et al. (1995) for the Indian anomaly 
crest stations Calcutta (23°N, 88.5°E) and Rajkot (22.3°N, 70.7°E) respectively for 
all the three seasons.

Acta Geod. Geoph. Hung. 33, 1998
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Fig. 2. Monthly variation of percentage occurrence of scintillations averaged for night-time 1800
to 0600 hrs and mean sunspot numbers

3.2 Magnetic activity effects on scintillations

Percentage occurrence of scintillations has been taken for five international quiet 
(Q) and five international disturbed (D) days from every month’s from September 
1988 to December 1991. The occurrence of scintillations between 18 hrs to 06 
hrs (82.5°EMT) on Q- and D-days for three seasons; E-months, D-months and 
J-months and their annual average are shown in Fig. 3. It is obvious from this 
figure that due to geomagnetic disturbances, the scintillations are inhibited in pre
midnight period and are increased in post-midnight period, especially after the 
0300 hrs 1ST, during E- and D-months. The degree of suppression of scintillations 
in pre-midnight on D-days during E-months is larger as compared to that during 
D-months. But during J-months on D-days the scintillations are first increased 
in early pre-midnight period then decreased and again increased in post-midnight 
period. The annual geomagnetic disturbance effect shows a clear suppression of 
scintillations in pre-midnight and in early post-midnight periods (before 0300 1ST) 
whereas in post-midnight period (after 0300) the scintillations are increased.

To understand the variation of scintillation activity under magnetic storm con
ditions, the Dst index which is the measure of ring currents at low latitudes, has 
been used as a measure of magnetic activity. The general features of the storms for 
which scintillation data are available have been given in Table I. The night 0 is the 
night of storm onset and night 1 and night 2 are next two nights following the onset 
day. The behaviour of scintillation activity,on 13 March 1989 has been presented 
in Fig. 4.

Storm of 13 March 1989 — This particular storm of 13 March 1989 was one of

Acta G cod. Geoph. Hung. 33, 1998
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BHOPAL (23.2° N ,  77 .6°  E J

Fig. 3. Nocturnal variation of percentage occurrence of night-time scintillations on geomagnetically 
quiet and disturbed days for different seasons of the year

13-3-89 H -3-89 15-3-89

Fig. 4. Scintillation activity connected with the geomagnetic storm of 13 March, 1989 as indicated
by equatorial Dst variations

the most severe events in the recent years. The Dsi value had its lowest value —599 
nT at 0630 1ST on March 14. Ap index was 246 on March 13. The K p index varied 
from 60 to 90 between the first and the eighth 3-hour period. The sum of K p on 
March 13 was 650. From the curve in Fig. 4 it can be noted that a very strong 
scintillation activity with fast fading rate extending well beyond the local sunrise, 
was observed. This storm was accompanied by major polar cap absorption events, 
extensive proton precipitation and the usual red auroras (Campbell 1996). The

Acta Geod. Geoph. Hung. 33, 1998



14 S KUMAR et al.

T ab le  I. Nighttime scintillation activity connected with geomagnetic storms in which Dst de
creases below —75 nT and the recovery phase lasts from post-midnight to dawn in the local

morning time sector

s .
No.

Storm day Sudden
commence

ment

Recovery 
phase day: 
time (UT)

Min
DST
(nT)

Night 0 
pre post

Night 1 
pre post

Night 2 
pre post

1 17 Dec 1988 1826 18 Dec 0100 -75 _ _ _ — _ _
2 25 Dec 1988 0400 25 Dec 1900 -84 - - ND ND - -

3 11 Jan 1989 1205 11 Jan 2200 -132 - о - - О о
4 20 Jan 1989 1130 20 Jan 2000 -122 О о ND ND О о
5 13 Mar 1989 0127 14 Mar 0100 -599 - о - - О о
6 27 Mar 1989 1342 29 Mar 2200 -131 ND - - - - -

7 21 Aug 1989 1416 21 Aug 2200 -87 О - О - - -

8 17 Nov 1989 0925 17 Nov 2300 -266 - о - О о -

9 25 Mar 1990 0000 25 Mar 0000 -116 О о О - - -

10 27 Nov 1990 0230 27 Nov 2200 -136 О о - - о -
11 24 Mar 1991 0300 25 Mar 0100 -77 о о - О - -
12 04 Apr 1991 1121 04 Apr 2200 -298 - - - ND - -
13 04 Jun 1991 0377 05 Jun 2100 -213 - о - О - о
14 30 Aug 1991 0701 30 Aug 2100 -111 - - - - - -

15 01 Nov 1991 1100 01 Nov 2000 -192 - - - — — —

1ST =  UT +  5.5 Hrs
O: Scint. Present; No Scint.; ND: No Data

auroral zone was displaced to mid-latitudes; there were simultaneous electric power
line outages (from current induction) throughout the province of Quebec, Canada, 
and northern USA implying that maximum field effects were located around those 
locations (Allen et al. 1989). Aarons and GasGupta (1984) have reported similar 
event of post-midnight scintillation extending into daytime at Huancayo near the 
magnetic equator and Ascension Island near the anomaly crest region. DasGupta 
et al. (1985) studied a number of post-midnight scintillation events extending into 
daytime and reported them to be related to the maximum negative excursion of 
horizontal intensity of the geomagnetic field occurring in the 0000-0600 hrs local 
time.

The intense scintillations with fast fading rate observed during the recovery 
phases of these storms, show the generation of new intense and fast moving irreg
ularities as the depth of fading is an indication of intense irregularity and higher 
fading rate indicates the faster motion of irregularities. From the Fig. 4 and Table 
I it can be shown that for most of the storms the recovery phase of which starts in 
the post-midnight to dawn local time sector, and D st decreases below —125 nT, the 
probability of occurrence of scintillation activity is enhanced from post-midnight 
to local morning hours. During the main phase of the storms the night-time scin
tillation activity remains unaffected. Under severe magnetic storm conditions, the 
pre-midnight scintillations which are rarely observed may be due to residuals of 
drifting clouds of irregularities which have been generated before the storm onset.

Acta Geod. Geoph. Hung. 33, 1998



VHF IONOSPHERIC SCINTILLATIONS 15

4. Discussion

The gravitational Rayleigh-Taylor (R-T) mode which includes electric field and 
neutral wind terms is believed to be the primary source for the generation of ir
regularities over the magnetic equator. The geometry of field lines and ray path 
from FLEETSAT (73°E) to Bhopal indicate that irregularities must rise over the 
magnetic equator to about 800 km or more to produce the scintillations. The irreg
ularities which cause scintillations at the locations like Bhopal drift eastward with 
the velocity ranging from 180 m/s to 55 m/s during the night and ranging from 120 
m/s to 50 m/s in case of geomagnetic disturbances (Kumar et al. 1995).

DasGupta et al. (1981) studied the solar activity control of the occurrence of 136 
MHz scintillations at Calcutta (16.5°N dip lat.), a station near the anomaly crest 
region in the Indian zone, and found that the occurrence of scintillations during 
E- and D-months increases with solar activity while remains virtually constant 
during J-months. Rastogi et al. (1990) and Pathan et al. (1991) showed a strong 
dependence of equatorial scintillations on the sunspot number in the Indian region. 
Pathan et al. (1992) have shown that occurrence of scintillations at Bombay (13.4°N 
dip. lat.), a temperate latitude station, is more controlled by solar activity than at 
Trivandrum (0.3°N dip. lat.), an equatorial station in the Indian region. They also 
reported the occurrence of scintillations at Bombay to be of equatorial origin during 
all the seasons. Recently Pathak et al. (1995) have shown that at another Indian 
anomaly crest station Rajkot (15.3 dip. lat. 0 E) scintillation occurrence increases 
with solar activity during equinoxes and winter whereas it decreases in summer with 
solar activity. The three stations Rajkot, Bhopal and Calcutta cover almost the 
entire anomaly belt in the Indian region, therefore, based on the results published 
from Rajkot and Calcutta, and the results presented here one may now conclude 
that characteristics of scintillations in the anomaly crest region during E- and D- 
inonths are similar to that seen at equatorial stations whereas the scintillations 
occurring during J-months may be due to mid latitude irregularities. The mid
latitude ionospheric scintillations do not occur so often as the equatorial or high 
latitude scintillations (Aarons 1982), and do not show significant variation with 
solar activity. The scintillations during J-months may also be due to sporadic-E or 
bottomside spread-F.

The strong and fast scintillations on VHF signals pre-midnight are associated 
with range type spread-F whereas weak and slow scintillations in post-midnight 
are due to frequency type of spread-F (Huang 1970, Chandra and Rastogi 1974). 
During high sunspot years, the range type spread-F is maximum pre-midnight and 
frequency type spread-F post-midnight. As the scintillations at Bhopal station 
seem to have equatorial origin during El- and D-months, therefore, the inhibition 
of scintillation activity pre-midnight in case of magnetically disturbed conditions 
may be due to the suppression of equatorial range type of spread-F in pre-midnight 
period in magnetically disturbed conditions. Rastogi et al. (1978) studied the effects 
of geomagnetic disturbance on equatorial spread-F and found that occurrence of 
range type spread-F is decreased on disturbed days in pre-midnight hours during 
E- and D-months. Whereas the occurrence of frequency type spread-F is decreased
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practically in the night hours during El- and D-months, during J-months, they noted 
the increase of frequency spread-F in the post-midnight period. Farley et al. (1970) 
suggested the idea of a threshold height above which the F layer has to rise before 
the irregularities associated with spread-F can be generated. The inhibition of the 
occurrence of spread-F or scintillations at low latitude on geomagnetically disturbed 
days in the pre-midnight period is due to the reduction of the post-sunset rise of 
the F layer in the equatorial region as the increase in geomagnetic activity limits 
the height of rise of the F layer and reduces the probability of occurrence of the 
equatorial spread-F (Alex and Rastogi 1987).

The strong post-midnight scintillations associated with severe magnetic storms 
are explained in terms of the reversal of the equatorial ionospheric electric field. This 
electric field plays a significant role in the growth of irregularities near the magnetic 
equator, and is affected by high latitude and magnetospheric electric fields and cur
rent systems during magnetic storm conditions. During magnetic disturbances the 
coupling of high latitude and magnetospheric current systems with the equatorial 
electric field possibly causes the reversal of electric field from a westward to an east
ward direction (Gonzales et al. 1979). The high latitude electric fields penetrate to 
low latitude and can produce large perturbations in low the latitude electric field. 
Nopper and Carovillano (1978) have shown from model calculations that during 
the disturbed periods only high latitude current systems may produce significant 
perturbations even reversals of the equatorial electric field pattern and the reversals 
are most pronounced in the midnight - dawn sector. Chandra et al. (1995) recently 
have shown that it is the high latitude electric field which during magnetic storms 
penetrates to low and equatorial latitudes and leades to the generation of F region 
irregularities extending into daytime. The eastward electric field post-midnight 
may eventually lead under the favourable conditions to the generation of irregular
ities near the magnetic equator which subsequently rise to the topside ionosphere 
in the form of large plasma bubbles and produce the scintillations at the stations 
situated off the magnetic equator with a certain time delay. At local sunrise, the 
large conductivity of the E region prevents the growth of plasma bubble by short 
circuiting the electric field but sometimes it takes several hours for the bubbles to 
decay thereby they cause scintillations even after sunrise as indicated by Fig. 4. 
Scintillations not associated with magnetic storms lead us to say that not all the 
reversals are accompanied by irregularities. There may be some other components 
which must be present simultaneously for the generation of irregularities and these 
components could be neutral winds and large scale plasma density gradients which 
are also necessary for the R-T mode to be operative. The relative contributions of 
ionospheric and magnetospheric currents in the storm time affecting low latitudes 
vary with station location and not all the geomagnetic storm effects to which the 
high latitude ionosphere responds drastically, reach low latitudes.
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SA T E LL IT E  B E A C O N  A N D  IO N O S O N D E  
M E A S U R E M E N T S  OF IO N O S P H E R IC  

IR R E G U L A R IT IE S  O V E R  IN D IA  D U R IN G  
T H E  E Q U IN O C T IA L  M O N T H  OF S E P T E M B E R  1991

P V  S R ama R a o1, P S ri R a m 1, P T J ayachandran1, D S V  V  D P r a sa d1

The spread-F and scintillation observations made at ten Indian stations covering 
8 to 25°N geographic latitudes during the equinoctial month of September 1991 are 
used to study the occurrence characteristics of ionospheric irregularities and their 
association with the changes in the virtual height of the F layer at an equatorial 
station, Trivandrum (0.3°S dip). No event of scintillation occurrence is observed at 
off-equatorial latitudes (within the anomaly crest region) without their prior occur
rence at the equatorial station (Tiruchendur, 2.3°N dip which is close to TYivandrum). 
However, the duration of scintillations at far equatorial stations (10 to 20°N dip) are, 
sometimes, longer than the durations at the near equatorial stations (0 to 10°N dip). 
On such occasions, the onset of scintillations and spread-F is prior to the post-sunset 
reversal of the height of the F layer (/t'F) from upward to downward direction at the 
equatorial station, TWvandrum. But, if the duration of the irregularities is longer at 
equatorial latitudes and decreases towards higher latitudes, the onset of irregularities 
is observed to coincide with the time of post-sunset reversal in h'F at Trivandrum. 
These two types of irregularities are interpreted to be generated by the two different 
instability mechanisms, namely E x В drift and RT instability respectively.

K eyw ords: ionosonde; satellite beacon; scintillations; spread-F; virtual height

Introduction

The equatorial ionospheric F region irregularities are known to be generated by 
gravitational Rayleigh-Taylor instability mechanism (GRTI) in association with the 
E x В (cross-field) instability mechanism. There appears to exist a basic difference 
in the occurrence of the above two mechanisms, namely when the gradient in the 
electron density (Vn) is anti-parallel to the gravity (g) and perpendicular to the 
earth’s magnetic field В the RTI operates, when Vn is parallel to gravity the E x 
В instability operates. As the ionospheric irregularities are generated over the 
magnetic equator and move along the magnetic field-lines, an attempt has been 
made to study the occurrence of spread-F and scintillations at different latitudes 
from equator to anomaly crest region in association with the virtual height of F 
region (fi’F) variations at the magnetic equator, so as to see the effect of these two 
phenomena in the generation of ionospheric irregularities.

departm ent of Physics, Andhra University, Visakhapatnam 530 003, India
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Data

Digital ionosondes (KEL) are operated at Trivandrum (0.3°S dip), Waltair (20°N 
dip) and Ahmedabad (32°N dip) during September 1991 from which the spread-F 
occurrence and h'F parameters are taken. Amplitude scintillations at 250 MHz radio 
beacon signal from FLEETS AT were recorded at Tiruchendur (8.6°N), Payyanur 
(12°N), Anantapur (14.5°N), Nuzvid (16.8°N), Waltair (17.7°N), Bombay (19°N), 
Ujjain (23.3°N) and Varanasi (25.2°N) during the same period.

Fig. 1. Percentage occurrence of scintillations (250 MHz) at various stations during Septem
ber 1991
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Results

T h e  m o n th ly  average  p ercen tag e  occurrence o f sc in tilla tio n s from  all th e  a b o v e  
m en tio n ed  e ig h t s ta tio n s  a re  com pu ted  and  p re sen ted  in  F ig . 1. T he  p eak  o c c u rre n c e  
of sc in tilla tio n s  is observed  a t  all th e  s ta tio n s  (ex cep t a t  T iru ch en d u r) a b o u t  a n  
h o u r a f te r  th e  su n se t followed by a  g rad u a l d ecrease  w ith  local tim e. T h e  p e a k  
p e rc e n ta g e  o ccu rren ce  also  g rad u a lly  decreased  w ith  th e  increase of la t i tu d e .  A t 
V aran as i (beyond  th e  c re s t of th e  anom aly) th e  sc in tilla tio n  occurrence d u r in g  th e  
p o st-m id n ig h t h o u rs  is a lm o st absen t.

T h e  o n se t o f sc in tilla tio n s  is found  to  genera lly  ‘coincide w ith ’ o r ‘fo llow ’ th e  
p o s t-su n se t rev e rsa l in  h 'F  va ria tio n  a t  T riv an d ru m  (an  eq u a to ria l s ta t io n ) . H ow 
ever, on  tw o  occasions, i t  is seen th a t  th e  o ccu rren ce  of irregu larities s ta r te d  well 
a h e a d  o f th e  p o s t-su n se t reversal of h 'F  a t  T riv a n d ru m . To s tudy  th e  o b se rv e d  
d ifferences in  th e  o n se t o f irreg u la ritie s  (sp read -F  a n d  sc in tilla tions) a  c o m p a riso n  
is m ade  w ith  rev e rsa l tim e  of h 'F  on som e ty p ica l d ay s. O n 20th  S e p tem b er 1991 
(F ig . 2), th e  o n se t o f sp re a d -F  a t  T rivand rum  co inc ided  w ith  th e  p o st-su n se t re v e rsa l 
in  h 'F  a t  T r iv a n d ru m  (an  eq u a to ria l s ta tio n ). O n  th is  day  th e  am p litu d e  s c in til la 
tio n s  a re  o b se rv ed  fo r long  d u ra tio n  up to  th e  la t i tu d e  of B om bay (19°N ), w h ile  a t  
U jja in  (23 .3°N ) th e  sc in tilla tio n s a re  observed on ly  for a b o u t 30 m inu tes d u ra t io n . 
T h o u g h  th e  o ccu rren ce  of sp re a d -F  a n d  sc in tilla tio n s  a t  th e  s ta tio n s  show n in  th is  
figure is s ign ifican t d u rin g  th e  pre-m idnight, h o u rs , th e y  a re  n o t so p ro m in e n t d u r 
ing  th e  p o s t-m id n ig h t h o u rs . S im ilar fea tu re  is a lso  seen on 19 th  S e p te m b e r 1991 
(F ig . 3).
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Fig. 2. Onset of irregularities coinciding with the post-sunset reversal in h'F at TVivandrum
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Fig. 3. Onset of irregularities coinciding with the post-sunset reversal in h'F at Trivandrum

In the other type of occurrence of irregularities where the onset preceded the 
post-sunset reversal in h'F at Trivandrum (on 17th and 21st September 1991, Figs 
4 and 5), the occurrence of irregularities is almost similar in durations during pre- 
and post-midnight periods. On these days, the scintillations are observed for longer 
durations even at Ujjain on 17th September 1991 (Fig. 4), while on 21st September 
1991 (Fig. 5), there is spread-F during the post-midnight hours at Trivandrum and 
Waltair and scintillations occurred for longer durations even up to Bombay (19°N) 
and significant scintillations are observed even at Ujjain and Varanasi.

Discussion

The various diagnostic techniques established that the equatorial spread-F (ESF) 
irregularities occur over a wide range of scale sizes from a few tens of kilometres 
to a few centimetres and as such it has become evident that no single instability 
mechanism can account for the observed wide range of scale sizes (Krishna Murthy
1993). By considering all the possible sources for the growth of ESF irregularities, 
Krishna Murthy (1993) has given a comprehensive equation for the generalised RT 
growth rate as:

7 = (l/M )[(g/uinL) + (Ex/B L ) + (Uuin/ÇïiL) +
+ ((1/M) -  1){W/L) + ((1 / М)  -  m / l )],

where g is acceleration due to gravity, Ex is the eastward electric field, В  is the 
magnetic field, L is the gradient scale length (equal to N(dN/dh)~l ), U is the zonal
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Fig. 4. Onset of irregularities preceding the post-sunset reversal in h'F at Trivandrum

wind, Uin is the ion-neutral collision frequency, M  is the shorting factor depending 
on the conductivities of the E and F layers, W  is the vertical winds and l is equal 
to [(1 /N)(dN/dy)]~l where y is the element length in E-W direction. In the above 
equation, the first term represents the growth rate due to collisional instability, the 
second term to electric field, third term to zonal wind and density gradient, fourth 
term to the vertical wind and the fifth term to zonal wind. The first four terms 
depend on the vertical gradient of the electron density while the fifth term depends 
on the horizontal density gradient (Krishna Murthy 1993). The effect of the last 
two terms becomes maximum when the integrated Pederson conductivities of the 
E and F regions become equal. This situation arises before or just after sunset, 
when the E region conductivity is still significant and thus is comparable to that of 
the F region. These mechanisms (corresponding to the last two terms of the above 
equation) may thus account for the early onset of ESF, provided U and W  are in 
proper direction with respect to g (Krishna Murthy 1993).

The gravitational RT instability mode is reported to be stable at latitudes be
yond the anomaly crest regions, while E x В mode is unstable at all latitudes when 
the electric fields are eastward (Maruyuma 1990). However, the plasma analogy 
of the classical gravitational RT instability occurs when the acceleration due to 
gravity g is anti-parallel to the electron density gradient, (n with both of them per
pendicular to the magnetic field B. Such a situation always exists in the equatorial 
bottomside F region. Hence in the present study, when the onset of irregularities 
coincide or follows the reversal in h'F, the above condition of RT instability holds 
good. In this case, the irregularities generated are confined to midnight hours and
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Fig. 5. Onset of irregularities preceding the post-sunset reversal in h'F at Trivandrum

are restricted to lower latitudes. In the other case, when the onset of irregulari
ties preceded the reversal in h’F (i.e., Vn is parallel to g) at an equatorial station, 
the horizontal gradient (just after sunset) might also effect (last two terms of the 
above equation) the growth-rate of the irregularities. These irregularities triggered 
by the E X В instability aided by the general RT instability mechanism, provide a 
condition favourable for the sustenance of irregularities for longer durations, hence 
the occurrence of irregularities is seen well beyond the midnight period as well as 
beyond the anomaly crest region.
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T IM E  SE R IES M O D ELLIN G  
O F IN T E N S IT Y  A N D  P H A S E  SC IN T IL L A T IO N  

A T G P S FR E Q U E N C IE S

M A C ervera1 and M F K night2

A model based on phase screen diffraction theory is developed to simulate time 
series of scintillating trans-ionospheric radio signals. The main purpose of the syn
thetic scintillation time series, or SSTS, model is to test various GPS receiver systems 
under scintillation conditions. In order to do this, the modelled scintillation data is 
designed to be input into a model of a GPS receiver tracking loop. It is noted that 
although the main interest here is in GPS, the SSTS model may also be used at other 
radio frequencies and for other transmitter-receiver links (e.g. satellite based com
munication systems). In this paper the SSTS model is described and preliminary 
results are presented showing the effects of scintillation on a second order Costas 
loop. The Costas loop is commonly used in GPS receivers for tracking the phase of 
the GPS carrier.

K eyw ords: ionosphere; ionospheric irregularities; ionospheric scintillation; scin
tillation modelling

1. Introduction

The scintillation of radio signals due to their propagation through ionospheric 
irregularities is rapidly becoming an important issue for GPS receivers operating 
in equatorial regions where these irregularities occur. Irregularities in the electron 
density of the equatorial ionosphere have length scales ranging from a few meters to 
many kilometres, and can cause diffraction and refraction at GPS frequencies. These 
effects give rise to temporal fluctuations in the signal intensity and phase at the re
ceiver and are referred to as scintillations. Strong scintillation conditions cause deep 
fading to occur in the signal intensity as well as rapid changes in the carrier phase. 
Such effects can severely degrade the performance of GPS receiver tracking loops 
and may even cause a complete loss of lock. The impact on a receiver’s navigational 
accuracy will, however, depend on the number of receiver channels which have been 
affected, as well as the geometry of the remaining unaffected constellation.

The synthetic scintillation time series (SSTS) model has been developed in or
der to understand and quantify the effects described above. The model, which is 
described in Section 2, generates synthetic time series of amplitude and phase per
turbations which are experienced by radio signals as they traverse the ionosphere 
under disturbed conditions. These data may then be input into models of various 
GPS receiver architectures and systems to determine how scintillation phenomena
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stress the receiver tracking loops and degrade the receiver performance. The de
tailed testing and modelling of GPS receivers is beyond the scope of this paper. 
However, preliminary results using a second order Costas loop to simulate a generic 
GPS receiver carrier tracking loop are presented.

2. The synthetic scintillation time series (SSTS) model

The approach used in the SSTS model is to characterise the signal statistically 
(i.e. the appropriate probability density functions and power spectra etc.) and then 
produce realizations of the data which conform to that statistical description. The 
Wide Band Model (WBMOD) of global scintillation activity (Secan et al. 1995), 
is used to generate various parameters describing the scintillation and ionospheric 
irregularities which are required by SSTS for the given conditions. In this manner, 
a complete environmental model of ionospheric scintillation is specified.

There are several important considerations in developing a model of scintillation 
time series. These are: 1. The amplitude and phase data must have appropriate 
PDFs, 2. Amplitude and phase data must be appropriately correlated e.g. large 
phase variations are observed when deep amplitude fading occurs, 3. The data must 
have appropriate power spectra, 4. The model should be based on a propagation 
theory of radio waves through turbulent media, and 5. As previously mentioned, 
the model should be related to the environment though parameters supplied by 
WBMOD. Each of these points will be considered in turn.

The probability density functions describing the scintillation of radio signals 
which have traversed a disturbed ionosphere are Nakagami-m for amplitude and 
Gaussian for phase (Fremouw et al. 1980, Whitney et al. 1972, Crane 1977). 
Respectively, these are given by:

Piw(r) 2rnmr2m- 1 
Г(т) < r2 >m

g — mr2/<r2>
( 1 )

Ра{Ф) = - т = Ц , (2)
v27rcr-

where Г is the gamma function, r and ф are the amplitude and phase of the signal, 
and is the standard deviation of the phase fluctuations or the phase scintillation 
index. The m-parameter in the Nakagami-m distribution is related to the S4 index 
by m  — I/S4. For large values of m (small S4) the Nakagami-m distribution 
approaches the Gaussian distribution. As 54 increases, the Nakagami-m distribution 
tends toward the Rayleigh distribution and becomes Rayleigh when N4 equals 1.0.

In order to fully describe the statistics of scintillating signals, a joint PDF of 
amplitude and phase is required. The reason for this is that one would expect 
the amplitude and phase fluctuations to be correlated to some degree. This is 
because as the amplitude fades, the phase becomes more variable and will eventually 
become meaningless when the amplitude falls to zero (i.e. the phase may take on 
any value). Thus, when large amplitude fading is observed, so too are large phase 
variations. It is important for this behaviour to be included in the generation of 
synthetic scintillation time series data because it is much harder for a receiver to
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maintain lock on a signal when deep fading and large rates of change of phase occur 
simultaneously.

Various schemes have attempted to model the joint statistics of scintillating 
signals based on Gaussian and log-normal distributions for the amplitude (Fremouw 
et al. 1980). However, these schemes are quite complicated and do not describe the 
amplitude PDF as accurately as the Nakagami-m distribution which was designed 
specifically to describe intensity fading (Nakagami 1960). Due to the complexity 
of the joint statistics, a joint PDF incorporating the Nakagami-m distribution for 
amplitude and the Gaussian for phase has not been developed. The method that 
has been developed to include the joint statistics will not be described here except 
to say that it is not based on analytical techniques, but rather on Monte-Carlo 
methods. The technique will be described in detail in a subsequent paper.

The power spectra of scintillating signals is determined through an analysis of 
the propagation of the radio waves through a disturbed ionosphere. The parabolic 
equation method (PEM) (see e.g. Yeh and Liu 1982) is used to describe the prop
agation of radio waves through both the turbulent media and free-space to the 
receiver, while the effect of the turbulent media on the radio waves is determined 
from phase screen diffraction theory (Briggs and Parkin 1962, Buckley 1971a, 1971b, 
Rino 1979a, 1979b, 1982, Rino and Owen 1984, Yeh and Liu 1982). For a single 
thin phase screen the following expressions for the spatial power spectrum of the 
log-amplitude, y, and phase departure, </>, of the radio waves at the receiver may 
be derived (Yeh and Liu 1982):

<kx(/«j_) = 2irLs\ 2r2 sin2(/ij_z/2fc)d>Ajv(/i_L, 0),
(3 )

Ф<Дк_1.) =  2irLs\ 2r2 cos2 (k\ z / 2к)Ф 0),

where L s is the ‘slant’ thickness of the phase screen (i.e. the irregularity layer), 
г is the distance from the phase screen to the receiver, re is the classical electron 
radius, A and к are the wavelength and wave number of the radio waves, and Фдлт 
is the 3-dimensional spatial spectrum of the ionospheric irregularities.

In order to proceed it is necessary to relate Ls to the thickness of the irregularity 
layer, L , and z to the height of the phase screen, h. The curvature of the Earth’s 
surface must also be considered in this analysis. Figure 1 displays the geometry of 
the situation. From this figure it is possible to show that

z — [(h + Re)2 — (Re + a)2 cos2 0']1/2 -  (Re + a) sin в ' , (4)

and
L s = [{L + h + Re)2 -  (Re + a)2 cos2 0']1/2 -  [(/г + Re)2 -  (Re + a)2 cos2 0']l/2 , (5)

where Re is the radius of the Earth, a is the altitude of the receiver, and O' is the 
elevation angle of the satellite as seen from the reciever. From simple trigonometry 
it may be shown that в1 is related to the elevation of the satellite, Ö, by:

tan 9' - tan в —
a sec в

[(/is + Re)2 -  Rcos2 0']1/2 -  Rsinfl' ’

where h„ is the height of the satellite.

( 6 )
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Fig. 1. Geometry of the signal propagation path where ‘S’ is the satellite, ‘C’ the centre of the 
Earth, ‘R’ the receiver, and ‘G’ the point on the ground directly below the receiver. See text for

further details

An appropriate expression for <1>an  is now required. A fundamental requirement 
for the 3D-spatial spectrum is that it must have a breaking (or outer) scale, below 
which the spectrum drops off as a power law (the inertial range). From Tatarski 
(1961) we have the following:

^ jv(k) ^ 03Г(р/2)
7Г3/ 2Г ( (р -3 ) /2 ) (1 + 1 2 к2)р/2 > (7)

where <тдг is the RMS fluctuation in the electron number density A N ( r) about the 
background No, Iq is the outer scale size of the structures, and p is the spectral 
index below the outer scale. An appropriate value for ajv can be obtained from the
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following equation (Rino 1979a, 1979b, Rino and Owen 1984):

.2 ... Csl{o~p)r{p/2 -  1) 
N 87r-V2r((p +  l) /2 )  ’ ( 8)

where Ca is the irregularity strength defined at a wave number of 1 radian/m and 
is a function of altitude. From WBMOD one may obtain a value of the irregularity 
strength, Ck, defined at a scale of 1 km and at the altitude of interest (i.e. the height 
of the phase screen). This can then be converted into a value of Ca- Alternatively, 
сгдг may be ignored in the calculation of <I>/v(k,) and instead the final frequency 
power spectrum scaled such that the spectral strength at a frequency of 1 Hz, T  is 
that supplied by WBMOD.

The above expression for Ф^(к) does not include an inner (or freezing) scale 
below which the power spectrum falls off more rapidly (the sub-inertial range). 
Whitter (1992) introduced a freezing scale by modifying Tatarski’s result as follows:

Флг(к) ______________ Т^оГ(;р/2)______________
7Г3/2Г((р  -  3 )/2 )(l +  /2К2)р/ 2(1 +  í«2K2)(p-p')/2 ’ (9)

where 1'0 is the freezing scale (Iq < l0), and p' is the power law drop-off in the 
sub-inertial range (|p' > p\).

An alternative power-law irregularity spectrum with a freezing scale and a sub- 
inertial range is that introduced by Shkarofsky (1968) (see also Yeh and Liu 1982):

° % Ы о ) {р- 3)/Х к р/2(1'оУ ^ Т Ц )
(27r)3/2tf(p_3)/2(K0/')(Z ' ’

( 10)

where kq =  lo/2n, kol'0 <C 1, and K n(x) is the ni,l-order modified Bessel function 
of the second kind of argument x. Note that in this expression the sub-inertial 
range does not follow a power law with spectral index p ' , but rather an exponential 
drop-off. Thus only one spectral index parameter, being that for the inertial range, 
is required together with the inner and outer scale sizes to describe the power 
spectrum.

The current version of WBMOD (13.04) only supplies the power law index in 
the inertial range and the outer scale. Thus, for current version of the SSTS model, 
Ее. (7) is used to model the spatial spectrum of the irregularities. However, it is 
intended that in later versions of SSTS, information about the sub-inertial range 
will be included when it is made available by a more advanced version of WBMOD 
(Secan et al. 1995).

The frequency spectrum of the signal at the receiver is obtained from the spatial 
spectrum through the following equation (Umeki et al. 1977, Yeh and Liu 1982):

+ 00

$ X , M )  -  ~  j  =  SttZ /u«, K y ) d K y  , (11)
—oo
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where Vt is the relative velocity of the irregularities transverse to the radio propaga
tion path. The coordinate frame has been chosen such that v* is in the x direction 
in the x  — z plane (the propagation path being in the z direction). The value of vt is 
found from the velocity of the irregularities relative to the radio propagation path 
which is given by v = + vp where v,j is the drift velocity of the irregularities and
vp is the velocity of the ionospheric pierce point of the radio path due to motion of 
both the satellite and the receiver. For GPS, the component of vp due to satellite 
motion is negligible and only receiver motion is required to be considered.

In the analysis so far, it has been assumed that the irregularities are isotropic. 
Generalisation to the anisotropic case is achieved by replacing к2 with а 2 к2+ а 2к2 + 
a wKwi where au ,av aw are dimensionless scaling factors along each axis. The 
anisotropy of the irregularities in electron density are governed by the geomagnetic 
field. Consequently, a series of rotations is required to transform the (и , v, w) frame 
of the irregularities to the (x,y,z)  frame used in the calculation of the frequency 
power spectra. A detailed discussion on this is given by Rino and Fremouw (1977).

As mentioned previously, the SSTS model is based on a single thin phase screen 
and single scattering of the radio waves. This is suitable for the case of weak scatter
ing. However, we are interested in strong scattering, as it is under these conditions 
that a receiver will lose lock. Expressions for the amplitude power spectrum have 
been derived for the strong scattering case using thick multiply scattering phase 
screens (Gochelashvily and Shishov 1971, Taylor 1972, Rumsey 1975). The mul
tiple scattering phase screen models describe the statistics of strongly scintillating 
signals much better than the single scattering models. Consequently, the multi
ple scattering approach is more appropriate for GPS analysis. However, the power 
spectra in the two regimes do not vary greatly. The effect of strong scintillation 
activity is to cause some de-correlation of the signal time series which leads to an 
enhanced contribution from the high frequency components of the power spectrum. 
The intensity probability density function, on the other hand, does vary consider
ably from the low to high scattering regimes, but this has already been incorporated 
into the SSTS model separately; the phase screen analysis is only used to gener
ate the correct power spectra. Thus, considering that the only effect of using a 
single thin phase screen is to underestimate the contribution of the high frequency 
components of the scintillation time series, we consider that the use of this theory 
is justified as a first approach. The next stage of this work, however, will be to 
introduce a multiple scattering approach for the calculation of the power spectra.

This completes the specifications of the SSTS model. As mentioned earlier, 
WBMOD is used to supply the values of the various parameters required by SSTS. 
These are: S4, av , r, L, h, p, l0, Ck and v,i- The altitude, dynamics and operating 
frequency of the receiver, which are also required by SSTS, are supplied by the 
user for a specific test. In addition, WBMOD requires various input parameters to 
be supplied including the receiver and satellite locations (latitude, longitude and 
altitude), the date and local solar time at the receiver, the frequency of the carrier 
(in this case the GPS frequencies 1575.42 and 1227.6 MHz), the duration over 
which the receiver requires phase stability, the percentile at which the scintillation 
levels are to be generated, the geomagnetic activity index (K p), and the smoothed
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(a) Intensity Time Series (SSTS v1.0)

Fig. 2. Example of the SSTS model output showing intensity and phase scintillation (top and 
bottom respectively). See text for details

Zurich sunspot number (Z?i 2 ) - All of these parameters, except for the last two, 
are determined by the test scenario. The K p index and i?]2 may be input as real 
or predicted values, both of which are supplied, for example, by the Ionospheric 
Predictions Service (IPS) of Australia.

3. Statistical verification of the SSTS model output

Before the SSTS model can be used to test GPS receiver tracking loops, it is 
important to verify that the model data has the correct statistics. Figure 2 displays 
an example of the output produced by the SSTS model with intensity scintillation 
shown in the top panel and phase scintillation in the bottom. The input values of S4 
and (Тф were 0.90 and 7r radians respectively, the spectral slope (for both intensity 
and phase) was 2.30, and the time resolution was 0.01 s. Statistical analysis of 
the resultant model data yields an output S4 of 0.89 ± 0.03 and a spectral slope of 
2.32 ±  0.05. These are in good agreement with the input values. The output сгф is 
exactly 7Г as the phase scintillation data is renormalised to the desired level.

Next we examine to probability density functions of the scintillation data. Figure 
3 shows the PDFs of the modelled intensity (top) and phase (bottom) scintillation
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X 10*

Power (dB)

Phase (radians)

Fig. 3. Probability density functions for the modelled intensity (a) and phase (b) scintillation 
data of Fig. 2 with the expected PDFs overlaid (dashed lines)

data. In both cases the dashed line is the expected PDF (Nakagami-m with m — 
1.23 and Gaussian with a = n respectively). Inspection by eye suggests that both 
the intensity and phase PDFs of the data are in good agreement with the expected 
PDFs. Formally we test the “goodness of fit” of the data to the desired functions 
using the X2 statistics which is given by:

2 _  \  ^  0Vi ~  f i ) 2 
X — f. ( 12)

where the j/, are the observed values of the PDF, f t are the expected values of 
the PDF, and N  is the number of bins. The amplitude and phase PDFs have x2 
values of 0.007 and 2 x 10-4 respectively. The small values yielded for x 2 imply 
that we cannot reject the hypothesis that the observed PDFs are consistent with 
the expected PDFs, and this is the case even at a very low significance level.
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Fig. 4. Power spectra of the modelled intensity (a) and phase (b) scintillation data from Fig. 2 
(dotted line) with the desired power spectra overlaid (solid line)

Finally, in Fig. 4 the power spectra of the modelled data are displayed (dotted 
line) together with the desired power spectra based on theory (solid line). Again it is 
clear that the model data is in good agreement with the desired result, a conclusion 
which was confirmed by an analysis of the x 2 statistics for the power spectra.

4. Results from a second order Costas loop and discussion

The purpose of the SSTS model is to investigate the effects of scintillation on 
various GPS receiver systems. A thorough analysis of this sort is beyond the scope 
of this paper. However, in this section we show preliminary results from tests 
performed on a second order Costas carrier tracking loop with a bandwidth of 5 Hz 
and a pre-detection integration period of 20 ms. This sort of loop is typically used 
for carrier tracking in many GPS receivers.
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Time (s)

Fig. 5. Results from inputting SSTS model data (S4 =  0.6, аф =  я) into a second order Costas 
loop with a 5 Hz bandwidth. The top two panels show the input intensity and phase scintillation 
data respectively, the third panel displays the phase estimate of the Costas loop, and the bottom 
panel shows the phase error (difference between the input phase and the phase estimate). Note 
the incidents of cycle slips in the phase error which are indicative of the Costas loop experiencing

difficulties in maintaining signal lock

For the results described in this section, the GPS signal power to noise density 
ratio (C/N0) under quiescent conditions is set to 44 db Hz. This is based on a 
nominal GPS signal level of -160 dBW and a thermal noise density of -204 dBW 
Hz-1 . Factors which may reduce the C/Nq such as antenna gain patterns, multi- 
path, atmospheric absorption, and pre-amplifier noise, etc. have all been ignored. 
Other sources of loop stress such as Doppler (from satellite and receiver motion) 
and oscillator phase noise etc. have also been ignored. Suffice to say that in the 
presence of Doppler, a search algorithm would probably be required in order to re
cover the carrier phase once phase lock had been lost. It is also noted that in these 
tests, the levels of amplitude and phase scintillation were varied independently of 
one another. Although this does not represent a real physical process, it is never
theless a convenient way of determining whether amplitude or phase scintillations 
have the greatest effect on loop performance.
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Time (s)

Fig. 6 . As for Fig. 5 but with <тф =  2тг radians. Note the increased severity of cycle slips in the
phase error

First we examine the effect of phase scintillation on the Costas loop. Figure 5 
shows results of feeding SSTS model data into the Costas loop with a moderate 
levels of 54 (0.6) and сгф (n radians). It is apparent from this figure that the Costas 
loop is stressed and experiences cycle slips at times of 36 and 73 seconds. The phase 
error (which is the difference between the input phase and the loop phase estimate) 
jumps by я* radians at these times (i.e. half a cycle). It is interesting to note that 
at these times the signal power does not experience any significant fading, and it is 
therefore concluded that the cycle slips are produced by phase scintillations.

Increasing the level of phase scintillation activity has a profound effect on the 
Costas loop. Figure 6 shows the loop response to phase scintillations for which 
iТф — 2тт (the amplitude scintillation level is the same as in the previous example). 
We now observe that the occurrence of cycle slips has become so frequent that the 
phase error is drifting over a range of about 70 radians (11 cycles). With such 
frequent cycle slips, the loop can be considered to have lost lock on the carrier.

The bandwidth of the tracking loop is a significant factor in determining how 
well the loop tracks the carrier in the presence of scintillation, noise and Doppler. 
In the example just given, it was observed that a 5 Hz Costas loop lost lock on
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Fig. 7. Results from inputting high intensity scintillation model data (S4  =  0.9, аф =  7г/2 ) into 
the Costas loop with a C /N q ratio of 44 db Hz. The irregularity drift speed has been decreased 

by a factor of 4 from the previous cases. See text for details

numerous occasions when the RMS phase scintillation strength was increased to 2n 
radians. However, under the same scintillation conditions, it was found that a loop 
with a 20 Hz bandwidth suffered no cycle slips (these results are not shown). The 
reason for this is that the wider bandwidth loop has less of a filtering effect on the 
phase scintillations and so tracks the high frequency components more accurately. 
Unfortunately, the wider bandwidth loop also allows more thermal noise through, 
and so is worse under strong amplitude scintillation conditions. Indeed, for any 
given combination of Doppler, phase and amplitude scintillation strength, an opti
mum loop bandwidth (and loop order) will exist which minimises the phase tracking 
errors. Determining the optimum bandwidth involves Weiner filter analysis and is 
beyond the scope of this paper.
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Fig. 8 . As for Fig. 7 except in this case the С/No ratio has been decreased to 35 db Hz. Note the 
increased length of time over which the Costas loop is not locked

We turn now to the effects of amplitude scintillation on the Costas loop. For 
a Costas loop with a 5 Hz noise bandwidth, the threshold С/No for loss of lock 
is approximately 19 dB Hz (see e.g. Kaplan 1996). Consequently, for a quiescent 
C/N0 of 44 db Hz, a sustained fading level of 25 dB would be required in order to 
force the loop out of lock (assuming that phase scintillation stresses are not also 
present).

Amplitude scintillation tests were performed with low, moderate and high levels 
of amplitude scintillation activity (54 of 0.2, 0.6 and 0.9 respectively) and low levels 
of phase scintillation (стф of 7t/2  radians). In all cases we found no evidence that 
the Costas loop was stressed under these conditions (the results have not been 
displayed). At first glance, this suggests that the Costas loop is robust under even 
severe amplitude scintillation conditions. However, one must also consider that
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the speed of the ionospheric irregularities transverse to the propagation path was 
relatively large (148 ms“ 1). Consequently, the duration of the resulting deep fades in 
the amplitude time series were relatively short and the Costas loop was significantly 
stressed for only short periods of time.

Although the Costas loop was not adveresly affected by amplitude scintillations 
in the above example, it was seriously affected by strong phase scintillation as shown 
by the first two examples. This is because, under conditions where amplitude fading 
is rapid (i.e. the relative speed of the ionospheric irregularities transverse to the 
propagation path is large), the phase fluctuations will also be rapid. Thus, large 
rates of change of phase will be produced which introduce significant phase stress 
into the Costas loop.

The next logical step is to test the Costas loop under the same severe amplitude 
scintillation conditions as in the previous example, but now with a lower irregularity 
drift speed. These results are displayed in Fig. 7 where the irregularity drift speed 
has been reduced by a factor of 4 to 37 ms-1. From a time of 37 s to 43 s the 
signal power drops to about -20 dB and remains near this level until nearly 53 s 
whereupon it drops below 30 dB. At a time of about 60 s, the signal power begins 
to recover. Over the initial period (i.e. 37-53 s), the Costas loop retains lock, but 
there is a significant increase in the noise on the phase error indicating that the 
loop is beginning to be stressed. Once the power falls below -25 dB, the Costas 
loop looses lock, and does not regain lock until a time of 62 s when the signal power 
has increased to -15 dB. The C/N0 for recovery therefore seems to be higher than 
the threshold for loss of lock.

The above test was performed with a C/No of 44 dB Hz which, is typical for a 
GPS satellite near zenith. It is expected that if the C/N0 was reduced, representing, 
for example, a satellite close to the horizon, the Costas loop would lose lock earlier 
and require more time to recover. This is shown in Fig. 8 where the С/No is set to 
35 dB Hz but all other parameters and model data are identical to those used in 
the previous example. It is apparent that the Costas loop now loses lock at a time 
of 118 s when the signal level has fallen below -16 dB, and does not recover until 
140 s when the signal power has increased beyond -10 dB.

5. Conclusion

In the first part of this paper we described, in detail, a model for generating 
synthetic scintillation time series using phase screen diffraction theory. It is intended 
that the global model of scintillation activity, WBMOD, will be used to supply input 
parameters for this model. The output of the SSTS model was tested against the 
desired statistical characteristics of real scintillation including the PDFs and PSDs 
and was found to produce results which where consistent with real scintillation 
activity. However, further research is required to determine ways of generating 
intensity and phase scintillation time series with the correct joint statistics. Also, the 
application of thick, multiply scattering phase screens to the SSTS model warrants 
further work.

Tests against a second order Costas loop found that factors such as loop band

Acta Geod. Geoph. Hung. 33, 1998



MODELUNG OF INTENSITY AND SCINTILLATION 39

width and the irregularity drift speed influenced the loop’s tolerance to scintillations. 
When the relative speed of the ionospheric irregularities transverse to the propaga
tion path was small, intensity scintillations played a greater role in determining loop 
stress, while for large transverse speeds, phase scintillations had the greatest effect. 
These results were expected and are explained as follows. For large irregularity 
drift speeds transverse to the propagation path, deep fading of the signal power will 
be short in duration allowing the Costas loop to remain in lock. However, large 
drift speeds cause changes in carrier phase to become more rapid, thus increasing 
loop stress if appreciable phase scintillation activity is present. The reverse is true 
for small irregularity drift speeds, the carrier phase changes will be slower but the 
fades in the signal power will be longer in duration. Thus, in this case the amplitude 
scintillations will be more likely to cause the carrier tracking loop to lose lock.

Clearly then, the geometry of a given transmitter-receiver link is very important 
in evaluating the effects of scintillation on a receiver’s tracking loops, along with 
the other physical parameters which describe scintillation activity. If the satellite 
is at zenith, the signal propagation path will be perpendicular to the motion of the 
ionospheric irregularities (assuming that the vertical drift speed of the irregularities 
is small) and the speed of the irregularities transverse to the propagation path will 
be at a maximum. As the satellite moves to lower elevations, the component of the 
drift velocity transverse to the propagation path will decrease monotically until a 
minimum is reached when the satellite is just above the horizon (again assuming 
that the vertical drift speed is small).

Finally we examined the effect of reducing the carrier-to-noise ratio of the quies
cent GPS signal. This was done to simulate the effect of a satellite at low elevation 
angles. As expected, the loss of lock occurred at a smaller signal fading levels and 
recovery times were increased. This effect is of considerable importance when evalu
ating the response of GPS receivers to scintillation and their recovery performance. 
A follow on paper will investigate this in detail, together with the effects of satellite 
and receiver dynamics.
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SPA TIA L  C H A R A C T E R IS T IC S O F M ID -L A T IT U D E  
IO N O S P H E R IC  SC IN T IL L A T IO N S IN  V H F  

R A D IO -SA T E L L IT E  T R A N S M IS S IO N S

L A H a jk o w ic z 1

Simultaneous recordings of VHF radio-satellite transmissions from Transit satel
lites were obtained at three latitudinally displaced sites in the vicinity of Brisbane 
(36°S geom.lat): St.Lucia (S), Taringa (T) and Boreen Pt. (B). The meridional 
displacement were: S-T (2.12 km) and T-B (121.0 km). The location of the site В 
was such that it was almost directly under a field point MT (i.e. the point at an 
ionospheric height when the ray-path from a satellite to the site T was tangential to 
the magnetic field). A number of scintillation patches (so-called the P-type events), 
showing large enhancement (more than 10 dB) near the local magnetic zenith, were 
predominantly recorded at the sites S and T whereas the site В showed little or no 
scintillation activity. The anomalous situation is explained in terms of the geome
try between the ray-path and magnetic field, associated with different positions of 
MT and MB (for the site B). It is suggested that the predominant effect in causing 
scintillation-producing irregularities becoming invisible from the site B, is associated 
with an alternative model of scintillation generation based on specular reflection of 
radio signal.

K eyw ords: field aligned irregularities; interference; mid-latitude scintillation; 
specular reflection

1. Introduction

The presence of small scale-size irregularities in the ionosphere (in the E and F 
regions) leads to rapid fading (scintillations) of VHF radio-satellite transmissions. 
Relatively little is known about mid-latitude scintillations as this region has been 
largely neglected in favour of auroral and equatorial scintillations where ionospheric 
disturbances are frequent. The early studies indicate that scintillation-producing 
irregularities, at southern mid-latitudes, are field aligned (Jones 1969, Parkin 1968, 
Singleton 1970).

All the previous study of mid-latitude scintillations did not differentiate between 
true mid-latitude scintillations and the fringe scintillations from the auroral and 
equatorial scintillation belts. It has been recently found that true mid-latitude scin
tillations are formed as patches (or longitudinally extended scintillation belts) which 
invariably occur equatorwards of a typical mid-latitude station (Hajkowicz 1994, 
1997). The morphology of this type of scintillations (so-called P-type scintillations) 
is now more clear as a long-duration study of scintillations at a southern station 
Brisbane (36°S geom.lat.) is continuing. Specifically, P-type is almost an exclusive 
type of mid-latitude scintillations at sunspot minimum when fringe auroral scintil
lations are no longer visible from a mid-latitude site (Hajkowicz 1997). This type of 
scintillations is associated with the occurrence maximum of mid-latitude spread-F
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Table I. The location of three sites used for mid-latitude scintillation
study

Station Symbol Lat. South 
deg.

Long. East 
deg.

Field point (Lat.) 
deg.

Taringa T 27.477 152.974 25.9
St.Lucia S 27.498 153.013 25.9
Boreen Pt. В 26.288 153.000 24.7

which also reaches maximum at sunspot minimum. Some study on the associa
tion of spread-F and scintillations has been conducted by Bowman and Hajkowicz 
(1991) who linked the occurrence of specific type of spread-F related to field-aligned 
irregularities with the P-type scintillations.

The previous studies (Hajkowicz 1994, 1997) were concerned with the P-type 
morphology but did not provide information on the structure of irregularities re
sponsible for these scintillations. Since 1993 three latitudinally displaced stations 
were used to detect the P-type in the vicinity of Brisbane. The results of these 
recordings start to emerge pointing out to a less recognised feature of scintillation- 
producing irregularities.

2. Method and results

Scintillation studies, using amplitude recordings from polar-orbit Transit satel
lites transmitting at a frequency of 150 MHz were conducted near Brisbane (27.5°S 
and 152.9°E geographic, 35.6°S invariant latitude) in 1993-1996. Table I gives the 
locations of the three sites in geographical coordinates. The sub-ionospheric loca
tions (altitude: 300 km, Lat. South) of the points at which the ray-path from a 
satellite to a specific site is tangential to the magnetic field are shown (Field point).

The geographic locations are also shown in Fig. 1. The meridional distances are 
as follows: 2.12 km (T-S), 121.0 km (В-T). Note that the site T and S were also 
displaced in the E-W direction. The location of the field point MT (for the site T) 
is also shown. It can be seen that MT is about 0.4° north of the site В (at 25.9°S) 
thus being almost at the local zenith of the latter site. A corresponding point for 
the site В (MB) is further north at 24.7°S (not shown).

It has been evident over this solar cycle that a specific type of scintillations 
occurred at Brisbane. The so-called P-type scintillation events invariably had a 
characteristic structure as shown in Fig. 2a and b (also reported by Hajkowicz 1994 
and 1997, and Bowman and Hajkowicz 1991). The distinct structure of the event 
is best seen from the raw VHF amplitude data which show a slow change in the 
signal strength as a transmitting satellite moves from the northern (equatorial) 
horizon to the southern (polar) horizon passing at its nearest point close to the 
local zenith (when signal is at maximum). It can be seen that the slow varying 
amplitude is modulated with fast fading (scintillations). A cursory look at the 
examples (Fig. 2) seem to indicate that a scintillation patch starts at lower latitudes,
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SITE LOCATIONS IN GEOG.COORD.

1 5 2 °  1 5 3 °  154°

Fig. 1. The geographical position (South lat. and East long.) of three scintillation recording 
stations in the vicinity of Brisbane: S (St.Lucia), T (Taringa) and В (Boreen Pt.). The insert 

shows the relative location of the near-by sites T and S

north of the station, and terminates just slightly north of its geographical zenith. 
The assumption on the spatial extent of the event (whether it is strong as in Fig. 2a 
or weak as in Fig. 2b) is only apparent but not real. This assumption can be verified 
from noticing that all the P-type events (even as strong as that reported by Bowman 
and Hajkowicz 1991) terminate at approximately the same position, slightly short 
of the local zenith. It stands to reason that a hitherto unrecognised geometrical 
effect artificially limits the southern extent of the scintillation patch.

The locations of the three sites had a considerable effect on the recorded P-type 
scintillations as it can be seen from four typical examples in Fig. 3. The events were 
recorded at nighttime when a Transit satellite was passing close to the sites. In the 
first example (a-c) a scintillation event (reaching 15 dB peak-to-peak at maximum) 
showed similar scintillation structures at the sites T and S. Unexpectedly however, 
no corresponding scintillations were recorded at the northernmost site B; the event 
was invisible from this site. This situation was characteristic for other three events. 
Weak scintillations were recorded north the site В for the last event (j-m). A rare 
event is shown in (d-f) when a relatively small magnitude event (6 dB) at the site T 
was not registered even at the nearby site S. Note that the approximate maximum 
enhancement time at the site T (indicated as MT) coincided with the satellite’s 
position when the ray-path was almost tangential to the magnetic field. It can be 
inferred from this that irregularities responsible for scintillations were field aligned.
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Fig. 2. Typical structures of the strong (a) and weak (b) P-type scintillations

Figure 4 shows yet another example of the same trend in scintillations. Note 
the scintillation enhancements at the field points MT (15 dB) and at MB (10 dB); 
the event recorded at the site В was not only smaller but much shorter than those 
at the sites T and S. It can be seen that there is no trace of scintillations close to 
the geographical zenith at the site T (indicated as ZT in Fig. 4a ). The horizontal 
structure of this event can be seen from Fig. 5. The positions of the sub-satellite 
trajectories, as seen from sites T and B, are shown here in geographical coordinates. 
The satellite moved polewards, slightly East of the three sites. The regions of 
maximum enhancements, centred at the field points, are shown in relation to the 
sites В and T (MB and MT). Note that when the ray-path was sweeping over the 
region where MT is located no trace of scintillations was visible from the site B. 
Again a strong scintillation event, as observed from the two sites T, and S was not 
recorded at the site B.

Occurrence of mid-latitude scintillations is less frequent than at high and low 
latitudes and it was possible to record a relatively small number of the events at 
all three sites simultaneously (taking also into account instrumental failures and 
missing data). Altogether 10 simultaneous events were recorded indicating the
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EXAMPLES OF P-TYPE SCINTILLATIONS FOR TARINGA (T) - ST. LUCIA (S)- BOREEN PT. (B)
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Fig. 3. Typical examples of simultaneous recordings of scintillations (or the absence of thereof) 
for the three sites:T, S and B. The positions of the field point MT (site T) and the satellite travel

direction (North) are indicated

same trend as depicted in Fig. 3. On two occasions extensive scintillations, not 
resembling the P-type scintillations, were recorded simultaneously at all three sites. 
It is interesting that no case was recorded where an opposite effect took place,
i.e. a case for which strong scintillations were recorded at the site В but without 
scintillations being recorded at the sites T and S.

Over 30 simultaneous P-type events were recorded at the two adjacent sites T 
and S. They all showed a patch-like structure being of similar magnitudes. The 
cross-correlation analysis applied to all the records indicated a relatively small cor-
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TYPICAL P-TYPE EVENT FOR 3 SITES:JUNE,8,1996;2316 LT

DB TARINGA a.

BOREEN PT.

Fig. 4. A detailed structure of an event simultaneously recorded at three sites (symbols as for 
Fig. 3, ZT indicates the position of the geographical zenith at the site T)

relation coefficient (r < 0.5) of the fluctuations which is consistent with a relatively 
large separation of the sites. The similar trace displacement varied from about 3 
sec to 0.1 sec, changing rapidly over the duration of each event. This precluded 
a height computation of the irregularity using the similar fade displacement. The 
scintillation enhancement at the field point was a characteristic feature of this event. 
Scintillations terminated rather rapidly polewards of the field point but continued 
equatorwards of it (cf. Fig. 2).
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Fig. 5. The sub-ionospheric (altitude: 300 km) horizontal positions of scintillations regions as 
observed during a single pass from the sites T and B; the corresponding shaded areas refer to the 

scintillation enhancements close to the field points

3. Discussion and results

Relatively simple results from radio-satellite transmission recordings at the dis
placed mid-latitude sites point out to an unknown aspect of scintillation-producing 
irregularities. The effect of “invisible” irregularities was suspected but not demon
strated in the previous study. Parkin (1968) deduced from his mid-latitude scin
tillation study a hypothesis which is particularly relevant to the present findings. 
He stated: “It is clear that observations made close to the field-point will preferen
tially detect irregularities of large axial ratio. Irregularities of very large axial ratio 
may exist in the ionosphere and their r.m.s. deviation of electron density may be 
so small that they escape observation except at the field point.” A similar postu
late was given by Jones (1969) who noted that VHF scintillations occur in patches 
enhanced close to the magnetic zenith near Brisbane. He advanced a hypothesis: 
“Even when there is no observable scintillation activity there are weak patches of 
irregularities. The visibility of these patches are greatly enhanced when one looks 
in directions near the magnetic field direction.”

The hypothesis on the possibility that scintillation-causing irregularities might 
become invisible under a certain configuration between the ray-path and magnetic 
field appears to be correct. Field-aligned irregularities which are visible from the 
sites T and S are not causing any scintillations at the site В since the latter site’s field 
point is well shifted equatorwards from the other two field points. To demonstrate
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ASPECT ANGLE VARIATIONS NEAR SITES T AND В

0  (DEG.)

10 SEC. TIME INTERVALS

Pig. 6 . Typical variation of the aspect angle 0  (i.e. the angle between the ray-path and magnetic 
field) during the time interval when a satellite in the vicinity of the sites T and В (solid and broken 
curves, respectively). The solid and broken arrows indicate the corresponding latitudinal locations

of the field points MT and MB

this effect one must be first familiar with the variations of the aspect angle 0  (i.e. 
the angle between the ray-path and magnetic field) vs. satellite travel time (which 
can be translated to a latitudinal position). This can be seen in Fig. 6 for a typical 
satellite pass in the vicinity of the stations. The angle 0  increases rather rapidly 
polewards of the site T (solid line) and the site В (broken line); its increase is 
relatively slow equatorwards of the sites. Approximately, the field point for site T 
is located vertically above the site B; the irregularity which is seen almost along 
its axis from the site T at an angle От, is simultaneously seen at a certain larger 
angle Ob from the site B. From the aspect angle variations in the vicinity of the 
sites (Fig. 6b) it is found that От = 5° whereas Ob = 22°.

The change in the aspect angle can be translated to a change of the ray-path 
length traversing the field-aligned irregularity (Fig. 7a). It appears from a mid
latitude scintillation study by Parkin (1968) that field aligned irregularities have 
axial ratios (i.e. the ratio of the length of irregularity to its transverse dimension) 
typically between 6-10 with the transverse dimensions in the range 0.5 to 1.0 km. 
In the positions Si and S? the satellite is overhead the sites T and В so that the 
ionospheric length AL  ~  1 km for the ray path S\T  (length CD) and S^B  (length 
EF). Clearly, the ionospheric length ALq (or the length AB for the ray-path S3T) is 
then A L q 2> AL  which would lead scintillations at the site T being 8-10 dB larger 
(assuming the reported axial ratios) than for the site В (for the satellite positions 
S -2 and S3).

An alternative explanation of the observed phenomenon is illustrated in Fig. 7b.
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Fig. 7. A sketch of possible geometrical configuration between the ray-path from a satellite and 
the field-aligned irregularities, a) and b) show the diffraction and reflection interpretations of the

observed phenomena

Here, the scintillation enhancement takes place at the site T only due to an inter
ference between the direct (RD) and reflected (RR) rays. The strong interference 
effect takes place close to the field point since only then the angle of incidence to 
the surface of the irregularity is large (i.e. for the grazing angle g) which assures 
almost total reflection (as discussed further in the text). This effect will be absent 
for the site В at the position of the scintillation maximum for the site T. Absence 
of scintillations at the site В also indicates that the field-aligned irregularities are 
relatively weak and do not generate noticeable scintillations due to the diffraction
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effect (i.e. for the ray-path intersecting the irregularity as in Fig. 6a). Unless the 
inhomogeneous ionization cloud, with the embedded field aligned irregularities, con
tinues well past the site В towards the field point MB no scintillation activity will 
be recorded at this site. The case shown in Fig. 4 indicates that the equatorward 
limit of irregularities extended to the position MB but irregularities were weaker 
than those at higher latitudes. It can be thus assumed that the ionization cloud 
responsible for the P-type events extended to about 25°S (or 33°S geom. lat.). The 
termination of scintillations close to the geographical zenith at the sites T and S 
would indicate that the geometry of the ray-path becomes unfavorable to detect 
irregularities past this point (for the same reason that they were not observed at 
the site B). Thus, the polewards extent of the cloud cannot be established from the 
present recordings as one needs a fourth station positioned several degrees further 
south from the site T.

The presence of scintillations at one site only seems to confirm that the specular 
reflection model is more appropriate to explain the observed phenomena. This can 
be seen in Fig. 3 d-f where a weak PN-type event at the site T was not recorded 
at the nearby site S. The change in the path length trough the irregular region for 
these sites will be very small as they are adjacent therefore the ionospheric path 
length should be the same.

An alternative explanation of the selective scintillation occurrences was dis
cussed by Rush and Colin (1958). They postulated that field-aligned ionospheric 
irregularities can cause strong specular reflections of radio waves in the VHF/UHF 
range provided that the ray-path is at a grazing angle (g) to the reflecting surface. 
An interference effect between the direct and reflected rays could lead to a sharp 
scintillation increase in a narow cone near the field point. They calculated that 
for small ionization density N  = 10n  el./m3 the maximum angle g is about 1° 
but it increases to about 45° at IV = 1014 el./m3. Clearly, for the case of a weak 
scintillation event shown in Fig. 3 d-f the ionization density was low and therefore 
even a small change in the angle would determine the presence or absence of the 
reflection effect. It follows that the ray-path in this case was better aligned with 
the irregularity axis for the site T than for the site B.

The specular reflection model of generation of the P-type events was originally 
suggested by Parkin (1968). He found serious discrepancies between his experimen
tal results and the results provided by the classical diffraction theory for generation 
of scintillations (Briggs and Parkin 1963). Namely to obtain the scintillation en
hancement of the magnitude he found it would be necessary to have field aligned 
irregularities extending almost to the altitude of a transmitting satellite which is 
clearly unacceptable (even for the fact that the curvature of the field lines must be 
then taken into account whereas the ray-path is a straight line). It prompted him 
to suggest that another mechanism, such as specular reflection and interference, 
should be considered. No theory of this effect has been developed yet. It stands 
to reason that both mechanisms diffraction and specular reflection (as discussed in 
association with Fig. 7) may contribute to the observed scintillation observation 
discrepancy from the sites T and B.
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Differential Doppler measurements at the NNSS 150/400 MHz radio beacons were 
used to derive latitudinal profiles of TEC over Argentina. The measurements have 
been carried out in the frame of the German/Argentinean TECUA project. During 
this project NNSS receivers were installed in Argentina along a meridional chain at 
different places such as Tucuman, Mendoza, TYeiew, and Ushuaia.

The selected observation sites are suited to monitor the total ionization of the 
ionosphere over South America in the latitude range 15° — 65° S. Calibrated TEC 
profiles were obtained by applying the two-station-calibration technique.

To derive the mean diurnal and latitudinal variation of the ionosphere over Ar
gentina, the observations are monthly averaged over the whole observation period. 
The observations near 60 W longitude indicate the position of the southward crest 
region at about 20-30° S. The observations are discussed and compared with corre
sponding TEC data computed from the IRI95 model.

K eyw ords: differential Doppler measurements; IRI 95; NNSS; total electron 
content, TEC

1. Introduction

The begin of the installation of a NNSS receiver network in Argentina within 
the TECUA project and preliminary results have been reported earlier (Jakowski 
et al. 1994).

The differential Doppler measurements made within the TECUA project at 
different stations along a meridional chain cover the period March 1994 -  December 
1996. All the stations which were included in the measuring program for a certain 
time are listed in Table I and indicated in a geographical map shown in Fig. 1.

It becomes clear that the distribution of receiving stations is well suited to 
monitor the ionosphere in the latitude range 15 — 65°S over the South American 
sector, thus including mid-latitudes as well as the crest region of the equatorial 
anomaly. Up to now only a few long-term TEC observations have been made over 
South America under low solar activity (LSA) conditions by Grimolizzi (1980). 
More knowledge about TEC variations is available for high solar activity conditions 
(Ezquer and Ortiz de Adler 1989).

This study is an attempt to give a first-order-estimation of the latitudinal de
pendence of TEC over South America under low solar activity conditions. It should
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2Universidad National de Tucuman, Instituto Fisica, 4000 Tbcuman, Argentina 
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1217-8977/98/$ 5.00 © 1998 Akadémiai Kiadó, Budapest



54 N JAKOWSKI et al.

T able I. TECUA receiving ground sta
tions

Station Abbr. v l° s ] A [°W]

Salta SA 24.7 65.4
Tucuman TU 26.8 65.2
Mendoza ME 33.0 6 8 . 8

Trelew TR 43.2 65.3
Ushuaia UA 54.9 68.3

TEC-Monitoring over Argentina 
March 1994 - December 1996 

TECUA ground station sites

SA Salta 
TU Tucuman

ME Mendoza

TR Trelew

UA Ushuala

satellite traces

Fig. 1. Distribution of TECUA receiving stations of NNSS satellites over Argentina

be mentioned that these results are provisional since the data analysis has not yet 
been finished.
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Fig. 2. Subsequent latitudinal profiles of TEC derived from observations at the Mendoza and 
Trelew stations on December 2, 1994. The traces of the subionospheric points are shown on the

top by dotted lines

2. Data analysis

The differential phase measurements on the coherent 150/400 MHz frequency 
signals transmitted by the NNSS satellites provide the original data base for the 
estimation of the total electron content (TEC) of the ionosphere. Unfortunately 
the number of available satellites was decreasing during the observation period 
from 7 at the beginning to 3 transmitting satellites in December 1996 due to the 
declining phase of the TRANSIT satellite navigation system which is now com
pletely replaced by the Global Positioning System (GPS). Applying the two-station- 
calibration-method (Leitinger et al. 1975), absolute TEC data can be derived from 
the measurements obtained at well-spaced stations.

Due to a number of data gaps at singular stations, an absolute calibration of 
TEC was not possible for all satellite passes. In this report we have used only 
reliable results of two-station-calibrations. Additional results will be saved after a 
more careful screening and correcting of the original observational data. To have 
more representative data for the regular behaviour of the ionosphere, the derived 
TEC data are averaged over certain observational periods. In order to discuss 
the observations in relation to commonly used models of the ionosphere, we have 
compared the data with corresponding IRI95-derived TEC data.
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LATITUDE [°S ]

Fig. 3. Latitudinal TEC profiles derived from measurements at the TECUA stations Trelew and 
Ushuaia on May 16, 1996, 17 UT compared with corresponding IRI95 model data

3. Results and discussion

The NNSS measurements provide a lot of individual snapshots of the latitudinal 
TEC profile over South America, illustrated in Figs 2 and 3. The TEC profiles in 
Fig. 2 which are derived from observations at the TECUA stations Mendoza and 
Trelew give an impression of the latitudinal TEC-structure during late-evening and 
morning hours on an arbitrarily selected day in summer. The longitude range of 
the trace of the subionospheric points (SP) is shown in the upper part of the plots 
by dashed lines. It is interesting to note that the trend of the TEC profile reverses 
during night-time, probably related to enhanced geomagnetic activity (Ap = 24).

Figure 2 shows a well pronounced crest at about 27°S which corresponds with the 
latitude of the Tucuman station. As it should be expected, the data of the Trelew 
and the Ushuaia station match quite well indicating a reliable TEC calibration. 
The comparison with the corresponding values of the IRI95 model indicates a much 
more smooth behaviour of the model around the crest which is typical for an average 
profile.

Compared with modern GPS-techniques applied for TEC estimation (e.g. 
Jakowski et al. 1996), the disadvantage of NNSS observations is their disconti
nuity in time since the discussion of dynamical processes developing in space and 
time requires a fast sequence of measurements. Unfortunately, due to the reduced 
number of satellites the sequence was rather poor at the end of the project phase. 
But nevertheless, due to the high latitudinal resolution of TEC illustrated in Figs 
2 and 3 it is valuable to discuss the actual measurements in comparison with the 
‘normal’ behaviour provided by averaged data. So we confine our attention in this
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Fig. 4. Latitudinal profiles of TEC averaged over winter and summer month’s including all satellite 
passes with SP traces inside 55° < Asp <  78°W longitude range within the observation period

March 1994 -  December 1996

paper to the estimation of the average behaviour which will be the reference for 
future studies of more dynamical processes such as ionospheric storms.

Averaged longitudinal profiles are shown in Fig. 4 under different time condi
tions. It has to be mentioned that the data basis for the averaging includes all NNSS 
passes whose subionospheric traces are in the longitude range 55 < Asp < 78°W. So 
the mean Local Time corresponds with LT = UT -  4.4 (hours). Due to consider
able differences in the seasonal behaviour, we consider TEC under winter (6,7) and 
summer (12,1) conditions separately.
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Fig. 5. Diurnal variation of TEC two hourly averaged over winter and summer month’s including 
all satellite passes with subionospheric point (SP) traces inside 55° < Asp <  78°W longitude range 

within the observation period March 1994 -  December 1996

In the late evening hours (01 UT) the observations fit IRI95 values very well at 
latitudes southward from 25°S both for summer as well as for winter conditions. 
The situation is quite different at 11 UT just before sunrise. All this time the 
IRI95 values overestimate TEC during winter and underestimate TEC in summer 
by about 3 — 6 • 1016 m-2 . For a more detailed discussion of these differences near 
sunrise the longitude range of selected satellite passes covering about 1 1 /2  hours, 
has to be reduced. Whereas at 19 UT the summer values match quite well, the

Acta Geod. Geoph. Hung. 33, 1998



DIFFERENTIAL DOPPLER MEASUREMENTS 59

winter TEC data of IRI95 and TECUA observations differ considerably by more 
than 10 -1016 m-2 especially around 25 — 30°S. The observations indicate no crest at 
this time. The rather low TEC level in winter is quite different from observations 
made near the Northern crest region at the Asian sector under LSA-conditions, 
whereas the summer level again agrees quite well (Huang et al. 1989).

No systematical comparison with the individual TEC profiles discussed by Gri- 
molizzi (1980) is possible. However, the corresponding TEC data obtained under 
winter conditions over the Tucuman region by Grimolizzi indicate also a rather low 
TEC level.

As Fig. 5 shows, the overestimation of TEC by the IRI95 model in winter is a 
systematical effect practically for all latitudes considered here at daytime hours. The 
summer values fit sufficiently well, indicating that IRI95 provides a good description 
of the ionosphere over this area under summer conditions.

4. Summary and conclusions

NNSS differential Doppler measurements carried out within the TECUA project 
provide TEC data over South America in the latitude range 15 — 65°S within the 
time period March 1994 -  December 1996. The derived latitude profiles of TEC in
dicate the appearance of a well developed crest in the latitude range 20 -30°S during 
the afternoon/evening hours. Observations obtained during the whole measuring 
campaign are averaged and compared with corresponding IRI95 data. The results 
are typical for low solar activity conditions.

Generally speaking, both the derived latitudinal profiles as well as the diurnal 
variations of TEC in summer agree quite well with IRI95. In winter IRI95 overes
timates TEC (up to a factor of 3) at all latitudes considered here during day-time 
under low solar activity conditions which are typical for the whole TECUA mea
suring campaign.
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L A T IT U D E  D E P E N D E N T  M E A N  IO N O SP H E R IC
H E IG H T

-  A  N E W  A P P R O A C H  TO T H E  T E C  E V A L U A T IO N  
FR O M  N N S S  D A TA

R  Leiting er1, P  S palla2, L C iraolo2

The evaluation procedures for NNSS Differential Doppler data normally use a 
fixed ionospheric height (usually of 400 km; considerably larger heights have to be 
used in the equatorial anomaly region).

An iterative procedure allows the use of latitude dependent mean ionospheric 
height, hi. If a reasonable model can be used from which to derive the latitude 
dependence of the F layer peak height, hm, the formula hi =  hm +  50 km leads to a 
reasonable model for hi =  hi (</>).

We demonstrate that such an approach leads to improvements in the latitude 
dependence of vertical electron content in cases of comparatively large station to  
station differences of TEC. The most important region in which the iterative proce
dure should be applied is the low latitude region, especially in the vicinity of a peak 
of the equatorial anomaly.

K eyw ords: ionospheric height; latitude dependence; NNSS; TEC

1. Introduction

Vertical electron content (TEC) is an important indicator for the overall ioniza
tion status of the ionosphere. At least over Europe we have only navigation satel
lites as data sources; the modern “Global Navigation Satellite Systems” (GNSS, 
presently the US system GPS and its Russian equivalent GLONASS) and the re
maining active satellites of the former US Navy Navigation Satellite System (NNSS). 
GPS and GLONASS have satellites in orbit heights around 20000 km and orbit in
clinations of 55°(GPS) and 65°(GLONASS). NNSS has satellites in nearly polar 
and nearly circular orbits in heights around 1100 km.

We discuss the concept of “mean ionospheric height” and a latitude dependence 
for this quantity using the NNSS geometry but remark that GPS/GLONASS data 
reduction too needs this concept.

2. Slant and vertical electron content

The NNSS satellites transmit two carrier signals phase coherently (transmitted 
frequencies f \  = p f r, /2 = q f r, fr■ “reference frequency”, p = 3 and q =  8 are 
integer numbers; nominally f r = 50 MHz).

The observed quantity is the carrier phase difference Ф = Ф\/р — Ф2/4 (in a 
sloppy terminology it is usually called “Differential Doppler”). In a (sufficiently
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Fig. 1. Ray geometry. R: receiver at ground, S: satellite transmitter, C: center of Earth, zenith 
angle of ray at ground, /3: zenith angle along ray, S: angular distance SR at C

accurate) first order approximation it relates to “slant electron content” I/ (the 
number of free electrons in a tube along the ray path with a cross section of 1 m2) 
in the following way:

Ф + Ф»
27Г /

c

RJ  Ne d s  =
s

2тг/
c I/

(Ne: electron density; d s : straight line element; integration from the satellite trans
mitting antenna at S to the receiving antenna at R. The “initial phase value” Ф0 
is an additive constant which has to be found by means of “evaluation procedures” 
(see, e.g., Leitinger et al. 1975, Leitinger and Putz 1978, Leitinger et al. 1984).

The projection from slant to vertical gives “vertical electron content” (TEC) 
and therefore is a crucial process which enhances strongly the usefulness of the 
observations. The geometry for the projection is shown in Fig. 1: S, R and the 
center of the Earth, C, are in one plane. In this plane we adopt for coordinates the 
height h and the angle at C, S. Be ß the zenith angle along the ray path, £ the 
zenith angle of the ray at R. Prom the triangle RCS we gain ß = (  — S. Furthermore 
we have d s = — d h / cos ß.

Then we have the relation between slant and vertical electron content, I± as 
follows:

R

s

h.

0

1
COS ß

h,J  N e d h 
0

1
cos ß I±

1
cosy; I±
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Fig. 2. Sample rays from two ground stations. Top: constant mean ionospheric height /ц. Bottom: 
mean ionospheric height varies with the horizontal coordinate ф (latitude). zenith angle of ray 
in hi. In both cases co-planarity is an approximation (projection onto meridian plane in case

of NNSS)

( means averaging in such a way that the equation is exactly fulfilled; у is the 
zenith angle in the “mean ionospheric height” hi (Fig. 2)). From the exact value 
of the projection factor

1
cosy

j N ed s
s_____
h.
f  Ne dh
0

h.
f  N e d h /  cosß
о___________

h.
J  N ed h
0
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Fig. 3. Model NeUoG, center of mass hc for the electron distribution along the rays, equivalent 
slab thickness r, and A =  hc — hm for 15° E, October, 12 U T, high solar activity (Sp  =  200). 
Ground points R at 60°N, 45°N, 30°N, 15°N. Panel 1 (top left): geogr. latitude vs. zenith angle 

Solid lines: North pointing rays, dotted: South pointing rays. Panel 2 (top right): vertical TEC  
from NeUoG vs. geogr. latitude (crosses). Solid line: third order interpolation in region covered 
by the model rays. Panels 3 to 6 : hc , t, A vs. C for rays originating at 60°N, 45°N, 30°N, 15°N.

Solid lines for North looking rays, dotted lines for South looking rays
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sp60101 2.080 sp45101 2.080

sp30101 2.080 sp151012.080

z e n i t h  a n g l e  o f  r a y  ( z e n i t h  a n g l e  o f  r a y  (

Fig. 4. Model NeUoG, center of mass hc for the electron distribution, equivalent slab thickness 
r , and A  — hc — hm for 15° E, October, 12 UT, low solar activity (Sp =  80). Ground points R 
at 60°N, 45°N, 30°N, 15°N. Panel 1 (top left): geogr. latitude vs. zenith angle £. Solid lines: 
North pointing rays, dotted: South pointing rays. Panel 2 (top right): vertical TEC from NeUoG 
vs. geogr. latitude (crosses). Solid line: Third order interpolation in region covered by the model 
rays. Panels 3 to 6 : hc, г, Д  vs. £ for rays originating at 60°N, 45°N, 30°N, 15°N. Solid lines for 

North looking rays, dotted lines for South looking rays
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follows the exact value of the mean ionospheric height

hi =  Re sin C
y/l — COS2 X — 1

h.
Since both the height profile of electron density f  N e d h and electron density along

о
R

the ray SR f  Ne d s are not known we have to use an estimate h* for hi instead
s

of the true value. By means of model calculations it has been shown that hi is 
near the center of mass hc for the electron distribution along a slant ray path. Let 
hc = hrn + Д. If we exclude strong gradients of peak electron density N m along 
the ray (vicinity of the equatorial anomaly, severely disturbed conditions, the high 
latitude case of very strong E layer ionization), Д is always > 0.

For mid latitudes Д =  50 km was considered to be a good value. Recent 
calculations based on both Chapman layers and more realistic models have shown 
that Д depends on the zenith angle of the ray, on the height profile, on horizontal 
gradients, but also on solar activity, season, local time, on the latitude of the ground 
station, and (to a much lesser degree) on the longitude of the ground station. For 
mid latitudes, under undisturbed conditions, and excluding sunrise effects, it is 
safe to neglect the influence of horizontal gradients. However, even for a purely 
spherical electron density distribution Д depends on the zenith angle £: it decreases 
with increasing Ç. For a Chapman layer N e — N m exp[l — г — exp(—z)\ with 
z = (h — hm)/Hi for h < hm and z — (h — hm)/H? for h > hm, H2/H 1 = 2, we 
gained the following “rule of thumb” formulae: Д =  0.4r for Ç = 0°, Д = 0.36т for 
Ç =  63° and Д = 0.3т for Ç =  90°(t: equivalent slab thickness; т = Hi + —

Simulations based on the model ionosphere NeUoG (Leitinger et al. 1996, 1998) 
have shown that stronger gradients can lead to an increase of Д with (  or to a 
decrease or even to negative Д values for high zenith angles (  in the vicinity of the 
equatorial anomaly (Tables I and II, Figs 3 and 4).

However, under strong gradient conditions (e.g., in the vicinity of the equatorial 
anomaly) and for high zenith angles hi — hc might not be the best possible choice. 
If peak electron density increases strongly along the ray /ц < hc is a better choice 
and Д = 50 km is a good compromise (see the next section).

3. Variable mean ionospheric height

For routine evaluation of large quantities of data a variable /1* is not practical 
and not necessary. Such data are used for long term investigations (e.g., for TEC 
mapping) and experience has shown that the “calibration methods” which have 
to be applied to find the phase constant Ф0 introduce larger errors than a wrong 
choice for h*. Furthermore, the natural variability of electron content is very large 
and for long term investigations both relative “calibration” and “slant to vertical 
conversion” errors in the order of 10% are easily tolerable.
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Fig. 5. Heavy lines: projection factor cos x vs. angular distance from ground station S for different 
mean ionospheric heights hi. Thin lines: points with given zenith angle of the rays at the ground

station £ (spacing: 2 degrees)

For individual studies the situation is different. For such it makes sense to adjust 
the mean ionospheric height to the actual situation. When the latitudinal profiles 
of vertical TEC gained from Diff. Doppler observations from a chain of stations 
span a large latitude range, a constant mean ionospheric height is not always good 
enough. Therefore, we have introduced the possibility to use a latitude dependent
h i

In general this approach needs a model for the latitude dependence of hm except 
when the latitude dependence of hm can be gained from measurements. (Data 
sources: Incoherent Scatter, Ionosonde parameters, true height analysis of bottom 
or topside ionograms; in the near future inversion of GNSS occultation data.)

A change of hi changes the latitude profile of TEC in two ways: a) by changing 
the projection factors, b) by shifting the “ionospheric points” P which are the 
intersection points of the straight lines SR with the hi shell. For a given ray path 
an increase of hi decreases x  (and therefore increases vertical content) and shifts P 
away from R (compare Fig. 5).

The ionospheric points P are found by means of an iterative algorithm. Mean
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Sp=200 Sf = 080

Fig. 6. Model NeUoG, F layer peak height hm vs. latitude for 15° E, October, 12 UT. Left hand 
side: high solar activity (Sp = 200), right hand side: low solar activity (Sp = 80). Crosses: model 

values; dotted: polynomial fit (6th order)

ionospheric height hi is formulated as a function of S (Fig. 1). For a given ray (with 
zenith angle £ at R) we start at a height h and step forward by increasing h until 
h > hi. This process is repeated with a smaller step size until \h — h,\ < e, e being 
a preselected accuracy limit.

For NNSS it is of advantage to refer to a geographic meridian which can be 
found by a suitable fit to the 400 km ionospheric points. Then hi is taken as a 
function of geographic latitude, e.g., as a short polynomial.

We have used the model ionosphere NeUoG for simulations. Sample results are 
shown in Figs 6 and 7. First, peak height hm was calculated from NeUoG for fixed 
time and longitude and for a grid of latitudes with a spacing of 5° (19 values for 
latitudes 0° to 90°).

We have used NeUoG to check for other Д values and found that Д =  100 km 
was definitely too large even under conditions of hc — hm > 100 km. On the other 
hand, Д = 0 was found not to be a good constant value even for equatorial receiving 
stations.

A polynomial of degree 6 was fitted to the grid point values in one hemisphere 
by means of a least squares procedure (samples for low and high solar activity are 
shown in Fig. 6). hi = h rn + Д was used for the mean ionospheric height. For 
the scenarios investigated so far a constant Д — 50 km was found to be a good 
compromise. For high solar activity, day time (noon, afternoon) and high zenith 
angles £ it is too large in the vicinity of the crest of the equatorial anomaly (Fig. 7, 
top left). A decrease of Д with £ from about Д = 50 km to Д = 10 km would give 
optimal results.
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Sf= 200, Д=50 km

Sf= 080, Д=50 km

Sf= 200, hi=400 km

Sf= 080, h;=400 km

Fig. 7. Model NeUoG, vertical electron content (TEC) in units of 1015 m~2. vs. latitude for 15° 
E, October, 12 UT. At the top: high solar activity (Sp = 200), at the bottom: low solar activity 
(Sp = 80). Crosses: given values (dots: linear interpolation); projection results: the symbols 
mark the end points (zenith angle ( = ±90°) and the mid points (Ç = 0°). Squares for “receiving 
station” R at ф = 40°N, triangles for R at ф = 45°N, diamonds for R at ф = 50°N. Left hand 
side: hi = hm + Д with Д = 50 km, right hand side: hi = 400 km. Heavy lines: projection factor 
cosx vs. angular distance from ground station S for different mean ionospheric heights h{. Thin 

lines: points with given zenith angle of the rays at the ground station C (spacing: 2 degrees)
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T ab le  la. Model ionosphere NeUoG, rays from 45°N, 15°E, October, 12 UT, Sp = 200

c Д
North looking rays 

Д/т Nrn т hm. he Д
South looking rays 

Д /т Nm T  hm he

о km km km km km km km km km km

9 81.8 0.306 2.090 266.7 339.5 421.3 81.0 0.302 2.081 267.9 340.8 421.8
18 81.7 0.307 2.094 266.2 338.8 420.6 80.3 0.299 2.077 268.5 341.6 421.9
27 81.5 0.307 2.098 265.6 338.1 419.6 79.3 0.294 2.072 269.2 342.4 421.7
36 80.7 0.305 2.102 264.9 337.3 418.0 77.8 0.288 2.069 270.0 343.4 421.2
45 79.2 0.300 2.107 264.1 336.4 415.5 75.9 0.280 2.067 271.0 344.7 420.5
54 75.9 0.288 2.110 263.2 335.3 411.2 73.3 0.269 2.071 272.3 346.4 419.7
63 71.4 0.272 2.107 262.1 333.8 405.2 69.9 0.255 2.090 274.0 349.2 419.1
72 62.7 0.241 2.087 260.5 331.9 394.5 66.3 0.239 2.166 276.7 354.1 420.4
81 49.1 0.190 2.004 258.5 329.2 378.3 61.3 0.218 2.504 280.6 365.0 426.2

T ab le  lb . Model ionosphere NeUoG, rays from 30°N, 15°E, October, 12 UT, Sp = 200

North looking rays South looking rays
C Д Д/т Nm r hm he Д Д/т Nm r hm he

О km km km km km km km km km km

9 68.1 0.242 2.639 281.7 368.5 436.7 70.5 0.249 2.801 282.9 372.3 442.8
18 66.8 0.238 2.570 281.1 366.7 433.5 71.4 0.252 2.899 283.6 374.4 445.8
27 65.2 0.233 2.499 280.5 364.8 430.1 72.0 0.253 3.009 284.3 376.8 448.7
36 63.5 0.227 2.424 279.9 362.7 426.3 71.8 0.252 3.135 285.2 379.7 451.5
45 61.6 0.221 2.342 279.2 360.4 422.0 70.2 0.245 3.280 286.5 383.5 453.8
54 59.2 0.213 2.252 278.2 357.6 416.8 65.6 0.227 3.445 288.4 388.8 454.4
63 56.2 0.203 2.166 276.6 354.1 410.2 54.5 0.187 3.584 292.0 396.8 451.3
72 51.7 0.189 2.094 274.2 349.5 401.2 32.1 0.108 3.619 298.3 410.1 442.1
81 45.6 0.169 2.069 270.0 343.4 389.0 -3.9 -0.012 2.993 314.7 437.9 433.9

T ab le  Ic. Model ionosphere NeUoG, rays from 15°N, 15°E, October, 12 UT, Sp = 200

North looking rays South looking rays
< Д Д/т Nm r hm he Д Д/т Nm r hm he

О km km km km km km km km km km

9 36.3 0.113 2.794 319.9 445.0 481.3 27.3 0.084 2.567 327.1 454.6 482.0
18 40.2 0.127 2.928 316.3 440.2 480.4 22.6 0.068 2.469 330.6 459.8 482.4
27 43.7 0.140 3.074 312.6 435.0 478.7 17.9 0.053 2.371 334.6 465.3 483.2
36 46.2 0.150 3.233 308.9 429.2 475.4 13.3 0.039 2.272 339.1 471.5 484.8
45 47.3 0.155 3.407 304.8 422.5 469.8 8.7 0.025 2.176 344.1 478.5 487.1
54 45.7 0.152 3.583 300.5 414.6 460.3 4.0 0.012 2.113 348.9 486.1 490.2
63 39.5 0.133 3.632 296.1 405.5 445.0 -1.5 -0.004 2.174 350.8 493.0 491.5
72 28.5 0.098 3.547 290.7 394.0 422.6 -12.0 -0.035 2.385 347.1 495.8 483.8
81 16.7 0.059 3.092 284.9 378.7 395.4 -21.3 -0.064 2.741 334.6 480.1 458.7
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Table lia. Model ionosphere NeUoG, rays from 45°N, 15°E, October, 12 UT, Sp = 80

< Д
North looking rays 

Д /т Nrn T  hm hc Д
South looking rays 

Д /т Nm T hm h e

о km km km km km km km km km km

9 109.1 0.488 0.609 223.7 250.7 359.8 110.1 0.491 0.616 224.4 251.0 361.0
18 125.5 0.561 0.605 223.5 250.6 376.1 110.3 0.491 0.621 224.4 251.1 361.4
27 107.0 0.479 0.601 223.6 250.5 357.5 110.4 0.491 0.626 224.9 251.4 361.8
36 105.3 0.471 0.597 223.4 250.4 355.7 110.4 0.490 0.633 225.3 251.7 362.1
45 102.6 0.460 0.593 223.1 250.3 353.0 110.4 0.490 0.644 225.5 252.1 362.5
54 98.5 0.442 0.588 222.8 250.3 348.8 110.4 0.489 0.661 225.9 252.9 363.3
63 91.7 0.412 0.581 222.5 250.3 342.0 110.9 0.490 0.692 226.4 254.2 365.1
72 80.7 0.363 0.569 222.1 250.4 331.1 112.3 0.496 0.764 226.5 257.2 369.5
81 64.1 0.289 0.543 221.8 250.7 314.8 111.7 0.494 0.992 226.3 264.7 376.4

Table lib . Model ionosphere NeUoG, rays from 30°N, 15°E, October., 12 UT, SF = 80

C A
North looking rays 

Д /т Nm T  hm he A
South looking rays 

Д /т Nm T hm he

О km km km km km km km km km km

9 103.5 0.456 1.179 226.8 270.3 373.8 109.4 0.482 1.280 227.0 273.1 382.5
18 100.2 0.442 1.135 226.6 269.0 369.1 112.1 0.493 1.340 227.3 274.6 386.7
27 96.6 0.426 1.089 226.6 267.6 364.2 114.4 0.503 1.408 227.6 276.5 390.9
36 92.7 0.409 1.040 226.5 266.2 358.8 116.0 0.508 1.487 228.1 278.7 394.7
45 88.2 0.389 0.985 226.4 264.5 352.7 115.8 0.506 1.580 228.8 281.7 397.5
54 82.9 0.366 0.921 226.3 262.6 345.5 111.7 0.486 1.691 229.9 285.9 397.6
63 76.2 0.336 0.844 226.3 260.1 336.3 99.2 0.427 1.806 232.4 292.5 391.7
72 69.1 0.305 0.757 226.6 256.9 326.0 72.4 0.305 1.890 237.3 303.4 375.8
81 60.7 0.269 0.665 226.0 253.0 313.7 32.8 0.132 1.703 249.1 324.9 357.7

T able lie . Model ionosphere NeUoG, rays from 15°N, 15°E, October, 12 UT, SF = 80

C A Д/г
North looking rays 

Nm T hm he Д Д /т
South looking rays

Nm T hm he

9 82.2 0.312 1.360 263.4 341.5 423.7 73.3 0.271 1.226 270.5 347.5 420.8
18 86.0 0.331 1.438 259.7 337.9 423.9 69.0 0.252 1.166 274.1 350.2 419.2
27 88.7 0.347 1.523 256.0 334.0 422.7 65.2 0.235 1.105 278.1 353.1 418.3
36 89.8 0.356 1.616 252.3 329.5 419.3 61.6 0.218 1.042 282.6 356.2 417.7
45 88.4 0.356 1.718 248.4 324.1 412.5 56.5 0.196 0.976 288.2 359.8 416.3
54 83.3 0.341 1.826 244.3 317.5 400.8 53.2 0.181 0.913 294.4 364.2 417.4
63 72.9 0.303 1.892 240.1 309.4 382.3 48.9 0.164 0.914 297.5 370.8 419.6
72 56.9 0.242 1.869 235.3 299.0 355.9 36.0 0.123 1.019 293.9 379.0 415.0
81 39.3 0.171 1.656 229.6 284.5 323.9 10.9 0.038 1.229 284.8 383.3 394.2
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TEC (GIB AQU GRA) TEC* (GIB AQU GRA)

Fig. 8. Example for the evaluation of Differential Doppler observations using a fixed mean iono
spheric height of 400 km (left hand side) and a variable hi (right hand side). Observing stations 
GIBilmanna (dashed line), L’AQUila (heavy line) and GRAz (dotted line). 25 October, 1995,

around 10:18 UT

With NeUoG we have also checked the choice of hi = 400 km and found that this 
value leads to vertical TEC results which are comparable in quality with the Д = 50 
km results under most conditions of high solar activity for lower mid latitudes and 
even in the vicinity of the equatorial anomaly (Fig. 7, top right). Under conditions 
of low solar activity A, =  hm + 50 km clearly gives better results than A, = 400 
km, especially in higher mid latitudes (Fig. 7, bottom right). However, for mass 
evaluation of large amounts of data the complication to introduce a model for hm 
is not justified. If needed for individual studies re-projection of TEC data is easy 
to carry out if the geographic coordinates of the ionospheric points are known.

An example from observed values is shown in Fig. 8. The Diff. Doppler data 
from the three stations Gibilmanna (38.0°N, 14.0°E), L’Aquila (42.3°N, 13.4°E) and 
Graz (47.1°N, 15.5°E) were first evaluated with hi =  400 km (two stations method 
for the combination of Gibilmanna and L’Aquila data — see Leitinger et al. 1975, 
least squares fit of the data from Graz to the TEC data from L’Aquila). The latitude 
dependence of vertical electron content shows a considerable divergence (left panel of 
Fig. 8). A new evaluation was made with Am =  250 — 4.167(0—0o)+O.0833(0—ф0)2, 
фо — 48°N, Am in km. The coefficients were estimated on the basis of model data 
for Am and on the basis of GPS-MET occultation results (Leitinger et al. 1997) 
which gave a rather thin F layer in rather low heights. The vertical TEC data 
gained with }ц = 400 km were re-projected using Ьг(ф) = Ат(ф) + 50 km. The 
results are shown in the right panel of Fig. 8. The divergence of the three TEC 
curves is appreciably smaller. The remaining divergence is partly caused by smaller
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scale structures in the latitudinal dependence of true vertical TEC, partly by the 
oversimplification of the }ц(ф) model.

4. Conclusions

Simulations based on a Chapman model and on the model ionosphere NeUoG 
as well as an application to observations have shown that a latitude dependent 
mean ionospheric height is of value for case studies provided that information on 
the latitude dependence of F layer peak height hm is available. One possibility 
to gain hm (ф) data is the “educated use” of a model. The ITU-R maps (formerly 
CCIR maps, CCIR 1967) for the ionogram parameters /oF2, M3000(F2), /oE can be 
used to provide the input values for one of the established “formulae” for hm. The 
maps could be updated with observed ionogram parameters using “nowcasting” 
procedures. Updating of hm maps constructed from the ITU-R maps with hrn 
values from the true height analysis of ionograms is an alternative. (Remark: h m 
and Nm of NeUoG is based on the ITU-R maps.) For regional applications the use 
of regional maps is recommended (e.g., the PRIME/COST 238 maps for Western 
Europe, Bradley, 1995). For most purposes Н{(ф) = Ьт(ф) + Д is an adequate 
approach. A constant Д of 50 km gave good results.

On the basis of recent simulations the “old” recommendation hi = hm + 50 km 
is maintained but our results show that for high zenith angles Ç this value for the 
mean ionospheric height can differ by up to ±70 km from the height of the center 
of gravity hi of the electron density distribution along the rays.

A fixed hi of 400 km is appropriate for routine evaluation of NNSS observations.
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SO M E  R E SU L T S O N  G P S -N N S S  T E C  C O M P A R IS O N

L C iraolo1 and P S palla1

Availability of three years of TEC versus latitude, obtained from NNSS differen
tial doppler measurements, enables to give a contribution to the study of TEC of the 
upper part of the ionosphere.

K eyw ords: GPS; GPS-NNS TEC differences; NNSS; plasmaspheric content

1. Basic considerations on GPS and NNSS data analysis

— For both GPS and NNSS: Equation of observation: d = к ■ TEC + ß.
Observed Differential Phase and/or Group Delays, d\ total electron content, 
TEC; bias or offset, ß.
Extra problems for phase: inherent ambiguity, cycle slips.

— Model: Vertical total electron content (VEC): TEC (P-S) = VEC(Piono) secx- 
Ionosphere: slab of infinitesimal width at 400 km height.
Solution of d — VEC • sec x  + ß enables estimation of VEC.

— NNSS analysis: One station: assuming VEC quasi-linear function of Pono) Ф. 
УЕС(Ф) = (d -  ß) cosx, AVEC = A(dcosx) -  /3A(cosx).
LSQ solution for intercept AVEC and slope ß.
Two stations: assuming that observations relative to the same ionospheric 
point have the same VEC (neglecting the longitude displacement)

(d(ii) -  A)cosxi = (d(i2) -/?2)cosx2
LSQ solution for ßi and /?2.
Final product: VEC at every degree of latitude along the track of P;0no-

— GPS analysis: Assumptions for VEC over the station: a) dependence on time 
and longitude only through the Local Time; b) linear dependence on latitude.
Given a time ts at the station, observations from satellite i and j  at the same 
LT are paired in order to give the same VEC, giving the equations of condition:

[ d { t i )  -  ß i ] c o s x i  -  m ( t s ) ■ (4>i -  Ф„) = [d( t j )  -  ß ß c o s x j  ~  m { t a) • (Фj  -  Ф*).
LSQ solution for biases ß's and latitude slopes rn(ts) smoothed over 20 min
utes.
Final product: VEC and latitude slope daily curves at each 10th minute, 
satellite plus receiver biases (group) or phase offsets (phase).

1Istituto di Ricerca sulle Onde Elettromagnetiche “Nello Carrara”, Firenze, Italy
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2. The comparison method

NNSS provides TEC evaluations and their accurate latitudinal dependence sparse 
in time; GPS provides continuous TEC evaluations.

The comparison proceeds as follows, as described in Fig. 1:
—  the NNSS TEC value at the latitude of the GPS station (Matera) is interpo

lated from the latitudinal curve,

—  this NNSS TEC value is tagged with the epoch of the closest approach, instead 
of with the actual time of crossing the parallel of the GPS station,

—  these NNSS TEC values are plotted on the GPS TEC daily curves displaced 
in time according to the difference in longitude between the ionospheric point 
of the NNSS measurement and that of the GPS station. This accounts for 
the local time dependence of the ionosphere, in accordance with the above 
assumptions.

A typical example for a given day is shown in Fig. 2, in which the continuous 
line is the GPS TEC daily curve and the single points are NNSS TEC’s. The results 
of about 3 years of daily curves of GPS TEC and about 42000 NNSS TEC passes 
(from only one station during 1994 and mainly from two stations during 1995 and 
1996) are available and can be compared. This analysis follows a similar one carried 
out on two years (1994-95) observations and constitutes its improvement (Ciraolo 
and Spalla 1997).

Fig. 1. The geometry of GPS and NNSS observations
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If actual slant TEC’s in the same direction were compared, the GPS TEC will 
always be larger than NNSS TEC, and the difference accounts for the electron con
tent between the two satellites. It can be expected that for vertical TEC’s evalu
ated as described in the previous sections, the following equation holds: V EC g ps =  
V E C nnss + P, where all the quantities involved are positive: no particular physical 
meaning is given in this moment to the differences P.

3. Results of the comparison for GPS-NNSS differences

As can observed in Fig. 2, there are some NNSS points showing a TEC larger 
than the one provided by GPS, which is non physical. These events must be con
sidered only as being derived from bad solutions whether in GPS or NNSS TEC or 
in both.

The statistics of the differences, P between TEC evaluated from GPS and that 
evaluated from NNSS, computed individually over the data of each year, have con
firmed the absence of daily or seasonal trends as the previous analysis. The results 
of present analysis are summarized in Table I.

uo

TECu

20

0
0 6  12 18 24

UT

GPS and NNSS TEC daily curvt 1995 048

Fig. 2. Daily curve of measured TECs: the dotted line is the GPS TEC, the filled points are the 
NNSS measurements derived from the two stations solutions, the empty ones are TEC from one

station solution
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T ab le  I. The results of the statistical study

1994 All data Set 3 Set 2 Set 1

Processed data 13620 11458 10158 6811
Negat. values 2095 15% 902 8 % 291 3% 0

Average 2.31 2.62 2.60 2.58
Stand, deviat. 4.33 1.76 1.37 0.77
Correlat. coef. 0.74 0.94 0.96 0.99
Slope 0.95 0.96 0.97 0.99
Error of slope 0.0074 0.0034 0.0028 0 . 0 0 2 0

Intercept -1.80 -2.25 -2.32 -2.43
Error of interc. 4.32 1.75 1.36 0.76

Median 2.59 lower quartile 1 . 1 1 upper quartile 4.02

1995 All data Set 3 Set 2 Set 1

Processed data 17473 15124 13230 8738
Negat. values 2753 16% 1305 9% 446 3% 0

Average 1.91 2.37 2.36 2.35
Stand, deviat. 3.84 1.62 1.24 0.72
Correlat. coef. 0.75 0.93 0.96 0.99
Slope 1 . 0 1 1 . 0 0 0.99 0.99
Error of slope 0.0068 0.0031 0.0025 0.0018
Intercept -2.05 -2.35 -2.25 -2.30
Error of interc. 3.84 1.62 1.24 0.72

Median 2.38 lower quartile 0.97 upper quartile 3.58

1996 All data Set 3 Set 2 Set 1

Processed data 1 2 0 0 0 9456 8360 6001
Negat. values 4004 33% 2319 24% 1816 2 2 % 1005 17%
Average - 2 . 6 8 1 . 2 1 1.35 1.32
Stand, deviat. 18.22 2.77 2 . 0 1 1 . 2 2

Correlat. coef. 0 . 1 2 0.74 0.84 0.94
Slope 0.63 0.97 1 . 0 2 1.04
Error of slope 0.0465 0.0091 0.0071 0.0051
Intercept 5.55 -0.99 -1.49 -1.62
Error of interc. 18.17 2.77 2 . 0 1 1.19

Median 1.49 lower quartile 1.63 upper quartile 3.11

The first step of the analysis was the evaluation of medians and quartiles. We 
define four sets of data: one contains all data, one (named 1 in all the tables) the 
data falling in the interquartile range, the others (2 and 3) contain the data falling 
respectively in the double and the triple of the interquartile.

The following quantities have been evaluated for all these sets: the total num
ber of cases, the negative values and their relative frequencies, the averages, the 
standard deviations. Medians and quartiles are also reported.

The negative values of P  contained in all the sets are almost the same in 1994
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•Il data

ptoctxtd data 1Э620
correlation cooff .74Slop« >95
error of »lop« .0074
laearetft -1-6
arror of intőre. 4.32

1144

Fig. 3. A correlation curve of one year of data (1994)

and 1995, while in 1996 increase significatively. This seems to be correlated with 
the decrease of the medians during the three analysed years (accounting for the 
minimum of the solar cycle?). This is a disagreement with the current models; 
further observations during the increasing solar cycle are any way needed to reach 
conclusive results. The last analysis carried out was a direct comparison between the 
two sets of TEC. The above assumption — expressed by VECg ps  = VECn n s s + P  
—, seems to be confirmed by the analysis, so that it can be expected that, by plotting 
the NNSS TEC versus the corresponding GPS TEC, the resulting distribution can 
be described by a straight line of unitary slope and negative intercept. Several 
linear regressions were applied to the above-defined sets of data (Fig. 3).

The results are reported in Table I too. Given that, by taking the values between 
the quartiles, the number of points is half of the total, case 2 and 3 contain about 
90% of the points in 1994 and 1995, 80% in 1996: i.e. it was sufficient to reduce 
the range of the data only slightly in order to exclude most of the outliers. All the 
resulting slopes amount practically to 1. The correlation coefficient, which is rather 
poor for all data, converges rapidly towards 1 in the other cases. The intercept 
behaves in a similar way, converging to a value decreasing versus the year as for the 
median.
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4. Results of the comparison for GPS-NNSS latitudinal dependence
(slope)

As reported above, NNSS data analysis provides actually VEC as function of 
latitude. GPS analysis provides the coefficient of the (assumed) linear dependence 
of VEC on latitude, m(f): this slope has to be considered as an average slope over 
the horizon of the observing GPS station. In order to make a comparison between 
the two techniques, an average NNSS slope has been evaluated still over the horizon 
of the NNSS station, and this slope was compared with the GPS one at the same 
epoch.

Using the huge amount of available data, statistically significative season sub
sets have been obtained. As for VEC, two different types of analysis have been 
carried out for each seasonal subset. The linear regression of NNSS vs. GPS slopes 
didn’t  give evidence of correlation: this is probably due to the errors intrinsic in 
the GPS analysis which assumes a linear latitude dependence overall the station 
horizon. We plan to improve the analysis using more sophisticated models of lati-

1
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Fig. 4. An example of a daily curve of median slopes (autumn)

Slope of TEC vs. latitude: hourly median
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tudinal dependence, as for example the regional model of COST 238, and/or global 
models as IRI.

On the other hand, the direct examination of GPS and NNSS median slopes 
(see Fig. 4 as an example, where circles are the medians and bars represents the 
interquartile ranges) plotted versus time of the day shows rather clearly for both 
sets a similar diurnal behaviour dependent on season. These results, contrary to 
regression ones, push to refine the investigation, whose first approach will be a 
spectral analysis.

5. Conclusions

The results presented above shed light on two important points: the comparison 
between two different techniques of TEC evaluation, and a contribution to the 
knowledge of the TEC between 1100 and 20000 km, which is currently a relatively 
unknown field. It must be kept in mind that the present analysis refers to a middle- 
latitude situation.

We cannot state that this analysis, at least at this stage, can provide an ef
fective tool to sound the plasmaspheric content, mainly as comparisons are made 
among measurements taken over very different ray paths, and the accuracy of GPS 
TEC evaluations is of the same order of the plasmaspheric content itself. These 
considerations make it unlikely that these results derive from systematic errors; it 
rather suggests that some physical quantity is being measured, and that refining 
the methods of analysis (i.e. limiting only to close GPS and NNSS ray paths), some 
contribution to the knowledge of electron content between 1100 and 20000 km could 
be given.
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A N  IN V E S T IG A T IO N  OF T H E  IO N O SP H E R E  
IN  T H E  S O U T H E R N  H IG H  L A TIT U D E S  

D U R IN G  LOW  S U N S P O T  N U M B E R S
B S T ate1, N M Shilo1, E  A E ssex1

During the period of 1993-1996, the transmissions from the US Navy Navigational 
Satellite System (NNSS) polar orbiting satellites, received at Casey (66.28 degrees S, 
110.5 degrees E), Antarctica, were used to investigate the amplitude scintillations on 
150 MHz and the Ionospheric Total Electron Content obtained using the Differential 
phase technique. The differential phase technique, measuring the phase difference 
between the two coherent transmissions on 150 MHz and 400 MHz from the NNSS 
satellites, permits only relative TEC changes to be calculated. Absolute TEC is es
timated from the relative TEC using the / 0 F2 obtained from the digisonde records 
from Casey station or from GPS measurements. A JMR-1 satellite receiver system  
is used to obtain the phase and amplitude data, with all measurements logged on a 
PC. A special antenna with high gain at high elevation enabled the reception of high 
quality signals from the NNSS satellites. Scintillation measurements were obtained 
from a purpose built receiver, attached to the 24 MHz IF output of the JMR. Investi
gations of the ionospheric enhancements known as polar patches, and the depletions, 
known as polar holes were carried out. In order to locate the patches and polar 
holes, the TEC data are mapped in MLT magnetic co-ordinates. Comparisons to re
sults similarly obtained from GPS satellites are also made. The results obtained are 
in agreement with the earlier findings. However, comparisons with models indicate 
large discrepancies when patches and holes are present.

K eyw ords: GPS; NNSS; polar holes; polar patches; TEC

The polar cap station Casey is the ideal location to investigate the occurrence of 
holes, patches and associated scintillation in the Southern high latitude ionosphere. 
TEC was monitored using the constellation of NNSS polar orbiting satellites. The 
NNSS satellite constellation consists of four active satellites, with several others on 
standby at any given time. Completing approximately thirteen orbits per day, the 
satellites are visible two or three times a day above an elevation of 45° at any given 
fixed site.

Total electron content is defined as the number of electrons in a volume of one 
square meter in cross-section, extending along a ray path from a satellite to a ground 
receiver.

l School of Physics, Faculty of Science and Technology, La Trobe University, Bundoora, Vic 
3083, Australia, e-mail: e.essex@latrobe.edu.au

Introduction

Total electron content (TEC) theory
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Using the differential phase method this becomes:

h.
j  Ndh  = A cos Xm 
о

(2 )

where A  = 1.2969-1015 m2.
Ordinary critical frequencies ( /0F2) are used to generate a baseline which can 

then be used to calculate absolute TEC (Fox and Mendillo 1991).

T E C =  124 • 1013( /oF2 )2 - г ,  (3)

where r  = ionospheric slab thickness.
The TEC values are plotted using magnetic co-ordinates (MLT).

Scintillation theory

Variations in amplitude, phase or angle of arrival of radio signals are known 
as scintillations. These effects result when a radio wave propagating through the 
ionosphere is diffracted by irregularities which are moving relative to the raypath. 
Scintillations are characterised by the scintillation index S i , which provides a “level 
of scintillation activity” . Si is defined as;

S4 ( 4)

where P  is the average power received.

Location of experiment

Casey Station (formerly Wilkes) was the third permanent ANARE station to be 
established on the Antarctic mainland. Casey is situated at the geographic location 
of 66.3°S, 110.5°E, with the magnetic co-ordinates —80.4Л, L =  35.9. Its position, 
inside both the cusp and auroral region, make it an ideal place to monitor the polar 
hole. An example of all NNSS passes over a 24 hour period, in relation to Casey is 
shown in Fig. la. All GPS passes visible in the same time span are also shown in 
Fig. lb.

Equipment

Phase and amplitude data were recorded using equipment located at Casey, 
Australian Antarctic Territory. The equipment consisted of a JMR satellite receiver, 
and an IBM-compatible PC. The PC is used to control the JMR receiver, and is 
also used to record the differential phase and signal strengths to hard disk. This 
data are also backed up onto cartridge for permanent storage. High quality signals 
are obtained from the NNSS satellites due to the use of an antenna which consists of
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Fig. la. Satellite coverage as seen from Casey during a 24 hour period for NNSS

Fig. lb. Satellite coverage as seen from Casey during a 24 hour period for GPS

two, short helical coils tuned to 150 MHz and 400 MHz respectively. These coils have 
polar patterns which enable high gain at high elevations to be received. Scintillation 
measurements are taken using a receiver, attached to the 24 MHz IF output of 
the JMR. The receiver allows amplitude variations to be recorded, together with 
differential phase. / 0F2 is collected using the DPS-4 ionospheric sounder located
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12 12

for a) 1994 and b) 1995, plotted in magnetic
co-ordinates

at Casey, provided courtesy of Auroral and Space Physics, Australian Antarctic 
Division. Data are collected for approximately 15 days per month, separated into 
5 days of scintillations and TEC and 10 days of TEC only being recorded. Samples 
of both differential Doppler and scintillations are ftp’d to La Trobe once a month. 
The bulk of the data is archived and returned to Australia at the end of the year.

Patches

Solar produced F-region plasma is carried through the dayside cleft and into 
the polar cap by anti-sunward convection from the post-noon ionosphere. This 
plasma enters the polar cap as a tongue of ionisation which provides the source 
for enhanced polar cap F-region plasmas, or ‘patches’ which are observed at high 
polar latitudes away from noon. Up to 5 times to 10 times above background level, 
these patches are localised regions of increased F-region density, which can be up 
to 1000 km across. Patches are thought to occur most often in April and August, 
and less likely to occur in January and July (Rodger and Graham 1996). Patches 
are most likely to occur when the Bz component of the IMF is southward, or when 
Kp > 4. It is possible to track these patches using the method of differential phase 
determination of columnar TEC, and hence determine some of the dynamics of the 
polar cap ionosphere (Beggs et al. 1994). Using the above conditions as a guide, 
patches were located on several occasions during the period of April 1994 through 
to August 1995. These patches are plotted in magnetic co-ordinates (see Fig. 2), 
and selected samples are plotted in geographic co-ordinates (see Fig. 3). GPS data 
was also analysed for the month of April, 1995. The location of suspected patches 
found from these measurements is shown in Fig. 4, with a sample plotted in both 
UT and MLT shown in Fig. 5.
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1995, Day: 149, Pass: 014

Latitude (degrees) Latitude (degrees) Latitude (degrees)

Fig. 3. Selected patches as seen by NNSS from 1995, plotted in geographic co-ordinates

12

Fig. 4. Locations of Patches as seen by GPS for 1995, plotted in magnetic co-ordinates

Holes

The ionisation ‘hole’ poleward of the nightside auroral zone first became evident 
during the late 1970’s (Brinton et al. 1978 and Crowley et al. 1993). It arises 
due to the long transport time of ionisation from the dayside across the dark polar 
cap. The polar hole is expected to be located in the post-midnight sector (0-3h 
MLT) when the IMF Bz is southward with a positive By, whilst it is expected to be 
found in the pre-midnight sector of the polar cap (21-24h MLT) when the IMF Bz 
is southward with a negative By. It is also expected that the polar hole ionisation 
density is lowest during winter with a minimum density in the southern hemisphere 
at 20.3h UT for all seasons. This hole can also be located using differential phase 
TEC measurements. The hole was located at various times, during the period of 
April to August 1995, for both IMF Bz, B y < 0, and for IMF B z < 0, By > 0. 
These locations are plotted in magnetic co-ordinates, as shown in Fig. 6 , and for 
selected passes in geographic co-ordinates as shown in Fig. 7.
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April Day 109 Sat 22

Fig. 5. A patch in April 1995, as seen by GPS, plotted in UT (solid line) and MLT (dotted line)

Fig. 6 . Locations of Holes during 1995, plotted in magnetic co-ordinates with a) IMF By <  0,
and b) IMF B y  > 0

Comparisons with models

Selected TEC passes were compared to results from the Parametrized Iono
spheric Model (PIM). Clearly, the results obtained experimentally do not corre
spond particularly well with the expected results obtained from PIM. PIM does not 
give the correct background levels of TEC for most of the passes analysed. The 
experimental background levels were between 5-10 TEC units different to that pre
dicted by PIM. PIM also does not predict the position of the polar hole with any 
level of certainty. Some samples of these measurements are shown in Fig. 8.
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1995, Day: 108, Pass: 013

Latitude (degrees)

1995, Day: 239, Pass: 011

Latitude (degrees)

Fig. 7. Selected NNSS satellite passes from 1995 showing holes, plotted in geographic co-ordinates

-80 -70 -60 -50
Latitude (degrees)

A bso lu te V ertical TEC

Fig. 8 . Selected NNSS absolute TEC measurements (solid line), showing related PIM results
(dotted line) as a comparison
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Discussion

The ionisation ‘hole’ was observed on several days during the months of April 
to August 1995. The hole was predominantly situated between -70 to -80 invariant 
latitude, between 21-24h MLT (By < 0), and 0-3h MLT (B y > 0). Patches were 
observed in the -80 to -90 invariant latitude region, predominantly between 12-24h 
MLT, on several days throughout the periods of April to November 1994, and April 
to August 1995. November 1994 and April 1995 were the times when patches were 
most often observed. TEC levels rose by a factor of 2 times to 4 times that of 
background levels during the event of a patch. Strong scintillation was observed 
on several occasions when TEC levels rose significantly compared to background 
levels. Two patches were identified at the same location using both GPS and NNSS 
measurements (see Figs 2b and 4). Optical measurements will be needed to ascertain 
if these are in fact the same patches.

Conclusions

This study shows that the method of differential phase determination of total 
electron content can be used to locate patches and holes in the polar cap ionosphere. 
Patches were observed using NNSS satellite passes on a total of seven days during 
1995, and eight days during 1994. Several of the patches located using NNSS were 
verified by comparing similar results obtained using GPS satellite measurements. 
Patches were only located for times of IMF Bz < 0, and in regions of -80 to -90 
invariant latitude. Holes were found over a five month period from April to August 
1995, in two regions, dependent on whether IMF B y was positive or negative.
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N E W  N N S S  C O N F IG U R A T IO N : PR O B L E M S A N D  
A D O P T E D  SO L U T IO N S

L C iraolo1 and P S palla1

The new operational configuration of NNSS involves problems concerning some 
aspects of TEC evaluation from Doppler measurements. One of these is the different 
frequency offset needed for satellites operating on the “maintenance frequency”. The 
second one, common to all NNSS satellites, is due to the message no more updated.
This implies unavailability of satellite identification, orbital information, capability 
to set stationtime. The solutions adopted for IROE doppler stations are described.

K eyw ords; differential Doppler; NNSS; orbital elements; timing

At the beginning of 1997, the Navy Navigation Satellite System (NNSS) has been 
disabled from being standard service for navigation. The performance of the system 
has been changed as synthetically sketched in Table I. Given that the two carriers 
have been kept on, it is possible to continue acquiring Differential Doppler. Many 
other characteristics that make us able to design a stand-alone system changed. 
Some satellites have been switched to the so-called Maintenance Frequency (MF), 
changing the offset from -80 ppm to -150 ppm. The message, which carried infor
mation about orbital elements, satellite identification and the way to synchronize 
to the NNSS time scale, are no more updated. The only usable information is 
the satellite identification wired in the on-board hardware. In this new situation, 
the stand-alone system could provide only Doppler Differential measurement, but 
lacking completely any information concerning the actual positions of the satellite, 
needed to extract TEC.

In order to provide this information, the old system (left drawing in Table II) has 
been developed as described in the right side of Table II, according to the following 
directions:

1. Provision of an external switchable oscillator to enable the reception of the 
MF satellites, too.

2. Use of a commercial GPS receiver board, to provide synchronization of PC 
time to GPS time. This solution has been adopted in order to be able to 
locate the receivers in any site.

3. Downloading of the NORAD orbital elements from the Web page of Grove 
Enterprise inc., in charge of Dr. Tohmas S Kelso. These elements will be used 
both in the data analysis after the observations, and in preparing alerts to be 
sent to the receiving stations.

The former setup, developed at IROE, was presented at BSS94 (Ciraolo et al.
1994) and it is here reported in Fig. 1. The system operated fully on a stand-alone

1 Istituto di Ricerca sulle Onde Elettromagnaetiche “Nello Carrara”, Firenze, Raly
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T a b le  I. Status of NNSS before and after January 1997

NNSS Status 
Beginning 1997

111 channel: 400 Mhz - 80 ppm

LO channel: 150 MHz - 80 ppm

HI & LO channel phase modulated 
by same message (MSG)

containing:

Satellite Identification

HI channel: 400 Mhz - 80 ppm or -150 ppm

LO channel: 150 MHz - 80 ppm or -150 ppm

LO channel modulation: telemetry 
HI channel phase modulation as before

containing:

Wired Satellite Number

Orbital Elements Remaining information meaningless

NNSS Time Scale

way. In fact it provided acquisition of Differential Doppler and message decoding, 
from which ephemeral information and timing were obtained. It has been operat
ing for three years, till the end of standard service of NNSS, in the locations of 
Gibilmanna and L’Aquila. This system was designed using commercial Geodetic 
Receivers (GeoRx) according to the same conceptual scheme used by most inves
tigators, i.e. interfacing the GeoRx to a Personal Computer (PC) (both pieces of 
commercial equipment) via a suitable, expressly designed circuitry. Great effort was 
made to make the solution as more versatile as possible, and to reduce the needed 
electronics at minimum. This was possible using for most of signal processing the 
software approach.

A very simple single board interface accesses three signals inside the GeoRx, 
namely the HI and LO Doppler, and the HI channel phase detector output, per
forming:
1. Hard limiting of the phase detector output and generation of a Doublet rate,

both signals at TTL level.
2. Evaluation and digitalization of the phase difference between the properly scaled

HI and LO Doppler signals.
Once fed into the PC, the signals were processed by a suitable software, which 

controlled the system initialization and system monitoring and maintenance, too.
The only operator attendance requested was a periodic check of system perfor

mance and the change of data diskette every second week.
The new operational configuration of NNSS excludes the capability to real

ize a fully stand-alone system. In fact, timing and ephemeral information must
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T a b le  II. Sketch of the receiving system before and after January 1997

NNSS Doppler Acquisition System 
----- Beginning 1997 ------

be provided by means external to NNSS. A very convenient way to perform time 
synchronization is using a commercial GPS board receiver, which, for the global 
peculiarities of GPS itself, is able to operate practically everywhere any time. This 
implied additional software to keep PC time synchronised to GPS time. Concerning 
timing, the receiver can be considered still stand-alone.

Once a precise timing is provided, the real time knowledge of the orbital elements 
during the measurements is not essential. Nevertheless, their use is recommended 
to give the operator alerts, a useful tool to check the performance of the station. 
This is one of the reasons by which we provide orbital elements to the stations. 
Another good reason is that we are setting up an automatic procedure to switch 
the receiver to MF or SF according to the scheduled pass. Orbital elements files 
are obtained via Internet, and distributed to the stations on a montly basis. The 
evaluation of the alerts occurs automatically at the beginning of each day.

In conclusion, all the components of the old system are still used, providing 
Differential Doppler and message decoding: this operation gives only a hardwired 
satellite identification, which is very effective in the following data analysis. An 
overall sketch of the modifications and new developments are shown in Fig. 2.
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D E T E C T IO N  OF T H E  S O U T H E R N  H E M IS P H E R E  
M A IN  T R O U G H , E F F E C T S OF A U R O R A L A C T IV IT Y  

A N D  N IG H T T IM E  T E C  E N H A N C E M E N T S  W IT H  G P S

I H orvath1 and E  A E ssex1

Total electron content (TEC) values are obtained from measurements of the Gobai 
Positioning System (GPS) satellite signals at the Australian and sub-Antarctic re
ceiver stations situated at mid and high latitudes in the southern hemisphere. A 
technique was developed to derive GPS TECs from raw data files. The reduced 
data of 1995 and 1996 were used to investigate the diurnal and seasonal variations of 
the TEC in the region. Various features were also studied such as the mid-latitude 
trough, the effects of auroral activity on GPS recording and nighttime TEC en
hancements. The latitudinal motion of the mid-latitude through was observed as 
well as the magnetic activity dependence of the geographic location of the auroral 
oval. The seasonal variation in the time of occurrence of nighttime TEC enhance
ments was also investigated. The GPS findings were compared with TEC from 
TOPEX/POSEIDON satellite and /oF2 data. Theoretical TECs were obtained by 
employing an ionospheric model called PIM (Parameterized Ionospheric Model), and 
results were compared with experimental values.

K eyw ords: auroral oval; mid-latitude through; nighttime TEC enhancement; 
TEC

Introduction

The aim of this study was to develop a procedure to derive GPS TECs from 
raw data files and to monitor the ionization of the upper atmosphere in the Aus
tralian and sub-Antarctic regions in order to investigate various ionospheric forma
tions. The results from GPS were compared with TOPEX/POSEIDON TEC and 
ionosonde data.

The area of study comprises the mid latitude Australian and the high latitude 
sub-Antarctic regions. Here, the following Australian and New Zealand dual fre
quency GPS recording stations are situated: Ceduna, Tidbinbilla, Hobart, Welling
ton and Macquarie Island (see Table I and Fig. 1). Three stations are particularly 
significant both latitude-wise and longitude-wise and these are Tidbinbilla, Hobart 
and Macquarie Island. The geographic longitudes of these stations are very similar 
meaning that the universal time of GPS recording is almost the same. Latitude-wise 
these stations are relatively closely spaced, therefore provide a continuous North- 
South latitudinal TEC coverage. The significance of the sub-Antarctic station of 
Macquarie Island is also related to its unique position in the auroral zone charac
terized by a relatively low geographic latitude (54.4°S) and at the same time a high 
geomagnetic latitude (65.°S) (Lambert and Cohen 1986).

1 School of Physics, La Trobe University, Bundoora, Vic., 3083, Australia, e-mail: 
e.essexOlatrobe.edu.au
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T able  I. List of receiver sites used for GPS sallite  data collection

Station Country GPS Receiver Geog.lon.
(°E)

Geog.lat.
(°S)

Agency

Ceduna Australia R SNR-8100 133.81 31.87 AUSLIG
Hobart Australia R SNR-8100 147.43 42.80 AUSLIG
Macquarie Island Australia R SNR-8100 158.94 54.50 AUSLIG
Tidbinbilla Australia R SNR-8 148.97 35.38 NASA/JPL
Wellington New Zealand R SNR-8100 174.78 41.27 AUSLIG

Fig. 1. Map of the area of interest illustrating the location of GPS receiver sites in the grid of
geographic co-ordinates

This project makes use of dual frequency GPS measurements to map the ioniza
tion of the upper atmosphere in the area of interest. In GPS satellite experiments, 
GPS users correct for ionospheric errors on two L  — Band radio signals (LI — 
1.57542 GHz; L2 = 1.22760 GHz) that propagate earth-space. Two of these er
rors are known as carrier phase advance (Аф) and group path delay (AT). They 
offer the opportunity to evaluate the quantities of differential carrier phase (SAф) 
and differential time delay (SAT) at the two frequencies, and their combination 
allows one to derive the total electron content along the line of sight unambiguously 
(Klobuchar 1994). Since the orbital height of GPS satellites (20183 km) is in the 
range of the plasmasphere, therefore GPS TECs are the sum of ionospheric and 
plasmaspheric contents.

The ground based GPS measurements were combined with satellite data of the
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55-2<ft- 10.5 11.5 12 12.5 13 13.5
Universal Time (Hr)

14.5

Fig. 2. Plots showing absolute and relative TECs representing a less accurate absolute scale (top 
curve) and a more accurate relative scale (bottom curve) and the concept of baseline

TOPEX/POSEIDON mission in order to investigate ionospheric processes sepa
rately. The TOPEX/POSEIDON mission started in 1992 and one of its main ob
jective is to accurately measure the height of the sea surface. Since the satellite 
carries a dual frequency (/j =  5.3 GHz; / 2 = 13.6 GHz) altimeter system on board 
and the orbital height of the satellite (1330 km) is in the range of the ionosphere, 
unambiguous ionospheric TEC measurements over the Pacific, Indian and Atlantic 
Oceans are available for the scientific community.

Theory and satellite techniques

Due to the presence of a large number of electrons, propagating transionospheric 
radio signals experience a complex carrier phase change (ф), where the ionospheric 
component is known as ionospheric carrier phase advance (Аф). At the same time, 
there is a certain amount of retardation or delay on the modulation of radio waves 
and the time delay is called group path defect (AT). If the number of frequencies 
is two, the terms differential carrier phase (5Аф) relative to the lower frequency 
(see Eq. (1)), and differential time delay (SAT) between the two frequencies can 
be determined (see Eq. (2)).

( 1 )

( 2)

where К  = 80.62 (m3/s2), m  = Li /L 2 = 1.2833, N  = electron density (e~/m 3).
Dual frequency GPS users make use of these erors, which can be obtained from 

the direct outputs of ground based receivers and they give the opportunity to obtain
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Data File: AUSLIG, Station: Macquarie Island, Latitude Band: 52.5 - 56.5 (°S) 
Date: 17/10/95 (Regular World Day)

Fig. 3. A daily TEC plot depicting a day-time vernal equinox trough

Data Files: JPL and AUSLIG, Stations: Tidbinbilla, Hobart and Macquarie Island 
Date: 17/10/95 (Regular World Day), Kp: 3.3 
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Fig. 4. Hourly latitudinal maps depicting a day-time vernal equinox trough
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Data File: TOPEX/POSEIDON, Cycle: 83, Date: 13/2/95 
UT: 2.12-2.83 (Hr), LT: 12.12-12.83 pm
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Fig. 5. A latitudinal шар depicting the equatorial anomaly and a day-time autumnal equinox
trough

Data File: AUSL1G, Station: Macquarie Island, Latitude Band: 52.5 - 56.5 ( °S) 
PRN No.: 1, Date: 17/10/95, Kp: 1.3

Universal Time (Hr)

Fig. 6. A digital plot depicting the scintillation of carrier phase signal as a response to auroral
disturbance

the values of slant relative and slant absolute TEC, respectively. By plotting the 
raw GPS data against the time of recording (see Fig. 2), it is clearly seen that 
the curve of slant absolute TEC is a noisy absolute scale, while the graph of slant 
relative TEC shows a smooth relative scale.

In order to obtain the values of true slant TEC, a baseline for the relative scale 
is determined by fitting it to the absolute scale (see Fig. 2 and Eq. (3)). With the 
knowledge of the orbital elements of the satellite, a vertical content can be obtained 
(see Eq. (4)).
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Data File: AUSLIG, Station: Hobart 
Latitude Band: 4 1 .0 -45 .0  (°S), PRN No.: 29 
Date: 20/2/96 (Regular World Day), Kp: 3.0

125 130 138 140 145 150 155
Geographic Longitude ( °E)

Data File: AUSLIG, Station: Macquarie Island 
Latitude Band: 52.5 -  56.5 ( ’S)

PRN No.: 15, Date: 17/10/95, Kp: 1.3
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Fig. 7. Plots depicting auroral disturbance related small scale TEC fluctuations (left panel) and 
the location of the activity itself in the grid of geographic co-ordinates (right panel)

slant TEC =  f  N ds = ■- (  —y---- ^ 6Аф + baseline (3)I К \ m ~ — 1 /

vertical TEC = slant TEC * cos x  ■ (4)

The TOPEX/POSEIDON ocean altimetry satellite measures an apparent height 
(P ) instead of true height (R), due to the dispersive effect of the ionosphere. Dual 
frequency TOPEX/POSEIDON users make use of the height correction (AR  in 
milimetres) carried out relative to the higher frequency (see Eq. (5)). Since this 
term is proportional to the number of free electrons encountered, a vertical iono-
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Data Files: JPL and AUSLIG, Stations: Tidbinbilla and Hobart 
Date: 19/4/95 (Priority Regular World Day)

Latitude Band: 33.0 -  37.0 (*S), PRN Nos.: 7 and 27 UT: 14 -  15 (Hr), LT: midnight -  1 am
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Fig. 8. Daily (top left panel) and hourly (top right panel) plots of GPS TECs depicting a nighttime 
TEC enhancement occurring in the month of April 1995 and plots of monthly mean average TECs 
depicting an ionization build-up occurring in different time sectors and its forward movement in

time (bottom panel)

spheric TEC can be obtained (see Eq. (6)) (Imel 1994).

8

AR = P - R = - ^  J  Nds  (5)
о

A R  *  p
vertical TEC = ----— . (6)“i Uo

Data processing procedure

A large GPS database was established by regular downloading through Internet 
during the calendar years of 1995 and 1996. According to availability, JPL and 
AUSLIG data files had been collected, which are published in a common Receiver 
Independent Exchange Format (RINEX). The raw data files were reduced to GPS 
TECs by using computer programs designed to automate not only the procedure
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Data File: TOPEX/POSEIDON, Cycle: 96, Date: 24/4/95, UT: 12.35 -  13.02 (Hr), LT: 10.35 -  11.02 pm 
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Fig. 9. TOPEX/POSEIDON (top panel) and /oF2 plots of seven days (bottom panel) imaging a 
nighttime TEC enhancement occurring in the month of April 1995

of curve fitting, but also the task of cycle slip correction prior to any offset cal
culation. The calibration values of the biases of the two GPS transmitted signals 
for each satellite were incorporated into the computation of true slant TEC values. 
The biases for the Tidbinbilla GPS receiver were also incorporated and used as a 
calibration for the other GPS receivers.

The TOPEX/POSEIDON data are stored on CD-ROMs, where each CD con
tains the recordings of two complete cycles and each cycle is made up of 254 passes. 
In order to deal with the huge database efficiently, an algorithm was written to se
lect passes that might contain the features of interest. The raw satellite data were 
reduced to vertical TECs by employing a computer program constructed to carry
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Station: Macquarie Island, Date: 20/9/95 (Priority Regular World Day)
Month: September, Season: Vernal Equinox

Data File: AUSLIG, Latitude Band: 52.5 - 56.5 (°S) Kp: 3.0, Sunspot No.: 21,10.7 cm flux: 76.2
M

I

: / r ~ mid - tetr Lid* tro u g h

- \ No : 7

TT
TT r

TT
TT V

E

I. ■ ■ « « 1 ■ 1 1 > 1 ■ ■ » 1 » « » » 1 ■s 10 ie 
Station Tima (Hr)

I . L  
£ :
r r
1 * :

0 5 10 15 20 2«
Universal Tima (Hr)

Fig. 10. A daily GPS plot depicting a vernal equinox daytime trough (left panel) and a PIM 
derived TEC curve constructed for the same day

out all the necessary calculations. The values of vertical TEC were averaged over 
20 seconds along the satellite track in order to minimize the noise effect due to wave 
height variations without degrading the accuracy.

Results and discussion

The southern hemisphere mid-latitude trough

The mid-latitude or main trough is a well known ionospheric formation of both 
hemispheres. The terminology of “main trough” was introduced by Muldrew in 
1965 to designate an electron depletion zone, extending in the magnetic East-West 
direction, in the F2 region. Soon after Muldrew first recognized this persistent 
nighttime feature from critical frequency data, the same phenomenon was identi
fied and studied from ion trap measurements by Sharp (1966), who named it the 
“mid-latitude trough”. The trough itself is the manifestation of a sudden electron 
density depletion in the mid latitude ionosphere created by normal F region pro
cesses such as plasma convection, ion production and ion loss. In both hemispheres, 
the trough is situated equatorwards of the auroral oval (L «  4; Л «  60° — 56°, ac
cording to magnetic activity). As Mallis and Essex (1993) pointed out, the southern 
hemisphere main trough is not exlusively a nocturnal phenomenon, as is its north
ern hemisphere counterpart, possibly due to the larger offset between the southern 
hemisphere geographic and magnetic poles.

In this study, GPS data recorded from Macquarie Island were used to identify the 
mid-latitude trough in the southern hemisphere. Unfortunately, the data collected 
did not cover the complete calendar year selected, but still supported the study of 
the trough in most of the seasons. Adopting the classification of Mallis and Essex 
(1993), the southern hemisphere main trough was classified as autumnal equinox, 
winter, vernal equinox or summer trough according to its seasonal occurrence. The 
seasons are defined as 3 month periods centred on the months of equinoxes or 
solstices. The best trough findings were in the season of vernal equinox. Daily TEC
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profiles were constructed by plotting the values of vertical GPS TEC, originating 
from a 4 degree latitude band centered on the recording station, against local or 
station time to show the trough and one plot is presented here (see Fig. 3). As 
is seen, the characteristics of the trough such as the steep trough walls and the 
building up of ionization are well defined. While the steep equatorward wall is the 
manifestation of the sudden electron density depletion, the building up of ionization 
is an indication of incoming plasma entering into the polar circulation (Foster 1993).

Latitudinal maps are particularly useful to picture the structure of the ioniza
tion at mid and high latitudes. These maps were constructed by plotting GPS TEC 
values, obtained from the recording stations of Tidbinbilla, Hobart and Macquarie 
Island, against geographic latitudes for a certain one hour time period (see Fig. 4). 
As is seen, at mid latitudes the vertical TEC increases gradually towards the equa
tor, as is expected according to theoretical predictions, while at high latitudes the 
trough appears. As these maps are constructed for certain hourly time intervals, by 
comparing them, the movement of the trough can be concluded. Accordingly the 
trough came in at 3 o’clock in the afternoon (see top left panel of Fig. 4), then it 
moved towards the equator (see top right panel of Fig. 4) and later in the afternoon 
it moved back towards the pole (see bottom right panel of Fig. 4).

TOPEX/POSEIDON data show similar results. Vertical TEC values obtained 
from TOPEX/POSEIDON satellite data were plotted against geographic latitudes. 
It is evident on the latitudinal map constructed (see Fig. 5), that the TEC linearly 
increases towards the equator at mid latitudes, while at high latitudes the trough 
appears. Here, the features of initial building up of ionization and the equator- 
ward trough wall are well defined. The equatorial anomaly is clearly visible at low 
latitudes.

The effects of auroral activity on GPS recordings and the magnetic activity 
dependence of the geographic location of the auroral oval

The signs of auroral activity are the evidence that the satellite beam traveled 
through the auroral oval. These appear on raw GPS data plots as phase scintillation 
(see Fig. 6) and on reduced GPS data plots as fine scale fluctuations of TEC (see 
left panel of Fig. 7).

By plotting the reduced GPS data in forms of 3 dimensional graphs, sections 
of the auroral oval can be mapped and interpreted in terms of K v indices. As is 
known, the 3 hour K p index is an indicator of magnetic activity. A magnitude of
3.0 indicates a medium magnetic disturbance, while a magnitude of 1.3 shows a 
magnetically quiet period. From the plots presented here (see Fig. 7) it is evident, 
tha t in a more disturbed period the auroral oval is situated at lower latitudes, 
while in a magnetically quiet period it is located at higher latitudes. It is already 
a well known fact (Akasofu and Allan 1964), that during magnetically disturbed 
periods the auroral oval expands and moves towards the equator. From these GPS 
observations, which are summarized in Table II, this statement can be confirmed.
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T able II. Summary of measured parameters related to 
the sections of auroral oval mapped

Station Geographic location (°S) K P

Hobart 43.2 -  43.8 3.0
Macquarie Island 52.8 -  56.2 1.3

Stations: Tidbinbilla, Hobart and Macquarie Island, Date: 16/7/95 
UT: 13 - 14 (Hr), LT: 11 pm -  midnight, Kp: 4.0, Sunspot No.: 17, 10.7 cm flux: 75.9

JO

25Û
E  20
n
Í 11
I  10

0
20 M  40 M  «0 7 9 20 30 40 50 M  70

0*Oflf»phk L-h-i.lSI O ^ X t a n u O 'I s i

Fig. 11. An hourly graph of GPS TECs depicting various formations (left panel) and a PIM 
derived TEC curve constructed for the same time interval (right panel)
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Nighttime TEC enhancements

The mid latitude ionosphere does not always decrease throughout the night, 
but shows anomalous increases or enhancements under a wide range of geophysical 
conditions. Although this fact has been long realized, the phenomenon of nighttime 
TEC enhancements is neither a familier feature of the mid latitude region nor a 
frequent topic in the literature. Recently Balan et al. (1991) reported this phe
nomenon observed in the northern hemisphere and explained its formation with the 
mechanism of large downflows of plasma in the topside ionosphere.

In this study, 1995 Tidbinbilla and Hobart GPS data showed nighttime TEC 
enhancements. Daily plots constructed for the month of April 1995 revealed anoma
lously high TEC values in the nighttime region culminating at 14 hour UT or mid
night in local time (see top left panel of Fig. 8). The same phenomenon appeared 
on latitudinal plots as a well defined single peak formation (see top right panel 
of Fig. 8). Since this feature had a frequent occurrence in the months of April 
and May 1995, it appears on the monthly average plots and shows a well defined 
forward movement in time as the year progresses (see bottom panel of Fig. 8). 
TOPEX/POSEIDON data confirm these observations (see top panel of Fig. 9) and 
these are also evident of /oF2 data (see bottom panel of Fig. 9) recorded from 
Canberra. TOPEX/POSEIDON plot also indicates conjugate increase in TEC.
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1

Station: Tidbinbilla, Latitude Band: 33.0 - 37.0 ( °S)
Legend: mean average TEC +/- о  

Month: April of 1995
Kp: 2.0, Sunspot No.: 25,10.7 cm flux: 87.2 

Date: 20/4/95

» <• 1» » 
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Fig. 12. Digital plots depicting a montly average GPS TEC curve with standard errors featuring 
a nighttime TEC enhancement (left panel) and a PIM derived daily TEC curve (right panel)

Theoretical TECs

In this study, the Parameterized Ionospheric Model (PIM) provided theoretical 
TEC values. PIM is a complex global ionospheric model that comprises several 
regional theoretical models. It generates parameterized outputs that can be fully 
controlled by specifying the input parameters of the relevant geophysical activities 
and spatial coordinates. The running of PIM requires the input of a small collection 
of geophysical parameters such as the daily values of sunspot number and 10.7 cm 
flux, and the appropriate K p index. The model offers two options for plots, namely 
a daily TEC profile constructed for a certain location or an hourly latitudinal plot 
computed for an optional latitude range and for a certain time interval. For this 
study, PIM was run to compare some of the findings such as the mid-latitude trough 
(see Figs 10 and 11) and the nighttime TEC enhancement (see Figs 11 and 12). 
As is seen on the above illustrations, the model generated plots show little or no 
resemblance to the ionospheric/protonospheric TEC features observed.

Conclusion and future work

The GPS technique is a valuable tool to study the variability of the ionization of 
the ionosphere and plasmasphere. The GPS data analysis was useful in the investi
gation of small and large scale ionospheric formations and the results obtained are 
in a good agreement with findings of other ionospheric techniques. The ionospheric 
model called PIM is unsuitable for studies conducted for a low sunspot number 
time period, where the total content is the sum of ionospheric and protonospheric 
components. In future work, ionospheric and protonospheric processes can be sepa
rated and investigated individually in order to determine the region of origin of the 
features studied and also to explore the underlying physical processes responsible 
for their formations. All the results obtained can be used to update currently used 
ionospheric models.
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D E T E R M IN A T IO N  OF /„F2 SH O R T -T E R M  V A R IA T IO N S  
FR O M  G P S T IM E  D ELA Y  O B SE R V A TIO N S

H Soicher1 and Z H oum iner2

Reliable HF communications require propagation assessment. Such assessment 
could be facilitated with the monitoring of ionospheric characteristics by continuously 
available passive means, i.e., measurements of the total electron content (TEC) using 
satellite-emitted signals without a need for burdening the electromagnetic spectrum.
With the Global Positioning System (GPS) providing instantaneous time delay, or 
equivalently, TEC, values when needed, an assessment of HF propagation may be 
available on a near realtime basis.

To assess this possibility a one year study of the correlation between TEC and 
/oF2 using GPS time delay observations taken at Matera, Italy and /oF2 measure
ments from Rome, Italy, was undertaken during 1995-1996. This is a period of 
minimum solar activity with sunspot numbers varying between 6-18. The observed 
correlation coefficient varied between 0.55 in the winter of 1996 to about 0.75-0.8 
during the summer of 1995.

In addition to the seasonal variability of the correlation coefficient, a diurnal 
variability is also present with the coefficient normally maximizing during the day 
and minimizing in the predawn periods. The predawn minimum may be due to the 
contribution of plasmaspheric electron content. The correlation coefficient appears 
to increase with magnetic activity, indicating that TEC and /oF2 behave similarly 
during magnetically active periods. Distribution of errors between measured /oF2 
values and predicted ones using a) standard predictions algorithms and b) TEC  
measurements converted to /oF2 from a model of slab thickness, show that the errors 
are reduced when using TEC observations. The errors would be further reduced if 
the satellite subionospheric point would approach the location of the /oF2 actual 
measurement.

K eyw ords: /oF2; TEC; variability slab thickness

1. Introduction

HF radio communication depends on the ability of the ionosphere to return the 
radio signal incident on it back to Earth. Predictions of ionization levels in the 
various ionospheric regions are derived from models and are used as a basis for 
planning and frequency management of HF radio systems world-wide. The models 
permit the calculation of system parameters such as operating frequencies, signal 
strengths, signal-to-noise ratios, and multipath probability that can be used to 
describe the performance of HF radio systems. Uncertainties or inaccuracies in the 
models of the ionosphere have long been known to be one of the major causes if 
not the major cause, for inaccuracies in the calculated propagation characteristics. 
This is particularly true for those applications of ionospheric predictions involving 
timescales that are less than monthly average or monthly median.

To reduce average monthly RMS errors in predictions, adaptive techniques that 
use real-time observations to correct model biases have been devised. A method that

*US Army Communications-Electronics Command Space and Terrestrial Communications Di
rectorate, Fort Monmouth, NJ 07703-5203, USA

2Asher Space Research Institute, Technion-Israel Institute of Technology, Haifa, 32000, Israel
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1-30 June 1995
R=0.78

Fig. 1. Hourly values of variability of /oF2 and TEC for June 1995. R  is the cross-correlation
coefficient at zero time lag

is potentially global in nature involves the monitoring of GPS signals which yield in
formation on the ionospheric parameters along the propagation path and converting 
such information into the HF propagation parameters of interest. The advantage of 
monitoring GPS signals is the fact that it is passive for the potential user, and the 
existence of a global network of satellites affords the possibility of global coverage. 
The problem at hand is the conversion of integrated ionospheric parameters along 
the transionospheric path experienced by the GPS signal to the parameters along 
the path experienced by the HF sky wave up to the point of reflection from the 
ionospheric layers. A parameter of great importance in HF propagation is /oF2, 
the upper frequency limit for ordinary mode HF vertical propagation, whose square 
is proportional to lVmax, the maximum electron density in the ionosphere. The tran
sionospheric parameter of importance is the total electron content (TEC), which is 
the integrated electron density along the propagation path of a satellite-emitted 
signal to the observer (TEC = J  Nds, where N  is the electron density and ds is 
an element of distance along the path from observer to satellite). Since both TEC 
and TVmax vary diurnally, seasonally, geographically, and in response to magnetic 
activity, it is expected that their ratio, the so-called slab thickness, r, will vary to a 
lesser degree and hence can be modeled more easily. Global models of slab thickness 
updated with real-time measurements of TEC might possibly yield improved values 
of iVmax and hence / qF2 for HF propagation.

To test the efficacy of this hypothesis, one has to ascertain the correlation be-
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1-30 June 1995

TIME [hours]

Fig. 2. Hourly values of the variability of r  (Slab Thickness) for June 1995

tween the TEC daily variability about the monthly mean and the /oF2 variability. 
Further, diurnal, seasonal and response to magnetic activity effects on such corre
lation have to be assessed.

2. Experim ental data

The /oF2 data were deduced from vertical ionograms taken at Rome, Italy 
(41.9°N, 12.5°E) using the Digisonde 256 (Soicher et al. 1995). The GPS observa
tions were taken at Matera, Italy, a site of the International GPS Service (IGS).

The equivalent TEC from the time delay measurements was determined only for 
satellites at elevations larger than 30° and having a subionospheric point along the 
line of sight within ±5° of the latitude and longitude of the digisonde. The 5-min 
observed time delays were then corrected for satellite biases using the Jet Propulsion 
Laboratory (JPL) table of corrections (Wilson and Mannucci 1993), converted into 
vertical TEC (Klobuchar 1987) and averaged to obtain hourly values.

For each month of observations, the hourly values of the variability of both the 
TEC and / qF2 were determined. The variability is calculated by subtracting the 
montly average value from each hourly value and dividing by the monthly average 
value. An example showing the hourly values of the variability of /oF2 and TEC 
for the period 1-30 June, 1995 is shown in Fig. 1. This period is near the minimum 
phase of solar cycle 22. It can be seen that there is good correlation between the 
variability of / qF2 and TEC.
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1-30 June 1995

TIME LAG [hours]

Fig. 3. Cross-correlation function of /oF2 and TEC values of Fig. 1 (June 1995)

Another parameter of interest is the slab thickness, r, which is proportional 
to the ratio TE C /(/0F2)2. The slab thickness can be calculated for each hour of 
observations and its variability determined in the same way as for TEC or /oF2. 
The variability in r  for the period June 1995, is shown in Fig. 2. It can be seen 
that the variability is of the order of the corresponding variability of TEC or / 0F2.

3. Correlation results

The results of cross-correlation analysis on the /oF2 and TEC variabilities de
picted in Fig. 1 are shown for a portion of the time in Fig. 3. A maximum cross
correlation coefficient, R, of 0.78 occurs at zero time lag, and the coefficient reduced 
very quickly with time lag. It is thus shown that the correlation between /оF2 and 
TEC is very good. A 24-hour periodicity, at least for the first 48 hours, is observed.

It can be seen from Fig. 1 that both the variations of /oF2 and TEC are rather 
noisy on an hour-to-hour basis, which may be caused by measurements and data 
reduction errors rather than by physical phenomena. The main reason for these 
errors are (1) combining measurements from various GPS satellites, each with a 
different orbit and bias, which introduces errors (Klobuchar et al. 1994), (2) er
rors introduced by converting from oblique TEC measurements to vertical values, 
especially at times when there are large ionospheric horizontal gradients, and (3) 
real-time scaling of /oF2 data, which introduces errors. The results of smoothing 
the variations in TEC and / 0F2 by a 3-hour running mean are shown in Fig. 4. It
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1-30 June 1995
3 point smoothing R=0.84

Fig. 4. Three-hour smoothing of the /oF2 and TEC values of Fig. 1

can be seen that the correlation is improved (R of 0.84). This shows that indeed 
the data are noisy and that the correlation betwen TEC and / 0F2 is actually better 
than what the raw data indicate.

Cross-correlation results for the 12 months period, June 95 through May 96, for 
both the mean raw and the smoothed (3-liour running mean) are shown in Fig. 5. 
The overall trend is towards a ~  20% decrease in the cross-correlation coefficient, 
and this may reflect the corresponding decrease in sunspot numbers from 18 to 6.

The diurnal variations of the correlation coefficients for two summer periods, 
1992 and 1995, are shown in Fig. 6. The 1992 period is near solar maximum 
phase, while the 1995 period is near the minimum phase. Each point in the figure 
represents correlation results for a 4-hour block (for example, the correlation at 
0800 LT gives the results for the time block 0600-1000 LT). It can be seen that 
the diurnal behaviour is very similar for the two periods. There are minima, at 
about 0800 LT. A broad maximum in correlation occurs between 1200-2000 LT, 
with values as high as 0.85.

The similarity of the diurnal variation, especially at the predawn period minima, 
may be due to the minor role of plasmaspheric electron content in the correlation 
results. During solar maximum the plasmospheric content appears not to affect the 
correlation (Houminer and Soicher 1996).

The seasonal dependence of the diurnal variation of the correlation coefficient 
between the variability in TEC and / 0F2 is shown in Fig. 7. It can be seen that
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1995-1996

-**- no smoothing -*■ with smoothing

Fig. 5. Unsmoothed and smoothed mean monthly cross-correlation coefficient values of the 12-
month period, June 1995 to May 1996

0 4 8 12 16 20 24
LOCAL TIME

Fig. 6. Diurnal variation of the cross-correlation coefficient for /oF2 and TEC values for the 
summer periods of 1992 and 1995. Each point represents correlation results for a 4-hour period

Sum m er 92 

Sum m er 95

the correlation coefficient maximizes in summer, shows similar variation during the 
equinoxes and shows little variation during winter.

The ionosphere is known to vary substantially with geomagnetic activity. To 
ascertain whether magnetic activity has any impact on the cross-correlation of / qF2
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Fig. 7. Seasonal dependence of the diurnal variation of the cross-correlation coefficients for /oF2  
and TEC values. Each point represents correlation results for a 4-hour period
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Fig. 8. Error distribution of /oF2 calculated from TEC (dark bars) and obtained from standard 
model (light bars) from measured /oF2 values (see text)

and TEC, data were compared between quiet and active periods. Table I shows 
selected periods with 32 < Av < 57 and Ap < 8 . The correlation coefficient R  
for the selected period is compared with R*, the monthly correlation coefficient 
containing the selected period.

It is seen that during the active periods the correlation coefficient is normally 
greater than that of the monthly one, whereas for quiet selected periods it is not
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T able I. Cross-correlation coefficients R 
for selected time periods of quiet and 
active geomagnetic activity. Ä* are 
the overal monthly coefficients which in

clude the selected time periods

Dates Ap R Я*

25-29 Sep 1995 41 0.80 0.74
034)8 Oct 1995 57 0.64 0.59
17-21 Oct 1995 34 0.63 0.59
18-23 Mar 1996 38 0.65 0.66
13-22 Apr 1996 32 0.74 0.63

04-15 Jun 1995 < 8 0.82 0.78
04-15 Ju! 1995 < 8 0.77 0.75
25-29 Oct 1995 < 8 0.55 0.59
13-26 Nov 1995 < 8 0.58 0.64

necessarily so. The conclusion drawn is that magnetic activity affects TEC and /oF2 
in similar manner (Mendillo et al. 1972), thus maintaining high cross-correlation 
between the two.

The slab thickness, r, is proportional to the ratio TEC/(/0F2)2. It is expected 
that the variability of r  will be somewhat smaller than the variability of either 
the TEC or / 0F2 because of the good correlation between these two ionospheric 
parameters. Thus global models of the slab thickness, updated with real-time mea
surements of TEC obtained with the GPS network, might give improved values 
of / 0F2.

In order to explore this possibility, /oF2 values for each hour were calculated 
using TEC obtained from the GPS time delay observations and slab thickness values 
from the global model of Fox et al. (1991). The error distribution for /oF2 derived 
from standard prediction algorithms, and /oF2 derived from measured TEC and 
the r  model are shown in Fig. 8. It is seen that the /oF2 errors are smaller with 
the use of TEC measurements and the slab thickness model.

4. Conclusions

The high cross-correlation coefficient for /oF2 and TEC in the one year data 
presented here raises the possibility that real-time TEC measurements may be used 
to update /oF2 value determinations. The cross-correlation may even be higher if 
the geographic subionospheric point of TEC measurement is close to the geographic 
point of the /oF2 measurement which introduces an error, in addition to the possible 
inherent measurement uncertainties. The correlation exhibits diurnal and seasonal 
variability reaching maxima during summer day and minima at all seasons during 
the predawn period. The data were taken near the minimum phase of the solar cycle, 
during which phase the plasmaspheric electron content was expected to be of the 
order of the ionospheric content at predawn periods and thus affect the correlation.
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The fact that the correlation during the maximum phase (Houminer and Soicher 
1996) is not markedly different from the correlation at minimum phase presented 
here, indicates that the plasmasplieric content does not impact the correlation in 
a significant way. The cross-correlation is high during magnetically active periods 
indicating that / 0F2 and TEC behave similarly in response to geomagnetic activity.

Global GPS Constellation can provide instantaneous time-delay, or TEC, values 
which could provide an instantaneous updating of /oF2 models on a global basis as 
well as on a regional basis. The GPS signals are passive in nature to the user and, 
as such, do not burden the electromagnetic spectrum.
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D E T E C T IO N  OF IR R E G U L A R IT IE S  IN  TH E  T O T A L  
E L E C T R O N  C O N T E N T  U S IN G  G P S M E A S U R E M E N T S  

—  A P P L IC A T IO N  TO A  M ID -L A T IT U D E  S T A T IO N

R  W a r n a n t 1

The paper presents a very simple method allowing to detect automatically medium- 
scale travelling ionospheric disturbances and scintillation effects by observing the high 
frequency changes in the so-called geometry-free combination of GPS phase measure
ments. The method has been applied to the GPS measurements gathered at Brussels 
(mid-latitude European station) during more than 8 years: only a few scintillations 
were detected during this period but TIDs were very regularly observed. For this 
reason, we have computed statistics concerning the occurrence of TIDs. The results 
obtained are in good agreement with the conclusions of other independent studies.

K eyw ords: GPS; ionosphere; scintillation; TEC; TID; total electron content; 
travelling ionospheric disturbances

Since a long time ago, the Global Positioning System has proved its usefulness 
for the study of the ionosphere. Indeed, GPS dual frequency measurements can 
be combined in order to compute the total electron content (Lányi and Roth 1988, 
Warnant 1996). For example, the total electron content can be obtained by forming 
the so-called geometry-free combination Ф), G/r:

with
Фр /л , Фр [2 the LI, L2 carrier phase measurements made by receiver p on satellite

*;
fbi ,  fL2 the frequency of the Ы,  L2 carriers; 
tk epoch at which the measurement is made.

Equation (1) can be rewritten in function of the total electron content, TEC*:

with
TECp the slant TEC measured along the path going from satellite i to receiver p; 
Np  GF a real ambiguity.

'Royal Observatory of Belgium, Avenue Circulaire 3, B-1180 Brussels, Belgium, e-mail: 
R.Warnant@oma.be

1. Introduction

( 1 )

K,GF(h) = -5.52 ■ l(T 17TEC;(fjfc) + N^ GF ( 2)

1217-8977/98/$ 5.00 © 1998 Akadémiai K iadó, Budapest

mailto:R.Warnant@oma.be


122 R WARNANT

In particular, it can be seen from Eq. (2) that the geometry-free combination 
also allows to monitor the evolution of the TEC in function of time, ATECp(tfc):

ATECp(tfc) =  9.524 1016(^p,GF^k)
{tk — t k - l )

(3)

where ATECp(ffc) is defined as:

ATEC*(ifc)
TEc;(tfe) -T E C ^ fa -Q

{tk -  t k ~ i )
(4)

It is important to stress that the computation of ATECp (t*,) does not require 
the estimation of the real ambiguity, N lpGF, as long as no cycle slip occurs.

The TEC variations in function of the time can be divided in 2 classes:

—  the regular gradients: the usual gradients observed in the TEC; for example, 
the TEC has a minimum value during the night and reaches its maximum 
around 1400 (local time). Consequently, there is a gradient depending on 
local time;

—  the irregular gradients: gradients due to irregular ionospheric phenomena such 
as travelling ionospheric disturbances and scintillation effects.

Travelling ionospheric disturbances (or TIDs) appear as waves in the electron 
density (and consequently in the TEC) due to interactions between the neutral at
mosphere and the ionosphere. They have a wavelength ranging from a few tens of 
kilometers to more than thousand kilometers. Their occurrence often cause impor
tant gradients in the TEC even on short distances. Scintillation effects are variations 
in phase and amplitude of a radio signal passing through small scale irregularities 
in the ionosphere. Scintillation effects are very often observed in the polar and 
equatorial regions and are sometimes detected in the mid-latitude regions.

In this paper, we present a method allowing to detect medium-scale travelling 
ionospheric disturbances (MSTIDs) and scintillation effects using GPS measure
ments. MSTIDs have horizontal wavelengths of several hundreds of kilometres, pe
riods ranging from about 12 minutes to about 1 hour and horizontal phase speeds 
ranging from 100 to 300 m /s (Van Velthoven 1990).

2. The m ethod

Travelling ionospheric disturbances and scintillation effects cause high frequency 
changes in the TEC. Consequently, these phenomena can be studied by detecting 
such changes in ATECp.

In order to do that, we filter out the low frequency changes in the TEC by mod
elling ATECp using a low order polynomial. The residuals Rj of this adjustment 
(i.e. ATECp - polynomial) contain the high frequency terms. In a similar way
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T able I. Definition of the ionospheric variability

V, o r , (TECU/min)

0 0.00 < a Rl < 0.08
1 0.08 < oR, <  0.10
2 0.10 < or , <  0.15

8 0.40 < or , < 0.45
9 Or , >  0.45

as Wanninger (1994), we define the ionospheric variability, Vj, using the standard 
deviation of the residuals Rj (Table I):

Vj = 0 when 0.00 < ctr, < 0.08TECU/min

Vj =  1 when 0.08 < o r ,  < 0.10TECU/min.

In practice, the ionospheric variability is computed for every observed satellite, 
using periods of 15 minutes of measurements. When Vj is different from zero, we 
decide that an “event” is detected. Such an “event” is presented in Fig. 1. This 
figure displays the TEC gradients, Д TEC, observed at Brussels on May 28, 1993. 
These gradients are caused by scintillations effects. Figure 2 shows the gradients 
observed in 3 GPS permanent stations operated by the Royal Observatory of Bel
gium. These effects are due to a (medium-scale) travelling ionospheric Disturbance. 
In fact, most of the “events” detected in Belgium are due to TIDs.

With a sampling interval of 30 seconds, 24 hours of GPS measurements in the 
RINEX format are stored in a file of which the size is ranging from 1.5 Mb to more 
than 2 Mb. To perform any long term study based on GPS measurements, it is 
thus indispensable to develop automatic data processing procedures. In particular, 
it is not realistic to imagine that an operator could screen the residuals to decide
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Fig. 1. Scintillations observed at Brussels on May 28 1993
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Fig. 2. TEC gradients due to a TID observed on October 30, 1994 in 3 Belgian stations
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“manually” if a TID is present or not. For this reason, we must choose threshold 
values which will be used by the computer to take an automatic decision. The choice 
of 0.08 TECU/min as threshold value to decide if an event is taken into account 
comes from the fact that the multipath also gives rise to high frequency changes 
in the geometry-free combination. This site-dependent effect can reach several cen
timetres on phase measurements and has periods ranging from a few minutes to 
several hours depending on the distance separating the reflecting surface from the 
observing antenna (if this distance is shorter, the period is longer). The multipath 
effect being more frequent at low elevation, we have chosen an elevation mask of 
20°. In the case of the Belgian permanent GPS network, a threshold value of 0.08 
TECU/min is large enough to avoid to interpret multipath effects as ionospheric 
phenomena. This value should be valid for most of the GPS sites but should be 
applied with care in locations where the multipath is particularly important. An ad
ditional verification is then performed: the comparison of the ionospheric variability 
observed in neighbouring GPS stations allows also to distinguish between multipath 
and ionospheric phenomena: indeed, large residuals observed at the same time in 
different stations cannot be due to multipath.

Two other error sources can affect our method: cycles slips and phase surges. 
Cycle slips are jumps of an integer number of cycles which occur when the receiver 
loses lock on the satellite signal. In an automated data processing procedure, an 
uncorrected cycle slip could result in а ал, above the threshold value even if no 
ionospheric perturbation is present.

Phase surges give rise to several successive jumps in the GPS phase measure
ments. These jumps are not integer numbers of cycles. For this reason, this error is 
much more difficult to detect. In addition, this effect is related to the receiver-to- 
satellite geometry: it means that a similar effect can be observed in several neigh
bouring GPS stations at the same time (Sleewaegen 1997). Nevertheless, these 
jumps can be identified because their period is always shorter (a few minutes) than 
the periods of ionospheric disturbances.

The choice of 15 minute periods to compute the ionospheric variability is due to 
the fact that most of the MSTIDs have periods ranging from 5 to 30 minutes. If we 
choose a too short period, the TID will not have the time to cause TEC changes 
large enough to be detected. On the other hand, if the period is too long, the large 
residuals in ДТЕС/ due to the TID will be lost among the other residuals and the 
resulting ал, will remain under the threshold of 0.08 TECU/min.

3. Results

The procedure outlined here above has been applied to a data set covering a 
period of more than 8 years: since May 89, GPS measurements have been regu
larly performed at Brussels. Since April 1993, the measurements are continuous. 
Three additional permanent stations are in operation since January 94 (Dentergem, 
Dourbes and Waremme); 3 new stations (Bree, Meeuwen and Membach) have been 
installed in 1997 (Fig. 3).

This experiment has allowed us to compute statistics concerning the occurrence
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—

Permanent GPS Network of the Royal Observatory of Belgium

Fig. 3. The permanent GPS network of the Royal Observatory of Belgium

of TIDs above Belgium (i.e in a mid-latitude European station) and to answer the 
following questions: are TIDs unusual phenomena, do they appear during specific 
periods in the day, in the year, in the solar cycle, ... ? Figure 4 shows the statistics 
of the observed TIDs for two month: January 1994 and January 1997. This figure 
displays the number of TIDs encountered during these month in function of the 
time in the day. It means that a sum of all events occurring at a specific time (for 
example between 1000 and 1100) during a whole month is made.

Figure 5 shows the number of events (TIDs) detected from April 93 to May 97 
as a function of the local time. The different levels of grey represent the number 
of events detected. By looking at this figure, several conclusions can be drawn 
concerning the number of detected TIDs:
— there is a main maximum between 1000 and 1600 (local time) during the winter;
— there is a secondary maximum during the night;
— it decreases with decreasing solar activity.
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Fig. 4. Number of events detected as a function of local time in January 94 and January 97
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Fig. 5. Number of TIDs detected from April 93 to May 97 as a function of local time

The case of scintillation effects is different: only a few “events” are observed in 
one year. These results confirm the conclusions of previous studies performed by 
means of other independent techniques (see for example, Van Velthoven 1990).
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4. Conclusion

The paper has presented a very simple method allowing to detect medium-scale 
travelling ionospheric disturbances and scintillation effects using the geometry-free 
combination of GPS carrier phase measurements. This method has been applied 
to the GPS measurements gathered in the Belgian GPS network since 1989. This 
experiment has allowed to compute statistics concerning the occurrence of TIDs and 
scintillations above Belgium. The results which are in good agreement with previous 
independent studies show that TIDs are very common phenomena at Brussels but 
only a few scintillation effects have been detected.
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C O M M E N T S O N P R O T O N O S P H E R IC  C O N T E N T  
—  A TS-6 R E V ISIT E D

J К H a r g r e a v e s 1

The application of GPS observations to the determination of electron content has 
renewed interest in the question of how the electron content is distributed between 
the closer and more distant sections of the propagation path.

The ATS-6 radio beacon experiment of the mid-1970s enabled the electron con
tent to be determined from both the modulation phase technique (which included 
the whole path out to 6.6 Re) and the Faraday effect (which gave an electron con
tent biased towards the lower altitudes). The observations were also simulated using 
a mathematical model. Thus it was possible to consider the significance of the 
“protonospheric content” as the difference between the phase and the Faraday con
tents was usually known.

The paper presents results from those studies in the context of GPS work. It is 
shown that at certain times a significant fraction of the total content resides at high 
altitudes, and that if this is not taken into account significant errors can arise in the 
determination of the electron content.

K eyw ords: ATS-6; Faraday effect; GPS; protonosphere

1. Introduction

Since the GPS satellites are viewed over a range of zenith angles, it is usual to 
convert the electron content observed along a slant path to an equivalent vertical 
content so that the observations at different angles may be compared and converted 
to maps. The variation of electron content with the zenith angle is also used to 
determine the baseline of the measurement, which is uncertain due to the “bias” 
in each satellite transmitter. Since the zenith angle of the received ray depends 
on altitude (Fig. 1), the conversion to vertical requires that an effective height is 
assumed. The value of this effective height obviously depends on the distribution 
of ionization along the ray path.

2. The ATS-6 experiment

The only sustained experiment able to effect a separation between the iono
spheric and protonospheric parts of the path was the radio beacon experiment on 
the geosynchronous satellite ATS-6 (Davies et al. 1972). Here, the term “iono
sphere” is used for that part due to heavy ions, and the “protonosphere” is that 
due to protons. ATS-6 was launched in 1974, and was observed from several points 
on the Earth’s surface over a period of several years, the satellite being located at 
three different longitudes at different times.

Engineering Dept., University of Lancaster, England (also at Physics and Astronomy Dept., 
University of Central Lancashire, Preston, England

1217-8977/98/$ 5.00 © 1998 Akadémiai Kiadó, Budapest



130 J K HARGREAVES

Fig. 1. Dependence with height of the zenith angle of an oblique ray. The correction factor from 
oblique to vertical electron content is cos ß

The ATS-6 beacon experiment measured the electron content by its effect on 
modulation phase — giving the total content over the whole path — and also by 
the Faraday effect — the rotation of the plane of polarization — which gives an 
electron content weighted by the geomagnetic field strength and therefore biased 
towards the lower (i.e. ionospheric) altitudes.

At Lancaster, England, observations were made for rather less than a year in 
1975-1976, though both solstices and both equinoxes were included. It was a time 
of low sunspot numbers. Including data from an ionosonde (at Dourbes), three 
independent measurements were obtained, and these were combined to give three 
measured quantities:

—  electron content (from the phase effect);

—  slab thickness (electron content /iVmax, iVmax being the maximum electron 
density of the layer from the ionosonde);

—  and an “F-factor” derived from the ratio between the Faraday and phase 
effects.

Slab thickness was already a well established parameter, having been used for 
many years to quantify the thickness of the ionospheric layer: but F-factor was 
a new parameter, not previously available, which depended on the distribution of 
ionization between higher and lower levels and so represented the “average height” 
of the ionization. This was, of course, the reason for including the Faraday mea
surement on the beacon in the first place.
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3. Data

Three parameters are still not very many, and a useful step in interpreting the 
data is to divide the electron content into two parts:

Np = Np + Np , (1)
where Np  is the total electron content measured from the modulation phase, and 
Np  is the electron content derived from the Faraday effect, proportional to

J  N f p d l = J L J  Ndl,  (2)

where fp  is the longitudinal component of the gyrofrequency and f  L is a selected 
“mean” value. / L was taken as the value of fp at height 380 km, and was 0.83 MHz 
for the Lancaster-to-ATS-6 raypath. This interpretation attributes all the Faraday 
effect to the lower region, and the remainder (Np -  Np = Np) is assumed to make 
no contribution to the polarization rotation. This part is commonly called the 
“protonospheric content”, though that is not strictly the case and for this reason 
“residual content” may be a better term. Obviously, the value of f  L selected affects 
the value of Np  obtained.

F  is measured from the ratio between the polarization and phase effects. It is 
that value of longitudinal gyrofrequency which gives the observed Faraday effect 
from the observed electron content (Davies et al. 1975). Hence,

fpN p = FNp, (3)

Np = NT( l - F / f L), (4)

Np/Np = 1 ~ F / f p . (5)

In these equations Np  and F  are determined from the data, f  h is assumed, and 
thus Np  and Np/Np  may be obtained.

4. Modelling

To help to intepret the measurements in physical terms a programme of mathe
matical modelling was undertaken which included electron production, recombina
tion, transport, the effect of thermospheric wind, and (in some cases) the conjugate 
hemisphere (Poulter et al. 1981, Sethia et al. 1985). One major question was the 
significance of the residual (or protonospheric) content. The model was set up for 
equinox conditions and the values of Np, slab thickness, and F  predicted from it 
were compared with the corresponding values observed in March 1976. The model 
was then used to see how much of the electron content resided above certain heights, 
and this was compared with the value of Np, also from the model. It was found 
that for the raypath from Lancaster to ATS-6 Np  corresponded with the electron 
content above 2600 km, the same value applying throughout the 24 hours.

(The total slant content of H + was also calculated, which showed that Np  is 
about 0.6 to 0.7 of the slant H + content (depending on the time of day). Therefore
0.4 to 0.3 of the actual protonospheric content lies below 2600 Km, and this appears 
in the so-called ionospheric content Np as measured in the experiment.
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5. Measurements

Whether or not this matters in practice depends, of course, on the magnitude 
of the ratio Np/N p■ Should that ratio be very small then the protonospheric 
contribution would be of little consequence anyway. Figure 2 shows the values of 
Np, Np/Np  and Np  for summer, winter and the equinoxes measured at Lancaster 
in 1975-1976. We note that Np/Np  varies in antiphase with Np during the day, 
leading to relatively small changes of Np during the day. Np varies considerably 
with the season, but the seasonal variation of Np  is smaller.

To emphasise the possible effect of the protonospheric content we consider the 
winter night, when Np/N p  is at its largest. Then half the total content is in the 
protonosphere (i.e. above 2600 km). At other times of day and in other seasons 
the protonosphere holds a smaller fraction of the total, but it is still a significant 
fraction.

6. Equivalent vertical content

These were slant measurements, the elevation at the ground being 21° (zenith 
angle 69°). With reference to Fig. 1, the angle between the ray path and the 
vertical at height h is related to the zenith angle at the ground by

cos/? = [1 — (R/{R + h))2 sin2 x]1̂ 2 . (6)

R  being the radius of the earth, cos/? is the factor required to convert slant to 
vertical content at height h. Sample values are given in Table I for various h and 
X■ In brackets is given the ratio between the correction at h to the correction at 
400 km, a typical “ionospheric” height. For example, if x  = 45° then content at 1 
Re would be overcorrected by 25% if the factor for 400 km were used.

Taking x  = 69° and the values of Np and Np for winter night (each 5 TO16 m 2), 
the first (assuming 400 km) is equivalent to 2.4-1016 vertical and the second (assum
ing 2600 km) to 3.75T016. For the vertical content, therefore, we get Np/Np  = 0.61. 
The protonospheric content is a larger fraction of the vertical total content than of 
the slant content.

7. Effect of a protonosphere on the determination of electron content 
using the obliquity of the ray in GPS measurements

Consider the electron content to be in two parts of the total vertical content 
I , a fraction P is in the protonosphere at height hp and fraction (1 — P) is in 
the ionosphere at height hi, see Fig. 3. The zenith angle at the ground is x ■ The 
ionospheric content gives a slant contribution (1 — P ) I /  cos ßi, and the protonosphere 
contributes P I /  cos ßp, where ßi and /?p are the zenith angles for the ionosphere 
(height hi) and protonosphere (height hp). The total slant content is therefore 
(1 — P ) I /  cos ßi + P I /  cos ßp.
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о Summer: 1976 June 12-22 ♦  Autumn: 1975 Sept 22-30
•  Winter: 1975 Dec 19-26 X Spring: 1976 Mar 11-22

30

0 I------------1---------- 1-----------1---------- 1----------- 1-----------1---------- 1---------- Г

o  I- - - - - - - - - - - - - 1- - - - - - - - - - - - 1- - - - - - - - - - - - - 1- - - - - - - - - - - - 1- - - - - - - - - - - - - 1- - - - - - - - - - - - 1---- - - - - - - - 1- - - - - - - - - - - - Г

6 --------- ф----------------------------------*

О I-----------1------------1------------ 1----------1------------1-------------1-----------1----------- 1---------
о 3 6 9 12 15 18 21 26

Local time (Lancaster)

Pig. 2. Total (Nt ) and residual (N p ) electron contents determined in the ATS beacon experiment,
1975-1976

Allowing for a bias B, which depends on transmitter and receiver hardware only, 
the electron content reading in the zenith is

Ro = /  +  В (7)
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T able I. Values of the correction factor cos ß as a function of layer height h and
ground zenith angle x

cos/}
(cos/}/ COS /} 4 о о )

h (km) 0 400 2000 2600 1 Re 2 Re

( я +kY 1.0 0.885 0.579 0.504 0.250 0.111
x° sin2 x

15 0.0670 0.933 0.970 0.980 0.983 0.992 0.996
(1.0) (1.01) (1.01) (1.02) (1.03)

30 0.250 0.866 0.882 0.925 0.935 0.968 0.986
(1.0) (1.05) (1.06) (1.10) (1.12)

45 0.500 0.707 0.747 0.843 0.865 0.935 0.972
(1.0) (1.13) (1.16) (1.25) (1.30)

60 0.750 0.500 0.580 0.752 0.789 0.901 0.957
(1.0) (1.30) (1.36) (1.55) (1.65)

69 0.872 0.358 0.478 0.704 0.749 0.884 0.950
(1.0) (1.47) (1.57) (1.85) (1.99)

Fig. 3. A model of the electron content divided into discrete ionospheric and protonospheric parts

and at angle x it is

Rx = (1 -  P)I/cosßi + P I /c o s ß p + В
= I  secßi + IP(secßp — secßi) + В . ' '

If it is assumed that all the ionization is in the ionosphere (P = 0),

R x = I  sec ßi + В . (9)

It is now possible to find both I  and B. From (7) and (9),

I  = (Rx -  Ro)/(secßi -  1), (10)
and

В  = (R0 sec ßi -  Rx)/ (sec ßi -  1). (11)
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But if the protonospheric content is significant, we get

J _  ________ (Д.У ~ До)________
secßi + P(secßp -  sec ßi) — 1 

д  _  R0[secßi + P(secßp -  sec^)] -  Rx 
sec ßi + P(sec ßp — sec ßi) — 1

( 12)

(13)

If we neglect P, and derive the electron content from Eq. (10) when P  is not 
actually negligible, the ratio between the estimated (Ip) and correct (Ic) electron 
content is (from Eqs 10 and 12),

I e  _  secßi + P(secßp -  sec ßi) — 1 _  P(secßP — secßß
Ic  sec ßi — 1 sec ßi -  1 (14)

Since the second term is negative, the estimate is always to small. Note that the 
relative error is proportional to P.

Putting in sample values,

X =  45°, hi -- 400 km, hp = 2600 km,

(sec ßp — secßi) = —0.1825, 
and (secßi — 1) = 0.3386.

Therefore the relative error is -0.539P.
Taking values of P  from the ATS-6 results:

P % error
Worst case (winter and equinox night) 0.5 27
Best case (summer day) 0.15 10
Intermediate (winter day) 0.25 13

The error is reduced, but only slightly, by taking a smaller value of x- The error 
in the electron content goes into the bias term (В ).

8. Conclusions

At certain times a large fraction of the total electron content resides in the 
protonosphere at heights above 2600 km and well above the level of the heavy-ion 
ionosphere. This creates a difficulty in GPS-based measurements which depend on 
comparing observations made at different zenith angles to determine the baseline of 
the measurements (due to instrumental bias) and thereby obtain absolute results. If 
the protonospheric content is neglected, errors in the range 10 to 30% are possible.
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P R O T O N O S P H E R IC  E L E C T R O N  C O N T E N T S  
FR O M  G P S /N N S S  O B SE R V A TIO N S

N L u n t1, L K ersley1, G B ishop2, A M azzella2

Transmissions from GPS and NNSS satellites have been used to determine the 
vertical total electron content (TEC) for observations made in the UK during June, 
November and December 1996. Differences between the TEC values obtained using 
GPS and NNSS arise from the influence of protonospheric electrons on the GPS 
signals. The GPS vertical TEC values were found to be greater than those calculated 
from NNSS, the difference representing the contribution from electrons in the high 
plasmasphere. The differences between the vertical electron content measurements 
vary on a diurnal basis, though no clear pattern has emerged from the limited sample 
of observations. The differences are larger for ray paths to the south than those to 
the north of the station with the magnitudes in the winter months being greater than 
those for summer.

K eyw ords: GPS; NNSS; protonosphere; TEC

1. Introduction

At some height in the ionised atmosphere, usually below about 1000 km altitude, 
there is a transition from an oxygen-dominated to a hydrogen-dominated plasma. 
The protonosphere extends from this transition height out to the plasmapause. 
It is often useful to treat the mid-latitude plasmasphere as consisting of winter 
and summer ionospheres linked by a common protonosphere that lies along the 
magnetic field lines joining the conjugate hemispheres. The ionospheres act as 
sources of plasma and the protonosphere as a reservoir. There is a field-aligned 
exchange of plasma between ionosphere and protonosphere on a diurnal basis, while 
in addition, the winter ionosphere benefits from plasma produced in the conjugate 
summer ionosphere (Hargreaves 1995).

Apart from the ATS-6 experiment in the 1970’s, few line-of-sight electron con
tent measurements of the protonosphere have been performed. During the European 
phase of the ATS-6 project, the group at Aberystwyth made line integral measure
ments of protonospheric contents by differencing group delay and Faraday rotation 
observations of signals from the ATS-6 satellite for about 9 months in 1975/1976. 
The measurements were made at a time near solar minimum and it was found that 
the slant protonospheric electron contents measured from Aberystwyth were usually 
in the range of 3-1016 m~2 to 5-1016 m~2 (Kersley and Klobuchar 1978). There was 
some evidence for a diurnal variation, but the most marked changes were found in 
the response to geomagnetic storms, where a rapid depletion of the protonospheric 
flux tubes around 1800 local time on the first day of the storm was followed by a 
slow recovery extending over some two weeks (Kersley and Klobuchar 1980).

'Department of Physics, University of Wales, Aberystwyth, SY23 3BZ, UK, Fax: 4-44 1970 
622826, e-mail: nil95®aber.ac.uk

2USAF Phillips Laboratory, Hanscom AFB, MA 01731, USA
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2. Experiment

The satellites used in the present study are from the Navy Navigation Satellite 
System (NNSS) and the Global Positioning System (GPS). The NNSS satellites 
are in circular polar orbits at an altitude of approximately 1100 km, with trans
missions on 150 MHz and 400 MHz. The low Earth orbit of the NNSS satellites 
implies that the signals only pass through the ionosphere. The GPS satellites are 
in circular orbits of 20200 km altitude that are inclined at 55° to the equator. The 
GPS signals are transmitted on 1575.4 MHz and 1227.6 MHz. The GPS satellite 
orbits are essentially at about the plasmapause height. The lower boundary of the 
protonosphere was taken in this study to be at the NNSS orbit height of 1100 km.

A preliminary campaign was conducted during 1996 to investigate the possibility 
of making measurements of protonospheric electron content. Observations were 
made at the GPS site in Aberystwyth (52.4°N, 4.1°W) and at the NNSS sites 
in both Aberystwyth and Hawick (55.4°N, 2.8°W). Measurements from a total of 
sixty-nine days were obtained during the months of June, November and December 
where there were simultaneous observations of both GPS and NNSS transmissions.

3. M ethod

From the GPS transmissions it is possible, in principle, to make absolute slant 
TEC measurements by observing the difference in group delay of the two signals. 
However in practice, these measurements have contamination due to multipath re
ception of the signals. In addition, the observations are biased as a consequence of 
the unknown time delays introduced by the transmitter on each satellite and by the 
receiving system. Thus, to obtain absolute values of TEC along the ray path, it is 
necessary to calibrate the group delay measurements. A second way of estimating 
the electron content from GPS signals is to determine the phase difference of the 
carriers received at the two frequencies. These measurements are not subject to 
multipath effects to the extent of the group delay determinations, so that undis
turbed, though relative, slant TEC is obtained. This relative record can be fitted to 
the absolute group delay measurement, so that smooth, but biased, absolute TEC 
can be obtained. Further processing is thus needed to obtain the absolute values.

The GPS data have been calibrated using the Self Calibration Of pseudoRange 
Errors (SCORE) procedure. Even though each GPS satellite is only above the hori
zon for a few hours, there are always at least four satellites visible at any time from 
anywhere on Earth. SCORE uses self-consistency constraints on the measurements 
made by the GPS receiver to build up the diurnal behaviour of the electron con
tent from the individual satellite passes. This is done by converting the electron 
content measurements from slant to equivalent vertical TEC and converting from 
the GPS time when the measurements were made to the Ionospheric Penetration 
Point (IPP) local time for each satellite. An ionospheric height of 350 km is used 
for calculation of the vertical TEC and the IPP local time. For calibration SCORE 
requires maximum agreement in ionospheric measurements at IPP local time lati
tude conjunctions within a defined correlation region. A more detailed description
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of the SCORE process is given by Bishop et al. (1996). SCORE uses GPS data 
from above 35 degrees elevation. This limitation removes the worst of the multi- 
path contamination, which occurs at low elevations, and also confines the spatial 
extent of the ionosphere considered. Twenty-four hours of GPS observations are 
used in the SCORE procedure, so each day is treated in isolation. Since no test 
signals are used, and as each day is processed individually, there are no concerns in 
the SCORE procedure about the calibrations drifting with time once a receiver has 
been deployed in the field. In addition, no ionospheric models are used by SCORE, 
so that the method can respond freely to the actual conditions in the ionosphere. 
With the orbits of the GPS satellites inclined at 55 degrees to the equator, the 
ray paths from the space vehicles intercept an ionospheric region covering several 
degrees of latitude in extent, with the exact coverage depending upon the latitude 
of the receiving station. As a consequence, SCORE can produce plots for several, 
one degree wide latitudinal bands in the ionosphere. It is thus possible to study 
latitudinal behaviour over a limited range from a single station.

Absolute values of the vertical total electron content in the ionosphere can be 
obtained from observations of NNSS transmissions at two stations aligned in longi
tude but separated by a few degrees of latitude. The calibration technique for such 
observations has been described by Leitinger et al. (1975). In the present work an 
ionospheric height of 350 km has been used for calculation of the vertical TEC. The 
NNSS data are the vertical ionospheric TEC values, estimated at latitudes corre
sponding to the centre of the one degree wide bands. The time tags of the NNSS 
data were converted to IPP local time.

4. Results

Figure 1 shows the GPS and NNSS vertical TEC data from day 156 (early 
June) 1996 for the ionosphere over Aberystwyth. The form of the GPS record is 
that expected for vertical TEC above Aberystwyth for June. A “bite out” around 
midday can be seen, which arises from the effect of the neutral wind on the ionisation 
and the highest electron content is in the evening. The NNSS derived TEC values 
are consistently below the levels determined from the GPS data. By way of a 
comparison, Fig. 2 shows the GPS and NNSS vertical TEC data from day 358 
(December) 1996. In December, the main peak is around midday and has a lower 
magnitude than the daytime maximum in June. The small enhancement in the 
GPS vertical TEC after midnight arises as a consequence of plasma flow from the 
protonosphere. The discrete values of NNSS vertical TEC measurements at the 
times of the satellite passes are lower in the main by several TEC units than the 
GPS record.

For similar observing geometries it would be expected that the GPS vertical 
TEC, T q p s  should be related to the NNSS vertical TEC, T n n s s  in a simple manner, 
like Eq. (1).

Î g p s  =  T n n s s  +  P - ( 1 )

P  is a positive quantity that indicates the level of protonospheric contamination of 
the GPS vertical TEC measurement. Thus an estimate the protonospheric content
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GPS and NNSS vertical TEC, day 156, latitude 52.4.

Ionospheric Penetration Point Local Time (hours)

Fig. 1. GPS and NNSS vertical TEC for a day in early June 1996 

GPS and NNSS vertical TEC, day 358, latitude 52.4.

Ionospheric Penetration Point Local Time (hours)

Fig. 2. GPS and NNSS vertical TEC for a day in mid-December 1996

can be attempted by differencing the GPS and NNSS data. Average GPS data were 
produced by averaging values from each latitude band for one hour periods of the 
IPP local time. The difference between the average GPS vertical TECs and any 
NNSS vertical TEC values that fell within the appropriate period were taken. When
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GPS - NNSS vertical TEC, June 1996 60 minute bin

Ionospheric Penetration Point Local Time (hours)

Fig. 3. Hourly average GPS minus NNSS vertical TEC for the 21 days of data available
in June 1996

Average GPS vertical TEC, June 1996, 52.4, 60 minute bin

Ionospheric Penetration Point Local Time (hours)

Fig. 4. Average GPS vertical TEC for the 21 days of data available in June 1996

looking at different ionospheric latitude bands using GPS, there is a contribution 
to each band from different L-shells. Those regions observed when looking in the 
overhead latitude band and that one degree to the north of Aberystwyth have been
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grouped together as North measurements. Those regions observed when looking 
in a two degree latitudinal band to the south of the station have been grouped 
together as South measurements. It is expected that as GPS signals from the South 
region will have passed through lower protonospheric L-shells than those from the 
North region, so the protonospheric content to the South should exceed that to the 
North. Figure 3 shows the average of the difference between the GPS and NNSS 
vertical TEC measurements for the 21 days when both NNSS and GPS data were 
available in June 1996. The points with standard deviation error bars are those 
hourly average values where more than five NNSS passes were used to calculate 
the average. For observations to the South, the difference is always higher than 
for observations to the North, confirming the interpretation of the greater plasma 
content on the lower L-shells. A distinct minimum in the difference can be seen in 
the 8 to 10 IPP local time period, with maximum values apparently occurring well 
after midday, though lack of available NNSS passes limits the diurnal coverage of 
the plot. This variation in the value of the difference throughout the day does not 
relate directly to the average GPS values for the period shown in Fig. 4, which are 
dominated by the ionospheric variation.

Figure 5 shows the average of the difference between the GPS and NNSS vertical 
TEC data for 21 days of common measurements in November 1996. Here again for 
observations to the South the difference is always higher than for those to the North. 
The difference in electron content when looking to the South is generally about 
4 • 1016m -2 with little clear evidence of the form of a diurnal variation. However, in 
the period before midnight the differences looking North are much less then those 
of the South values. Results from a similar analysis for 27 days in December 1996 
are shown in Fig. 6. The behaviour generally confirms that found in November, 
with larger separations between the two sets of measurements later in the day.

Another method of assessing the protonospheric contribution to the GPS ob
servations is to perform a linear regression of GPS vertical TEC values on the 
corresponding NNSS TEC values. Equation (1) indicates that this linear fit should 
have a unity gradient and positive intercept. Figure 7 shows such an analysis for 
the data in the one degree latitude band above Aberystwyth in June 1996. It can 
be seen that the gradient in Fig. 7 is close to unity while the intercept is about 
1.8 • 1016 m”2. Lines of unity gradient were fitted to the data for each monthly 
ionospheric latitude band and the intercepts calculated, the results of this analysis 
for June, November and December 1996 are shown in Fig. 8. It can be seen that the 
magnitude of the intercept increases with decreasing latitude. This result confirms 
the interpretation that ray paths at lower latitudes intersect flux tubes at lower 
L-shells containing proportionately greater electron content. It can also be noted 
tha t the values were greater in the winter months than for June.

The GPS measurements were made over a range of ionospheric latitudes so 
tha t it was possible to estimate the difference between the equivalent vertical GPS 
TEC for different latitude bands. The differences between the average GPS TEC 
for the band above Aberystwyth and those bands one degree to the south and 
to the north were obtained. The results plotted in Figs 9 and 10 are for June 
and December respectively, with error bars denoting the standard deviation of the
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GPS - NNSS vertical TEC, November 1996 60 minute bin

Ionospheric Penetration Point Local Time (hours)

Fig. 5. Hourly average GPS minus NNSS vertical TEC for the 21 days of data available in
November 1996

GPS - NNSS vertical TEC, December 1996 60 minute bin

Ionospheric Penetration Point Local Time (hours)

Fig. 6. Hourly average GPS minus NNSS vertical TEC for the 27 days of data available in
December 1996
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GPS and NNSS vertical TEC, June 1996, 60 min bin, latitude 52.4.

Fig. 7. Straight line fit through the GPS and NNSS vertical TEC values for data collected 
in June 1996 in the ionospheric latitude band over Aberystwyth

Intercepts of unity gradient line fits for GPS vs NNSS vertical TEC, 1996

Fig. 8. Intercepts of unity gradient fits to NNSS vs GPS vertical TEC data for three months
in 1996
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Latitudinal difference in vertical GPS TEC, June 1996 60 minute bin

Ionospheric Penetration Point Local Time (hours)

Fig. 9. Difference between the average GPS vertical TEC over Aberystwyth and the one- 
degree latitude bands to the north and south of the station for the 21 days of data available

in June 1996

Latitudinal difference in vertical GPS TEC, December 1996 60 minute bir

Ionospheric Penetration Point Local Time (hours)

Fig. 10. Difference between the average GPS vertical TEC over Aberystwyth and the one- 
degree latitude bands to the north and south of the station for the 27 days of data available

in December 1996
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values. Again it can be seen that there is more electron content to the south, 
though it must be recognised that this estimate based on GPS measurements alone 
contains contributions from both ionospheric gradients and the influence of the 
protonosphere.

The results presented here are for solar minimum. It is possible that the protono- 
spheric electron content may be greater at solar maximum so that better resolution 
of the difference in the vertical TEC between GPS and NNSS for the different 
latitudinal bands should become possible.

5. Conclusion

It has been shown that the difference between measurements of vertical TEC 
from GPS and NNSS satellites has the potential to monitor the electron content 
of the protonosphere. From this initial study it appears that the influence of the 
protonospheric electrons upon the GPS signals increases as the ionospheric intercept 
latitude of the GPS ray path decreases.

Studies of this kind are of importance not only to understand the physical be
haviour of the protonosphere, but also for applications using GPS radio transmis
sions. For example, use of only a single frequency GPS signal for navigation purposes 
may require the effects of the ionosphere to be removed by an ionospheric model 
tha t has no protonospheric component. Further investigation is necessary to char
acterise the protonospheric electron content and its variation both for geophysical 
understanding and for propagation applications.
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A  C O M P A R IS O N  B E T W E E N  T H E  T E C  C O M P U T E D  
U S IN G  G P S A N D  IO N O S O N D E  M E A S U R E M E N T S

R  W arnant1 and J C J odogne2

At Dourbes (in Belgium), an ionosonde operated by the Royal Meteorological In
stitute of Belgium produces an electron concentration profile up to the maximum of 
the F2 layer. The Royal Observatory of Belgium has installed a Turbo Rogue GPS 
receiver on the same site. The ionosonde measurements are used to compute the 
ionospheric electron content (IEC) above Dourbes: in a first step, numerical integra
tion of the measured bottomside electron concentration profile gives the bottomside 
part and in a second step, analytical integration of a Chapman function modelling 
the topside electron concentration profile gives the topside part; the parameters of 
the Chapman function are evaluated using the information contained in the mea
sured bottomside profile. This IEC is compared with the TEC obtained by GPS on 
a period of 2 years (1995 and 1996). We show that the results of both methods are in 
very good agreement: the mean and the standard deviation of the differences between 
the TEC (GPS) and the IEC (ionosonde) computed for this period are respectively 
0.46 TECU and 1.72 TECU.

K eyw ords: GPS; ionosonde; ionosphere; TEC; total electron content

1. Introduction

A long time ago, the dual frequency radio signals emitted by the NNSS satellites 
have been used to measure the total electron content (Leitinger 1975). As these 
satellites are reaching the end of their life, geophysicists have to rely on another 
way to compute the TEC.

GPS code and phase measurements can also be processed in order to estimate 
the TEC with a precision of 2-3 TEC units (Warnant 1997).

At Dourbes (Belgium), a Turbo Rogue GPS receiver is collocated with an 
ionosonde operated by the Royal Meteorological Institute of Belgium. In this pa
per, we make use of this collocation to compare the GPS TEC with the ionospheric 
electron content (IEC) obtained from ionosonde measurements. The results of the 
comparison between two completely independent methods gives an indication of the 
GPS TEC accuracy.

2. GPS TEC determination

At the Royal Observatory of Belgium, a procedure has been developed in order 
to compute the TEC from GPS measurements. This method is explained in details 
in Warnant (1996) and Warnant (1997). In this paragraph, we only summarize the 
main steps of the procedure.

1Royal Observatory of Belgium, Avenue Circulaire 3, B-1180 Brussels, Belgium, e-mail: 
R.Warnant@oma.be

2Royal Meteorological Institute, Avenue Circulaire 3, B-1180 Brussels, Belgium, e-mail: J- 
C.Jodogne@oma.be
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The TEC computation procedure is based on the so-called geometry-free com-

Ф

,) and phase ($lP}GF) measurements:

туг _ ryi ryi
r p , G F  — 1 p , L l  -  1  p , L 2 (1)

* — /hid)®
p , G F  — S p , L l  o ФР,Е2 (2)

with
Pp Li, Ppj/2 the LI, L2 code measurements made by receiver p on satellite i;
Ф* £j, Фр //2 the LI, L2 carrier phase measurements made by receiver p on satellite

i ;
fbi ,  IL2 the frequency of the LI, L2 carriers.

These equations can be rewritten in function of the total electron content, TEC*:

P p ,G F  = -1-05 • 10_17TECp + (DGP -  DGl) (3)

< gf =  -5.52 10-17TEC* +N'PtGF (4)

with
N k  GF a real ambiguity;
TECp slant TEC measured along the path going from satellite i to receiver p; 
DGl, DGP the satellite i and receiver p differential group delays.

In practice, the TEC is extracted from Eq. (4); the ambiguity N lPGF is solved 
with the following combination of geometry-free code and phase measurements:

Pp,GF -  Am K,GF = {DGp -  DGl) -  Xl1N;<gf (5)

with \ ц  the LI carrier wavelength.
To be able to solve the ambiguity NPGF from Eq. (5), we have to estimate the 

so-called receiver and satellite differential group delays; the existence of these biases 
is due to the fact that the two GPS frequencies undergo different propagation delays 
inside the receiver and satellite hardware. The uncertainty on these biases is the 
largest error encountered when computing the TEC with GPS measurements; they 
are obtained from Eq. (3) where the TEC is modelled by means of a simple poly
nomial in latitude and local time. In this procedure, we assume that the ionosphere 
is a layer of infinitesimal thickness located at a height of 350 km; the intersection 
between the satellite line of sight and this layer is called the ionospheric point; as 
GPS satellites are observed with different elevation angles, the TEC values com
puted using GPS measurements are representative of the state of the ionosphere at 
the ionospheric points. All these ionospheric points have a latitude and a longitude 
(or a local time). For this reason, GPS measurements allow to compute TEC pro
files in function of latitude and longitude (or local time). For example, 24 hours 
of observations collected at Brussels in Belgium (latitude = 50.8°N, longitude = 
4.4°E) allow to compute the TEC from 35° to 60°N in latitude and from 20°W to 
25°E in longitude.
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In this work, we compare the TEC obtained using GPS observations and vertical 
sounding measurements. For this reason, we have to compute a GPS TEC value 
representative of the ionosphere above the observing GPS station. In order to do 
that, we apply the following procedure:

1. We select all the TEC values corresponding to an ionospheric point of which 
the latitude, Lj0n0, is given by:

Tsta — 1-5° < Tiono < La ta +  1-5° 

with Lsta, the latitude of the observing station.
As the height of the ionospheric point is 350 km, this selection means that we 
restrict the geographic dispersion to ±175 km from the ionospheric station. 
This is to be compared with the correlation distance of ±200 km generally 
admitted in ionospheric studies.

2. We compute the mean of all these TEC values for 15 minute periods.

3. Ionospheric electron content computation

An ionosonde measures, N(h), the electron concentration profile as a function 
of the altitude, h, up to the peak of the F2 layer. This part is called the bottomside 
profile; the electron concentration profile above the peak of the F2 layer is called 
the topside profile. As the topside profile cannot be measured by the ground-based 
ionosonde, it has to be modelled up to the altitude of the GPS satellites (i.e. 20 
200 km).

Several analytical functions were tried: parabola, Epstein functions, Chapman 
functions. The determination of the function parameters is not trivial as no protono- 
spliere indice is internationally recognised. The use of information from the bot
tomside seems to give adequate results (Wang et al. 1994). The simplest way is to 
normalize the function by the value of the maximal concentration. The Epstein and 
Chapman functions appear to give very similar results as they produce almost the 
same profile. In practice, the topside profile, Nr(h),  is modelled using a Chapman 
function as it is “more” related to the physics:

NT{h) = Nm&x exp(l -  z -  exp(-z))

with
v _ ^max)

H f
fimax) Nmax the altitude and the density at the maximum of the F2 Layer 
Ht  is the topside profile scale height.

The remaining parameter, the scale height, is obtained using information coming 
from the bottomside profile. Many ways to fix it were explored. The method 
adopted takes care of the fact that near the top, the scale height does not change 
significantly as the temperature remains constant. Hr  is chosen as the mean of 
the scale heights computed at 3 points of the bottomside profile: these points are 
located at 88%, 90% and 92% of iVmax.
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4. Results

GPS and ionosonde derived TEC have been compared in a period of 2 years 
(1995 and 1996). Figures 1 and 2 show GPS and ionosonde TEC for 6 days. All 
the differences TEC (GPS) minus IEC (ionosonde) for the years 1995 and 1996 are 
plotted in Fig. 3. Figure 4 shows that these differences are normally distributed. 
The mean and the standard deviation of these differences computed for these two 
years are respectively 0.46 TECU and 1.72 TECU.

Fig. 1. Comparison between TEC and IEC for 3 days (days of year 062, 284, 364) in 1996
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Fig. 2. Comparison between TEC and IEC for 3 days (days of year 047, 282, 322) in 1995

5. Conclusions

In this paper, we give an estimation of the GPS TEC accuracy by comparing it 
with the IEC computed from ionosonde measurements: the mean and the standard 
deviation of the differences TEC-IEC computed for two years (1995 and 1996) are 
respectively 0.46 TECU and 1.72 TECU. The IEC is obtained by integration of 
the electron concentration profile up to the altitude of the GPS satellites. The 
bottomside profile is measured by the ionosonde; the topside profile is modelled by 
a Chapman function; the parameters of this function are computed from information 
measured by the ionosonde:
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Fie. 3. Difference TEC-IEC durine 2 vears

Fig. 4. Distribution of the differences TEC-IEC

1. the scale height is chosen as the mean of the scale heights computed at 3 
points of the bottomside profile: these points are located at 88%, 90% and 
92% of Nmax.

2. The function is normalized by the value of maximal concentration.

Acta Geod. Geoph. Hung. 33, 1998



TEC COMPUTED USING GPS AND IONOSONDE 153

References
Lányi G E, Roth T 1988: Radio Science, 23, 483-492.
Leitinger R, Schmidt G, Taurianen A 1975: J. Geoph. Res., 41, 201-213.
Wang C, Huang X, Reinisch B, Klobuchar J 1994: In: Proceedings of Beacon Satellite 

Symposium ’94, L Kersley ed., Univ. of Aberystwyth, U.K., 290-293.
Wanninger L, Sardón E, Warnant R 1994: In: Proceedings of Beacon Satellite Symposium 

'94, Dépt. of Physics of University of Aberystwyth ed., 13-16.
Warnant R 1996: Etude du comportement du Contenu Electronique Total et de ses 

irrégularités dans une station de latitude moyenne. Application aux calculs de posi
tions relatives par le GPS, Ph.D. Thesis (in French), Série Géophysique (No. Hors- 
Série) de l’Observatoire Royal de Belgique, Bruxelles

Warnant R 1997: Reliability of the TEC computed using GPS measurements. The problem 
of hardware biases. Acta Geod. Geoph. Hung, (present issue)

Acta Geod. Geoph. H ung. 33, 1998

r-"  MAGYAH
Í53DOMÁNYOS AKADÉMIA

könyvtára  •



PRINTED IN HUNGARY

Akadémiai Nyomda, Martonvásár



INSTRUCTIONS TO AUTHORS

Manuscripts should be sent to the Editorial Office (address see above). Articles not published or 
submitted for publication elsewhere are only accepted.

Manuscripts should be typewritten in duplicate or on disk (LATEX*.tex files or Word for 
Windows Documents or text-only ASCII files) with a written copy, or via E-mail (LATEX*.tex files or 
text-only ASCII files).

Manuscripts should include the following components which should be presented in the order 
listed (tables and illustrations should be separated in case of manuscripts on disk, too).
1. Title, name(s) of the author(s), affiliation, dateline, abstract, keywords
2. Text, acknowledgements
3. References
4. Footnotes
5. Legends
6. Tables
7. Illustrations

1. The affiliation should be as concise as possible and should include the complete mailing 
address of the authors. The date o f receipt w ill be supplied by the editors. The abstract should not exceed 
250 words and should clearly and simply summarize the most important methods and results. 5-10 
significant expressions describing the content are used as keywords. Authors may recommend these 
keywords.

2. The text should be in English and as short and clear as possible. In case of typewritten 
manuscripts, please note the following:
— avoid possible confusion between о, О (letters) and 0 (zero), I (letter) and 1 (one), v (Greek nu) and 

u, v (letters), etc.
— explain ambiguous and uncommon symbols by making marginal notes in pencil
— formulas are to be numbered consecutively with the number in parentheses to the right of the formula. 

Text references to the equations may then be made by the number in parenthesis. The word equation 
in this context is to be abbreviated to Eq. and Eqs in the plural

— the International System of Units (SI) should be used.
3. References are accepted only in the Harvard system. Citations in the text should be as: 
...(B om ford 1 9 7 1 )...o r Bomford (1 9 7 1 )...
. . .  (Brosche and Sündermann 1 9 7 6 )...
...(G ibbs et al. 1 9 7 6 b )...
The list of references should contain names and initials of all authors (the abbreviation et al. is 

not accepted here): for journal articles, year of publication, the title of the journal in abbreviated form, 
volume number, first and last page. For books or chapters in books, the title is followed by the publisher 
and place of publication.

All items must appear both in the text and in the list of references.
4. Footnotes should be typed on separate sheets.
5. Legends should be short and clear. The place of the tables and figures should be indicated in 

the text, on the margin.
6. Tables should be numbered serially with Roman numerals. Vertical lines are not used.
7. All the illustrations should contain the figure number and author's name in pencil on the 

reverse. The most important point with figures is clearness. Photographs and half-tone illustrations 
should be sharp and well contrasted. Colour photographs will be accepted, but the extra cost of 
reproduction in colour must be borne by the authors (approx. US$ 280 per page).

Only original papers will be published and a copy of the Publishing Agreement will be sent to the 
authors of papers accepted for publication. Manuscripts will be processed only after receiving the signed 
copy of the agreement. Information is sent to the first author if no other wish is expressed.





315714

Acta
Geodaetica et 
Geophysica
Hungarica
VOLUME 33, NUMBERS 2-4, 1998

EDITOR-IN-CHIEF 
J VERÖ

EDITORIAL BOARD
A ÂDÀM, J ÀDÂM, P BÍRÓ, Á DETREKÖI, A MESKÓ, 
J SOMOGYI, F STEINER, P VARGA

TECHNICAL EDITOR 
V WESZTERGOM

....... I l l l l l

Akadémiai Kiadó, Budapest
AGG 33 (2—4) 155-478 (1998) HU ISSN 1217-8977



ACTA GEODAETICA ET GEOPHYSICA
HUNGARICA 

A Quarterly Journal
of the Hungarian Academy of Sciences

Acta Geodaetica et Geophysica Hungarica (AGG) publishes original reports and reviews on geodesy 
and geophysics in English.

AGG is published in yearly volumes of four issues by

AKADÉMIAI KIADÓ 
H-1117 Budapest, Prielle K. u. 19-35

Manuscripts and editorial correspondence should be addressed to

AGG Editorial Office
Geodetical and Geophysical Research Institute 

H-9401 Sopron, P.O. Box 5 
Phone: (36-99) 314-290 

Fax: (36-99) 313-267 
E-mail: actagg@ggki.hu 

Internet: http://www.ggki.hu/agg/

Subscription information

Orders should be addressed to
AKADÉMIAI KIADÓ 

H-1519 Budapest, P.O. Box 245

©Akadémiai Kiadó, Budapest 1998

ADVISORY BOARD

M BURèA, Praha (astronomical geodesy), C DENIS, Liège (geodynamics), A EBEL, Köln (upper 
atmosphere), S-E HJELT, Oulu (electromagnetic induction), H LÜFIR, Braunschweig (space physics), 
D NAGY, Ottawa (geodesy), G F PANZA, Trieste (seismology), FI SÜNKEL, Graz (geodesy), U VILLANTE, 
L’Aquila (geomagnetism), L P VINNIK, Moscow (seismology), J ZSCFIAU, Potsdam (solid Earth 
physics)

mailto:actagg@ggki.hu
http://www.ggki.hu/agg/


315714

CONTENTS

Electromagnetic studies

Magnetotelluric study in James Ross island, Antarctic Peninsula — Mamani M J,
Borzotta E, Fournier H G, Venencia J, Castiglione B, Peretti A, Maidana N  . . .  155

Geological interpretation of the Parnaiba basin magnetovariational anomaly using a 2D 
sheet current inversion — Arora B R, Vitorello I, Padilha A L, Trivedi N B, Rigoti
A, Chamalaun F H ................................................................................................................  167

Tensor decomposition with static shift correction of the deep magnetotelluric (MT) 
soundings to improve the asthenospheric depth values in the Great Hungarian Plain 
— A Ádám  ...............................................................................................................................  187

Geodesy and gravimetry

The effect of the characteristic distance of the correlation function on the optimal design
of geodetic networks — Yazji S ..........................................................................................  215

Concept and experience with moving object tracking system, based on Global Positioning
System, in Hungary — Hargitai R ..................................................................................... 235

A unified approach to real-time integrity monitoring of single- and dual-frequency GPS
and GLONASS observations — de Jong C D  ..................................................................  247

Geomathematics

Error-types characterized by arbitrary short or heavy flanks —■ Steiner F, Hajagos В 259
The robust estimation of the 2D-projective transformation — Somogyi J, Závoti J  . . .  279
Geophysical field modelling by multiresolution analysis — Bayer M, Beth S, Freeden W 289

Seismology

Seismological engineering studies for rock foundations of proposed dam sites, South Sinai
province, Egypt — Abuo El-Ela A Mohamed, Salah El-Hadidy Ali .........................  321

Earthquake risk evaluation in Koyna region of Maharastra, India — Shanker D .......... 335
Earthquake hazard analysis in northern Egypt — Badawy A .............................................  341

Solid Earth physics

The total tidal torque within the Solar System — M Bursa ...............................................  359
High-amplitude magnetoconvection in a horizontal external magnetic field —

Cserepes L .................................................................................................................................  365

Miscellaneous topics

Light trapping of insects during earthquakes — Nowinszky L, Szeidovitz Gy, Puskás J 377

History

Solar-terrestrial relations -  A historical reminder — Gregori G P, Gregori L G  .......... 391
Height determination of noctilucent clouds -  100 years — Schröder W, Rendtel J . . . .  461
Global change in the mesosphere and the question of the appearance of noctilucent clouds

before 1885 — Schröder W ..................................................................................................  467

MAGYAR
í 4ÜÜUMÁNYOS ЛКАОййвА 

KÖNYVTARA



Book reviews

W Schroder: From Newton to Einstein (A Festschrift in Honour of the 70th Birthday of
Hans-Jürgen Treder) — V e r ő  J  ................................................................................................................ 473

W Schröder: Geomagnetism and Aeronomy (with special historical case studies) —
V e r ő  J  ........................................................................................................................................................................... 474

W Schröder: Noctilucent clouds — Leuchtende Nachtwolken (Theoretical concepts and
observational implications) — V e rő  J  .................................................................................................. 474

W Schröder and H J Treder: The Earth and Cosmos (The Legacy of Hans Ertel) —
V e r ő  J  ........................................................................................................................................................................... 475

В Hofmann-Wellenhof, H Lichtenegger, J Collins: GPS Theory and Practice —
B á n y a i  L  .................................................................................................................................................................... 476

K R Koch: Parameterschätzung und Hypothesentests, — S o m o g y i  J  ..................................... 477

S Heitz and E Stöcker-Meier: Grundlagen der physikalischen Geodäsie — S o m o g y i  J  . .  . 477

Proceedings: IAG Regional Symposium, Székesfehérvár, Hungary ............................................ 478



A c t a  Geod .  Geoph.  H u n g . ,  Vol. 3 3 ( 2 - 4 ) ,  PP• 1 5 5 - 1 6 6  ( 1 9 9 8 )

M A G N E T O T E L L U R IC  S T U D Y  IN  JA M E S R O SS  
IS L A N D , A N T A R C T IC  P E N IN S U L A

M J M a m aní1, E B orzotta1, H G F ournier1, J V enencia1,
В C astiglione1, A P eretti2, N M aidana3

[Manuscript received July 1, 1997, revised Dec. 19, 1997]

Three MT soundings were carried out on the James Ross island, next to the 
Antarctic Peninsula (Trinity Peninsula) during the Antarctic Summer campaign 
1991-1992. The region is at about 150 km in the SE direction from a rift (Bransfield 
strait). The sounding sites are almost free of glacier cover. The James Ross island 
had volcanic origin during the Pliocene period.

The equipment used for these soundings was battery powered, using Cu-CuSC>4 

electrodes, induction coils and a Flux-gate magnetometer.
The results of the MT soundings show that the region of Seymour and James Ross 

islands is affected by the above mentioned rift. From Seymour island, the permafrost 
becomes thinner and the sub-permafrost has more conductance, while the James Ross 
island and the Antarctic Peninsula is approached, suggesting a possible increase of 
geothermic gradient and heat flow from Seymour to James Ross island.

MT soundings also suggest the presence of an intercalated conductive layer at 
55-60 km depth, probably in the Upper Mantle, cosindering the possible lithospheric 
attenuation produced by the rift. This conductive layer could be the asthenosphere. 
However, the scarce information obtained over 1000 sec of period do not permit to 
assure its presence.

K eyw ords: Antarctica; heat flow; James Ross island; magnetotelluric; rift

1. Introduction

Since 1980, several magnetotelluric studies have been carried out in Seymour 
and Robertson islands (Fournier et al. 1980, 1987, 1989, 1990). With the intention 
of extending the MT investigations of the Crust and Upper Mantle in that region, 
three MT soundings were carried out at James Ross island during the Antarctic 
Summer campaign 1991-1992 (Fig. 1). This island is located next to the Antarctic 
peninsula, in the North-Western border of Larsen basin. The purpose of the present 
work is to determine the electrical resistivity configuration in the Larsen basin and 
the investigation of possible conductive layers in the Crust and their depths, allowing 
for the presence of a rift about 150 km in NW direction from James Ross island, 
across the Antarctic Peninsula (Bransfield strait).

Two sounding sites were selected near Brandy bay; a zone where a previous 
reflection seismic inland survey had been done (Keller and Diaz 1990, del Valle

1CONICET-CRYCYT, Casilla de Correo 131, 5500 Mendoza, Argentina, e-mail:
ces@satlink.com

2Instituto Antártico Argentino, Cerrito 1248, 1010 Buenos Aires
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et al. 1992). These are BYB1 (63°53'09" S, 58°00'00" W) and BYB2 (63°54'39" 
S, 57°51'45" W). A third site was selected at 25 km in the SW direction from 
the previous ones, near Hidden Lake: HDL (64°01'09" S, 58°17'11" W). Figure 
1 shows the sounding locations in the NW region of James Ross island, a region 
characterized by an almost absent glacier cover (Strelin and Malagnino 1992).

Other geophysical studies were previously made in this region, such as, the seis
mic study mentioned above. That study gave evidence of a block tectonic structure 
in the region.

An aeromagnetic survey was also carried out over the Weddell, Bellinghausen 
and Scotia seas (Ghidella and Labrecque 1992). As part of the results, a depth of 
about 5 km to the magnetic basement was suggested in James Ross island.

2. Geological background

According to Caminos and Massabié (1972), this region had considerable tec
tonic and magmatic activity from Precambrian to present times. During upper 
Precambrian and lower Paleozoic periods, the Antarctic Peninsula and the austral 
sector of Scotia arc regions were marine basins where 5 or 6 km of sediments were 
deposited. These sediments became later metamorphic rocks (green schists and am- 
fiboles). This constitutes the crystalline basement of the region. A strong marine 
clastic sedimentation took place in the Antarctic Peninsula without metamorphisin, 
possibly from Carbonic to Triassic periods. The strike of folded structures that oc
curred later is in the NE-SW direction in the region of the Trinity peninsula in front 
of James Ross island (Triassic period).

A profuse volcanic activity took place during middle Jurassic and lower Creta
ceous periods, and later, new movements began, which produced a faulted basement 
with blocks differentially moved. In the NW region of James Ross island a set of 
faults were recognized with EW strike (between Kotick and Dreadnought points). 
This structure produces a stepped basement descending to North direction with a 
complex block structure (del Valle and Rinaldi 1992). For the same period, massive 
granites, granodiorites, tonalités and gabbric bodies were intruded into the Crust, 
mainly in the central part of the Antarctic Peninsula. The volcanic group that 
forms the James Ross island was placed as a consequence of a new volcanic activity 
that began in the Pliocene period.

There is a rift in the area corresponding to Bransfield strait. Deception Island, 
located in that area, presents strong seismic activity and the volcano that forms the 
island produces fumarolic gases and eruptions: the latest ones occurred in 1967,1969 
and 1970 (Risso and Ortiz 1994). The approximate distance between the rift and 
the working area is about 150 km (see Fig. 1). The aeromagnetic survey carried out 
over seas around the Antarctic Peninsula (Ghidella and Labrecque 1992), showed 
a negative anomaly on Bransfield strait in agreement with the already mentioned 
rift.

Bathymetric depths around the James Ross island would bet* the highest in the 
Principe Gustavo channel: 700 m average (from Antarctica: South Shetland Is. and 
Bransfield Strait, sheet 3205, Hydrographic Depth. 1991, London).
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3. Data processing

The magnetotelluric signals were recorded within two passbands as follows: 
Band 1: Range of periods between 0.1 sec and up to 300 sec. Two induction coils, 

SIX-IPG type, were used for magnetic registration.
Band 2: Range of periods between 25 sec and up to 1000 sec. A flux-gate magne

tometer was used for this record.
All instruments, including a low power consuming Data Acquisition System, 

developed in the IIACE Institute, Mendoza, Argentina, were powered by 12 volts 
batteries.

Telluric electrical signals were obtained from unpolarized Copper-Copper Sul
phate electrodes, located at 100 m from each other.

For periods longer than 1 sec, the data were digitally stored and for periods 
shorter than 1 sec, analog tape was used. These tapes were later digitalized to take 
full advantage of the recording system. Signals were filtered and properly amplified 
(between 10 to 1000 times) according to signal levels. Z  magnetic recordings were 
not obtained. Tensorial resistivity estimations were made for periods higher to 0.1 
sec. A minimum level of 0.70 for simple coherence between the corresponding elec
trical and magnetic components was admitted in computational processing (Reddy 
and Rankin 1974). The average resulting coherence levels were higher than 0.82.

Table I illustrates some skew values obtained from processing BYB1 and BYB2 
data as function of period T .

Figure 1 shows the average principal directions for each location, corresponding 
to maximum and minimum apparent resistivity values which are related with the 
strikes of dominant geological structures.

Figure 2 shows the apparent resistivity values for each location and principal 
direction including error bars.

Table I. Skew values

Period range 
sec

BYB1 BYB2

0.31-31. 1.047
1.25-12. 1.562
1.25-50. 1.250
7.94-50. 1.150

12.-1258. 1.135
31.-316. 0.613
79.-3162. 0.823

158.-1000. 0.448
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Fig. 1. Locations of MT sounding sites in NW region of James Ross island: 1 -  BYB 1 ,2  — 
BYB 3 and 3 -  HDL. The figure also shows the average principal directions for each site. The 
election of g± and g» showed are discussed in the text. I l l  indicates a prominent fault system.
---- --- indicates the direction according to which 2D modelling was performed. • • ■ indicates the
limit between the Gustav group (West) and Santa Marta formation (East). P indicates Pedersen

nunatak

A cta  Geod. Geoph. H ung. 33, 1998



M A G N E T O T E L L U R I C  I N  J A M E S  R O S S  I S L A N D 159

BYB1

BYB2

HDL

Fig. 2. Results of data processing. Apparent resistivities for each location corresponding to 
principal directions are shown as a function of period T. The positions of these directions are

referred to the geographic North
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4. In terpre tation

Before to accomplish the ID modelling and the interpretation of MT soundings 
and taking into account that the electromagnetic field could present distortions, 
caused by the sea and by geological structures, some considerations about this 
distortion are necessary. The intention was to obtain the “normal” curve for each 
site (i.e. without distortion) even knowing that these considerations could not be 
strictly true but just an approximation, because the problem is 3D with coast effect 
present in both components.

Observing Fig. 2, for BYB1 and BYB2, the principal directions approximately 
parallel to the coast, show apparent resistivity values higher than the ones perpen
dicular to the coast. These results are unexpected because, in general, in cases 
like these, the principal directions perpendicular to the coast should present higher 
resistivity values: galvanic distortion produced by the coast. This would be valid 
specially in the present case, where James Ross island has permafrost and therefore, 
a strong contrast of resistivity in the coasts is suspected.

The most probable explanation for these results would be, according to the 
geological context mentioned above (del Valle and Rinaldi 1992), that the NW 
region of James Ross island has a dominant tectonic with structures in WE direction,
i.e., perpendicular to Prince Gustav Channel. Therefore, the principal directions 
parallel to the coast in BYB1 and BYB2 would be the directions with greater 
galvanic distortion, and were considered as transversal polarizations (ßj_). The 
galvanic distortions of these (qjl) curves appear to be dispersive for periods of 10-  
20 sec and higher (see Fig. 3). According to skew values (Table I) the dominant 
geological context would be tridimensionally asymmetric. So, the £>ц directions 
(longitudinal polarizations) could also have some galvanic distortion (first of all, 
from the coasts). However, as the amount is unknown, this possible distortion was 
neglected and curves for BYB1 and BYB2 were considered as “normal” resistivity 
curves. 2D modelling (discussed later) shows that, if some conditions are met in 
the coast, at least for high periods, the distortion produced, could be neglected as 
it was done here.

HDL sounding seems to have more distortion than the previous ones (see Fig. 
3). The principal direction perpendicular to the coast (see Fig. 1), has resistivity 
values higher than the other and seems to have less deformation.

This sounding was carried out on Cretaceous rocks (Gustav group) outcropping 
in the West side of the island; there is also a contact line some kilometres to the East 
of the sounding, which is the limit between the Gustav and Santa Marta formations 
(Medina et al. 1992). The Gustav group is older and therefore, it is presumably 
a more resistive formation than the Santa Marta Formation in the East (see Fig. 
1). This geological context and the presence of a coastal line some kilometres to 
the West, suggest that the resistivity curve corresponding to the principal direction 
perpendicular to the coast, presents a galvanic distortion (apparently static) and it 
is displaced upwards without deformation. This resistivity curve was considered as 
transversal polarization (q±) and was used to obtain the “normal” resistivity curve 
for the site. The observation of the other resistivity curve (approximately parallel
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to the coast) although considered as longitudinal polarization (ßy), seems to have 
also galvanic distortion, in a certain range of periods, which seems to be strongly 
dispersive.

In order to obtain an approximation to the “normal” resistivity curve for this 
sounding, the g± curve was displaced downwards on the abacus until it coincides 
with the initial branch of рц curve (see Fig. 3).

According to Rokityansky (1982): “The coast effect is understood as an anoma
lous geomagnetic variation field due to concentration of the currents induced in the 
sea water.” In the present work, the 3 MT soundings were located inland at about 
4 km (average distance) from the coast and almost at sea level (~30 m -  100 m). 
In this condition, the coast effect is strongly visible in Z  but its influence on the 
horizontal components should be almost null, as the magnetic sensors and current 
canalization in the sea are at the same level.

From “normal” resistivity curves corresponding to MT soundings made (given 
by Fig. 3), formal interpretations were made using a ID modelling program. To 
achieve this, it was necessary to suppose some superficial layer configurations for 
each location, as the MT soundings only gave information starting at 1 sec period. 
The region where James Ross island is located has an annual average temperature 
of — 10°C (Corte 1982). There is therefore permafrost in this region with an elec
trical resistivity of about 500-700 Пт (Fournier et al. 1987). Taking into account 
these details and observing the low position of apparent resistivity curves on the 
abacus, it is absolutely evident the presence of a strongly conductive layer below 
the permafrost in the three sites on the James Ross island. This conductive layer 
was also analysed in other works corresponding to other MT soundings carried out 
near the Antarctic Peninsula (see Fournier et al. 1987, 1989, 1990).

For Seymour island, based on its annual average temperature and considering a 
normal geothermic gradient, a thickness of 300 m was estimated for the permafrost 
(Corte 1982). However, a MT sounding and SEVs made on that island suggested 
a thickness of only 180 m or less (Fournier et al. 1987, 1989, 1990). These results 
are suggesting that Seymour island could have a geothermic gradient and perhaps 
a heat flow a little higher than normal. For Seymour’s MT sounding the integrated 
conductivity from the surface to the bottom of the conductive layer below the 
permafrost is about 30 Siemens. For MT soundings carried out on James Ross island 
the integrated conductivity is about 10 times higher than in Seymour island and the 
ID modellings also suggest a permafrost thinner than Seymour’s. Therefore, the 
crust in James Ross island would have higher temperature. This result is logical 
considering that this island is nearer the rift (in Bransfield strait, Fig. 1) than 
Seymour island.

The results of ID modelling corresponding to the “normal” resistivity curves 
are shown in Table II. According to Fournier et al. (1989), from the MT soundings 
carried out in Seymour island, there would be about 6 km of sedimentary thickness. 
The MT soundings made on James Ross island are placed at approximately 75 km 
from Seymour island in NW direction, next to the Larsen basin border; therefore, 
it would be logical to find less thickness here. However, observing Table II, only 
BYB1 sounding seems to give 6 km from the surface to top of the basement. The
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T able II. Results from ID modelling

Brandy 1 Brandy 2 Hidden Lake

Depth Rho Thickness Depth Rho Thickness Depth Rho Thickness
km П т km km П т km km П т km

0.0 0 0
680 0.12 700 0.10 700 0.10

0.12 0.10 0.10
0.80 0.2 0.34 0.12 0.43 0.15

0.32 0.22 0.25
>  800 3.7 > 900 6.0 > 200 8.75

4.02 6.22 9.0
5 2.0 0.65 4.0 3.0 5.0

6.02 10.22 14.0
> 300 4.0 > 40 > 900 41

10.02 55.0
2.8 5.0 6

15.0
> 1000 45.0

60.0
4

other soundings do not give clear information. Probably, this region of James Ross 
island does not have electrical resistivity contrast between the basement rocks and 
the rocks from the bottom of the sedimentary basin. According to Fig. 4, this 
seems to be the case: the order of resistivities for the first 10 km appears higher in 
James Ross island than in other places (Seymour Is., Robertson Is. and Pedersen, 
see Fig. 1).

The ID modelling also suggests a conductive layer with the top at about 55-60 
km depth. The proximity of the rift to the region under study suggests a possible 
lithospheric thinness in the region and therefore, it would be possible to think that 
this conductive layer is an asthenosphere with high position in the Upper Mantle, 
due to the hight heat flow. Unfortunately, these three MT soundings give scarce 
information to assure these speculations. The conductance of the conductive layer 
already mentioned is higher than 2800 Seiemens according to the modelling.

A 2D modelling was made using the @ц resistivity curves from BYB1 and BYB2, 
following the profile showed in Fig. 1. From the information given above it can be 
observed that this profile follows the general geological strike in the MT soundings’ 
site, but on g|| curves there could also be some galvanic distortion produced by 
the coast. These possible distortions on g\\ curves were not considered to obtain 
the normal curves from interpretations. The intention of the 2D modelling was to 
explore possible configurations in the coast to avoid its distorted effect on the MT 
soundings. Several models were tested and approximately 40 variations of models 
were used. First, it was intended to consider some kind of dikes inland (between 
both soundings: BYB1 and BYB2) to compensate the galvanic effect from the coast, 
but without success, due to the short distance between soundings. Finally, the best
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Fig. 4. Apparent resistivity curves (without distortions) from MT soundings carried out near the 
Antarctic Peninsula and reduced to zero conductance of the sub-permafrost layer. S: Seymour, 

BYB 1: Brandy 1, R: Robertson island, P: Pedersen nunatak

model obtained has a coastal configuration that does not produce distortions on the 
g curve, perpendicular to the coast, from 20 sec and higher periods: from 20 sec of 
T  the curve obtained agrees with the “normal” curve considered for interpretation, 
although only in general trends. For periods smaller than 20 sec, it was not possible 
to eliminate the distortive effect.

5. Conclusions

It is difficult to assure conclusions from only three magnetotelluric soundings, 
but it is possible to suggest:

a) Dominant tectonics in the region of Brandy bay (NW region of James Ross 
island) would be perpendicular to Prince Gustav channel. In the Hidden Lake 
location, the geological structure appears more complex than the Brandy bay 
site. The tectonic strike, perhaps partially due to coast influence, would be 
approximately parallel to the coast. Important structures perpendicular to 
the coast in that place are also suggested.

b) Under the permafrost of James Ross island, there is certainly a very conductive 
layer with salt water and conductance of about 300-400 Siemens.

c) From Seymour to James Ross islands the permafrost becomes thinner: ap
proximately 180 m (or a bit less) in Seymour and 50-100 m in James Ross; 
and sub-permafrost becomes more conductive: 30 Siemens in Seymour; 300- 
400 Siemens in James Ross. This result agrees with the presence of a rift in
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the Bransfield strait. All this strongly suggests that the geothermal gradi
ent would be a bit higher than normal in the region of Seymour and James 
Ross island, increasing to NW direction next to the Antarctic Peninsula. The 
same could be happening with the heat flow in that region. These suggestions 
should be proved with more geophysical studies to determine the lithospheric 
thickness in the region.

d) MT soundings also suggest that the nearer the basin border, the higher the 
integrated resistivity of the first 10 km. It is then probable that there is 
no resistivity contrast in James Ross island between sedimentary rocks and 
basement and that the sedimentary thickness is not visible. Only BYB1 site 
seems to give 6 km for sedimentary thickness but for BYB2 and HDL the 
depth of sedimentary basin is not clear.

e) Magnetotelluric soundings suggest an intercalated conductive layer with the 
top at about 55-60 km with a conductance of about 2000-2800 Siemens or 
higher. It is possible that this layer is a well developed asthenosphere with 
a high position suggesting an attenuation of lithospheric thickness, which is 
characteristic of rift zone.

Another conductive layer in the crust is showed by the soundings between 10 
and 15 km in BYB1; 6 and 10 km in BYB2 and 9 and 14 km in HDL location. This 
layer would be into the basement but its nature is not clear.
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G EO LO G IC A L IN T E R P R E T A T IO N  OF TH E  P A R N A ÍB A  
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The magnetovariational response of a 2D electrical structure in the southeastern 
part of the Parnaiba basin, north-northeast Brazil, has been inverted in terms of 
laterally variable sheet current. The resulting inverted current distribution helps to 
visualize the overall basement configuration as a graben-horst-graben structure or 
alternatively indicates the presence of a resistive intrusive within a broad graben 
infilled with conductive sediments. Carbon bearing sediments are suggested as an 
alternative to hydrated sediments to account for the high conductivity of the mapped 
anomalies. Heating effects associated with the Cretaceous magmatic activity may be 
responsible in producing carbon through the pyrolysis of the hydrocarbon-saturated 
Paleozoic sediments or through the coalification of terrestrial plants.

K eyw ords: carbon-rich sediments; electrical conductivity; horst-graben-horst 
structure; intracratonic basins; magmatic activity; magnetovariational fields; pyrol
ysis reactions; sheet current inversion

1. In troduction

A 29 station magnetometer array was operated in the north-northeast Brazil, en
compassing the intracratonic Parnaiba basin, filled mainly with Paleozoic sediments 
(Fig. 1). An earlier paper (Arora et al. 1997a) reported, among other structures, 
the presence of a major elongated conductive structure in the southeastern part 
of the oval shaped basin. A subsequent paper (Arora et al. 1997b) developed a 
thin-sheet model to map the lateral extent and depth-integrated conductance of 
this anomalous zone, named Parnaiba Basin Conductivity Anomaly (PBCA). In 
the present paper, we make a more quantitative interpretation of the magnetovari
ational response to gain information on a possible structural configuration of the 
PBCA. Based on the salient diagnostic signatures, a steady-state 2D current distri
bution is inverted. The nature of the inferred wheet current distribution is used to 
constrain the geometrical structure in the vertical plane across the strike direction. 
Heating associated with the Cretaceous magmatic activity is presented as a possible 
factor capable of producing high conductivity through the carbon generation.
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Fig. 1. Map showing the layout of the magnetometer sites (solid dots) in relation to the geology 
of the study area (modified from Mesner and Wooldridge 1964 and DNPM 1971), where marked 
legends represent: (1) Cenozoic, (2) Cretaceous, (3) Mesozoic volcanics, (4) Triassic, (5) Permo- 
Pennsylvanian, (6) Mississipian, (7) Devonian-Silurian, (8) Araguaia fold belt, (9) undifferentiated 
Precambrian, (10) magnetometer sites, (11) ocean depth, (12) trace of faults and (13) locations 
of magnetotelluric profiles. The profile AA’ along the eastern line of magnetometers is used in 
numerical modelling and B B ’ marks the line of the geological cross-section shown in Fig. 7. The 
inset shows the location of the study area and three intracratonic basins of the Brazilian shield, 

namely: I — Amazon, II -  Parnaiba and III — Paraná
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2. D iagnostic induction features of the PBCA

2.1 Time domain diagnosis

Figure 2 gives the difference plots of the magnetovariational event for a group of 
stations on the eastern line of magnetometers (AA’ in Fig. 1) where the induction 
effects associated with the PBCA are distinctly seen. The difference fields are 
obtained by subtracting the appropriate component of field variations at the station 
GOI from the records of the individual stations. The GOI field variations are 
shown in the lower panel of Fig. 2. It was shown by Arora et al. (1997a) that 
the station GOI is located farthest from the anomalous zones and, therefore, its 
records are the best available estimate of the normal fields denoting a vector sum 
of external and that part of the internal fields arising from the induction in the 
stratified Earth (Schmucker 1970). With the removal of the large normal field, 
the residual field can be reckoned to arise from the current concentrations in the 
structures marked by a lateral conductivity contrast. The waveform of short period 
(high frequency) fluctuations in the vertical component (Z ) at a group of stations 
SJP, BBR, BVI and ARC are in phase-opposition to the stations ВАС, SIN and 
COC. Such clear reversal in the vertical field suggests a concentration of induced 
currents in a conductive structure (the PBCA) straddling between the stations 
with opposite Z  variations. The presence of substantially large residual fields in the 
northward (X ) and eastward (У) horizontal components at stations from ВАС to 
BBR is also indicative of a current concentration right beneath these stations.

A striking feature of the anomalous Y  fields at these stations is that in their 
time evolution they show strong negative correlation with the normal X  variations 
rather than with the normal Y  component (compare the plots of anomalous Y  
component in the upper panel with the reversed X  variations of GOI in the lower 
panel of Fig. 2). This correpondence of anomalous Y  component with normal X  
component would arise from the deflection of an east-west flow of regional internal 
currents to a conductive path with a north-south component. Such behaviour is a 
strong observational evidence that the anomalous fields are controlled by the ohmic- 
distortion of the regional induced currents rather than by the local induction in the 
conductive structure itself (Banks and Beamish 1984, Arora 1997).

It will be shown in the next section that the observed Z reversal and enhanced 
X  and Y  components at selected sites are consistent with a current concentration in 
an elongated structure striking N60°E. Consequently, the electromagnetic induction 
response of such structure would be best illustrated on a profile perpendicular to 
the strike direction, marked AA’ in Fig. 1 and aligned with the eastern line of 
magnetometers. To facilitate such representation of the response, the horizontal 
components {X and У) of the anomalous fields were resolved to a set of axes parallel 
and perpendicular to the strike direction. The horizontal component (H ), which 
gives the measure of the field associated with the currents flowing parallel to the 
strike of the PBCA is included in Fig. 2. A noteworthy feature of the H  as well as 
Z plots is that an extreme excursion (peak amplitude) occur simultaneously at all 
stations, which permits to infer that the anomalous fields are in phase everywhere 
and in all components. Figure 3 gives the profiles of the horizontal and vertical
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BRA

BLV

STE

COC

SIN

BAC

ARC

BVI

BBR

SJP

Fig. 2. Top panels -  Difference plot of the MV fields in the north (X , east (Y )  and vertical 
(Z ) components for the magnetic disturbance event of November 26, 1990 (21:45-23:40 UT). The 
plots are obtained by subtracting the normal variations represented by the fields at station GOI, 
shown in the lower panel on the same scale. The H plots denote the horizontal fields resolved in 

a perpendicular direction to the strike of the PBCA

fields, obtained by plotting the amplitude of the peak excursion in H  and Z from 
different stations against their projected locations on a profile AA’ across the strike.

2.2 Frequency domain diagnosis

Marked by a reversal in the vertical magnetovariational fields, the evidence of 
the existence of the PBCA is brought out by the induction arrow map in Fig. 4, 
corresponding to a period of 12 min. This map is representative of an arrow pattern 
below the period range of 25 min, in which the induction features of the Parnaiba
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Fig. 3. Profiles of observed (open circles) H (top panel) and Z  (middle panel) components along 
the eastern line of magnetometers (Profile AA’), corresponding to the peak in the difference plot 
of January 11, 1991 event. The sheet current distribution as obtained from the inversion of H 
and Z  profiles are shown in the bottom panel. The H  and Z  fields resulting from the H  and Z 

solutions, respectively, are also shown in the respective panels

basin are best developed. At periods above 40 min, the induction arrows at all array 
stations, under the influence of the current concentrations in the Atlantic ocean, 
point in the northeasterly direction (Arora et al. 1997a, 1997b). In Fig. 4, on the 
eastern line of magnetometers, the real arrows at a group of stations (STE, COC, 
SIN and ВАС) have southeasterly orientation whereas arrows at stations ARC, 
BBR and SJP have uniformly northwesterly orientation. As the induction arrows 
in their present mode of display point towards the internal current concentration 
(Schmucker 1970, Beamish 1977), this oppositely directed induction arrow pattern 
form the major evidence on the existence of the PBCA. Centered between these 
groups of stations, the structure runs approximately at right angles to the direction 
of the arrows. The shaded area in the background indicates the areal extent of
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the different high conductance zones as mapped by the thin sheet conductance 
model for the entire array region (Arora et al. 1997b). The NE trending PBCA 
in the southeastern part is approximately outlined by the 800 S contour in the 
conductance map, although it attains a peak value of 2000 S in the center. The 
stations SIN and BBR, where real arrows attain peak magnitudes, tend to limit the 
lateral extent of the PBCA on the NW and SE ends, respectively. The NE pointing 
arrows at ARA, GRA and SNE appear to define the southwestern terminal edge of 
the PBCA.

Under the influence of the coast effect, related to the concentration of the induced 
currents in the conducting sea water, the induction arrow at BRA points northward, 
at right angles to the nearest coastline. Because of the contamination from the 
coast effect, the data of this station are not used for the present modelling, aimed 
at mapping the vertical structure of the PBCA.

The application of the Hypothetical Event Analysis -  HEA (Bailey et al. 1974) 
on the transfer functions (Arora et al. 1997a, 1997b) had shown that the induction 
in the PBCA reaches a maximum when the incident horizontal field is polarized in 
the azimuth of N30° W, whereas the corresponding minimum is seen in the case of an 
orthogonal polarization. Such polarization dependence permits to approximate the 
PBCA along the eastern line of magnetometers as a 2D structure striking N60°E. 
As a measure of the induction response, the real part of the anomalous vertical field 
( Z r )  was computed using the HEA expression given below:

Zr = Tzx cos(—30°) + Tzy sin(—30°), ( 1 )

where Tzx and Tzy are vertical field transfer functions at the period in question and 
—30° is the azimuth of the incident horizontal field with respect to the geographic 
north that maximizes the induction int he PBCA. Plots of Z r  against projected 
site’s locations are shown in Fig. 5 for three periods (9, 12 and 26 min). Spatially, the 
observed induction response curves depict a consistent pattern at all periods. Well 
defined broad maximum and minimum in the response profiles are compatible with a 
current concentration in a structure aligned perpendicular to the profile. However, 
the structure is marked by the additional presence of a sharp short wavelength 
perturbation in the central part, consistent with the induction arrow pattern at 
ARC and BVI which have arrows pointing away from each other. Such peculiar 
behaviour is indicative of a local heterogeneity inside the conductive zone (Arora 
and Adám 1992). The thin sheet model suggests the presence of a resistive strip 
enclosed within the broad PBCA (Fig. 4).

The map of quadrature arrows, shown in Fig. 4b, generally corroborates the 
inferences drawn from the maps of the real induction arrows. However, as noted in 
Fig. 2, the anomalous fields are in-phase with the normal horizontal field, as a result 
the quadrature (out-of-phase) arrows are generally small. Therefore, only profiles 
of real parts, Zr , are used for numerical inversion of current distribution.
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Real Induction Arrows for 12 min NEBRA

5 10 15 20 25 30 35
Longitude (Degree)

Quadrature Induction Arrows for 12 mm NEBRA

5 10 15 20 25 30 35
Longitude (Degree)

Fig. 4. Real and quadrature induction arrows for the period of 12 min. The shaded zone 
in the background shows the area of high conductivity as mapped by the thin sheet model

(Arora et al. 1997b)
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3. M odelling approach

The numerical interpretation of the magnetovariational response functions gen
erally proceeds in two independent directions. In the first approach, arbitrary con
ductivity distributions are searched for an induction response that matches the 
observed induction pattern. Beside the problem of non-uniqueness, the response is 
worked out under the assumption that the observed response is produced solely by 
the local electromagnetic induction. In the second approach, under certain qualify
ing assumptions, a linear inversion algorithm is employed to infer the lateral and/or 
vertical distribution of the current density that causes the anomalous fields (Banks 
1979, 1986, Woods and Lilley 1980). The techniques which locate such current 
concentration effectively define the structural boundaries of the region of enhanced 
conductivity. Such intepretational schemes do not make any pre-supposition on the 
induction mechanism of induced currents, viz local or regional (Banks and Beamish 
1984). In the case of PBCA where both local and regional induction modes are op
erative, instead of first attempting to find a complex 2D conductivity distribution 
model, a pattern of quasi-direct current distribution compatible with the observed 
anomalous magnetovariational fields is determined.

3.1 Formulation of the sheet current inversion

The sheet current inversion scheme adopted here follows closely the formulation 
described by Woods and Lilley (1980). In their formulation, the current distri
bution is simulated by a finite number of current elements of infinite lengths in 
the strike direction, elements represented by separated line currents. In contrast 
to this, in the inversion formulation adopted here the individual current elements 
are approximated by adjoining ribbons of finite width. This helps to visulaize the 
inverted current distribution as a continuous sheet of variable intensity flowing at 
some depth along the strike direction which would reproduce the observed pattern. 
The vertical (Z ) and horizontal (H) magnetic fields associated with a single ribbon 
current element is given by (Kirkwood et al. 1981):

A_ Г (у -  и)2 + d2 
2и  П (у + и/)2 + d2 ( 2)

Я = tan 1 У - и tan 1 ( ? ¥ ) ( 3 )

where A represents the current strength, d is the depth and uj the half-width of 
the ribbon element and у is the horizontal (perpendicular) offset of the observation 
point from the central axis of the ribbon element. Generalizing to an arbitrary 
origin of position, so that

У =  Уо -  Vi

where yo is the observation position and yi is the position of the central axis of the 
current ribbon, and then normalizing by the depth so that

UJ
d
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gives
A i n  Г1 +  (p  -  9 -  u ' ) 2 
2 LJ 1 + (p — q + tu')2

( 4)

H  =  — [tan 1 (p — q — tu') — tan 1 (p — q + tu')] .
/ . J L J (5)

Magnetic fields add vectorially and hence the total vertical and horizontal magnetic 
fields at any observation point can be expressed as a linear combination of fields 
from all current elements. For example, the vertical magnetic fields from the m 
current elements at positions q, (j  = 1,2, 3 , ,  m) at the fcth observation point is 
given by:

A similar expression holds for the horizontal field observed at point k.
If the number of observation points (n), at which the measurements are made, 

is greater than or equal to the number of current elements (m) then the above n 
equations, written in matrix notations, can be solved by the standard least square 
solution to provide the current strength of the current elements.

The solutions of the inversion formulation are found under the following implicit 
assumptions that:

(i) the currents are strictly two-dimensional, an assumption fully validated by 
the HEA predicted response fields;

(ii) the anomalous currents are flowing everywhere in phase and so are quasi- 
direct, a property clearly depicted by the difference field plots, shown in Fig. 2, 
and

(iii) the currents are concentrated in a single plane at depth d below the surface. 
The surface lateral extent of the basin is about 800-1000 km, as compared to 
the limited thickness of only 3.5 km. Approximating the currents induced in 
the entire sedimentary column by a sheet of zero-thickness, placed at some 
depth, appears consistent with the basin geometry. However, the effect of the 
equivalent sheet current located at varying depths is investigated in the next 
section.

To produce physically realistic solutions, some further simplifications were made 
as follows:

(i) To produce spatially smooth current distribution, the number of observation 
points were increased by fitting a quasi-Hermite spline function to the observed 
plots of the anomalous fields. The interpolated values at regular spacing of 8 
km along the profile were used for the inversion.

( 6)

3.2 Basic assumptions and simplifications
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(ii) To minimize the edge effect due to the restricted length of the profile, the 
anomalous field was extrapolated to some distance on either side of the pro
file by successive polynomial fitting to three end points. Tapering off the 
anomalous fields is consistent with the physical scenario that away from the 
anomalous zone, the anomalous fields tend to vanish.

(iii) Since the individual current elements make no contribution to the Z  field 
directly above it, the center of the 16 km wide current elements were located 
mid-way between the alternate observational nodes. Effectively, the number 
of current elements (m) was half of the numerical observational nodes (n), 
which gives 2 degrees of freedom in the matrix solution to estimate the current 
intensity of m  current elements.

4. Application of the formulation to the PBCA

The above sheet current formulation was first applied to the time domain anoma
lous field plots in Fig. 3. Two distinct solutions were obtained using profiles of ver
tical (Z) or horizontal (H) fields, one at a time. In both of these solutions, the sheet 
current was considered to be located at a depth of 5 km (the basis for which will be 
discussed later). The resulting current distributions as well as their magnetic effects 
are included in Fig. 3. While both Z and H  solutions give almost a perfect fit to its 
own data they produce only a marginal fit to the other component, e.g. the Z  so
lution reproduce the observed Z profile but does not give an adequate fit for the H 
data and vice versa. This mismatch may result either from the somewhat arbitrary 
choice of the base-levels used to define the anomalous fields or from the fortuitous 
favourable location of the stations in relation to the distinctive signatures either in 
H or Z. It may simply be due to the presence of anomalous/normal fields with 
wavelengths greater than the profile length. Despite these limitations, the principal 
features of the inverted current distribution for each solution have the same general 
form, except that the vertical field solution yield a much sharper current density 
fluctuations than the solutions from the horizontal field. Woods and Lilley (1980) 
noted similar behaviour while attempting to interpret the induction response of 
the Great Artesian Basin, southwest Queensland, Australia. They considered this 
behaviour to be the characteristic of the current concentration at a shallow depth. 
Vertical field above a shallow current concentration has a wider lateral extent than 
the horizontal field. Further, the vertical field can be either positive or negative, 
depending upon the position of the observation site with respect to the location of 
the current concentration. This is in contrast to the horizontal component which 
is always positive. On all these counts, there is a greater probability of locating 
a shallow depth concentration with the vertical field component. This well known 
vulnerability of the vertical field to locate shallow current concentrations is also sup
ported by the joint inversion of the vertical and horizontal data. The joint inversion 
gave a current distribution (not shown here) similar in sharpness and spatial details 
to those found with the Z  solution alone. Given this physical sensitivity of the 
vertical field to resolve better the shallow depth current concentrations, the vertical
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field solution is considered to be a more realistic representation of the actual current 
pattern in the ground: the horizontal solution represents a smoothed average. In 
the light of this, the vertical field profile of Fig. 3 is further used to constrain the 
depth range of the anomalous current concentration responsible for the observed 
induction response.

4-1 Depth estimation

The sharp and small scale perturbations over a horizontal distance of 30-40 km, 
near BVI-ARC-BAC in the anomalous vertical field plots (Figs 3 and 5), indicate a 
causative current concentration, even on the line current analogy, not deeper than 
15-20 km. Figure 6 shows the spatial distribution of the inverted currents as well as 
associated magnetic field variations when the equivalent current sheet was located at 
varying depths between 5 to 15 km. It can be seen that a sheet current at any depth 
between 5 to 15 km can satisfy the observed data and no particular depth provides 
a markedly better fit than the other. Consistent with the potential field theory, a 
solution for the sheet current at greater depth show marginally sharper and stronger 
variations of current along the profile. However, to produce the small wavelength 
anomaly in the central part, with the sheet located at depths greater than 10 km, 
requires a current flow in a direction reversed to the main flow path in a broad zone 
of high current density. Since the existence of concurrent zones of opposite current 
flow is physically implausible from the induction point of view, depths greater than 
10 km for the unidirectional sheet current appear unlikely. Since sheet current 
represents the integrated effect of the current flow above this depth range, it is 
reasonable to visualize that the bulk current flow would be concentrated in the 
conductive sedimentary sequence of the basin or just underneath the basement, 
most likely in the depth range of 5 km.

4-2 Spatial structure of equivalent current distribution

With an objective to further constrain the spatial structure of the equivalent 
sheet current, the inversion formulation was applied to the profile of vertical fields in 
the frequency (period) domain, shown in Fig. 5 for three different periods (9, 12 and 
26 min). The resulting current distributions are shown in the lower panel of Fig. 5. 
The inverted current distribution at all periods is primarily characterized by two 
broad highs with an included low. The broad agreement of the spatial structure of 
inverted current distribution, both in frequency and time domain, indicates that to 
a first approximation the spatial characteristics of the inferred current distribution 
may be reflecting the structure of the Parnaiba basin at depth. Since the depth 
penetration of the induced currents increases with increasing period, the changing 
relative significance of the current density highs with period may then be related to 
the depth extent of the involved conductive structure. The geological implications 
of the inferred current distribution is discussed below.
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Fig. 6. The observed Z  profiles (Fig. 2 -  middle panel) as well as the inverted sheet current 
distribution along the profile AA’, when the sheet current was located respectively at depths of 5 
km, 10 km and 15 km. The calculated Я and Z field variation for each current distributions are

also included

5. Geological interpretation

A magnetotelluric (MT) survey undertaken along the short profile near the cen
tral part of the basin, profile location marked as MTI in Fig. 1, has detected a 
very high conductivity (>1 S/m) layer in the deeper sections of the basin (Oliveira 
and Fontes 1991). The thickness of this conducting horizon is estimated to be 
about 1000 m. The thinsheet conductance (product of conductivity and thickness) 
model has estimated the depth-integrated conductance of the anomalous PBCA to 
be about 2000 S (Arora et al. 1997b), in close agreement with the MT results. This 
correspondence corroborates the inference arrived above, that a large part of the 
currents are concentrated in the sedimentary sequence within the basin or imme
diately beneath, in the basement. If the basin was largely filled with electrically 
homogeneous sediments, then the deduced current distribution should reflect the

Acta Geod. Geoph. Hung. 33, 1998



180 B  R  A R O  R A  e t  a l .

basement configuration, as depicted in the bottom panel of Fig. 7. The top panel 
in Fig. 7 gives a borehole-constraint geological cross-section of the Parnaiba basin 
along a transect, marked BB’ in Fig. 1 (Caputo and Lima 1984). The flow of induced 
currents in these near symmetric sedimentary sub-layers, extending the full range 
of the basin, cannot explain the inferred current density variation which suggests 
a highly conductive zone confined only to the central part. The greater current 
density in the central part of the profile with a sharp drop near COC and BBR 
can geologically be visualized as a fault-bounded graben structure in the basement, 
infilled with conducting sediments. However, the presence of a localized variation 
in the current density within the broad high warrant further structural complexity. 
Two geological cross-section cartoons, consistent with the overall current density 
variations (Fig. 7d), are shown in Fig. 7bc, wherein a graben structure in the deeper 
parts of the basin, extending into the basement, is a principal feature. The graben 
is visualized to extend at a greater depth between ВАС and ARC to account for 
the marginally higher current density at the relatively longer period, beneath this 
region. It is also possible that the conductivity may become increasingly higher 
with depth int he basement graben.

A basement high within this wide graben may partially pinch the overlying cur
rent carrying sediments and may account for the localized current density low in
cluded in the broad current density high. The presence of such a basement high may 
simulate the entire basement structure as a graben-horst-graben structure (Fig. 7b). 
Alternatively, the current density low may result from the presence of a resistive 
body embedded within the sedimentary columns, as sketched in Fig. 7c. In the 
absence of supporting geophysical evidences, it is hard to opt for either possibility 
but in a retrospect sense, the current ivnersion has helped to restrict the range of 
models to be tested by a comprehensive 2D modelling.

Further, the lack of collaborative geophysical data, e.g. seismic wave velocities, 
thermal gradients, heat flow, magnetization maps etc., also inhibits the identifica
tion of the effective source of the mapped high conductivity zone. In the geologi
cal environment of basins, the saline fluids included in the porous and permeable 
sediments are the most potential candidate for the enhanced conductivity of the 
sedimentary formations. Such mechanism is more widely accepted because they 
can easily explain the large spatial extent of the mapped high conductivity zones 
(Jankowski et al. 1991). However, to produce high conductivity of more than 1 
S/m  by this mechanism, very high porosity as well as a high conductivity elec
trolyte filling the inter-connected pore spaces are required. In the present case, the 
high conductivity electrolyte may be feasible due to the marine connections that 
existed during the evolution of the basin (Goes et al.
1990) but the process of maintaining the fluids in interconnected pores in the deeper 
sections of the basin over a very long geological time period is still an open issue.

Beside the present evidence, there are a number of good examples where Pa
leozoic sequences have been characterized by very high conductivities. Extensive 
magnetotelluric surveys in the adjacent Paraná basin by Stanley et al. (1985) have 
identified the Paleozoic sediments with low resistivity values of 3-12 fim. Paleozoic 
rocks of the Artestian basin, south Australia, with resistivities ranging from 1 to
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Fig. 7. (a) Borehole constraint goelogical cross-section along the profile ВВ’’-location marked in 
Fig. 1 (adapted from Caputo and Lima 1984). Schematic geological models are given in (b) and 

(c), based on the inverted sheet current distribution (d)
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20 iïm, in a faulted contact with the Precambrian rocks are able to produce vertical 
field reversals (Woods and Lilley 1980) similar to those reported here. Associ
ated with the occurrence of graphite in the Paleozoic rocks, very high conductivity 
zones have been reported from many parts of Europe, e.g. in the Alps (Adám 
et al. 1986), Bohemian Massif (Arie et al. 1997), the Transdanubian conductivity 
anomaly (Adám et al. 1990a, Adám and Varga 1990) as well as in the Pannon
ian basin (Adám et al. 1990a, 1990b). In almost all instances, the high carbon 
content of the metamorphosed black shale is invoked to account for the high con
ductivities. This hypothesis is well supported by the KTB deep borehole, where 
very high conductivities (>1 S/m) associated with the graphitic black shales have 
been encountered at a depth of 5425 m (Duba et al. 1988). Yet, another exam
ple where Paleozoic formations are found to be highly conductive is the extensive 
Carpathian conductivity anomaly mapped all along the outer Carpathian Moun
tain range (Adám and Pospisil 1984, Jankowski et al. 1991). Here, the thick 3 П т 
conducting sequence correlates with the flysch section caught up between the two 
converging continental plates (Cerv et al. 1987, Picha et al. 1984). The proximity 
of the Carpathian and other European conductivity anomalies to the collision zone, 
where graphitic black shale typify the major lithology, is an important tectonic 
distinction in relation to the present PBCA, mapped in the intracratonic basin en
vironment. However, given the evidence that major world-wide anoxic oceanic con
ditions during the Devonian-Silurian, Jurassic and even during more recent episodes 
could have produced widespread black shale sequences both in cratonic and subduc
tion related basins (Jenkyns 1986, also see Stanley 1989), it seems that carbon-rich 
shales may also contribute to the high conductivity of the PBCA. The occasional 
occurrence of black shale facies in the lithological sections of the Parnaiba basin has 
been reported by many researchers (Mesner and Wooldridge 1964, Bigarella 1973); 
however, no data currently exist regarding the carbon content. Another noteworthy 
feature of the PBCA is that in its spatial distribution the area of high conductivity 
is primarily confined to those parts of the Parnaiba basin which have experienced 
major magmatic activities during the early Cretaceous and Jurassic. Laboratory 
measurements by Bucha (1980) have shown that when the hydrocarbon-saturated 
sedimentary rocks are heated above the temperature of 200° C, the films of carbon 
as well as secondary magnetite is produced by the pyrolysis reactions associated 
with diagenesis, which can enhance both the conductivity and susceptibility of the 
medium. The effects of heating may also lead to the coalification of the terres
trial debris preserved in the deeper graben-form structures in the basement of the 
Parnaiba basin. The enhancement of conductivity by the thermal effects associ
ated with magmatic activity is well documented in the Pannonian basin, where the 
conductivity distribution shows the highest conductance near the Somlyo volcano 
(Adám 1981, 1997). Extending the hypothesis to the Parnaiba basin, the resistive 
body embedded in the highly conductive hörst, as shown in Fig. 7c, can be visual
ized as a diabase dike or recrystalized magmatic body intruded during the magmatic 
event. A number of boreholes have not only detected such diabase intrusives but 
their presence has been a major hazard in the exploratory drilling programs for hy
drocarbons in the Parnaiba basin and elsewhere in the contemporary Amazon and
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Parana basins (Mesner and Wooldridge 1964). Gravity reconnaissance surveys have 
proved less effective in delineating such diabase intrusives because of the difficulty in 
distinguishing their effects from deep-seated basement undulations. The efficacy of 
combined telluric and magnetotelluric approach in distinguishing the deep crustal 
or bedrock undulations from the internal structures of the sedimentary basins has 
been emphasized in Adám et al. (1985).

6. Conclusions

The equivalent sheet current distribution obtained from the direct inversion of 
the magnetovariational response recorded in the southeastern part of the Parnaiba 
basin permit to place realistic bounds on the structural configuration as well as the 
depth extent of the PBCA. The physical requirement that the observed anoma
lous fields should be produced by induced currents which flow everywhere in the 
same direction (unidirectional) restricts the flow of induced currents to the depth 
range of 10 km, with the bulk concentration confined to the upper 5 km in the 
sedimentary sequence within or immediately below the basin in the basement. On 
the other hand, the spatial pattern of the inferred current distribution suggests 
that the most conductive structure causing concentration of the induced currents is 
found to be confined to the central part of the basin. The spatial structure of the 
deduced current distribution can most directly be interpreted as a graben-horts- 
graben structure in the basement or more simply as a broad graben intruded by a 
resistive diabase dike.

The heating of hydrocarbon-saturated sediments, in association with the Cre
taceous magmatic activity, is believed to produce carbon through the pyrolysis 
reactions. The carbon so produced may enhance the conductivity of the medium 
above 1 S/m. A layer of such high conductivity has been actually detected by mag
netotelluric soundings and whose overall conductance shows good correspondence 
to the depth-integrated conductance estimated for the PBCA. Another significance 
of the carbon conduction is that one need not have to invoke retention of very high 
porosities in the deeper sections of the basin over such a long geological time peri
ods which would be necessary to produce a conductivity of 1 S/m by the often-used 
mechanism of electrolytic conduction in the basin environment.
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T E N S O R  D E C O M P O S IT IO N  W IT H  STATIC SH IF T  
C O R R E C T IO N  OF T H E  D E E P  M A G N E T O T E L L U R IC  

(M T ) S O U N D IN G S  TO  IM P R O V E  
TH E  A S T H E N O S P H E R IC  D E P T H  VALUES  

IN  T H E  G R E A T  H U N G A R IA N  PLAIN*

A Á d á m 1

[Manuscript received May 11, 1998]

26 deep — broadband — magnetotelluric soundings (MTS) have been carried out 
in the Eastern part of Hungary in the Great Hungarian Plain. These MT soundings 
aimed first of all at the determination of the structure of the conducting astheno- 
sphere besides the study of the surface sedimentary cover. As the greater part of 
the MTS curves are distorted by the basement relief their magnetotelluric structural 
anisotropy could generaly be high.

Groom-Baily (GB) decomposition has been applied to reduce the 3D near-surface 
effect to decrease so the structural anisotropy. It resulted in the decrease of the MT 
anisotropy from 1.5 to 1.1 in a statistical sense. The GB distortion parameters —  
shear and twist — are in average between 7° and 11° (absolute values). The de
viation between the asthenospheric map calculated on the basis of the original ID  
asthenospheric depths and that obtained after decomposition is relatively small. Be
sides the decomposition the static shift should have been taken into account because 
the GB decomposition did not do it. As conclusion the paper gives a corrected as
thenospheric map — as a present state of this kind of investigations — for the Great 
Hungarian Plain with average depth of about 60 km in agreement with the early 
value of the author from 1963. In addition Bahr’s decomposition parameters have 
been computed to check the GB strikes in selected sites.

K eyw ords: asthenosphere; conductance; decomposition; magnetotellurics;
static shift

1. Introduction

In a few of our earlier papers (Ádám 1969, 1996) it has been shown that a re
gional magnetotelluric structural (MT) anisotropy exists in the Pannonian Basin 
and it can certainly be connected to the structure of the sedimentary basin (mainly 
to the relief of its basement). The connection between the basement and MT 
anisotropy can be deduced from the map of the Preaustrian basement (Fülöp and 
Dank 1987) where the different rock types of different ages have been arranged 
into ENE-WSW stripes separated by fractures/faults of the same direction. The 
magnetotelluric anisotropy appears in the difference between the В and E-polarized 
sounding curves in the whole period range from the S-interval (increasing branch

'Paper was presented at the 14th IAGA EM Induction Workshop in Sinaia (Romania), 1998 
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Fig. 1. Angular deviations of the regional electric fields plotted in the co-ordinate system of the 
regional strike (after Groom and Bahr 1992)

corresponding to the resistive basement) to the resistivity decrease due to the con
ducting asthenosphere. This general trend can be disturbed by small scale 3D 
inhomogeneities embedded into the upper part of the crust.

It should be noted that in the Pannonian Basin there are larger 3D structures, 
such as narrow extensional rifts, grabens or subbasins e.g. Békés subbasin, which 
do not belong to these small scale inhomogeneities (Adám et al. 1996).

To reduce the effect of the small scale 3D inhomogeneities i.e. to get purely the 
supposed 2D structure, tensor decomposition can be used as described by Groom 
and Baily (1989) and Bahr (1988). Our investigation can be divided into the fol
lowing steps:

1. Groom and Baily (GB) decomposition has been applied for the MT data 
measured in the Great Hungarian Plain.

2. Its results have been statistically evaluated.

3. Efforts have been made to decrease the static shift remaining in the 2D sound
ing curves after decomposion and to construct an asthenospheric map for the 
area with the reliable depth values combined from the slightly different E and 
В polarized ones in the sense of the tensor determinant.

4. The GB strike has been checked by Bahr’s decomposition at a few selected 
sites.
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Fig. 2a. Rhomax (Rhoxy) and Rhomin (Rhoyx) and the corresponding impedance phase values 
vs. log. frequency at MT site Nagyhalász

2. Decomposition techniques

The basic formula of the decomposition:

Z(ui) = Я(0)С(0)
0 Z  y (ta)

-  Z±(w) 0
Лт (0 ), ( 1 )

where
C(0) the electric distortion tensor is independent from the frequency as sup

posed
R(Q) rotational operator,
Z  у E (or ТЕ) polarized impedance
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Polar Impedances znaha
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Fig. 2b. Z xy  and Z yx  polardiagrams vs. log. frequency at MT site Nagyhalász

Z± В (or TM) polarized impedance.
Groom és Baily (1989) proposed a factorization of the distortion tensor C into 

three matrices
C = 5TSA (2)

where g is a site gain factor, A is the anisotropy tensor, S = shear tensor and T = 
twist tensor.

According to Groom and Baily (1989) the “anisotropy” or “splitting ” tensor 
simply stretches the two field components by different factors. This is generally 
combined with the gain (g). “The shear tensor develops anisotropy on axes which 
bisect the regional inductive principal axes. ” The maximum angular changes occur 
for vectors aligned with principal axes. A vector on the x axis is deflected clockwise
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Fig. 3. The Rho and phase curves modified by Groom-Baily (GB) decomposition at MT site
Nagyhalász

by an angle tan_1(e) and a vector on the y axis rotates counter-clockwise by the 
same angle. The shear angle is characterized by фо =  tan '-1 (e).

The twist tensor simply rotates the electric field vectors through a clockwise 
angle фг = tan- 1(t).

The Groom-Baily method gives these distortion parameters, the regional (2D) 
strike and the modified impedance values. These can be computed with help of the 
GEOTOOLS program system.

There is a close relation between the distortion parameters by Groom-Baily and 
the elements of a distortion matrix introduced by Bahr (1988).
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Q room -B allsy  ЗН м г znaha Q room -B allay Twist znaha

Fig. 4. a) Groom-Baily strike vs. log. frequency, b) GB shear values vs. log. frequency, c) GB 
twist values vs. log. frequency at MT site Nagyhalász

Bahr’s starting relations are:

(  Cll Cl2
V C21 C22

0 Zll
-Z j .  0

— Ci2^± Cii^H
-C22-Z± C2l^ ||

y R  y R

y R  y R  nyx ^yy (3)

As shown, Groom-Baily defined two angles, i.e. twist and shear. According to 
Bahr’s definition:

ß t  = tan_1(i) (= 0t) (4a)
ß e = tan_1(e) (= ф е ) . (4b)

The sum and the difference of these angles give the angle deviation of the ex and 
ey “telluric vectors” from the coordinate axes corresponding to the regional strike 
and dip direction (Fig. 1).
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Fig. 5a. ID inversion of the original Rhomax and phase values at MT site Nagyhalász

tan(/3i) = -C12/C22 = tan(/?e -  ßt) (5a)

tan(/32) = C21/C11 = tan(/3e + ßt) (5b)
and hence

ß t  =

ße =

ßl -  ßl 
2

ßi + ßi

(6a)

(6b)

Groom-Baily’s and Bahr’s decomposition can be described by equivalent dis
tortion parameters which can be calculated from each other. The correct strike 
direction can be get at the phase value where the following equation exists:

Phase(Z*) = Phase {Z * ). (7)
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Fig. 5b. ID inversion of the original Rhomin and phase values at MT site Nagyhalász

The decomposition does not give solution for the anisotropy (A) multiplied by 
the gain g determined by the electric charges accumulated at the boundary of the 
inhomogeneities. Its determination needs other techniques (see later).

In the followings the relation will be studied between the layer structure de
rived from the original MT sounding curves and from those after Groom and Baily 
decomposition. The average distortion parameters characterizing the Great Hun
garian Plain will also be shown.

As mentioned, the primary aim of this study is to construct an appropriate 
asthenospheric map for the Great Hungarian Plain.
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Fig. 6a. ID inversion of the Rho and phase values computed in the GB strike direction at MT
site Nagyhalász

3. Decomposition of the MT soundings in the Great Hungarian Plain

Magnetotelluric soundings measured in the Great Hungarian Plain (East of 
the Danube) have been treated by Groom-Baily decomposition (included into the 
GEOTOOLS program system) which have their impedance elements in our database. 
In case of the older measurements we have only the resistivity (Rho) and phase (<p) 
values in consequence of the change of our computers. In a part of the points — not 
taking into account the measuring sites along the Pannonian Geotraverse (PGT1) 
— the MT soundings have been carried out by DR-02 type digital MT instrument 
developed by the Geophysical Institute of the Polish Academy of Sciences in the 
nineties. Using this instrument, periods (T ) longer than 104 s have been recorded 
with appropriate accuracy. (The lower period limit is about 10 s.)
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Fig. 6b. ID inversion of the Rho and phase values computed in the GB dip direction at MT site
Nagyhalász

The results of the decomposition will be interpreted in case of individual points 
and statistically comprising the data from all the 26 MT sites. The effect of de
composition and of the static shift correction (gA ) will be shown on a series of 
asthenospheric maps.

3.1 Results of the G В decomposition shown by selected stations

5 broadband MT soundings have been selected with periods longer than 104 s 
for a detailed study of decomposition. The measuring sites are as follows from east 
to west: Nagyhalász, Hajdúdorog, Túrkeve, Selymes, Harkakötöny.

As a first step, the strike and the distortion parameters (twist and shear) have 
been fixed between ±9°. In this case the extreme sounding curves Rhomax and
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Fig. 7a. Original Rhomax and Rhomin sounding curves with their impedance phases vs. log.
frequency at MT site Turkeve

Rhomin practically did not change. Therefore the ID layer models fitted to the 
original sounding curves could have been adapted to those obtained in strike and dip 
direction by GB decomposition. The strike angles (CW from north) are generally 
greater than ± 9°, therefore they stop at this limit, nevertheless the twist and shear 
are less than the fixed value till the period T  = 103 s. At longer periods, they can 
also be greater than ±9° due to the incertainty in the data. (An exceptional case 
is the MT site Harkakötöny, where the twist is greater than 9° in the whole period 
range.) The above conclusion means that Bahr’s distortion angles: 02 =  ße + ßt 
and 0i = ße -  ßt vary till T  = 103 s between 0° and 18° according to the sign of 
the GB distortion parameters (0e and ßt).

If the GB parameters are not fixed, large scatter appears especially in the strike 
direction. This can be explained by the decrease of the difference of Rhomax and
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Polar Impedances zturk

Fig. 7b. Zxy and Zyx polardiagrams vs. log. frequency at MT site Túrkeve

Rhomin curves after the GB decomposition. In some cases even the MT anisotropy 
disappears. Generally, the original Rhomax values decrease and the original Rhomin 
values increase during the decomposition and in this way the two extreme curves 
approach each other. At the same time the scatter of the Rho and phase increases. 
Great scatter appears in the twist and shear at T  > 103 s.

To illustrate these peculiarities we have chosen two stations from the five ones 
mentioned above. One is qualified as a good, the other as a bad measurement.

The “bad” MT site is near the village “Nagyhalász”

In this site the original Rhomax/Rhomin ratio changes between 4 and 10 (Fig. 
2a) and the directions of Rhomax values show quasi sinusoidal variation depending 
on the period (Fig. 2b). In consequence of the GB decomposition the Rhomax and 
Rhomin curves cover each other (Fig. 3). The uncertainty in the measured data re
mains after decomposition at periods greater than 103 s. The decomposition’s strike 
shows great scatter in the whole period range (Fig. 4). The distortion parameters 
also take their greatest values at periods longer than 103 s. Below T =  103 s they 
do not reach 9°, as stated above (Figs 4b and 4c). The fitting of ID layer models 
both to the original data and to those calculated by decomposition are generally
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Fig. 7c. Rho and phase sounding curves obtained by GB decompositon at MT site Tiirkeve

weak, especially in the latter case. The ID inversion of the original MT curves and 
those modified by decomposition indicate the asthenosphere at greater depth than 
100 km certainly due to a strong static shift caused by electric charges (Figs 5a and 
5b, as well as Figs 6a and 6b).

The “good” MTS site is “Túrkeve”

The original MT sounding curves are shown in Fig. 7a, and those calculated 
by GB decomposition in Fig. 7c. The strike obtained by decomposition (Fig. 8a) 
deviates from the Zxymax direction with about 18° (Fig. 7b). The anisotropy 
between Rhomax and Rhomin does not change. The GB distortion parameters 
exceed the earlier fixed 9° only at periods longer than 104 s due to the incertainty
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Fig. 8. a) GB strike vs. log. frequency, b) GB shear vs. log. frequency, c) GB twist vs. log.
frequency at MT site Túrkeve

of the measured data (Figs 8b and 8c). The scatter of the 2D Rho and phase values 
obtained by decomposition increases also only after T  = 103 s. The fitting of the 
ID model curves to the measured Rho and phase values is good up to this period. 
The ID layer sequences calculated on the basis of ID inversion of the original (Figs 
9a and 9b) and those MT data got by decomposition (Figs 10a and 10b) agree with 
each other.

M A G Y A R
fH U Ö M Á N Y O S AKAOê MSA 

KÖNYVTARA
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Fig. 9a. ID inversion of the original Rhomax and phase curves at MT site Túrkeve 

3.2 Statistical evaluation of the effect of the G В decomposition on MT data 

a) Direction of the GB strike

The GB strike direction has been compared with Zxymax direction on a rosedi- 
agram (Fig. 11). The average GB strike deviates only by ~  18° from the average 
N.NW direction of Zxymax. The average GB strike points almost to north, nev
ertheless, its scatter can be very great in some cases. The GB strike being near 
to the В polarised Zxymax direction does not give the real strike of the typical 2D 
structures of the Pannonian Basin elongated generally in E.NE direction.
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Fig. 9b. ID inversion of the original Rhomin and phase curves at MT site Túrkeve 

b) Distortion parameters

The behaviour of twist and shear are very varied in MT measuring sites of the 
Great Hungarian Plain. They show both irregular scatter (generally at periods 
longer than 103 s) and continuous variation with period. These distortion param
eters can statistically be characterized only by their average absolute values which 
do not give information about the range of their scatter. In extreme cases this latter 
one can reach ±30° for the shear, especially at long periods. Taking 11 samples, 
mainly from the area between the Danube and Tisza (two main rivers in Hungary), 
the average absolute values are as follows:

shear ~ 7°
twist ~  11°.
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Fig. 10a. ID inversion of the Rho and phase curves computed by GB decomposition in the “strike”
at MT site Túrkeve

4. The depth of the asthenosphere

In the case of 26 MT sites, ID layer sequences have been computed from the 
original Rhomax and Rhomin and their phase curves and those modified by decom
position. The asthenospheric depths (h) obtained in both cases have been compared 
as a first step without taking into account the gA factor, i.e. the static shift. In 
Table I these depth values are given separately derived from Rhomax and Rhomin 
curves and their geometric mean approximating the result of a tensor determinant. 
The latter ones have been used for the construction of a map on the depth of the 
asthenosphere.

As will be shown in the following section on static shift there are resistive em
beddings in the upper crust of the Pannonian Basin, e.g. between Danube and
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Fig. 10b. ID inversion of the Rho and phase curves computed by GB decomposition in the “dip”
direction at MT site Túrkeve

Tisza. Due to their effect, the Rho values of В polarisation in 2D structures or both 
extreme Rho values in 3D cases shift towards the greater ones. In consequence of 
this “static shift”, asthenospheric depths greater than 100 km can appear although 
the depth is generally much less (about 60-70 km) here. After omitting these ex
treme (h > 100 km) asthenospheric depths, Table II gives more realistic average 
values.

As mentioned, the decomposition approaches the Rhomax and Rhomin curves, 
i.e. decreases the MT anisotropy. Therefore the asthenospheric depth computed 
from the Rhomax curves after decomposition is less than that obtained from the 
original Rhomax curves. The opposite is valid for the Rhomin curves: the astheno
spheric depth is greater in the case of the Rhomin curves got by decomposition.

The ratio of the asthenospheric depth calculated from the Rhomax and Rhomin
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Fig. 11. Rosediagrams of the original Zxymax direction and GB strikes for MT sites in the Great
Hungarian Plain

Table I.

h-l R h o m a x =  82.5km 1 Difference :
hGB1 R h o m a x =  76.2 km J Д =  6.3 km

h-2 R h o m in =  54.8 km 1 A =  13.7 km
hGBn 2 R h o m in =  68.5 km J

vdll • /12 64 ±  19 km )
> Д  =  5.3 km

Vh?Bh?B 69.3 ±  23 km J

curves decreases from 1.5 to 1.1 by decomposition. (Omitting the depths greater 
than 100 km the ratio decreases from 1.25 to 1.05.)

In Figs 12a and 12b the maps of the asthenospheric depths are shown for the 
Great Hungarian Plain (east of the Danube) in the case of the original MT data

Table II.

R h o m a x =  65.2 ±  14 km (18 values from 26)

hCBIL1 R h o m a x =  62.1 ±  17.5 km (19 values from 26)

^2  R h o m in =  52 ±  18 km (25 values from 26)

hGB/ t2 R h o m in =  59.2 ±  17.6 km (21 values from 26)

=  58.1 km )
> Д =  2.5 kmVh  j • /1 2

уЛ?в -л?в =  60.6 km J
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Fig. 12a. Map of the depth of the asthenosphere in the Great Hungarian Plain on the basis of the 
ID inversion of the original Rho and phase curves

and of those obtained after decomposition using always the geometric mean values 
of the extreme depth values.

These two maps are similar to each other as concerns their main structures, e.g. 
the shallow asthenospere in the deep extensional subbasins (Békés, Jászság) etc. A 
difference appears in the area between Danube and Tisza where apparent depths 
greater than 100 km appear mostly in Fig. 12b got after decomposition. (See also 
the greater depth values in case of GB decomposition in the Table I.)

5. Galvanic effects (static shift, g  A  factor)

The static shift (S-effect in the Russian literature) correction is the most vulner
able side of the interpretation of the deep magnetotelluric soundings. The following 
experiments also belong to this category, nevertheless, without this attempt, only 
a very few MT data can be used.

As already mentioned above, a resistive anomaly has been found by relative tel
luric soundings in the area between Danube and Tisza in the sixties (Fig. 13, Ádám 
and Verő 1967). Its effect appears in Fig. 14, where a comparison is given between 
apparent resistivities measured at periods 50-100 s and the asthenospheric depth for 
the MT sites. Both parameters exceed the average in MT sites “Tatárszentgyörgy”
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Fig. 12b. Map of the depth of the asthenosphere in the Great Hungarian Plain on the basis of the 
ID inversion of the Rho and phase curves after their GB decomposition

and “Izsák”. These great depth values are certainly caused by galvanic distor
tion. We come to the same conclusion after studying the relation between the 
asthenospheric depths (h) and the conductance (5) values of the upper crustal lay
ers (sediments) as shown by Fig. 15. The asthenospheric depth values greater than 
100 km measured in Tatárszentgyörgy and Izsák here also exceed the average depth 
level of 70 km in the area. The most distorted site Tatárszentgyörgy’s value has 
been dropped, Izsák’s one has been taken with the average of 70 km. Similar but 
much less strong effect has been found in case of Kúnbaja (near the Hungarian and 
Yugoslavian border) where the depth of 78.5 km (geometric mean) is certainly due 
to anticlyne of the resistive basement coming up to 400 m from the surface betwen 
Tompa and Madaras. Here the Rhomax curve gives a depth of 130 km according 
to the great axis of the impedance polar diagram, perpendicularly to the strike of 
the anticlyne. The depth calculated by Rhomin curve is only ~  50 km.

The galvanic distortion is present in the case of the MT sounding curves of the 
deep subbasins, too, which are covered by thick sediments of low resistivity. Their 
effect has been studied in detail for the Békés graben or subbasin (Adám 1997, 
Adám et al. 1993, 1996). In Figs 16a and 16b the h-S  diagrams are shown: If 
the conductance is reduced to zero, the asthenospheric depth increases to 43 km 
for Rhomin curves and 58 km for Rhomax curves. The geometric mean value of

Acta Geod. Geoph. Hung. 33, 1998



208 A ÁDÁM

Fig. 13. Basement inhomogeneities in the Pannonian Basin determined by relative telluric fre
quency soundings (Adam and Verő 1967)

these depths is ~  50 km. Accordingly there can be really an upwelling in the 
asthenosphere (Posgay et ah, 1995) beneath this subbasin as the average depth 
for the Pannonian “asthenospheric diapir” is 60-70 km. Taking into account these 
galvanic effects, a map on the asthenospheric depth has been constructed for the 
Great Hungarian Plain (Fig. 17), nevertheless, this map should be taken as a 
“preliminary one” which is to be improved having new measuring sites and better 
knowledge on the inhomogeneities causing static shift. Generally this map is in a 
good accordance with the first determination of the depth of the asthenosphere in 
the Pannonian Basin by magnetotellurics (Adám 1963).

6 . Conclusion

The Groom-Baily decomposition did not bring any essential change in the as
thenospheric depth in the Great Hungarian Plain. The average asthenospheric 
depths after the static shift correction i.e. omitting first of all the depth values 
greater than 100 km — differs only by 2.5 km in the cases with and without de
composition (see 58.1 and 60.6 km in Table II). The greater /iq b  values have been 
caused by the shift of the Rhomin curves towards to greater Rho values during the 
decomposition.

The GB strike is near to north, therefore it is in contradiction with the geological

A c ta  Geod. Geoph. Hung. 33, 1998



D E E P  M A G N E T O T E L L U R I C  S O U N D I N G S 209

Rho min

Fig. 14. Rho values at periods 50-100 s and depth of the asthenosphere in the area between 
Danube and Tisza. There are two average depth values given: with and without the anomalously 

high values >  100 km. See the MT sites in Fig. 13

strike of E.NE direction in the Pannonian Basin which is well expressed by the 
direction of the original E polarized Rhomin sounding curves in a regional sense.

The GB decomposition does not give solution for the g A factor, i.e. for the 
galvanic distortion (static shift) which causes a much stronger distortion as the 
small near-surface 3D inhomogeneities, among them the unevenness of the resistive 
basement. (Their effect seems to be decreased by GB decomposition as shown by 
the decrease of the MT anisotropy.) The galvanic distortion can be determined only 
by other methods as have been done here.
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Table III.

f ß V err Q

3.79999988e-02 0.1896 0.1896 0 67.3
3.20000015e-02 0.1933 0.1856 1 0.0
2.60000005e-02 0.2360 0.2271 1 0.0
2.19999999e-02 0.2396 0.2327 1 0.0
1.79999992e-02 0.2041 0.1837 1 0.0
1.49999997e-02 0.1940 0.1760 1 0.0
1.20000001e-02 0.1683 0.1504 0 -5.7
9.99999978e-03 0.1325 0.1096 0 -9.4
8.20000004e-03 0.1233 0.1022 0 -9.5
6.80000009e-03 0.1171 0.0978 0 -9.2
5.59999980e-03 0.0451 0.0151 0 -4.4
4.60000010e-03 0.0331 0.0331 0 -3.2
3.80000006e-03 0.0622 0.0622 0 3.9
3.19999992e-03 0.0564 0.0274 0 5.5
2.60000001e-03 0.0855 0.0668 0 7.3
2.19999999e-03 0.1114 0.0950 0 9.5
1.79999997e-03 0.1080 0.1062 1 0.0
1.50000001e-03 0.0737 0.0675 1 0.0
1.20000006e-03 0.1116 0.0926 1 0.0
1.00000005e-03 0.1489 0.1259 1 0.0
5.00000024e-04 0.3150 0.2858 0 -29.5
1.99999995e-04 0.3147 0.2892 0 -41.5
9.99999975e-05 0.3185 0.2703 0 -75.7
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Fig. 16. Depth of the asthenosphere (h) in the Békés subbasin in function of the sediment 
conductance (S ). Both values calculated a) from Rhomax curves, b) from Rhomin curves. These 
figures include the apparent asthenospheric depth values determined by ELGI’s MT soundings of 

shorter upper period, mainly on the basis of the phase values
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km

Fig. 17. Preliminary map on the asthenospheric depth in the Great Hungarian Plain corrected by
static shift

Appendix

For a comparison between Bahr’s and Groom-Baily’s decomposition, the following data 
are shown here for

M T site TÚRKEVE (see Figs. 7-10)
using Bahr’s symbols:

1. A rotationally invariant measure of phase differences in the impedance tensor is

(IPi,&]| + |[5i,£>a]|)*
m

2. Regional skew
(|[D1,ga] - [ S 1,.P2]|)*

4 \D*\
where

5 l  — Z x x  Z y y  S  2 — Z x y  +  Z y x

--- Z x x  Z y y  D 2 — Z x y  Z y x
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3. Regional (2D) strike: a
If the error is 1, the program did not find appropriate rotation angle (strike). See 
the data in Table III.

Bahr’s rotation angle for Túrkeve corresponds well to GB strike shown in 
Fig. 8.
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All the obtained results to solve the second order design by the modified least- 
squares approximation of an inverse criterion matrix show mainly the effective influ
ence of choosing the correlation function and its free parameter, that is, the charac
teristic distance.

A new theoretical value of the characteristic distance is given by a new idea. This 
value is in good concordance with the empirical results that I have got.

Also, a new effective empirical and practical interval to determine the character
istic distance is advised. This interval is based on the results of some theoretical 
and real examples by solving the second order design problem using the modified 
least-squares approximation of an inverse criterion matrix.

A new study to Paks’ network is given by which the original observation plan is 
reduced by 22 directions and by 5 distances without missing the precision and the 
reliability criteria of the network.

K eyw ords: characteristic distance; correlation function; criterion matrix; di
rections; distances; free parameter; modified least-squares approximation; Paks’s 
network; practical interval; S.O.D.; theoretical value

1. Introduction

The most important and difficult problem in solving the second order design 
(S.O.D.) is construction of ideal variance-covariance matrix (criterion matrix) of 
the unknowns (co-ordinates). A lot of publications have dealt with this problem, 
for example Baarda (1973), Grafarend (1972), Grafarend and Schaffrin (1979, 1972, 
1986), Sárközy (1984), Bill (1985a, 1985b) and Wimmer (1981a, 1981b).

Criterion matrices basically depend on correlation functions. Numerous correla
tion functions are in use for construction criterion matrices, so it is nice to mention 
these functions in the following table.

Thus to get the criterion matrix we have to choose one of these correlation 
functions on which all results of the S.O.D. will depend. From Table I we see 
that after appropriate choice of correlation function there is a free parameter to be 
determined, the characteristic distance d of the correlation function.

Determination of this parameter is very difficult practically and theoretically 
because coefficients Ko and К i depend on the parameter d, that is the ratio s/d,

'Technical University Budapest, Department of Surveying, H -llll  Budapest, Műegyetem rkp. 
3, Hungary
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w h e re  £/ an d  Çt a re  resp ec tiv e ly  th e  h a lf  w id th  (co rre la tio n  leng th ) o f th e  lo n g itu 
d in a l  a n d  tran sv ersa l c o rre la tio n  functions respectively .

B a a r d a  (1977) gave th e  fo llow ing value of th e  ch a ra c te ris tic  d is ta n c e  for th e  
M e issl function :

a n d  b e c a u se  form ulas used to  c a lc u la te  these coefficients have co m p lica ted  form , (see 
A b ra m o w itz  and  S tegun  1970). All prev ious s tud ies  o f th e  c h a ra c te r is tic  d is tan ce  
w ere  insufficient to  d e te rm in e  a  single th eo re tica l value  of th is  p a ra m e te r .

S o m e  proposals were g iven  to  d e term ine  d, for exam ple  G ra fa ren d  (1972) gave 
th e  fo llow ing  value of th e  ra t io :  a = |  of th e  m odified  Bessel function :
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n
where ^  /, is the sum of lengths of the network sides and n is the number of the

l
network sides, that is, d is the mean length of the network sides.

Wimmer (1981a) suggested, for d for the exponential correlation function the
following interval:

1 £ 1
10 smax 5 (4)

and the mean value:
-, = 0.13a (5)

where £ is the half width of the correlation function. Wimmer (1981a) stated that 
these values are valid of any geodetic networks shape, but he also stated that these 
values may vary for large networks. For the Bessel function Wimmer suggested the 
following value of d:

£ 0.13smax smax
d = d = T 2 5 8 “  = I T  ■ <6)

It is clear that Wimmer considered the case where characteristic distance is 
sensitive to maximal distance in the network.

Bill (1985b) gave the following values of the ratio a = a for different types of 
correlation functions, where he supposed that the half-widtn £ of these correlation 
functions is equal to 1, that is:

*(«) = *(£) =  *(!) = 0.5. (7)

The following table show the values of a.

Table II.

Type of correlation function The ratio a =  ^

Exponential function 0.693

Gauss function 0.832

Modified Bessel function 1.258

Baarda function 1

Meissl function 1.718

Exponential cosine function — lncos(/3£) +  ln(0.5)

Bill (1985a) found that the results of the correlative situation in geodetic net
works are very sensitive to the minimal distance of the network as a characteristic 
distance. He stated that the best results are obtained for considering the charac
teristic distance less or equal than the smallest distance in the network. Thus Bill 
(1985a) does not agree with Wimmer (1981a).
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There are several values for calculating the characteristic distance d for the same 
correlation function. On the other hand there is another practical value for d, the 
widely used empirical value. This value considers the characteristic distance less or 
equal than the smallest distance in the network (Bill et al. 1984, Bill 1985a).

It is necessary to find an appropriate value of the parameter d by parallel empir
ical and theoretical studies. From numerous experiments I found using the modified 
least-squares approximation of an inverse criterion matrix, that more attention has 
to be paid for problem of choosing the characteristic distance. I used the modi
fied least-squares approximation of an inverse criterion matrix to solve the S.O.D. 
problem because this solution gives good results comparing with others. This ap
proximation is preferred to others because of its robustness and stability against a 
poor formulation of the criterion matrix. It also produces useful solutions in cases 
where the criterion matrix is not very well adapted to the observation plan when 
an approximation of the criterion matrix fails (Müller 1985, Müller and Illner 1984, 
Schmitt 1985 and Müller and Schmitt 1985), and because of the program imple
mentation of this solution became very easy for using microcomputers (see Yazji 
1997). I found that the results mainly depend on the characteristic distance for the 
same correlation function, so I decided to study this effect both theoretically and 
empirically.

2. Theoretical study of the characteristic distance

In this study I relied on correlation functions which give good results in practice 
to solve the S.O.D. problem, that is, they are completely positive definite functions. 
These functions are: modified Bessel function, the correlation functions used to con
struct the criterion matrices of Taylor-Karman structure of potential and turbulence 
types, exponential function and Gauss function.

Let us start with the criterion matrix of completely isotropic structure based on 
using modified Bessel function:

<j>{s)=S- K l {s/d), (8)

where s/d  in K i(s/d ) is an argument.
To determine characteristic distance we suppose a certain value of the half

width of the correlation function G as others used to suppose £ = 1 (Moritz 1976, 
Bill 1985b and Schmitt 1977), </>(s) is defined as in Eq. (7), but I will temporarily 
suppose that this value is any value c:

4>(s) = c (9)

by substituting this value in Eq. (8) we find:

c = ^K i(s/d) (10)

s c 
~d ~ ~K\ ' (И)
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Let us consider from the mathematical point of view that:

-, = y and K\ — X (12)a

У = ~- (13)
X

This is well known function in mathematics, a hyperbola, which has axes x  and 
y as convergence axes, and is symmetric with respect to the axis y — x.

From this curve we can discuss two cases:

1. If the ratio s/d  is close to zero, the characteristic distance d will take a very 
large value for whatever s, and finally it will increase to infinity. On the other 
hand if the ratio s /d  is close to infinity, the characteristic distance will be 
clearly near to zero for any value of s. It is logical to refuse these two cases.

2. It is possible to determine a good interval for calculating d, by fixing the ration 
s /d  to have a suitable interval. But because of the symmetry of the function 
(13) with respect to the axis y = x, for any value of s it is possible to calculate 
a single value for d by fixing the ratio s/d  to be equal to K \ , that is, y  =  x  in 
the relation (13). This we get:

or

by solving (15) we have:

c
y = -У

(14)

У2 -  C = 0 (15)

(16)

d = —= s .
Vc

(17)

If we fix s = smax, it is clear that d will be larger than the largest distance in the 
network which is theoretically and empirically refused. Thus it is only logical to fix 
s = Smin, because we consider the smallest distance as a characteristic distance in 
the equal sides networks and because of this value is in concordance with the widely 
used empirical values which are recommended until now, see for example Schmitt 
(1977), Bill et al. (1984) and Bill (1985a). Bill (1985a) found that the results of 
correlative situation are very sensitive to the minimal distance of the network as a 
characteristic distance.

Usually we use the following mean correlation value: c = 0.5, so the relation 
(17) gives:

d=1.414smin (18a)
or

s /d  = 0.707. (18b)
The value derived from the relation (17) to calculate the characteristic distance 

is really in concordance with the results that I got for two real examples, that means
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the Paks’ network and the Bavarian dam network, and for two theoretical networks, 
one small while the other large. This value of the characteristic distance is found to 
fit well into empirical interval that I determined experimentally. I give this interval 
by the following relation:

0.83smin < d < 1.53smin • (19)

I found that for the value (18) I got the best results for the four examples (see 
section 3).

Using the TK-structured completely isotropic criterion matrix, it is very suitable 
to calculate the characteristic distance from theoretical value (18), where smin is the 
shortest distance in the network.

Let us check whether this value is suitable for using the TK-structured criterion 
matrix of potential type and of turbulence type. For tables found by Grafarend and 
Schaffrin (1979) I find the following values corresponding to the ratio s/d  = 0.707:

Ko — 0.66052, K \ = 1.05023, фь = 0.62941, фт = 0.84091. (20)

2.1 Potential type

The basic relations for correlation functions of this type are 
correlation function is:

M » )  = 4 ^  -  2K0(s/d) -  4-K tis /d )s
and logitudinal correlation function is:

фь — —4^j F 2Ko(s/d) + ^4 — F 2—̂  K \(s/d ).

Substituting (20) to (21), we find:

4^- - 4 .2 -  -  2.162 = 0.sz s
Denoting d/s = y, (23) becomes:

4x2 — 4.2æ — 2.162 = 0.

Solving this equation results in accepted value:

X -  1.428. (25)

Thus:
-  = 0.700 . (26)d

There is a small difference between values indicated in Eqs (25), (26) and (18). 
Using the relation (22) and with substituting to (20) we find:

—4a:2 + 4.2a: + 2.12Г 1 + 0.6916 = 0 (27a)

: the transversal 

( 21)

( 22)

(23)

(24)
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or
x 3 -  1.05a;2 -  0.1729z -0.525 = 0. (27b)

This is a third order equation, solving it one gets one real solution:

*i = 1.428 or s/d  = 0.700 (28)
and two complex conjugate solutions which are not necessary for solution of our 
problem, they are: X2 =  —0.189 + 1.1521 and X3 = —0.189 — 1.152г.

2.2 Turbulence type

In this case the longitudinal correlation function is the same as the one in Eq. 
(21), and relation Eq. (22) represents the transversal correlation function, that is:

Фт = —4 J + 2K0(s/d) + ^  K ^s/d )  (29)

Фь{а) = Æ ~  2K0(s/d) -  4- K i i s /d ) . (30)s
Substituting Eq. (20) in Eq. (30) we find:

4a;2 - 4 .2 a ; - 1.95 = 0 (31)
where x  = d/s. Solving this equation we find that:

X = 1.4 (32)
so:

4=0 .714 . (33)d
This value is not far from the last three values given in Eqs (18), (26) and (28). 
Substituting values given in (20) for transversal correlation function in (29) we

find:
—4a;2 + 4.2a: + 2.1a:-1 + 0.48 = 0 (34a)

or
x3 -  1.05a:2 -  0.12a: -  0.525 = 0. (34b)

Solving this equation we will result in the real solution: x\ = 1.402 so s /d  =
0.713 and two complex conjugate solutions: X2 = —0.176+ 1.72г, хз = —0.176 — 
1.172г.

Let us discuss the case of other correlation functions.

2.3 Exponential function

ЮÖII43\OJ1QJIICO'S- (35)
—s/d = ln(0.5)

s/d  = 0.693 (36a)
d 1.443smjn . (36b)
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2-4 Exponential cosine function

4>(s) — e s/d cos(ßs) = 0.5 . 

Taking logarithms of both sides:

—s/d + ln[cos(/?s)] =  ln(0.5)

with ß  = ^  we find:

s/d  = In 

d =

cos 27Г Sn

J m a x

^min

+ 0.693

{i”h (2w i ) ] + 0 '693 }
2.5 Gauss function

</>(s) =  e~(s/ d  ̂ =  0.5 

- ( s /d )2 = ln(0.5) = -0.693

s/d = 0.833

d — 1.2smin .

2.6 Baarda function

cj)(s) = 1 — m s = 0.5

supposing: m  = 0.5/s we find:

s /d =  1 and d = Smin

2.7 Meissl function

4>{s) = 1 — ms ln(l +  s/d ) = 0.5 

supposing m = 0.5/s we find:

1 — —— s ln(l + s/d) = 0.5 
s

1 + s/d = e =  2.7183 

s/d  =  1.7183 and d = 0.582smin

(37)

(38a)

(38b)

(39)

(40a)

(40b)

(41)

(42)

(43)

(44)
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Using the modified least-squares approximation of an inverse criterion matrix I 
found that neither Baarda’s nor Meissl’s functions give any results in most cases 
because they are not positive definite (Bill 1985b). For this reason I will not consider 
them for determining the final theoretical characteristic distance. For numerical 
reasons we use Bessel functions to create the criterion matrix, and I consider the 
following value of the parameter d as the mean value of the interval:

0.700 < -, < 0.714 . (45)a

It is suitable to determine one value which is:

-, = 0.707. (46)d

The characteristic distance can be determined from the following value:

d = 1.414smin . (47)

For the exponential and Gauss functions, which also give good results to solve 
the S.O.D. problem, I recommend the following interval for d:

0.693 < s/d  < 0.833 (48)

and as a mean value of d:
d =  1.331smin . (49)

3. The empirical study of the characteristic distance

I executed this study for mixed networks (distances and directions), using four 
geodetic networks, two of them are real networks used for monitoring deformations 
in the Paks power station area (Gáspár et al. 1989), and for the Bavarian dam area 
(Bill et al. 1984). The other two networks are theoretical, the first is a hexagon and 
the other is a simulated network consisting of 24 points which is the same as the 
example considered by Bill (1985a) in his theoretical and empirical studies on the 
correlation functions. To solve the S.O.D. problem for these networks, I used the 
modified least-squares approximation of an inverse criterion matrix (Yazji 1997).

3.1 The Paks network

This network consists of 37 points with the original observation plan which has 
88 distances and 176 directions. I did 21 experiments for different values of the 
parameter d. These experiments are done for the four following cases of criterion 
matrices which depend on the modified Bessel function as correlation function;
-  (R-C-I) regular completely isotropic criterion matrix,
-  (S-C-I) singular completely isotropic criterion matrix,
-  (R-TK-TU) regular TK-structured criterion matrix of turbulence type,
-  (S-TK-TU) singular TK-structured criterion matrix of turbulence type.
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The postulated and realised ellipses for group weights (Paks network, R-M)
X

0.001 m

Fig. 1.
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postulated and realised ellipses of Paks network for d=51,60 m

0.001 m

Fig. 2 .
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Fig. 3.

I interpret the results according to criteria derived from the modified least- 
squares approximation of an inverse criterion matrix. For example it is used to 
consider the precision of the network, the reliability of the network, the number of 
negative weights, quality measures after transforming the weights, distribution of 
the weights through network and the sum of the total weights after transforming 
them (see Yazji 1997). By using all these criteria I concluded that the following 
practical interval can be given:

0.83smin < d < 1.53smin . (50)

The theoretical value determined in Eq. (18) is inside this interval, where for 
the Paks network we have:

Smin = 36.49 m (51)

so according to Eq. (47) we find:

d = 51.60. (52)
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Fig. 4.

For this value of the characteristic distance we get the best results. Figure 1 
shows the error situation of Paks network for characteristic distance: d = 30 m, and 
Fig. 2 shows the situation for d = 51.60 m. These results suggest that the interval 
by Wimmer (1981a) for determining the characteristic distance gives poor results.

3.2 The Bavarian dam network

The second real geodetic network is the Bavarian dam network consisting of 12 
points (Bill et al. 1984). This network is designed for monitoring deformations of 
the dam. I studied this network in case of regular completely isotropic criterion 
matrix based on modified Bessel function as a correlation function. I preferred 
this type of criterion matrices because I found from number of experiments that 
the best results are in good concordance with this criterion matrix. I also found 
the theoretical interpretation of this result by Müller (1985) where he proved that 
the least-squaxes approximation of inverse of completely isotropic criterion matrix 
produces a structurally consistent solution for a network consisting of complete 
observation lines (oriented direction and distance). I used the same original plan of
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Fig. 5.

observations mentioned by Müller and Schmitt (1985). 15 experiments were done 
with different values of parameter d, the results are summarised in Table III. Using 
criteria mentioned in analysing the results of Paks network, the results are in good 
concordance with the theoretical value (47), and also with the empirical interval 
(50). For this network we have:

smin = 56.81 m (53)

and the relation (47) gives:
d = 80.33 m . (54)

The characteristic distance d = 50 also gives good results. Figures 3 and 4 
represent the precision situation of the network for d = 50 m and d = 80.33 m 
respectively.

3.3 The simulated network

This simulated network considers the same example as Bill (1985a) and obser
vation plan, that is, 55 distances and 110 directions. I did 18 experiments by the 
same modified least-squares approximation of an inverse criterion matrix. Criterion 
matrices used for the Paks network are used in this case, too. Results for regular 
and singular completely isotropic criterion matrix is in good concordance with the
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3-4 The hexagon network

The last example is hexagon network consisting of 7 points with the following 
observation plan: 21 distances and 42 directions. I executed 13 experiments with 
the regular completely isotropic criterion matrix. The results are in agreement with 
the theoretical value given in Eq. (47) and empirical interval given in Eq. (50). 
Figures 7 and 8 represent the error ellipses situation for d = 1000 m which is equal 
to the smallest distance in the network and for d = 1414 m calculated from the 
relation (47).

Finally I suggest to determine a single value of the characteristic distance from 
the theoretical value (47), considering the empirical interval (50) for any geodetic 
network of any arbitrary type, size and correlation functions.

Acta Geod. Geoph. Hung. 33, 1998
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0.001 m

Fig. 7.

4. A new  study of the Paks network

In the article (Yazji 1997) I checked the Paks network designed for monitoring 
any horizontal movements in this area. Now I will continue this study using the 
new result of this study of the characteristic distance. The original data used for 
this study are:

— the number of measured distances in observation plan is: 88 observations,

— the number of measured directions in observation plan is : 176 observations,

— the total number of the observations in observation plan is: 264 observations,

— the standard deviation of the unit weight is: 1 mm,

— the factors (A, В ) of the distance measuring precision are: A = 0.2 mm, В = 
0.2 mm/km, and the precision is given by the relation.

<7S = A mm + b mm/km (55)
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0.001 m
h~H
j 100j in

Fig. 8.

— the precision for measuring a direction is: ar =  2” (second),

- the characteristic distance according to the relation (47) is: 51.60 m.

I executed some special studies to find observations which do not influence the 
precision and the reliability of the network. I found that the direction groups 
starting from points (6, 9, 21, 34), that is, 17 observations, do not influence the 
controllability of other measurements, so these directions have to be eliminated. 
Also, I found that the following directions have low weights: (30-29, 31-30, 31-29, 
29-4, 31-4) so I can eliminate them from the original observation plan. At the 
same time I found that the distances: (30-29, 31-30, 31-29, 29-4, 31-4) have low 
weights so I can eliminate them without decreasing precision and reliability of the 
network. Thus I have eliminated 22 directions and 5 distances thereby the final 
number of eliminated observations is: 27 observations. The reduction ratio of the 
original observation plan is equal to: 10.23% that is good reduction’s ratio if we 
know that this network was carefully studied at the beginning. Figure 9 represents 
the final plot of the reduced network.
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postulated and realised ellipses for the reduced Paks network

A 0.001 m

Fig. 9.
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5. Conclusions

The theoretical study presented in this article shows that it is possible to deter
mine a new value of characteristic distance. This value differs from last studies but 
it gives good results supported by practical and empirical results in which I used two 
real networks, one is small and the other is very large, and two theoretical networks, 
also one is small while the other is large. The solution method for S.O.D. problem is 
the widely used modified least-squares approximation of an inverse criterion matrix.

Practical results determine a new interval to choose the parameter d where 
within this interval the new theoretical value is found.

A new observation plan for the Paks network is given where I could eliminate 
27 observations from the original observation plan without missing precision and 
reliability of the network. Thus I could reduce the original observation plan by the 
ratio 10.23% which is good ratio if we know that this network was very carefully 
studied at the beginning.

Once again I can advocate the very important role of the modified least-squares 
approximation of an inverse criterion matrix in detecting and eliminating the obser
vations which have low influence on the controllability of the remaining observations, 
and at the same time getting good results for the accuracy of the network, that is, 
precision and reliability of the network in addition to realisation the cost criterion 
by reducing the observation plan by a good number of observations.
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The last ten years were very important for the development of information sys
tems, and services in Hungary. One field is the positioning and moving object track
ing system. A number of technologies used for “Alarm Systems Tracing Lost or 
Stolen Items” are also used for similar application such as fleet management, and 
security tracing which experience similar issues with respect to the availability of 
radio spectrum.

Fleet management of corporations, the controlling organisations of the hazardous 
waste transporting — and other fields can use these systems and services very effec
tively.

The Electronic Directorate Corp. of the Ministry of Defence, Hungary — helped 
by the Commission for Hungarian Technical Development — has been working on 
the development and establishment of a satellite based moving object tracking-, and 
control system. During last years, the GPS based navigation systems were effectively 
applied by private and state companies and organisations. Some applications and 
systems of these development work will explained in this paper.

K eyw ords: accuracy; communication; controll center; location systems; track
ing; vehicle unit

Introduction

The existing systems, may be categorised into 3 broad groups:

1. Vehicle tracking: Such systems may be used for recovering stolen vehicles or 
managing fleets. Stolen vehicle systems based on either a homing or location 
technique. Fleet management systems use location technique. This category 
would also include vehicle type products which have been adopted or at least 
promoted for tracking people or property.

2. Animal and people tracking: Animal tracking systems fall into 2 categories. 
Very small and lightweight tags — a few grams — can be tracked by using 
a homing system with a range of a few hundred meters. Larger tags can 
transmit signals that are located by satellites. People tracking system — in 
this cathegory — includes offender curfew systems when an alarm is sound if 
a tag moves out of range of the receiver.

3. Marine navigation: Navigation systems use an array of beacons, normally 
transmitters, and triangulation techniques to calculate position.

1 Electronic Directorate Corp. Ministry of Defence, H-8002 Székesfehérvár, РОВ 142, Hungary
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Taking into consideration the continually increasing claim for more and more 
accurate and recent data and information, there are three categories of systems 
that have great application for radio spectrum management in the future (European 
Broadcast Union 1996):

1. Global location systems: GPS is likely to become increasingly dominant in the 
market with low cost receivers and with increasing accuracy. Marine naviga
tion for European water has been catered for by locally controlled network 
of Loran-C beacons. The other location systems Omega and Decca, will be 
discontinued by the year 2000.

2. Nation-wide and city-wide location systems: These systems are used because 
they offer better performance than GPS in some applications. Although 
there is no fundamental problem in allocating radio spectrum for this appli
cation, the lack of establishing common pan-European frequencies will result 
restricted usability or unnecessary additional cost.

3. Homing system: These are becoming popular and offer flexible method for 
tracking. To reduce the unnecessary system complexity and cost, a common 
pan-European frequency is required.

Global location systems

GPS or similar satellite based systems will be increasingly dominant in the 
market both as a stand alone system and as an integrated system in radiolocation 
application.The frequency issues are already agreed upon internationally and the 
use of the systems wide spread is already established. However, the drawbacks of 
the GPS system are:

—  one country has the total control of the system,

—  the lack of sufficient accuracy in urban areas which has led to the development 
of a number of terrestrial location systems.

N ation wide and city-wide location systems

There is clear requirement for overlapping and networks have already developed 
in competitive environment in a few European countries. Thus pan-European sys
tem standardisation is required to ensure interoperability and compatibility with 
other services in the European countries.

—  individual pan-European frequencies should be designated by the ERC to meet 
the market demand for pan-European services.

—  the systems should be licenced as networks and the mobile applications is 
licence exempted or a mutual recognition of the national licences are agreed 
within ERC.
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Homing systems

For homing systems the border crossing (overlapping) requirement as well as 
interoperability and harmonisation requirement should be similar to the location 
systems. However, only one single frequency should be used by several network 
providers.

The tracking system applications currently fall into 6 main categories (Hargitai 
1997):

— stolen vehicles,

— vehicle fleet management,

— marine navigation,

— sea rescue,

— personnel tagging,

— animal tagging.

The first two of the above listed applications can be established in Hungary, 
if the technical background is ready. Due to the reconstruction of the radio and 
television program transmitter network our corporation had to find a quicker and 
easier solution. The solution was the production of the moving object tracking 
systems.

The system

The newly developed basic hardware-software unit capable to process positioning 
data generated on the basis of other principles (Fig. 1). Common features of the 
mobile object-tracking system are:

— tracking of and providing protection for high value vehicles/shipments,

— transport route tracking, authentic recording of itinerary and other activity, 
even in case of large number vehicle fleets,

— real-time optimisation of transport missions.

The above features are realised under control of nation-wide or regional control 
centres. Navigation accuracy is better than ±150 m, typically 20-50 m, with the 
use of simple GPS receivers, while it is better than ±10 m in case of differential 
GPS. The systems are ready to receive the correction data (RAND 1995).

A Vehicle Tracking System consists of:

— GPS satellite system(s),

— control (dispatcher) centre(s),

— vehicular unit(s),

— communication channel (s).
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Fig. 1. Block diagram of the Vehicle Tracking System

The information on the transport route of tracked vehicles, as well as on ship
ments, vehicle and other on-route shipment status are processed in the Vehicle 
Control Centre (VCC).

Vehicle Control Centre (VCC)

A Vehicle Control Centre (VCC) consists of:

—  communication server(s) (IBM-PC compatible, modems, radio/telephones),

—  work station(s) (IBM-PC compatible),

—  LAN elements, printer/plotter,

—  operating software (WINDOWS NT95, communications, encryption, data 
base handler, digital map, map and itinerary display, dispatcher, vehicle and 
office management programmes).

System operation is based on polling the variable parameters with preset order 
of priority. Workstation and communication computers in the centre are interfaced 
through local area network (LAN). It is provided in special cases for the vehicles 
to report immediately (alert, vehicle driver initiative) through the emergency com
munication channel. All incoming data are recorded in the system log and can be 
recalled or printed on demand. The log (database) can be filtered by various param
eters (Query). By its means the information regarding the vehicle(s) or shipment(s) 
can instantly be accessed and documented.
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Digitised or scanned colour maps displayed at the VCC depict country, county 
and towns in different scales. The accuracy of maps has to correspond to the 
accuracy provided by the system as the basis of positioning.

The VCC is available in a number of versions (civil, military, other special).

Vehicular Unit (VU)

The Vehicular Unit consists of:

— control unit (microcontroller or PC based),

— positioning subsystem (GPS receiver),

— communication unit (radio or cellular mobile telephone),

— I/O interface,

— display/keyboard.

Technical features:

— power supply: 12 VDC (8-32 VDC),

— current consumption: 100 mA,

— operating temperature range: -20°C ... +60°C,

— mechanical construction: vehicular unit is a microcontroller version installed 
in a covert way (if needed),

— EMC parameters meet the requirements.

Communications (Table I)

The VCC keeps in touch with the members of vehicle fleet under its control 
through radio or mobile telephone network of which main features are the following:

T able I. The applied communication systems and some of their technical parameters

Communications system Range Repetition time 
of polling

Radio net UHF: max. 40 km app. 2 s
Analogue network mobile telephone Hungary app. 15-25 s
Digital mobile telephone network almost entire Europe app. 15-25 s

Hardware encryption unit can also be used instead of software encryption method 
in order to protect information transmitted between VCC and vehicular units in 
case of high value shipments.
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In case of using GSM-type communications in addition to the normal data trans
mission service its SMS (Short Message Service) feature is also used, which is capable 
to handle a great number of calls promptly without busy signal as compared to the 
normal data transmission mode.

Instruction of the vehicle driver from VCC can be provided with an on-board 
display, simultaneously the vehicle driver can enter and send special individual 
information to VCC by a keyboard.

V e h ic l e  c o n tr o l  c e n t e r  ( V C C )  ( F ig .  2 )

The main functions of VCC are the following:

—  Initiate vehicle polling,

— Process messages from vehicles:

— reception,
— store,
— display vehicle positions overlaid on electronic maps
— evaluate and react actions reported.

The VCC is a computer network which consists of map workstations and com
munication units in the numbers appropriate to the requirement. The communica
tion workstations handle and manage communication lines, while map workstations 
process and display incoming data.

Individual workstations of VCC are interfaced through local area network. The 
number of communication and map workstations connected to the network depends 
on the number of tracked vehicles as well as on the mission to be accomplished.

C o m m u n i c a t i o n s  W o r k s t a t i o n  ( C W S )

The function of CWS is to process incoming communication channels and to 
distribute and store incoming data. Its elements may vary in accordance with the 
actually used type of communications that are:

—  semi-duplex radio transceivers,

—  analogue radio telephones,

—  GSM-type radio telephones, and

—  modems connecting wire communication lines.

The programme of CWS provides for the operators working at the Map Worksta
tions (MWS) the access to modify and change vehicle callsigns and polling frequency 
according to priority order.

CWS cyclically calls (polls) vehicles under its control in accordance with preset 
priorities, and stores incoming data given as response in the database of the system.
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Fig. 2. Vehicle Control (Dispatcher) Centre (VCC) block diagram

Data in the database are stored on a daily basis. Each day a new file is generated. 
All workstations have access to the central database.

The operation range and the time required for polling a vehicle is depending on 
the use of communication system (Table I).

If the vehicles are allowed to call VCC (e.g. need alert, service, etc.) a separate 
channel (line) has to be provided at the VCC that the system cannot use for other 
functions.

In case of an incoming alert the CWS automatically sends a noticing message 
to the MWS to which the particular vehicle belongs, or, if the particular vehicle is 
not specially dedicated to any of them, to all MWSs. Having processed the alert 
interrupt the CWS continues with the cyclical polling.

If the GSM system is used for communications, its SMS function can be used, 
which is capable to handle a great number of calls without busy signal as compared 
to the normal data transmission mode.

Through the SMS function a digital message can be sent from the VCC to the 
optional display of the vehicular unit to provide information to the driver.

Transmitted information can be protected on demand against unwanted moni
toring that may be especially important in case of tracking and safeguarding high 
value shipments.

Map workstation

The function of MWS is to display on electronic maps the position of vehicles 
at any time. The displayed map also shows information necessary to the navigation 
of the vehicles from the VCC.

The used software at the graphic stations varied according to the mode of in
stallation. Nevertheless, there is a common feature for all applications, and that is
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data generated by the vehicles have to be displayed on map background.
Due to the contract entered into with the Cartographia Ltd. our corporation 

has digital maps, which can be generated by:
—  scanning, or

—  digitisation.
The map of Hungary and Budapest are digitised at three scales, providing an 

overview, a coarse and a fine scale map. By the coarse scale a county (district) is 
depicted, while the fine scale map shows street names as well.

The map database can be expanded according to the needs, e.g. by the maps of 
large towns, specific regions (Lake Balaton, etc.).

Vehicle symbol (mark) attributes are shown on the map in actual set-up and 
with appropriately defined colours and numbers. Vehicle allocation to a workstation 
can be changed.

Vehicular unit (Fig. 3)

The functions of VU are the followings:
1. Define by means of GPS the navigational data (position, speed, time) and 

to collect, and store data, generated by other sensors installed on the vehicle 
(alert, battery voltage, engine status, vehicle direction to North, etc.) and log 
various events.

2. Upload data to VCC.

3. Receive and process messages and instructions given by VCC.

4. Transmit (report) irregular events (alert triggered, etc.) to VCC via stand-by 
communication channel.

5. Provide log reading access.

6 . Vehicle driver message compilation for and transmission to VCC.

7. Data encryption (optional).

8. Vehicle navigation support (optional).

9. Self diagnostics.

VU configuration 

The main components of VU are the following:
—  control unit,

—  GPS antenna

—  communication equipment,

—  display and keyboard (optional).
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<—> 4  GPS antenna

DGPS vevő

Wheel sensor

GPS vevő

Opt.sensors

PC/rmferoctrl MODEM Comm. unit.

Control Unit ■¥ Opt. controls

Display I keyboard

Fig. 3. The block diagram of VU 

The operation of VU

Having turn-on the VU and completed the self diagnostics the VU begins its 
operation with the last generated parameters set by VCC. The VCC is capable to 
set the parameters of the Control Unit through telephone. As a response to the 
query command of VCC the VU sends its position and other status information to 
VCC.

In case of an irregular event — upon the occurrence of certain conditions spec
ified and preset by VCC — the VU may initiate contact.

One VU may store four telephone numbers to dial sequentially in case of alert 
event until it successfully establishes contact with VCC through one of them. If a 
contact is broken the VU initiates re-dialing to re-establish contact.

In terms of its configuration the VU may be:

— PC based,

— microcontroller based.

The control unit of VCC has eight input and eight output ports that are capable 
to receive status indication, and output control signals.

Features of the central control programme of VU :

— self diagnostics,

— GPS processing,

— communication management (accept, initiate, break calls),

— selective processing of digital sensor inputs,

—  use digital outputs at will,
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Fig. 4. 16 key keyboard and 4x20 character LCD display

Table II. The technical parameters of the keyboard and the display

Dimensions: 115 mm x 70 mm x 35 mm
Mass: 150 g
Operational temperature range: -20° C . . .  +60° C

—  secure (encrypted) data transmission (optional),

—  configuration from VCC.

Communiocations equipment

The following systems can be used as communication equipment:

—  standard radio telephone,

—  cellular phone, both:

— data, and
— SMS mode,

—  any other own-supplied radio links.

Display and keyboards

On the optional display status information in connection with the vehicle, the 
information sent by the VCC can be visualised (Fig. 4, Table II).

Communications

The communication channel between the VCC and the VU is a very important 
element of all vehicle tracking systems. It serves the following functions:

—  transmission of query commands from VCC to the appropriate vehicle,
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— transmission of requested data from the VU to VCC,

— transmission of alert events and their additional information data on the ve
hicle to VCC through contact initiated by VU,

— query and reception of correction data in case of DGPS applications,

— duplex message exchange between VCC and VU operators, etc.

Short description

The reliability and quality of communication channel have impact on the perfor
mance of the entire system. The following communication equipment are advised 
for use with the vehicle tracking systems:

1. Direct radio links
By means of direct radio links polling time better than Is can be achieved for 
a station with the polling method. During this period polling control data 
and DGPS correction data — provided that DGPS is used — are output, and 
the position, status data and other information used for the control of the 
station addressed are received in response.
Using a 10 W output power transceiver operating in the 160 MHz frequency 
band, on an almost plain terrain, about 10-40 km operational range can be 
achieved, depending in a great extent on the actual terrain conditions.

2. Radio link using radio relay station(s)
By a radio net extended by radio relay stations with higher power transmit
ters a significantly larger area cover can be achieved, due to their optimal 
dislocation, than described in the 1st paragraph. Due to the relay hops the 
time for transmission-reception may increase in a small extent.

3. Radio telephone with analogue transmission
The analogue transmission telephone channel is a very effective system as a 
communication channel in vehicle tracking. One of its main advantages is the 
extensive national coverage. The radio telephone is connected to the vehicular 
controller through an interface providing dialling functions and contains the 
modem. The polling time in this case is much longer as compared to those 
provided by radio sets. The fastest achievable polling time is app. 15-25 s for 
each station.

4. GSM-type radio telephone
Communications channel through GSM-type radio telephone is of

— high speed (9600 baud),
— secure (encrypted),
— almost the entire Europe can be covered (roaming).
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When using GSM-type communication system its SMS (Short Message Ser
vice) function is also used, which is capable to process promptly great number 
of calls without outputting busy signal as compared to that of the normal data 
transmission mode.
The length of messages are limited, thus longer data blocks can be transmitted 
by increasing the number of messages.
As it can be seen in this summary, our development work provide solution 
on the field of moving object tracking system, the solution could be found. 
In the next development stage the corporation will establish the Hungarian 
Differential GPS service to help the endusers to reach higher accuracy in 
positioning.

References

European Broadcast Union, Working Group FM of the European Radiocommunications 
Committee, 1996, 1-37.

European Commission, 1996. Building the Information Society: The Telematics Applica
tions Programme

Hargitai R 1997: Járműkövető és navigációs rendszerek a nagyvilágban és Magyarországon. 
Közlekedéstud. sz. (in press)

RAND, Critical Technologies Institute, 1995. The Global Positioning System. Prepared 
for the Executive Office of the President Office of Science and Technology Policy

A c ta  Geod. Geoph. Hung. 33, 1998



A c ta  Geod. G eoph . H u n g .,  Vol. 3 3 (2 -4 ) ,  p p • 2 4 7 - 2 5 7  (1 9 9 8 )

A U N IF IE D  A P P R O A C H  TO R E A L -T IM E  IN T E G R IT Y  
M O N IT O R IN G  OF SIN G LE- A N D  D U A L -F R E Q U E N C Y  

G PS A N D  G LO N A SS O B SER V A TIO N S

C D de Jo n g 1

[Manuscript received January 16, 1998]

Real-time integrity monitoring of observations from GPS and GLONASS is be
coming increasingly important in the field of navigation and positioning. A proce
dure is developed for the integrity monitoring of single- and dual-frequency code and 
carrier observations from a single receiver. The integrity monitoring procedure is 
considered independent of the application for which the data will be collected and 
therefore requires no external input, such as satellite and station coordinates and 
velocities, meteorological parameters, etc. It is shown that even without using this 
external information, it is possible to identify cycle slips as small as one cycle in 
real-time.

K eyw ords: GLONASS; GPS; hypothesis testing; integrity monitoring

1. Introduction

As was indicated by de Jong (1996a), real-time integrity monitoring of GPS 
code and carrier observations is becoming increasingly important for a variety of 
applications, ranging from navigation to high-precision monitoring of geodynamic 
phenomenae.

By de Jong (1996a,b), a procedure was developed for the real-time integrity mon
itoring of dual-frequency GPS code and carrier observations. This procedure was 
independent of the application for which the data may have been collected and did 
not require any external information on station and satellite coordinates, velocities 
and clock behaviour and tropospheric effects. The procedure has been implemented 
on the stations of AGRS-NL, the permanent GPS array in The Netherlands (de Jong 
et al. 1994). For single frequency GPS code and carrier data, a separate integrity 
monitoring procedure has been developed, (de Jong 1996b). It is the purpose of 
this contribution to use a unified approach, resulting in the integrity monitoring 
procedures for both single- and dual-frequency code and carrier observations. The 
procedures are applicable not only to GPS, but also to GLONASS observations.
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2. Testing and reliability

The real-time integrity monitoring procedures for single- and dual frequency ob
servations as derived by de Jong (1996a,b), are based on the recursive Kalman filter 
(Kalman 1960), and the DIA-procedure (Teunissen 1990). The DIA (Detection, 
Identification, Adaptation)-procedure is also recursive and parallels the Kalman 
filter. The test statistics, associated with this procedure are based on the filter’s 
predicted residuals, defined as the difference between actual and predicted observa
tions.

The vector of predicted residuals at time к  is denoted by the m -vector Vk, with 
corresponding covariance matrix Q Vk. Under the null-hypothesis, the expectation 
of Vk is zero. The alternative hypothesis describes the case model errors Vu* are 
present in the predicted residual. Here we will be dealing only with observation 
errors, which are assumed to be either outliers or integer cycle slips. The m-vector 
Vu*, can be parametrised as Vu*, =  C^V^, where Ck =  (ci сг . . .  сь)к is a known 
m  X b (b <  m )  matrix and V fc =  (Vi V2 . • • V j)^ is an unknown vector.

The above-mentioned DIA-procedure consists of the following steps:

1. Detec t i on :  An overall model test is performed to diagnose whether unspecified 
model errors have occurred.

2 . Ident i f icat ion:  After detection of model errors, identification of the potential 
source of these errors is required. This implies a search among the candi
date hypotheses for the most likely alternative hypothesis. This is done by 
examining the LS (Local Slippage)-test statistics, corresponding to each of 
the considered alternative hypotheses. For single model errors (b =  1, i.e., 
Ck  =  Ck), the LS-test statistic is given by:

3. Ad ap ta t i on :  After identification of an alternative hypothesis, adaptation of 
the recursive filter is needed to eliminate the presence of biases in the state 
vector.

The size of the model error V, that can be detected with probability 7  (the power 
of the test) with the one dimensional test statistic (1), is known as the Minimal 
Detectable Bias (MDB) (Salzmann 1991). For chosen reference probabilities an 
(the probability of rejecting the null-hypothesis when it is actually true) and 70 
(the probability of rejecting the null-hypothesis when an alternative hypothesis is 
true), the non-centrality parameter Aq is given by:

( 1 )

A0 =  A(a =  Q0, b =  1, 7  =  70). ( 2)

The expression for the MDB reads:

(3)
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MDBs provide an important diagnostic tool for inferring how well particular model 
errors can be detected; they are referred to as the internal reliability of a system. 
In Section 6 , the suitability of the models, developed in Sections 3-5, for cycle slip 
detection, will be judged by the sizes of their corresponding MDBs.

3. Observation equations

The integrity monitoring is based on the following observation equations for 
a carrier observation ф and a code observation C  (both expressed in meters) at 
time к :

фк — Lk +  c5r t k — Ik +  A N  +  6ф 
Ck =  Lk +  cSr t k +  Ik +  S c

where:
Lk -  sum of the geometric distance Qk between receiver and satellite, the 

satellite clock bias 6s t к and the tropospheric effect A7V

Lk =  ßk +  cSs t k +  A T k (5)

c -  speed of light
Sr tk -  receiver clock bias
Ik -  ionospheric effect
N  -  constant carrier ambiguity
6ф, S c  -  combined transmitter and receiver delays (these delays change very

slowly with time, cf. (Coco et al. 1991, Sardón et al. 1994); therefore 
they will be assumed constant for a satellite pass of several hours)

A -  wavelength of the LI or L2 carrier. For GPS, these carriers are the
same for all satellites (/i =  1575.42 Mhz, f 2 =  1227.60 Mhz); for 
GLONASS they are satellite dependent, but close to each other and 
the GPS frequencies: for satellite n (n =  1 , . . .  ,24): / i ,n =  1602 +
0.5625n Mhz, f 2,n =  1246 +  0.4375n Mhz.

Note that the receiver clock bias Sr t k is the same for all satellites, observed at 
time k.

4 .  Dynamic models

In the following, it will be assumed that the ionospheric effect can be described 
sufficiently accurate by its first order approximation:

I к =
40.3T ECk

P ( 6 )

where TEC* is the Total Electron Content at time к  and /  is the frequency of one 
of the carriers. In this case the relationship I i 2,k =  к ! ы , к  holds, where:

k =  ( / i / / 2)2 . (7)
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Table I. Receiver tracking scenarios. Cn (n = 2,3,4,5) refers to 
code-correlation, X4 to cross-correlation tracking

No. of obs
Carrier 

LI L2 C/A
Code 

Pl P2 P2-P1 Identifier

2 X _ X — — C2
3 X X X - - C3
4 X X - X X C4
4 X X X - - X  X4
5 X X X X X C5

Since the difference between kgps and «glonass is of the order of 0.4% (kgps =  
(7 7 /60 )2 и  (9/7)2 =  /̂ GLONASS for all satellites), к  will be assumed the same for 
both systems.

The ionospheric effect is a function of time (and place). The dynamics of the 
actual effect and its time-derivatives will be modelled by a Taylor’s series expansion:

"1
\  m M -i TU)
^  ( j - г ) !  k~: = i  u  '

i — 0 , . . .  , nj ( 8)

with corresponding system noise matrix Qf., characterised by its spectral density 
q ( m + 1)̂  which hag dimension m2/ s 2ni+1.

A similar model can be set up for the parameter L

^  K k - i

h  и  -  *)!
L U)

k- 1 i  =  0 , . . .  , n L . (9)

The spectral density, characterising the system noise matrix Q%, is given by q(n^ + l > 
and has dimension m 2/ s 2nL+1. It will be assumed that til > n/.

5. Measurement models

A total number of five basic observables are available from the GPS and 
GLONASS satellites: two carrier (LI, L2) and three code (Pl, P2, C /A ) obser
vations. In addition, for GPS with anti-spoofing switched on, a derived code ob
servable, consisting of the difference between the encrypted PI and P2 signals, may 
be constructed. In practice, most receivers output only a subset of these observables. 
The receiver tracking scenarios considered here are summarized in Table I.

Using Eqs (4), (8 ) and (9), the measurement model for one satellite at time k, 
assuming all five observables are available, reads:
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This model is not of full rank: it is not possible to separately estimate all param
eters on the right-hand side, not even when more than one epoch of data is available. 
The first step in making it regular is by applying the parameter transformation:

(  S* \

s l n,)
c(n/ +1)

c("t)
h , k  

h  ,k 
I3 ,k

\
т(п‘)1k
Д

(  1 0 0 1 0 \
0 In i 0 0 In i
0 0 In L- n i 0 0
0 0 0 1 0
0 0 0 1 0
0 0 0 1 0
0 0 0 0 In ,

V  0 0 0 0 0 /

(  L
LM

£,(«/)

£,(«/ + !) I
ЬЫ)

I
1 ( 1)

+

V i{n,)
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+
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_ 0̂1 ' -őc.

Зф2 Ĉj 
К - f  1

(  0  \0

0
0

0
+ AiJV,

2

Л2Îb.
K  +  l

0
0

0
V  0  )

(И)

Дс2 -^ 1  
к —1

о

о
V ^Сс /л ~  ^Сх )

Since the carrier ambiguities and the combined transmitter and receiver delays are 
constant, the system noise matrix Qk  of the transformed time-dependent parameters 
follows from applying the propagation law to the original matrices:

Q L
Q ’

Qk = T ( 12)

Transformation (11) results in the measurement model:

01 
0 2  

c 2

V  ° C / A

(  1 0 
1 0 
1 0  
1 0  

V  1 0

0 \  
0 
0 
0 

0 )

(  s  \

V s <"*■)

+

+
- 2 0 0 0 . . .  0 0
0 - ( «  + 1 ) 0 0 . . .  0 0
0 0 к  — 1 0 . . .  0 0

V  0 0 0 0 . . .  0 1 /
h ,k \
h ,k / 1 \
h ,k 1
4 1} +

JL
1 Őr tk
1

/ im )
1h V 1 )

(13)

V  A /
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or:

Ук =  Axx\,k + A2x2,k + B8rtk . (14)

In many cases, the stability of the internal receiver oscillator is such, that no 
dynamic model can be developed for it. Therefore, the second step of the régulari
sation deals with the elimination of the receiver clock bias Sr tk- We distinguish two 
cases:

1. Assume that at time к  a number of n s v  satellites are being observed. The 
receiver clock bias is the same for all satellites and all observations. Therefore, 
it can be eliminated by subtracting one observation from the remaining ones. 
The choice of this reference observation is arbitrary. For example, by selecting 
the first observation in Eq. (13) of the last satellite as reference and using the 
partitioning:

A 2 =  { Q A ' T2 ) T  B  =  { \ B ' ) t  y k = ( C i  y ' T ) T  

the measurement model becomes:

(  A  \
(  y 1 — B C XSV \  /  A i  A 2 \

y n s v - l  _  B C XSV

\  y ' n s v  _  B >C n s v  j

A 1 A 2
a '2 /

where:

(15)

j n s v - l

nsv — 1

V x2sv / к
(16)

т ' г — т *  _  r n s vJb j — JU ̂  Jb j * =  ! ,• • •  , n s v  -  1 • (17)

Since the reference observation appears in all transformed measurements, 
mathematical correlation between the observations is introduced and all data 
from one epoch has to be processed together. A difficulty with such an epoch 
approach is the incorporation of new satellites in the integrity monitoring 
procedure, see (de Jong 1996b), in which also a solution to this problem is 
given.

2. In this case, rather than using an epoch approach, a satellite approach will 
be used, i.e., data from each satellite will be processed separately. Selecting 
again the first observation in (13) as reference, but now separately for each 
satellite, and subtracting it from the remaining ones, yields n s v  measurement 
models of type:

( у ' - В ' С ы ) к  =  А'2х2Л. (18)

Note that for n s v  =  1> the first and second approach are identical.
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N u m b e r  o f  s a t e l l i t e s

□  C 3 
Ш С  4

□  X 4

□  C 5

Fig. 1. LI (top) and L2 carrier MDBs for the epoch approach

Fig. 2. LI and L2 carrier MDBs for the satellite approach
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Fig. 3. LI carrier MDBs for the satellite approach as a function of the observation interval

Fig. 4. LI and L2 carrier MDBs for the case a dynamic model can be used for the receiver
oscillator

6. Numerical results

Using the models derived in the previous sections, design computations were 
performed to compute MDBs for the five scenarios given in Table I. Default param
eters used for the computations are given in Table II and are based on values given 
by Jin (1996) and de Jong (1996b).

As can be seen from Fig. 1, for the epoch approach it is always possible to 
identify cycle slips as small as one cycle in the carrier observations, provided the 
number of simultaneously observed satellites is greater than one (in case the number 
of satellites is equal to one, the epoch approach reduces to the channel approach, 
which will be discussed below). However, this is only true if the observation interval 
is sufficiently small. For greater observation intervals, the MDBs increase rapidly, 
due to the relatively large value required for the spectral density q^n^ + l ) . It also 
follows from Fig. 1 that, as long as the number of satellites is greater than one, the 
MDBs do not depend on the actual number of tracked satellites.

For the satellite approach, the MDBs are less than one cycle only for dual-
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Table II. Default parameters for the computation of MDBs

Standard deviations (m)
<tn 0.0019 n, + 1 2 ao 0.001

02 0.0024 g(ra/ + l) 10- 8  m2 /s3 ßo 0.80
Cl 0.35 " t  + 1 3 Ло(ао, l,ßo) 17.05
c 2 0.50 q(n L+l) 10- 3  m2 /s5

Cc/A 100
Cp2 -p i  0.61<*> Obs. interval 1 s

St. dev. a computed as: <xcp2-pi = \JaCi "l" ac 2

frequency data, see Fig. 2. However, this approach has the advantage that it is 
less dependent on the observation interval, as is shown in Fig. 3 for the LI carrier 
MDBs, and that it does not depend on the number of tracked satellites.

Finally, it is interesting to compare the above results to those for the case the 
receiver is connected to a stable oscillator. In that case, the receiver clock bias can 
be combined with Sk of Eq. (11), using the transformation:

S l  =  ( l » ( sSr t ) i  (19)

resulting in n s v  measurement and dynamic models of type (14), but without the 
part which applies to the receiver clock bias, and (8 ) and (9), for which a satellite 
approach can be used when processing data or computing MDBs. Due to the 
presence of the parameters (S' . . .  S^nL )̂ k , this approach also requires a small
observation interval. Using the input parameters of Table II, the resulting MDBs for 
all five scenarios are given in Fig. 4. Comparing Figs 1, 2 and 4, it can be concluded 
that, except for scenario C2 of the satellite approach, there is not much difference 
in the MDBs resulting from the three approaches. Thus, a stable oscillator does not 
provide a significant contribution to the integrity monitoring. On the other hand, 
since a satellite approach can be used for processing the data, the computational 
model is less complex when processing single-frequency data.

For the MDBs of code observations (not shown here), there are no significant 
differences between the three approaches. For each approach, the MDB of a code 
observation is approximately equal to \До times its standard deviation.

7. Conclusions

A procedure has been developed for the real-time integrity monitoring of single- 
and dual-frequency GPS/GLONASS code and carrier observations. The procedure 
does not require any external information regarding station and satellite coordi
nates, velocities and clock behaviour and tropospheric effects. Five different re
ceiver tracking scenarios were considered: one for single-, four for dual-frequency 
data. When processing the data using an epoch approach, the carrier MDBs for all
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five scenarios are at the cm-level, which allows for the identification of cycle slips as 
small as one cycle. However, epoch processing requires a small observation interval, 
and at least two simultaneously tracked satellites for single-frequency data. When 
a satellite approach is used for processing the data, only for the four dual-frequency 
scenarios are the MDBs at the cm-level. Comparison of the MDBs of the developed 
procedures with those of a procedure in which a stable receiver oscillator is assumed 
available, did not reveal significant differences.
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The paper defines the / c(x)-supermodel; the error-types of it realize all rela
tive heavinesses of flanks between zero and infinity. Using f c(x) it is possible to 
give a more sophisticated definition for the type distance between any actual error- 
distribution and the Gaussian type.

Keywords: distance of types; even moments of probability distributions; norm 
of deviations or residuals; supermodel for error-types

1. The / c(a;)-supermodel of bell-shaped probability distribution types

Let be defined the following symmetrical and unimodal supermodel (consisting 
of two different parts) denoted by f c(x):

f c (x )  =

p i- i/r
2 • Г(1/р)

r (q /2)

• e

V ^ - r [ ( a - l ) / 2]

- \ x \ p / p

1
(1 +  re2)“/ 2

(oo > p  >  2 ) ; 

(oo > a  > 1).
( 1 )

The index “c” should refer to the fact that this supermodel is “complete” in respect 
of the heaviness of the tails: on the one hand, in case of p  -» со / с(х) tends to the 
uniform distribution without any tails, see Fig. 1 in the present paper (being this 
part of f c(x) equal with the supermodel fp(x) with well known properties, see e.g. 
Tarantola (1987) or the Table at the end of the book Steiner (1991)), — and on the 
other hand: if a is nearer and nearer the unity, the relative heaviness of the flanks 
of the distribution f c(x) increases without any limit (see Steiner 1994), being the 
second part of the supermodel f c(x) equal with the supermodel f a(x) (see e.g. in 
the Table column 1 at the end of the just now cited book Steiner (1991)).

At the first glance f c{x) has a basting character but in case of a —> oo f c(x) 
converges to the Gaussian type, — and we obtain evidently just this type if p  — 2,
i.e., this is the connecting point of both formulae defining together the supermodel 
f c ( x ) .

The two parts of the supermodel f c(x) statistically differ significantly as the 
Lp-norm of the deviation must be minimized if the actual error-distribution can 
be well modelled by the first formula, see Tarantola (1987) or the first column of 
the Table at the end of Steiner (1991), — in the contrary, the minimization of the
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X

Fig. 1. Some density functions of the / c(x)-supermodel characterized by flanks shorter than 
Gaussian ones. For comparison the Gaussian curve is also shown
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Fig. 2a. Flanks of some types of the / c(x)-supermodel shown for the interval (1 < x < 3.5) 
characterized by the curves of / c(x )//c( 1). The limiting case for a —> 1 is drawn with dashed line

-norm is the proper algorithm if the second formula is valid with some a-value 
for the actual errors. Such questions are, however, outside of our scope, at least of 
our present investigations: the goal of the authors was to enlarge the possibilities to 
model different tail-heavinesses. The authors are indebted to Prof. J Verő for his 
idea to strive theoretical completeness in respect of the tails: the so far thoroughly 
discussed supermodel f a {x)  cannot offer distribution types with shorter flanks than 
the Gaussian tail.

To characterize somehow the tails of the / c(x)-types, in Fig. 2a a few curves of 
the quotient f c { x ) / f c ( 1) are shown. To be fully exact, the dashed curve does not 
belong any more to the types of the f c (x)  supermodel being the formula for this 
curve

< 2 >

namely, in case of a  —>■ 1 the density function f a (x)  converges to const. / \ / l  +  x 2 
which is no probability density function (for a more detailed discussion see Steiner
1994).

If it should be characterized more types than in Fig. 2a, e.g., between the 
Cauchy- and Gaussian type-interval the important statistical type (for a — 5), 
too, the quotients f c(x  ■ Q ) / f c{ Q ) are shown for x  >  1 in Fig. 2b. Q  means the
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1 1.5 2 2.5 3 3.5 4 4.5 5

X

Fig. 2b. Flanks of some types of the / c(x)-supermodel shown for the interval (1 < x < 3.5) 
characterized by the curves of f c(x ■ Q) / f c(Q)

actual semi-intersextile range: the majority of data — 66.67% of them — occurs 
in the range (—Q, + Q )  and therefore the parts of the density curves outside of 
this interval can be regarded as tails, characterized on both ends — leftwards and 
rightwards — each by a probability of 1/ 6 .

The above given tail-definition can be justifiedly opposed from a theoretical point 
of view: all types of the / c(a;)-supermodel have the same heaviness (measured by the 
probability of P ( x  >  Q)  =  1 /6 ). Another possibility (without the above mentioned 
drawback) is the following simple definition of flanks: for the x -intervals (—oo < ж < 
—X 1/ 2) and (X1/2 <  x  <  00) f c (x )  gives the formulae of tails for whatever type of 
the / c(x)-supermodel, where x ^ / 2 fulfils the equation f c ( x i / 2) =  / c(0 ) /2  (i.e., 2x i / 2 
is the halfvalue-range, often cited as “Halbwert sbre i t e” in the German literature). 
Consequently, Fig. 2c shows the tails as curves of the quotient f c(x  • £ 1/ 2) / f c ( x i / 2) 
beginning at x  =  1. It is important that accepting this tail-definition not only the 
visualization is more complete (as the limit case a  -> 1 can also be shown once more 
as in Fig. 2a by dashed line) but also the heaviness of the tails can be characterized 
by the probability-value of P { x \ / 2 <  x  < 00) (see column 7) in the Table I at the 
end of the present paper where these values vary between zero and 0.5). — One 
can probably best observe the continuously increasing tails and their continuously
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X

Fig. 2c. Flanks of some types of the / c(x)-supermodel shown for the interval (1 < x < 3.5) 
characterized by the curves of / c(x • X1/ 2 )/Jc(*1/ 2 )- The Gaussian flank is drawn with thick line, 

the limiting case for a —> 1 with a dashed one

varying “fashions” on this Fig. 2c, avoiding clumsy intersections of curves shown in 
Fig. 2b.

2. Even moments of probability distributions of / c(x)-type

For distributions characterized by their density functions f ( x ) being symmetrical 
to the origin, the r-th central absolute moment m T is defined as

m r

and if r  is an even number, obviously also

m T

(3)

(4)

can be written.
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Even moments can be calculated in case of f ( x )  =  f c (x)  as

(a-

Pr/p ■ Г[(г +  1)/р]/Г(1/р)
1 ■ 3 • 5 • . . .  • (r -  1)

3)(o — 5) (a — 7 ) . . .  [a -  (r  +  1)]

(oo > p  >  2 )

(oo > a  > 1 , a  > r  + 1) , (5)

see Eqs (23) and (14) by Hajagos and Steiner (1994). In the same paper the following 
dimensionless quantities are defined (see Eqs (25) and (26)):

b 4,2  —
ГП4

3rri2 ’ ( 6)

Ьв,2 —
m 6

157712
(7)

If the flanks of the / c (^-distributions are heavier than the Gaussian tails, it follows 
from Eq. (5)

&4,2 —
a  — 3
a  — 5 ( a >  5), ( 8)

and

be,2 —
(a -  3 ) 2

(a — 5) ■ (a — 7)
(a > 7). 0 )

Both expressions tend to the unity if a —> oo, i.e., in the Gaussian case. For the 
Jeffreys-distribution, however, 64,2 =  3/2  and be,2 =  9/2 hold; being both values 
significantly greater than the unity, the quantities 64  ̂ and be,2 turn out to be 
sensitive characteristics for detecting the heaviness of the flanks. It is easy to verify 
on ground of the first expression of Eq. (5) that in the range characterized by the 
first formula of Eq. (1)

and

&4,2 —

be,2 —

Г(5/р) • Г(1/р) (10)
3-Г2(3 / р )

Г(7/р) • Г2 (1/р)
(11)

15 • Г3(3/р)
hold, decreasing to the values 0.6 and 0.2857, respectively.

A more detailed treatment and particularly the practical application can be 
found in Section 4 of the present paper.

3. T yp e-d istan ces from  th e  G aussian typ e

The general definition of type-distance was already given by Hajagos and Steiner 
(1994b) by the Eqs (2) and (1). If we are, however, interested only in the type- 
distance between some to the origin symmetrical probability distribution (this is 
fulfilled by all types of the supermodel f c {x) )  and the Gaussian type, the general 
definition simplifies to

D ( * , F ) =  ins f  I  SUx P [|Ф(0,1;аО —F (0 ,S ;* )|]J  . (12)
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S  means the parameter of scale, Ф the Gaussian distribution function, and for both 
distribution T  =  0 holds (being T  the parameter of location, i.e., in our case the 
symmetry point).

The flanks play significant role in the distance-value D ($ ,F )  but this value — 
being always positive unless it is F  =  Ф — does not inform us whether F  has heavier 
or shorter tails than Ф. This is, however, of crucial importance for the practitioners: 
both / c(a:)-types for a  =  5 and for p  =  10/3 are in just the same distance of 0.016 
from the Gaussian type, and we know only on ground of Figs 2b and 2c that the 
latter has shorter flanks than the Gaussian distribution, in the contrary, the other 
has significantly heavier ones. To make distinction, let us introduce the following 
short notations:

D  =  D(4>,FC) (13)

if the tails of f c{x)  are heavier than the Gaussian ones,

D - = D { < S > , F C) (14)

if the flanks of f c(x)  are shorter than the Gaussian ones (Fc denotes obviously the 
distribution function of f c(x ) ) .

The D - v alues for different type-parameter values of a  are already given by 
Steiner et al. (1995). Csernyák (1995) has shown that the greatest type-distance 
between symmetrical distributions is equal to 0.25 and f n(x)  (and therefore also 
f c{x ) )  tends to this £>max-value if a  —> 1: the range of D  is therefore the interval 
(0; 0.25).

The F “ -values are given as a curve v s  p  from p  =  2 to p  =  50 in Fig. 3a. To give 
information for greater p-values, too, in Fig. 3b the 1/p curve is shown in function 
of D ~ . In case of p  —» oo, i.e., if 1/p 0, D ~  converges to the D ~ ax =  0.04804
value (which is evidently the type-distance between the uniform distribution and 
the Gaussian type); see also the second column of the Table I at the end of the 
present paper.

After the foregoings it seems to be obvious that the abscissa applied in Figs 
4, 5, 6 , 7 and 8 is the most reasonable: the left end, i.e., the beginning point is 
^max =  0.04804, as in this case no flanks exist. Uniformly diminishing £>“ -values 
(with far not uniformly decreasing p-values) characterize error-distribution types 
with increasing tails as far as D ~  =  0, i.e., as far as the Gaussian type (defined here 
by p =  2). In this point immediately links the abscissa on to the D-range, from 
D  =  0 as far as F max =  0.25 (naturally the same scale is used in both parts of the 
abscissa). The heaviness of the tails increases in the whole range from D ~ax as far 
as Z?max; near to the endpoint arbitrarily large relative heaviness can be realized 
(see Steiner (1994) or the last column of the Table I in the present paper).

Neither the definition of a “complete” supermodel in Eq. (1) nor the just de- 
tailedly acquainted abscissa-construction are far not purposes in itself: the efficiency- 
curve belonging to the Тг-погт shown in Fig. 4, e.g., characterizes far more com
pletely this property of the Тг-погт than the earlier published, similar figures. (Two 
comments: at first, the abscissa is finished in Fig. 4 at D  =  0.032 as the efficiency 
is zero for greater D-values; secondly, in this figure are also some corresponding p-
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P

Fig. За. The curve of the D~-distance vs the type-parameter p

Fig. 3b. The 1/p-curve vs the type-distance D

and а-values given but this was made only following introductory purposes; in Figs 
5, 6 , 7 and 8 are these values not any more indicated.)

Naturally the efficiency-curves of other norms are equally of interest. The general 
formula is well known

e =  . ioo% , (15)
A i

where A i  is the asymptotic variance of the actually applied statistical algorithm 
defined as the minimization of the chosen norm of deviations; e.g., if a P^-norm is 
minimized to get the best estimate for the parameter of location T, the following 
formula gives for the / c(x)-types the square of the asymptotic scatter of the T-
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statisticalefficiency

Fig. 4. Efficiency curve of the Ьг-погш from £>max = 0.04804 to D = 0.032 (for greater D-values
e = 0 )

estimates:

/ f c ( x ) d x
\_

00 (fee)2 -  *2

4 2 =  -oo [(fee) +  X ]
1 2

/-oo [(M  +  ж
3 i 272"f c (%)dx

(16)

The value к =  3 is to be substituted in case of the Pj-norm; calculating on the basis 
of the standard P-norm, k =  2, in case of the Pc-norm к = 1 and for the P/t-norm 
к =  1/2 must be substituted (all these are detailedly treated by Steiner 1997).

To calculate the efficiency, the knowledge of the Tm[n-formulae are equally 
needed:

A*min

2 - 2 n i/p) 
P r(2 -l/p)

CL-{-2 
a(a-l)

for the D  -domain, 

for the P-domain
(17)

(see e.g. the Table 5.5 by Steiner 1990).
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statistical 
efticiency (e)

Fig. 5. Efficiency curves for the Mj-, M- and Li-norms (for comparison the h2-curve from Fig. 4 
is also reproduced). Note that the abscissa from £>röax =  0.04804 to Dmax = 0.25 corresponds 
to a continuously increasing heaviness of the tails from zero to infinity. The Li-norm (although 
it is a favourite one according to some papers about modern statistics) do by far not behave 
itself extremely well for bell-shaped error-distributions (its great advantage comparing it with the 

Z/2-norm is, however, unquestionable in point of view of the robustness)

In Fig. 5 the e-curves belonging to the P j -  and P-norm are shown. As in 
the same figure the L ^ - c m v e  of Fig. 4 is also reproduced, it is easy to make some 
comparisons, e.g., for the (till now or poorly investigated) P - -domain. Not too far 
from the Gaussian type it is preferable to use P j  (or quite like P) instead of L2 
as the rates in the efficiencies comparing them to the least squares-efficiency shown 
by the P2-curve are acceptable “charges of insurance” (using the formulation of 
Anscombe (I960)) for the guarantee that accidentally occurring outliers do not cause 
troubles of not negligible (or even catastrophic) degree. It should be mentioned 
that the outlier-sensitivity increases in case of increasing p  by minimizing the L p- 
norm of deviation: say, the data are theoretically distributed according to f c (x)  
characterized by the parameter-value p  =  4 and consequently the norm L p for 
p  =  4 is minimized. It is, however, already a triviality of the modern statistics that 
the lack of resistance against outliers is already unacceptable even if p  equals 2 , i.e., 
using classical statistics in its conventional form.

One of the favourites of the modern statistics is the Li-norm (more exactly 
speaking the minimization of it). Consequently, Fig. 5 shows the belonging efficiency- 
curve, too; using the equation valid for the medians 1/A2 = 4 • f P {x)  (being the 
median the minimum place of the Li-norm), the formulae of are the following:
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Fig. 6 . The 64,2-curve from Ойах = 0.04804 to D = 0.01600 and the 66,2-curve between £>max — 
0.04804 and D = 0.01067 (for greater D-values 64,2 and &6,2 are, respectively, infinite; the thin 
vertical straight lines belong to D — 0.01067 and D = 0.01600 as asymptotes for be,2 and 64,2 , 
respectively. This pair of curves can be used as “master curves” not only by the type-determination 

in the neighbourhood of the Gaussian type but also for detecting the presence of outliers

Г(1/р) • Г(2 -  1 /p )
4 - Г 2(а /2 ) ■ (o +  2)

, 7Г • Г“[(а — 1)/2] • a ■ (a — 1)

for the D  -range, 

for the iD-range.
(18)

Summarizingly (and a little bit vulgarly but enhancing the essence) it is constated on 
ground of the Li-curve shown in Fig. 5 that the Li-norm do not like very much the 
bell-shaped error-distributions. No wonder: the eigen-distribution of the Li-norm  
is of Laplace type, characterized by its peaky density function. (“Eigen-distribution 
of a norm” means that in case of this error distribution type the statistical efficiency 
of the norm in question is equal to 100%.) It should be noticed, too, that the L \ -  
curve tends to zero if D  -> 0.25 (=  Р тах), he., the problems cannot be solved with 
statistical algorithm based on the Lj-norm if the actual error-distribution has very 
heavy flanks. Observe that in this type-domain the P-norm works with an efficiency
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O '  D

Fig. 7. The log HR-curve drawn by thick line for the whole f c(x)-supermodel; RH denotes the 
“half-range” of the standard / c(x)-types (see Eq. (25)). In the Gaussian case we have the well 
known value of 3. RH (and therefore also log RH) tends to infinity if D - t  0.25. In the figures 
the curve of logHRg is shown by thin line, too, (see Eq. (24)); the importance of HRq is limited

only to special problems
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O' D

Fig. 8 . Relative weights of both flanks comparing to the weight of the concentratedly occurring 
data defined by the probability P(—aq/ 2 < x < X1/ 2)

of about 50%, — and just here even the Pj-norm has an efficiency of approximately 
30%, notwithstanding that the same Pj-norm is proposed to be used instead of the 
not outlier-resistent L2-norm even if the error-distribution is of Gaussian type.

4. T yp e-d eterm in ation s in the neighbourhood  o f the G aussian ty p e

Be denoted by Femp that monotonously (from zero to the unity) increasing step- 
function which is constructed on ground of the investigated data set (sample) as the 
“curve” of the cumulative frequencies, i.e., as the empirical distribution function. 
In Section 2.4 in the book Steiner (1997) the following method is proposed for 
type-determination: firstly that (T , S,  a) value-triplet is to be determined which 
minimizes the

D [ F emp, F a( T , S ; x )] (19)

distance and the a-value from this triplet as / n(x) defines the most acceptable type 
to the given sample. (It should be noticed that an a  value can obviously accepted
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only if there are triples-pairs with щ and a  2 values for which the corresponding 
distances — for the moment denoted by D \  and D 2 — are both greater than D,
i.e., the inequalities D \  >  D  and D? >  D  are simultaneously fulfilled: if the program 
looking for the а-value in every step would result in greater and greater a-values, 
it would be an unjustified conclusion that the sample is coming from the Gaussian 
distribution.)

If the minimum distance is greater than 0.04804, this way of type-determination 
does not need any amendment. In the opposite case, however, a distance less than
0.04804 can characterize two distribution-types, the one of them having longer, the 
other shorter flanks than the Gaussian tails. It was already given in Section 3 an 
example: two, very different types of the / c(x)-supermodel — one of them defined 
by a  =  5, the other by p  =  10/3 — have the same D -  and £>_ -value, both being in 
the same distance of 0.016 from the Gaussian type.

One can perhaps say that on the basis of the histogram of the data on the 
monitor one can decide which is the true / c(x)-model from the two types. Surely 
this is one of the possibilities, — but what about cases if the D  or D ~  value is 
very small, i.e., the type of the probability distribution from which our investigated 
sample was coming is very near to the Gaussian type?

The authors propose in the following a more elegant — and in the same time 
more instructive — method for deciding between types having same D -  and r e 
values. This means not less than a more general method for the type-determination 
shall be given.

The reader should remember to Section 2: both formulae for the quantities 
without any dimension £>4^ and &6,2 (see Eqs (6 ) and (7)) give for the Gaussian 
distribution the value unity but by heavier flanks these values are greater than 1 , 
and they are less than the unity in the opposite case. This means that based on 
the even moments it can be immediately decided whether the actual type is in the 
D ~  or in the D-domain. In the latter case the algorithm is unaltered: one has to 
minimize the expression given in Eq. (18). In case of the D ~  domain, however, that 
(T, S ; p )  value-triplet must be determined which minimizes the

distance and the p -value from this triplet as f v (x ) defines the type of that probability 
distribution from which the investigated sample was coming. — In practical cases
64,2 and 6б,2 can be only calculated approximately on the basis of the sample. This 
circumstance, however, makes no troubles as Eq. (4) has for samples obviously the 
form

if the sample contains n  data. It should be, however, mentioned that Eq. (21) 
implicitely supposes: the aq-s are really errors and therefore the data concentrate 
in the neighbourhood of the zero value. In other cases the parameter of location 
(denoted by T)  is to be determined as a first step, e.g., as the most frequent value 
M k  of the Xi data set (the formula for M* see e.g. in the 9-th column of the great

D [F emp,Fp (T ,S - , x ) ] (20)

( 21)
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Table given by Steiner (1990) between pp. 334 and 335). Having the value of T ,  
the formula for even central moments can be written as

the counterpart integral expression is, instead of Eq. (4), obviously the following:

In case of a symmetrical f ( x )  density function, T  is the symmetry point using 
whatever method for the T-determination.

Returning to the more simple Eq. (21) belonging to distributions having its 
symmetry point in the origin, let us suppose that one single outlier Xi of the value 10 
is present in the data set. This outlier causes different surplus values in the moment 
depending upon r: m 2 is increased by 100/п , Ш4 by 104/n  and m e  by the rather 
considerable surplus value of 106/n . Consequently, the 64,2 and £>6,2 expressions (see 
Eqs (6 ) and (7)) increase, too. If we would use only one of both quantities, we would 
not be able to decide if the value got belongs to a pure distribution or to an outlier- 
distorted one (in the latter case evidently an increased D -  or a decreased D _ -value 
would be resulted by using one of the curves of Fig. 6 ). Taking, however, both curves 
into consideration, the question can be answered as in the presence of outliers the 
surplus value in £>6,4 is greater than in 64,2 and therefore the D-value determined on 
ground of 6б,2 is significantly greater than that belonging to 64,2, and obviously the 
opposite is valid in the D “ -domain. — This means not less that — as a side-issue 
— an outlier detecting method is also given. It is, however, more important, that 

one can state that a distribution has heavier flanks than the Gaussian one only if 
the values of 64,2 and be,2 are greater than unity. The authors have checked this 
circumstance in all of their type-determinations — what is prominently important 
near the Gaussian type: this check was naturally made in Section 2.4 by Steiner 
(1997) in case of D  =  0.002.

One should not be anxious about the accidentally poor approximation of the 
theoretical value: type-determinations can be made anyway only if n  is large, see 
Section 5 by Hajagos and Steiner (1994a) where the minimum asymptotic scatter 
is discussed for а-determinations. (The errors committed in mr-determinations are 
detailedly discussed by Hajagos and Steiner (1994c).) For a better orientation in 
Fig. 6 the theoretical curves of b  ̂2 and of i>e,2 are shown (see Eqs (8 ), (10) and 
(9), (11) in Section 2 of the present article); these curves can be useful for the 
practitioners by type-determinations.

( 22)

OO

(23)
— OO
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5. Half ranges of the / c(^-distributions

One of the oldest rule of thumb in the practical statistics is the following: the 
data are expected to be in the interval (-3, 3) if the random variable has a standard 
Gaussian distribution. The half range (denoted by H R )  is therefore 3, and this is 
to be multiplied by the scale parameter S  in non-standard cases.

Being Ф(3) =  0.99865, the probability of being data outside of the interval (-3, 
3) is 2 • 0.00135 =  0.0027 and therefore the given value H R  =  3 can be accepted. 
Some opportunism is namely unavoidable not only at the Gaussian type but also 
in case of all / c(a;)-types: it is easily verified on the basis of Eq. (1) that all f c (x)  
have definitely greater values than zero in the whole (open) interval of (—oo <  x  <  
+oo). Accepting, however, for the half range value (as a generalization of the just 
mentioned rule of thumb) the following definition:

OO

Q—  f  f c ( x -  d x  =  0.00135, (24)
0.9674 J \  0.9674)  v '

h r q

(for the standard Gaussian distribution Q =  0.9674 holds), the possibility of a quick 
orientation about the ranges of different f c (x)  distributions is already given using 
that H R q -value which fulfils Eq. (24). Remembering, however, to Section 1, more 
precisely to the statement belonging to Fig. 2b, namely that in this way all f c (x)-s  
have the same flank-weight of P  =  1/6, this circumstance makes the adequacy of 
this definition given in Eq. (24) questionable: it is just therefore that H R q  was 
written in Eq. (24) instead of H R .  (If a  is near to the unity, a considerable part 
of the flanks in the interval ( - Q ,  Q)  may lay, too.) As the densiest values are 
expected always in the interval of the “H albw er t s b re i t e” (—aq/2 <  x  <  aq/2) (see 
once more Section 1), belonging to Fig. 2c, it seems to be more adequate to accept 
the following definiton for H R :

OO

X l/2 [  f c ( x -  X l ' 2 ) d x  =  0.00135 (25)
1.17741 J  Jc V 1.17741/ v '

HR

(note that for the standard Gaussian case aq/ 2 =  1.1774 holds). If D ~  —» 0.04804, 
H R  tends to a minimum H R - v alue and in case of D  —> 0.25 H R  tends to infinity. 
Because of the latter, logarithmic scale is used in Fig. 7a and Fig. 7b on the ordinate. 
The thick H R -curve belongs to the definition given in Eq. (25), the thin one to 
Eq. (24). Also the half-range H R q  can in special cases be of interest (having, 
however, H R  the priority), therefore the H R q -curve was shown in Figs 7a and 7b, 
too, but drawn only with thin line.

At the end it is usable to give also some numerical values both for H R -s and for 
H R q -s. In the same time it is advantageous if not only the p-  or а-value definining 
the actual f c {x) are given but also the D ~  or D-typ e-distances, the semi-intersextile 
ranges Q  and the half-value semi-ranges aq/ 2. All of these values are given in Table 
I completed them by the weight of a single flank and by the relative weight of both
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Table I.

Type- 
parameter 
of the actual 
f c (x)  type

p or a

Distance of the 
type / c(x) from 
the Gaussian

D ~  or D

Semi-inter- 
sextile range of 
the standard 
f c{x )

Q

The semi-halfvalue 
width ( “Halbwerts
breite”/ 2 ) of the 
standard f c ( x )

x l /2

Half range 
of the f c ( x ) -  
distribution 
defined by 
Eq. (24)

H R q

p =  oo 0.04804 0.66667 1 .00000 1.44718

p =  200 0.04745 0.68261 1.02497 1.45048
p =  100 0.04686 0.69413 1.04330 1.45758
p = 50 0.04569 0.71288 1.07348 1.47560
p = 20 0.04222 0.75388 1.14049 1.54255
p = 15 0.04031 0.77122 1.16900 1.58440
p =  10 0.03656 0.79922 1.21363 1.67452
p =  20/3 0.03119 И 0.83149 1.25809 1.81946
p =  5 0.02584 0.85747 1.28221 1.97181
Р =  4 0.02088 0.87987 1.29039 2.12984
p =  10/3 0.01619 0.89996 1.28562 2.29311
p =  3 0.01322 0.91240 1.27639 2.40489
p = 5/2 0.00762 0.93563 1.24597 2.63549
p =  20/9 0.00370 0.95192 1.21458 2.80225
p =  2 0 .0 0 0 0 0 0.96740 1.17741 3.00000
a =  9 0.00803 0.36401 0.40808 4.01923
a =  5 0.01601 0.54968 0.56525 5.82538
a =  3 0.03129 0.89443 0.76642 14.6879
a = 2.5 0.04090 1.14128 0.86087 29.5658
a = 2 0.05807 1.73205 1 .0 0 0 0 0 131.701
a = 1.75 0.07241 D 2.52500 1.09917 623.35
a -  1.5 0.09742 5.17880 1.23282 1.491 104
a = 1.25 0.14210 44.179 1.42528 2.246 10s
a = 1.15 0.17276 801.57 1.52916 8.472 1013
a = 1.1 0.19150 3.068 104 1.58945 7.978 1020
a = 1.05 0.21536 1.778 10B 1.65664 6.528 1041
a = 1.01 0.24077 2.587 1047 1.71622 1.87 10209

a 1 0.25000 OO 1.73205 OO

flanks compared with the weight of the concentratedly occurring data (the latter is 
measured obviously by the probability P ( —Xi / 2 < x  < Xi/2)).

Concluding remarks

Ihitialized by a comment of Prof. J Verő, the authors of the present paper 
followed theoretical intentions in their investigation but achieved results which can 
be of importance also in practical point of view:

A) Bell-shaped error distribution types are given as the / c(x)-supermodel char
acterized by arbitraryly short or arbitraryly heavy flanks;
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Table I. (cntd.)

Half range of the 
f c(x) distribution 

defined by Eq. (25)

HR

Weight of a single 
flank measured by the 

probability P(x > X1/ 2 )
(i.e., with P (-x  1/2 < x < x1/2))

P(x > x1/2)

Relative weight of both flanks 
compared with the probability of 
the concentratedly occurring data

P(\x\>x1/2)
P( M<*i/2)

1.17423 0.00000 0.00000

1.17569 0.00095 0.00190
1.18027 0.00191 0.00383
1.19264 0.00384 0.00774
1.24099 0.00981 0 .0 2 0 0 1
1.27224 0.01323 0.02718
1.34212 0.02028 0.04227
1.46355 0.03132 0.06683
1.60489 0.04289 0.09383
1.76752 0.05490 0.12334
1.95369 0.06730 0.15554
2.09228 0.07575 0.17855
2.40868 0.09301 0.22853
2.68502 0.10619 0.26965
3.00000 0.11952 0.31413
4.36355 0.14086 0.39221
6.89478 0.16073 0.47375

20.86223 0.19585 0.64393
47.7052 0.21605 0.76087

277.633 0.25000 1.00000
1.743 103 0.27713 1.24342
7.623 104 0.31733 1.73718
8.474 109 0.38205 3.23905
5 .-405 1016 0.42007 5.25547
1.562 1025 0.44407 7.93975
8.529 1060 0.46946 15.37197

3.430 10256 0.49352 76.16049

0 0 0.5 O O

B) The smooth curves of Figs 4, 5, 6 , 7a, 7b and 8 prove that the / c(x)-types 
continuously vary even in the neighbourhood of D ~  — D  — 0, although in this 
point the formula of the density function f c (x)  changes for a quite different 
one;

C) The method of type-determination is generalized;

D) An outlier-detecting method is given;

E) The practical ranges are given for all / c (^-distributions.
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T H E  R O B U S T  E ST IM A T IO N  OF T H E  2 D -P R O JE C T IV E
T R A N S F O R M A T IO N

J Somogyi1 and J Zá v oti1 

[Manuscript received December 3, 1997]

This paper deals with the robust estimation of coefficients of the two dimensional 
projective transformation using the Li -norm and the iteratively reweighted least 
squares methods.

K eyw ords: L i -norm; least squares; projective transformation; robust estimation

1. Introduction

The rectification of single photographs based on the projective relation of two 
planes (Gruber 1930) is one of the oldest plotting methods in Photogrammetry. 
Besides the graphical and instrumental rectifications one can apply an analytical 
solution too, using the projective transformation. The equations of this transfor
mation express the analytical rectification from one plane to another. In addition, 
the projective transformation can be the functional model solving aerotriangulation 
problem on flat terrains. However, before the advent of electronic computers, nu
merical or analytical methods were not often used in photogrammetric practice. For 
this reason Percy Tham’s pioneering work (1939), in which he gave a block triangu
lation method for pass point determination using the 2D-projective transformation 
is very interesting. Perhaps his work can be considered as one of the first analytical 
photogrammetric methods for the practice.

In these days the digital photogrammetry plays a very important role to solve 
various problems. This new method uses digital cameras and digitized images with 
arbitrary orientation and the digital images can be projectively connected. There
fore, to solve these tasks, methods of linear algebra based on elements of projective 
geometry have to be taken into account (Brandstätter 1996).

This paper gives robust solutions for the 2D-projective transformation in case 
of redundant observations.

2. O verdeterm ined estim ation of the param eters of the 2D -projective
transform ation

The projective relation between two planes can be expressed by the well known 
fractional linear equations:

axx + a2y + a3 _  bxx + b2y + b3
. I 1 ’ V-*-/C\X -fi c2y T  1 С1Ж + С2У + 1

Geodetic and Geophysical Research Institute of the Hungarian Academy of Sciences, H-9401 
Sopron, РОВ 5, Hungary
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where

(.x ,y)T denote the co-ordinates of picture points 
(X, Y ) T denote the co-ordinates of object points 
q T  = (a i,Я2)«3,6i,b2, 63, ci,C2)T are the unknown parameters.

To solve the eight unknown parameters one needs at least four non-collinear 
points. In case of additional points an overdetermined solution can be used to 
estimate the transformation parameters.

2.1 Li-norm solution

After multiplying Eq. (1) by the denominator one gets the following observation 
equations:

V x í  =  — a , \ X i  — a 2 y i  — <23 + C \ X i X {  +  c2 j/iAT, +  X i
i 1, 2, . . . ,  n ,

vyi = - h x i  -  b2yi -  b3 + ciXiYi + ciViYi + Y{

where the number of common points is n > 4.
For Li-norm solution the discrepancy can be defined in the following way:

Qi = \Jv2Xi + v2y. > 0.

One has to find the minimum of the following object function:

( 2)

(3)

Я ч )  =  Ц  вг ■ (4)
1=1

Instead of Eq. (3) we can use the inequality:

\] vl i + vli < Qi (5)

allowing the transformed points to lie inside or on the circumference of a circle with 
radius Q i .

The Eqs (2), (4) and (5) define a non linear optimisation problem which can be 
solved as it shown by Fuchs (1982).

The (yXi, vyi) vectors can be expressed in the form of polar co-ordinates too:

VXi =  Qi COS Ti Vyi =  Qi sin Ti . (6)

Then in case of an arbitrarily chosen A(0 < A < 27r), the following equations 
hold:

nx. cos A = Qi cos Ti cos A
(7)

V y i  sin X —  Q i sin T i  sin A .
After adding up Eqs (7), one gets the following relation:

vXi cos A + vyi sin A = Q i cos {tí — X) < Q i  0 < A < 2тг. (8)
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Hence Eq. (5) can be replaced by an inequality given with (Л G [0.27г]):

-a\Xi cos Л — diUi cos A -  a3 cos Л + c\XiXi cos Л + с2гцХ{ cos Л + Xi cos A+

— b\Xi sin A — b2yi sin A — b3 sin A + c\XíYí sin A + c2yiYi sin A + Y, sin A < Qi
(9)

i =  1 ,2 ,... ,n 0 < X <2ir.

For every point, a finite number of Aÿ (j = 1 ,2 ,... ,  mi) are chosen. Geomet
rically, this means that the circle is approached by a polygon with гпг sides. This 
way, the original non-linear problem is replaced by a linear optimisation problem:

—a\Xi cos A a — b\Xi sin A ÿ — a2yi cos A ij — b2yi sin Aq- — a2 cos Хг] — 63 sin A y

+ Ci(xiXt cos Xij -biiTiSinAjj) + c 2 ( y i X i  c o s  X i j  + y i Y i  sin Xij)-  
- Q i  < - X i  cos Xij -  Yi sin Xij

min
Qi > о t =  l , 2, . . . , n  j  = 1, 2, . . . , m i .

( 10)

The linear optimisation problem given above approximates the original non
linear problem. If the model given by Eq. (10) is considered as a primal problem it 
is possible to give the dual problem, too.

2.2 Iteratively reweighted solutions

a) The generally used solution

After multiplying Eqs (1) by the denominator we get:

—X  = — a\x — a2y — a3 +  c \xX  + c2yX  

-  Y  = -b \x  -  b2y -  b3 + c\xY  + c2y Y .
( 11)

In this model the corrections refer to the object co-ordinates. The correction 
equations in matrix notation are:

( -Xi

0

- x2
0

V 0

0

—*1
0

- x 2

0

Xn

- У  l 

0

- У 2

0

- У п

0

0

- 2/1

0

- 2/2

0

-1

0

-1

0

-1

0 x iX i y iX  1 \

- 1  x\ Y\

0

-1

x2X 2

x2Y2

ViYi

У 2X 2

y2Y2

-yn о

0 x nX n УпХп 

1 xnYn ynln )

(  a\ \  

h  

a2 

b-2 

аз 

Ьз
Cl

\ c 2 J
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- X ,  \ ( VXX ^

- Y i Vyx
- x 2 L,X2

- I 2 + vyi

- x n L'xn
- Y n ) \  "yn /

Let (pXi, pVi) be the weights of the points (Xi, Y{) (i = 1,2 
normal matrix of the least squares model given above is seen in Eq. (13). 

The normal vector can be expressed in the following way:

( 1 2 )

Then the

f  ^   ̂P x j  Z j X j : ^  i i  ^   ̂P x j  V i X j ,  ^  ' P y i  V X i ,  ^  ' P x , X j ,

-  Y , P * Y u  -  ^ P x M X f  +  У,? ) ,  -  Y . P y ^ X i  +  y i2 ) ) 7 ( 1 4 )

For the first approximation one has to carry out a conventional least squares 
solution with weights pXi = 1 and pVi = 1 (i = 1,2 , . ..,n ) , and then from the 
corrections obtained in this way the new weights can be determined (Somogyi and 
Závoti 1993). The iteration must be repeated until the convergence reaches a given 
value.

b) The solution by Percy Tham

In Tham’s model (1939) it is supposed that the image co-ordinates are random 
variables.

Suppose that

sy = b°x + b2y + b3 0 — c°x + c2y + 1. (15)s x  =  а° X +  a 2y  +  a°

The values of the first approximation may be obtained by a conventional least 
squares solution.

The functions X(ai, a2, 03, 01,02) and Y(bi, 62, b3, ci,C2) can be approximated 
by means of a Taylor series:

X = f  +

Y  = 9 +

xda\ , yda2 , da3 sxxdc\ sxydc2
9 ' 9 + 9 92 92

xdb\ , ydb2 , db3 Syxdci syydc2
9 + 9 + 9 92 92

From Eqs (16) one gets the following observation equations:
sxx sxysx — 9X = —xda\ — yda2 — da^ H— — dc\ H— —dc2О в

BY = -xdbi -  ydb-2 -  db3 + ^Ç-dci + ^~dc2 .u u

(16)

(17)
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For points г = 1,2, ,n  the matrix of these ei 
( —x\ 0 — 2/1 0 —1 0

0 —X\ 0 —г/i 0 —1

-  x 2 0 2/2 0 - 1 0

0 — x 2 0 —2/2 0 - 1

\  0 - x n 0 —yn 0 - 1
Let us introduce the following notations:

öL\j — sx 9X^

dYi = sy -  9Yi.
In this case the normal vector can be expressed in the following way:

( ^  ' XidXi, У Xid\ i, У ' UidXi, У  ̂2/idl %, У dXi,

- E ^ > E  %i(sxXi E  ViisxXi + SyYi) )̂ . (20)
To carry out the robust estimation of the 2D-projective transformation an initial 

approximation is needed. To obtain it, a conventional least squares solution with 
weights pXi = 1 and pVi =  1 (i = 1,2, . . . ,  n) is done, and then on the basis of 
corrections obtained in this way the new weights can be determined. The iteration 
must be repeated until the convergence reaches a given value.

Z3L y ,  £i в di вx \  .

X2S- f  У2^
S  у  S y

X 2 f  2 /2 -#
(18)

r  - J L  ЬП Q VnS-f J

(19)

c)  T h e  s o lu t io n  by  T á r c z y - H o r n o c h

In Tárczy-Hornoch’s model (1941) the image co-ordinates as observations get 
the corrections:

^  _  a \ { x  +  v x )  +  a 2 { у  +  V x )  +  «3
Ci (x +  Vx ) +  C2 (У +  Vy)  +  1

( 21)

Y  _  h (x  + vx) + b2(y +  vx) + b3 
ci (x + vx) + c2(y +  vy) + 1

Let us introduce the following approximating values to the unknowns we want 
to determine: a?, a°, a°, b°, b2, c° and c°. These values can be obtained by a 
conventional least squares solution.

After the development of the functions X  (a i, a2, a3, c i, c2 ) and Y  (6i , b2, 63, c i, c2 ) 
into a Taylor series neglecting the higher order terms one gets the following equations 
for the corrections:

sx -  xXé{ + yXc° -  X  = (Xc° -  a°)vx + (Xc° -  a°)uy-

—xda 1 — yda2 — da2 -F xXdc\ + yXdc2

sy -  xFc° + yYc° - Y  = (Y c° -  %)vx + (Yc°2 -  b°2)uy-

-xdbi — ydb2 — db2 + xYdc\ + yYdc2 .

( 2 2 )
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For each point used in the least squares solution, the following equations are 
obtained:

R ii/i + A iq = bi

R 2i/2 + A2q — b2
(23)

R„Hn 4  A„q — b

" R i 0 0 0
 

__
1

’ H i ' A j  ‘ b !  ‘

0 R 2 H - 2

4-
a 2

q =
b 2

0 0 0 R,) _ H n . . b n .

where the unknown vector is: q7 = (01, 61,02, 62, 03, 63,01,02)

(24)

b t

R,

Aj

/  sXi -  XíX íc\  + yiXi(% -  Xi \

\  sy. -  XiYic\ + yiYiC% - Y i  )
(  XiC0, -  oi  X i c \ - o § \

V YiC\  -  6j YiC°2 -  6° )

(- X i  0  - y i  0  - 1 0  X i X i  y i X i  

0  - X i  0  - y i  0  - 1  X i Y i  y i Yi

(25)

The hypermatrix of this problem can be written as:

Ri/ + Aq = b . (26)

The weights (pXi,pyi) refer to the points ( )  (i — 1,2,... ,n).
For the first step of the iteration unit weights are used. In the subsequent 

iteration steps the weights are determined by the given weight-function of the robust 
M estimation.

We can solve the adjustment-model (26) on the basis of Mikhail (1976):

q = (a 7’(RQR7’) - 1AJ 1 AT(RQRT) - 1b , (27)

where Q is the cofactormatrix using the weights pXi and pyi.
The whole process with new weights will be repeated until the iteration reaches 

some given value.
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Table I.

Noise values

p Ah V X i V i X У

m mm mm

1 800 1650 -112.376 --112.859 -0.002 - 0 . 0 0 1
2 1000 3400 -83.244 91.812 0.004 0.003
3 1500 3500 -32.966 95.527 -0.005 0 . 0 0 1
4 1300 1900 -48.833 -70.555 -0.009 0.007
5 1850 2550 4.285 5.100 0.003 - 0 . 0 0 1
6 2400 1800 59.312 -67.706 0 . 0 0 0 +5.998
7 3000 1700 106.776 -70.898 0.002 -0.006
8 3100 3300 92.241 66.577 0.003 - 0 . 0 0 1

Table II.

Normal distribution

Li-norm LS(a) LS(b) LS(c)

P d x d y d x d y d x d y d x d y

m m m m

1 0.001 -0.003 0.017 -0.025 0.018 -0.031 0.017 -0.025
2 0.016 0.015 0.027 0.011 0.030 0.016 0.027 0.011
3 -0.070 -0.014 -0.053 -0.013 -0.054 -0.012 -0.053 -0.013
4 -0.074 0.084 -0.050 0.057 -0.046 0.051 -0.050 0.057
5 0.022 -0.009 0.038 -0.020 0.041 -0.022 0.038 -0.020
6 -0.004 0.023 0.036 -0.034 0.009 0.009 0.036 -0.034
7 -0.013 0.004 -0.031 0.021 -0.010 -0.005 -0.031 0.021
8 0.0 0.0 0.017 0.002 0.014 -0.007 0.017 0.002

3. Numerical exam ple

In this section we present some solutions based on the methods described in the 
previous section.

To demonstrate the applicability of the presented methods, they were applied to 
the Xi, yi values of a simulated 2D-projective transformation consisting of 8 points, 
then noise with normal distribution and a gross error was added. Choosing a = 
± 0.020 mm for the standard deviation of the assumed measurements, 0.060 mm 
was obtained for the acceptable error.

The Xi,Yi,Xi,yi co-ordinates and the x,y  noise values are presented in Table I. 
Table II and III shows the co-ordinate discrepancies after the adjustment and Table 
IV shows the given and estimated values of the transformation parameters.

As it appears from the Tables III and V, when outlyers may be present in the
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Table III.

Long tailed distribution

Li-■norm LS(a) LS(b) LS(c)

p dx dy dx dy dx dy dx dy

m m m m

1 0.0 0.0 0.017 -0.031 0.017 -0.031 0.018 -0.029
2 0.001 0.0 0.028 0.016 0.028 0.016 0.027 0.015
3 -0.088 -0.025 -0.054 -0.013 -0.054 -0.013 -0.055 -0.013
4 -0.081 0.082 -0.044 0.053 -0.044 0.053 -0.044 0.053
5 0.012 -0.013 0.044 -0.020 0.044 -0.020 0.044 -0.022
6 7.796 55.218 8.032 56.759 8.032 56.759 8.068 56.677
7 0.0 0.002 -0.004 0.001 -0.004 0.001 -0.005 0.001
8 0.0 0.0 0.013 -0.008 0.013 -0.008 0.018 -0.007

Table IV.

Normal distribution

Tr.par. Li-norm L5(a) LS(b) LS(c) Given values

a\ 8000.10 8000.19 8000.17 8000.19 8000
(L2 -1100.25 -1100.40 -1100.32 -1100.40 -1100
«3 1799.99 1800.01 1800.01 1800.01 1800
b 1 -3999.50 -3999.14 -3999.28 -3999.14 -4000
b2 7399.66 7399.41 7399.70 7399.41 7400
Ьз 2500.01 2499.99 2499.99 2499.99 2500
Cl -1.499 -1.50 1.499 -1.5 -1.5
C2 1.00 -1.00 -1.00 -1.0 -1.0

Table V.

Long tailed distribution

Tr.par. Li-norm LS(a) LS(b) LS(c) Given values

Û1 8000.10 8000.19 8000.17 8000.19 8000
Û2 -1100.25 -1100.40 -1100.32 -1100.40 -1100
0-3 1799.99 1800.01 1800.01 1800.01 1800
bi -3999.50 -3999.14 -3999.28 -3999.14 -4000
b 2 7399.66 7399.41 7399.70 7399.41 7400
Ьз 2500.01 2499.99 2499.99 2499.99 2500
Cl -1.499 -1.50 1.499 -1.5 -1.5
C2 1.00 -1.00 -1.0 -1.0 -1.0
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data set, the use of Zu-norm and reweighted least-squares methods give satisfactory 
robust solutions. Because the normal equations of the 2D-projective transformation 
are weakly conditioned, it is recommended to choose a larger tuning constant (cut 
off) of the reweighted least squares solution than the acceptable error.
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Wavelet transform originated in 1980’s for the analysis of seismic signals has seen 
an explosion of applications in geophysics. However, almost all of the material is 
based on wavelets over Euclidean spaces. This paper deals with the generalization 
of the theory and algorithmic aspects of wavelets to a spherical earth’s model and 
geophysically relevant vector fields such as the gravitational, magnetic, elastic field 
of the earth. A scale discrete wavelet approach is considered on the sphere thereby 
avoiding any type of tensor-valued ‘basis (kernel) function’. The generators of the 
vector wavelets used for the fast evaluation are assumed to have compact supports. 
Thus the scale and detail spaces are finite-dimensional. As an important consequence, 
detail information of the vector field under consideration can be obtained only by 
a finite number of wavelet coefficients for each scale. Using integration formulas 
that are exact up to a prescribed polynomial degree, wavelet decomposition and 
reconstruction are investigated for bandlimited vector fields. A pyramid scheme for 
the recursive computation of the wavelet coefficients from level to level is described 
in detail. Finally, data compression is discussed for the EGM96 model of the earth’s 
gravitational field.

K eyw ords: data reduction; exact fully discrete vectorial wavelet transform; 
discrete spherical vector wavelets; scale pyramid scheme; vectorial multiresolution 
analysis

1. In troduction

Many problems in geophysics are of vectorial nature and spherical geometry. 
Important examples are gravitational field recovery from gravity measurements, 
magnetic field modelling from magnetic as well as electric field observations, defor
mation analysis of the elastic earth from displacement or stress vectors, wind field 
computations in meteorology and many others.

All these problems mentioned above change their nature when they are seen 
from different spatial and frequency scales. To give a more concrete example, if one 
looks at gravity field determination on the basis of an increasing spatial magnifica
tion and accuracy we have to go from something that is suitably characterized by 
a simple mass point, on astronomical scale, to what is described by a global trun
cated multipole (i.e. spherical harmonic) model at medium scales, down to short 
wavelengths strongly related to the shape of the earth and to irregular masses inside 
the earth’s crust. Thus gravity field modelling as scientific object to be investigated 
in the future may be seen as an interplay between certain stages of frequency and
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space. But this, of course, results into different approximation methods reflecting 
the particular frequency and space scale one is interested in. To be specific, low and 
medium wavelength approximation may be performed by base systems of multipoles 
(i.e. spherical harmonics) which show ideal frequency behaviour, but no space lo
calization. But it is rather inappropriate to model short frequency phenomena by 
non-space localizing trial functions. This is the reason why multiscale techniques 
are becoming more and more important, and their formulation is the content of this 
paper.

W hat we would like to present in this paper is a new concept of short wavelength 
approximation by which geophysically relevant vector fields on the (geo-) sphere can 
be modelled better and better within a mathematical framework, called multires
olution analysis by means of wavelets. The power of multiresolution by wavelets 
lies in the fact that any vector field on the sphere can be obtained by breaking up 
its complicated structure into many pieces at different scales and positions. As a 
m atter of fact, spherical vector wavelets allow us to represent any square-integrable 
vector field /  on the unit sphere fl in Euclidean space E3 (i.e. /  6 12(ÍI)) as a 
sum of expressions Ф = Ф = lZvUj4> that are dilated and rotated copies 
of one vector field, the mother wavelet Ф. The wavelet transform arises naturally 
as a result of an integral reproducing formula (approximate vector identity) that is 
closely related to the theory of vector singular operators. Basically this is done by
forming convolutions P j  (low- 
field /  under consideration in

-pass filter), Rj (band-pass filter) against the 
accordance with the following scheme:

vector

Po(f) PÁÍ) ••• PjU) Pj+l(f) ■■■ /

ГР\ fT\ lT\ m

Vo c Vi ... C V,- c Vj+i • • ■ = 12(П)

Vo + VVo + + J 1 + Щ + ...  = l2(fl)

VIV uv uv uv

M f ) + Ro (/) + + Rj-i{ f) + P j( f) + ...  = /•
In consequence, the vector field is represented by a two-parameter family reflecting 
the different levels of space localization and frequency localization. Wavelets {Ф^} 
and scaling functions {Tj} are related by the so-called scaling equation (which is a 
difference equation in terms of their symbols). Starting from the mother kernels Ф 
and Ф, respectively, the jth  level kernels Ф̂  and Ф̂  are generated by dilation. The 
scale index j  serves at the same time both as a ‘measure for decreasing frequency lo
calization and increasing space localization’. The sequences of convolutions {Ф^*Ф^} 
and {Ф  ̂* Ф^} may be interpreted as a low-pass filter and band-pass filter (Ф is the 
dual wavelet). Фj * Фj * f  may be understood as a version of /  blurred to the scale 
j . It describes the ‘detail structure’ of /  at scale j .  The detail space Wj contains 
the detail information needed to go from an approximation at resolution j  to an 
approximation at resolution j  + 1. The main importance of wavelet multiresolu
tion, however, lies in the fact that only a small number of wavelet coefficients is
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required to deal with local structure and large data sets. This allows compression 
and efficient computation. This also offers the construction of a pyramid scheme 
for the calculation of the wavelet transform. An important feature is that if the 
mother wavelet is suitably chosen, the resulting scale and detail spaces have infinite 
or finite dimensions. In other words, two different types of wavelets are available, 
viz. non-bandlimited and bandlimited wavelets. In case of bandlimited wavelets the 
essential tool for the scheme are integration formulas on the sphere that are exact up 
to a given polynomial degree. Moreover, our vector wavelet concept makes essential 
profit of the rotational invariance on the sphere from which a double simplification 
is attained: First the difficulties originating from the topological structure of the 
sphere which is such that there is no coordinate system free of singularities are under 
control. This is of basic significance in vector theory, where the tangential compo
nents are described in terms of differential expressions namely surface gradient and 
surface curl gradient. Second, the rotational invariance of partial differential oper
ators (e.g. Laplace operator, reduced wave operator, Cauchy-Navier operator etc.) 
characterizing a differential equation in inner and/or outer space is reflected ade
quately on the sphere. The pyramid scheme provides the recursive determination 
of the wavelet coefficients from level to level, starting from an initial approximation 
of a given vector field.

The outline of the paper is as follows: Section 2 begins with the recapitulation 
of vector spherical harmonic theory and exact integration formulas for spherical 
harmonics. In Section 3 scale discrete vector scaling functions are introduced in 
analogy to the approach known from the scalar theory. Section 4 considers scale 
discrete vector wavelets. A wavelet reconstruction formula is proved. Section 5 
presents spherical types of bandlimited vector wavelets (in particular, the orthog
onal Shannon and the non-orthogonal CP-wavelets ). The assumption of both 
bandlimited wavelets and bandlimited vector fields enables us to establish exact 
fully discrete wavelet representations (in Section 6). A pyramid scheme for vec
tor wavelet computation is developed (in Section 7) based on the scalar pyramid 
scheme for bandlimited wavelets. Finally (Section 8) data compression by wavelets 
is discussed for the EGM96 geopotential model of the earth’s gravitational field.

2. Vector spherical harmonics

In all geophysical problems mentioned at the beginning the vector field we are 
looking for is a solution of a certain partial differential equation. To simplify the 
solution of the vector equation on the (geo-)sphere we have to look for ways of de
composing the vector solution into three independent (physically motivated) vector 
fields such that each of them leads to a partial differential equation in a single scalar 
expression (see, for example, Backus 1966, 1967, Backus et al. 1996, Ben-Menahem 
and Singh 1981). As a matter of fact, three conditions must be met for vector 
solutions: (i) The vector solutions must be orthogonal to each other, (ii) One part 
of the vector solutions must be tangential on the sphere and a second solution must 
be normal to it. (iii) The decomposition of the tangential solution is suggested 
by the Helmholtz theorem in terms of a longitudinal component and a transverse
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component. The tangential vector field is decomposed into the sum of two parts, 
one the surface gradient of a scalar function, the other the surface curl gradient of a 
scalar function. The result is a formula for a spherical vector field in terms of three 
scalar fields, which are independent of the coordinate reference system. To be more 
precise, any continuously differentiable vector field on the unit sphere fl C R3 (i.e., 
/  G c ^ f i ) )  may be represented by a decomposition in terms of scalar functions 
F^1) £ C42)(if), i — 1,2,3 such that

(V*-, £*■ are the surface divergence and the surface curl, respectively) and G(A*; -, •) 
is the Green function with respect to the Beltrami operator Д* (cf. Freeden 1981)

G(A*;i,i?) =  ^ ; ln ( l  -£■/?) + ^ - ^ I n 2 ,  -1  < e 7̂ < 1- (Ю)

The representations (1)-(10) lay the groundwork for the main subject of this note. 
The explicit representations (2), (3), in fact, are essential for our purpose of con
structive approximation of spherical vector fields. Two ways of representing the 
vector fields in terms of spherical harmonics are known in geophysical reality which 
turn out to be of importance.

Acta Geod. Geoph. Hung. 33, 1998

where the operators oM : C1!1)(Cl) -> c^(Cl), г = 1,2,3 are given by

(V*, L* are the surface gradient and the surface curl gradient, respectively) and the 
functions F^l\ i  = 1,2,3 are given by (cf. Freeden and Gervens 1991)
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2 .1  V e c to r  s p h e r i c a l  h a r m o n i c  e x p a n s i o n s

We describe the aforementioned two ways of expanding a vector field in terms 
of vector spherical harmonics.

2 .1 1  T e n s o r - v e c t o r  r e p r e s e n t a t i o n  ( V a r i a n t  1 )

The well-known expansion of the functions in terms of an £ 2 (fi)-orthonormal 
system { Y n j }  of s c a l a r  s p h e r i c a l  h a r m o n i c s  Y n j

oo 2 n + l

=  * =  1,2,3 (it)
71=0 j =  1

with Fourier coefficients

( F « ) A(n,j) = ( F ^ , Y nij)c4n) = [  F ^ ( V)YnJ(ri) M V )  (12)
J  Q

leads to an orthogonal expansion of the vector field /  in terms of v e c t o r  s p h e r i c a l  

h a r m o n i c s  {Vnj} °f tyPe * given by

V n j  =  ( P n ) ) _ 1 / 2 o ( , ) y „ , i  , П  =  0 i ,  0 i  +  1 , . . . ,  j  =  1 , . . . ,  2 n  +  1

(Ox = 0 , Oj  =  1, i  =  2,3 and p . n '1 = 1, p 'n  = n ( n  + 1), i  =  2,3) of the following
form:

where

/  =  / ( ! )  + / ( » ) + / (  3),

oo 2 n + l

/ ( 0 = £  £ ( / W)A(n ,j )y$ ,  * = 1,2,3
n= 0i j =1

(13)

(14)

and ( f ^ ) A(n,j) are the Fourier (orthogonal) coefficients in terms of vector spherical 
harmonics

( f {l))A(n,j)  = (f,Vnj)i*({i) = j  f (v)  -Vnjiv) du(ri). (15)
J n

Using the addition theorem for vector spherical harmonics (see Freeden and Gervens 
1991) the vectorial expansion (13) may be rewritten in the form
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with

Pn 4 t , r i )  =  P„(£ ■ T) ) £ ®7?,

P (Pn'(£ ~ ~ ^  ' №  ® (£ -  (£ ‘ T?)T?)

+PÔ(£ ■ ^ ( i  -  £ ® £ -  (*? -  (£ • rç)0 ® J?)),

Р п Л ^ Ч )  =  ~r ~T"TT ( P n  (£ ■ т?)£ л Tl 0  Tl A gn(n + lj
+PÔ(£ • rç)((f • »?)(» -  £ ® 0  -  (v -  (f ■ »?Ю ® »?)),

for ail (£, 77) £ $7 x fl (i is the identity tensor, Pn is the usual Legendre polynomial 
of degree n). Observe that V£Pn(f ■ ij) = P)((£ • г))(г) -  (Ç ■ r})£) and LçPn(Ç • nj) = 
P«(Ç • v ) ( ^ v )  for ail (£, r]) € fi2 and n = 1, 2, .. ..

Using a Fourier expansion in terms of vector spherical harmonics as described 
above, we have three orthogonal vector fields y^ j  that depend on one scalar polyno
mial, namely the scalar spherical harmonic Ynj  such that the vectorial system {y^^} 
is able to generate both the normal field (г = 1) and the tangential field (г = 2,3) 
on the sphere. In doing so, the Hilbert space /2(f7) of square-integrable vector fields 
admits a geophysically motivated orthogonal decomposition into three orthogonal 
subspaces Í^(Í7); the first subspace 12̂ (П) only consists of square-integrable nor
mal fields, while the second subspace ^22)(f7) and third subspace /23j(Í7) consist of 
tangential vector fields that are curl-free and divergence-free, respectively:

l \ ü )  = C ( t t )  = '(i)(fi). Ч  „(П) = *(2)(П)©*(3)(П)- (17)
The development of the addition theorem and the Funk-Hecke formula for vector 

spherical harmonics (due to Freeden and Gervens 1991) resulted in a variety of 
constructive vectorial approximation methods in geophysical reality. The basic idea 
is to interpret any kernel к  £ Z2(Í7) <S> l2(Cl) of the form

k(e,r?) = E E -^ (i^m p«^), (£,t?) e g2 (is)
i= 1 n=Oi

as a ‘tensorial basis function’ corresponding to the ‘symbol’ ( K ^ ) A(n) (cf. Freeden 
et al. 1998). More accurately, a tensor kernel k (0(.; ■) € 12̂ (П) ®12̂ (С1) of the form

£
n= 0i

2n 1 
47Г

( i F « ) A(n)0f )0W ( ^ ) ) - 1P „ a -  7?) , (Ç.7? ) e i l2 (19)

(satisfying t Tk^9 ( t f , t7?)t = k^) (f, rf) for all orthogonal transformations with det t  = 
1) is seen in correspondence to the scalar radial basis functions K ^(-, ■) £ C2(Cl) x 
£ 2(f7) given by

k M & v) = ^ L & v) = E  ^ - ( P (i))AW P„(e-r/), (G»?) e n 2,
n=0
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(satisfying = K^(£,rj)  for all orthogonal transformations with det t =
1). Obviously, the convolution of a tensor kernel k^(-, •) of the form (19) against 
a tensor h^(-, •)

( Ь « * к « ) ( £ , 7 7 ) =  /  k<‘> ( í , c ) i 1(<)(С,т?) M O
Ja

is a tensor of the same form:

( h « * k « ) ( í ,4) =  E
n = O i

2n -t- 1 
47Г

(НМ)л (п){КМ)л (п)рМ{Ьт,),

We let
3

(h * k)(£,77) =  5 3 (h(-> *k(t))(f ,7?), (Ov) 6 fi'2- 
1=1

(£,??) e П2.

(21)

( 22)

This enables Freeden and Gervens (1991) to derive the variational theory of vec
tor spherical spline approximation for applications in deformation analysis (see also 
Tiiks 1996). Furthermore, the scalar spherical wavelet theory as introduced by Free
den and Windheuser (1996, 1997), Freeden and Schreiner (1997) admits a canonical 
generalization to the vector nomenclature.

For detailed information about this approach the interested reader should con
sult the monography on constructive approximation on the sphere due to Freeden 
et al. (1998).

2.12 Scalar-vector representation (Variant 2)

In numerical computations, however, tensor representations of ‘basis functions’ 
as proposed above are difficult to handle, even if they are explicitly known in terms 
of elementary functions. In what follows, therefore, we give an alternate approach 
of expanding vector fields in terms of spherical harmonics. Its key idea is based on 
the fact that the vectorial expansion (13), (14) may be written in the form

/ ( 0  = ' Лиг /  Pn}(í»4) o ÿ / (г)(v) £ G n
i=l n=0i J a

where the i-th Legendre vector pA  : il x 0 -» E3 x R is given by
2n+l 9 ,

(/4,°Г1/2 E  Уп^ОУпАО  =  - ^ P Ï H O v ) ,  it,n) e n 2 (23) 
j = 1

and the operators O ^  which are adjoint to o1'1'1 are given by

o{l)f {1)( 0  =  O f {1)(0, C e i l ,  

o{a)/ (2)(0  = -V J - /W (0 , £ € n, 

o{3)/ {3)(0  = - ^ - / (3)(0 ,
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The Legendre vectors written out read as follows: 

РпЧ^'П) = £-Pn(f-rç), n = 0, 1, . . . ,

P n \^ v )  =

РпЧ^Р) =

1
n(n +  1) 

1
n(n +  1)

(v -  (t • v) 0 K ( £  ■ 1?)> n = l , 2 , . . . ,

( ^ p )K (C -p ) ,  n -  1 ,2 ,...

for (^, 77) G fi2. In conclusion, constructive approximation may be based on vector 
kernels fcW(v ) g (fl) x C2 {Cl) of the form

3 00
fc(i)(Ç,r?) = 2  XI ^ ( ^ (Í))AW « ? tó Í,) - 1/^ n ( í , í)), (£,ч) 6 П2,г = 1,2,3

г=1 п=0;
(24)

thereby avoiding any ‘tensor basis functions’ of the Variant 1. The kernels (24) are 
also seen in correspondence to the scalar kernels

= k ^ al( i , v ) = к« ,  (*,»?), (£,»/) e n 2, i = 1,2,3,

which are known as the general representations of radial basis functions for the 
scalar case.

2.2 Convolutions

The main reason for our considerations in terms of vector kernels is the obser
vation that

k * h  * f  = k * h * f ,  f & l 2{Cl) (25)

provided that h, к G Z2 (fl) x Z2 (fl) and h, к G Z2 (fl) ® Z2 (fl) are given by

3 00 <-)2n +  1
- ( K ^ Y ( n ) o ^ \ ^ ) - 1/2P n ( ^ r i ) ,  ( t , v )  e fl2,W ' r i  = Е Е  4n

i =  1 n = 0 i

3 00
H t ’V) = Е Е  4n

2n + 1 (K(iY ( n ) o £ )o<j\tâ)) - 1P n(t-v ) ,  ( t ,v)  6 fl2,

2n +  1 ( H V ) * ( n ) o f { № r 1' 2P n ( t - v ) ,  (€,4) 6 na,
г=1 Ti—Oi
3 00

k( ^ )  = Е Е  4?r
i=l n = O i  

3 oo

h (í,4 ) = E E ?!^ ( ír(i))A(n)0€)o4)^ « )) " lp » ( í - ,í)* ( í . 4 ) e n 3.47Г2=1 Tl—Oi

In formula (25) the convolution on the left hand side is defined by (22), but the 
convolutions on the right hand side of (25) are understood as follows:
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(i) the convolution of a kernel &b) G /2̂ (Г1) x C2(Cl) against a vector-valued 
function f  G l2 (Cl)

(/c(l) */)(£) = f  fc(t)(r?,0 ■ f{n) du(rj) 
Jn

(26)
'ft 
oo 2n+l

= Е Е ( ^ ) л(п) ( /й )л(п- ^ ® -
n = O i j = 1

(ii) the convolution of a kernel k ^  G $j^(fi) x £ 2(fl) against a scalar-valued 
function F G C2 (Cl)

( k ^ * F ) ( 0  =  f  kM(Ç,v)F(Ti) du(v)
Jçi

(27)

oo 2n+l
= E  ^ ( í (i))A( n ) r ( n , i ) £ ( ( ) ,  i e n

n=0{ j = 1

(iii) the convolution of h* к against a vector-valued function f  G /2(il)

3
(л * * * Ж £ ) = 5 > (<>**(<> * /) (0 , ç e n .

t= 1

(28)

In order to prove the assertion (25) we first observe that

3 /  oo 2n+l
E fc(í)* E  T , ( Hi i ) )Aw ( f w )AM Yn j
i=  1 yn=0, 7=1

3 r  /  oo 2r+l \
= E / E £{K W )* (r )y W Y r,.(Tl))t í  ■'n Vrti, t i  /

oo 2n+l \
E  E  ( # (iY W ( / (i)) > J ) ^ M  dio(rj)

^n=0; j= l /
3 oo 2n+l

=  Е Е  Е ( Я (1))л ( п ) ( ^ (1)) л ( п ) ( / (<))л ( п ,17 ) у « .
i=l n=0t _; = 1

On the other hand it is easily seen from the tensor framework of the last section 
that

3 oo 2n+l
к * h  * f  =  Y , H  E  ( *  (0 ) > ) ( Я ( 0 )Л( п ) ( / (0 )Л(п, j)yW .  (29)

г=1 n=Oi 7=1

This states the identity (25) by comparison of (28) and (29).
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The result (25) leads us to the impression that tensor-vector convolutions needed 
to develop vector approximation theory by tensorial kernel functions (as proposed in 
Chapter 2.1) may be replaced suitably by scalar-vector convolutions. In comparison 
with tensor-vector convolutions, however, scalar-vector convolutions are easier to 
handle so that a computationally simplified vector wavelet approach can be expected 
based on integration formulas that are exact for scalar spherical harmonics (note 
that integration formulas the reason why we base our wavelet theory on the vectorial 
kernel functions of Variant 2 and scalar-vector convolutions as described above. 
Later on we come back to the relations to Variant 1.

2.3 Vector spherical harmonic spaces

Harmn, n = 0 ,1 ,... denotes the space of all scalar spherical harmonics of order 
n. In what follows we use the abbreviation

Harmp,...,, = 0  Harmra = 0  I span {Ynj}  ) , 0 < p < q,
n = p \7 = 1 ,. . . ,2 п + 1  n = p  ’ ’

for the set of all linear combinations of scalar spherical harmonics of orders n € No 
with p < n < q, i.e. HarmPi...ig is the orthogonal direct sum of the spaces 
Harnip,. . . ,  Harm,. Any element of Harmp ...i? is called a bandlimited scalar field 
with (vector) bandwidth q — p. Analogously, the space of all vector spherical har
monics of order n and type i is denoted by harnip, i = 1,2,3, n = Cfi,0i + 1,__
We let

and

harmo

harmn

harmg1 ’ = span {уд}},

0  harm « = 0
i =  1 i — 1

span {y«}
j=l,...,2n+l

n > 1

harm « ,9i

harmPi...i?

0  harm « ,
n=pi

0  0  harm«
i =  1 n = p i

(with p = {риР2,Рз)Т, q = ( Я 1 , Я ‘2 , Я з ) Т , о i < P i  < q i ,  i = 1,2,3). Any member of 
class harmP i, is called a bandlimited vector field with bandwidth q — p.

Clearly,
OO

Zfi)(°) = 0  harm«
71=0 {

and _____________
3 oo

*2(tt) =  0 0  harm «,
i =  1 n = 0i
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where the completion is understood in the || • ||i2(o)-sense. In other words, the spaces 
harmj^, n =  0 j , 0 j  +  1 , . . .  are dense in while harmn,n = 0 , 1 , . . .  are dense
in l2(fl).

2-4 Exact integration formulas

A system {(rik,u>k)}k=i,...,B C fi x 1  with pairwise distinct points r/k £ П and 
weights и*, G R defines an integration formula for the approximation of 1(F) = 
In F(il) da;(77) by letting 1(F) ~  L(F) = J2k=i u kF(rjk) (here we assume that 
F G C(tt)). We call an integration formula exact of order b, if 1(F) = L(F) holds 
for all F  G Harmo,.,.,ь, В — (b + l)2 = Yln=o(^n + !)• Obviously, the system
{(т)к,и>к)}к=1... в defines an exact integration formula of order b if and only if
H f= i uk  =  4Tr,Ef=i =  0 for all n =  1 , . . m =  1 , . .. ,2n +  1.

Let X b = {771, . . . ,  г)в] C 11 be a system of pairwise distinct points. We call 
Х в, В = (b + l)2 a fundamental system relative to Harmo,.,.,ь if the matrix

m a trx B
(  Y0,i(m)

V Yb}2b+i(vi)

YoA vb)

Yb,2b+l(VB)
(30)

is regular. X b is called admissible relative to Harmo,...,ь, if it contains as subset a 
fundamental system relative to Harmo,.,.,ь-

The following three conditions are equivalent: (i) X b is admissible relative to
Harmo....ь, (И) the matrix m a trx B is of rank В  =  (b + l)2, (iii) F G Harmo,.,.,ь
with F(i]k) =  0, к = 1 , .. . ,  В implies F — 0 (uniqueness of interpolation).

It is clear from the definition that an admissible system X b = {r?i> ■ ■ ■ ,Vb } C 
0 relative to Harmo,...,ь allows exact integration of order b, if the corresponding 
weights u > i ,u>в are chosen as solution of the linear system

mat.rA'B
и  1

U>B

(  Jq Yoti(rj) du)(r]) \  
0

V 0  )

Moreover, if {(r]k,Uk)}k=i,...,N defines an integration fomula that is exact of order 
2b, then it follows that (i) f n F(tj)G(t/) duj(r/) = J2kLi шкР(г]к)С(т]к) for all F,G G
Яагто,...^, (ii) the system X n  =  {771, . . . ,  rpv} is admissible relative to Яогшо... (.

Finally, for given K(-,-) of the form

00 9 _L 1
K (i,v)  = K ( t-  *?) = E  - ^ - ^ Л(п)Рп(£ • »?). (i.4) G Я2

n=0

with К л (п) Ф 0 for n = 0 , . . . ,  b and K A(n) = 0 for n > b we have span{K(r]k-) \ к — 
1 ,B } — Harmo,.,.,b provided that X b = {771, . . . , т]в} С П is admissible relative
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to Harm0)...,6, B = (6 + l ) 2. In other words, the set of all linear combbinations of 
the functions К ( щ  , К ( г ) В ' )  coincides with the set of all spherical harmonics 
of order < b. This property is of importance later on to develop the announced 
pyramid scheme for vector spherical wavelets.

A special bandlimited kernel is the Shannon kernel АГнагт0 b given by

^Harmo...ь( ^ )  = £ ^ ^ п(£-7?), К , Ч ) ^ 2.
n = 0

The Shannon kernel will be used in Chapter 6 to connect the vectors at neighbouring 
scales in the pyramid scheme.

3. Scaling function

Let <Pq!) : [0, oo) —» R, i = 1,2,3 be three functions satisfying the following 
conditions:

(i) (Pq - is monotonically decreasing,

(ii) is piecewise continuous in (0,oo) and continuous at 0,

(iii) <Pq\ o) = 1,

(iv) Е “ о . ^ 1 ^ г)(гг)|2 < о о .

Then the vector function ipo =  ((р^ ,(pQ2\ipg3̂ )T is calle(l the generator of the scale 
discrete scaling function Фо defined by

3 oo 2n+l
фо(£,»?) = EE EE EE V o \n)yn\(0Yn,i('n), (£,ri) e ft2 (3i)

г=1 n = O i 1=1

(note that, throughout the paper, E;jfl|( will replace the sum E ^ E ^ g E 2")*"1). 
Correspondingly the scale discrete scaling function of type i reads as follows:

oo 2n+l
фо° (£>»?) = E E ^ o V )  Уп\ ( 0 YnAv), i = 1,2,3, (£,??) 6 ft2

Ti—Oi 1=1

We introduce the scale discrete dilation operator Dj by

Dj<Pol)(x) = <p^\x) = i =  1,2,3, j  6 Z.

We let
D i¥>o(z) = < P j ( x )  = ^ 1\x ) , ip f )(x),ip(3)(x)"j , j  e z.
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One important fact is that, by virtue of condition (iv), the dilates 
satisfy

OO

E 2t7/ + 1 
47Г

|^-г)(п)|2 < OO

<pli \  * =  1,2,3

for every j  G  Z , provided that the vector function po has this property (cf. Freeden 
and Schreiner 1997). The definition of the dilated scaling function is straightforward

( 0 yn,/(»/), (£>»?) e ^ 2>
г ,п , /

j  € z ,

i.e. Фу)л(п) = р^'\п) for all n. We now come to the formulation of the approximate 
vector identity which is the central result in multiscale approximation.

T heorem  3.1 Suppose that /  is of class Let Фо be a scale discrete scaling
function generated by ipo- Then

lim ||фУ) * фУ) * / (0 - / (‘)|||*(п) = 0 , i = 1,2,3
J - + o o

and
lim ||Ф 7*Ф 7*/-/||,2 (П ) = 0.

J  —ю о

Proof. For i G {1,2,3} and J  € No we have in the notation introduced before

JAo Il ф-1} * * /  -  /П?*(П) (32)
i= 1

= Am Í 1E  № (n))2 -  0  (/(°)>.ov£?«(oi2<40-
_ > 0 0 -/ n  t , n , f

According to our definition <Pj(0) = 1 and ip ', '' is monotonically decreasing. In 
conclusion, — 1) is smaller than one, and it is allowed to interchange sum
and limit. But this yields the desired approximate vector identity.

Consider the operators P j : f2(fi) —> Z2̂ (iî), i = 1,2,3 and Pj : /2(fi) —> Z2(fi) 
defined by

Pj f) = Ф$,)*Ф$<)* / (<)> j  € Z, i 6 {1,2,3} (33)

and
Pj = Ф7 * Ф; * / ,  j e z ,  (34)

respectively. The corresponding scale spaces v jl), Vj are defined by

v j°  = { f f ( / ) | /  6 /2(П)}, г G {1,2,3} (35)
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and
V,' = {P ,(/)|/ e г2(П)}, (36)

respectively. This leads to a vector multiresolution analysis in the following sense:

vj° c  . . .  C v t(i) C V,% C . . .C  if0 (r2), г = 1,2,3,

Vo C . . . С V, C V;+1 c  . . . C l 2 ( f l ) ,

i.e. a space corresponding to some resolution contains all the information about the 
space at lower resolution.

S S  II • II |2(ri)

U
1=0

"ÖÖ 1И1|2(П)

U
1=0

i.e. as the resolution increases the approximation of the vector field converges to 
the original vector field and as the resolution decreases the approximated vector 
field contains less and less information.

In other words, given the structure of a multiresolution analysis, the represen
tation of a vector field in v j1' is given by P-l\ f ) .  The multiresolution analysis 
framework is certainly not unique. Several multiresolution frameworks can be con
structed depending upon the choice of the triple (y^1*, <Pq \  y?o3)).

Finally it should be noted that (compare the scheme in our introduction)

P j( f)  = $1 * $ ! * /  = $1

= lfi)( П), г = 1,2,3,

= /2(П)

provided that
3 oo л -j

= 4?Г (£>*?)> ( t ’V) e n 2
i= 1 n = 0 i

for every j  € Z. Thus it is clear from our construction (25) that the scale spaces V; 
introduced above are exactly the same like in the case of vector wavelets (cf. Freeden 
et al. 1998) based on tensorial kernel representations. This observation is a keystone 
for efficient multiresolution techniques in vectorial theory on the (geo-)sphere.

4. Vector wavelets

Next we introduce scale discrete wavelets. Since most of the material is known 
from the scalar case (cf. Freeden and Schreiner 1997) our treatment will be brief.

Let Фо be a scale discrete scaling function generated by ipo = ipg2\  ) J . 
Let tpQ1,4 ^  : [0, oo) —» R, i =  1,2,3 be functions satisfying the following condi
tions:
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(i) are monotonically decreasing,

(ii) are piecewise continuous in [0,oo),
oo ,

(iii) E  (n )l2 < °°>
n = 0 i

oo \
(iv) E  ^ | 4 г)Ы | 2 <оо,

n=0i

(v) ф {0г) (х )ф {0'] (x) =  (v?ol) ( f ) )  -  (<Po}(x ) )  > z e [ 0 , o o ) .

Then tpo = (V'o1 ' 1 i ‘Фо^У > V'o = ( $ 1)> $2\ $ 3))7 define the sca/e discrete 
mother wavelet Фо and its dual mother wavelet Фо, respectively, which are given by

Фо(£,»7) = Y l ^ o \ n)yn\(Oyn,i(v),
г ,7 i,/ 

i,n,l

For j  € Z the dilation operator Dj can be applied in the same way as before: 
Djtpo(x) = ipj{x) = ipo(2~:’x) and Dj-tpo(x) = фj(x) = фо(2~^х) for a: € [0, 00). In 
other words,

Dj^o(Ov) = ^j(O v) = ^ ^ W y n j i O Y n A v ) ,  O v ^ n ,
i,n,l

Dj^oiOv) = ÿ j (t,v) = ^Ф У (п)У п \Ю У пЛч), Г7 e Г2.
г , п , /

The wavelets Ф*'\ Ф*'* of type г are defined as in the case of the scaling function. 
Scale discrete wavelets at all scales j  and positions 7] as introduced above can be 
displayed as rotated and dilated versions of the mother wavelets:

b ( 0 v )  =  Ф*с(ч) =  ( а д * о ) ( - , 1 7 ) ,  ( ^ ) e f i 2,

^ j (0 v )  =  ф*с(ч) = ( е д ф  о)(-,ч), ( í ,í) )6 f i2,

is the ^-rotation operator defined by R^o(-,ri)  = Фо(£|»?))£ £ П.
For a vector field /  £ Z2(i7) we now introduce the spherical vector wavelet trans

form of type i and the spherical vector wavelet transform, respectively, as follows:

( W T ) ^ ( m v )  =  (Ф ? * Ш  = J  ^ ( O v )  ■ HO M O  ,

j  G z,ry£ О, г = 1,2,3,

( W T h 0(f)(r,v) = (Ф; * /)(*?) = /  ФЖ,ч) ■ / ( 0  dw(0 ,
Jn

j  e ъ,ц  e n.
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Theorem 4.1 now tells us that any field /  can be reconstructed by its wavelet 
transform.
T heorem  4.1 (Reconstruction Formula)

Let Фо be a scale discrete scaling function and let Фо, Фо be the corresponding 
mother and dual mother wavelet, respectively. Then,

OO

/Ь) = ф<*> * Ф «  * / (i) + 53 Ф,(0 * Ф,(<) * / ,  * = 1,2,3
1=0

and
OO

/  = Ф0 * Фо * /  + ф' * ф' * /
1=0

holds for all vector fields /  G Z2(0) in || ■ ||;2(Q)-sense. 
Proof. It is not difficult to see that

(37)

Z > o ’ l))4 n )( f{iY ( n , k ) y ^ k(-)
i , n , k

J  3
+  E E  /  E ^ C 2 1п)¥пАч)Уп1(-)'52‘Фo ](2 ls)(f{l))A(s,t)YSit(Ti)du>(T])

1 = 0  i =1 J a  n , k  s , t

= E ^ o  i°)2W / (t)A (« ,% £*(•)
г , п , к

+ E E  [ ( ^ ( г - * - 1« ))2 -  ( ^ ( a - 'r x ) ) 2] ( / (г)) > , % « ( - )
1 = 0  i , n , k  L

= E ( A i (»))2( / w )A(n, *)!$(■)
i , n , k

= Фу * Ф у*/

holds for all positive integers J. Letting J  tend to infinity we obtain the required 
result in connection with Theorem 3.1.

As a particular result of the previous proof the following identity becomes obvious 
which illustrates the relation between Theorem 3.1 and Theorem 4.1:

у
Фу * Фу * /  = Фо * Фо * /  + Ф* * Ф/ * /• (38)

1=0

The formula (38) can be reformulated in the following way

M

Фу*Фу*/  + 5 > * ф' * /  = Фм+ 1  * Фм+ 1  * /
l = J
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(M > J). The scaling function at scale M +1 can be replaced by a scaling function 
at a smaller scale J  together with the wavelets at all ’’intermediate” scales. This 
gives rise to introduce operators R ^ '\R j  defined by

R f i i )  =  * ф ?  * f (i\  j e l ,  i s  {1,2,3}

and
д , ( / )  = ф, * ф, * / ,  j e  z ,

/  G l2(fl). The operators Rj can be interpreted as bandpass filters. The detail space 
Wj is then the image of l2(fl) under the operator Rj-. Wj = {Rj(f )  \ f  G £2(if)} 
(remember the scheme in our introduction). Analogously, we understand the spaces 
W f : Wj° = { R f ( f )  I /  6 The operators Pj,P f , R j , R f  on the
one hand and the spaces Vj, Wj, on the other hand allow the following 
statements:

* p(*.
i 1 -  pW 4. RW -  j -t- n j _l , P j  — P j - 1 + R j - 1

* p(*.
j II + M n , i = 1, 2,3, P j  = Pq + E L o ^ i

* v>(d 
j = v j^ 1 + w ^ 1, i = 1,2,3, Vj = V j - i + W j - 1

* Wd 
j = + o M i]', * = 1,2,3, Vj = Vo + EÍ=o W/

Remember that P ,( /)  is understood as a smoothing of /  at scale j.  In order 
to improve this smoothing we have to add more and more ’’details” Rj(f ) ,  each of 
which may be understood as difference of two smoothings.

It should be mentioned that

( p f ( / ) ) A(n,o = ( f ^ Y ( n , i ) ^ \ n ) ^ ; \ n )

( Д « ( / ) ) л (п ,0  =  ( / (i))A(n,0V’í ° ( n ) ^ i)W .

These formulas give wavelet representation an interpretation in terms of Fourier 
analysis by explaining how the frequency spectrum of a vector field € vj г) is
divided up between the spaces Vj-i and which enhances our understanding
of what is meant by ’’smoothing” and ’’detail” .

Up to now, the definition of the mother wavelet Фо and its dual wavelet Фо 
is quite general. We are now prepared to introduce two construction principles of 
wavelets known from scalar theory (cf. Freeden and Windheuser 1996, 1997).

P-scale Discrete Wavelet: We set

ФоЧх ) = 'J (W i \x)Y -  (<Po\x))2, x G [0,oo),i = 1,2,3,

ФоЧх ) = \ ! (р[г)(я))2 -  (íp(q\ x ))2, x  € [0,оо),г = 1,2,3,
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i.e. the dual mother wavelet coincides with the mother wavelet.
M-scale Discrete Wavelet: We let

Ф о\х) = <р[г)(х) -  ip{0l](x),

'Po 4 х) = V i \ x )  + 4>o\x),

Other construction principles can be found 
D(aubechies-)wavelets or S-wavelets.

5. Examples

Two types of wavelets may be distinguished with respect to their frequency 
band, viz. non-bandlimited and bandlimited wavelets.

X G [0,оо),г = 1,2,3, 
x G [0, со), г = 1,2,3.

by Freeden et al. (1998), for example,

5.1 Non-bandlimited wavelets
( i )All non-bandlimited wavelets share the property that their generators щ  : 

[0, oo) —> E, i = 1,2,3 have a global support, i.e. supp = [0,oo). Since there 
are only a few conditions for a function : [0, oo) -> 1  to be a generator of a 
scaling function, many choices are at our disposal.

As particularly important examples of globally supported generators ipg : 
[0, oo) —>■ M, г = 1,2,3 we mention (cf. Freeden and Windheuser 1996, 1997):

(i) rational wavelets: Pq\ x ) = (1 — x )~s, x G [0, oo), s > 1,

(ii) exponential wavelets: Pq\ x) = e~h x̂\  x G [0,oo), where h : [0, oo) —> R is 
assumed to satisfy the conditions:

• h £ C(°°>[0,oo)

• h(0) = 0, h(x) > 0 for x > 0

• h(x) < h{x') whenever 0 < x < x ',
2n+l —h ( n ) 

A/n=0 4n < oo.

A proper choice is, for example, the Abel-Poisson wavelet with h(x) = x, x G 
[0, oo) (see Figures 1, 2) or the Gauss-Weierstrass wavelet with h{x) = x(x + 1), 
x  G [0, oo).

In all these cases the detail spaces generally are not of finite dimension. Nev
ertheless, as we have seen before, a multiresolution analysis is still valid. However, 
the wavelet transform WTy0(f)(j \  •) corresponding to a non-bandlimited wavelet 
can be evaluated only in approximate sense by an integration procedure. Error 
analysis for the remainder terms has to come into play. This is the reason why 
we do not discuss multiresolution by non-bandlimited wavelets in more detail here. 
These aspects are a challenge for future work.
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Fig. 2. Generator of Abel-Poisson scaling function (left) and wavelet (right) for j  = 2,3  

5.2 Bandlimited wavelets

If all : [0, oo) -> K, i = 1,2,3 are chosen to be compactly supported, then the
scale spaces and consequently the detail spaces have finite dimensions. Moreover, 
for the purpose of reconstruction, the wavelet transform (1УГ)Ф(о (/)0  ; •) has to 
be known for exact evaluation only on a finite set of points on the sphere Í7. This 
should be discussed in more detail.

We start with the simplest choice for a compactly supported generator.

5.21 Shannon wavelet

We choose the scaling function <po as follows:

<p(o\ x ) = { J; X e [o, l) 
else

= 1,2,3. The dilates and the M -wavelet generators are immediately at hand by

€ [0,2*)
else
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Fig. 3. Shannon scaling function (left) and wavelet (right) for j  =  2,3

10 12 14 16

Fig. 4. Generator of Shannon scaling function (left) and wavelet (right) for j  =  3

[X> \  0, else
f 2, re G [0,2*)

$ * ( * ) = <  1, x e [ 2 ’ , V +1)
[ 0, else.

The reconstruction via the corresponding wavelets Фj, Фj yields
9 9J + 1 _1 Or)-1-1

* , * * ; * /  = £ ' £  £ ( / (O>A(» .0 y s ,
i= 1 /=1

i.e. we get a ”piece” out of the Fourier expansion of /  in terms of vector spherical 
harmonics. Within this ’’piece”, all Fourier coefficients are fully reconstructed and 
are not affected by weights.

In particular, for /  6 harmo,...,m,fR = (ш1,гп2, т з ) т we find the identity
M

f  = $ 0 * ф0 * /  + ф ? * * /,
3=о
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if only 2M+1 > rrii is satisfied for all i = 1,2,3. This is the reason why for ban- 
dlimited functions exact reconstruction by a truncated wavelet expansion may be 
guaranteed. Further, in the case of the Shannon wavelet, the multiresolution anal
ysis is orthogonal, i.e. the detail spaces are orthogonal to each other.

5.22 CP-wavelet

The Shannon wavelet shows serious oscillations (cf. Figure 3). This phenomenon 
is not helpful for computational purposes. If one is willing to give up the orthogo
nality of the detail spaces W j, the number of oscillations can be reduced drastically 
by a modification of the generator <po- A good choice (as we know from numerical 
experiences) is the c(ubic) p(olynomial)-wavelet, briefly called CP-wavelet.

,л( 0 л ,л _ /  (1 - x ) 2(l + 2z) , ж е [0,1)
^ ° \  0 , X €  [1, oo),

i = 1,2,3 which is constructed in such a way that <p  ̂(1) = — (<pg^)'(0) =
0. For the CP-wavelet and its generator see Figures 5, 6. Of course, a great number 
of other choices of <Pq\  i = 1,2,3 can be used (cf. Freeden and Schreiner 1997, 
Lanser 1997). We omit these considerations.

6. E xact fu lly  d iscretized  w avelet representation

Next we develop an exact fully discretized approximation method by means of 
bandlimited wavelets (for example, the CP-wavelets).

For simplicity, we make the following assumptions on the scaling function and 
wavelet to be considered:

(Al) supp v4!) = [0,1] and ip(0l>(1) = 0,

(A2) supp — supp C [0,2] and 4>o\2) — xpo\2) = 0.

An immediate consequence of the assumptions (Al), (A2) are the following rela
tions:

supp <^l) = [0,23],

supp = supp C [0,2J+1]

and
<p ( p ( 2 j )  =  ■4>f i 2 i + l )  =  T p f { V + l )  =  0

for i = 1,2,3. Thus the scaling function and the wavelet satisfy for i =  1,2,3 and 
every point r] £ ft

6 harmo!,...,2i-l,

^ j !) (•,»?) € harm0?,...,2i+'-l

ъ \ г) (-,??) € harmoÍ...,2i+>-l
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Fig. 5. CP-scaling function (left) and wavelet (right) for j = 2,3

Fig. 6. Generator of CP-scaling function (left) and wavelet (right) for j  — 2,3  

The scale spaces and detail spaces fulfil the relations

Vjl) = harmo?,...,2;-i’
VVj0 = harm ^ 2i+1_ r

Under the assumptions (Al), (A2) the bandpass filter applied to a field /  G (2(fi)

R ? ( f № =  j ( W T ) 9 w ( f ) ( j ; v ) * ? \ t , r i )  М л ) ,  Cen,  * = 1, 2,3 (39)
J Q

can be expressed exactly provided that the system (rjj,wf) G ü  x R, l = 1, . . .  ,Nj  
constitutes an integration rule that is exact in Harm0>_ _ (cf. Chapter 2.4). 
Note that also defines an exact integration rule in Harmlj...,21+1- 1, hence,

may be evaluated by the same system for all i G {1,2,3}. As a consequence 
the formula (39) may be rewritten as

Nj
я ? Ш )  = Е “ /(^ г )» с о (Л (/;ч /)« 5 °« ,ч /) , í  e n = 1,2,3.

i=i
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Theorem 6.1. Assume that the conditions (Al), (A2) are satisfied for the 
generators of the scaling function and the associated wavelet. Furthermore, suppose 
that (t)[ ,wj) G i l x l ,  l =  1 ,... ,Nj constitutes a Harm0|...,2i+i-i-exact integration 
formula for each scale j .  Then

oo Nj
E

j=0 1=1
/ w (0  = (ф£°*ф£ * = i.2,3

and
3 oo Nj

до = (ф0*фо* /xo + EEEW(WT)*<‘>(fl( )̂*?W)
t =  1 j = 0  1=1

hold for all points £ 6 Í1 and all fields /  €
It should be mentioned that under the assumptions (Al), (A2) stated above

(Фо *  Фо * /)(0  = f ( v )  ' V £

holds for all £ € fi. Thus we get
3 oo Nj

№  =  E E E  W ( w r ) i?1 ( / ) ( j; v i ) ( £ , Г?/), £ € ÍÍ
i = l  j = 0  1=1

provided that /  S Z2(il) with /(?y) -r) duj{rj) — 0, i.e. /  has a vanishing 0th order 
moment of the normal component. Moreover, if /  is assumed to be bandlimited,
i.e. /  € harmo... m, m = (т1,гп2,тз)т, then there exists an index J  G N such that
{ f ^ ) A(n,p) = 0 for all n > 2J+1, p =  1 ,.. . ,  2n + 1, i = 1,2,3 so that

3 J  N j

/ ( «  = E E E W ( ^ - ( / ) H ) ^ M ) ,  (4°)
t = l  j = 0 1=1

In other words, any bandlimited vector field is determined exactly in terms of spher
ical wavelets only by a finite number of wavelet coefficients (W T)9 n)(f){j',rif), 
j  = 0 , . . . ,  J , l = 1 , .. . ,  N j,i  = 1,2,3. But this means that any truncated vector 
spherical harmonic model (note that this is the conventional method of represent
ing the gravitational field, magnetic field, elastic field in geophysics) admits a finite 
expansion of type (40) in terms of bandlimited wavelets, and vice versa.

Altogether, the right hand side of (40) provides an exact fully discretized wavelet 
approximation for the bandlimited vector field / .  The essential tools are integration 
formulas on the sphere that are exact for a prescribed polynomial degree. In this 
respect it should be mentioned that the solutions of the linear systems determining 
the weights can be avoided completely. In fact, placing the knots of the exact 
integration rules on a longitude-latitude grid on the sphere П leads us to a set of 
integration weights that are explicitly available without any solution of a linear 
system (for more details see Driscoll and Healy 1996).

Acta Geod. Geoph. Hung. 33, 1998



312 M BAYER et al.

7. Pyramid scheme

Next we develop a pyramid scheme for the recursive determination of the wavelet 
coefficients from level to level, starting from an initial approximation of a given field.

7.1 The initial step

Assume that the (non-restrictive) assumptions of the last section concerning the 
vector field /  and the triple — 1,2,3 are satisfied. Then an easy
calculation yields

(Ф/+1 */)(■£) ■ f(v) du>(rj)

( ® J + l ) [ lL l ( ‘n , O f {s c a l ( v )  < M l? )

N j

E E Wl fscaliVl ) (Ф J+l )ïlcal (VI, 0 ,
i= 1 1 = 1

Ç G if,

where we have used the abbreviations
oo  2 n + l

f iU v )=  E Е(/(<))л(».0̂ п,|(»7)> r ,en
n = O i  1=1

and
O O  су  I 1

($j+ i)lcaí(í?,0 =  E  (v’S+i)(n)pn(t ■ v), (£,ri) e if2.
n=Oi

These abbreviations are in accordance with our notations introduced before. Thus 
we have shown that there exists a vector a3,1 € ЖNj ,a J'1 — (aJ{ 1, . . . , aJrfJ)T, viz.

a l ’1 =  w l f i c a l i V l )  such that

3 N j

( ^ J + l * / ) ( o  =  E E ^ ( ^ ) Í L t f , a  £ G П. (41)
i= 1 1=1

As only values of occur in the last formula, it is useless in that form for practical 
purposes. But we are not lost at this stage. As a matter of fact,

2J+1 2 r + l

f í í M i) = E Ÿ , U {i>nr,s)YrÀ4Ï)
r = O i  s = l  

2 J  +  1 2 r + l  _

= E E  / fW-Vrliv) du(Ç)YrAvf)
r=0i s=l ~'n
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2J + i_i 2r+iП 4  A 4  1 T 1

= / f (v ) ‘ X X yr}sMYrAvf) du(r))
J n  r = 0 ,  s=  1

=  [  /(»?)• X 2n,+ 1 ( ^ >))1/2Pr°(T?.7?i/ )
rts; 4?r

(cf. (23)). Thus this finally results in

Nj
ai1,1 = w f ^ 2 wíf(Vk.

k=1
X
r=0i

2n + 1 
47Г

(,ßr))1/2Pr(T)k>Vl ) (42)

(it should be kept in mind that the coefficients аj '1 depend on the vector field /  
under consideration, but not on the choice of the kernel function). The disadvantage 
of the formulas (41) and (42) are obvious. Each coefficient aj’1 is related to all of 
the values /(ryj). We come back to this difficulty in the pyramid step.

By the same arguments as given above the wavelet transform of /  admits a 
representation as finite sum

3 Nj

(W T )*0 (/)( J; 0  = X  X ïcal^l >£)’ £ e
i = l  1=1

where the coefficients aj’1 are given by (42). Once more, the coefficients do not 
depend upon the choice of the kernel function that is convolved against the vector 
field.

In what follows we want to show that aJ,t £ RNj serves as the starting vector 
for a sequence of vectors aJ’'* £ RN>, j  — 0 , -  1,,/, such that the following 
properties are satisfied:

(i) The vectors aJ'’* satisfy

3 Nj

( ф Я - 1 * / ) ( £ )  =  XX a í ’‘ ( $ j  +  l ) i c a l ( 7? í > 0 ,  £  6  0
i = l  1=1

for j  = 0 ,.. .,  J.

(ii) The wavelet transforms are given by

3 Nj

(WTU0(f)(r,0 =  X E “ i ,<( * f ) l ( i f l -  É €  о
i = l  1=1

for j  -  0 ,.. . ,  J.

(iii) The vector ahl is obtainable from aJ+1'* by recursion.
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7.2 The pyramid step

This step essentially deals with the transition from aJ’1 to Starting point
is the vector aJ,t G RNj satisfying

3 Nj

( $ j + i * / ) ( £ )  =  E E  af’4$J+i)icai(V>0, Çen.
i =  1 1 = 1

The vector G E^-7-1 has to be constructed in such a way that
3 N j - i

(*j * M )  = Y  E i(4i/_1,0 ,  ç e n .  (43)
i=l 1=1

On the other hand we know from our investigations above (cf. (41)) that
3 N j

( * j * f № = E E
i =  1 / = 1

Equating the right hand sides of (43) and (44) we find
N j -

E
i=i

J — l,i
(vlj -

Nj
' ’0  = E 1

1=1
(л / , o (45)

for all £ G fi and f = 1,2,3. The linear equation (45) is uniquely solvable (cf. 
Schreiner 1997) using the Shannon kernel by

N j

aÍ~U = w f - 1 Y  акАКНагто... 2J_1(»jÍ,»?jj “ 1), (46)
k=i

l =  1, . . .  ,N j- i .  Again it is of importance to mention that the vectors aJ,% 
j  =  0 , . . . ,  J  -  1, J do not depend upon the choice of the triple , ф ^)
determining the wavelet framework. The recursion relation (46) leads us to the 
following decomposition scheme of the component fields /W , i — 1,2,3:

/ (*) —> aJ'1 -4 aJ~1,> —i . ..  -4 а°’г

i  i  ;

(WT)vW(f)(J-r) ( W T ) ^ ( f ) ( J - 1;0 ( WT ) ^ i ( f ) (  0;-)

The bandpass filter can be deduced from the formula

R (i)
Ш )  =  ( ф50 * ( ^ г )ф,о(л )(О

Nj
= Y  W ( ^ ) * ( o ( / ) ü ;  vi)

i=i
Nj Ni

= E < E W ( ^ ) 1
k =  1 1 = 1

(4 7 )
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This allows the following reconstruction scheme of the component fields 
i = 1,2,3:

( W T ^ i n f r v f )
0 i

4 \ л

pP U )

The pyramid scheme has some immense advantages. No matrix-vector multiplica
tions have to be carried out. Numerical tests of the pyramid scheme (in case of the 
CP-wavelets) gave excellent results in gravitational field determination.

The numerical effort of one step j  + 1 —> j  is of order NjNj+ j .  This effort 
can be drastically reduced by two procedures. The first method is to use gridded 
pointsystems and then to apply FFT-techniques (cf. Schreiner 1997, Lanser 1997). 
The second method is to use the idea of panel clustering (cf. Freeden et al. 1997, 
Glöckner 1997). For that purpose the domain of the radial basis function (e.g. the 
Shannon kernel occuring in the recursion relation (46)) is split into a near field and a 
far field subdomain. The far field component is approximated in terms of Legendre 
polynomials up to a given low degree. For points near to the evaluation position 
the exact near field of the corresponding kernel is used. For the remaining points, 
however, the approximated far fields are glued together which can be done very 
economically with the help of the addition theorem for (scalar) spherical harmonics. 
In doing so significant computational time is saved.

Another application of wavelet approximation is data reduction. The reason 
for data reduction is the phenomenon of space localization of the kernel functions 
occuring in wavelet approximation, i.e. scaling function and wavelet.

8. D ata  com pression  o f the ea r th ’s gravitational field

In the previous sections we described that vector wavelets are naturally related 
to multiresolution analysis. Moreover, any bandlimited vector field can be recon
structed exactly using bandlimited wavelets. For example, any spherical harmonic 
model of the earth’s gravitational field admits an exact wavelet reconstruction, 
and vice versa. We saw that multiresolution analysis ‘looks at the earth’s gravi
tational field’ through a microscope, whose resolution gets finer and finer. Thus 
it associates to the gravitational field a sequence of smoothed versions, labelled 
by the scale parameter. This aspect has been illustrated for the geopotential by 
the Geomathematics Group Kaiserslautern in a video-demonstration on internet 
(http://www.mathematik.uni-kl.de/~wwwgeo). It shows that wavelets provide a 
powerful tool in interpreting and constructing lowpass and bandpass filters. The 
wavelets localize in space and frequency. This makes wavelets particularly useful for 
data compression. In fact, compression techniques aim at reducing storage require
ments for gravitational field models and at speeding up read or write operations 
to or from disks. There are two basic kinds of compression schemes: lossless and

(W3%(0 (/)( 0;»,°) 
i
(0R

P ^ ( f )
\

+

° l
R ^ V )

\
+
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lossy. In the case of lossless compression one is interested in reconstructing the 
data without any loss of information. We are interested here in lossy compression 
of the gravitational field. In other words, we are ready to accept an error as long as 
the quality after compression is acceptable. It is obvious that we can achieve much 
higher compression rates by use of lossy compression than with lossless compression.

To be more specific, let us consider the NASA, GSFC and NIMA joint earth’s 
gravitational field model EGM96 from the viewpoint of multiresolution. The follow
ing figures show different scales of the wavelet transform of type 2 of the EGM96 
gravitational field (degree and order from 3 up to 360) illustrated for the CP 
wavelet, where we scaled the coefficients by the factor 104. It shows that detail 
information for higher and higher resolutions is concentrated more and more to 
geotectonic areas of mass irregularities.

For compression purposes we especially study the CP wavelet transform at scale 
j  — 6. Each functional value of the wavelet transform picks up information about 
the figure essentially at the given location. Where the image has more interesting 
features, we have to spend more values, where the image is nice and smooth we can 
use fewer and still get a good quality. In other words, the wavelet transform allows 
us to focus on the most relevant parts. But we need to agree on an error measure 
for image compression making the error between original and compressed figure as 
small as possible. For that purpose we simply set to zero all coefficients with an 
absolute value smaller than a prescribed threshold e (in our case we chose e equal 
to 1 • 10-5 (Figure 9), 2.5 • 10-5 and 4 • 10-5 (Figure 10) and 6 • 10-5 and 1.1 ■ 10-4 
(Figure 11). The corresponding compression rates for a total of 20000 points are 
15%, 34%, 50%, 64%, 83%, respectively. In doing so, critical areas are extracted in 
earth ’s gravitational field determination. Furthermore, the figures show that a high 
amount of data reduction does not change essentially the detail informations of the 
earth ’s gravitational potential.

9. Sum m ary

This paper demonstrates that wavelets provide an appropriate framework to 
study vector fields of geophysical interest for a realistic earth model in multiscale 
resolution. We have given an idea of what makes a spherical vector field a wavelet 
and why spherical wavelets are desirable in certain applications. The wavelets pre
sented here are building blocks for general vector fields on the sphere; approximation 
is provided by a two parameter family, i.e. scale (frequency) and space, reflecting 
space-frequency localization. Localization in space means that the wavelets are re
stricted to a finite domain (e.g. a cap on the sphere), frequency localization simply 
means that the Fourier transform of a wavelet is localized, i.e. a wavelet mostly 
contains frequencies from a certain frequency band. But it should be kept in mind 
tha t the Heisenberg uncertainty principle (cf. Freeden and Windheuser 1997) is a 
restriction which tells us that sharp localization in space and frequency is mutu
ally exclusive. Wavelets show the internal structure of a vector field allowing fast 
algorithms for reconstruction and decomposition obtained through multiresolution 
analysis. Vector wavelets usually form non-orthogonal bases for compressing, de-
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Fig. 8. СР-Wavelet transform; j  =  6 (left), j  =  7 (right)
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Fig. 9. Original (left) and compressed (right) CP-wavelet transform: e =  10-5

Fig. 7. СР-Wavelet transform; j  =  4 (left), j  =  5 (right)
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Fig. 10. Compressed CP-wavelet Transform: e =  2.5 • 10 5 (left), e =  4 ■ 10 5 (right)

ИИШВШ [m/s2]
-5.0 0.0 5.0 -5.0 0.0 5.0

Fig. 11. Compressed CP—wavelet Transform: £ =  6 • 10 5 (left), e =  1.1 • 10 4 (right)

composing and recovering of vector fields. An orthogonal basis is provided by the 
Shannon wavelets. There are several instances of fields that exhibit the above men
tioned properties. However, the proper choice cannot be answered in advance, it 
depends on the problem to be investigated. Wavelets are not fundamentally new. 
Without going into details we would like to point out that many of the ideas and 
properties have been circulating in different areas like subdivision algorithms for 
CAGD, multigrid methods, singular integral theory, fractals and self-similarity etc. 
On the other hand, it should be noted that the wavelets presented in this paper 
have just opened the door to geophysical modelling, data reduction, scale definitions 
of the observer etc. for a spherical earth’s model. Extensions to a non-spherical 
earth’s model, analogously to those of the scalar case (cf. Freeden and Schneider 
1998) seem to be possible but they must be worked out in detail. Spherical wavelet 
approximation can be successfully combined with vector spherical harmonic (mul
tipole) expansions (cf. Freeden et al. 1998), the spherical harmonic expansion of a 
field being responsible for the ‘low frequency part’ and the wavelet expansion being 
suitable for the ‘high frequency part’ of the vector field under consideration.
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It is believed that multiscale techniques by vector wavelets based on scalar-vector 
convolutions as presented here will be a very useful tool in many areas of geophysics. 
In fact, it is a new component of geophysical approximation designed to model high 
frequency phenomena. Nevertheless much more work is needed to understand fur
ther facettes of constructive approximation and to explore their specific application 
domains in geophysical research.
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SEISMOLOGICAL ENGINEERING STUDIES FOR ROCK  
FOUNDATIONS OF PROPOSED DAM SITES, 

SOUTH SINAI PROVINCE, EGYPT
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The seismic refraction survey was conducted to obtain the ground models at 5 
individual sites, South Sinai province. They are proposed locations for dams. For 
each site, the foundation parameters for civil engineering purposes were evaluated. 
These are: the 77-value, the concentration index, and the foundation material bearing 
capacity and the stress ratio.

The mechanical properties of rocks were evaluated for the different sites using 
seismic refraction technique. The amplification characteristics of SH-waves in the 
layered soil were calculated using the multiple reflection method.

A seismic coefficient was obtained using the peak acceleration on the ground 
surface which was estimated using the fault parameters of the hypothetical Gulf of 
Aqaba earthquake with M = 6.9.

K eyw ords: foundation; rock proporties; seismological engineering; Sinai peninsula

Introduction

The seismic refraction technique, at the present time, is considered as the most 
accurate geophysical method to investigate the shallow structures of a zone. This 
method can be applied for engineering seismology, as building of tunnels, dams, in 
case of exploiting landslides, quarries, roads, reclaimed lands, caves and cavities.

The seismic parameters are important for solving problems for various civil 
engineering purposes. Therefore, SH-wave can be used to study the vibration char
acteristics of the subsurface layers which are important for earthquake resistant 
structures design (Kanai 1983).

Description of seismic profiles

The seismic refraction survey was conducted at 5 individual sites in South Sinai 
province, which were planned to be locations for dams. The survey was done to 
obtain the P- and SH-waves.

At each site two profiles were done perpendicularly to each other, each one is 91 
meters long with an interval of 7 meters between a pair of geophones. Each profile 
has three shot points, from the two ends of the profile and in the mid point. Figure 
1 shows the locations of the study sites.

1National Research Institute of Astronomy and Geophysics Helwan, Cairo, Egypt

1217-8977/98/$ 5.00 © 1998 Akadémiai Kiadó, Budapest
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Fig. 1. Location map of the sites 

In te rp re ta tio n  of seismic refraction  data

Many interpretation techniques are published in seismic refraction data analysis; 
each of them depends on the character of the refractor. The travel time-distance 
curve can easily be obtained, the constructed time-distance curve contains a number 
of linear segments, and each is corresponding to a subsurface layer. The depth of the 
individual interface can easily be determined. The seismic signals are recorded using 
engineering seismographs. The P- and SH-waves were picked up as first arrivals. 
A detailed analysis was applied to calculate the velocities of P- and SH-waves and 
the depth of the interfaces. The travel time-distance curves and the corresponding 
cross-sections for P-waves were obtained for the different shotpoints. The depth 
of the interfaces is obtained from the P-waves travel time-distance curves. The 
following results are obtained for the different sites:
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Kadira Site

For this site three profiles have been done one in the north-south direction 
and two in the east-west direction. The travel time-distance curve shows that the 
structure consists of four layers, the first layer is loose sand of 3.6 meters thickness 
with a primary wave velocity 569 m/sec, the second layer is shale of 9.7 meters 
thickness with a primary wave velocity 1408 m/sec, the third layer is limestone 
up to 27.9 meters thickness with longitudinal wave velocity 2602 m/sec. This is 
followed by a layer with primary wave velocity reaching 4667 m/sec. The depths of 
the interfaces are 3.6, 9.7 and 27.9 meters, respectively.

El-Bottom Site

For this site two profiles have been done one in the north-south direction and 
the other in the east-west direction. The structure consists of three layers, the first 
layer is sand and gravel down to 7.6 meters thickness with primary wave velocity 
1250 m/sec, the second layer is limestone down to 23.9 meters with primary wave 
velocity 2444 m/sec, followed by a layer with primary wave velocity 4001 m/sec the 
depths of the interfaces are 7.6 and 23.9 meters, respectively.

The P-waves travel time-distance curves and the corresponding ground model 
of this profile are shown in Fig. 2 as representative of this site.

El-Heathy Site

For this site three profiles have been done two in the north-south direction and 
one in the east-west direction. The structure consists of four layers, the first layer 
is sand and gravel down to 5.2 meters thickness with primary wave velocity 890 
m/sec, the second layer is shale and limestone down to 14.4 meters with primary 
wave velocity 1565 m/sec, the third layer is limestone down to 27.9 meter with lon
gitudinal wave velocity 2689 m/sec, followed by a layer with primary wave velocity 
4667 m/sec, the depths of the interfaces are 5.2, 14.4 and 27.9 meters, respectively.

El-Zalga Site

For this site two profiles have been done one in the north-south direction and 
the other in the east-west direction. The structure consists of four layers, the first 
layer is sand and gravel down to 5.9 meters thickness with primary wave velocity 636 
m/sec, the second layer is shale down to 16.5 meters with primary wave velocity 1212 
m/sec, the third layer is shale and limestone down to 38 meters with longitudinal 
wave velocity 1879 m/sec, followed by a layer with primary wave velocity 3365 
m/sec, the depths of the interfaces are 5.9, 16.5 and 38 meters, respectively.

El-Sawan Site

For this site two profiles have been done, one in the north-south direction and 
the other in the east-west direction. The structure consists of four layers, the first
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layer is sand and gravel down to 6.6 meters thickness with primary wave velocity 
1125 m/sec, the second layer is gravel down to 9.6 meters with primary wave velocity 
1359 m/sec, the third layer down to 22 meter with longitudinal wave velocity 3930 
m/sec, followed by a layer with primary wave velocity 7316 m/sec, the depths of 
the interfaces are 6.6, 9.6 and 22 meters, respectively.

The P-waves travel time-distance curves and the corresponding ground model 
of this profile are shown in Fig. 3 as representative of this site.

Rock m ateria l competence for the sites

The local conditions of the site, especially the shallow structure, affect strongly 
the amplification of the ground motion, considering site investigation techniques.

From the engineering point of view, soils are defined as the material overlying 
the bedrock produced by rock weathering. It is the unconsolidated material of the 
earth’s crust used to build upon or used as a construction material.

The seismic method emerged as a powerful tool in computing the elastic moduli 
from which their elastic deformation can be estimated (Stuempel 1984).

E stim ation  of kinetic elastic moduli

Evaluation of the mechanical properties of soils is of utmost importance for civil 
engineering purposes. The importance of dynamic elastic moduli determined from 
in situ velocity measurements of the rock foundation is well established (Sjogren 
et al. 1979). If the density of rocks in which the seismic waves propagate and 
the velocities of seismic waves are known, the kinetic elastic moduli of soil can be 
computed.

The soundness of rock or soil materials for foundation purposes is a qualitative 
term. It can be estimated by the average line method, where weak zones can be 
delineated. The following is a brief description for the principles of soil coefficients:

1. The N-value
The resistance to penetration by normalized cylindrical bars under standard 
load, which is geophysically known as standard penetration test (SPT), can 
be evaluated using Imai’s modified formula (1975) as:

Vs = 89.9 X TV0 341

where Vs is the horizontal shear wave velocity. Materials having higher N- 
values which indicate compacted rocks, occupy all sites. Figure 4 shows the 
distribution of IV-value for the sites.

2. The concentration index (Ci)
The concentration index describes the degree of material concentration. The 
soil compaction status is considered, as a measure of the degree of competence 
for foundation and the other civil engineering purposes. It depends on both
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Fig. 2. P-waves travel time-distance curves and the corresponding ground model for Pi (E-W) at
El-Bottom site
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Fig. 4. Distribution of N-value for the studied sites, South Sinai, Egypt

the moduli of the soil and the pressure distribution at their depth. Bowles 
(1984) has given the concentration index (Ci):

Ci = (1 + а)/а  ,

where a is Poisson’s ratio. The concentration index can be obtained in term 
of velocity squared ratio as:

Ci = (3 -  4/3)/(l -  2/3),

where ß is the velocity-squared ratio. For all sites, the concentration index 
varies from 4 to 5, which indicates moderately compacted to compacted rocks. 
Figure 5 shows the distribution of concentration index (Ct) around the sites.

3. The foundation material bearing capacity
Evaluation of the foundation material bearing capacity is of great importance, 
especially for the area where it consists mainly of recent deposits which have 
high probability of liquefaction and shear failure.
The ultimate bearing capacity of the foundation material is the maximum 
load required for shear failure or sand liquefaction. The shear strength is the 
controlling factor of the ultimate bearing capacity of the soil. The ultimate 
bearing capacity of the soils can be evaluated using the following formula:

Q ult =  i o 2-932(los  V s —i.45)

This formula is derived from Parry’s formula (1977):

Quit — 30/V,
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Fig. 6. Distribution of ultimate bearing capacity for the studied sites, South Sinai, Egypt

where Quit is the ultimate bearing capacity and N  is the resistance to pene
tration by normalized cylindrical bars under standard load.

The calculated ultimate bearing capacity varies from one site to another ac
cording to the geological condition and the ground quality. All sites are oc
cupied by materials having higher values of ultimate bearing capacity which 
indicated compacted rocks, Fig. 6 shows the distribution of ultimate bearing 
capacity for the sites in kilopascal (kPa).

On the other hand, the allowable bearing capacity is the maximum load to 
be considered to avoid shear failure or sand liquefaction. The allowable value
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(Qa) for design should be taken into consideration. It can be obtained from 
the ultimate bearing capacity value by a suitable factor of safety (F ) (Parry 
1977).

Qa =  Quit/F  .

Also, the evaluated allowable bearing capacity shows the same described fea
tures and varies from one site to another according to the geological conditions.

4. The stress ratio (Si)
The propagation of seismic waves is proportional to the differential pressure 
between sedimentary overburden and the pore filling fluids. This means that 
high fluid pressure formations will have low differential pressure and abnor
mally low seismic velocities.
These formations are said to be sub-compacted zones and frequently occur 
between the low unconsolidated sedimentary deposits. For this reason, the 
case can be represented as the relation between the vertical stress (Ő33) at a 
certain depth and the horizontal stress (5ц) due to the pore filling fluids.

Si =  S11/S33 .

In term of velocity squared ratio, the stress ratio can be given by:

Si = 1 -  2(Vs /Vp).

The larger values of 5ц  indicate less competent rock and vice versa. For all 
sites, the stress ratio varies from 0.5 to 0.3, which indicates compacted rock. 
Figure 7 shows the distribution of stress ratio (Si) for the sites.

To examine the validity of the stress ratio of the area from engineering point of 
view, the relation between the stress ratio and the jV-value has been constructed 
based on the field results that are calculated from the seismic records. According 
to Sjogren et al. (1979), the weak zone can be detected by plotting the ratio (k/u) 
against (Vp/Vs ).

Subsurface amplification characteristics for the all sites

The past earthquakes have clearly shown that the local geology and soil condi
tions have important influence on the damage distribution, especially around the 
areas which are characterized as soft ground.

A model of the ground, consisting of horizontally layered media is constructed 
for each site, to obtain the ground characteristics. Using the shear wave velocity, 
the predominant frequency is calculated for the different sites, it varies from one 
site to the other according to the ground conditions. It is from 10 to 12 Hz for 
Kadira site, from 12 to 15 for El-Bottom site, from 10 to 15 for El-Heathy site, from 
10 to 12 for El-Zalga site and from 10 to 12 for El-Sawan site.
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СЧ

Fig. 7. Distribution of stress ratio for the studied sites, South Sinai, Egypt

According to surface geology with its shear wave velocity, thickness of the soft 
layer and depth of the base layer, the proper models as representative of each site 
are described in Table I.

The shear wave velocity and the multiple reflection methods (Haskell 1962) were 
applied to calculate the transfer function which are shown in Fig. 8.

Evaluation of earthquake coefficient for the whole area

Assessment of earthquake occurrence for any site plays an important role in 
proposing measure to minimize earthquake damages and to anticipate the future 
safe development of sites. Egypt is divided into four seismic source regions according 
to the distribution of the earthquakes and the major structural elements of Egypt 
(Mohamed 1989). One of these sources is the Gulf of Aqaba source.

The rate of occurrence of events was estimated using the observed frequency of 
historical and instrumental events. The size of successive events in this source is 
assumed to be independent and exponentially distributed. The return periods and 
the maximum expected magnitude Mmax which was chosen to be the magnitude on
0.99 probability level to occur during the next 100 years time interval (Kijko and 
Sellevoll 1980 and Dessokey 1984), were calculated for this source.

The seismic coefficient is defined as the product of the intensity factor, the 
ground characteristics and the foundation of the structure (Bath 1979). In a pre
vious study (Mohamed 1993), obtained the strong seismic motions around Egypt 
with regard to the fault rupture of the hypothetical Gulf of Aqaba earthquakes with 
M  = 6.9 which occur in this area.

The peak ground acceleration and the ground intensity at individual sites is used 
for evaluating the seismic coefficient for dam sites, South Sinai. The earthquake 
coefficient for the area varies from 0.02 to 0.2 which indicates that this area has 
high seismic activity.
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T able I.

Kadira Site

h(%) Vp (m/sec) Vs (m /sec) в (gm/cm)3 H (m)

6 610 350 1.8 0.0
1 1380 700 2.0 2.7

0.2 2630 1500 2.5 9.3
0.4 5260 2500 3.0 26.6

El-Bottom Site

h (%) Vp (m/sec) Vs (m /sec) в (gm/cm)3 H (m)

1 1316 700 2.0 0
0.8 2396 1300 2.6 8
0.4 4783 2300 3.0 22.5

El-Heathy Site

h(%) Vp (m/sec) Vs (m /sec) в (gm/cm3) H (m)

2 1000 500 1.9 0
1 1250 700 2.0 6.5

0.8 2200 1200 2.4 11
0.5 4900 2000 2.7 27

El-Zalga Site

h(%) Vp (m/sec) Vs (m /sec) в (gm/cm3) H (m)

3 636 300 1.7 0
2 1242 600 1.9 7.5
1 1879 1000 2.2 16.5

0.6 3365 1700 2.8 37.6

El-Sawan Site

h(%) Vp (m/sec) Vs (m /sec) в (gm/cm3) H (m)

3 520 350 1.8 0
1 909 550 2.0 5

0.7 2589 1500 2.5 13.4
0.4 6104 2800 3.1 28.6

h is the damping ratio, Vp the longitudinal wave velocity, Vs the 
shear wave velocity, g the material density and Я the thickness of 
the interface.
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Fig. 8. Transfer functions for the representative rock types for the studied sites, South Sinai,
Egypt

Conclusion

The seismic refraction method has been used to calculate the amplification char
acteristics of the subsurface layers for the different sites and to investigate the sub
soil structure. The experiments were done in 5 sites. Based on in situ seismic 
measurements 5 ground models at individual sites are introduced.

The consolidation degree of rocks is obtained using the IV-value, concentration 
index, foundation material bearing capacity and the stress ratio. In all sites, the 
concentration index approximately, ranges from 4 to 5 which indicates moderately 
compacted to compacted rock.

The sites have higher values of ultimate and allowable materials bearing capacity, 
what indicates a compacted rock. Also, the stress ratio has values varying from 0.5 
to 0.3, which indicates that the sites are occupied by compacted materials. The
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predominant frequency varies from one site to another according to the ground 
conditions, it is from 10 to 12 Hz for Kadira site, from 12 to 15 for El-Bottom site, 
from 10 to 15 for El-Heathy site, from 10 to 12 for El-Zalga site and from 10 to 12 
for El-Sawan site.

The seismic coefficient varies from 0.2 to 0.5. From this summary we can con
clude that: 1. The consolidation degrees of rocks for all sites are good, which pro
vides good conditions for any structure. 2. In the same time, intensive subsurface 
investigation is necessary before the constructions are made.
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EARTHQUAKE RISK EVALUATION IN KOYNA  
REGION OF M AHARASTRA, INDIA

D S h a n k e r 1

[Manuscript received April 16, 1997]

Gumbel’s extreme value theory has been applied to estimate the probability of 
occurrence and return period of the largest earthquakes in Koyna region India. The 
statistical model of Epstein and Lomnitz (1966) is discussed with reference to the 
Gumbel’s extreme value theory. The expected extremes based on 21-years (1964- 
1984) seismicity data of six-monthly extreme values of earthquakes for the region 
have been plotted. The mean line of expected extreme (LEE) is drawn to study 
the mean return periods of the largest possible earthquakes with their probability of 
occurrence. The yearly expected number, mean return period and earthquake risk 
have been estimated. The most probable medium size earthquakes that may occur in 
the region are predicted. The results presented in this study are only best long-term 
estimates subject to the limitation of the data.

K eyw ords: earthquake hazard parameters; extreme value method; mean line of 
expected extreme (LEE); return period; stochastic model

Introduction

Assessment of seismic hazard posses a major problem in earthquake engineer
ing. The time of occurrences, locations and magnitude of future events cannot be 
predicted reliably because of the incomplete understanding of the geophysical mech
anism which generates earthquakes. In recent years various statistical approaches 
have been proposed for the evaluation of probability of occurrence of large earth
quakes (Kaila et al. 1972, Yegulap and Kuo 1974, Papazachos 1989, Shanker et al.
1995). These statistical methods are being used for risk analyses and probability 
estimation.

Among the stochastic models used in the estimation of earthquake risk, the 
extreme value methods, originally proposed by Gumbel during the 1930’s for the 
flood analysis, have been applied by many workers in recent decades to earthquake 
data for obtaining recurrence period and probability of occurrence of the largest 
earthquake (Epstein and Lomnitz 1966, Kamik and Hiibnerova 1968, Milne and 
Davenport 1969, Powell and Duda 1975, Rao and Rao 1979, Shanker and Singh 
1997) of different regions of the world.

On the earthquake data for the considered region, hitherto no application of 
Gumbel’s extreme value theory has been made. In the present study estimation 
based on this model has been carried out for studying the probability of occurrence 
of extremes along with their return periods and the seismic risk of the events.

'Department of Earthquake Engineering, University of Roorkee, Roorkee-247667, India
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Theory and no ta tion

и — the modal maxima
ß — parameter, slope of mean line of expected extreme (LEE) 
a  — parameter inter-related to ß (In a =  ßu) 
у — magnitude
i — serial number, i = 1 , 2 , 3 , n 

G{y) — relative frequency (probability) 
у — mean of у values 

Sy  — standard deviation of у values 
N  — sample size

N m  — mean expected number of events 
T m  — mean return period 

Уг — extreme value of earthquake 
n — number of independent collected observations 

R n  — reduced mean of reduced extreme 
(тдг — standard deviation of reduced extreme.

A probability model which seems to provide an adequate basis for making predic
tions concerning the occurrence of largest earthquake magnitudes over time states 
that assuming the number of earthquakes in a year is a Poisson random variable 
with mean a and X,  the earthquake magnitude, is a random variable distributed 
with cumulative distribution function, we get the following equations (Epstein and 
Lomnitz 1966):

F(x) = Pr(X <x) = l -  e~0x , X >=  0. (1)

From this assumption it follows that y, the largest annual earthquake magnitude, 
is distributed with cumulative distribution function G(y), where

G ( y )  = Pr(y < y )  = £  ^ [ F ( y ) } k =
k=о K- (2)

= exp[—a{ l — F(y)}] = exp(—ae~0y) , у  >= 0.

The cumulative distribution function (2) is called the Gumbel “type 1” distribu
tion of largest values. It requires n independent observations collected continuously 
over a long period which should be divisible into N  equal sets each having N  ex
tremes. Thus, the earthquake data must be broken into N-sets and the largest 
magnitude earthquake must be picked from each of the N-set. The largest annual 
earthquake magnitude y \ , j /2 • • • У п  taken from the N-sets are arranged in order of 
increasing size y\ < у2 < ■ ■ - У п ,  where n = N  denote the total number of interval 
of the data. From the fundamental theorem of the theory of extremes, it is known 
that as both n and N  grow large the cumulative probability where any of these n 
extremes will be less than any chosen quantity y reaches the double exponential 
expression. The frequency (probability) of each yi in the order set of extremes may 
be represented as

G(Yi) = i /N  + 1. (3)
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The parameters a and ß are found from the least-square fit to the equation

log[— log G(y)] = log a  -  log ß (4)

derived from Eq. (2). The seismic hazard estimates presented in this paper are 
derived by using the Eqs (4, 5, 6, 7 and 8) of Shanker and Singh (1997).

D ata analysis

The data for Koyna region bounded by 17°20 N to 17°35' N and 73°40 E to 
73°55' E have been taken from the catalogues prepared by the National Geophysical 
Data Centre Boulder, Colorado, USA. Earthquakes of magnitude > 3.1 have been 
included in the analysis. In order to study the earthquake risk, probability of 
occurrence and return periods, the earthquake data distributed over 21-years are 
divided into six-monthly time interval such as at least one event in each duration is 
observed, which is the necessary condition of the validity of the aproach.

For the considered region N  = 42, Rn = 0.5448 and ст/v = 1.1458 have been 
considered. Table I is derived using Eq. (3). It demonstrates the maximum magni
tude earthquake in increasing size with corresponding frequencies. The values given 
in Table I are plotted on extremal probability paper and fitted by a straight line 
as shown in Fig. 1. This line is designated as LEE (Line of Expected Extreme). 
The advantage of probability paper to the usual way of plotting lies in the fact that 
it transforms the theoretical curve into a straight line. The beauty of the figure 
illustrates that if the fit is good enough, the return period of future events may 
be estimated by extending the straight line. From this graph one can also deter
mine approximate values for the parameters a and ß of the distribution G(m) of 
annual extreme earthquakes of Koyna region. These parameters are useful for the 
calculation of probability and risk. The value of log a and ß for Koyna region are 
estimated to be 7.32 and 1.94, respectively. These values were used in the Eqs (6) 
and (7) of Shanker and Singh (1997) to estimate the yearly expected number Nm  
and mean return period Tm  of different magnitude earthquakes. The estimates are 
presented in Table II. The mean return period may also be taken directly from Fig.
1. The graphical values of return periods agree well with the theoretically calculated 
values. Further, using the values of a and ß in Eqs (4), (5) and (8) of Shanker and 
Singh (1997), the most probable annual maxima, 50-year maximum magnitude and 
earthquake risk for different magnitude and periods have been estimated as shown 
in Table III and IV. The results illustrates that risk value decreases with increasing 
magnitude and time.

Discussion and conclusion

The Koyna region comes under the Peninsular shield of India, which is one of the 
aseismic Precambrian blocks existing on the earth today. Isolated shocks of very 
low magnitudes have occurred in various parts of the shield. Koyna earthquake 
which had a magnitude of 6.5, was the largest shock recorded in this region. It 
has attracted the attention of seismologist and earthquake engineers on the regional
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se ism ic ity . T he s tudy  of th e  se ism ic ity  an d  h a z a rd  ev a lu a tio n  has becom e im p o r ta n t 
b e c a u s e  o f earthquakes co n tin u in g  in  th is  region. T h e  recen t seism ic a c tiv ity  began  
a s  e a r ly  as 1962, an d  ever s ince , m ild  in ten sity  shocks of very low m a g n itu d e  have 
b e e n  o c cu rrin g  in th a t  a re a . K o y n a  a re a  is seism ically  m ore active  in  th e  shield 
a s  c o m p a re d  to  th e  N a rm a d a  valley, e a s te rn  a n d  w este rn  g h a ts  an d  its  so u th er- 
m o s t  reg io n  (Tapnis an d  S riv a s ta v a  1968). A fter 1967, no  significant e a r th q u a k e  
o c c u r re d  in  the  region e x cep t one on O ct. 24, 1968 o f m ag n itu d e  5.2 a n d  an o th e r  
o n  O c t. 17, 1973 of m a g n itu d e  5.2. G enera l analysis  o f th e  d a ta  show th a t ,  th e re  is 
a  d e c re a se  in  the  seism ic a c tiv ity  in  th e  K oyna  region. T h e  frequency of e a rth q u a k e s  
o f  m a g n itu d e  m ore th a n  4 h a s  d ecreased  considerab ly  d u rin g  th e  la s t few decades 
a f te r  th e  earthquake  of D ec. 11, 1967. T h e  p re sen t tre n d  of th e  a c tiv ity  of th e  
e a r th q u a k e s  indicates th a t  m o s t o f th e  ac tiv ity  is re s tr ic te d  to  th e  level less th a n  or 
e q u a l  to  m agn itude  4 (T ab le  II) .

T a b le s  I  and II show th e  p ro b a b ility  of occurrence a n d  re tu rn  p e rio d s for different 
m a g n itu d e s  and tim e. T h e  m e r it  o f th e  analysis  over o th e r  s ta tis tic a l tech n iq u es 
lies in  th e  fact th a t  one can  fo re c a s t th e  m ean  re tu rn  p e rio d  of d ifferent m a g n itu d es  
o v e r se v e ra l years. H ere th e  r e tu r n  periods for 78.13 years have only  been  re p o rte d . 
T h e  e a r th q u a k e  h azard  p a ra m e te rs  for th e  K o y n a  reg ion  have been  re p o rte d  in 
T a b le  I I I . T he ea rth q u ak e  r isk  for d ifferent m a g n itu d e s  for th e  considered  region 
h a v e  b e e n  estim ated  over 10 a n d  20 years d u ra tio n  an d  sum m arised  in  T ab le  IV. 
T h is  ta b le  illu stra tes  th a t  r isk  value  decreases w ith  increasing  m ag n itu d es . In  all 
s ta t i s t ic a l  analyses generally , a  huge am o u n t o f se ism icity  d a ta  is req u ired  to  derive 
r e tu r n  periods. A lthough , th e  p re se n t analysis uses 21-years o f d a ta  to  e s tim a te

Acta Geod. Geoph. Hung. 33, 1998

Fig. 1. Коупа extreme value distribution curve



EARTHQUAKE RISK EVALUATION 339

Table I. Koyna six monthly earthquake maxima by order of increasing size

SI. No.
w

Magnitude
y(i)

Frequency
G[î/(i)l

SI. No.
(i)

Magnitude
y(t)

Frequency
G[y(t)]

1 3.1 0.0233 22 3.9 0.5116
2 3.2 0.0465 23 4.0 0.5340
3 3.3 0.0697 24 4.0 0.5581
4 3.3 0.0930 25 4.2 0.5814
5 3.4 0.1103 26 4.2 0.6047
6 3.5 0.1395 27 4.3 0.6279
7 3.5 0.1627 28 4.3 0.6512
8 3.5 0.1861 29 4.4 0.6744
9 3.5 0.2093 30 4.4 0.6977

10 3.5 0.2326 31 4.4 0.7209
11 3.6 0.2558 32 4.4 0.7442
12 3.6 0.2791 33 4.4 0.7674
13 3.7 0.3023 34 4.5 0.7907
14 3.7 0.3256 35 4.5 0.8139
15 3.8 0.3488 36 4.6 0.8372
16 3.8 0.3721 37 4.7 0.8605
17 3.8 0.3953 38 4.7 0.8837
18 3.8 0.4186 39 4.9 0.9069
19 3.9 0.4419 40 5.2 0.9302
20 3.9 0.4651 41 5.2 0.9585
21 3.9 0.4864 42 5.8 0.9767

Table II. Predicted yearly number 
and return period for Koyna region

У N m T m

3.0 4.366 2.75 months
3.5 1.654 7.26 months
4.0 0.626 19.17 months
4.5 0.237 4.22 years
5.0 0.089 11.23 years
5.5 0.034 29.40 years
6.0 0.0128 78.13 years
7.0 0.0018 555.56 years

the seismic risk and return period, however, the analysis may be considered to be 
reliable, since the value of the parameters a and ß which are used in estimating the 
return periods and risk do not change much for the use of short or long duration 
of seismicity data. Thus the estimates presented in this study may warrant certain 
consideration for civil engineering constructions.
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T able III. Earthquake hazard parameters for Koyna
region

Most probable Most probable In a 0
annual maxima 50-years maxima

3.8 6.1 7.32 1.94

T ab le  IV . Earthquake risk R t(Y ) in 
Koyna for different magnitudes and time 

period

M v ) Value R t { y ) Value

R io ( 3 . 5 ) 0.999 Й2о(4.5) 0.99
Д ю ( 4 . 0 ) 0.998 Я 20(4.6) 0.98
R io ( 4 . 1 ) 0.99 Я 2о(4.7) 0.96
R to ( 4 . 2 ) 0.98 Я 2о(4.8) 0.94
R io ( 4 . 3 ) 0.97 R 2o(4.9) 0.89
Я ю ( 4 . 4 ) 0.94 Я 2о(5.0) 0.84
R i o ( 4 . 5 ) 0.93 Я 2о(5.2) 0.72
Я ю ( 4 . 6 ) 0.86 Я 2о(5.3) 0.64
R i o ( 4 . 7 ) 0.81 Я 2о(5.4) 0.67
R i o ( 5 . 5 ) 0.29 Я 2о(5.5) 0.50
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EARTHQUAKE HAZARD ANALYSIS IN NORTHERN
EGYPT

A B a d a w y 1

[Manuscript received June 4, 1997]

Earthquake activity and seismic hazard analysis are important components of 
the seismic aspects for very essential structures such as major dams and nuclear 
power plants. Setting of nuclear power plants becomes of increasing important in 
northern Egypt with the commitment towards promoting nuclear electric generation. 
Therefore, the annual seismic hazard maps with non-exceedence probability of 80%, 
85% and 90% are given. These maps show that northern Egypt is severely affected 
by earthquakes from potential sources around Sinai peninsula.

Three sites (Nile Delta, Cairo, and Ismailia region) have been chosen to estimate 
the earthquake hazard in more detailes to serve as a basic parameter to the safety 
factor of different projects in these regions. At each region six intensity levels have 
been examined. The annual expected number of earthquakes (N),  the return periods 
(T),  and the probability of occurrence (R) for each intensity level are given. These 
results indicate that the return period of an intensity VII in Nile Delta and Cairo 
regions is about 20 years with probability of 0.05%, while at Ismailia region is 10 
years with 9% probability of occurrence. A seismic safety factor of intensity 8.5 
should be considered in designing the vital projects in northern Egypt. On basis 
of the Trifunac and Brady (1975) formula, this earthquake intensity will generate 
seismic waves with vertical acceleration of 0.2lg, and horizontal acceleration of 0.25g

K eyw ords: earthquake hazard; non-exceedence probability; nuclear power plants; 
return period; safety factor

1. Introduction

The most important social benefit from earthquake research is the use of that 
knowledge to reduce the hazard of earthquakes for mankind. These applications 
may take several forms, which range from the construction of various kinds of 
seismic hazard maps that permit the prediction (in a probabilistic sense) of the 
exposure to future ground shaking to the actual prediction of specific earthquakes. 
The potential damage caused by earthquakes to human settlements and lives in 
Egypt will certainly increase steeply as the country becomes more populated and 
industrialized. Earthquakes such as occurred in Shadawn (1969.03.31), southwest 
Cairo (1992.10.12) and Gulf of Aqaba (1995.11.22) can serve as an upper limit to 
possible destructiveness in the region.

The seismicity map of Egypt (Fig. 1) shows that the earthquakes occur mainly 
in the northeastern part of the Egyptian territory. The relative motion of the Sinai 
plate with respect to the Arabian plate (Gulf of Aqaba and Dead Sea) and to the
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Seismicity map of Egypt
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Fig. 1. Seismicity map of Egypt, the boxes delineate seismic source zones

African plate (Gulf of Suez) represents the main source of this seismic activity. This 
relative motion either generates the earthquakes at the plate edge (interplate) or 
increases the rate of stress accumulation in the fracture zones within the plate. The 
stress accumulation due to this motion will continue until the maximum strength 
of the rocks is attained in the fault zones. If the cumulative stress exceeds the 
maximum strength of these rocks an earthquake (intraplate) will occur and seismic 
waves will propagate from the weakness point on the fault surface. Therefore, earth
quakes which have occurred in northern Egypt are related to the plate boundaries. 
Moreover, the main earthquake activity in this region can be considered as a direct 
seismotectonic consequence of the Sinai subplate kinematics (Badawy 1996).

Recently the seismic hazard assessment at some localities (Kebeasy et al. 1981, 
Albert 1987) in Egypt and for the whole country (Ibrahim 1983, Sobaih et al. 
1992) have been published. All of these studies evaluated the earthquake hazard 
regardless to seismic source zones. In the present study we will attempt to estimate
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Fig. 2. Iso-seismal maps of most notable earthquakes in northern Egypt (A,B,C after Maamoun 
1979, D after Maamoun und El-Khashab 1987, E after Elgamal et. al. 1993)
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th e  seism ic h azard  in  n o r th e rn  E gypt by defin ing  th e  different ea rth q u ak e  source  
zones a n d  th e ir  c h a ra c te ris tic s .

T h is  p ap e r aim s a t  develop ing  earth q u ak e  h a z a rd  m ap s for n o rth e rn  E g y p t by  
u til iz in g  p ro b ab ilis tic  p ro ced u res . These m ap s d e p ic t th e  probabilistic  e s tim a tio n  
o f th e  m axim um  in ten s ity . T h e y  are  in tended  to  fo rm  a  basis for th e  assessm en t of 
se ism ic  h azard  for civil eng ineering .

2. Seism ic hazard in n orth ern  Egypt

In s tru m e n ta l rec o rd in g  o f  earthquakes in  E g y p t s ta r te d  as early  as 1899 a t  Hel- 
w an  O bservatory . E v id en ce  of h istorical e a r th q u a k e  a c tiv ity  has been d o cu m en ted  
d u r in g  th e  past 4800 y ea rs . T hroughou t h is to ry  E g y p t was affected severely  by 
d e s tru c tiv e  ea rth q u ak es: a b o u t  83 events w ere r e p o r te d  to  have caused d a m a g e  of 
v a ria b le  degrees in  d iffe ren t localities un til 1984 (K eb easy  1990). T he iso-seism al 
m a p s  of th e  m ost n o ta b le  a n d  rem arkable e a r th q u a k e s  a re  recently pu b lish ed . In  
th e  follow ing a  b rie f d e sc rip tio n  of these e a r th q u a k e s  will be  given.

1 8 4 7  A u g u s t  7  F a y u m  e a r t h q u a k e  ( A  in  F ig . 1 ) :  T h is  ea rth q u ak e  o ccu rred  in  th e  
F ayum  region so u th w e s t of Cairo an d  h a d  a n  ep icen tra l in ten sity  o f V III  
(M aam oun 1979). In  th e  Fayum  region a b o u t  85 people were killed, 62 w ere 
in ju red , 3000 ho u ses a n d  m any m osques d e s tro y e d . In  C airo ab o u t 100 peop le  
w ere killed a n d  th o u sa n d s  were in jured . M oreover, thousands of houses w ere 
destroyed  an d  d a m a g e d  in different p a r ts  o f th e  country.

1 8 7 0  J u n e  2 4  o f f s h o r e  e a r t h q u a k e  ( B ) :  T his shock  acco rd ing  to  M aam oun  (1979) 
h a d  an  in ten s ity  o f V II I  in A lexandria  a n d  V I in  m an y  p a rts  of th e  N ile  D e lta  
a n d  C airo. T h is  e a r th q u a k e  was felt w idely in  E g y p t and  in different loca litie s  
of Greece an d  so u th e rn  Turkey.

1 9 5 5  S e p t e m b e r  1 2  o f f s h o r e  A le x a n d r i a  e a r t h q u a k e  ( C ) :  T his event h ad  a  m ag n i
tu d e  of 6.1 a n d  w as fe lt in  th e  entire  e a s te rn  M e d ite rra n e an  region. In  E g y p t, 
i t  was felt w idely  a n d  led  to  the  loss o f 22 lives a n d  dam age in th e  N ile D e lta  
betw een A le x a n d ria  a n d  C airo. A m ax im u m  in te n s ity  of V III was a ssig n ed  to  
A lexand ria  p ro v in ce  (M aam oun  1979).

1 9 6 9  M a r c h  31  S h a d w a n  e a r t h q u a k e  (D ) :  T h is  e a r th q u a k e  was the  la rgest one w ith  
m agn itude  of 6 .3  o c c u rre d  a t the  S hadw an  is la n d  near to  the  m o u th  o f th e  
G u lf of Suez. T h e  m ax im u m  intensity  o f IX  w as assigned to  a  sm all a re a  in 
th e  S hadw an is la n d  (M aam oun  and E l-K h a sh a b  1978). F issures an d  c rack s in 
soil were found  w ith  a  m ain  d irection  n e a r ly  p a ra lle l to  the  R ed S ea -G u lf o f 
Suez d irection . A t a  d is tan ce  less th a n  10 K m  to  th e  w est of the  fra c tu re d  a re a  
in  th e  sea one o f th e  sub m arin e  coral reefs w as ra ised  by a  few m e te rs  above 
th e  sea level a f te r  th is  event. A rum bling  so u n d  sim ilar to  th u n d e r a n d  noise 
caused  by th e  so u n d  o f  falling rocks on th e  la n d  o r th e  sea was acco m p an ied  
by  som eth ing  s im ila r  to  a  large explosion a n d  w as associated  w ith  se a  w ave 
d istu rbances.
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1992 October 12 El-Qatrani mountain earthquake (E): T h is earthquake  is th e  first 
d isa s tro u s  one to  have occurred  near C a iro  s ince  7 th  A ugust 1847. T h is  even t 
shook C airo  a n d  th e  n o rth e rn  p a r t of th e  N ile  valley and was felt in  m u c h  of 
E g y p t causing  w idesp read  dam age. T h e  in te n s ity  in the  ep icen tra l a r e a  was 
o f V III degree (E lgam al e t al. 1993). T h e  ep icen te r of th is e a r th q u a k e  w as 
close to  th e  ep icen te r o f th e  event of A u g u s t 7, 1847. T he source p a ra m e te rs  
o f th is  ea rth q u a k e s  derived  from  P-w ave s p e c t r a  show a  fault le n g th  o f  6  km , 
s tress  d rop  of 11 b a r  an d  relative d isp lacem en t o f 16.5 cm (B adaw y a n d  M ónus
1995).

2.1 Seismic source zones

T h e  assessm ent o f th e  p robab ilistic  seism ic h a z a rd  requires all ava ilab le  in fo r
m a tio n  on seism icity  an d  geotectonics of th e  reg io n  and  on regional a t te n u a t io n  
c h a ra c te ris tic s  of th e  g ro u n d  m otion  as well a s  th e  ad op tion  of a s to c h a s tic  m odel 
for th e  fo recasting  of fu tu re  occurrence.

A lth o u g h  th e  in s tru m e n ta l earthquake  rec o rd in g  b eg an  in E gypt in th e  e n d  o f th e  
la st cen tu ry , th e  e p icen tra l locations were still o f  low  accuracy  especially fo r sm alle r 
shocks. W ith  th e  in cep tio n  of th e  W orld W id e  S ta n d a rd  Seism ograph N etw ork  
(W W SSN ) th e  lo ca tio n  accu racy  of th e  e a rth q u a k e s  h a s  considerably im p ro v ed  a fte r 
th e  m id  60’s. T h is  especia lly  for th e  a rea  co n sid ered  therefo re , it can b e  s ta te d  th a t  
th e  re liab le  seism ological d a ta  base  for sm all m a g n itu d e  events exist only  fo r th e  la s t 
th re e  decades. T h e  e a r th q u a k e  d a ta  u tilized  fo r th e  de term ination  of th e  seism ic 
source  and  th e  assessm en t o f source-specific freq u en cy -m ag n itu d e  c h a ra c te r is tic s  a re  
based  on th e  In te rn a tio n a l Seism ological C e n te r  (ISC ) d a ta  file covering th e  tim e  
p e rio d  from  1960 to  1995.

A ll p rocedu res ap p lied  in  seism ic h azard  a sse ssm e n t presuppose a  kno w led g e  of 
th e  b o u n d a rie s  o f th e  e a rth q u a k e  source reg io n s a n d  th e  level of a c tiv ity  w ith in  
th ese  region, inc lud ing  a  defin ition  of the u p p e r  th re sh o ld  m agn itude w h ich  could  
be  reached  in  th e  fu tu re . Since th e  in te rva ls o f  sy stem atic  e a rth q u ak e  o b se rv a 
tio n  a re  usua lly  to o  sh o r t to  im plem ent the  a b o v e  ta sk s , various non-seism ological 
ap p ro ach es a re  in tro d u c e d  to  supplem ent th e  o b se rv a tio n a l d a ta  base. T h e se  a p 
p roaches a re  based  on sim ple  analogies and  c o rre la tio n s  betw een e a r th q u a k e s  and  
geological an d  geophysical phenom ena.

B ased  up o n  th e  geologic evidence, g eo tec to n ic  province, seism icity a n d  o th e r  
re lev an t d a ta  th re e  seism ic sources are identified  in  n o r th e rn  Egypt. F ig u re  1 d ep ic ts  
th e  p ro p o sed  m odel for th ese  seism ic sources a n d  a  b rie f descrip tion  of th e  sources 
is g iven  below .

1. G u lf of A q ab a-D ead  Sea region

T h e  D ead Sea fau lt system  is a  m orpho log ica lly  d is tin c t and seism ically  ac tive  
le ft- la te ra l s trike-slip  w hich is form ed a s  a  re su lt  of the  re la tive  m o tio n  be
tw een th e  A frican  a n d  A rab ian  p lates. T h e  m ax im um  expected  m a g n itu d e  of 
ea rth q u a k e  is 8.0 w ith  shallow  dep th  (B en -M en ah em  1987). T h is so u rc e  zone 
includes th e  G u lf o f A qaba  and  a  s ign ifican t p a r t  from  the  D ead  S e a  reg ion
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(so u th  of 33° N ). T h e  ea rth q u ak es in th is  re g io n  are  charac terized  by  shallow  
foci and  te n d  to  o ccu r in  a  N E tren d . T h e  to ta l  num ber of even ts is a b o u t 
198 w ith  m in im um  re p o r te d  m agn itude  of 3 .2  a n d  m axim um  of 5 .7  d u r in g  th e  
tim e  span  of 1960 to  1994. T he e a r th q u a k e s  in  th is  region te n d  to  o c c u r  in 
c lu s te rs  b o th  in  space  a n d  tim e (B adaw y 1995).

2 . S ina i trip le  ju n c tio n  reg ion

T h e  S in a i/A fr ic a /A ra b ia  trip le  ju n c tio n  is lo c a te d  a t  the  sou th ern  t ip  o f S inai 
p en in su la . T h is source  zone is ch a ra c te riz e d  by  intense seism icity  a sso c ia te d  
w ith  com plex te c to n ic  activ ity . This co m p lex  tec to n ic  activ ity  a rises  fro m  th e  
in te ra c tio n  of th re e  p la te s , large and  sm all, each  con tribu ting  of th e  p re se n t-  
d a y  seism icity  of th e  reg ion . T he to ta l r e p o r te d  earthquakes d u rin g  th e  sam e 
tim e  span  are  a b o u t 52 events w ith  a  m a x im u m  m agn itude of 6 .3  w hile  th e  
m in im um  is 3.4.

3. G u lf  of Suez region

T h is  source zone inc ludes th e  G ulf o f S uez a n d  th e  ad jacen t p a r ts  fro m  th e  
E g y p tia n  land  u n til th e  Nile D elta. T h e  seism ic activ ity  in th is  re g io n  is 
re la tiv e ly  m o d era te  a n d  shallow. T he e a r th q u a k e  d istribu tion  show s t h a t  th e  
a c tiv ity  te n d  to  occu r in  a  N W  trend  c losely  p a ra lle l to  the  G ulf o f S uez. T h e  
to ta l  num ber of shocks w hich was re p o rte d  in  th e  sam e tim e sp an  as  ab o v e  is 
a b o u t  49 events w ith  m in im um  m ag n itu d e  o f  3.1 and  m axim um  o f 5.9.

2.2 Recurrence relationships

T h e  n u m b er of e a rth q u a k e s  is a  basic c h a ra c te r is tic  o f the  seismic a c tiv ity  o f any  
g iv en  reg io n  du ring  a  specific p e rio d  of tim e. T h e  re la tio n sh ip  betw een th e  n u m b e r 
(N ) o f  e a rth q u ak es  an d  th e ir  m agn itude  (M ) is u su a lly  w ritten  in  th e  fo rm

log N = a — bM .

I t  is  w id e ly  recognized th a t  th e  N(M)  re la tio n sh ip  is still the  basic m ea su re  o f  th e  
se ism ic ity  of a  p a r tic u la r  reg ion  because th is  re la tio n sh ip  can be ro u tin e ly  e s ta b 
lish e d  u s in g  seism ological in fo rm atio n  now ava ilab le .

I t  is well know n th a t  th e  p a ra m e te rs  a an d  b h a v e  a  certa in  physical sign ificance; 
a is  p ro p o rtio n a l to  th e  level o f earth q u ak e  a c t iv i ty  and  can, therefo re , b e  used  
to  q u a n tify  seism icity  w ith in  a  region of id e n tic a l b. T h is possibility is, how ever, 
l im ite d  to  only  a  sm all a re a  because  b varies fro m  one seism otectonic u n it  to  th e  
o th e r .  L a b o ra to ry  ex p e rim en ts  ind ica te  th a t  b is in fluenced  m ainly by th e  d eg re e  of 
f r a c tu r in g  or h e terogeneity  o f  th e  m ateria l and  by  th e  s tress  ra te . T hus, low v a lu e  of 
b s ign ifies  a  re la tively  c o m p ac t an d  hom ogeneous m ed iu m , high stress d ro p s , la rg e  
so u rc e  d im ension  an d  h igh  s tre ss  ra te  or h igh  co n fin in g  pressure.

T h e  ea rth q u a k e  ca ta lo g u es  a re  often b iased  d u e  to  incom plete r e p o r t in g  for 
s m a lle r  m ag n itu d e  e a rth q u a k e s  a t  earlier p e rio d . T h u s , to  fit the  re c u rre n ce  re la 
t io n s h ip  to  a  region one sh o u ld  choose am ong using : a  sh o rt sam ple th a t  is co m p le te  
in  sm a ll  even ts or a  longer sam p le  th a t  is co m p le te  in  large  events o r a  c o m b in a tio n
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T able I. The parameters of recurrence relations and the ob
served and the expected maximum earthquake magnitudes

Seismic zone a b ^max. obs. ■Л'/тах. exp.

1 4.23 0.72 5.7 5.9
2 4.06 0.68 6.3 6.0
3 4.05 0.75 5.9 5.6

where Mmax. 0t,s. is the maximum observed magnitude and 
Мши. exp. is the expected one.

Magnitude

Fig. 3. Magnitude-frequency relations for seismic source zones

of th e  tw o d a ta  se ts  to  com ple te  th e  deficient d a ta  a n d  thereby  o b ta in ing  a  h om oge
neous d a ta  se t. In  th is  s tu d y  on th e  basis o f 35 y e a rs  p e rio d  of tim e (1960-1995) th e  
d a ta  collected  d u rin g  th is  p e rio d  is considered to  b e  hom ogeneous. T he  cu m u la tiv e  
num bers o f e a rth q u a k e s  versus th e ir  m a g n itu d e  in  th e  th ree  seismic sou rce  zones 
a re  given in  F ig . 3. V alues of a an d  b for th e se  seism ic source zones a re  lis te d  in 
T able  I as well as th e  m ax im u m  observed an d  e x p e c te d  earthquake  m a g n itu d e s .

T h e  fre q u e n c y -m a g n itu d e  re la tion  in d ica te s  t h a t  th e  largest ex p ec ted  e a r th 
quake in th e  th re e  seism ic source  zones a re  5.9, 6 .0  an d  5.6 respectively  a n d  th e ir  
recurrence  tim e  is th re e  tim es every one h u n d re d  y ears . For com parison, th e  re c u r
rence tim e a t  th e  A n sh as a re a  w hich is loca ted  in  th e  th ird  source zone is th re e  tim es
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e v e ry  one hundred  y ear fo r m ag n itu d e  g re a te r  th a n  six (A lbert 1987). T h e re fo re , 
th e  n e x t  expected  m ax im u m  m ag n itu d e  in th e  firs t source zone will be  in  2028 an d  
in  th e  second  in 2 0 0 2  w hile  in  th e  th ird  will b e  in  2 0 2 0 .

2.3 Attenuation relationships

F o r a  given e a rth q u a k e  th e  g round  m o tio n  a t  a  s ite  can be o b ta in e d  by  e ith e r  
u ti l iz in g  th e  so-called a t te n u a t io n  re la tionsh ip s o r physica l m ath em a tica l c a lc u la tio n  
m o d e ls  w ith  varying degree  o f  soph istica tion . T h e  in ten sity  and  th e  p e a k  g ro u n d  
a c c e le ra tio n  (PG A ) a re  th e  m o s t com m only u sed  as g round  m otion d e sc r ip to r  for 
th e  se ism ic  hazard  asse ssm en t. T he  scarc ity  o f th e  local strong  m o tio n  d a ta  in 
E g y p t  m akes it in d isp en sab le  to  use the  in te n s ity  a tte n u a tio n  curves.

T h e  re la tionsh ip  b e tw een  th e  surface m a g n itu d e  (M ), th e  in ten sity  ( / )  a n d  th e  
fo c a l d e p th  (r) was d ed u ced  for E g y p t only  by  M aam o u n  (1979) a n d  it  ta k e s  th e  
fo rm :

I  =  4 .3 7 +  1.43M  -  3.9 l o g r .

In  th i s  s tu d y  the  p u b lish ed  iso-seism al m aps for th e  earthquakes th a t  o c c u rre d  in 
n o r th e r n  E gyp t have been  u tiliz e d  to  develop th e  v a ria tio n  of th e  ep icen tra l in te n s ity  
( / 0) w ith  th e  ep icen tra l d is ta n c e  (R ). F ive e p ic e n tra l in tensities were co n sid e red  to  
g e t  th e  a tte n u a tio n  cu rves in  th e  region (F ig . 4). T he  best lit to  th e  o b serv ed  
in te n s i ty  gives th e  re la tio n :

IR = 4.65 +  0.7710 -  1.01 ln  R.

T h e  o b ta in e d  re la tion  in d ic a te s  th a t  th e  seism ic w aves in n o rth e rn  E g y p t tra v e l 
w ith  m o d e ra te  a tte n u a tio n . K ebeasy  (1971) fo u n d  th a t  th e  seism ic w aves from  
e a r th q u a k e s  occurring  so u th  o f Greece an d  offshore E gyp t are of a b n o rm a lly  low 
a t te n u a t io n .  Therefore, th e  effects of ea rth q u a k e s  in  th e  region are u su a lly  found  
to  b e  abno rm ally  large.

2 -4  S e i s m i c  h a z a r d  a s s e s s m e n t

S eism ic  hazard  ana ly ses  a im  a t assessing th e  p ro b a b ility  th a t  th e  g ro u n d  m o tio n  
a t  a  s ite  due to  e a rth q u a k e s  from  p o ten tia l seism ic sources will exceed a  c e rta in  
v a lu e  in  a  given tim e p e rio d . T h e  p ro b ab ilis tic  seism ic h azard  m odels d ev e lo p ed  by 
C o rn e ll  (1968), E steva  (1970) and  M ilne a n d  D a v e n p o rt (1969) a re  ca lled  “p o in t 
so u rc e  m odels” since th e y  a re  based on th e  a ssu m p tio n  th a t  th e  energy  re leased  
d u r in g  a n  earthquake  is r a d ia te d  from  th e  focus of th e  earthquake  an d  th e  in te n s ity  
o f  th e  s ite  ground m o tio n  is a  function  of th e  d is ta n c e  to  th e  source. A lth o u g h  
th is  a ssu m p tio n s m ay be  a c c e p tab le  for c e r ta in  ea rth q u ak es  and reg ions it  w ould  
n o t ,  how ever, be valid for la rg e  events w here th e  to ta l  energy released is d is tr ib u te d  
a lo n g  a  long ru p tu re  zone.

T h e  “fau lt ru p tu re  m o d e l” developed by  D er K iu regh ian  and  A ng  (1977) is 
b a s e d  on  th e  assum ption  t h a t  th e  ea rth q u ak e  o rig in a te s  a t  th e  focus a n d  p ro p a g a te s  
sy m m e tric a lly  on each side  o f  th e  focus along  a  fa u lt  an d  th e  m axim um  in te n s ity  of 
th e  g ro u n d  shaking a t  a  s ite  is determ ined  by  th e  ru p tu re  th a t  is closest to  th e  site.
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Fig. 4. Attenuation curves of earthquake intensities in northern Egypt

B o th  of these  m odels can  be  adequa te ly  rep re se n te d  by th e  so-called to ta l  p ro b 
ab ility  th eo rem  (M cG uire  1976):

w here  P  in d ica tes  p ro b ab ility , A rep resen t th e  even t th a t  a  specific m easu re  o f th e  
g ro u n d  m o tion  is exceeded a t  th e  s ite  du ring  an  e a r th q u a k e  of size s (m a g n itu d e  of 
ep icen tra l in ten sity ) an d  d is tan ce  r  (fault, e p icen tra l o r focal d istance). S , R  a re  
con tinuous ran d o m  variab les rep resen ting  th e  e a r th q u a k e  size and  d is ta n c e . T h e  
p ro b a b ility  o f A, P[A\ is given by th e  in te g ra tio n  o f th e  conditional p ro b a b ility  o f 
A g iven s an d  r tim es th e  in d ep en d en t p ro b ab ilis tic s  o f s and  r ,  / s ( s )  a n d  fuir),  
over all possib le  value of s an d  r . For th e  fau lt ru p tu re  m odel the  s an d  / ( s )  te rm s  
include th e  in fo rm atio n  on  an d  d is trib u tio n  of th e  ru p tu re  leng th  and  th e  r u p tu r e  
lo ca tio n  a t  th e  source.

N um erous m odels for fo recasting  of seism ic h a z a rd  have been developed . T h e  
tw o m a jo r  ty p es  of th e  s to ch as tic  m odels th a t  a re  o f com m on use are  th e  M ark o v  a n d  
P o isson  processes. T h e  sim p lest stochastic  m odel for e a rth q u ak e  o ccu rrence  is th e  
hom ogeneous P oisson  p rocesses (C ornell 1968, S h ah  e t  al. 1975, D er K iu reg h ian  a n d  
A ng 1977). T h e  seism ic h a z a rd  forecasting  m odel em ployed in th is  s tu d y  is b ased  
on hom ogeneous P oisson  process. For e a rth q u ak e  even ts  to  follow th is  p ro cess , th e  
follow ing assu m p tio n s  a re  requested :
1 . e a r th q u a k e s  a re  sp a tia lly  independen t;
2 . e a r th q u a k e s  a re  te m p o ra lly  independen t;
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3. p ro b a b il i ty  th a t  tw o seism ic events will ta k e  p la c e  a t  th e  sam e lo ca tio n  a n d  th e  
sa m e  tim e  app roaches zero .

T h e  firs t assum ption  im plies th a t  th e  o cc u rre n ce  o f one event a t  a  s ite  does n o t 
a ffe c t th e  occurrence of o th e r  events. T he second  a ssu m p tio n  im plies th a t  th e  seis
m ic  e v e n ts  do n o t have m em o ry  in  tim e, a lth o u g h  th e re  are theories a n d  ev idences 
s u g g e s tin g  th a t  in c e rta in  so u rce  zones e a r th q u a k e s  occur in reg u la r p re d ic ta b le  
cyc le .

F o r  th e  ac tu a l c o m p u ta tio n  of th e  p ro b ab ilis tic  seism ic hazard  in n o r th e rn  E g y p t 
th e  c o m p u te r  p rogram  E Q R IS K  developed by  M c G u ire  (1994) was used . T h e  p ro 
g r a m  w as ad o p ted  on th e  b as is  o f its ap p licab ility  to  different in p u ts  a n d  a ssu m p 
t io n s  a n d  also on th e  basis  o f  its  wide use for en g in eerin g  and  academ ic pu rp o ses.

2 . 5  S e i s m i c  h a z a r d  m a p s

In  o rd e r  to  co n stru c t seism ic h azard  m aps fo r n o r th e rn  E gyp t, th e  h a z a rd  an a ly 
sis is re p e a te d  sy s tem a tica lly  in  successive s ite s  over a  grid  w ith  one degree  spac ing  
d ra w n  on  th e  m ap  of th e  reg ion  to  get th e  m a x im u m  expected  in tensity . T hen , 
c o n to u r  lines are  d raw n  a n d  sm o o th ed  y ield ing  a  seism ic h azard  m ap.

T h e  chosen level of h a z a rd  for each m a p  re flec ts  th e  im p o rta n t s tru c tu re s  as 
w ell a s  ex p ec ted  life-tim es. A ccord ing  to  S obaih  (1988) th ree  levels o f im p o rta n c e  
s h o u ld  b e  considered:
I. v e ry  essen tia l s tru c tu re s  a n d  bu ild ings are g iven  90%  non-exceedence p ro b ab ilitie s ,
II . e s se n tia l bu ild ings w ith  h ig h  occupancy  a re  g iven  85% non-exceedence p ro b a b il

itie s ,
I I I .  n o rm a l build ings w ith  low  occupancy  a re  g iven  80% non-exceedence p ro b a b ili

tie s .
T h e  an n u a l seism ic h a z a rd  m aps for n o r th e rn  E g y p t w ith  non-exceedence p ro b 

a b i l i ty  o f 80%, 85% an d  90%  a re  provided in  F ig s  5, 6 , and 7 respectively . From  
th e s e  m a p s  it is c lear th a t  n o r th e rn  E g y p t is sev ere ly  affected by th e  e a r th q u a k e s  
f ro m  th e  p o ten tia l sources a ro u n d  th e  S inai p e n in su la . T he so u th e rn  S inai, R ed 
S e a , S uez provinces an d  th e  can a l cities as well as th e  Nile D e lta  reg ion  w ould  be 
h ig h ly  affected  zones. T h e  m ax im um  ex p ec ted  in te n s ity  increases from  6.5 to  7.5 
a c c o rd in g  to  th e  p e rcen tag e  o f p robab ilities.

A ccord ing ly , th e  m ax im u m  in tensity  of 8.5 w o u ld  b e  the  safety design  in ten s ity  
fo r  n o r th e rn  E gyp t. O n th e  basis of th e  fo rm u la  by  T rifunac and  B ra d y  (1975), 
th is  e a r th q u a k e  in ten s ity  w ou ld  generate  seism ic w aves w ith  vertical ac c e le ra tio n  of
0 .2 1 g  a n d  horizon tal a c c e le ra tio n  of 0.25g. T h e re fo re , these p a ra m e te rs  will have 
to  b e  ta k e n  in to  c o n sid e ra tio n  in th e  co n s tru c tio n  of v ita l civil s tru c tu re s  such  as 
b r id g e s , tu n n e ls  an d  n u c lea r pow er p lan ts.
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Fig. 5. The annual seism ic hazard map of northern Egypt (non-exceedence probability 80%)
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F ig. 6. T he annual seismic hazard m ap of northern Egypt (non-exceedence probability 85%)
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Fig. 7. The annual seism ic hazard map of northern Egypt (non-exceedence probability 90%)
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Table II. Seismic hazard parameters at the selected sites

I 4° 5° 6° 7° 8° 9°

1. Nile Delta region
N 2.57 0.97 0.38 0.05 0.01 0.002
T 0.39 1.04 2.67 20.0 100.0 487.8
R 67% 47% 20% 0.05% 0.01% 0.002%
2. Cairo region
N 2.73 1.41 0.31 0.06 0.012 0.002
T 0.37 0.71 3.24 16.67 83.3 487.8
R 68% 47% 20% 0.06% 0.012% 0.002%
3. Ismailia region
N 3.16 1.85 0.52 0.10 0.02 0.004
T 0.32 0.54 1.92 10.0 50.2 250.0
R 69% 51% 28% 9% 0.02% 0.004%

3. Seismic hazard at selected sites in northern Egypt

E a r th q u a k e  ac tiv ity  a n d  seism ic h aza rd  analysis  a re  im p o rta n t co m p o n en ts  of 
th e  se ism ic  aspects of e ssen tia l s tru c tu re s  such as m a jo r  dam s and  n u c lea r pow er 
p la n ts .  S e ttin g  of nuclear pow er p la n ts  becom es of increasing  im p o rtan ce  in  E g y p t 
w ith  th e  com m itm en t to w a rd s  p ro m o tin g  nuclear e lec tric  generation . S everal sites 
w ere  se lec ted  in n o rth e rn  E g y p t. T herefore, we chose th re e  sites to  e s tim a te  th e  
e a r th q u a k e  h azard  in  m ore d e ta ile s  to  serve as a  b asic  p a ra m e te rs  to  th e  safe ty  
f a c to r  o f  th e  different p ro je c ts  in  th e se  region. T hese  sites a re  th e  Nile D e lta , C airo  
a n d  Ism a ilia  regions.

A t each  region six in te n s ity  levels (7) were exam ined . T h e  an n u a l ex p ec ted  nu m 
b e rs  o f  ea rth q u ak es  (TV), th e  re tu rn  periods (T) an d  th e  p ro b ab ility  o f occu rren ce  
(7?) o f  each  in tensity  level a re  lis ted  in  T able II. T h ese  resu lts  in d ica te  th a t  th e  
r e tu r n  p e rio d  of an  in te n s ity  7 in  th e  Nile D e lta  an d  C a iro  regions is a b o u t 20 years 
w ith  p ro b a b ility  of 0.05% , w hile  a t  Ism ailia  reg ion  it w ill b e  te n  years a n d  w ith  9% 
p ro b a b il i ty  of occurrence. T h is  m eans th a t  E g y p t is a  te r r i to ry  h igh ly  affected  by  
e a r th q u a k e s .

T h e  dam age caused by e a r th q u a k e s  in  E g y p t w ere fo u n d  to  be  large  in  co m p ar
iso n  w ith  th e  m ag n itu d e  of e a rth q u a k e s . A lth o u g h  th is  observa tion  can  be  p a r t ly  
a t t r ib u te d  to  th e  old an d  p o o rly  designed bu ild ings, i t  is m ain ly  due to  th e  low 
a t te n u a t io n  of seismic w aves. In  E g y p tia n  R eg u la tio n , p e a k  g round  acce lera tio n  is 
u se d  fo r estim a tin g  th e  seism ic th re a t  a t  a  c e rta in  site . However, in  th e  absence  of 
d e n se  n e tw o rk  of s tro n g  m o tio n  in s tru m e n ts , m acroseism ic  in ten sity  as a  d escrip 
t iv e  q u a n ti ty  provides useful in fo rm a tio n  on th e  reg ional d is tr ib u tio n  of e a rth q u a k e  
effec ts . For m any pu rp o ses i t  is sufficient to  use a  sim ple  in ten sity -acce le ra tio n  
r e la t io n  such as th a t  given by T rifunac  and  B rad y  (1975).

T h e  expected  life-tim es o f s tru c tu re s  is an  im p o r ta n t p a ra m e te r  for th e  chosen 
level o f  th e  h azard  ana ly sis  a t  a  given site. S tru c tu re s  were classified in to  four 
c a te g o rie s  according to  th e ir  ex p e c te d  life-tim es. F ifty  years a re  assigned  as a  life
t im e  to  m ason ry  s tru c tu re s , 1 0 0  years to  reinforced  co n cre te  s tru c tu re s , 2 0 0  years
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T able III. The expected intensities at se
lected sites in northern Egypt for diffferent 

exposure periods

Years 70% 80% 90%

(1) Nile Delta region
50 6.00 7.00 7.50

100 6.28 7.35 7.81
200 6.69 7.74 8.00
500 7.00 8.00 8.26

(2) Cairo region
50 6.00 7.00 7.50

100 6.29 7.35 7.81
200 6.69 7.74 8.00
500 7.00 8.00 8.26

(3) Ismailia region
50 6.20 7.50 7.65

100 6.74 7.72 7.85
200 7.14 8.00 8.25
500 7.65 8.23 8.50

to  civil s tru c tu re s  (e.g. b ridges an d  tunnels) a n d  500 years to  m a jo r  d a m s  an d  
nuclear pow er p lan ts . T h u s , th e  expected  e a r th q u a k e  in ten sity  for ex p o su re  p e rio d s  
of 50, 100, 200 and  500 years an d  non-exceedence p ro b ab ility  of 70%, 80%  a n d  90% 
a t  each site  o f th e  th re e  chosen sites have been  ex am in ed , th e  resu lts  a re  g iven  in  
T able  III.

All a fo rem en tioned  seism ic h azard  analyses in d ic a te  th a t  n o rth e rn  E g y p t is 
severely affected  by  ea rth q u a k e s . T herefore a  seism ic safety  factor of in te n s ity  8.5 
m ust b e  ta k en  in to  ac c o u n t in  designing th e  v ita l  p ro jec ts . Also, an  e a r th q u a k e  
of in te n s ity  8.5 sh o u ld  b e  considered  in th e  design  of th e  proposed n u c le a r  pow er 
p lan ts  in  n o r th e rn  E g y p t.

4. Conclusions

T h e  e a rth q u a k e  h a z a rd  has been  evaluated  in  n o r th e rn  E gyp t by u tiliz in g  p ro b a 
b ilistic  p rocedu res, a n d  th e  an n u a l seismic h a z a rd  m a p s  w ith  non-exceedence p ro b a 
b ility  o f 80% , 85% , a n d  90%  are  developed. T h ese  m a p s  show th a t  n o r th e rn  E g y p t is 
severely affected by e a r th q u a k e s  from  th e  p o te n tia l sources a round  S inai p e n in su la .

N ow adays, th e re  a re  several v ita l civil c o n s tru c tio n s  (i.e. bridge over th e  Suez 
C anal, b ridge over th e  G u lf o f A q ab a  betw een  E g y p t an d  Saudi A rab ia , a n d  five 
tu n n e ls  u n d er th e  Suez C ana l) p lanned . T h ere fo re , th e  seismic h a z a rd  h a s  been  
e s tim a te d  in m ore d e ta ile s  a t  selected  sites (Nile D e lta , C airo , and Ism ailia  reg ions) 
in n o r th e rn  E g y p t. T h e  resu lts  ind ica te  th a t  a  seism ic safety  factor o f e a r th q u a k e  
in ten s ity  8.5 m u st be  ta k e n  in to  account in design  o f v ita l p ro jects. T h is  re la tiv e ly  
h igh  in ten s ity  value in  th e  n o r th e rn  E gyp t (espec ia lly  in  cen tral S inai reg io n ) is a  
consequence for th e  e a r th q u a k e  h aza rd  co m b in a tio n  from  th e  th ree  se ism ic  sou rce  
regions. W hereas th e  u sed  h aza rd  p rogram  e s tim a te s  th e  ea rthquake  h a z a rd  as a 
su m m atio n  from  d iffe ren t sources a t  selected p o in ts .
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E a r th q u a k e  a c tiv ity  in  Suez region and  a n  e x p e c te d  earthquake  of in te n s ity  8.0 in 
th e  n e x t  2 0 0  years (life-tim e o f bridges) shou ld  b e  acco u n ted  for th e  b rid g e  over th e  
S uez  C a n a l. For th e  five tu n n e ls  under th e  Suez C a n a l, which are now  es ta b lish e d  
to  i r r ig a te  an d  cu ltiv a te  a b o u t 1500 hectar, a n  e a r th q u a k e  of in tensity  7.0 sh o u ld  be 
c o n s id e re d  w ith  re tu rn  p e rio d  of 10 years. As w ell as, th e  relative m o tio n  be tw een  
S in a i a n d  A rab ian  p la te  o f r a te  0.72 cm /y e a r (B a d a w y  1996) would be a n  im p o r ta n t  
f a c to r  in  designing th e  b rid g e  betw een E g y p t a n d  S aud i A rabia.

In  E g y p tia n  reg u la tio n , p eak  g round  a c c e le ra tio n  is used for e s tim a tin g  th e  
se ism ic  th re a t  a t  a  c e rta in  site . For m any p u rp o se s  it  is sufficient to  use  a  sim ple 
in te n s ity -a c c e le ra tio n  re la tio n , especially in  th e  ab sen ce  of dense n e tw ork  o f s tro n g  
m o tio n  in s tru m e n ts . A ccord ing  to  th e  re la tio n  o f T rifunac  and  B rad y  (1975) th e  
sa fe ty  in te n s ity  fac to r of 8.5 would possess a  v e r tic a l acceleration  of 0 .21g  and  
h o r iz o n ta l  acce lera tion  of 0.25g.
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THE TOTAL TIDAL TORQUE WITHIN 
THE SOLAR SYSTEM

M B ursa1

[Manuscript received July 15, 1997]

The total tidal torque within the Solar System has been estimated as 
1.5 • 1017 Joule. The main contributors are the systems Jupiter-Io, Earth-Moon, 
Sun-Venus, Sun-Earth, Neptune-Triton, Saturn-Titan, Jupiter-Ganymede, Jupiter 
Europa. The tidal torques do not contribute to the Earth’s precession — nutation 
torque being perpendicular to the last.

K eyw ords: Solar System; tides; torques

1. Introduction

T h e  tid a l evo lu tion  of th e  system s S u n -p lan e t a n d  p lane t-sa te llite  g e n e ra te s  th e  
re d is tr ib u tio n  of th e  an g u la r  (L) and  sp in  (Lw) m om en ta . I t is due to  th e  fac t 
th a t  th e  bod ies in  th e  S olar System  are  n e ith e r  p e rfec tly  rigid nor p e rfec tly  e lastic , 
how ever, th e y  are  v isco-elastic . If th e  sam e d ire c tio n  of the  ro ta tio n  a n d  o f th e  
o rb ita l m o tio n , and  if th e  m ean  o rb ita l m o tion  n is sm alle r th a n  th e  an g u la r  ve locity  
o f ro ta t io n  и  o f th e  c e n tra l body, n < iv, th e n  dL/dt  >  0 , as well as, da/dt > 0 , 
a n d  dLu/dt < 0; a s ta n d s  for th e  sem im ajo r ax is a n d  t for th e  tim e. If n >  w, th e n  
dL/dt < 0 an d  dL^/dt  >  0, da/dt <  0. If re tro g ra d e  o rb ita l m otion  a n d  p ro g ra d e  
ro ta t io n  of th e  cen tra l b o d y  (th e  case of T rito n ), th e n  dL^dt < 0 and  da/dt  <  0, 
how ever, L is n egative  a n d  dL/dt  >  0. L o n g -te rm  varia tions dL/dt a n d /o r  dLu /dt 
a re  equa l to  th e  tid a l to rq u es  N :

d L  _  dL^  

dt ’ dt - N . ( 1 )

T h e  a im  o f th e  p a p e r is to  e s tim a te  th e  to ta l t id a l  to rq u e  w ithin th e  S o la r S ystem . 
T h e  n u m erica l p a ra m e te rs  used  in  th e  so lu tio n  w ere ad o p ted  m ain ly  fro m  (B u rn s 
1986, D avies e t al. 1996, T h o m as 1991), th e  fu n d a m e n ta ls  of th e  tid a l d y n a m ic s  by 
(K opal 1978) and  (N obili 1978).

2. The torques due to the tidal friction

T h e  tw o-body  sy stem  i —j  has been tid a lly  p e r tu rb e d  during  its ev o lu tio n  if th e  
bod ies, m asses Mi a n d  Mj,  a re  n o t perfectly  rig id . T h ere  are  long-te rm  v a ria tio n s  
in  th e  d is ta n c e  A у  = OiOj ,betw een th e  m ass c e n te rs  (Oi,Oj) of th e  b o d ies  as  well 
as, in  th e  an g u la r  velocities w* and  Uj of th e ir  ro ta tio n . As a basis for th e  so lu tio n
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o f th e  t id a l  dynam ic  p ro b lem s, th e  tid a l force fu n c tio n  AVy of the  i — j  sy s te m  is 
in tro d u c e d  as (B u rsa  1996)

A V t j
GM? 

ki - д Т - c o s e ,+

0 1 ,  G M ?  (  R j
cos 2 £i > +  kj . .  ——

J J A y  V A y
л 2

j  [p^0)(sinJji)]

C0S£j +
)(2), SinJji) cos 2 e*

+

( 2)

Notations: G is th e  N ew to n ian  g rav ita tio n a l c o n s ta n t, R i  and  R j  th e  m e a n  rad ii 
o f th e  bod ies, ki a n d  kj th e ir  Love num bers, Ei a n d  £j th e  phase lag ang les o f  th e  

t id a l  bu lges, 6ij{őji) th e  d ec lina tion  of Oj(Oi) cen te red  a t  O j(O j), P^ is inő )  =  

I  s in 2 S — P2 ^  =  § sin 26, P ^  (sin J) — 3 cos2 6. T h e  harm onics of degrees h igher
th a n  n  =  2  were neg lec ted  in  (2 ).

T h e  co rresp o n d in g  t id a l to rq u es  m oduli Ni a n d  Nj  can  be  derived d ire c tly  from  
(2 ), n o  d ensity  d is tr ib u tio n s  w ith in  th e  bod ies a re  required :

Ni

N j

dAVjj 
cos Sijdei 

dSVj j  

cos SjidEj

3(ki s in e j)
GM?

A i j

3(kj sin Ej )
GM?

A ij

(3)

(4)

V ecto rs  N j  an d  N j  re p re se n t th e  norm als to  th e  o rb ita l  p lane, N jT O jO j, N jT O iO j .  
T h a t  is why, th e y  do n o t c o n tr ib u te  to  th e  p recess io n -n u ta tio n  to rques. T h e y  are 
p o s itiv e  (negative) if u> >  n (u < n) and  if b o th  th e  o rb ita l m otion an d  th e  ro ta t io n  
a re  p ro g ra d e . T hey  a re  n eg a tiv e  (positive) if  oj > n (uj < n) and  if b o th  o rb ita l 
m o tio n  a n d  ro ta tio n  a re  re tro g ra d e . If p ro g ra d e  ro ta tio n , however, re tro g ra d e  o r
b i ta l  m o tio n , th e y  a re  positive . B ecause of th e  tim e  variab ility  of d e c lin a tio n s  Sij 
a n d  Sji, th e  d irec tions of v ec to rs  N j and  N j  vary. However, for the  lo n g -te rm  tid a l 
d y n a m ic s  th e  in teg ra l m ean  values of (cos<5)m c a n  b e  expressed a p p ro x im a te ly  as 
(cos<S)m =  (1  — | s i n 2 £o)^ ; Eo s tan d s  for th e  o b liq u ity  of th e  p lane of th e  e q u a to r  
re la te d  to  th e  o rb ita l p lane.

3. Tidal torques within the Sun-planets systems

B ecau se  of th e  p ro g ra d e  o rb ita l m otion  of th e  p la n e ts  and  because th e ir  m ean  
m o tio n s  a re  sm aller th a n  a n g u la r  velocity  of ro ta t io n  o f th e  Sun, all th e  t id a l  to rq u es  
N j  a re  positive  an d  d ire c te d  app rox im ate ly  a lo n g  th e  invariable L ap lac ian  vec to r 
o f th e  S o lar S ystem  th e  geocen tric  eq u a to ria l c o o rd in a te s  of which a re  (D av ies e t 
al. 1996) öo = 66.99°, ao =  273.85°. N um erical re su lts  are  sum m arized  in  T ab le  I 
in  w h ich  also  th e  fu n d a m e n ta l p a ram e te rs  u sed  in  th e  solu tion  are given. T h e  to ta l  
t id a l  to rq u e  of th e  S u n -p la n e ts  system s am o u n ts  3 .83 • 1016 Joule. I t  gives rise  to  
th e  lo n g -te rm  increase  in  th e  to ta l  o rb ita l a n g u la r  m om en tum  of th e  sy stem . T he
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Table I. Centric gravitational constants GM,  mean radii R , products of Love numbers к and phase 
lag angles e, obliquities e0, and tidal torques moduli N i , N j  of the Sun(i) — planet(j )  systems

Body G M
109 m3 s-2

R
km

ke Co
deg

Ni
Joule

N j
Joule

Sun 13271244.0 • 104 696000.0 1.3 • lO“ 7 7.25
Mercury 22032.09 2439.7 1.75 • IO"4 0.01 1.231010 3 .181014
Venus 324858.60 6051.8 7.4 ■ 10-3 -2.64 -6.28-1010 2.96-1016
Earth 398600.4405 6370.994 1.13 ■ 10~2 23.44 1.361010 8.38-1015
Mars 42828.3 3390.0 6.89 • 10-4 25.19 1.14-107 1.58-1012
Jupiter 126686573.0 69911.0 1.3 • 10“ 7 3.12 6.89-1010 7.74-1011
Saturn 37931272.0 58232.0 2 • 10“ 6 26.73 1.45-10-® 1.12-1011
Uranus 5793947.0 25362.0 5 ■ 1 0 -6 97.86 -2 .8 3 1 0 6 3.67-107
Neptune 6835096.0 24622.0 7.4 • 10~6 29.55 4.87-103 5 .79106
Pluto 865.0 1151.0 0 0.0

E 3.22-1010 3 .831016

to rq u e  of th e  sam e m ag n itu d e , however, o p p o s ite  in  th e  direction, gives rise  to  th e  
long -te rm  d ecrease  in th e  sp in  an g u la r m o m en tu m  of th e  Sun: —3.83 • 10 16 Jo u le .

T he  tid a l to rq u es  ex e rted  by th e  p lan e ts  on  th e  S un  is m uch sm aller in  m a g n itu d e  
th a n  th e  above . T h e  resu ltin g  to rq u e  is six  o rd e rs  sm aller in m a g n itu d e : 3 .22 • 
10 10 Jou le . T h e  co n trib u tio n s  due to  Venus a n d  to  U ranus are negative  b e c a u se  of 
th e ir  re tro g ra d e  ro ta tio n s .

4. Tidal torques within planet-satellite systems

N um erica l values of th e  basic  p a ra m e te rs  a n d  o f th e  to rques are  in T a b le  II . As 
reg a rd s  (kjCj), th e y  a re  zero for all th e  sy n ch ro n o u s Satellit. T he a n g u la r  ve loc ities 
o f th e ir  ro ta t io n  are  equal to  th e ir  m ean  m o tio n s  (uij — nj) and , t h a t  is why, 
£j =  0. H ow ever, we in se rted  th e  in teg ra l m e a n  values (kj£j)m a p p ro p r ia te  to  th e  
w hole h is to ry  o f th e  system  (t — to = 4.6 • 109 y) supposing , the  p rim eval a n g u la r  
velocity  шо be

wo =  2.182 ■ 10_4 ra d  s - 1 , (5)

i.e. th e  p e rio d  of ro ta tio n  of p rim eval sa te llite s  8 h:

1 [Lj(t) — Lj(to)] (A fj)m
1 jEj)m g Q _ to)G M 2R5 cosS.. >

Lj (t) = CjWj(t), Lj(t0) = CjWj(to)\

( 6)

Cj s ta n d s  for p rin c ip a l m om en t o f in e rtia  of th e  sa te llite , (Д ® )m is th e  in te g ra l m ean  
value over (t — to). A d o p tin g  (6 ), th e  tid a l to rq u e s  com pu ted  represen t th e  e s tim a te  
o f th e ir  in te g ra l m eans du rin g  th e  tid a l ev o lu tio n  of th e  system s p la n e t-sa te lli te s  
a n d  differ from  th e  tid a l to rq u es a t  p resen t. V ecto rs N ; and N j a re  p e rp e n d ic u la r  
to  th e  o rb ita l  p lanes an d  d ev ia te  from  th e  L a p la c ia n  vector of th e  S o la r  S y stem  
significantly .
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T ab le  II. Parameters used in the tidal dynamics of the planet  (i) — satellite (j) systems and tidal
torques; moduli N , , N j

Satellite G M R A y (kj£j  )m Ni Nj
109m3s -2 km 10em Joule Joule

Moon 4902.799 1737.4 384.400 3.66 • 10~7 3.811016 1.23 • 1013
Phobos M l 7.2 ■ 10~4 11.1 9.378 1.36 • 1015 -1.01-1010 -2 6 .5
Deimos M i l 1.2 • IO“ 4 6.2 23.459 4.77 ■ IO“ 12 1.14-106 20.6
Metis J X V I 0.0045 20.0 127.96 4.11 • IO“ 15 —4.50107 2.16 • 103
Adrastea J X V 5.6 • IO“ 4 10.0 128.98 to О

1 —6.97105 -4 0 .6
Amalthea JV 0.5 86.2 181.3 8.23 ■ IO“ 14 6.871010 7.96 • 106
Thebe J X I V 0.0667 50.0 221.9 2.50 ■ IO“ 13 3.64108 4.72 • 105
Io JI 5961.0 1821.3 421.6 5.64 • 10“ 11 6.18-1016 1.45 • 1014
Europe JII 3201.0 1565.0 670.9 9.17 • 10“ 10 1.10-1015 6.81 • 1013
Ganymede J i l l 9887.0 2634.0 1070 9.40 • 10~9 6.36-1014 5.73 • 1014
Callisto JIV 7181.0 2403.0 1883 2.84 • 10~7 1.13-1013 3.68 • 1014
Leda J X I I I 6.7 • IO“ 5 5.0 11094
Himalia JVI 0.334 85.0 11480
Lysithea JX 9.3 • IO“ 4 12.0 11720
Elara JVII 0.036 40.0 11737
Ananke J X I I 5.6 • 10 -4 10.0 21200
Carme J X I 0.0019 15.0 22600
Pasiphae JVII 0.0033 18.0 23500
Sinope J I X 0.0015 14.0 23700
Pan SX V1II 3.1 • IO“ 4 10.0 133.36 1.01 • 10~13 9.75-105 110.0
Atlas s x v 0.00132 16.0 137.64 4.03 • IO-13 1.46-107 3.81 ■ 103
Prometheus S X V I 0.0387 50.1 139.35 7.23 ■ 10~14 1.17-1010 1.91 • 105
Pandora S X V I I 0.0231 41.9 141.70 9.89 • IO“ 14 3.76-109 9.68.104
Epimetheus S X I 0.038 59.5 151.422 2.31 • IO“ 13 6.84-109 8.76 • 105
Janus S X 0.14 88.8 151.472 2.01 • 10~13 9.26-1010 5.64 ■ 106
Mimas SI 2.5 198.8 185.52 1.08 • IO“ 12 8.75-1012 5.04 • 108
Enceladus SII 4.8 249.1 238.02 5.84 • IO“ 12 7.231012 1.89 • 109
Tethys S i l l 41.5 529.8 294.66 2.18 • IO-11 1.501014 8.53 ■ 1010
Telesto S X I I I 4.3 • IO“ 4 11.0 294.66 1.24 • IO“ 11 1.61-104 1870

5. Conclusions

a ) T h e  to ta l t id a l to rq u e  w ith in  the Solar S y s te m  am ounts 1.5 • 1017 J o u le  in 
m ag n itu d e .

b ) T h e  m ain  c o n tr ib u to rs  to  the  to ta l to d a l to rq u e  w ith in  the  Solar S y stem  a re  
as  follows: J u p ite r - Io , E arth -M oon , S un -V enus, S u n -E arth , N e p tu n e -T rito n , 
S a tu rn -T ita n , Ju p ite r-G a n y m e d e , J u p ite r -E u ro p a , see Table III.

c) C om p ared  to  th e  p recession -nu ta tion  to rq u e  th e  to ta l tida l to rq u e  is a b o u t 
five orders sm a lle r in  m agn itude .

d ) T h e  tid a l to rq u e s  do  n o t  con tribu te  to  th e  E a r t h ’s p recession-nu tation  to rq u e  
b e in g  p e rp e n d ic u la r  to  th e  last.

e) T h e  long-te rm  d e c re a se  in the  spin a n g u la r  m om en tum  of th e  S un  d u e  to
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Table II. (contd.)

Satellite GM
109m3s -2

R
km

Aij
106m

{kj Ej )m Ni
Joule

Nj
Joule

Dione SIV 70.2 560.0 377.40 1.41 • 10-10 9.74-1013 1.65 1011
Helene S X I I 0.00126 16.0 377.40 9.63 • 10~n 3.14-104 2.14 103
Rhea SV 154.0 764.0 527.04 9.60 • 10~10 6.32-1013 7.54 1011
Titan SVI 8978.2 2575.0 1221.85 2.39 • 10~7 1.38-1016 4.99 1014
Hyperion SVII 1.0 141.5
Iapetus SVIII 106.0 718.0 3561.3 8.73 • 10"5 3.14-10® 5.01 • 1011
Phoebe S IX 0.408 110.0
Cordelia UVI 7.4 ■ 10~4 13.0 49.752 2.22 • IO“ 16 —8.52-107 -8 .2 0
Ophelia UVII 0.0011 15.0 53.764 6.88 • 10“ 15 -1.18-10® -32 6 .0
Bianca UVIII 0.0031 21.0 59.165 2.49 • 10~14 -5 .2 9 1 0 s -3 .5 8  ■103
Cressida UIX 0.010 31.0 61.767 3.97 ■ 10~14 -4.25T 09 -3 .0 9  • 104
Desdemona UX 0.0064 27.0 62.659 4.36 • 10"14 -1.60-109 -1 .5 6  ■104
Juliet UXI 0.025 42.0 64.358 5.83 • IO"14 —2.07T010 -1 .6 2  ■105
Portia U XI I 0.053 54.0 66.097 7.29 ■ 10~14 —7.95-1010 -6 .0 6  • 105
Rosalind U X I I I 0.0064 27.0 69.927 1.15 ■ IO“ 13 8.26-108 -2 .1 3  • 104
Belinda U X I V 0.012 33.0 75.255 2.15 ■ 1 0 -13 — 1.87T09 -6 .9 9  • 104
Puck u x v 0.153 77.0 86.006 5.70 • IO“ 13 1.36-1011 5.75 • 10®
Miranda u v 4.6 235.8 129.783 7.20 • 10“ 12 1.04-1013 1.66 ■109
Ariel UI 84.0 578.9 191.239 1.17 ■ IO” 10 3.40-1014 2.35 • 10u
Umbriel UII 89.0 584.7 265.969 7.64 • 10-10 5.281013 2.23 ■1011
Titania UIII 232.0 788.9 435.844 1.89 • 10~8 1.85-1013 1.27 • 1012
Oberon UIV 202.0 761.4 582.596 1.04 • 10"7- 2.461012 1.03 • 1012
Naiad N i l  I 0.010 29.0 48.227 3.33 • 10~15 —2.39-1010 -1 .1 4  • 104
Thalassa N I V 0.027 40.0 50.075 2.21 • 10~15 -1 .3 9 1 0 11 -3 .01  • 104
Despina NV 0.17 74.0 52.526 1.69 • lO“ 16 —4.14-1012 -3 .7 5  ■104
Galatea N V I 0.21 79.0 61.953 2.58 • 10“ 14 -2 .35T 012 -2 .9 5  ■10®
Larissa N VI I 0.37 96.0 73.548 1.24 • 1 0 -13 -2.60-1012 -1 .3 4  • 107
Proteus N V I II 3.77 208.0 117.6 4.47 • 10-12 1.6M 013 1.38 ■109
Triton N1 1428.5 1352.6 354.759 3.87 ■ 10~9 3.08-1015 1.85 • 1013
Nereid N i l 2.3 170.0
Charon PI 115.0 593.0 19.640 8.02 • lO“ 9 1.681011 3.44 • 1011

th e  tid a l to rq u es  am o u n ts  - 3 .8 3  • 1016 m 2 s 2. I t gives rise to  th e  long -te rm  
dece le ra tio n  in  th e  S u n ’s ro ta tio n

du>o/dt =  —5 -1 0  12 rad (cy ) 2

if th e  S u n ’s p rin c ip a l m om ent o f in e r t ia  C© =  7.60 • 1 0 46k g m 2 =  c o n s ta n t.
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T able III. The tidal torques moduli of order Id11 Joule in magnitude and larger

System 1К  +  Nj\  
Joule

System \Ni +  Nj  1 
Joule

Jupiter-Io 6.2-1018 Neptune-Proteus 1.6-1013
Earth-Moon 3.8-1016 Uranus-Miranda 1.0-1013

Sun-Venus 3.0-1016 Saturn-Mimas 8.8-1012
Sun-Earth 8.4-1015 Saturn-Enceladus 7.2-1012

Neptune-Triton 3 .1 1 0 15 Neptune-Despina 4.1-1012
Saturn-Titan 1.9-1015 Uranus-Oberon 3.5-1012
Jupiter-Ganymede 1.2-1015 Neptune-Larissa 2.6-1012
Jupiter-Europa 1.2-1015 Neptune-Galatea 2.41012
Jupiter-Callisto 3.8-1014 Sun-Mars 1.6-1012
U ranus- Ariel 3.4-1014 Sun-Jupiter 8.4-1011

Sun-Mercury 3.2-1014 Saturn-Iapetus 5.ОТО11
Saturn-Tethys 1.5-1014 Pluto-Charon 5.1-1011
Saturn-Dione 9.8-1013 Uranus-Puck 1.4-1011
Saturn-Rhea 6.4-1013 Neptune-Thalassa 1.4-1011
U ranus-U mbriel 5.3-1013 Saturn-Janus 9.3-1010
Uranus-Titania 2.0-1013 Sun-Saturn 1.1-1011
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HIGH-AM PLITUDE M AGNETOCONVECTION  
IN A HORIZONTAL EXTERNAL MAGNETIC FIELD

L C s e r e p e s 1

[Manuscript received April 17, 1998]

Magnetoconvection in a two-dimensional rectangular domain is studied with re
gard to the interaction of convection and magnetic field in the Earth’s fluid core. A 
horizontal external field is imposed at the base of the box. The calculations can be 
regarded as models of the equatorial plane in the core, with a strong toroidal field 
component assumed. Linear analysis of the problem and conditions for the onset of 
convection are presented first, then finite-amplitude cases are calculated with a com
bined finite-difference plus spectral algorithm. High Rayleigh and Chandrasekhar 
numbers are used. Convection tends to be chaotic in this regime. Increasing the 
external field results in elongated circulation cells. The structure of temperature 
distribution, stream pattern and magnetic field depends strongly on the ratio of the 
Rayleigh and Chandrasekhar numbers.

K eyw ords: chaotic flow; Earth’s core; linear analysis; magnetoconvection; nu
merical simulation

1. Introduction

M agnetoconvection  is th e  th e rm a l con v ec tio n  o f an  electrically c o n d u c tin g  fluid 
in th e  presence of a  m ag n e tic  field. W h en  th is  m agnetic field is g e n e ra te d  by 
th e  flu id  m otion  itself, we speak  of d y n a m o  ac tio n ; when the  m a g n e tic  field is 
m a in ta in e d  by an  e x te rn a l agen t, we use th e  te rm  m agnetoconvection  in  th e  s tr ic t  
sense. T h e  dynam o  m echan ism  is th e  sou rce  o f th e  S un ’s and the E a r th ’s m ag n e tic  
field, b u t  th e  difficulties o f th e  full th eo ry  o f  th e  dynam o make th e  s im p le r  m odel 
of m agne to co n v ectio n  a  very  useful too l fo r s tu d y in g  the  basic physica l p rinc ip les  
w hich  con tro l th e  in te ra c tio n  of convection  a n d  m agnetic  field.

T h e  fu n d am en ta l p ro p e r tie s  of m ag n e to co n v ectio n  are thoroughly  d isc u sse d  and  
review ed in  th e  w orks o f  W eiss (1981a,b ,c, 1991). T hese basic s tud ies  fo cu ssed  on 
th e  dynam ics of B oussinesq  fluids, w ith  em p h a s is  on the  onset o f co n v e c tio n  and  
possib le  b ifu rca tions in  th e  w eakly n o n lin ea r reg im e. L ater in v estig a tio n s o f m ag 
n e toconvec tion  have m o stly  been m o tiv a ted  by th e  need of u n d e rs ta n d in g  th e  so lar 
m ag n e tic  field, th u s  a im in g  e.g. a t  co m p ress ib ility  effects (Fox e t al. 1991, L an tz  
a n d  S u d an  1995, L an tz  1995). O nly a  few s tu d ie s  have been recen tly  p u b lish e d  on 
th e  m ag n e toconvection  ta k in g  place in th e  E a r t h ’s fluid ou ter core, w h ich  h a s  som e 
p ro p e rtie s  rem arkab ly  d ifferen t from  th o se  o f th e  s te lla r  convective zones. E x p lo itin g  
th e  fa s t developm ent o f m o d ern  co m p u tin g  reso u rces, these in v estig a tio n s a t te m p t 
to  c o n s tru c t rea lis tic  m odels  of th e  E a r th ’s m a g n e tic  field num erically. O lso n  and  
G la tz m a ie r  (1995) t r e a t  m agnetoconvection  in  a  ro ta tin g  spherical sh e ll w ith  an
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im p o se d  to ro ida l m a g n e tic  field. Self-sustained sp h e r ic a l dynam os are re p ro d u c e d  
b y  th e  works of G la tz m a ie r  a n d  R oberts (1995a,b) a n d  K uang  and B loxham  (1997) 
u s in g  enorm ous a m o u n ts  o f  com puter tim e. T h e se  sp ec tacu la r m a g n e to h y d ro d y - 
n a m ic  sim ulations re p ro d u c e  th e  m ost im p o r ta n t p ro p e r tie s  of the  E a r th ’s field , 
sh o w in g  th a t  the  field g e n e ra tio n  m echanism  is e x tre m e ly  complex in n a tu re . T h e  
m a in  elem ents of th is  m e ch an ism , e.g. the  in te ra c tio n  o f poloidal and to ro id a l fields 
a n d  m o tio n s, can be  u n d e rs to o d  qualitatively  ow ing  to  th e  alm ost cen tu ry -lo n g  ef
fo r ts  o f  theo re tica l p h y s ic is ts  (Höllerbach 1996). H ow ever the full u n d e rs ta n d in g  
o f th e  geodynam o re q u ire s  a  q u an tita tiv e  e x p lo ra tio n  of th e  p a ram eter sp ace , a n d  
to  ach ieve  th is, a  lo t o f ca lc u la tio n s  will have to  b e  d o n e  on well-chosen p a r t ic u la r  
m o d e ls  in  th e  fu tu re .

T h e  p resen t s tu d y  is m o tiv a te d  by th is need . M agnetoconvection  in  th e  s tr ic t  
se n se  o f th e  word will b e  s tu d ie d  here w ith n u m erica l m e th o d s , using long re c ta n g u 
la r  b o x es in two d im en sio n s a n d  prescribing a  h o r iz o n ta l ex ternal field a t  th e  b a se  
o f th e  boxes. A r te r ’s w o rk  (1983) is sim ilar to  th e  ap p ro ach  used here, b u t  w ith  
tw o  significant differences. F irs t , th e  present s tu d y  co n cen tra tes  on th e  g eo p h y si
ca l p ro b lem  ra th e r  th a n  th e  astrophysical one, i.e. th e  p a ram ete rs  will b e  se lec ted  
w ith  re g a rd  to  th e  p ro p e r t ie s  o f th e  E a r th ’s flu id  c o re . Secondly, in o rd er to  b e  as 
c lose  as  possible to  th e  E a r t h ’s reality, th e  m a in  nond im ensional num bers o f  th e  
p ro b le m , th e  R ayleigh n u m b e r  and  the  C h a n d ra se k h a r  num ber will be  chosen  q u ite  
h ig h , therefo re  th e  m ag n e to co n v ectiv e  c ircu la tio n  s tu d ie d  here will o p e ra te  in  th e  
c h a o tic  flow regim e.

2 . F o r m u la t io n  o f  t h e  p r o b l e m

T w o-dim ensional (2D ) convection  in a re c ta n g u la r  box  will be considered , w ith  
a n  in itia lly  uniform  a n d  h o riz o n ta l m agnetic field . T h e  Boussinesq a p p ro x im a tio n  
is a ssu m e d  which, for th e  ve lo c ity  u  and th e  d e n s ity  g, gives

V • u  =  0 ,  (1)

в  =  во  = 1 -  a  (T  -  To) ) . (2)

H e re  T  is th e  te m p e ra tu re , a  th e  therm al ex p an siv ity , a n d  g0 th e  density  a t  T  =  T0. 
I f  th e  tw o-d im ensional flow  is parallel to  th e  у =  0 p la n e  in  the  (x ,y , z ) C a r te s ia n  
sy s te m , th en  the  ve loc ity  fie ld  can be expressed in  te rm s  of the stream  fu n c tio n  гр 
as

u  =  (it, 0, w) = (-dip/dz,  0 , дгр/дх) , (3)

w h ich  satisfies (1) a u to m a tic a lly . T hen v o rtic ity  h a s  on ly  one non-vanish ing  com 
p o n e n t:

a, =  V x u  = (0,w,0) =  (0 ,-V V ,0 ) .  (4)
T h e  m ag n e tic  field В  w ill a lso  be restric ted  to  th e  xz  p la n e  and  assum ed in d e p e n d e n t 
o f  y. T h en , since V  В  =  0 , В  can  be described by  th e  flux  function (one-co m p o n en t 
v e c to r  p o ten tia l) A as

В  =  (Bx,0,Bz) = (-д А / д г ,0 , д А / д х ) .  (5)
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T h e  eq u a tio n  of m o tio n  a n d  th e  induction  e q u a tio n  are:

Po +  u  • V u )  =  pg -  V p + 0о1л92 и + j  X В  , (6 )

—  =  V  x (u x B ) +  t?V 2 B .  (7)

H ere g  =  (0 ,0 , —g) is g rav ity , p th e  pressure, is th e  k inem atic  viscosity, t) th e  
m ag n e tic  d iffusiv ity  a n d  j th e  electric  current:

j =  (0, j,0)  = / i - ' V x  В  =  p - 1 (о,- V 2 A, 0). (8)

By ta k in g  th e  curl o f (6 ), a n d  using (2) an d  (8 ), th e  v o rtic ity  equation  is o b ta in e d  
as

dcj _  о дТ 1 /  dA dj dA dj '
dt Удх pß0 \ d x d z  d z d x / (9)

T h e  in d u c tio n  e q u a tio n  can  be  rew ritten  in  te rm s  o f A:

8A
dt

+  u • VA  = rçVM .

To com plete  th e  se t o f eq u a tio n s, we need th e  h e a t tra n s p o r t  equation :

dT
dt + u • V T  =  k V 2 T ,

( 10)

(И)

w here к is th e  th e rm a l diffusivity.
T h e  eq u a tio n s will be solved in  a  rec tan g u la r b o x  w ith  period ic ity  im posed  on 

th e  sides. T h e  u p p e r  a n d  lower surfaces a t  z = d an d  z  =  0, respectively , a re  
assum ed  im p erm eab le  ( i p  = 0 ), stress-free (и =  0 ), a n d  iso therm al (T  =  0  a t  z = d, 
T = V T  a t  z =  0), w hich  is a  usual choice for b as ic  m odels of th e rm a l convection . 
For th e  m ag n e tic  field th e  following conditions a re  p rescribed :

A — 0 (z — d ) , ( 12)

dA/dz  =  - B xo (z  =  0 ) , (13)

i.e. В  has no  v e rtica l co m p o n en t a t  the  top , an d  i ts  h o rizo n ta l com ponen t (Bxo) is 
fixed a t  th e  base  o f th e  box . T h is  choice will b e  d iscussed  in Section 5.

For th e  pu rp o ses of n u m erica l in teg ra tion , i t  is convenient to  tra n s fo rm  th e  
eq u a tio n s in to  n o n d im en sio n a l form . L ength  w ill b e  scaled  w ith  th e  box  d e p th  
d, tim e  w ith  d?/is, te m p e ra tu re  w ith AT  and  th e  m ag n e tic  field w ith  Bxo. T h e  
eq u a tio n s will th e n  c o n ta in  th e  following n o n d im ensional quan tities: 
th e  R ayleigh  n u m b er

R = agAT d3 
iж

(14)

th e  C h a n d ra se k h a r n u m b er

Q = B i d 2 ;
PQolSIl ’

(15)
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th e  P r a n d t l  num ber
P  =  p / к

a n d  th e  m agnetic  P ra n d tl  n u m b er

Pm =  v h )  ■

T h e  nondim ensional eq u a tio n s  are:

did _—- + u • V uj = V" dt (16)

(17)

(18)

w ith  си = —V 2^  an d  j  = —V 2A. T h e  lower b o u n d a ry  conditions for th e  te m p e ra 
tu r e  a n d  m agnetic  field beco m e T  — 1 an d  d A / d z  — — 1, respectively.

T h e  equations a re  so lved  by a  hy b rid  fin ite-d ifference p lus s p e c tra l schem e 
(C se re p e s  e t al. 1988). S p e c tra l decom position  is used  in  th e  h o r iz o n ta l direc
t io n  fo r th e  solu tion  of i p  in  th e  equ a tio n  и  = — Л 2 i p ] otherw ise th e  a lg o r ith m  is 
b a s e d  o n  second-order fin ite  differences. T im e s tep p in g  in (16-18) is p e rfo rm e d  by 
th e  a l te rn a tin g  d irec tion  im p lic it schem e (C serepes 1986).

L in e a riz a tio n  of th e  eq u a tio n s  gives c r ite r ia  for th e  onset of convection . This 
p ro c e d u re  can follow th e  w ay  p resen ted  by C h a n d ra se k h a r (1961). T h e  s ta t ic  (non- 
co n v e c tin g ) s ta te  is ch a ra c te riz e d  by  a  un ifo rm  Bxo m agnetic  field a n d  a  linear 
in c re a se  o f tem p e ra tu re  b e tw een  th e  u p p e r a n d  low er boundaries. O n to  th e se  fields 
le t u s  im p o se  sm all p e r tu rb a tio n s  of th e  vec to r p o te n tia l ( A )  and  th e  te m p e ra tu re  
(X i). T h e n  (9), (10) an d  (11) yield

w h e re  ß  =  — dT/dz  for th e  s ta t ic  case, and  (4) is valid  for th e  re la tio n sh ip  o f u> and 
ip. In tro d u c in g  the  te s t fu n c tio n s  w ith  w avenum ber к as

3. Linear analysis

( 21)

(19)

( 20)

id = Ü(z) e x p {ikx -f st)

A\  =  K{£) exp {ikx +  st)
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T\ — 0 ( z )  ex p (ikx +  st) ,

■ф =  Ф (г) exp {ikx +  s t ) ,

an d  su b s titu tin g  th e m  in to  (19-21) and  (4), we ge t

sd2 • Í1 =  v(D2 — a2) ft — iaadg ■ 0  — ia(Bxo/g,g0d){D2 — a2)K  ,

sd2 -K  = iaBxod ■ Ф -  u(D2 -  a2)K  , 

sd2 ■ 0  =  iaßd ■ Ф -  k(D2 -  a 2) 0  , 

d2 • Г2 =  —{D2 — a2)ip ,

w here D — d(d/dz)  a n d  a =  kd. W hen th e  in s ta b ility  of th e  s ta tic  so lu tio n  sets 
in  as convection  (d irec t o r m ono ton ie  m ode, W eiss 1981a), th en  s = 0, a n d  th e  
e lim ina tion  of П, К  a n d  0  leads to  a  s ix th -o rd e r  eq u a tio n  for Ф:

(D2 -  а2)3Ф +  a2Q{D2 -  а2)Ф +  a2R Ф =  0 . (22)

T he  b o u n d a ry  co n d itio n s a t  2  =  0 an d  z — d a re  Ф =  fl =  0  =  0 w hich  can  be 
tra n s la te d  to  th e  Ф fun c tio n  as Ф =  £>2Ф =  0 4Ф =  0. (Ф is in d ep en d en t o f th e  
b o u n d a ry  cond itions im posed  on th e  m ag n e tic  field.) T herefore

Ф =  sin (7Tz/d)

satisfies th e  b o u n d a ry  cond itions, and  s u b s titu te d  in to  (22), yields

д = (!е  +  а Т +  ,  (23)
az

A sym pto tically , for la rge  C h an d rasek h a r n u m b ers  (Q »  7Г2 ) ,  th e  m in im um  
R ayleigh n u m b er in  (23) is found  a t

a 2 =  7r3/ Q 1/2 ,

i.e. th e  w aveleng th  L o f th e  p e r tu rb a tio n  is

2tt 2 dQ1' 4
L ~  T  “  7Г1/ 2

an d  th e  m in im um  (critica l) R ayleigh  n u m b er is

R = Rcrit «  7T2Q ( 1 +  7r / Q 1/2) «  7T2Q

In  exp lic it w ords, (25) m eans th a t  (for h igh  Q) th e  critical R ayleigh  n u m b e r is 
p ro p o rtio n a l to  th e  C h a n d ra se k h a r num ber, i.e. th e  s tronger th e  in itia l m ag n e tic  
field, th e  h igher Д Т  is needed  for th e  onse t o f convection. (24) show s th a t ,  for 
high Q, th e  in s ta b ility  se ts  in  as very  w ide cells. T h is  is an o th er in d ic a tio n  th a t  
th e  im posed  h o rizo n ta l m ag n e tic  field s tro n g ly  h in d ers  th e  vertical flow, i.e. th e  
convective h e a t t r a n s p o r t .

(24)

(25)
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4. Numerical models in the nonlinear regime
T h e  fin ite-am plitude m o d e l ca lcu la tions to  b e  p re sen ted  have been  c a rr ie d  o u t 

w i th  th e  core convection in  v iew . T h e  physical p a ra m e te rs  of th e  E a r th ’s core 
m a y  b e  uncerta in , som e o f th e m  by  orders o f m a g n itu d e , yet it is su re  t h a t  core 
c o n v e c tio n  takes place in  a  h ig h ly  non linear reg im e. Following G la tz m a ie r  and  
R o b e r t s  (1995b), it is a s su m e d  h ere  th a t  th e  v iscous a n d  th e rm a l d iffusiv ities are 
e d d y  diffusivities, e s tim a te d  a s  к «  v «  0.3 m 2s_ 1 , th e re fo re  th e  P ra n d tl  n u m b er 
is a r o u n d  one. The m a g n e tic  d iffusiv ity  has a  value n e a r i) =  3 m 2s _ 1 ; w ith  th is , 
th e  m a g n e tic  P ra n d tl n u m b e r  is Pm =  0.1. Since r) > k, th e  convection a t  th e  onse t 
a p p e a r s  as  a  direct m ode in s ta b il i ty  (C h an d ra se k h a r 1961, W eiss 1981a), th e re fo re  
t h e  a n a ly s is  of Section 3 w ith  s =  0 applies to  th e  core problem . In  all o f  th e  
n u m e r ic a l  sim ulations P — 1 a n d  Pm =  0.1 a re  assum ed .

T h e  R ayleigh and  C h a n d ra s e k h a r  num bers a re  m uch  m ore u n c e rta in . O lson 
a n d  G la tz m a ie r  (1995) e s t im a te  R  и  1020 for th e  core, b u t  if th e  eddy  d iffusiv ities 
u s e d  a b o v e  are su b s titu te d  in to  (14), th e  o th e r  p a ra m e te rs  taken  from  M elchior 
(1 9 8 6 ), th e n  R «  1013 — 1014 c a n  b e  calcu la ted . S im ilarly , w ith  th e  eddy  va lue  of 
p , t h e  C h an d rasek h a r n u m b e r  m u s t be a ro u n d  Q «  108 — 1010, depen d in g  on  th e  
m a g n i tu d e  of the core m a g n e tic  field which is p e rh a p s  th e  m ost d e b a te d  u n know n  
q u a n t i ty  in  the  physics o f th e  E a r th ’s core (see th e  c lassical d ilem m a of s trong-fie ld  
v e rs u s  weak-field theories, e .g . B usse  1983, M elchior 1986, O lson an d  G la tz m a ie r  
1995 , H öllerbach  1996). A nyw ay, th e  asy m p to tic  (h igh  Q) assum ption  o f S ection  
3 a n d  th e  RCnt/Q «  тг2 c r i te r io n  of (25) a re  valid  fo r th e  core undo u b ted ly . T h e  
a b o v e  e s tim a te s  yield R/Q  w  103 — 106 which, c o m p ared  w ith  (25), show s th a t  core 
c o n v e c tio n  m ust occur in  th e  h ig h -am p litu d e  m ode.

H ig h -am p litu d e  convection  m odelling  requ ires h ig h  reso lu tion  in  th e  n u m eri
c a l a lg o r ith m . Since th e  c o m p u ta tio n a l resources a re  usua lly  lim ited , som e u p p e r  
b o u n d s  o f  th e  physical p a ra m e te rs  canno t b e  exceeded  in  th e  ca lcu la tions. T h e  
m o d e ls  to  be  shown have b e e n  c a lcu la ted  in a  box  w ith  an  aspec t ra tio  o f 6, a n d  th e  
m a x im u m  grid  resolution  w as 1536 x  256 p o in ts . T h is  allow ed to  rise th e  R ay leigh  
n u m b e r  n o t higher th a n  108. T h u s  th e  m odels c a n n o t give an  exact q u a n tita tiv e  
d e s c r ip t io n  of w hat h ap p en s  in  th e  E a r th ’s core, b u t  th e  m ain  q u a lita tiv e  p ro p e r tie s  
o f  th e  co re  convection can  b e  e x tra p o la te d  from  th e  p a ra m e te r  range ava ilab le  for 
c o m p u ta tio n s .

F ig u re s  1 to  4 show a  f irs t se ries o f m odel re su lts . T h e  ra tio  R/Q  =  104 is fixed 
in  th e s e  cases, and th e  R ay le ig h  n u m b er is in c reased  from  one case to  a n o th e r . T h is  
R / Q  r a t io  m ay be acc e p tab le  fo r th e  real core s itu a tio n .

In  th e  m odel of F ig. 1 R = 105 and  Q =  10, re la tive ly  low values. A fter 
a  t r a n s ie n t  period, convection  te n d s  to  a  s te a d y  s ta te  in  th is  case. C o n to u rs  of 
th e  s te a d y -s ta te  te m p e ra tu re  field  T , stream  fu n c tio n  ip an d  vector p o te n tia l A  a re  
sh o w n  in  F ig. 1. Four c o u n te r - ro ta t in g  cells develop in  th e  box  which is 6 u n its  long. 
T h e  u p -  a n d  downwelling p lu m e s  of th e  te m p e ra tu re  field a re  ra th e r  sh a rp  fea tu re s . 
T h e  m a g n e tic  field lines, w h ich  lie ho rizon ta lly  in  th e  in itia l s ta te  accord ing  to  (12) 
a n d  (1 3 ), a re  d isto rted  in  a  s im ila r  fashion as th e  iso th e rm s, b u t th e ir  u n d u la tio n  is 
s m o o th e r  due to  the  h igher v a lu e  o f th e  m agnetic  d iffusiv ity  (t)/k = 10 w hen  P — 1 
a n d  Pm =  0.1).
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Fig. 1. Model with R =  105 and Q =  10: isotherms (contours of T),  streamlines (contours of ip) 
and magnetic field lines (contours of A). Length of the model box is 6 times its depth. The contour 

values, using the notation min(step)max, are: T  =  0(0.05)1; ip — —100(20)100; A =  0(0.02)0.4

Fig. 2. Model with Я =  10® and Q =  102. Contours as in Fig. 1; contour values: T  =  0(0.05)1;
ip -  -220(20)140; A =  0(0.05)0.8

In  th e  n e x t m odel R = 106 an d  Q =  102; th e  fields of T, ip and  A a re  show n 
in F ig. 2. C onvection  is n o t s tead y  any m ore. In  such  a  case, th e  c a lc u la tio n  ru n s  
u n til a  s ta tis tic a lly  s te a d y  s ta te  is reached , i.e. w hen  charac teris tic  q u a n titie s  o f th e  
m odel (e.g. th e  to ta l  h e a t flux a t  th e  surface) o sc illa te  a ro u n d  som e av erag e  va lue . A 
sn a p sh o t o f th e  m odel in  F ig. 2 shows com p lica ted  irre g u la r s tru c tu res . T h e se  form s 
change sh a p e  an d  m ig ra te  quickly as tim e is p assing . T h e  up- and  dow nw ellings a re
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T

A

Fig. 3. Model with R  =  107 and Q =  103. Contours as in Fig. 1; contour values: T  =  0(0.05)1;
ip =  -350(50)450; A =  0(0.05)0.7

T

A

Fig. 4. Model with R =  10s and Q =  104. Contours as in Fig. 1; contour values: T  =  0(0.05)1;
ip =  -1800(200)1600; A  =  0(0.05)0.5

d e c lin ed  from  th e  v e rtica l a n d  do n o t always cross th e  whole convecting layer. T he  
re a so n  is th a t ,  w ith  th e  in c rease  of the  C h a n d ra se k h a r  num ber, th e  m a g n e tic  field 
is s tro n g e r  here  th a n  in  th e  m odel of Fig. 1 a n d  th is  s tro n g er m agnetic  field  ten d s  
to  in h ib it  m ass flux p e rp e n d ic u la r  to  the field lines.

T h is  ten d en cy  con tinues in  th e  next tw o m odels; in Fig. 3 w here R = 107 
a n d  Q = 103, and  in  F ig . 4 w here R =  108 a n d  Q = 104. T he te m p e ra tu re  an d  
m a g n e tic  fields a re  m ore  a n d  m ore chaotic, th e  p lu m e s  of th e  te m p e ra tu re  field  a re  
n o t  o n ly  declined b u t th e y  hav e  strange  d is to r te d  sh ap es . I t can be well seen  from
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Fig. 5. Model with R =  10® and Q =  104. Contours as in Fig. 1; contour values: T  =  0(0.05)1;
xp =  -55(5)50; A =  0(0.1)1.2

th e  s tream lin e  p a tte rn , th a t  th e  c ircu la tio n  cells a re  m ore and  m ore e lo n g a te d  as Q 
is increasing . T h e  m ag n e tic  flux is being  ex p u lsed  from  the  in te rio r o f th e  b o x  and  
co n c e n tra tes  in  a  h o rizo n ta l b o u n d a ry  layer a t  th e  to p  surface.

A second  series o f m odels have been c a lc u la ted  w ith  an  R/Q  ra tio  less th a n  in 
th e  p rev ious cases, nam ely  w ith  R/Q  =  102. T h is  m eans th a t  convection  m u s t be  
less v igorous in  th e se  m odels, because  th is  va lue  is closer to  th e  c ritic a l Rcrit/Q 
ra tio . T h is  is indeed  th e  case. I t is sufficient h e re  to  show ju s t one ex am p le  o f these  
m odels: th e  m odel of F ig. 5 has been  c a lcu la ted  w ith  R  =  106 and  Q =  104 . T h is 
case can  b e  co m p ared  e ith e r to  Fig. 2 w here R  is th e  sam e b u t Q is less th a n  here , or 
to  F ig . 4 w here  Q is th e  sam e b u t R  is h ig h er th a n  here. Any of these  co m p ariso n s  
be ing  m ade , th e  conclusion  is th a t  convection  is less vigorous and  less c h a o tic  w ith  
th e  p re sen t low value of R/Q  th a n  in th e  p rev io u s m odel series. F ig u re  5 shows 
th a t  th e  m ag n e tic  field d ep a rts  li t t le  from  th e  in itia l horizontal co n fig u ra tio n . T he  
cells a re  long  w hich is n o t su rp rising  w ith  th e  C h a n d rasek h a r num ber b e in g  as high 
as 104.

5 . D is c u s s io n

C onvection  in  th e  E a r th ’s core is of co u rse  in trinsica lly  th ree -d im en sio n a l, b u t  
th e  2D m odels o f th is  s tu d y  app ro x im ate  c losely  th e  real core a t  least in  o ne  p a r t ic u 
la r lo ca tio n , i.e. in  th e  eq u a to ria l p lane. T h e  re a l geodynam o is in fluenced  cruc ia lly  
by th e  E a r th ’s ro ta tio n , b u t it is easy  to  show  th a t  th e  Coriolis force does n o t  en te r 
th e  v o rtic ity  eq u a tio n  (9) if th e  2D section  o f o u r m odels is p e rp e n d ic u la r  to  th e  
ro ta tio n  axis. A lso, as i t  is expected  from  th e  d ipo le  ch arac ter of th e  E a r th ’s m ain  
field, th e  ra d ia l com ponen t o f th e  m ag n e tic  field a t  th e  o u te r surface o f  th e  core 
is sm allest (or even negligible) n ear th e  e q u a to r , therefo re  th e  b o u n d a ry  co n d itio n  
(12) is a  good  choice if th e  2D m odels re p re se n t th e  equato ria l p lane. T h e  p eriod -
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ic ity  co n d itio n  app lied  on th e  sides of the  m odel b o x  can  be  in te rp re te d  as  if o u r  
p la n e  m odels were fla tte n e d  or stra ig h ten ed  eq u iv a len ts  o f a  section m ad e  ac ross  
th e  sp h e rica l shell o f th e  E a r th ’s o u te r core. If  th is  sec tio n  is m ade in th e  e q u a to r ia l 
p la n e , th e n  th e  o th e r  m a g n e tic  b o u n d a ry  co n d itio n  u sed  here, (13), can  be  re g a rd e d  
as  a  p re sc rib e d  to ro id a l m a g n e tic  field para lle l to  th e  eq u a to r. T oroidal m a g n e tic  
fields a re  essen tia l fea tu re s  o f w orking m odels o f th e  geodynam o (G la tzm a ie r a n d  
R o b e r ts  1995a,b, K u an g  a n d  B loxham  1997; see a lso  th e  classical dynam o  m odels 
o f B u lla rd  and  G ellm an  (1954) and  P arker (1955)).

In  th is  co n tex t, th e  p la n e  m odels of m ag n e to co n v ectio n  shown in S ec tion  4 
ca n  g ive a  rea listic  in sigh t in to  th e  te m p e ra tu re  d is tr ib u tio n , s tream  p a t te rn  a n d  
m a g n e tic  field of th e  E a r th ’s core in th e  e q u a to r ia l p lane. These fields m u s t b e  
c h a o tic  in  space a n d  tim e. L ong cells can be  e x p e c te d  w hich m eans th a t  th e  flow 
v e lo c ity  m u st have s tro n g  h o rizo n ta l com ponen ts in  th e  equato ria l section . T h is  
flow a rra n g e m e n t re s tr ic ts  th e  s tro n g est p a r t  o f th e  m ag n e tic  field in to  a  h o riz o n ta l 
b o u n d a ry  layer a t  th e  to p  o f th e  core. Crossflow, i.e. v e rtica l fluid m otion  is la rg e ly  
in h ib ite d  an d  th is  m an ifests  itse lf in  the  p a r tia lly  developed  and  d is to rted  p lum es 
of th e  te m p e ra tu re  field. T h ese  featu res a re  p re se n t in  th e  strong-field  sp h e rica l 
m o d e ls  o f O lson an d  G la tz m a ie r  (1995) too.

F u tu re  m odelling  of th e  m agnetoconvection  in  th e  E a r th ’s core can  p ro g ress  
in  tw o  d ifferen t w ays. For a  co rrec t geom etry  a n d  fo r th e  p ro p er inclusion of th e  
effects o f ro ta tio n , we need  full spherical-shell m odel calcu la tions. A t p re sen t, th e se  
c a lc u la tio n s  requ ire  eno rm ous co m p u ta tio n a l re so u rces  if reasonab ly  high R ay le igh  
n u m b e rs  a n d  C h a n d ra se k h a r num bers are  to  b e  u sed  since  high num erical re so lu tio n  
is n e e d e d  in  th is  case. H igh reso lu tion  is easily  a t ta in e d  in th e  o th e r way, i.e. by  
s im p le r  tw o-d im ensional m odels such as those  p re se n te d  in  th is  study. T h is  s im p le r 
w ay  o f  in v estig a tio n s can  focus on p a rtic u la r  a sp e c ts  o f m agnetoconvection  w ith  less 
s tr in g e n t re s tric tio n s  on th e  m odel pa ram ete rs .
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[Manuscript received March 5, 1998]

The success of light trapping is examined in connection with the earthquakes oc
curred in Hungary between 1956 and 1986. There were 29 earthquakes in this period 
where a light-trap operated within a distance of 20-50 km from their epicentres. 
Data of those species from the total Macrolepidoptera collection of these stations 
were processed which had their swarming period during the earthquake. 564 swarm- 
ings of 191 species were examined. Swarming means a flying period of one generation 
of one species (counted in days).

The relative catch values were calculated from the trapping data for each species, 
observing stations and generations. These relative catch values of all species were 
summarized on the day of the earthquakes, on the each previous and following three 
days and then the averages were calculated. The significance level of relative catch 
value differences on consecutive days was calculated by t-test. As the available data 
of swarmings were relatively few for each species, besides the joint data procession of 
all the catched species only the two most frequent species, the heat lattice (Chiasmia 
clathrata L.) and the large blood-vein (Calothysanis amataria L.) were examined 
separately.

According to our results the number of caught moths increases remarkably one 
day before the earthquake in most cases. This high catch result remains for further 
two days and decreases only on the second day after the earthquake. In some cases 
the trapping results increased only after the earthquake occurred. Although the 
destroying earthquakes are not frequent in Hungary, their forecast is very important 
mainly beacause of the large earthquake-sensitive constructions. It is even more 
critical in the zones of serious earthquakes to work out a method which can contribute 
to the improvement of forecasts. That is why we consider it important to make 
further examinations regarding the recognized phenomenon.

K eyw ords: biological effect of earthquakes; earthquake forecast; earthquake 
forecast; light-trap; moth; swarming

1. Introduction

The connection between light trapping data and earthquakes occurred in Hun
gary between 1956 and 1986 was examined. The Dialog Diaiindex database — the 
world’s greatest database centre — was entered to find the ‘light-trap’, ‘insect’ and 
‘earthquake’ keywords together. 400 file indices were looked through from the total 
411 files but no one record contained these 3 keywords together.
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2Geodetic and Geophysical Research Institute of the Hungarian Academy of Sciences, H-1112 
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2. Material

Hungarian earthquake data were taken from the works of Zsíros et al. (1988) 
and Zsíros (1989). We examined those 29 earthquakes between 1956 and 1986, 
where a light-trap observing station operated within a distance of 50 km from 
their epicentres. In some cases it is not easy to determine the exact place of the 
epicentre, that is why the catalogues also contain the possible differences. According 
to the above the distance of the light-traps and the epicentres could not have been 
determined with the desired exactness. The data of some farther observing stations 
were also involved in the examinations, if data proved that the earthquake was 
sensible there.

Characteristic data of the examined earthquakes are shown in Tables II-IV 
based on the aforementioned studies. The light-trap observing stations and catching 
results are also given. Besides the aforementioned studies further particulars on this 
theme can be found by Szeidovitz and Mónus (1993).

D ata of those species from the total Macrolepidoptera collection of the 17 light- 
traps operating close to the epicentres were processed which had their swarming 
period during the earthquake. Totally 564 swarmings of 191 species were examined 
(see the Appendix). Those data coming from the swarmings when the previous 
or following days of earthquakes did not coincide with the swarming time were 
also processed. That is why the number of observed days is sometimes less than 
the number of swarmings. Swarming means the days of a flying period of one 
generation of one species. As the available data of swarmings were relatively few 
for each species, besides the joint data processing of all the catched species only the 
two most frequent species (Chiasmia clathrata L. and Calothysanis amataria L.) 
were examined separately.

3. Methods

Relative catch values were calculated from the trapping data for each species, 
observing stations and generations. These relative catch values of all species were 
summarized and averaged on the day of the earthquake and on each the previous 
and following three days. The significance level of relative catch value differences 
on consecutive days was controlled by t-test.

All the earthquakes in Hungary between 1956 and 1986 which coincided with 
the swarming time of insects were examined first to find a possible effect of the 
earthquake on the flight activity of insects. As the relative catch values showed sig
nificant differences in the ±3 days period of the earthquakes, separate examinations 
were also performed in those cases where higher catch was observed on the day 
before the earthquake and those on the day of the earthquake. Those cases were 
also identified where the number of catched insects did not increase significantly in 
the environment of the earthquakes.
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Table I.

Relative catch of all examined species in the environment of all earthquakes

All earthquake between
May and October Days before and after the earthquake

in 1956-1986

-3 -2 -1 0 1 2 3

All examined species

Average of relative catches 1.107* *0.727* *1.404 1.323 1.408* *0.665 0.592
Number of data 408 402 411 446 419 375 405

Note: * =  the difference of neighbouring relative catch average is significant on 99.9% level 

Relative catch of all examined species in the environment of earthquakes

All examined species Days before and after the earthquake

- 3 - 2 - 1  0 1 2  3

The maximum value of RC is on previous day of earthquake

Average of relative catches 1.306* *0.663* *1.785* *1.144 1.494* *0.595 0.592
Number of data 279 266 299 288 300 282 288

The maximum value of RC is on day of earthquake

Average of relative catches 0.597 0.473 0.489* *1.920* *1.231 0.974 0.640
Number of data 102 106 107 125 104 93 91

Note: * =  the difference of neighbouring relative catch average is significant on 99.9% level

4. Results

Table I contains all those earthquakes separately where higher catch results were 
observed at the night of the earthquake, at the previous night and those without 
any connection in catch results and the earthquake.

5. Discussion

According to our results (15 earthquakes and 22 observing stations) the number 
of caught moths increases remarkably already one day before the earthquake in most 
cases. This high catch result remains for further two days and decreases only on the 
second day after the earthquake. In other cases (11 earthquakes and 13 observing 
stations) the trapping results showed increase only after the earthquake occurred. 
In several cases (7 earthquakes and 7 observing stations) connection was not found 
between trapping data and the earthquake.

Based on our present knowledge we still cannot explain what insects perceive a

Acta Geod. Geoph. Hung. 33, 1998



380 L NOWINSZKY et al.

Table I. (cntd.)

Relative catch of the large blood-vein (Calothisanis amataria L.) and the heath lattice (Chiasmia 
clathrata L .) in the environment of earthquakes

The examined species Days before and after the earthquake

- 3 - 2 - 1 0 1 2  3

The maximum value of RC is on previous day of earthquake

Large blood-vein (Calothisanis amataria L.)

Average of relative catches 1.247 0.743 * * 3.149 1.230 1.356 * * 0.470 0.861
Number of data 9 9 9 10 11 11 11

Heath lattice (Chiasmia clathrata L.)

Average of relative catches 1.931 0.848 * * 4.166 2.158 1.574 0.301 0.196
Number of data 14 14 14 14 15 15 15

The maximum value of RC is on day of earthquake

Large blood-vein (Calothisanis amataria L.)

Average of relative catches 0.200 0.638 0.798 1.582 1.048 0.200 0
Number of data 5 5 5 5 5 5 5

Heath lattice (Chiasmia clathrata L.)

Average of relative catches 0.953 0.505 0.277 * * 1.376 1.675 1.172 0.508
Number of data 7 8 8 8 6 6 6

Note: * =  the difference of neighbouring relative catch average of Calothisanis amataria L. is 
significant on 90% level, and the difference of neighbouring relative catch average of Chiasmia 
clathrata L. is significant on 95% level.

short time before or after the earthquake which results in the more intensive flight 
activity and consequently the higher catch results in light-traps. We also do not 
know why the catch is higher at the previous night of the earthquake in certain 
cases and why it increases sometimes after the earthquake occurred. The distance 
differences offer a good explanation only in some cases. There was an earthquake in 
Dunaharaszti on July 5th, 1966. The catch was higher at the previous night of the 
earthquake in the light-traps of Budakeszi, Budatétény, Budapest-Rókushegy and 
Nagytétény, which are close to Dunaharaszti. However, in the light-trap of Velence, 
which is a farther observing station, the catch became higher only at the next 
night, on July 5th. Another earthquake was examined in Berhida on August 15th, 
1985. The catch was higher at the previous night in Csopak, which is not far from 
Berhida. Remote observing stations, where the earthquake was also perceptible, like
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Table II. Catalogue of earthquakes in Hungary after Zsíros et al. (1988). The maximum value of relative catch is on previous day of earthquake

1 . 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 13. 14. 15.

No. Year M onth Day H our M inute L atitude Longitude Q F. м. I. Name R em arks L igh t-trap  s ta tions

3822 1956 07 29 23 30 47.35N 19.09E В 2.3 2.5 D unaharasz ti M, 25 B udapest, H erm an O. u.
3825 1956 08 04 04 05 47.35N 19.09E В 2.6 3.0 D unaharaszti M, 25 B udapest, H erm an O. u.
3826 1956 08 24 22 00 47.35N 19.09E В 2.0 2.0 D unaharaszti L, 25 B udapest, H erm an O. u.
3897 1960 07 05 12 17 47.90N 20.38E В 2.0 2.0 Eger L, 29 Gyöngyös
3905 1961 06 07 12 25 47.01N 16.97E в 2.6 3.0 B érbaltavár L, 29 T anakajd
3960 1965 07 23 20 50 47.35N 19.07E А 2.6 3.0 D unaharasz ti L, 30 Budakeszi, B udapest-R ókushegy,

Tass, Velence
3973 1966 07 05 11 14 47.35N 19.07E В 2.6 3.0 D unaharaszti L, 31 Budakeszi, B udaté tény,

Bp-Rókushegy, N agytétény, Tass
3997 1968 10 21 02 02 46.89N 17.45E В 3.2 4.0 Tapolca M, 32 Badacsony
4153 1975 05 09 03 42 47.11N 21.69E В B iharkeresztes M, 62 Mikepércs
4180 1976 08 28 11 11 46.77N 17.25E В 2.9+ 3.0 K eszthely L, 68 Pacsa
4272 1978 07 10 19 20 46.75N 21.13E В Békés M, 60 Tarhos
4285 1978 09 26 17 47 47.26N 19.05E с 14 4.5+ 5.0 D élegyháza M, 34 Tass
4468 1982 07 29 11 57 47.30N 22.20E D Érm ellék M, 62 Mikepércs
4226 1984 06 27 18 48 47.34N 17.28E А 4 + 3.2+ M arcal basin M, 62 P áp a
4724 1985 08 15 05 28 47.06N 18.01E А 10+ 4.7+ 6.5 B erhida M, 62 Csopak

Notes:  1. series num ber according to th e  catalogue, 2. year, 3. m onth , 4. day, 5. hour, 6. m inu te, 7. and 8. geographical location of th e  ep icenter, 9. 
quality  factor of ep icenter de term ination  (A =  ± 5  km, В =  ± 10  km , C =  ± 20  km, D =  ± 50  km ), 10. focal dep th  in km, 11. m agnitude, 12. in tensity  
(MSK scale), 13. place of earthquake, 14. accuracy of in tensity  value (M =  ± 0 .5  MSK, L =  ± 1 .0  MSK, К  =  more th an  1.0 MSK. T he num ber refers to 
the  m ain reference in the  catalogue of Zsíros et al. 1988), 15. lig h t-trap  sta tion
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Table III. Catalogue of earthquakes in Hungary after Zsíros et al. (1988). The maximum value of relative catch is on day of earthquake

1 . 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 13. 14. 15.

No. Year M onth Day Hour M inute L atitu d e  Longitude Q F. М. I. Nam e R em arks L igh t-trap  sta tions

3829 1956 09 13 22 00 47.35N 19.09E В 2.3 2.5 D unaharaszti M, 26 B udapest, H erm an O. u.
3857 1957 08 31 12 57 47.35N 19.09E в 2.0 2.0 D unaharasz ti L, 26 B udapest, H erm an O. u.
3858 1957 09 19 07 01 47.35N 19.09E В 2.0 2.0 D unaharaszti L, 26 B udapest, H erm an O. u.
3874 1958 07 28 21 09 47.35N 19.09E в 2 .6± 4.0 D unaharaszti M, 68 B udapest, H erm an O.u.
3875 1958 09 07 23 45 47.35N 19.09E в 2.9 3.5 D unaharaszti M, 27 B udapest, H erm an O.u.
3898 1960 08 06 09 45 46.45N 16.79E с 2.0 2.0 Becsehely L, 29 Pacsa
3973 1966 07 05 11 14 47.35N 19.07E в 2.6 3.0 D unaharaszti L, 31 Velence
4268 1978 06 30 08 34 46.75N 21.13E в 3.5± Békés M, 79 Tarhos
4425 1981 09 21 06 10 47.20N 18.14E в 2.9± 4.5 V árpalo ta M, 34 Csopak
4724 1985 08 15 05 28 47.06N 18.01E А 10+ 4 .7+ 6.5 B erhida M, 62 Hódm ezővásárhely,

P áp a , K aposvár
4886 1985 09 10 01 38 47.03N 18.12E А 10+ 3.9+ 5.5 B erhida L, 62 Csopak

Notes:  1. series num ber according to  th e  catalogue, 2. year, 3. m onth , 4. day, 5. hour, 6. m inu te, 7. and 8. geographical location of the  ep icen ter, 9. 
quality  factor of epicenter de te rm in a tio n  (A =  ± 5  km , В =  ± 10  km , C =  ± 20  km ,), 10. focal d ep th  in km, 11. m agnitude, 12. in tensity  (MSK scale), 13. 
place of earthquake, 14. accuracy of in tensity  value (M =  ± 0 .5  MSK, L =  ± 1 .0  MSK. T he num ber refers to  the  m ain reference in th e  catalogue of Zsíros 
e t al. 1988), 15. ligh t-trap  s ta tion
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Table IV. Catalogue of earthquakes in Hungary after Zsíros et al. (1988). There is no connection between earthquake and catch

1 . 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 13. 14. 15.

No. Year M onth Day Hour M inute L atitude Longitude Q F. M. I. Nam e Rem arks L igh t-trap  sta tions

3876 1958 09 12 22 31 47.53N 19.01E c 3.4+ 2.0 B udapest L, 68 B udapest, H erm an O. u.
3960 1965 07 23 20 50 47.35N 19.07E A 2.6 3.0 D unaharasz ti L, 30 N agytétény
4254 1978 06 22 03 33 46.75N 21.13E В 8 4.6+ 6.0 Békés M, 34 Tarhos
4285 1978 09 26 17 47 47.26N 19.05E c 14 4.5+ 5.0 D élegyháza M, 34 Velence
4644 1984 08 15 09 58 47.20N 22.10E Erm ellék area M, 62 Mikepércs
4649 1984 09 08 22 08 47.18N 17.28E A 4 + 3.1 + Jánosháza M, 62 P áp a
4970 1986 05 10 22 38 47.11N 18.13E A 2.9+ 4.5 V ilonya-Litér K, 51 Csopak

Notes:  1. series num ber according to  the  catalogue, 2. year, 3. m onth , 4. day, 5. hour, 6. m inute, 7. and 8. geographical location of th e  ep icenter, 9. 
quality  factor of ep icenter de term ination  (A =  ± 5  km, В =  ± 10  km, C =  ± 20  km ,), 10. focal dep th  in km, 11. m agnitude, 12. in tensity  (MSK scale), 13. 
place of earthquake, 14. accuracy of in tensity  value (M =  ± 0 .5  MSK, L =  ± 1 .0  MSK, К =  m ore th an  1.0 MSK. T he num ber refers to th e  m ain reference 
in th e  catalogue of Zsíros et al. 1988), 15. lig h t-trap  sta tion
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Hódmezővásárhely, Pápa and Kaposvár recorded a higher catch result only at the 
following night. It seems to be sure that this is not the consequence of the different 
behaviour of the insect species. The same differences can be found in the catch 
results of heath lattice (Chiasmia clathrata L.) and large blood-vein (Calothysanis 
am ataria L.). We cannot explain further, that trapping data of 7 stations close 
to the epicenter of the earthquake did not show an increase, neither before, nor 
immediately after the earthquake.

Although the destroying earthquakes are not frequent in Hungary, we consider 
their forecast very important, mainly because of the large earthquake-sensitive con
structions. It is even more critical in the zones of destroying earthquakes (mega
seisms) to work out methods contributing to the improvement of forecasts. That is 
why we consider it important to make further examinations regarding the recognized 
phenomenon. It would be expedient to control these results with experiments in 
those countries, where the destroying earthquakes are frequent. To establish and op
erate a light-trap network in the endangered regions would not take high costs.The 
collected data can also be used for entomological and plant protection purposes. 
The continuously operating light-trap network gives more information about the 
behaviour of insects than any other collecting instrument. That is why it seems 
to be more suitable in earthquake-prognoses, than other ethological observations of 
other animal species, which are often sporadic and occasional.

Appendix

1. Hungarian Earthquake Catalog (1956-1986) for investigation of light trapping
in connection with earthquakes

Dunaharaszti earthquake source

Active region, it is possible that the earthquake of 1561 occurred in this region. The 
greatest earthquake observed in this region occurred in the vicinity of the village Dunaha
raszti on January 12, 1956 causing severe damages in several villages and a casualty and 
more injuries were also recorded.

The parameters of the earthquake are as follows: magnitude M l =  5.6, focal depth 
h =  6.5 km, epicentral intensity I 0 = 7.5° on MSK-scale (Szeidovitz 1986).

The geological structure that generated this earthquake was probably the crossing of 
the margin of subsiding Alsónémedi-basin and the Ördögárok fault.

This earthquake was followed by numerous aftershocks but their intensity had not 
surpassed I0 = 5°.

Budapest earthquake source

Active region, the first known earthquake occurred in 1561. This earthquake caused 
severe damages and casualties.

In the time span investigated, according to Hungarian Earthquake Catalog (Zsíros et 
al. 1988), only one earthquake with Budapest epicenter was observed. From a different 
source (Kiss 1961) it turned out that this earthquake was observed by two persons only: 
one lived in Székesfehérvár, the other in Budapest.
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The earthquake was recorded by seismological stations in Budapest and Kecskemét as 
well (Szilber and Csömör 1961). The earthquake was localized (47.5°N, 18.5°E) about 40 
km far from Budapest in the vicinity of village Szár. The magnitude of the earthquake 
was M l =  3.2. Considering the fact that there was no report from the epicentral region, 
the intensity of this earthquake cannot be determined.

Eger

The first vague observation of the activity of this earthquake source dated from 1676. 
The largest earthquake occurred in the vicinity of Eger on January 31, 1925 at 08:05 (local 
time) causing severe damages in several villages (mainly in Ostoros) but neither casualties 
nor injuries were recorded.

The parameters of the earthquake are as follows: magnitude M l =  5.3, focal depth 
h = 5 km, epicentral intensity I0 =  7.5° on MSK-scale (Szeidovitz and Mónus 1993).

The geological structure that generated the earthquake is the edge of Egerszalók- 
Ostoros-Noszvaj depression.

In the investigated time span, according to Hungarian Earthquake Catalog (Zsíros et 
al. 1988), only one earthquake with Eger epicenter was listed (1960.07.05). This earthquake 
was observed by one persons only (I0 =  2°) and was not recorded by any seismological 
station (Csömör 1967).

Becsehely

The earthquake (1960.08.06) was not recorded by Hungarian seismological stations 
(Csömör 1967). This earthquake was felt at Becsehely only (Simon 1964). The intensity 
of this earthquake was about I0 = 2° on MSK-scale.

Bérbaltavár

Active region, the first earthquake was observed in Szombathely (456).
An earthquake occurred at Bérbaltavár on June 7, 1961. The parameters of the earth

quake are as follows: magnitude (calculated from intensity) M  = 2.3, focal depth h =  ?, 
epicentral intensity I0 =  2.5° on MSK-scale (Zsíros et al. 1988).

Biharkeresztes

Nobody felt this earthquake so it is epicentral intensity cannot be determined. This 
earthquake was recorded by foreign seismological stations only (Bulletin of International 
Seismological Center). It is known from experience that determination of earthquake foci 
from data recorded by far stations is rather unreliable.

Keszthely

The earthquake of August 28, 1976 was recorded by seismological stations at Budapest 
and Piszkéstető (Kiss 1976). The earthquake was localized (46.8°N, 17.3°E) at town 
Keszthely. Magnitude of the earthquake was M l = 3, its intensity was I0 =  3°.
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Békés
An earthquake occurred at Békés on June 30, 1978. The parameters of the earthquake 

are as follows: magnitude Ml =  4.6, focal depth h =  8 km, epicentral intensity I0 =  6° 
on MSK-scale (Zsíros et al. 1988).

The geological structure that generated the earthquake weis the edge o f Békés bcisin.
The earthquake was followed by a few aftershocks. Because of lack of detailed infor

mation the epicentral intensities of a few aftershocks are indefinable.

Délegyháza
An earthquake occurred at Délegyháza on September 26, 1978. The parameters of 

the earthquake are as follows: magnitude Ml =  4.5, focal depth h = 14 km, epicentral 
intensity I0 =  5° on MSK-scale (Zsíros 1983, Zsíros et al. 1988). The earthquake occurred 
at the edge of Bugyi block. The earthquake w e i s  not followed by aftershocks.

Várpalota
Várpalota is a well known active source (Simon 1943). An earthquake occurred in 

Várpalota on September 21, 1981. The parameters of the earthquake are as follows: 
magnitude Ml = 2.9, focal depth h =?, epicentral intensity I0 — 4.5° on MSK-scale 
(Zsíros et al. 1988).

The earthquake was not followed by any aftershock. However, the source remained 
active and a few years later on September 12, 1995 an earthquake occurred at Várpalota 
(Ml =  3.5, focal depth h =  7.5 km, epicentral intensity I0 = 5 — 6° on MSK-scale).

Ermellek
In the Ermellék area two great earthquakes occurred in the last century (1829, 1834). 

The geological structure that generated these earthquakes was the Gálospetri-graben.
The activity of this region decreased recently but smaller earthquakes (1982, 1984) 

remind us of the process of stress accumulation. This area belongs to Romania and we 
have no detailed information on the main parameters of these small earthquakes.

Marcal basin
The earthquake of June 27, 1984 was recorded by seismological stations at Budapest, 

Jósvafő, Piszkéstető and Sopron. The earthquake was localized (47.33°N, 17.29°E) at 
village Vinár. Magnitude of the earthquake was M l = 3.2. Considering the fact that there 
was no information from the epicentral region, the intensity of this earthquake cannot be 
determined.

Jánosháza
On September 9, 1984 an earthquake was localized by ISC (Bulletin of International 

Seismological Center). The parameters of the earthquake are as follows: magnitude MS 
=  3.1, focal depth h = 4 km. Nobody felt this earthquake, so the epicentral intensity of it 
cannot be determined. This earthquake was recorded by Hungarian seismological stations. 
According to our calculation the focus of this earthquake was a few km east of Jánosháza. 
It is known, that determination of earthquake foci from data recorded by far stations is 
unreliable.
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Berhida
An earthquake occurred at Berhida on August 15, 1985. The parameters of the earth

quake are as follows: magnitude Ml — 4.7, focal depth h = 10 km, epicentral intensity 
on MSK-scale 10 — 6 — 7° (Zsíros et al. 1988). The geological structure generated this 
earthquake was the boundary of subsiding Berhida basin and Küngösi-block.

The earthquake was followed by a lot of aftershocks, some of them was felt at Vilonya- 
Litér and at Polgárdi villages.

In the investigated time span, according to the Hungarian Earthquake Catalog (Zsíros 
et al. 1988), a lot of aftershocks occurred and about 30% of them coincided with the swarm 
of moths.

2. The examined species and number of swarmings for each families
Sphingidae: Sphinx ligustri L. (1), Marumba quercus Schiff. (1), Smerinthus ocel-lata L.

(1), Laothoe populi L. (1), Pergesa elphenor L. (1), Pergesa porcellus L. (1); 
Notodontidae: Pterostoma palpinum L. (3), Phalera bucephala L. (1), Pygaera curtula L.

(1) , Pygaera pigra L. (1);
Drepanidae: Cilix glaucata Scop. (3)
Lasiocampidae: Dendrolimus pini L. (1);
Lymantriidae'. Stilpnotia salicis L. (2), Lymantria dispar L. (5);
Arctiidae: Miltochrista miniata Forst. (1), Lithosia quadra L. (3), Eilema pygmae-ola 

ssp. pallifrons Z. (2), Eilema complana L. (2), Eilema lurideola Zinck. (2), Chelia 
maculosa Gern. (1), Phragmatobia fuliginosa L. (14), Spilosoma lubrici-peda L. (4), 
Spilosoma urticae Esp. (3), Spilosoma menthastri Esp. (4), Hyphant-ria cunea Drury
(4) , Rhyparia purpurata L. (1), Arctia caja L. (1);

Synthomidae: Dysauxes ancilla L. (4);
Nolidae: Roeselia albula Schiff. (4), Celama centonalis Hbn. (2);
Noctuidae: Euxoa obelisca Schiff. (1), Euxoa aquilina Schiff. (1), Scotia segetum Schiff.

(5) , Scotia ipsilon Hfn. (2), Scotia exclamationis L. (11), Ochropleura plecta L. (7), 
Noctua fimbriata Schreb. (1), Amathes c-nigrum L. (14), Amathes triangulum L.
(2) , Amathes xanthographa Schiff. (2), Discestra trifolii Hfn. (16), Discestra dianthi 
Tausch. (2), Sideritis evidens (1), Sideritis albicolon Hbn. (1), Heliophobus calca- 
trippae View. (2), Heliophobus reticulata Goeze. (3), Mamest-ra brassicae Hufn. 
(8), Mamestra suasa Schiff. (8), Mamestra persicariae L. (1), Mamestra oleracea L. 
(8), Mamestra nana Hufn. (1), Mamestra pisi L. (1), Ma-mestra dysodea Schiff. (1), 
Harmodia cucubali Schiff. (1), Harmodia lepida Esp. (1), Harmodia luteago Schiff. 
(7), Tholera decimális Poda (3), Panolis flammea Schiff. (1), Mythimna turca L. (3), 
Mythimna albipuncta Schiff. (2), Mythimna pallens L. (3), Mythimna 1-album L. 
(7), Mythimna conigera L. (1), Apamea scolopacina Esp. (1), Apamea secalis L. (3), 
Oligia strigilis L. (1), Oligia latrun-cula Schiff. (1), Mesoligia furuncula Schiff. (2), 
Luperina testacea Schiff. (5), Callogonia virgo Tr. (2), Achmis comma Schiff. (1), 
Caradrina clavipalpis Scop. (1), Athetis gluteosa Tr. (2), Hoplodrina alsines Brahm. 
(4), Hoplodrina blanda Schiff. (1), Hoplodrina ambigua Schiff. (2), Cosmia pyralina 
Schiff. (1), Arenos-tola fluxa Hbn. (1), Calamia tridens Hfn. (1), Aegle koekeritziana 
Hbn. (3), Chlo-ridea maritima Grasl. (1), Chloridea viriplaca Hufn. (2), Pyrrhia 
purpurina Schiff. (1), Axylia putris L. (5), Jaspidia pygarga Hfn. (1), Eustrotia un- 
cula Cl. (1), Eustrotia candidula Schiff. (7), Erastria trabealis Scop. (14), Tarache 
luctuosa Esp. (14), Nycteola asiatica Krul. (1), Earias chlorana L. (1), Earias ver- 
nana Hbn. (1), Colocasia coryli L. (1), Chrysaspidia festucae L. (3) Macdunnoughia
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confusa Steph. (13), Autographa gamma L. (12), Plusia chrysitis L. (4), Abrostola 
tri-plasia L. (1), Apatele rumicis L. (2), Symira albovenosa Goeze. (1), Oxycesta geo
graphica F. (1), Rusina tenebrosa Hbn. (2), Apamea lythoxylaca Schiff. (1), Apamea 
anceps Schiff. (1), Cucullia fraudatricula Hbn. (1), Cucullia artemisiae Hfn. (1), 
Calophasia lunula Hfn. (2), Scoliopteryx libatrix L. (1), Lygephila craceae Schiff. (1), 
Aedia funesta Esp. (2), Colobochyla salicalis Schiff. (1), Prothymia viridaria Cl. (2), 
Rivula sericealis Scop. (7), Zanclognatha lunalis Scop. (1), Zanclognatha tarsipen- 
nalis Tr. (2), Herminia tentacularia L. (2), Para-colax glaucinalis Schiff. (3), Hypena 
proboscidalis L. (1);

Geometridae: Scopula fuscovenosa Gze. (2), Scopula humiliata Hfn. (3), Scopula dimidi- 
ata Hfn. (3), Scopula aversata L. (1), Scopula deversaria H.-Sch. (2), Scopula immo- 
rata L. (1), Scopula nigropunctata Gze. (2), Scopula rufaria Hbn. (5), Scopula 
muricata Hfn. (1), Scopula rusticata Schiff. (2), Scopula moniliata Schiff. (1), Scop
ula dilutaria (1), Scopula rubiginata (Hfn. (4), Scopula marginepunctata Gze. (2), 
Scopula immutata L. (1), Scopula flaccidaria Z. (2), Chlorissa viridata L. (2), Euchlo- 
ris smaragdaria F. (2), Thalera fimbrialis Sc. (4), Hemistola chrysoprasaria Esp. (5), 
Rhodostrophia vibicaria Cl. (2), Cyclophora annulata Schlze. (1), Cyc-lophora punc- 
taria L. (3), Cyclophora trilinearia Hbn. (1), Calothysanis amataria L. (16), Lythria 
purpuraria L. (1), Cidaria fulvata Forst. (1), Philereme transver-sata Hfn. (1), Lygris 
pyraliata Schiff. (1), Xanthorrhoe fluctuata L. (4), Xanthor-rhoe spadicearia Schiff.
(1) , Paraulype berberata Schiff. (1), Euphya rubidata Schiff. (1), Euphya bilineata 
L. (1), Epirrhoe alternata Müll. (5), Pelurga comitata L. (1), Hydrelia flammeolaria 
Hfn. (1), Cataclysme riguata Hbn.(l), Eupithecia linariata F. (3), Eupithecia oblon
gata Tnbg. (10), Eupithecia millefoliata Rossi. (2), Eupithecia subnotata Hbn. (1), 
Gymnoscelis pumilata Hbn. (1), Abraxas grossulariata L. (3), Lomaspis marginata L.
(2) , Horisme tersata Schiff. (1), Lig-dia adustata Schiff. (3), Lomographa dilectaria 
Hbn. (1), Campaea margaritata L. (1), Ennomos autumnaria Wernbg. (1), Ennomos 
fuscantaria Steph. (2), Selenia lunaria Schiff. (1), Selenia tetralunaria Esp. (2), 
Angerona prunaria L. (1), Maca-ria alternaria Hbn. (6), Chiasmia clathrata L. (24), 
Chiasmia glarearia Brahm. (6), Tephrina murinaria Schiff. (1), Tephrina arenacearia 
Schiff. (12), Narraga fascio-laria Hfn, (1), Narraga tessularia Metzn. (2), Biston be- 
tularius L. (2), Boarmia punctinalis Sc. (2), Ascotis selenaria Schiff. (15), Ectropis 
bistortata Gze. (3), Ectropis extersaria Hbn. (1), Ematurga atomaria L. (2), Bupalus 
piniarius L. (1), Gnophos obscuraria Hbn. (1);

Cossidae: Phragmatoecia castaneae Hbn. (3);
Hepialidae: Hepialus sylvinus L. (2);
Limacodidae: Cochlidion limacodes Hfn. (1);
Zygaenidae: Proctis globulariae Hbn. (2)
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S O L A R -T E R R E S T R IA L  RELATIO NS  
- A  H IST O R IC A L  R EM IN D ER *

G P G regori1 and L G G regori

[Manuscript received April 23, 1997]

Since the very first assessment of the seasonal cycle, the understanding by mankind 
of solar-terrestrial relations has been fundamental for its struggle for survival. In 
some respect, notwithstanding our scientific progress and achievements, the present 
challenge of the global climate change, and all the fears associated with its sce
narios that are often presented in apocalyptic terms and that sometimes appear 
dramatically supported by shocking case histories, such as e.g. the Sahel degrading, 
clearly denote our incapability of understanding the long-term climatic changes (i.e. 
longer than, say, the 11-year solar cycle). On such a time-scale we must appeal to 
proxy data. Mankind itself is one relevant and non-adequately exploited recording- 
instrument of proxy data, and the history of mankind is a log-book that needs to 
be suitably decoded for interpreting it. A synergism between classic historical sci
ences and Earth’s sciences ought therefore to provide with such a new perspective 
in environmental sciences, that could result eventually decisive even for checking the 
present climatic models and for issuing previsions. Standard historical sciences are 
commonly often concerned with ideological themes or theses, to be either proved or 
disproved (Krag 1987). Environmental scientists must, rather, deal with matter of 
facts, observational evidences or occurrences per se, and they should infer eventual 
conclusions about the competing roles of natural vs. anthropic factors. Such a re
interpretation of the historical sciences requires per se an evaluation of the degree 
of understanding by the people who were coeval with every monitored phenomenon, 
and who collected its records. Hence, the study of the history of the understanding, 
or of the “science”, of solar-terrestrial relations, is essential for the interpretation 
of the proxy datum “mankind”. The present paper attempts at providing with an 
introduction to such a perspective.

Keywords: climatic records; desertification; geologic timescale; solar-terrestrial 
relations

In troduction

The science of solar-terrestrial relations covers a large fraction of entire Science. 
Every phenomenon that is observed on the Earth is either directly or indirectly 
supplied by the Sun. Even the forms of life that are observed on the ocean floor 
close to mid-ocean ridges are likely to be reckoned to a prime solar energy-input. In 
principle the solar influence is exploited through either the “external” or the “in
ternal” way (Fig. 1) and both such ways eventually co-exist. The usefulness (and 
fascination) of the study of historical sciences relies in the fact that the experience
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of our ancestors is often helpful for tackling our difficulties, that often have similar
ities with their ancient concerns. For example, in ancient times a total solar eclipse 
definitely was a very shocking event: one can attempt at imagining such a strong 
psychological impact only when having the opportunity of actually observing one 
such phenomenon. At present, a great threaten deals with the frightening perspec
tive of anthropic pollution, of the greenhouse effect, of CFÇ and ozone hole, of the 
global change (National Research Council 1989, Stern et al. 1992, Albritton et al. 
1994, Oughton et al. 1994). A sometimes harshly controverted point, however, deals 
with the assessment of the natural climatic trend, i.e. independent of human action. 
In some respect, our present ignorance in front of such a problem looks, perhaps, 
somewhat similar to the wonder of our perplexed ancestors when they had not yet 
measured the regularity of seasons. The history of the science of solar-terrestrial 
relations is, therefore, the history of the understanding of the environment, a science 
tha t still concerns altogether professional scientists, governments, and public opin
ion. Such an aspect has a two-fold implication: (i) the evolution and improvement 
of the concepts and of the understanding per se, and (even more important) (ii) the 
use of mankind as a source of proxy data, in the fact that mankind is an important 
component of the physical, chemical, and biological natural system, it partakes into 
its changes and evolution, it is an active agent through anthropic pollution, and it 
is a passive subject in the fact that human history is influenced by climatic events 
(e.g. Colacino et al. 1988, Celant 1995c). Moreover, if we want to investigate the 
natural causes of the global change, we must deal with time-scales that are much 
longer than the instrumental period (that can be identified, at most, with the last 
two centuries): hence, we must use all available proxy data. Human history is one 
such relevant data source, and the history of the science of solar-terrestrial relations 
is the key for its interpretation: this is the leading theme of the present paper.

Every discipline has its own techniques. In the laboratory we separate physi
cal, chemical, and biological sciences; within the environment, all such effects are 
summed up altogether. Nobody can afford in dealing with the entire knowledge 
tha t is required for managing such a paramount problem, and only team-work can 
attem pt at getting rid of it. Moreover, when investigating human history as a source 
of environmental information, there is also need for the contribution and techniques 
specifically exploited by professional historians.

Man is the experimenter, and environment is his laboratory. Several relevant 
phenomena in Earth’s history can be measured only on the geologic time-scale. As 
far as the space-scale is concerned, consider a terrella with a linear reduction scale of 
1:100,000,000, i.e. consider a slightly flattened sphere of ~12.74 cm diameter, and 
envelope it by a thin polyethylene film ~ 0.1 mm thick (being the troposphere). 
Moreover, model also the oceans by means of an additional film ~.05 mm thick 
over ~2/3  of the sphere, to be posed right underneath the tropospheric film. At 
last, imagine to use an excellent microscope for observing a very minute mustiness 
inside such two very thin films: this is the biosphere. We call climate the ensemble of 
the environmental conditions that are paramount for determining the quality of life 
and the conditions for survival. Every different kind of living being, however, would 
give his own definition of climate: a fish is much more concerned about the marine
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Fig. 1. The “external” and the “internal” ways for solar-terrestrial relations imply different chains 
of causes-and-effects, either directly through the atmosphere, or by e.m. induction into deep Earth, 
and by control on the geodynamo and on endogenous energy, on vulcanism and on geothermal 
flow, on solid Earth degassing into the atmosphere, on atmospheric chemistry, on greenhouse gases,

and on climate. After Gregori (1997)

environment, unlike a bird that is concerned with the atmosphere. Moreover, the 
polar bear has a definition of survival that is substantially different from an African 
snake’s, etc.

The energy balance is fundamental. The solar energy and the endogenous en
ergy, whatever its origin be, are the main sources. As far as the system is concerned 
that is composed of oceans plus atmosphere, the heat capacity of the oceans is 
~103 times the atmosphere’s. The atmosphere, however, seems to be a preferential 
tool for capturing solar radiation through greenhouse effect, and such an effect is 
basically controlled by the minor chemical constituents of the atmosphere. There
fore, it appears very likely that the energy input from solid Earth into oceans and 
atmosphere, plus the gas exhalation into the atmosphere either from solid Earth or
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through ocean evaporation, can play a paramount role in climate control and dy
namics. The present understanding of all such processes is still insufficient, either 
for adequate forecasting of major catastrophes, or for unravelling the challenge of 
anthropic pollution and of demographic expansion.

An a priori viewpoint, or some arbitrary logical framework, has often been 
(sometimes even unconsciously) pre-chosen by scholars, much like a furniture where 
to store their investigations aimed either at proving or at disproving their assump
tions and/or rationale. For example, uniformitarianism became much fashionable 
early in the last century, supported mainly by the famous geologic school of Charles 
Lyell (1797-1875), by which they assumed that the history of the Earth essentially 
has always been characterized by a uniform slowly-varying evolution within some 
almost steady environment. Opposite to it, catastrophism, plutonism, mobilism 
(i.e. the continental drift hypothesis), favoured a substantially different evolution 
in terms of step-like and more or less dramatic changes.2

At present, one such arbitrary and often unconscious viewpoint or working hy
pothesis (note that it is not an actual assumption, rather it is a logical working- 
scheme to be eventually disproved whenever feasible) is the attempt at treating 
the environment as an essentially almost steady-state physical system. For exam
ple, climatologists usually deal with some a priori steady conditions: in addition 
to seasonal changes, at most they only allow for some 11-year or 22-year solar cy
cle variations. All what does not fit into such a scheme is considered as being in 
the realm of some unexplained long-range global change. A part at least of such 
phenomena could be explained, perhaps, by the classical Milankovitch hypothesis. 
However, in general, whenever possible they appeal to anthropic influence. The 
solar cycle dependence is often considered to be one basic key for understanding 
some much longer period variations, and according to a suitable ad hoc assumption 
about some corresponding speculated long-range solar variation. All this, however, 
is often unrealistic, as the physical system never is in actual equilibrium; rather, it 
always searches for an equilibrium condition that is never attained: “Upon those 
that step into the same rivers, different and different waters flow down” (Heraclitus 
of Efesus, ~500 BC).3

A most dramatic and well-known example is the Earth magnetosphere that is 
concerned with very rapid temporal changes. Much longer time-scales, although in 
agreement with the same ultimate concept, deal with the history of the Earth. In 
this respect, the following statements by Stallard (1995) appear remarkable, as they 
very clearly focus on the problem: although they deal with erosion and landscape 
transformations, mutatis mutandis they apply to all environmental investigations 
(including the magnetosphere) and to the entire history of the Earth.

“A steady-state model is a reference frame onto which a real system may be

2 Catastrophism can also be considered as a revised edition of millennialism (Clubé and Napier 
1996), a way of unravelling some subconscious ancestral fears of mankind in front of the terrifying 
powers of Nature. Today the concern is about the eventual precipitation of a huge meteorite 
(Carusi 1995, Gehrels 1996), or about either a volcanic winter (Rampino et al. 1988) or a nuclear 
winter (Pittock et al. 1988 and Harwell and Hutchinson 1988). In this respect, the evolution of 
the concepts related to the prime mover of vulcanism is reviewed by Gregori and Dong (1996b).

3Translation by Geoffrey S Kirk, in Colliers Encyclopedia, 1970, vol. 12, p. 55.
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compared. The steady state is much easier to describe than are the pathways by 
which it is approached. Considerable deviation from a model steady-state indicates 
that either the system has undergone a major perturbation, or that the processes 
described by the model are misunderstood. ‘Steady state’ as applied here is not an 
assumption that any part of a landscape is in equilibrium form. Instead, a steady 
state is a condition in which the statistical properties (hypsography, drainage den
sity, frequency of debris flows, and so on) of a regional landscape are changing. In 
geomorphology, the steady state is an ideal that can never exist. Tectonic and cli
matic conditions constantly change. Processes that are important on one time-scale 
are typically insignificant on longer scales, whereas processes that are significant on 
longer time-scales are constancies on shorter scales (Schumm 1985).

Geochemistry provides several important tools for the study of weathering and 
erosion. These include thermodynamics, the use of chemical signatures based on 
reaction mass balances, and isotopic models. These tools offer a degree of sophisti
cation in examining the concept of steady-state erosion. In using geochemical tools, 
one assumes that the proportions of various constituents in any sample, be they 
compounds, elements, or isotopes, are controlled in characteristic ways by processes 
in the environment through which water in the sample is passed. One must pro
ceed as if there is useful information about the chemical weathering environment in 
every sample analyzed. This requires high analytical precision and accuracy. The 
literature is repteted with thermodynamic, isotopic, and chemical-signature studies.

The partitioning of elements between dissolved and solid phases and their trans
port down hillslopes and through fluvial systems controls the development of soils 
and the composition of rivers. Solid and solute erosion processes respond on differ
ent time-scales. Soil development on steep slopes may take thousands of years, and 
on flat surfaces in the tropics, soils are still evolving after tens of millions of years 
(Stallard 1988). Solutes respond more rapidly to perturbations. For example, a re
cent model by Gwiazda and Broecker (199f) indicates that it takes several thousand 
years for solutes in soil systems to respond to temperature perturbations. ... Solutes 
appear to be less affected by human activities. Thus, ... solutes are used to define 
steady-state solid yields. ”

The present paper deals with the understanding of the environmental global 
change, beginning from the geologic time-scale, through the present real-time mon
itoring, with a two-fold perspective: (i) of emphasizing the role of mankind as a 
source of proxy data, and (ii) of envisaging how such a role developed with the 
progress in the understanding of the mechanisms and processes that control the 
environment. All this should hopefully help in understanding the natural trend 
of global change and our present environmental challenge. There is, however, no 
presumption for completeness; no systematic search for bibliography has been here 
carried out; for the sake of brevity every item is only simply mentioned, as in princi
ple every topic ought to require a much larger room.4 Whenever possible, reference 
is made to a few papers by the authors and co-workers, where some additional liter-

4The senior author (GPG) is a geophysicist, the co-author (LGG) an archaeologist. Therefore, 
several topics here mentioned dealing with other disciplines rely on the literature that the authors 
afforded in collecting, notwithstanding they deal with items that are outside their direct expertise.
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ature is eventually quoted. The scope is to provide only with a general perspective. 
The ultimate conclusion is that a closer cooperation between professional historians 
and Earth’s scientists5 should be recommended for an effective exploitation of the 
proxy datum “mankind”.

The geologic tim e-scale

Some evidence about a possible pre-Cambrian solar variation can be speculated, 
based on apparent periodicities within some layers of a formation ~680 Ma old in 
Australia (Williams 1986 and references therein). Stromatolites, the oldest relics of 
a presumable biological activity, maybe, can provide with some additional informa
tion (Hsii 1983).

Ronov (1982) (see also Budiko et al. 1985) formulated the “geochemical principle 
of preservation of life” by which the climate evolution during the Phanerozoic (i.e. 
during the last ~570 Ma) was basically controlled by the carbon cycle.6 There was, 
and there is, one main source (vulcanism) and one main sink (life). If the Earth 
had no volcanoes, life completely consumed carbon, and the Earth had to become a 
desert much like Mars. If vulcanism had been excessive, the Earth had to become a 
greenhouse oven, much like Venus. The basis for such an inference is a world-wide 
study of sedimentology (Fig. 2), by which the volumes (i) of volcanogenic rocks, (ii) 
of fossil carbon, and (iii) of the total carbon content within carbonatic rocks (that 
are believed to derive from metamorphosis of organic sediments), display a closely 
correlated variation. Their peaks coincide with the well known major folding events 
(Caledonian, Hercynian, and Alpine-Himalayan). The climatic impact is evidenced 
by the variation of the total area of seas: a greater amount of vulcanism ought to 
correspond to a greater amount of greenhouse gases injected into the atmosphere, 
hence a higher temperature, a higher evaporation, smaller ice caps, and a higher 
ocean level and extension. If one affords in proving that the Sun controls vulcanism, 
this is just proving the “internal” way of Fig. 1. The relationship between solar 
activity and vulcanism is explained by Gregori (1993b), and it is also evidenced on 
the historical time-scale (Gregori et al. 1992).

On a comparatively shorter time-scale (one order of magnitude, i.e. ~70 Ma), 
the Hawaii hot spot reveals an approximately periodic trend, almost like an elec
trocardiogram of the Earth by which one beep (or heartbeat) is observed7 every 
~27.4 Ma (Fig. 3; Gregori and Dong 1996a). Such an effect seems to be mostly con
trolled by an endogenous mechanism, although there is also an external forcing with 
a cyclic trend repeating itself approximately every ~14 Ma. Such a ~27.4 Ma cyclic
ity seems to be consistent with the occurrence-pace of the large igneous provinces 
(LIP) during at least ~250 Ma (Rampino and Caldeira 1992). At present we are

5 Including all experts related to physics, chemistry, biology, geology, geography, and all natural 
sciences. Rapp (1987) emphasizes the role of the cooperation between geologists and archaeologists, 
while it is here emphasized the need for a wider perspective.

6Concerning the general problem of the carbon cycle refer e.g. to Berner and Lasaga (1989), 
Schlesinger (1991), and Butcher et al. (1992).

7The term “heartbeat” is used by Larson (1995), the terms “electrocardiogram” and “beep” 
by Gregori and Dong (1996a).
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Fig. 2. Upper diagram: “Changes through time in the volumes of volcanogenic rocks, volumes 
of carbon dioxide buried in coeval carbonate rocks, and areas of seas covering the continents ...” 
Lower diagram: “Changes through time in the mass of volcanogenic rocks, the total mass of CO2 

of the carbonate rocks and carbonate portions of non-carbonate rocks, and the mass of organic 
carbon (Corg) buried in the sedimentary sequences of the continents ...” After Ronov (1982)
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Fig. 3. Electrocardiogram of the Earth in terms of the emplacement rate of the Hawaii hot spot 
(upper plot), and of the corresponding inferred speed of the Pacific plate, reaching a measured 

apparent maximum of ~14.7 cm year-1  (or ~3 mm year- 1 ). After Gregori and Dong (1996a)

through one such beep. The three major extinctions of geologic past occurred, re
spectively, ~65 Ma BP (Cretaceous-Tertiary transition) that maybe was due to the 
impact of a huge meteorite (e.g. Russell 1982, or also Carlisle 1995 for a more com
plex interpretation), and ~251 Ma BP (Permian-Triassic transition) and ~439 Ma 
BP (Ordovician-Silurian transition), that correspond to 9 and 16 beeps ago, respec
tively. Refer to Gregori (1997) for details and references. Moreover, according to 
the afore-mentioned model, the beep of vulcanism had to be simultaneous with a 
corresponding large increase of geothermal flow all over the Earth, and in particu
lar underneath oceans. Hence, the beep occurred ~56 Ma ago ought to be related 
to the proposed large blast of sea-floor gas that ought to be correlated ~55 Ma 
ago with an abrupt appearance of new mammals (primates and rodents) in North 
America and with the sudden extinction of sea bottom foraminifera (Kerr 1997).

A similar cyclicity of ~26 Ma was reported by astronomers, dealing with comets 
and meteorite encounters (Clubé and Napier 1996), being the likely consequence of 
an oscillation of the solar system with respect to the equatorial galactic plane, by 
which the Sun periodically encounters the Oort cloud and refills the solar system 
with comets and meteorites.

Notwithstanding such apparently largely speculative arguments, this entire sci
entific matter envisages, from different evidences and approaches, a control by the 
encounters of the solar system with interstellar matter, being detected either (i) via 
atomic hydrogen (through the 21 cm radiation) that could be perhaps associated 
also with other kinds of matter, perhaps including even meteorites, or (ii) with the
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afore-mentioned encounters with the Oort cloud, or (iii) with the material result
ing from the explosion of some nearby supernova. One such encounter, with large 
clouds of interstellar matter, ought to be the source (i) of geomagnetic reversals8 
(ii) of an increased production of endogenous Joule’s heating associated with the 
dynamo, (iii) of an increase of vulcanism, and Earth’s and ocean degassing into 
the atmosphere, hence (iv) of the total amount of atmospheric greenhouse gases, 
and (v) of climate and sea level changes. Several observational evidences closely 
fit into such a far-looking scheme, as reported by Gregori and Dong (1996a). All 
such an entire scheme is ultimately related to a change of atmospheric chemistry, 
no matter what its origin be. Moreover, from the meteorite viewpoint, this matter 
is also related to the present afore-mentioned threaten by some eventual meteoritic 
impact (Carusi 1995, Gehrels 1996).

On some shorter time-scale (< 10 Ma) the Mediterranean area experienced 
some great changes as a consequence of the tectonic processes that lead to the 
disappearance of the Thetis Sea (Figs 4 and 5). The relative position of present 
lands also experienced great changes: the Gulf of Biscay opened, due to a counter
clockwise rotation of the Iberian peninsula, likewise Sardinia and Corsica detached 
from Spain and rotated counter-clockwise (Fig. 6). The Mediterranean was drained 
< 6 Ma BP following the closure of the connection with the Atlantic ocean (Hsii 
1978 and 1983, Rezanov 1980). In addition to such long-range variations, also 
occurrences of some much shorter period are reported, e.g. an ~0.1 Ma cycle (de 
Rita et al. 1994). But, no such detail can be here given, as the main concern of 
the present paper is about the role of mankind. Moreover, let us just remind about 
glaciations (at least four events during the last million years) that are a classical 
inference of geology (e.g. Kümmel 1970).

All such variations basically deal with solar-terrestrial relations, also on the 
geologic time-scale, although no information seems to exist about solar activity 
within such a time-range. In terms of the recent progress of our understanding, 
now it has become more appropriate to deal, perhaps, with galactic-solar-terrestrial 
relations, rather than tout court with solar-terrestrial relations. Figure 7 shows, for 
reference purposes, the general trend of the variations of the global temperature of 
climate on several different time-scales.

8McHargue et al. (1995) show that the Mono Lake and the Laschamp geomagnetic excursions, 
respectively, appear very closely correlated with two large peaks of 10Be flux recorded within ocean 
sediments, i.e. with two large increases of the cosmic ray flux, that are commonly believed to be 
originated by the explosion of some nearby supernova. They emphasize that the influence of cosmic 
rays on the Earth dynamo definitely appears to be a paradox according to the current dynamo 
theories. In contrast, according to the tidal-driven geodynamo proposed by Gregori (1993b, 1994, 
1997), such observations result just what has to be expected. One of the authors (GPG) is indebted 
with Prof. Paul E Damon for this remark.
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Fig. 4a. The disappearance of the Thetis Sea was associated with the collision of Africa against 
Eurasia. The approximate positions of the waterways are shown superposed on the present coast
lines. The Mediterranean was desiccated, a) 20 million years ago, b) 15 million years ago. After

Hsü (1978)

The several-ten-thousand years range

When mankind made the début on the stage of the Earth, since a very long time 
Nature was already performing its global change. “The knowledge of the evolution 
of the ecosystems, of palaeogeography, and of intra-continental relations are of great 
interest for understanding the role accomplished by geodynamic and climatic events 
in the origin and dispersion of hominoid Primates” (Fig. 5; Thomas 1989). The 
effort for survival by mankind resulted quite remarkable, and it finally led to the 
occupation of a large fraction of the globe, from the extreme polar regions (Aigner 
1986, Holden 1997, Waters et al. 1997), to the equatorial forests, to some most 
exotic islands (concerning the Pacific ocean see Bellwood 1980 and Della Ragione
1996), to the time varying and fluctuating borders between desert and fertile areas
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Fig. 4b. The disappearance of the Thetis Sea was associated with the collision of Africa against 
Eurasia. The approximate positions of the waterways are shown superposed on the present coast
lines. The Mediterranean was desiccated, c) 6 million years ago, d) 5.5 million years ago. After

Hsii (1978)

(such as e.g. the Sahel; Celant 1995c; see below) depending on the apparently erratic 
variations of global climate. On the time-scale of several ~104 years there are records 
of huge climatic variations occurred in Sahara (Fig. 8; Kozlowski 1989, Sansoni 
1994). The last glacial maximum occurred ~18,000 years BP. The Sahara paintings 
testify a great culture, although their dating appears difficult (see Table I; varves 
within its former and now dried lakes are certainly much more effective for such 
a purpose). Huge necropoles testify the great occupation by mankind of a former 
very fertile Saharan region (Castellani 1995), although their dating is still sporadic 
and insufficient; one finding as old as 5055 ± 85 BC is already reported, an age that 
is contemporary with the Sardinian prehistory (Santoni 1982, Renfrew 1984, Lilliu 
1988, Gregori and Gregori 1996a and 1996b). The Indus valley civilization (Harappa 
and Mohenjo-Daro, Volpicelli 1996b) developed its great splendour while remarkable

Acta Geod. Geoph. Hung. 33, 1998



402 G P GREGORI and L G GREGORI

Fig. 5. a) Epicontinental seas prior to the collision between Africa and Asia that occurred 
~ 2 3 -1 8  Ma BP. b) The same ~18-15  Ma BP. Continuous-line arrows denote faunal exchanges 
following the collision; the dotted-line arrows show the re-opening of a marine connection between 
the Indian Ocean and the Mediterranean that existed ~16.8-15.8 Ma BP. c) The Mediterranean 
was completely disconnected with oceans ~5 -6  Ma BP. Arrows indicate the consequent latitudinal 
faunal migration. The dotted zone denotes the evaporite deposits (salts) dated ~ 5 -6  Ma BP, the 

hatched zone the evaporite deposits ~16-15 Ma BP. Modified after Thomas (1989)

climatic changes were occurring (Fig. 9a). The analogous climatic variations in 
Yemen are shown in Fig. 9b. A systematic review of pollen and lake level evidences 
from all over the world has been collected by Wright et al. (1993), where several 
diagrams analogous to Figs 9a,b are given. See also Rampino et al. (1987). The 
mammoth-bones huts (yurts) give evidence of some kind of ebb-and-flow of human 
occupation of Siberia during the last ~75,000 years depending on climate conditions 
(Pidoplitchko 1969, Klein 1974, Davis et al. 1980, Gladkih et al. 1985, Zvelebil 1986, 
Djindjian et al. 1996). An analogous information is available for the Alps during the 
last ~15,000 years (Broglio and Lanzinger 1989) and for central-northern Europe 
(Kozlowski and Broglio 1989, Fig. 10). The Black Sea was a lake until ~7540 BP, 
when a huge waterfall transformed it into a salted sea, a catastrophe that somebody 
speculated could be the possible origin of the myth of the Deluge (Ryan et al. 1997). 
Some meteorological (although much more recent) information is available from 
the Babylonian astronomical texts (Sachs 1974, Hunger 1995), according to a few 
fragments that, maybe, still come from the destruction of the Library of Alexandria. 
The descendants of the Zenaga live in present Mauritania (the “Mauri” descend 
from a mixing of the former Berber-Arab invaders and the local black population;
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Fig. 6. Sardinia and Corsica detached from Spain and rotated counter-clockwise. The magnetic 
anomalies are shown associated with the buried submarine volcanoes. After Hsii(1983)

Barbina 1995): they founded the empire of the Almoravides in the ~XI century 
AD (the dynasty lasted AD 1056-1147; Lala Comneno 1996); they also occupied 
part of Spain, and unified the entire Maghreb until the ~XV century AD (Fig. 11; 
a concise summary of the history of Sahel and northern Africa during Middle Age 
is given by Lovejoy 1986, Guichard 1990, and Barbina 1995; see below). In the 
desert-town of Chinguetti located on an old caravan road between Maghreb and 
Sudan, camel-skin parchments are still kept, either in the local library or by private 
owners, containing mathematical and astronomical information dealing with the 
history of the Saharan-Islamic culture. The foundation of the town dates back to 
AD 776, and after a period of decline it resumed after AD 1262. Its name means 
“the source of horses”. It played a relevant cultural and commercial role (“... on one 
day some thirty-two thousand camels came off Chinguetti, loaded with salt ...”). In 
the ~XVII century AD its fame was such as to give its name to its entire region. "... 
Chinguetti, Walata, Tichitt and Ouadane constitute a wealth of mankind according 
to UNESCO ....” (information9 and quotations after Mohamed Mahmoud 1996). 
Remnants of a former common large-scale Mediterranean culture, reminding about

9The authors are indebted with Houssein O/Sidi Abdallah of the Embassy in Rome of the 
Islamic Republic of Mauritania.
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the former definition of the Zodiac signs, perhaps can be still recognized within the 
Dogon culture (surviving close to the large bend of the river Niger in present Mali; 
Griaule 1966). Moreover, the remarkable manifestations of an ancient skill for art 
in Sahel and Nigeria (e.g. the Nok and Yoruba cultures; the Yoruba culture dates 
>XI century AD, Bernardi and Valsecchi 1996, concerning the Nok sculptures since 
~800 BC, see Shaw 1981, but also much older relics are found, the oldest ones of 
the “iron civilization” in Africa, slightly north of the confluence of Niger and Benue; 
14C dating ranges between ~V century BC -  II century AD, according to Bernardi 
and Valsecchi 1996; see also Lovejoy 1986, who also mentions the copper handicrafts 
of Azelek, close to present Agads, and the steatite sculptures of the legendary So, 
in the area of the Tchad lake) seem unexplainable according to present knowledge: 
they could reflect either, maybe, (i) some contacts with the Mediterranean world 
when the Sahara was not a desert (Lovejoy 1986), and/or, more simply, (ii) some 
much later either direct or indirect influence by the Muslim expansion in Africa, 
through the “Sudanese” type reigns (Fig. 11).

“Bilas as-Sudan” means in Arab “country of black people” (Cantore 1995), and 
“Sudanese” state or empire is named -in general anyone of several entities that 
characterized the history of the time-varying and climatically dependent belt that 
was the link between the societies who lived north of Sahara and the “black” ones 
who lived south of it. Sahara is like an ocean crossed by huge caravans, instead 
of ships and fleets. Gold, salt, ivory, and slaves were among the most important 
trades, but also Venetian glass etc. from Mediterranean countries (Barbina 1995). 
They eventually attained periods of great wealth and prosperity. For example, 
during the ~XIV century AD the state of Mali attained the apogee of its power. 
Its fabulous “mansa”, or “kankan”, or king Musa made a pilgrimage to Mecca in 
AD 1324-1325. Several writers report about it (Barbina 1995), including A1 Umani 
and Ibn Khaldoum (1332-1406). He brought with him some very large number of 
slaves and warriors, including ~12,000 people only for his personal care, plus ~1.5 
tons (or according to other sources >10 tons) of gold powder (in fact, Mali had 
conquered the gold mines of the Falémé basin, a left affluent of Senegal, that were 
formerly owned by the ancient empire of Ghana). After his return, the “mansa” 
Musa committed to the Andalusian architect Es Saheli the construction of a new 
extraordinary large and rich mosque in Tombouctou, that was the wealthy terminal 
of the trans-Sahara caravan roads: the mosque was later completely re-built in AD 
1570; it is made in “banco”, i.e. clay mixed with straw, strengthened by tie-beams; 
still at present it appears as one most impressive monument, also to non-Islamic 
people (Barbina 1995).

Migliorini (1995a, who relies on Toupet, 1992) summarizes the climatic varia
tions in the Sahara region during the last ~40,000 years as follows (compare with 
Figs 8a and b). A wet period (“Inchirian”) had a maximum ~33,000 years BP, it 
was followed by an arid period (“Ogolian”), with maximum ~17,000 BP, and by a 
wet period (“Tchadian”), with maximum ~9,500 BP, during which the Lake Tchad 
extended for ~300,000 km2 (that is ~10 times the present surface). The next arid 
period, which is the present one, also experienced some minor fluctuations, includ
ing the optimum Medieval climatic period (see Fig. 7), during which the great
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Fig. 7. The general trend of the global temperature variations of climate on several different time-scales. Redrawn
after OIES-UCAR (1991)
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Fig. 8a. Climatic variations occurred in Sahara. The captions in the top row are: relative vari
ations of rainfall and evaporation, dry (secco), present (attuale), and wet (umido); diatoms; cli
matic situation. The captions in the right column are: Central Sahara cultures (art phases); Islam 
(Cameline); Protohistory (Caballine); Neolithic (Pastoral); Mesolithic Coramic (Round Heads); 
Epipalaeolithic (Bubaline); etc. “d.C.” means AD, and “a.C.” means BC. The left column is 
self-explanatory (“superiore” means upper). The general captions are as follows: “Palaeoclimatic 
evolution of the Tchad basin (~ 1 4 °N ). Table of the variations of the ratio rainfall/evaporation 
depending on the evolution of the lacustrine diatoms (A =  tropical species; В =  cold water species 
associated with a few species of high and medium latitude, and with a few rarer tropical species; 
C =  species of high and medium latitude) and on the modification of atmospheric circulation 
(hypotheses for reconstruction: 1 )  hyperarid phase; 2) phase with tropical climate with rare and 
decreasing infiltrations of polar air; seasonal and storm y rainfall; 3) wet phase with regular inter
ventions of polar air; rainfall distributed along the year; 4 )  hyperwet phase). The results of the 
records collected in the Tchad basin are indicative of the wider paleoclimatic phenomenon within 
the entire central-southern Sahara (re-handling after Servant and Servant-Vildary 1980, whose 
chronological indications are kept, obtained by means of uncalibrated 14 C dating). The last column 
proposes the parallel succession of the cultures, and the relative rock-art phases of Central Sahara 

(the timing is tentative for the Epipalaeolithic and the Bubaline phase).” After Sansoni (1994)
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T able I. Schematic table of rock-art periods in Sahara1

Period
Current

denomination
Tentative
dating2 Environment 
(BP)

Notes

M.E.
Mixed Economy 
(recent nomads)

- Berber phase

- Cameline phase 
Tuareg

2,800

Desert with oases Camel introduced from 
Near East during the 
I millenium BC

M.E.
(chariot and 
commerce)

- Caballine or
garamantine
phase

3,200

Flourishing oases 
within an arid zone

Mediterranean popula
tion; merchants with 
gigs and horses; 
professional warriors

hiatus ? Arid episode

PA
Pastoral

L.H.
Late Hunters 
(evolved hunters)

- Bovidian phases

- Anecdotal phase 
of hunters-late- 
gatherers

8,000

Savannah with swamp 
zones being progres
sively desiccated

Immigrations from 
North, East, and 
South. Oxen herdsmen 
of White and Negroid 
complexion. Different 
populations

hiatus Arid episode

E.G.
Early Gatherers 
(gatherers of 
spontaneous 
fruits)

- Phases of the 
“Round Heads”

- Bubaline phases 
persist

11,000

Lakes and lush vege
tation. Maximum ex
tension of the Central 
African Lakes

The bow appears. 
Negroid population; 
they fish and gather 
fruits; wide use of 
hallucinogens

brief hiatus ? Arid episode

E.H.
Early Hunters (or 
archaic hunters)

- Archaic Buba
line phases

? Prairie and savannah 
with presence of lakes

Large-fauna hunters. 
They don’t know bow 
and arrow

hiatus ? Arid episode

1 A fter th e  preface by E m m anuel A nati to Sansoni (1994). “B u b a lin e” derives from “bubalus an tiq u u s” , 

a  buffalo w ith bending  horns, ex tin c t during th e  N eolithic, rang ing  from ~6,500 BC th ro u g h  ~ 3 ,000  

BC. “B ovidian” derives from  “bos brachyceros” (an ox w ith  sh o rt and  th ick  horns) and “bos african u s” 

(an ox w ith long and  open ing  horns), ranging from ~3 ,500  B C  th ro u g h  ~1,200 BC. “C aballine” derives 

from “equus caballu s” or horse, ranging from ~1,500 BC th ro u g h  ~ A D  300. “Cam eline” derives from  

“cam elus d rom edarius” or d rom edary , arrived in N orth A frica close to  th e  beginning of our era  (P a ro d i 
da  Passano 1996).

2D atings were ten ta tiv e ly  e s tim a ted  by com paring am ong each o th e r  different chronologies, b u t th ey  

still lack adequate  in s tru m en ta l confirm ation. T he tab le  is schem atic , as different coeval sty les o f life 
eventually  coexisted.
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Fig. 8b. Chronological table of different palaeogeographical events and of archaeological cultures. 
1 -  dry periods; 2 -  recession periods; 3 -  Nile-spate periods; 4 -  interruption of human settle
ment. The different columns are self-explanatory. D, E, F show subdivisions of time according to 

archaeological evidence from different sites and areas. Redrawn after Kozlowski (1989)

Empires of Ghana and Mali flourished. According to Barbina (1995, who reports 
Vennetier, 1976), during pre-colonial times the western tropical African area was 
characterized only by three clearly defined urban systems: (i) the towns on the huge 
bend of the Niger river; (ii) the Haussa’s (also Sudanese); and (iii) the Yoruba’s.

In general, a problem that needs to be investigated is concerned with the possible 
relationship between the (unknown) solar activity, the secular geomagnetic varia
tion, vulcanism, palaeo-climate and sea-level changes, etc. The information pro
vided by the eruption rate of Mauna Loa (Lockwood 1995) during the last ~40,000 
years, or by the pace of the Plinian eruption of Vesuvius during the last ~  19,000 
years (Santacroce et al. 1996), can perhaps provide with useful hints (in prepara
tion) . A numerical modelling since the last glacial maximum can also be attempted 
(Wright et al. 1993), although the number of degrees of freedom of a model is obvi
ously larger by several orders of magnitude, compared to the number of the available 
observational inputs.
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Fig. 9a. “Amount of summer monsoon rainfall, calculated from pollen data, Lunkaransar, Ra
jasthan, India. ...” After Bryson and Murray (1977)

The birth of prehistory as a discipline since the middle of past century was 
outlined by Daniel (1962). A synthesis of world prehistory, and of the diachronic 
appearance of anthropic relics, is given by Clark (1969). The earliest conspicu
ous prehistorical achievements are mainly reported from three valleys: the Indus 
(Jarrige and Meadow 1980, Fairservis and Walter 1983, Volpicelli 1996a), the Tigris- 
Euphrates (Moore 1979, Stone and Zimansky 1995), and the Nile (Smith 1976, Ko- 
zlowski 1989). Climatic and environmental changes can be eventually documented 
e.g. either by changes of vegetation (Moore 1979), or in terms of the different sur
face covered by the Nile floods (Smith 1976), or by relating monsoon rainfall to 
pollen data (Bryson and Murray 1977, Fig. 9a), or by combining pollen and lake 
level data (Wright et al. 1993), etc. Farming in Mesopotamia took several millenia 
to emerge (Wagstaff 1985, p. 39). The appearance of agriculture produced a great 
change in the total amount of erosion on the global scale, from ~4.4 km3year_1 
to ~8.1 km3year_1 (McLennan and Taylor 1983): this appears a most emblematic 
datum about the impact of mankind on global environment. The Greek and Malta 
prehistory had a comparatively later development (Jacobsen 1976, Ridley 1976, 
Fiandra 1983, Jones et al. 1986, Malone et al. 1994). A fully developed Neolithic 
culture existed in south-eastern Europe close to the half of the ~VII millenium ВС 
(Gimbutas 1989). The great prehistorical drawings of western Europe are renown 
(e.g. Clottes 1996). The saddle-horse was domesticated ~4000 BC, starting from
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Fig. 9b. Orientative climatic curve showing the relative variations dry/wet in the Asir plateau in Yemen. 
The right column indicates the succession of the identified cultures. Simplified after de Maigret et al. (1988). 

Additional similar plots derived by means of pollen and lake level analysis are given by Wright et al. (1993)
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Fig. 10a. Palaeoclimatic sequence of the last glaciation. A) Climatic curve based on the Atlantic 
floor sediments (numbers 1 through 5 denote the isotopic zones); B) subdivision of the last glacial 
period, according to glacial phenomena in the Planes; C) climatic curve for the July average- 
temperature based on pollen data, mostly from Holland. The inter-stage names (or temperate 
oscillations) are indicated; D) correlations with the old system of the four Würm stages. Redrawn

after Kozlowski and Broglio (1989)

Ukraina, and the first horse-gigs appeared in Middle East ~1800 BC (Anthony et al. 
1992). A major development occurred in the “Fertile Crescent” (i.e. defined approx
imately as the present Middle East including Arabia, but not Iran and Afghanistan, 
according to the definition discussed by Wagstaff 1985); also some remarkable cli
matic changes can be inferred by archaeological evidence (Legge and Rowley-Conwy 
1987 for Syria; van Beek 1969 and de Maigret et al. 1988 for Arabia and Yemen). 
Fiandra (1983) gives a comparative diachronic table. The prehistory of western Eu
rope was revised by means of the 14 C dates and it is suggestive of an independent 
simultaneous development in different areas (Renfrew 1984). The earliest prehis- 
torical (Palaeolithic) findings are: ~37,000 BC in Australia (Della Ragione 1996), 
~30,000-8,000 BC in Japan (Poncini 1996), ~18,000-9,000 BC in south-eastern
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Fig. 10b. Chronology, including 14C dates (both BP and BC), pollen zones, geologic subdivisions 
and glacialism, archaeological subdivisions and great complexes. For simplicity, the detailed indi
cation has been skipped of the several specific sites in north-eastern Italy that are mentioned in 

the original figure. Redrawn simplified after Kozlowski and Broglio (1989)
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B.P. A B C  D
West East West East

Fig. 10c. Schematic representation showing the climate change and the human occupations 
during the Late-Glacial period. A) Climate phases (pollen zones); B) vegetation reconstructed 
from pollen; C) the plateaux zone (according to which West coincides with Germany and Poland, 
and East with the western regions of Russia); D) the Great Plane (according to which West 
corresponds to the German-Polish Plane, and East to the western side of Russia). Redrawn after

Kozlowski and Broglio (1989)

Asia (Ciarla 1996b), ~VI-II millenium ВС in central Asia (Santoro 1996a). The 
earliest Neolithic finding in China are ~ 12,000 BC (Ciarla 1996a). A wide sample of 
rock-art is available in China, and it is still being investigated, ranging between pre- 
historical to historical times (Chen Zao Fu 1986). Relevant Mesolithic findings were 
recently reported from the western bank of the Niger river, ~100 km west of Bourem 
(Barbina 1995), although no dating is as yet given. Concerning the pre-Columbian 
civilizations in Central America, their early manifestations are dated to ~9000 BC 
(Hammond 1977 and 1986, Pozorski and Pozorski 1994, Tiberini 1996a). Evidences 
of early small nomad groups in central Peru date back to ~12,000 years BC (ac
cording to Favre 1972, while Tiberini 1996a, gives ~20,000-18,000 BC). Later on, 
following some relevant climatic change (glacier retreat, and desertification of the 
coast), they concentrated along rivers, and carried out their first attempts for agri
culture (~3500 BC). Animal domestication had started in ~4500-4000 BC. Baked 
clay first appeared at the beginning of the ~II millenium BC. The first large build
ings (such as temples) date back to ~ 1800-1500 BC. The irrigation mastery played
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Fig. 11a. Asia and Africa during the ~X-XII centuries AD, and the Muslim expansion. The political situation here shown is as of 
the end of the ~XI century AD. Redrawn much simplified after Touring Club Italiano (1989). Legend see on separate page
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Legend for Figs 11 a, b: 1 -  Reign of France. 2 -  Roman-German Empire, plus Reigns of Italy, 
plus Norman States. 3 -  Poland. 4 -  Russian Princedoms. 5 -  Reign of Hungary. 6 -  Byzantine 
Empire. 7 -  Barcelona County. The complex evolution of the Medieval frontiers inside the Iberian 
peninsula during the ~XI-XIII centuries AD are briefly synthesized by Ladero Quesada (1990). 

8 -  Navarra. 9 -  Reign of Leon and Reign of Castiglia. 10 -  Portugal County. 11 -  Empire of 
the Almoravides (AD 10 6 1 -1 1 6 3 ), to be later defeated by the Almohads (AD 1 1 4 7 -1 2 6 9 ). 12 -  
Ghana, the first in chronological order of the great Sudanese empires, mentioned in the ~VIII 
century AD and described in the ~X I century AD (Bernardi and Valsecchi 1996, de Palma 1996). 

But, its origin seems to be as early as the ~III-IV century AD (Austin 1970, Barbina 1995). It 
had an extraordinary prosperity by the trans-Sahara trade of gold (from the Falémé basin), slaves, 
and ivory towards northern Africa (Barbina 1995). In AD 1076 its capital was conquered by the 
Almoravides, and Ghana lost forever its former importance, being overwhelmed by the Reign of 
Mali, that had originated during the ~VII century AD. 13 -  Mossi, a ~XIV century AD empire; 
in AD 1333 they sacked Tombouctou. 14 -  Songhai and Haussa (or Hausa), Sudanese type reigns; 
Songhai Weis probably formed in the ~VII century AD, and reached its maximum power early in 
the ~ X V I century AD. According to Barbina (1995), they descended from a mixture of Berbers 
and local Sudanese people. During the ~IX -X I century AD they controlled the caravan roads 
towards the Nile valley. After a temporary conquest by the Mali, they recovered. Their trade 
was mainly concerned with salt, copper, tissues, glass, and metal handicrafts. Their capital, Gao, 
was one of the wealthiest cities of the entire region. The Haussa were located eastward with 
respect to the Songhai, and also controlled the caravan trade with the Nile valley, beginning in 
the ~ X II century until the colonial epoch. During the reign of Sonni Ali II (~ 1 4 6 4 -1 4 9 2 )  ”... a 
canal was constructed from Kabara on the Niger to Tombouctou. A second canal was commenced 
that would have linked the Niger, via Lake Faguibine, on the caravan trail west of Tombouctou, 
with the commercial center of Walata, some 250 miles into the desert. Unfortunately, the second 
and major project had to be abandoned because of Mossi raiders, who at this time were active 
over the southern desert fringes” (Austin 1970). 15 -  Yoruba (Ife) (>XI century AD; Bernardi 
and Valsecchi 1996). 16 -  Kanem-Bornu reigns (Islamic-African), news available mostly from oral 
traditions. Kanem, known to exist since the ~IX  century AD, was one of the first Sudanese type 
reigns. In the ~XII century AD a new reign was born, also including Bornu. 17 -  Hammadid 
dynasty, fallen in AD 1224. 18 -  Zirids (AD 972-1167 , formerly lieutenants of the Fatimids, became 
independent in AD 1041). 19 -  Califate of the Fatimids (AD 909-1171; Lala Comneno 1996). 20

-  Muqurra (Christian kingdom, disappeared in the ~XIV century AD). 21 - Aiwa (Christian 

kingdom, disappeared in the ~XIV century AD). 22 -  Ethiopia (at this time much isolated with 

respect to the remaining world). 23 - Historical original area of Islam, generally under the control 

of whatever dynasty that effectively ruled Egypt during the Abbassid Caliphate (AD 750-1258). 24

-  Zaydids or Ziyadids (AD 820-1021), later to be substituted by the Najahids from Ethiopia (AD 

1021-1159). The Zaydi sect is still predominating in Yemen. 25 -  Hadhramaut (a reign in a great 

valley with its same name; news about it are available maybe almost since Biblical times; it lost 

importance when the demand of frankincense slackened; Hazard 1970). 26 - Oman. Prevalence 

of the “heretical” Kharijis since the ~VIII century AD. Passed from the Julandid dynasty, to the 

Buwayhids of Persia, regained in AD 1010, and definitely lost to the Nabhanids in AD 1154. 27 - 

Seljuk Empire. They overthrew the Ghaznavid dynasty during the first half of the ~XI century 

AD and conquered Baghdad in AD 1055.
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Legend for Figs l i a , b (contd.): 28 -  Qarakhanids (tributaries of the Seljuks). 29 -  Ghaznavid 
Empire (AD 976-1186), Turk dynasty, that was destroyed by the Ghor dynasty (a Persian one). 
30 -  Qarakhanids. They characterized the conversion to Islam of the area that formerly had 
Manichaeism as “State religion”. The powerful Turk family Qarluq made an alliance with the 
Arabs, they defeated the Chinese, and thus stopped their western expansion. During the ~IX-X1I 
centuries AD they developed the first Turkish-Muslim literature. 31 -  Liao (or Khitan, or Ch’itan) 
Empire (AD 907-1124). 32 -  Hsi-Hsia Empire. 33 -  Tibet, a warrior state, established in the ~VII 
century AD (little is known prior to this time). It was destroyed by the Mongol invasion in the 
~VII century AD. 34 -  Sung Empire (northern dynasty, AD 960-1127; they had to pay tributes to 
the Liao’s and to the Hsi-Hsia’s; southern dynasty, AD 1127-1279, later overthrown by the Mongol 
invasion). 35 -  Japan (Heian period, AD 794-1192). 36 -  Reign of Champa. It seems to have 
taken shape in the III century AD. It later survived notwithstanding a chronic warfare. During 
the period AD 650-1250 all South-East Asia lived the age of the great temple builders. In AD 
1070 Champa was temporarily conquered by the Vietnamese (Hall 1970, Fried 1970). 37 -  Empire 
of Pagan, a city under the rule of which the first union of Burma came into existence, lasting AD 
1044-1287. The great period of temple builders was before the middle of the ~XIII century AD 
(Hall 1970). 38 -  Empire of the Khmers with capital in Angkor. It was founded as a small state 
in AD 802 around Tonle Sap (“Great Lake”). Owing to their irrigation mastery, they afforded in 
getting up to four harvests in one year. The historical information is fragmentary (Hall 1970, also 
Candler 1954). 39 -  Empire of Srivijaya, or Shrivijaya, or Crivijaya (ancient capital probably near 
to the present city of Palembang, Sumatra). An extensive commercial empire, flourished during 
the ~V II—XIII centuries AD (Hall 1970)

a most important role in the development of civilization all through South America: 
archaeologists talk about “hydraulic” societies, as their same survival critically de
pended on the control of the water sources on the mountains. All such information 
was borrowed mainly from Favre (1972).

Always dealing with prehistory (or perhaps, more correctly with proto-history, 
no matter what is the correct dating of such a stage in different parts of the world), a 
critical transition occurred when society shifted from self-sufficient and autonomous 
villages into some organized “city-states”, a fact that required an adequate knowl
edge of territory. The orientation capability resulted essential for such an achieve
ment. Whenever the landscape did not contain sufficient signatures (such as it 
typically occurred when sailing in the open sea, but such a situation could happen 
also on land whenever no roads, no rivers, no villages, no clearly definite signs could 
be recognized), maybe, they envisaged and set up a real geodetic network. Ancient 
Greeks apparently used their temples for such a purpose, ancient Egyptians their 
obelisks, etc. Concerning the Greeks, four focal points (“omphaloi” or “navels” of 
the world; Fig. 12) existed, respectively, at Sardes (in present Turkey; this seems to 
be the oldest such omphalos), at Delos (in the Aegean Sea), at Delphi (north-west 
of Athens), and at Ammonium (the present oasis of Siwah in Egypt). Moreover, 
Sardes and Delphi were the base of two isosceles triangles, each one having its top 
vertex in either one of the other two omphaloi (i.e. either Delos or Ammonium). 
A most remarkable feature is the fact that such two top vertices have the same 
longitude: either this is a mere coincidence, otherwise, up to the authors knowl
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edge, no way for measuring longitude apparently could exist at those times other 
than by an actual geodetic triangulation all along the coast of the Mediterranean, 
a possibility, however, that is hard to believe. Every such omphalos appears very 
likely to be the focal reference-point for some economically active area. In such a 
respect, Ammonium appears intriguing as, at present, it is a small oasis within the 
desert, a region that was apparently fertile in very ancient times, although in the 
~IV century BC, at the time of the conquest by Alexander the Great, it already 
was an oasis within the desert (Giannelli 1983, p. 417).10

Ancient Greeks afforded in measuring the latitude with a standard error of 
~0.05°. An elevated flat platform, and some wooden pal, could be sufficient for 
such a purpose. Maybe, structures similar e.g. to a ziggurat were originally very 
well suited for such a wooden-pal astronomy, and menhirs could be their stone 
version, and their surviving witness. Egyptians, maybe, had a “geodetic” network 
based on obelisks, on pyramids, and on some specific features of the landscape, and 
they had detailed cadastral charts for their entire territory. They also dealt with 
the difficult management of time in terms of three different calendars (i.e. solar, 
lunar, and celestial, respectively, although with substantial additional complications 
originated by Venus; Vlora and Tucci 1997), and they finally afforded in providing 
with the correct measure of the length of the year (only the Maya’s afforded in 
doing this, even getting a slightly better precision; Clark 1969). Mythology seems 
to have been quite an effective tool for memorising (even prior to the invention of 
writing) all such relevant information for travellers, in order to be capable of using 
for orientation purposes such a temple-geodetic network. Such an entire item is 
extensively discussed by Gregori and Gregori (1996a and 1996b). Moreover, the 
mythological information can also be considered as a part of the database that is 
used for the logical approach that is typical of scientific research, such as for inferring 
e.g. a possible indirect evidence about the knowledge on equinox precession by 
ancient Egyptians (Vlora and Tucci 1997).

Several such inferences are obviously speculative, although they open a perspec
tive for a possible future better assessment, by means of new evidences becoming 
eventually available. Moreover, it is possible to check, rigorously, just like it occurs 
for “exact” sciences, the probability of a simple coincidence vs. the evidence of 
an actual deliberate will by the ancient builders (Gregori and Gregori 1996b). In 
any case, the great archaeoastronomical prehistorical achievements documented in 
the British Isles (and elsewhere) are an unquestionable witness of a great astro
nomical culture, that pre-dates our historical knowledge (Wainwright 1970, Hodson 
1974, Daniel 1980, Renfrew 1984, Proverbio 1989, Romano 1992, 1997, North 1995,

10The natural environment of this area is now going to be drastically changed. In fact, the 
Egyptian government began the construction of a long channel almost parallel to the Nile, that is 
planned to start slightly downstream to Abu Simmel (Abu Sunbul) and cross through a series of 
comparatively less elevated areas, i.e. the oases of Baris, of Kharijah, of Dakhilah, and of Farafirah, 
and it will finally flood the huge depression of Qattarah (~134  m below sea level). Finally, after 
a dam for a hydroelectric power plant of 107kW-hr per year, it will end into the Mediterranean, 
somewhere in between Alexandria and Matruh. The first segment, ~320 km long until Kharijah, 
is expected to be completed by three years starting in 1997. The oasis of Siwah lies in a much 
smaller depression (~17 m below sea level) only slightly west of the Qattarah depression.
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Fig. 12. Four focal points (“omphaloi” or “navels of the world”) have been recognized in the ancient 
Greek world, being located at Sardes (the oldest one), at Delos, at Delphi, and at Ammonium, 
respectively. The omphalos was represented by a sculptured stone (only that one from Delphi still 
exists). The azimuth with respect to every such omphalos was identified with a symbol (almost 
like we presently use an angle between 0° and 360°): they used, instead, a Zodiac symbol, every 
one of which was associated with an azimuthal sector 30° wide. The orientation of the temples, 
and the mythological representations on their metopes and pediments, helped the voyager in 
orienting himself with respect to the reference frame centred on every respective omphalos. Sardes 
and Delphi apparently defined the base of two isosceles triangles, having vertex at Delos and at 
Ammonium, respectively. The clever triangulation for identifying such sites could have been carried 
out by means of fires during very clear nights. Ancient Greeks apparently measured latitude with 
a standard error of ~0.05°. However, it remains almost impossible to explain how they eventually 
afforded in choosing Delos and Ammonium at the same longitude: but, this could be only a simple 
coincidence. Figure after Richer (1989). For additional details and discussion refer to Gregori and

Gregori (1996a and 1996b)

Schreiber 1996, Iwaniszewski 1997). Maybe, no final definite assessment will ever be 
attained dealing with such a fascinating dawn of human civilization (e.g. G Lilliu, 
final discussion during the II meeting organized by the Accademia dei Lincei, see 
Bertola et al. 1997). Nevertheless, it makes a nonsense to make simple statements 
such as “they afforded in orienting themselves by means of stars”, unless we suc
ceed in specifying in detail how they practically did it. Speculation and scientific 
research provides with no final truth, but it helps in eventually approaching it.

Shifting to pre-Columbian civilizations, the Aztec believed in the existence of
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four Suns, every one being included in some four-fold scheme (basically North, 
South, East, and West), every such Sun having been destroyed by one natural 
catastrophe (either a volcanic eruption, or an earthquake, or a flood, or by an attack 
by jaguars, etc. in a country that apparently always suffered by such hazards). The 
last (and present) such Sun was expected to be destroyed when the end of the world 
will occur, at which time some “skeletal monsters who live at the borders of the 
universe, on the West, shall rise from darkness and exterminate mankind. Such 
a final catastrophe, they believed, could happen at any time instant” (Soustelle 
1991; concerning the four-fold symmetry see also Hammond 1986). Is this, maybe, 
reminiscent of the former arrival (Bobrik 1992) into the American Far West of 
explorers coming from Siberia through the Bering strait, who arrived much prior 
than the English cowboys and farmers? This is mere speculation, dealing with 
prehistorical information, of little (if any) practical use for archaeo-environmental 
research. Nevertheless, such information can help either in recognizing some basic 
feelings, or in speculating about contacts among prehistorical people.

The several-thousand year time-scale

A most dramatic and historically best documented event is maybe concerned 
with the desertification of the circum-Mediterranean area. Historical sciences are 
usually concerned with the ancient Greek and Roman worlds, that, according to 
classical standards and as far as the ultimate roots and the conceptual development 
of our civilization are concerned, appear as the antique “navel” or “cradle” where 
our style of life was born. Such a feeling mostly derives from the fact that the major 
written sources come from such an area, and a written witness was the best way 
for transferring knowledge and know-how between different generations of scholars, 
hence favouring preservation of achievements and their continuous improvement, or 
differently stated it was the best way of constructing a cultural heritage and na
tional identities.11 The same concept of Science was born in Ionia (present western 
Turkey) in the ~VI century BC (de Santillana 1961, Kline 1972) and it had its 
major development in Magna Grecia (present southern Italy; Pugliese 1996). Also 
the present entire juridical system adopted by several major and most important 
modern states of the western world was born in this area. Such a juridical system, 
together with the road network (Bonora 1996), are the major heritage and pride 
of the ancient Roman civilization. Also the precise determination of the seasonal 
cycle was first assessed in this same area, in Egypt, where they used temples as 
optical benches. In 45 BC Julius Caesar (100-44 BC) introduced such a know-how 
by means of his calendar-reform that was going to be used everywhere (the “Julian 
date” is still commonly used in present astronomical computations). People soon 
became well acquainted with the advantages (for seeding, harvesting, travelling,

11 Ancient Romans were well aware of this. For example, Augustus (63 BC-AD 14) used Vergil 
(70-19 BC) and his poem Aeneid (written in ~29-19 BC) as an actual weapon for cancelling the 
heritage of the Etruscan culture and for substituting to it the new “pure Roman” traditions. The 
Emperor Hadrian (who reigned during AD 117-138), the builder and maybe even the architect 
of the Pantheon in Rome, could read Etruscan, and several Etruscan texts were available at his 
time. None of them survived. See Pallottino (1984).
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etc.) deriving from a correct measurement of time. In this respect, even in much 
earlier times, when Meton (flourished ~432 BC) discovered the ~18.6 year cycle of 
the Moon (Meton cycle), his contemporaries awarded him great honours, and even 
a statue was raised to him: they evidently believed that his discovery was the source 
of some new important practical feedback. The research on the correct calendar 
was at that time real applied science. Ancient Greeks dwelt a great importance 
to luni-solar cycles. An improvement, compared to the Metonian cycle, was the 
Callippus cycle, of ~  76 years, equal to ~4 Metonian cycles, or 940 lunar months, 
or 25759 days, as 1 day was removed compared to 4 Metonian cycles (de Santillana 
1961, North 1995).12

But, if we look at history from a more general viewpoint (i.e. without focusing 
on the major conceptual achievements of our civilization), the “navel” ought to be 
displaced towards central Asia, and this is in some way here “proven”.

Ancient Greeks had expanded westward and settled in western Mediterranean, 
getting into competition with the Phoenicians (great sailors and merchants, who 
were mostly concerned about their money, rather than with military expansion), and 
with the commercial and metallurgical (and geographically self-contained) power of 
the Etruscans. No additional westward expansion was allowed, due to the nat
ural barrier by the Atlantic ocean. Meanwhile, in their eastern world they were 
eventually seriously concerned by the pressure from the Persian Empire. This one 
extended as far as the present Uzbekistan and Pakistan, its time range was ~559- 
330 BC, and it had been preceded by the power of the Medes, information about 
which is available since ~835 BC (Hilgemann 1994). During the ~I millenium BC a 
major role was played by the Urartu civilization (approximately in the same area of 
Medieval Armenia; Salvini 1985). When Alexander the Great (356-323 BC) moved 
(in 334-324 BC) from Macedonia for conquering a large part of the world known 
at his time, he moved eastward (Fig. 13), rather than westward. His westernmost 
point was the afore-mentioned omphalos Ammonium, that, as mentioned above, at 
his time already was an oasis in the desert. It was worshipped as a sacred site, ded
icated to the God Ammonium (for the Egyptians, while it was identified with Zeus 
by the Greeks), a God considered the father of all Pharaohs, who were therefore 
supposed to visit such an oracle, notwithstanding a long and uncomfortable journey. 
Maybe, Alexander wanted to behave like a pharaoh (Giannelli 1983, p. 414,417). All 
omphaloi known to us were sites of oracles, and were “navels” of the world. Maybe, 
was every oracle (such as e.g. the famous Gordian one, also visited by Alexander) 
an omphalos? Perhaps, according to the reports available at his time, Alexander 
believed that the eastern countries were wealthier, and the fame and concern of 
ancient Greeks about the Persian Empire certainly favoured his feeling.

Whatever the reason be, Alexander the Great was going to play a most impor
tant role in the future development of civilization. A mixture of local and Greek 
civilization developed, even as far as the easternmost fringes of the former Per-

12Callippus Cyzicenus (born in Cyzicus, in present Turkey on the Marmara Sea, ~370-~ 300  
BC) was an astronomer and a mathematician, a scholar of Aristotle. He improved the system that 
Eudoxus of Cnidos (408-~355 BC) had proposed for the movement of the Sun, of the planets, and 
of the stars (North 1995).
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Fig. 13. Alexander the Great (356-323 BC) moved (334-324 BC) from Macedonia for conquering and hellenizing the 
former Persian Empire, resulting in one of the most important events for triggering some kind of “Grand Unification” 
between the former two great cultural poles of his time: Greece and Persia. The westernmost site of his march was 
Ammonium, a former omphalos (see text and Pig. 12), and the site of a famous oracle that was visited by every 

pharaoh, hence also by Alexander. Figure after Wagstaff (1985)
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sian Empire (Bernard 1982, Callieri 1996b, Noci 1996, Santoro and Lala Comneno
1996). It appears difficult to assess the actual extent at which the Silk Road was 
already “open” prior to his time. The wealth of the Persian society, its geographical 
key-location in between the great far-East civilizations and the Greek world, the 
existence of organized societies, are all facts that appear suggestive of the existence 
of a fairly well developed trade between the Mediterranean and China. Alexander 
and his whole staff certainly had a remarkable skill and cultural background. But, 
it appears almost incredible that a ~30 year old man, in a matter of only a few 
years, afforded in hellenizing such a huge territory. Referring to central Asia, and to 
~6—7 centuries later, “notwithstanding the gaps of our documentation, we can state 
that this entire region was a part of the hellenized universe during the ~ III and IV 
century of our era, with the same character as, and maybe even more than, other 
‘non-Mediterranean descendants of the Greek art” (Bussagli 1963). Maybe, such an 
achievement had been impossible unless the area was already culturally prepared 
for receiving the seeds of hellinization. If such a speculation is correct, this means 
that the two cultural heritages of the Persian and of the Greek worlds experienced 
some kind of Grand Unification, and that Alexander was just the catalytic although 
fundamental trigger.

Such a “unification” of two distinct and great cultural worlds had important 
implications for the development of our entire civilization. In some respect, no 
similar unification could ever occur with the other great cultural poles of China 
and of the far-East, due to the natural Himalayan barrier. The relevance of such 
a barrier can be appreciated by the following considerations. Ptolemy (~98-165) 
already quoted the Stone Tower in the Pamir region (Uhlig 1986, see figure 22b), 
as well as the westernmost emporium of the “Land of Seres” (i.e. of China): this is 
the town of Tashkurgan (named Tash Qurgham-Saryko in Fig. 22b). See Bonavia 
et al. (1992) from which the following information and quotations are borrowed. 
Its name in the local Tajic language means “Stone City”, as it has a stone fort, the 
first foundation of which dates back to the ~VI century AD, while archeological 
findings are reported since the ~V century AD. At present it is “a small border town 
of 5,000 residents with one poplar-lined main street”. It is the last town in China 
prior to the border with present Pakistan through the Khunjerab Pass, ~30 km 
south of Tashkurgan, 4,733 m above sea level.

“Its name means ‘Valley of Blood’ in the Wakhi language, referring to the mur
derous raids on caravans and travellers staged from the neighbouring Kingdom of 
Hunza.

At this altitude both man and beast suffer altitude thickness, with nosebleeds a 
common occurrence. The traditional method of relieving horses of pain caused by 
the rarefied atmosphere was to jab their muzzles with sharp iron spikes so that the 
blood ran. A young Scandinavian travelling this route in the 1940s was appalled: 
‘Along the whole pass there are dark-brown splodges on the stones. Once they were 
fresh streaming blood. Each drop was a message from the trembling horses that 
have foundered there’.”

In contrast, in northern Asia, the great steppes forbade agriculture and perma
nent settlements: therefore, the local nomad societies (the Uyghurs, the Mongols,
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etc.) afforded in developing, and in making almost perfect, a remarkable living 
know-how, or style of life, or mode of living, or genre de vie (Wagstaff 1985), by 
which in a progression since the ~III century BC (the Hiong-nu Empire13 through 
the largest expansion of the Jenghiz Khan (1167-1227 AD) Empire in the ~X III- 
XIV century AD, they afforded in conquering a very large fraction of the entire 
known world of that time (Fig. 14), ranging from China through Bulgaria, through 
almost the entire present Turkey, Iran and Mesopotamia (Heissig 1964, Lemercier- 
Quelquejay 1970). The borders of their conquers were represented by natural barri
ers: the sea in China, the Arctic climate to the North, Himalaya to the South, and 
the extended forests of Europe, where their nomad style of life, and war strategy as 
well, were hampered by the possibility of ambushes and by the difficulty of rapid 
movements of their chivalry.

The whole history provides with several examples of more or less extended “Em
pires” , the historical relevance of which, however, later resulted more or less tran
sient or permanent, depending on the capability of transferring cultural know-how 
between conqueror and conquered people, and vice versa. The long duration and 
great historical perspective of the Roman Empire is perhaps the best known such 
example. The historical importance of the Arab conquest is related to its cultural 
implications. In contrast, quite a different behaviour characterized e.g. the Mongol 
conquer: rapid raids, spoiling, destroying, killing, violating women, and moving 
elsewhere for new violence and destruction. They felt almost obliged to make all 
this, almost like for some divine right, just like a law of Nature, or a way of ruling 
the world (Heissig 1964, Lemercier-Quelquejay 1970). But, even in comparatively 
much more recent times, i.e. only a few centuries ago, the Spanish conquest of 
the Central and Southern American pre-Columbian countries, and also the Russian 
penetration into Siberia, badly avoided using indigenous inhabitants for developing 
such wealthy and huge territories, that the conquerors were basically numerically 
insufficient for occupying (concerning Siberia, see Bobrik 1992).

Also in such a respect, the historical success of the hellenization of the former 
Persian Empire was a most effective cultural Grand Unification, and in any case 
it helped in promoting and strengthening the cultural and commercial contacts 
between the Greek (and later Roman) world, and either India or China. During 
Roman times the Silk Road was a most prominent and important reality of world 
trade (Innés Miller 1969, Uhlig 1986). The archaeological findings date in the period 
range ~II-XIV century AD (Santoro 1996a, 1996b, 1996c). Augustus (63 BC -  AD 
14, he reigned from 31 BC onward) established a fleet in the Red Sea specifically 
devoted to managing the trade with the eastern countries. Roman coins were found 
in harbours as far as in present Vietnam. Definite and clear information is available 
from written Chinese sources dealing with the contacts with the Roman Empire. 
Petra (in present Jordan; Hammerton 1954, Harris 1996), Palmyra (the modern 
Tadmor in Syria; Wright 1954, Harari 1996), and Antioch (in present Turkey), can

13Hiong-nu is synonymous of Huns. Attila (“scourge of God”) reached even Orléans and, after 
a defeat by Aetius in AD 451 at the Catalaunian Plains, he sacked Padua, Verona and Milan, and 
he destroyed Aquileia, the most important Roman city in north-eastern Italy: this was, maybe, 
the origin of the foundation of Venice.
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Fig. 14. The Mongol Empire and the limit of the Islam expansion during the ~XIII century AD. Redrawn much
simplified after Touring Club Italiano (1989)
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be considered as the western end-terminals of the Silk Road. They were extremely 
wealthy, and it appears very unlikely that they could attain such a great commercial 
power if already at that time they were surrounded by the present arid or desert 
areas.

A comparatively great prosperity was likely to exist within entire central Asia. 
The direct contacts, however, between the Roman and the Chinese worlds were 
apparently forbidden by the Parthians (Fig. 15; the available information about 
the Parthians does not even allow for making a precise chronology of their kings; 
Colledge 1967, Genito 1996). The Parthians were located approximately in present 
Iran and Iraq, and the Romans suffered by some heavy military defeats by them.14 
At tha t time, and since a long time, in central Asia a few reigns existed, being the 
result of a progressive transition from a mainly nomad society towards agricultural 
permanent settlements, that, however, required for suitable mastery of irrigation 
in order to get adequate survival conditions. The qanats (Fig. 16) are, maybe, 
the most impressive witness of such a remarkable skill, that also included several 
other primitive watering techniques (Figs 16 and 17; Wulff 1968, Wagstaff 1985, 
other remarkable examples are shown by Hill 1991). Mesopotamia and Iran are 
most emblematic examples of a great mastery of irrigation, and of extreme envi
ronmental changes. The irrigation technology can be distinguished into “flow” and 
“lift” devices (Wagstaff 1985). The “flow” approach includes the qanats (“lance”, 
“conduit”), the total length of which range from a few meters up to ~50 km. They 
were developed by the end of the ~II millenium ВС, but they are still made even 
today. The shafts are spaced at ~50-150 m intervals for providing access and ven
tilation. They are excavated by itinerant specialists (muquannis). In ancient Egypt 
>1000 km2 of land were converted to agriculture in the Fayyum depression (~44 m 
below sea level, ~60 km south of Cairo; Kozlowski 1989) during the XII dynasty 
(1991-1786 BC), at which time the main communication network was composed by 
the water channels, while during the New Reign (1570-715 BC) the roads became 
more important (Curto 1996a, 1996b). Other “flow” techniques also included the 
channel irrigation that used either the seasonal floods of the Nile or of the Euphrates 
(such floods eventually experienced, however, some remarkable interannual varia
tion), or it was based on a system of channels that were excavated by considering 
tha t the level of the Euphrates is ~10 m higher than Tigris’. Channel irrigation 
in Mesopotamia dates back since ~5600 BC, while the first pottery dates back to 
~7000 BC. Also the development of plough is believed to be related to irrigation. 
Also the underground towns of Cappadocia (in present Turkey), although of uncer
tain dating, typically envisage (i) a great security against the frequent and violent 
earthquakes that strike that region, and (ii) a remarkable mastery in water draining 
(Bicchi et al. 1995).

In any case, according to all available information, Mesopotamia was a very 
fertile and excellently irrigated area (Wagstaff 1985). Was its later desertification 
the result (i) of an improper and intensive use of territory by mankind consequent

14Prior to fighting with the Parthians, the Romans apparently did not know about silk, or at 
least they were not acquainted with it, as on one occasion they were frightened by the silk flags 
shining in sunlight, that were displayed by the Parthians troops (Colledge 1967).
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Fig. 15. Trade routes (continuous lines), and borders (dashed lines) of the Parthian Empire (170 AD -  226 AD). After Innés
Miller (1969; Italian translation)
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A. Typical Qanat
(after English 1968)

В. Small-scale Flood Irrigation in South Arabia
(after Serjeant 1964)

artificial
channel

sluice

Stream flow
Field walls

........... . Terrace walls

I— . ...д Barrage/dam walls 

iimiiTf Mountainside

Fig. 16. Forms of “flow” irrigation. After Wagstaff (1985)
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A. Pulley and Leather Bag
(after Weulersse, 1946)

B. Flow-turned Wheel
i) Left face (section) ii) Method of construction iii) Right profile (elevation)

C. Using Shadof D. Animal-powered Wheel of Pots
(from ancient Egyptian illustrations)

Fig. 17. Water-lifting devices. After Wagstaff (1985). For other devices see Hill (1991)
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to the demographic increase (overgrazing, woodland cleared either for cultivation, 
or for fuel and/or construction, or excessive agriculture, or improper alternation of 
crops, etc.), or was it a consequence (ii) of a natural global change, or of some natural 
catastrophe, or epidemic disease (hitting either mankind, or cattle, or cereals, or 
else), or of droughts that could decimate herds and destroy crops, or was it the result
(iii) of military events, implying reciprocal destruction of infrastructures that were 
strictly needed for territory management? The problem is much complex and it is 
likely to be related also to the varying proportions of wheat and barley harvested.

“The two cereals were of equal importance around 3500 BC. By 2400 BC bar
ley, which is more tolerant of salt conditions, had increased to 84 percent of the 
recorded harvest and by 2100 BC it had reached more than 98 percent. About 1700 
BC no wheat at all was apparently harvested. The increasing proportion of barley, 
however, was accompanied by a continuous decline of yields. Farmers were evi
dently aware of the problems. An agricultural manual dating from around 2100 BC 
indicates that salination could be combated by growing only one crop in the year, 
alternating with fallow and preventing overirrigation .... Fortunately, conditions 
did not deteriorate so badly in the more northerly districts of Lower Mesopotamia. 
Indeed, the difference has been proposed as part of the explanation for the deci
sive shift in political power away from the southern cities of Sumer in the ~XVIII 
century BC ...” (Wagstaff 1985, p. 97).

Another example of anthropic-induced desertification is proposed by Bryson and 
Murray (1977) concerning the fall of the Indus valley civilization. They claim that 
the mechanism was related to dust, by which the radiation balance was severely 
altered (soil warming was greatly reduced, hence also convective motion, and hence 
air masses had to sink instead of uplifting, and by this rainfall was greatly reduced).

“We can envision an agricultural expansion in Harappan times: a growing pop
ulation, farming more land more intensively, moving out to cover the whole region. 
After a time, as the global climatic change occurred, some dry years came. The 
grass cover weakened and dust began to blow into the air. As the dustbowl grew and 
times became tougher, the Harappans tried to overcome their environment, working 
the land even harder and raising more dust. The drought worsened. Finally, much 
of the land had to be abandoned, and so did the cities.

The abandonment perhaps gave ... time to begin to recover ...; the pollen records 
show that somewhat moister times followed. But whenever the vegetation began 
to improve, it became more attractive and pressure on it increased, bringing desert 
back.

If some grass could grow back, there might be less dust and more rain, and the 
balance might tip away from desert. A fence built around a large field in the desert 
brought abundant wild grasses in two years, without planting or irrigation, simply 
by keeping out the men and goats .... As similar experiments in the western United 
States show, grasses do grow if grazing pressure is lifted.

The problem is the continuing pressure from man. Suggestions that India en
tirely fence off tens of thousands of acres are impractical, for what would happen 
to the people who scratch out a life there now? A better experiment would be to 
build fences but allow cutting of grass for animals kept in pens. This would protect
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plant roots and shoots, which are trampled or eaten by grazing animals. If a large 
enough area could be fenced off to reduce the dust and bring back the rains, many 
thousands of square miles might become more like the way they were 4,000 years 
ago. But we don’t know how many animals and humans ... (the territory) ... can 
support even in that way.” (Bryson and Murray 1977, p. 113-114).

This reminds about a most recent experiment in the Negev desert, by which 
an apparently significant increase of rainfall occurred simply by building a fence 
for forbidding herd grazing (Otterman et al. 1993). Such authors, however, do not 
interpret such a result in terms of dust, neither in terms of evapo-transpiration 
from vegetation, rather of a different thermal inertia of soil depending on a modest 
vegetation cover, by which different micro-convection regimes occur depending on 
the development of vegetation, hence triggering rainfall. Similar to this, let us also 
remind about the theory by Prof. Maocang Tang (Dong et al. 1990, Dong and Tang- 
1992, Tang and Dong 1993, Tang et al. 1993), by which they measure the apparent 
heatflow within a layer 3.2 m deep, by drill-holes into the ground (>40 year records 
from the Chinese meteorological network), and by means of such an information, 
since several years, they afford in issuing a routine prevision of the average rainfall 
during the subsequent several months, within an area several hundred kilometres 
wide. They claim that a varying heatflow from soil into the atmosphere is capable of 
controlling the occurrence of long-range and large-scale precipitation. The general 
problem cannot be here considered of the debate among climatologists about the 
prime cause of global climate change (e.g. a few mentions are given by Migliorini 
1995a). However, all such different very delicate effects can co-exist and eventually 
play a different percent role in every different area. Such still basically controversial 
items denote how critical and essentially unknown are the processes that control 
the heat and gas exchange between soil and atmosphere, a set of phenomena that, 
as it is also emphasized here below, appear to be, perhaps, the most critical micro
physical, -chemical and -biological processes for a comprehensive understanding of 
the ultimate causes of global change. In such a respect, maybe, also the fall of the 
Indus civilization can help our present research and understanding.

More generally speaking, the former skill of mankind, by which the nomad so
cieties had to move for surviving between periodically food-rich areas, had evolved 
into the skill for getting survival-goods from one and the same given and fixed site. 
For such a purpose, however, a few infrastructures had to be acknowledged and 
exploited, such as the exact season determination in order to assess the most ap
propriate times for seeding and harvesting, or an adequate mastery of irrigation, 
some adequate defense of the settlements against the hazards by natural catas
trophes of any kind, including anti-seismic houses, that lead to the exploitation 
of quite different construction techniques, e.g. in China, in Japan, in Peru by the 
Incas, in Cappadocia, etc. Moreover, such needs very often required an actual 
progress of the knowledge about what we now call solar-terrestrial relations. More
over, such a need and knowledge became the more critical with time, the larger was 
the demographic expansion within every given area.15 This implies that the more

15Basically, even during the first half of the present century, such same needs determined the

Acta Geod. Geoph. Hung. 33, 1998



432 G P GREGORI and L G GREGORI

sophisticated are the infrastructures, the more dramatic and eventually irreversible 
becomes a destruction determined either by a natural catastrophe, such as the ex
plosive eruption of Santorin (or Thira) that occurred in ~1410 ± 100 BC (Bullard 
1984) and that (perhaps) destroyed the Minoan civilization, or by a military event, 
such as the destruction of Carthage by the Romans in 146 BC, or the destruction 
of pre-Columbian civilizations by the Spanish conquerors, or by a genocide, or by a 
religious war, or by an epidemic disease, etc. It is not easy to discriminate between 
all such possible causes, all of which sometimes could even be co-responsible with 
each other, and in such a case it is difficult to estimate the percent role played by 
every one of them.

A list of several cruel anthropic destructions with catastrophic environmental 
consequences is given by Wagstaff (1985, p. I ll ) ,  who also gives a general discussion 
of this entire problem (ibidem, p. 229-232). In this same respect, a computational 
model of an oasis shows that it affords surviving, eventually by allowing for some 
fluctuations during its struggle against the desert, only provided that its size is 
larger than some suitable threshold (Xiaoqing Gao, private communication 1997). 
However, whenever some cause alters the ecological equilibrium of the oasis so that 
some part of its vegetation is eventually killed, the defense of the oasis can be 
severely weakened, even making it to disappear. A human settlement within some 
more or less unfriendly environment behaves much in this same way: whenever some 
man-made infrastructures are destroyed following some war, or natural catastrophe, 
or else, the people living in that region can eventually be insufficient for recovering to 
survival conditions; whenever some threshold is not attained, that area unavoidably 
falls into permanent and irreversible underdevelopment.16

Another relevant aspect of trade in ancient Roman times was related to cinna
mon (Innés Miller 1969), that was fairly well known and used in ancient Rome, and 
it was generally reported to come from some area south of the Nile. Today it is

great emigration from several European countries towards North and South America. Even nowa
days they often determine (altogether with political factors, that often are a consequence of envi
ronmental unfitness) the demographic pressure towards developed societies from underdeveloped 
countries, that are often euphemistically called developing countries. Concerning Sahel see below.

16The same argument applies both to environment or to survival conditions, and to the cultural 
heritage and to its important implications for the style of life (genre de vie): in fact, culture is 
just like an important infrastructure. A most dramatic example is concerned with Naples, that at 
the end of the ~XVIII century AD was one among the best known and acknowledged capitals of 
the European culture. The most brilliant local intelligentia felt obviously excited by the wave of 
new thought that flooded Europe during the brief Napoleonic period, and that in Naples was also 
favoured by the temporary fall of the Bourbon kingdom. However, when the French troops had 
to retire, they were unprepared for defending against restoration. Finally, they had to surrender, 
although with the agreement that they were exiled. But, when they were ready for sailing to 
Toulon, Admiral Nelson, just arrived, did not recognize the agreement: they were all put into jail, 
and after a few months executed like rebels. An actual destructive fury followed: they even burnt 
a several volume-set of the draft of a remarkable work on botanies by a famous scientist of that 
time, Domenico Cirillo (Ciarallo 1992). Obviously, the course of history could not be changed by 
such a restoration. However, after two centuries Naples never recovered to its former splendour. 
In contrast, its society evolved towards some most serious economic and socio-cultural problems. 
Although it is extremely difficult to envisage the cause of such a degrading, the traumatic “cut” of 
its intelligentia has been equivalent to a shortcut of its profoundest cultural heritage: a civilization, 
or genre de vie, had been killed.
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Fig. 18. The cinnamon way. The full line denotes the present zone of diffusion of canoes with 
double outrigger, the dashed line of canoes with one outrigger. Rafts, pushed by winds and ocean 
currents, diagonally crossed the entire Indian Ocean and landed somewhere north of Madagascar, 
from which cinnamon was brought to the Roman area either by boat, or by land. After Innés

Miller (1969)

known that it could not grow in Africa; rather, it came from the Sunda archipelago. 
It was brought by some kind of rafts (or, maybe, canoes with double outrigger?), 
pushed by winds and ocean currents, diagonally across the entire Indian Ocean, 
until they landed somewhere north of Madagascar (Fig. 18). Cinnamon was then 
brought northward either through land routes (with several hazards), or by sea by 
the Arabian sailors (with the hazard of pirates). According to Innés Miller (ibi
dem), the former Indonesian sailors are believed to have been capable of luckily 
getting back home, eventually after a journey of ~4 years. A much later witness of 
such ancient trades are the routes managed by the Swahili merchants, who during 
Middle Age supplied Europe with several African goods, beginning in the ~VIII 
century AD. They used a traditional sailing boat (Fig. 19) up to ~15 m long, the 
“mtepe”, that maybe dates back to the ~I century AD and that was still used at 
the beginning of our century (Horton 1987).

While this entire pièce was being played on the world stage, a great technological 
and science-applied skill was exploited, developed by the Alexandrine civilization, 
the major heart and propulsive strength of which was the great Library in Alexan
dria. One Director of such a Library, who was one of the most learned and renown 
persons of entire antiquity, Eratosthenes of Cyrene (~284-192 BC), afforded in 
measuring the radius of the Earth with a high precision for that time, maybe by 
getting advantage from the precise measurement of the surface-distance between 
Alexandria and Syene (the present Aswan), due to the precise available cadastral
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Fig. 19a. Traditional sailing boat, up to ~15 m long, the “mtepe”, that maybe dates back to the 
~ I  century AD and that was still used at the beginning our century. The sail was made by palm 
leafs, and the hull by African teak, tied by ropes made by coconut-tree fibres. The stem represents 
the head of a camel. The flags are the symbol of the legendary Sultan Ali of Shungwaya (a Swahili 

navigator) and of his sons. After Horton (1987)

charts for entire Egypt, that had been drawn by the “betamists” who walked and 
counted their steps, although they presumably needed for some “geodetic” network 
in order to get rid of the accumulation of errors (see Gregori and Gregori 1996a, 
1996b for additional details). Very little information still exists about such a rel
evant Alexandrinian high technology (de Santillana 1961, Kline 1972). We may 
borrow some information from a large technical “encyclopedia” written by Hero of 
Alexandria (lived probably around ~60 AD). He was a much practically-oriented 
scholar, a real engineer. But, his entire “book of recipes” is only a vague and rough 
example, compared to the Antikythera (Andikithira) machine (Fig. 20), a highly 
sophisticated tool for astronomical computations, some kind of a clock that showed 
altogether the annual movement of the Sun within the Zodiac, the lunar phases, 
the times of sunrise and sunset, and the motion of the planets. It was based on 
a highly developed knowledge of celestial cycles. It is the ancestor of the much 
simpler and later devices known to us (not here shown) built by the Arabs, and 
tha t were the basis for all subsequent developments of watch technology in Europe 
(de Santillana 1961, who quotes de Solla Price 1959). Maybe, even the Pantheon 
in Rome is one witness of such an ancient great skill, as proposed and tentatively
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Fig. 19b. Western African commercial routes in ancient times. Black star: approximate site were 
Rhapta was located, identified at different sites by different scholars. The best identifications make 
reference to a river having its same name and mentioned by Ptolemy: such sites could be either 
on the estuary of the river Pangani, in front of the island of Pemba, or on the estuary of the river 
Rufigi, in front of the island of Mafia. The second choice is preferred. White star: Agizymba, 
centre of the gold-producing African area, was at a four-months-journey in fifty laps, equal to 

~1900 km from Axum. After Innés Miller (1969)

discussed by several authors (see Gregori and Gregori 1996a, 1996b and references 
therein); but, such an item still requires hard thinking, computations, discussion 
(in progress).

Political events evolved, the Roman Empire was disrupted, its western part
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Fig. 19c. “Types of sailing vessels (hulls only) used recently in the Gulf, Indian Ocean and Red
Sea.” After Wagstaff (1985)

collapsed, several people invaded its territory (the “Barbarians”), the life quality 
in western Europe experienced a substantial large worsening.17 But, its eastern 
section, apart the formal routine survival of the eastern Roman Empire and its 
progressive competition with the expanding Muslim pressure, had a much better 
quality of life. The Emperor Justinian (AD 482-565) committed to codify in written 
form the Roman laws (this is the famous Codex Justinianus). Together with his wife 
Theodora (whom he married in AD 523), they independently sent a few different 
groups of missionaries to Nubia (the high Nile valley) in theological competition 
with each other: they will result to be the origin of the Coptic religion in present 
Eritrea and Ethiopia (Fig. 21; Vantini, 1967).

The Armenian architecture (Cuneo 1988) left impressive ruins of buildings 
(mainly churches dating ~IY-XIX centuries AD) that denote a great mastery, 
that was going to be attained in western Europe only during the new millenium.18

17Sir Winston Churchill wrote in his History of the English speaking people, appeared in 1956, 
that central heating of houses re-appeared in Great Britain only several centuries after the fall of 
the Roman Empire.

18The ancient Armenian skill is maybe comparable with the European late-Romanesque style.
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Fig. 20. Reconstruction of the Antikythera (Andikithira) machine. Measures are in millimetres.
See text. After de Santillana (1961)

The towns along the central-Asian sector of the Silk Road, on the borders of the 
Takla Makan desert (or Tarim basin) in present northern Afghanistan and Sinkiang 
(China), had a great flourishing (Fig. 22). Very few, although very nice, samples 
of painting are still saved in museums, or kept within an unfriendly desert envi
ronment (Bonavia et al. 1992), dating to the ~III—VIII centuries AD, revealing 
the existence of what has been called the Buddhist Renaissance (Gray 1961, Bus- 
sagli 1963, Whitfield and Farrer 1990). They apparently felt the mixed influence 
by Persian, Tibetan, Chinese, and Indian cultures: the Gandhara art, also called 
sometimes the Greek-Buddhist or Roman-Buddhist art, flourished in the present 
north-western India and in Afghanistan during the ~I-V centuries AD (Bussagli 
1963, Callieri 1996a). On several occasions, people from either one of such coun
tries had to emigrate into such a Takla Makan area from their respective original 
towns, due to political changes, etc. Maybe, this area was, at that time, among 
the wealthiest and economically most developed regions of the world. It was also, 
maybe, the most important crossing point of people from different races, religions, 
culture, etc. Hence, it was characterized by a great mutual tolerance (Bussagli 1963,

The Gothic style “exploded” in Europe in the middle of the ~X II century AD, in the Île-de-France. 
During those times the school of Chartres (~XI century AD) was a most important cultural centre 
(Goldstein 1980). Did they import knowledge and know how from the Arabs?
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Fig. 21. The spread of Christianity into Middle East on ~ 30-500 AD. After Wagstaff (1985)
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Uhlig 1986). The former Mazdaism (or Zoroastrianism, dating back to Zoroaster, 
or Zaratustra, lived either on ~750 BC or on ~590 BC, a religion that still sur
vives, ~200,000 people, mainly in India; Herrenschmidt 1992a, 1992b), co-existed 
with Induism, with Buddhism (that came from India at a comparatively later time), 
with the Nestorian Christians (one of the several oriental derivations of the former 
Christians, that soon wanted to be isolated with respect to the Roman root, as 
they did not want to be suspected of being related to the Roman enemy of the 
Persian authority; Nestorianism now completely disappeared; Said 1992), and with 
Manichaeism (Mani was born in Babylon in AD 216 and attempted at giving a 
synthesis of the revelations by Jesus, by Buddha, and by Zaratustra; Villey 1992).

The Muslim expansion exploded within such a scenario (Fig. 14). On AD 640 
the Alexandria Library was completely destroyed (de Santillana 1961, Kline 1972).19 
The Coptic countries remained henceforward basically isolated with respect to Eu
rope. Sometimes, they were even compelled to sign a peace treaty by which they 
had to give every year to the Baghdad Caliphate a given number of slaves, by 
which they had to make yearly wars to their neighbours in order to capture new 
prisoners (Vantini 1967). The millenial Silk Road suffered almost by an abrupt in
terruption, while the former religious tolerance was substituted by a much tougher 
feeling (Bussagli 1963, Uhlig 1986). Baghdad, however, early in the ~IX century 
AD during its maximum splendour, was the capital of the wealthiest and most de
veloped country of that time. It is estimated that it had ~1.5 million inhabitants. 
It also had several banks, a few of which even had branches in China (Maalouf 
1983, p. 71; Hill 1991). Moreover, there also was tolerance for scholars of different 
religions. For example, the famous Caliph al-Ma’mum, whose reign began in 813 
AD and who also committed a new measurement of the Earth radius (Gregori and 
Gregori 1996a, 1996b), established a renown academy, the “House of wisdom” (Bait 
al-hikmah), and he chose for its director a Nestorian Christian scholar, Hunayn ibn 
Ishaq al-’Ibadi (Gingerich 1986).

Meanwhile, desertification rapidly progressed, and this entire area ineluctably 
shifted towards underdevelopment. What reasons produced such an event? A

19 “The remaining books were destroyed on the ground given by Omar, the Arab conqueror: 
‘Either the books contain what is in the Koran, in which case we do not have to read them, or 
they contain the opposite of what is in the Koran, in which case we must not read them .’ And 
so for six months the baths of Alexandria were heated by burning rolls of parchment” (Kline 
1972). The head of military operations was Amr ibn al-As. “The statement that he burnt the 
great Alexandrinian library has no basis except in the allegations of Abulfaraj (Bar-Haebreus), 
who lived six centuries later” (Encyclopedia Britannica ed. 1962). This was one of the greatest 
tragedies of entire history, as far as the world cultural heritage is concerned. But, the Library of 
Alexandria had already been burnt in 47 BC when Julius Caesar set fire to the Egyptian fleet, 
and fire spread into the city. A great destruction of Greek works, books and manuscripts, had 
also occurred in AD 392 when the emperor Theodosius (AD ~347-395) proscribed the pagan 
religion. “It is estimated that 300,000 manuscripts were destroyed” (Kline 1972). The destruction 
of the Maya writings by the Spanish conquerors was another great tragedy. Even during the II 
World War some ancient libraries containing a great amount of unscanned material were severely 
damaged, such as e.g. that one in the Monte Cassino Monastery in southern Italy. Moreover, “on 
the night of 5 February 1997 a fire caused severe damage to the Library of the famous Pulkovo 
observatory, St Petersburg, the most historic astronomical institution in Russia ... the fire was 
started deliberately ...” (Hingley 1997). Etc.
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Fig. 22a. The Silk Road from Loyang through Antioch and Petra (Li-kan) at the times of the Han dynasty (206 BC-220 AD), and the
Scythian Road (~V I century BC). After Innés Miller (1969)
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Fig. 22b. Detail of Fig. 22a: Chinese Turkestan and Pamir, with the eastern section of the Silk Road and the Stone Tower (“Torre di
Pietra”). After Innés Miller (1969)

SOLAR-TERRESTRIAL RELATIONS 
441



442 G  P  G R E G O R I  a n d  L G  G R E G O R I

natural global change? The consequence of anthropic action, such as wars, destruc
tions, genocides, etc.? Or an improper use, or maintenance, of infrastructures for 
territory management (such as the qanats and the irrigation channels)? Or the 
afore-mentioned dustbowl (Bryson and Murray 1977)? No catastrophism was ap
pealed to by anybody, no meteorite impact, no volcanic explosion, or else. It seems 
definitely premature to give any final assessment on this. In some specific circum
stances, either one of such possible causes seems to be eventually documented. But, 
in general, this cannot be clearly assessed.

An interesting example deals with Antioch, in present Turkey, that at the epoch 
of the fall of the Seleucids in the middle of the ~ I century BC was, perhaps, the 
fourth city in the Roman Empire (after Rome, Alexandria, and Byzantium, ac
cording to Vallino and Albergoni (1978) from which, unless otherwise stated, the 
following information is borrowed). At that time Antioch was encircled by lake- 
swamps, that were natural reservoirs for several forms of wild life, and by large 
forests (of Lebanon cedars and else). During Crusades (~XII-XIII century AD) it 
was surnamed the “pisser” due to the very frequent and boring rain (Maalouf 1983, 
p. 39). At present, it is immersed within a comparatively arid territory, with a 
moderate rainfall in winter, lesser in the transitions, yearly average ~600-l,000 mm, 
maximum ~216 mm in January, ~20-25 mm in May, minimum in July/August; the 
lowest temperature occurs in January (yearly average ~10.5°C, minimum ~5°-9°C, 
maximum ~12°-17°C); the maximum in July/August (average ~26°C, maximum 
~30°-35°C, minimum ~21°-24°C); the humidity is ~65-75 percent in July/August 
(Taha et al. 1981). The anthropic action was certainly relevant for such a desertifica
tion. Maybe overgrazing, or mostly the timber cut, caused an irreversible ecological 
catastrophe. The problem is extensively discussed by Vallino and Albergoni (1978), 
who are a historian and an agronomist, respectively. They track back the environ
mental conditions up to the ~V millenium BC. Between the ~III and IV century 
AD, some ~50 monasteries and/or sanctuaries were built (e.g. Levi 1954). In the 
~V  century AD there were several tens villages in this area, that had a remarkable 
agricultural production. The Sassanid dynasty of the new Persian Empire (AD 
224-633) attempted at expelling the Romans from Asia and at boycotting the Ro
man trade with Arabia, India, and China: the commercial importance of Antioch 
suffered by this. During AD 382-385 a severe drought occurred, and perhaps an 
epidemic disease affected the cereals. Later on, the Antioch economy recovered; but, 
with the start of the ~VI century AD, a steady decline began. In AD 525 a great fire 
destroyed a large part of the city. Between AD 526 through AD 558 a tremendous 
series of earthquakes stroke the region (~200,000 causalities were estimated for the 
May 526 event, ~5,000 for that one of 528). In AD 540 the Persian army sacked the 
entire area, that was already weakened. In AD 542 an epidemic black death spread 
out from Abyssinia through Egypt and Palestine, and finally stroke also Antioch, 
where ~40 percent of people died. After all such catastrophes, the city was re
built although with a much smaller size. At that time, the agricultural production 
largely exceeded their needs. On AD 640 the Arab conquest gave the final stroke. 
It appears that they set fire to forests where people could eventually attempt at 
a defense, the crops were systematically destroyed, the irrigation channels closed,
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aqueducts interrupted. In subsequent years the harbours were basically useless due 
to the permanent war between the Arabs and the Byzantines. The Arab conquest 
apparently found no resistance, as the defense of the region was very weak. Later 
on, after the parenthesis of the Crusades (wars, destructions, causalities, epidemics, 
etc.), the region was under the rule of the sultanate of Egypt, and in AD 1517 it 
suffered by new fires and destructions by the Ottomans. Nobody was any more 
taking care of the irrigation network, by which the Antioch region had been one 
of the best watered areas of the entire world known at those times. However, even 
in the ~XIII century AD large forests were still reported. Natural catastrophes 
certainly plaied a major role. But, maybe, the anthropic factor (wars, destructions, 
genocides, etc.) appears likely to have sometimes been the most critical cause.

Today we are concerned about the consequences of a wild deforestation in the 
Amazonian basin. Obviously, we are unable to model all its consequences in any 
reliable way. Nevertheless, we should be aware of the fact that a dramatic catas
trophe can well be triggered by an unwise use of a territory: mankind itself can be 
the prime source of great hazards, as it is proven by such case histories borrowed 
from our rich and often sadly fascinating past.

A most emblematic and dramatically up-to-date case history is concerned with 
Sahel (Celant 1995c, from which the following information is borrowed). Its ge
ographical definition is vague, and it is best assessed in terms of some belt that 
coincides with the border between Sahara and tropical Africa: formally, it can be 
identified with the band between the isohyets of 200-500 mm year“ 1, or, according 
to other authors, of 100-700 mm year“ 1 (Celant 1995b). Such a definition, how
ever, is very technical, being strictly dependent on climatic variations, and in any 
case it cannot give justice to its anthropological and historical implications. The 
survival mastery of the local inhabitants, that was developed along the millenia, 
basically relied on a nomad genre de vie by which they afforded in managing both 
cattle growing (herd grazing and water supply) and some partial agriculture, the ul
timate goal being survival and challenging the time-varying extension of the desert 
(e.g. Donáti 1995, Gallais 1995). Such a skill also was a function of demographic 
expansion, by which some implicit self-quenching implied, on one side, the afore
mentioned optimization of the genre de vie for facing the environmental change and 
for getting survival (e.g. by varying the extension of the use of territory, etc.), and, 
on the other hand, the excess population eventually did not survive, due either to 
epidemics, or to starvation, or to wars, etc. or they were sold like slaves.

Such a society developed its own conventions and structure, that were eventually 
much different from our usual definition. In fact, a first concern deals about defin
ing state, nation, tribe, or ethnical group, etc. (Celant 1995a). A society develops 
such a condition whenever some cultural structure grows up inside it. The same 
concept of land-owner gets a completely different relevance within an area where 
climate makes the desert border to fluctuate in some almost permanent although 
apparently erratic and unpredictable way: it made much more sense for them to be 
owners of cattle. Such Sudanese tribes (or else) developed their own culture, some 
structures, hierarchies, genre de vie, and survival mastery, and they eventually at
tained the condition of some great wealth and prosperity, being in the position of
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controlling the trades between the “black” tropical Africa and the Mediterranean 
countries (as mentioned above). There were temporary reigns or empires that even
tually extended over some more or less wide areas. But, basically, the entire long 
stripe, ~300-800 km wide, having a surface of ~1.8-2106 km2 (or ~3-3.6T06 km2 
depending on definition, see above) that crosses the entire continent west to east, 
experienced some kind of a uniform cultural development, peculiar of its own, that 
was basically and substantially different from all other societies: no nation accord
ing to our standard feeling, rather a complex ensemble of tribes, with their own 
internal structure and hierarchies, etc. fighting altogether against an unfriendly 
environment. It is impressive to realize how a town or city could attain almost 
~  100,000 inhabitants, and shortly afterwards it was reduced to a few huts with a 
few hundred inhabitants.

Their problems got eventually more severe after their contacts with “foreign” 
societies. It appears difficult to deal by a few words with such a complex topic. A 
few points, however, can be emphasized as follows.

1. The Islam penetration into a former animist environment played a most rele
vant role. A positive feedback was the promotion of some form of assistance to 
the less lucky people who were hit by environmental changes. Negative feed
backs were the induced wars between different sects, that in any case became 
a part of the afore-mentioned system of self-quenching, by which the excess 
population had to be reduced (in one way or another) for keeping survival 
balance.

2. The development of oceanic navigation (and later on of air traffic) produced 
a dramatic economic crisis for all trans-Sahara trades, hence also for Sahel 
societies.

3. In AD 1590 the sultan of Morocco A1 Mansur sent an expedition towards the 
Niger with ~1000 camels and European mercenary troops with fire-arms. A 
Moroccan governor, a pasha, was installed in Tombouctou in AD 1591. They 
spoiled the city (several tons of gold powder, thousands of slaves, and also 
a large part of the scholars of the local Islamic schools). But, Marrakech 
was far away, and never afforded in ruling Mali. They were only concerned 
about a yearly tribute, leaving the power in the hands of the local pasha. 
In AD 1657-1660 the black death appeared for the first time. Only in AD 
1737 the Tuaregs afforded in defeating the Moroccan troops, and were going 
to become the strongest military presence in the entire area until the colonial 
epoch (Barbina 1995).

4. The colonial conquest implied a French penetration west to east, and an En
glish axis from Egypt through South Africa, with substantial implications for 
Sahel. On one side, the arrival of medicine and vaccines drastically reduced 
mortality, inducing a demographic explosion. On the other hand, the Euro
pean style of life implied the foundation of some permanent towns (e.g. forts 
etc.), with administration and governmental offices, clerks, etc. The French
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authority attempted at implementing a clever and far-looking irrigation sys
tem by means of the Niger water, that, however, was not completed when the 
former huge territory of the French colonies was split into several small states. 
Somebody claimed that France wanted to “Balkanize” its former colonial em
pire, in order to avoid to deal with a powerful new state. The splitting of 
Sahel into several states resulted eventually disrespectful of the uniformity of 
the peculiar cultural heritage of the local inhabitants (see above). In contrast, 
however, according to Cantore (1995), present Sudan developed quite serious 
problems, just because there is a substantial economic and cultural dichotomy 
between its northern and southern regions.

Whatever the reason be, the observational evidence is that the last drought 
period (AD 1968-1986, with most severe crises in 1969-1974 and in 1983-1985) 
produced dramatic effects on cattle, on agriculture, and on societies, that cannot 
be even compared with the effects of some even more severe droughts occurred in 
the past (e.g. in AD 1912-1914). It is now generally acknowledged that the great 
demographic explosion originated some definitely unprecedented problems (Celant 
1995b).

On the other hand, international help programmes often did not take into suit
able account the basic and peculiar cultural aspects that during past centuries had 
inspired the survival strategy by such societies: hence, such programmes often re
sulted unpractical and ineffective.

A most recent dramatic perspective deals with the exploitation of huge stocks 
of fossil water stored within the porous layers of some deep rocks all across the 
entire Sahara and the nearby regions. According to 14C dating, such stocks were 
repleted some ~5,000-6,0000 years BP and it is estimated that, at the present rate 
of extraction, such reservoirs are to become exhausted by a few tens years, or at 
most by one century (Migliorini 1995b).

Summarizing, the understanding of the historical evolution of the Sahel envi
ronment, and of its interaction with mankind, is not a matter of academic research, 
rather it is a way of facing one of the most dramatic present and future problems of 
the “global” world-society. A sustainable development of the less lucky areas of the 
world is the same as finding a way for a sustainable evolution of all world-society. 
Our present ignorance in front of solar-terrestrial relations is one important ingre
dient of such a disquieting scenario. But, mostly, the greatest concern is about the 
way of getting survival condition for an ever increasing world population in front of 
the global environmental challenge.

A suitable joint investigation by historians and by natural scientists is needed for 
getting rid of such difficult problems. The knowledge of solar-terrestrial relations 
was certainly relevant to the ancient societies for their own survival, and for attain
ing their style of life. How much of such a former “scientific” knowledge went lost? 
How much can we learn from those ancient tragedies for understanding the present 
threaten? It appears noteworthy the foreword by F Kenneth Hare to Bryson and 
Murray (1977).

“... Climate has been one of the many historic influences that historians have
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failed to take seriously. Or in some cases they have taken it too seriously, while 
lacking the factual basis to back up their theories. Most climatologists don’t read 
history, so that they, too, haven’t been able to make the connection.

Bryson and Murray belong to a small but growing group of generalists who have 
technical training and a grasp of the facts of human history. They are able to make 
the connection. The fall of Mycenae is plausibly related to sudden drought. So 
is the southward migration of the Hittites. So is the sad end of Harappa, aided 
in this case by their own foolish use of the land. And so are many other historic 
changes where we have hitherto leaned on institutional failings, hubris, or sheer 
chance to explain events. Many will quarrel with the connections offered. But none 
will have any trouble understanding. The authors have written for the citizen, not 
for a narcissistic coterie.

They are not alone. In the last few years a small but precious breed of cli
matic historians has transformed our knowledge of the past thousand years: Páll 
Bergthorsson, patiently reconstructing the sea ice around the shores of Iceland, the 
real bell-wether of northern hemisphere climate; Gordon Manley, calibrating the 
old thermometers of England to give us a temperature record back to the ~XVII 
century; Hubert Lamb, showing that one can draw tentative weather maps long 
before the days of weather stations; and Le Roy Ladurie, combing the guard-books 
of monasteries and vineyards, using the grape and its productivity as a surrogate 
of instruments. These, and many more, have begun to show what climate was — 
and may be again” (Bryson and Murray 1977, p. ix).

Some information is also available from other parts of the world. For exam
ple, Laird et al. (1996) provide information about the great droughts that hit the 
Northern Great Planes in USA during the past ~2,300 years, based on lake salinity 
fluctuations, inferred from fossil diatom assemblages. A few other proxy data, such 
as tree-rings, varves in dried lakes, 10Be and 14C concentration, ô 180 , etc., are 
well known. But, for brevity purposes, no reference can be here quoted. A com
prehensive overview is given e.g. by Schneider and Londer (1984) or by Hartmann 
(1994).

The several-century time-scale

The number is very large of the papers appeared in the literature and dealing 
with such comparatively much shorter time-scale (e.g. Rampino et al. 1987). Sev
eral books appeared dealing with “historical geography”, such as e.g. Parry (1978) 
and Brimblecombe and Pfister (1990). In general, one should be concerned about 
recognizing good papers that provide with some reliable historical information. Re
cruiting historical information is not an obvious task, and professional historians 
ought to be involved in order to get rid of false or unreliable data. Often the same 
authors of such papers attempt at doing some preliminary analysis, frequently re
lying uncritically on some standard mathematical formulation, that in general is 
not very suited for the specific case of concern (Fiorentino et al. 1988, Gregori et 
al. 1988, Gregori 1990, Banzon et al. 1992a). But, all such scientific production is 
worthy being carefully scanned, as it is a relevant data source. However, a real sig
nificant achievement can be attained only when it is possible to consider altogether
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a large amount of integrated information. For example, the information about a 
climatic anomaly is generally concerned with some limited area, for which we have 
some adequate historical records. However, a comparatively minor change (com
pared to the planetary scale) of the position e.g. of a low of atmospheric pressure 
can determine an anomalous rain precipitation (eventually triggering even a flood) 
either within the Po catchment area, or within Rhone’s, or within Rhine’s. There
fore, a suitable analysis of the historical data-series referring to either one of such 
three catchment basins ought to be suitably integrated by an analogous analysis on 
the other two ones. Unfortunately, however, the historical information is generally 
concerned only with a much more limited region. Moreover, one should always 
try to work out interdisciplinary analyses, by considering several different kinds 
of events and information. Moreover, one should take into account the fact that, 
provided that eventual cyclic (not necessarily periodical) features can be eventually 
recognized in several parts of the globe, in general a phenomenon (e.g. a climate 
warming) in some area can imply an opposite effect (e.g. a cooling) in some other 
regions. That is, the environment, or the solar influence on it, can result into dif
ferent trends in different areas (e.g. concerning the glacier extension see Grove, 
1988). Moreover, a fundamental warning is concerned about using only specific 
suitable algorithms, that in general are much different from the standard classical 
mathematical tools (e.g. Tuckey 1977, Gregori 1990). When all such warnings and 
drawbacks have been suitably taken into account, one can use historical data-series 
as a most profitable tool for long-range global change investigations. A fundamental 
limitation, therefore, results, first of all, into the basic availability of data. A second 
drawback deals with the uneven character of the database, by which unconventional 
mathematical and analytical procedures are often strictly needed in order to avoid 
misleading conclusions (as emphasized e.g. by Herman and Goldberg 1978).

A large amount of information is stored within several archives, and certainly a 
large fraction of them is in Europe. But, by sure, data exist from all over the world. 
It appears impossible even to attempt at providing with a listing, as a great amount 
of researches are still required, even only for a simple assessment of the potential 
sources.

Let us just remind about very few examples that are more extensively discussed 
by Gregori (1997). There is evidence for a cyclic feature of the dryness/wetness 
anomaly in China (Banzon et al. 1992b and references therein), or for the ~43 year 
cyclicity of climatic anomalies in north-western Italy20 that even allowed for issuing 
a correct long-range forecast of the November 1994 flood that hit that area (Banzon 
et al. 1990, Gregori et al. 1994a, Gregori 1997). The physical mechanism, that was 
tentatively proposed for it, is that, notwithstanding the uneven data base, the global 
volcanic activity seems to be modulated by some cyclicity of (roughly) the same 
period; hence, it ought to produce a modulation of the total content of greenhouse 
gasses into the atmosphere; hence, it affects atmospheric dynamics and its extreme

20“ ... the Dogons in Mali refer about cycles of 41 years, that coincide with the periodical 
appearance in the African skies of the star Sirius B, the binary dark companion of Sirius. Although 
the Dogons give proof of having a deep knowledge of the cosmos, the available statistical data series 
again cannot allow for testing the actual return of a drought crisis every ~41 years” (Gallais 1995).
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events. If such a speculated interpretation is correct, the forecast for northern Italy 
basically applies to a much wider area, at least on the continental scale, a fact that 
seems to be consistent with the apparent synchronism of the time variation of the 
prime heat-supply to all historical volcanoes of the world (Gregori et ah 1994b). 
Another relevant use of the historical data-series deals with the eruptions of one 
given volcano, by which the next eruption of Vesuvius was forecasted (Gregori et 
al. 1992, Gregori 1993a, 1996a, 1996b, 1996c), and it should occur sometimes 
during AD ~2015-2029.21 As well, when dealing with the historical geomagnetic 
and compass records, a paradoxical inference is found by which the percent volume 
of the fluid Earth-core compared to Earth’s volume suffered by some very large 
variations during the historical past (Gregori 1997). The prime heat supply to 
Etna, to Vesuvius, and to all other historical volcanoes, apparently experienced 
an increase by ~500-600 percent during the last ~5 centuries, being the possible 
cause of the transition from the Little Ice Age to present climate (Gregori 1991). 
Such an inference, combined with the evidence on the geologic time-scale of the 
electrocardiogram (see above), and with the afore-mentioned paradoxical apparent 
variation of the fluid portion inside the Earth, allows to provide with the tentative 
inference that the present increase of the global climate temperature ought to reverse 
its natural trend during the next few decades, or, at most, during the next one or 
two centuries, depending on future solar activity (Gregori 1997).

All such examples, whether wrong or correct, are here mentioned only for em
phasizing how a suitable use of a historical database, that is basically a by-product 
of the history of mankind, which is conceived as a monitoring and recording in
strument, can provide with relevant information that can be eventually useful for 
managing some present dramatic problems. For example, an indicative long-range 
prevision dealing with the probability of occurrence of floods in a given area can 
give a relevant practical indication for planning the periodical river-bed cleaning 
and maintenance. The “cultural” approach by public opinion in front of the man
agement of territory and specifically of river-beds, that is a fundamental aspect for 
the practical prevention of catastrophes, basically evolved (eventually in the wrong 
way) during the history of mankind. The great mastery by ancient hydrologists, 
dating back to prehistorical times, and basically from all over the world, or also e.g. 
to ancient Greeks in Magna Grecia, or to the Romans (e.g. Smith 1978, Adam 1984, 
Hauck 1989, Tolle Kastenbein 1995, Staccioli 1996), or to the Italian Renaissance 
(Leonardo da Vinci, and several other people), and that survived until the late 
~XVIII century AD e.g. in Florence (due to their concern about the Maremma) 
and in Venice (due to their concern about sand-filling of the Venice lagoon, see e.g. 
Romani (1997), or, as some authors suggest, for avoiding that a fleet sailing along 
the Po could eventually capture Venice from inland), all such great mastery was 
essentially interrupted when Napoleon conquered Venice, that was later included 
into the Austrian Empire. Hydrology was going to be re-born anew, for being 
conceived as present hydrology (and apart a few lesser achievements by basically

21 Such a long-range prevision was used by the Italian government for preparing the evacuation 
plans of the Vesuvian area, on the occasion of a possible future record of some precursor of an 
imminent explosion.
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isolated scholars), only in the first few decades of our century. See Gregori (1997) 
for references. History can help in rediscovering and recovering the former subcon
scious feeling by public opinion, by which whenever a land was used for agriculture 
or for building houses, such a land was generally felt as having been either suitably 
drained, or suitably hydrologically planned for making it useful and comfortable. 
Nowadays, public opinion generally believes that a land has always been, forever, 
just like it presently is, and they don’t care about causing even severe pollution or 
environmental damages, so that densely populated areas eventually suffer by dra
matic floods, basically due to the unwise use of territory. The cultural heritage of 
society is a great wealth, a necessary prerequisite for preventing several catastro
phes and tragedies. The irrigation technology has always been in every society a 
key-aspect of applied science. For the ancient kingdoms of Arabia Felix see van 
Beek (1969). For Maya’s drainage of swamps, see Hammond (1986). For pre-Incas 
in Peru see e.g. Ortloff (1989). For the ~X century AD during the maximum 
splendour of the Baghdad Caliphate see e.g. Hill (1991). Etc.

The afore-mentioned Vesuvius forecast is another example of the heuristic po
tential of the historical data series. By sure, other similar examples could be found.

The instrumental period and present-time — Conclusion

The birth of the instrumental period can be roughly identified with the Enlight
enment, when a new sensitivity was started in favour of Science, that was conceived 
as an almost obvious continuation of the exploration either of the globe or of natu
ral environment. Scientific Academies, Associations, and international cooperation, 
spread out, scientific explorations were committed and supported by the wealthy 
sovereigns of the time, modern science finally exploited its potentialities. For ex
ample, the total number of reported volcanic eruptions per unit time apparently 
experienced three almost step-wise increases corresponding, respectively, to the Re
naissance, to the Enlightenment, and to the end of the II World War (Banzon et 
al. 1992b, and references therein), being the likely consequence of a different psy
chological concern while reporting natural events. The instrumental period can be 
identified with modern science, and space age is its most obvious continuation.

It is impossible to deal with such a wide topic by means of only a few sentences. 
Even today, however, we are basically unable (Gregori 1995, 1996b) to monitor the 
global chemical composition of the atmosphere, or, differently stated, whether the 
amount of the minor atmospheric constituents, that are injected by volcanoes into 
the atmosphere, remains constant every year, or whether it experiences some more 
or less regular or cyclic inter annual variation, or “secular variation” according to 
the lingo of geomagneticians. We are even unable to monitor whether the total 
cloud cover is experiencing an interannual variation (Arkin and Adler 1994). The 
total amount of energy stored into the climatic system critically depends on such 
a parameter. The present frontier of environmental sciences is basically largely 
concerned with the interaction between Earth’s surface (soil, ice, snow, water) and 
atmosphere, including all its carriers (heat and/or gas, and the role of the biosphere). 
Refer e.g. to Williams and Smith (1989) for the frozen environment.
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Present day research is facing some difficult challenges. The needs and prob
lems of mankind are continuously increasing, due either to demographic expansion 
(eventually caused also by an increase of the average life-duration in several soci
eties that were recently reached by modern medicine), or to the increase of energy 
consumption pro capite, or to  the increasing information by which people who felt 
formerly satisfied with their living conditions, correctly like to improve their life 
standards and facilities. An additional great concern is about anthropic pollution, 
to be considered from all its multidisciplinary facets: there is pollution affecting 
food resources and human health, or the quality either of soil, or of water (glaciers, 
springs, rivers and lakes, seas, oceans), or of the atmosphere, including all their 
climatic implications. Science appears to be still far away from any satisfactory as
sessment of such an entire very complex scenario, that can be closely identified with 
solar-terrestrial relations. The focus is on the human dimension of global change 
(Stern et al. 1992). But, even the same definition of desertification appears difficult 
and non-univocal, and it is impossible to assess whether it is an actual new phe
nomenon that is presently going on, or not (Gourou 1986, Thomas and Middleton 
1994). In any case, the afore-mentioned observational example of Sahel shows that 
the interaction between mankind and environment can be much more important 
than the climate change alone. Moreover, it could be greatly oversimplifying to 
look at problems only from the viewpoint of industrial pollution alone. Mankind is 
just one ingredient of the entire system, it is part of the mustiness within the small 
terrella mentioned in the introduction. Galactic-solar-terrestrial relations appear to 
be one important frontier of research. The present paper only aims at emphasizing 
that the history of the science of solar-terrestrial relations, that covers a substantial 
part of entire Science, can play a paramount role within such a scientific, social, 
political, and economical challenge, and it is to be identified with the understand
ing of the proxy data represented by the historical information given by mankind, 
which is an actual recording instrument. But, a long way to go seems to be still 
needed. A large amount of potential and very useful information is available, but 
it still requires a considerable effort for finding it, for scanning it, for interpreting 
its multidisciplinary evidences. And for this also the role of professional historians 
appears essential.
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A brief review on height determinations of noctilucent clouds are presented with 
some methodological aspects.

K eyw ords: height determination; Krakatoa eruption; noctilucent clouds

1. Introduction

In the 19th century our konwledge of the structure of the Earth’s atmosphere was 
more or less speculative. No particular research had been done, and phenomena 
like the aurora was of rather little interest. Regular records were restricted to 
tropospheric clouds and, occasionally, obvious or complex haloes, all related to 
weather phenomena. In fact, the vertical extension of the atmosphere was not 
known with any certainty. There were only some rough estimates, some of which 
assumed the atmosphere being at just a few thousand meters thick. Of course, the 
phenomenon of the aurora and its correlation to solar activities was well known, 
but measurements of the height region of aurorae were not carried out.

The situation changed after the giant eruption of the Krakatoa volcano in the 
Sunda-Strait when the obvious ‘coloured skies and twilights’ occurred almost all 
over the world and draw the attention of many people to atmospheric processes.

2. The eruption of the Krakatoa and the early physics of the
atmosphere

The remarkable eruption of the volcano Krakatoa in 1883 marked a turning point 
in the investigation of our atmosphere. The main effect was due to the anomalous 
twilight phenomena following the eruption. The remarkable colours of the sky, of the 
Moon and the Sun gained the attention of all interested people by the end of 1883. 
At this time, the German professor Karl Johannes Kie” sling (1839-1905) dealt with 
studies of the atmosphere and its colours. The astronomer Otto Jesse (1838-1901) 
of Berlin was also working on this topic in the years 1883 and 1884. Jesse had 
already looked at the question of height measurements of clouds and aurorae in the 
1870s. He derived methods which became useful for the investigation of noctilucent 
clouds as well (Schröder 1975).

First, Jesse was interested to find the height of the atmospheric layers in which 
the abnormal coloured twilight phenomena were caused. For this purpose be col
lected all the available data.
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3. The discovery of noctilucent clouds
It is quite sure that there are no descriptions of clouds which resembled noctilu

cent clouds prior to 1884. The first known reports were published by Backhouse 
(1885), Jesse (1885) and Leslie (1885). They described the clouds as “silvery clouds” 
with fine ripple structures within the twilight arc. Jesse sent a circular in order to 
receive a large sample of data. He presented a first summary of the available reports 
in 1886 (Jesse 1886). While continuing his investigations, Jesse found that these 
were peculiar clouds. At this time nobody else paid particular attention to these 
clouds. However, Jesse thought that the noctilucent clouds are more than only 
clouds of remarkable appearance. In 1887 he published an observing programme 
(Jesse 1887) which contained the following items:
a) measurement of the velocity,
b) calculation of the heights,
c) spectroscopic, polariscopic and photometric measurements.

Jesse wanted to extend the observations from Europe to other parts of the world. 
He suggested that ships crossing the oceans should pay attention to such clouds, 
particularly in the Southern Hemisphere. The programme was partly extended by 
Wilhelm Foerster and was published in German as well as in English in various 
journals.

Foerster used the 14th General Assembly of the German “Astronomische Gesell
schaft” in 1891 for a report on this subject. The photographic programme was at 
least in part based on Foerster’s initiative. The first photographic images were 
taken by Stolze and Jesse in the evening of July 6, 1887 — the first photographic 
documents of noctilucent clouds.

At the Berlin Observatory a systematic photographic programme was estab
lished. Several locations for the cameras were chosen. Jesse built a “cloud observa
tory” on top of his house in Berlin-Steglitz which became the main station of a local 
network of stations. Other locations were the Urania Observatory in Berlin, a sep
arate station of the Berlin Observatory, Nauen, Rathenow, Braunschweig, Potsdam 
and Warnemünde; excepting Braunschweig and Warnemünde, the stations were in 
an area of some 50 km across.

Systematic photographic observations in 1889 lasted from May to early August, 
with three corresponding stations (Steglitz, Nauen, Rathenow). The observations 
were continued in 1890. Jesse gave a summary report on the analysis of the pho
tographs at the Berlin Academy of Sciences. He presented the unexpected result 
that these clouds are at the remarkable height of 82 km.

Meanwhile Jesse tried to extend the programme. In a special booklet (Jesse 
1890), he gave precise instructions for obtaining photos of noctilucent clouds. It 
was his intention get members of the “Vereinigung von Freunden der Astronomie 
und kosmischen Physik, VAP” involved in the programme. In this way he intended 
to obtain a larger sample of observational data.

At this time, the Berlin Academy of Sciences also gave financial support for this 
research and Jesse was able to continue with his observations and analyses. In 1894, 
the stations in Frankfurt/Oder, Rathenow and Grünewald (Berlin) were connected 
by telephone.
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The observations were continued for a number of further years. Jesse dealt 
with some theoretical problems — for example, a major discussion at this time 
went on about an interplanetary retarding medium. However, Jesse published a 
comprehensive paper about the heights of noctilucent clouds in 1896 in “Astronomi
sche Nachrichten” (Jesse 1896).

This paper includes several highlights: it was the first study using photographs 
for investigations of the atmosphere, and his results were the first ones concerning 
data of the upper atmospheric layers. It was not only the height determination itself, 
but also the further conclusions about the structure of this atmospheric region. The 
drift velocity and direction of the noctilucent clouds together with the morphological 
changes (bands, veils, whirls, etc.) gave a first impression on the dynamics of 
the upper atmosphere. As a conclusion, a new scientific branch separated from 
astronomy, which is now called aeronomy (Gadsden and Schröder 1989).

Most interestingly, Jesse’s results are still reference figures. More recent mea
surements confirmed the old investigation and hint at a remarkable persistence of 
the conditions within the noctilucent cloud layer at the mesopause. The Berlin 
atmosphere programme, including the engagement of the Berlin Observatory and 
the influence of Wilhelm Foerster are the pioneering work of upper atmosphere 
physics.

4. Height measurements

4-1 Methods

The simplest method to determine the height of an object above the Earth’s 
surface is the triangulation of a given location from two locations as it was applied 
by Jesse. This method comes to its limits if used for diffuse and not well-defined 
structures such as noctilucent clouds. Due to the large distances to the noctilucent 
clouds and the shallow angle of vision, the identification of a well-defined point may 
be difficult.

A special method was worked out by Stornier (1935) for measurements of auro
rae. His method is based on the coordinate measurements of small structures which 
were identified on photographs of two neighbouring stations. Details of this method 
are given e.g. by Gadsden und Taylor (1994).

A third method has been developed for investigations of the airglow by Hapgood 
and Taylor (1982) and Taylor et al. (1984) in 1982. They use a large number of 
points within a large field. Then, the intensity distribution for another location is 
calculated by assuming a certain height. Next, the calculated image is compared 
with the real image obtained at the other station. In an iterative procedure, the 
height of the ‘reflecting layer’ is varied until the differences between the calculated 
and the observed displays are minimal. This ‘surface method’ can be applied to 
images of both stations as initial images.
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4-2 Point measurements

As in the case of using a theodolite, azimuths a and elevations h of identical 
points in a display of noctilucent clouds are measured from two or more locations 
0 \  and C>2- Furthermore, the geographic coordinates of the two stations Л and ip 
are known. From these we can first determine the angular distance d between the 
two locations on the connecting big circle:

cosd = sin<pi sin <p2 + cosy?i cos<p2 cos(AA) 

with AA = (Ai — A2).
Next, we construct a spherical triangle on the Earth’s globe (Fig. 1), neglecting 

the height of the observers above sea level. The azimuthal direction b towards the 
corresponding station follows from:

sin b = cos ip sin ДА/ cos d .

Now we measure the distance to the point Po below a selected detail of the NLC 
display as an angle on the respective big circle from its measured azimuth a:

cot 0 i = [cosd cos(hi + ai) + sin(bi + ai) cot(&2 — 02) ] /sind

and
cot 0 2 = [cosd cos(l>2 + a2) + sin(62 + a2) cot(bi -  a \) \/sind.

W ith the measurement of the elevation angle, which has to be corrected for the 
atmospheric refraction, we can now directly determine the height H of the selected 
point. We obtain two results for the measurements from each station:

Hi = i?[(cos hi /  cos(hi + 0 i)) — 1] 
ff2 =  -R[(cos/i2/cos(/i2 + ©2)) -  1]

with R = 6363 km the Earth’s radius for the latitude region around 55°. Of course, 
the two results will differ from each other because of errors in the identification of 
cloud features and measurement errors. The complete treatment of the measure
ment errors in the equations used is quite difficult. It is more convenient to make 
a series of measurements of a, h for each point. Assuming a similar accuracy of 
these measurements, the standard deviation of the angular measurements defines 
a circle around the most probable values of a, h. Making 10 measurements, the 
95%-confidence area has a radius of 2.3<r. Looking at the equations given above, it 
is obvious that measurements from stations which are close together implicate large 
values (1/sind) and hence errors will strongly affect cot©. On the other hand, 
large distance between the stations will lead to difficulties in identifying identical 
points within a display of noctilucent clouds.

Distances of the order of 30-40 km are preferable, but this changes with the 
complexity of the display. For example. Gadsden and Taylor (1994) use photos 
taken from locations 75 km apart. The differences AH  = H\ — H, of the two 
height values obtained from the equations should group around zero with a standard 
deviation of л/2ДH.
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5. Conclusions

Three methods are currently worked out for the height determination of noctilu- 
cent clouds from pairs of photos taken from stations usually some tens of kilometers 
apart. The point meausrements realy on the identification of a chosen structure in 
the noctilucent clouds on both photos. This may be difficult particularly in very 
complex displays. The ‘surface method’ includes a large number of points of the 
display and should therefore be not affected by problems of identification of certain 
features in the noctilucent clouds. All methods give two results for a pair of images, 
which allow an estimate of the accuracy of the heights. Series of photos taken from 
several stations also permit the calculation of the drift velocities of the noctilucent 
clouds for both an entire field of clouds and parts within a complex display (Gadsden 
and Schröder 1989, Schröder 1975).
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It is known that noctilucent clouds were first observed in 1885, two years after 
the great Krakatoa eruption in the Sunda Straits. The pre-eminent question whether 
noctilucent clouds appeared before 1885 is here studied in detail. Using various 
literature sources and observational records for the 19th century by several observers 
it can be shown that before 1885 noctilucent clouds were never described in the 
literature. The so-called phenomenon “bright nights” or “Leuchtstreifen” was well- 
known in the 19th century, but no observer described any structures which can be 
identified as noctilucent clouds. This result makes it clear that the noctilucent clouds 
seen in 1885 were the first such observations made. A possible increase in frequency 
of occurrence can be estimated from the year of discovery up to the present day.

K eyw ords: Krakatoa eruption; noctilucent clouds; twilight

1. Problem

A fundamental feature in understanding the noctilucent clouds and the problems 
of a possible mesospheric change is the question of the timing of the first sightings 
of these clouds (cf. Thomas 1991). In 1883 the great eruption of the Krakatoa 
volcano occurred. After its explosion intense twilight phenomena were observed all 
over the world. In Europe many beautiful colours in the morning and evening sky 
were seen and described (Bezold 1884, Jesse 1885, Foerster 1906). Furthermore, 
Bishop’s ring and other phenomena were discovered.

In 1885 Backhouse reported the existence of silvery clouds which appeared in the 
evening sky; well defined with rupples and some wave structure; the colour mostly 
white and partly less and bright. Some days later, Otto Jesse, an astronomer at 
the Berlin Observatory, and many other observers in Germany also watched these 
clouds in the evening sky. Since those observations, Jesse documented and sampled 
all data which were available to him from the northern and southern hemispheres, 
and began research on the height, dynamics and nature of the clouds.

Since that period (1885-1896) the attention given to the clouds has varied from 
time to time. For some years only sporadic data are available. But in more recent 
years, scientists from Russia and in Germany have studied the clouds so that more 
than 1000 observations are available. From analysis of the latest data it seems 
that a real change in occurrence has really taken place and that the frequency of 
occurrence of clouds has increased. This has been discussed in detail by Thomas et 
al. (1989), and by Thomas (1996).

1 Hechelstrasse 8, D-28777 Bremen-Roennebeck, Germany

1217-8977/98/$ 5.00 © 1998 Akadémiai Kiadó, Budapest
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From this, noctilucent clouds have been interpreted as one of the indicators for 
atmospheric global change. Therefore it is most important to have more insight in 
the real observational situation before 1885. In this connection we make another 
point: Noctilucent clouds can be understood also as indicators not only of global 
change but also of yearly mesospheric transition periods (Schröder 1971).

2. The observers

In the 19th century, geophysics did not exist as a scientific discipline and no reg
ular upper atmospheric studies vere made. Geophysical data and observations were 
collected by astronomers, meteorologists and physicists according to their own par
ticular interest in the field. Two important international scientific programmes were 
started in the 19th century: the coordinated measurements of the electromagnetic 
field by the Göttinger Magnetischer Verein and the world-wide observations during 
the First International polar Year (1882-1883). Although the first project was more 
interested in the collection of geomagnetic data, anomalous sky phenomena such as 
auroras were also observed. The second project dealt mostly with the aurora bo
realis from high to middle latitudes. There were many stations distributed all over 
the world and twilight studies were also made. There was no report on noctilucent 
clouds!

Furthermore, in the 19th century some observers studied twilight phenomena. 
There are data collected by von Bezold (1906), Riggenbach (1886), Necker and 
Bravais (see Riggenbach), Jesse (1885, 1886, 1891), Kiessling (1884, 1885), Schmidt 
(1865), Hellmann (1884). These people were all good observers, being professional 
meteorologists, astronomers or physicists. For this time, auroral data have been 
compiled by Fritz in a catalogue (1873).

It is of interest that the problem of twilight was important for those researchers 
and others as a scientific problem in the ongoing research of the 19th century. It 
shows that people observe sky continuously (including the evening and morning 
sky). Furthermore, in the 19th century, interest in solar-terrestrial physics, espe
cially in auroral data, increased (Schröder 1984). All these points emphasize that 
there were different interests and ongoing scientific investigations in the terrestrial 
atmosphere. This is important for a careful interpretation of the years before 1885, 
in assessing why noctilucent clouds were not observed before this data.

3. Observations of noctilucent clouds

The observational data have been collected in Tables I-IV. From consideration 
of all the data it is clear that “increased” twilight has been noted in many cases. 
Colour variability of the sky was well-known in the 19th century. After various 
volcanic eruptions increased twilight phenomena were observed in many years. All 
the descriptions (cf. tables) show these trends. The descriptions show many variable 
colour phenomena, increased twilight structures and in some cases the so-called 
“bright nights”. Using all these data, a good insight can be obtained into the 
twilight and night-sky variability. But all of these data dealt only with regular and
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irregular colour phenomena in the sky. No noctilucent clouds can be identified from 
the descriptions in these reports before 1885.

T able I. Twilight phenomena and volcanic activity in the 19th century (Examples)

Date Place Observations

1815 Sumbawa No anomalous phenomena
1821 Unusual colour of the evening sky, white fog
Aug. 1822 Aleppo Sky as in fire
July 1828 Sky colour phenomena
July 1829 Red clouds
July 1831 Volcanoes/Sicily No NLC; colour phenomena, increased twilight 

(many European places)
Aug. 1831 Central America Increased Sun colours; Sun is various colours
1859/1860 Mount Baker Great eruption and ash clouds no unusual remarks
1861 Djebbel (Africa) Great ash fallout (no unusual remarks)
1861 Vesuvius —

1862 Mákján Island Mákján vanished not atmospheric remarks
1863 Klót (Java) Sky red, great ash fallout
1863 Etna Ash rain
July 1880 Cotopaxi Green sun, increased and coloured sky

Table II. Bravais’ twilight observations

Date Sky

(1842)
4.8. red band, small yellow and green bands
5.8. cirri in green sky, red colours in west
6.8. low red colours
8.8. normal twilight colours
9.8. twilight

10.8. normal twilight colours
12.8. red twilight colours
13.8. red clouds in West, sky background yellow
14.8. red, yellow and green colours
15.8. red in East
17.8. clear sky, normal twilight phenomena 

(1841)
25.7. twilight rays
29.7. rose-colours in the West
5.8. various colours in the East (morning), 

West (evening)

Source: Riggenbach. Note: No NLC has been described
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Table III. Jesse’s compilation of noctilucent clouds since 1884

Year Remarks

1883 Twilight observations: No NLC
1884 Twilight observations: No NLC
1885 23 June: NLC

24 June : NLC
25 June: No NLC
27 June : NLC
28 June: No NLC
30 June -  2 July: NLC
6 July and 9 July: NLC 
8 July and 9 July: NLC 
10 and 11 July: No NLC 
13 July, 16 July: No NLC
17 July NLC
18 July No NLC
19 July NLC
21 July NLC
22 July NLC
26 July No NLC
28 July NLC (very bright)

1886-1891 Year-to ■year observations in the Berlin Atmospheric
Programme and positive events of NLC

4. Did noctilucent clouds exist before 1885?

If we use noctilucent clouds as a first indicator of atmospheric global change 
(Thomas et ah 1989, Thomas 1996), the question arises: Did they exist or have 
people described them before 1885?

The question is in the first instance difficult because no clear nomenclature of 
the twilight features exist. Noctilucent clouds show striking features (waves, ripples, 
white-blue colour etc.) so that they are most impressive spectacles in the sky.

It seems very unlikely tha t experienced observers such as Riggenbach, von Be- 
zold, Hellmann, Kiessling and Jesse would have overlooked such striking phenomena 
as noctilucent clouds. Moreover, Jesse made systematic twilight observations dur
ing the years before 1885. He noted that if there had been noctilucent clouds, he 
could not have overlooked them. Furthermore, in all the descriptions by the cited 
observers no remarks are given which show any analogies to noctilucent clouds. 
From all these data it can be concluded that noctilucent clouds were not observed 
before 1885.

It seems that material only reached the upper atmosphere after the Krakatoa 
eruption which is necessary for the formation of noctilucent clouds. Krakatoa was 
one of the greatest volcanic eruptions which has ever taken place. It catapulted 
enough water and particles into the region of the mesosphere so that — two years 
after the event — noctilucent clouds could be formed. Jesse started an observational 
programme in 1885 and in all the years (up to 1896/1901) the clouds were noted.
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Table IV. Development of twilight data after the Krakatoa event (Examples)

Date Place Description

1883*
May 20 Krakatoa; various colours in sky
June 8 Keitum intense evening red
June 30 33°5N Sun bloody red
July 9 54°4N increased evening sky
August 13 41°N yellow Sun/red
August 29 44° N various colours in evening sky
1884*

April 5 9°S intense evening red
Àpril 23 Hamburg evening red
May 25 Rostock intense evening twilight
June 11 intense purple light, evening rays
June 17 36° N dark morning, red twilight
June 25
June 26 53°8N red solar ring, remarkable object
July 8 41°1N evening red, morning red
July 9 morning red twilight
July 13 increased twilight
July 14 Berlin Bishop’s ring, intense light
July 4 Rome red ring around the Moon
July 5
July 25 3°S red ring aroung the Sun
July 27 Shanghai twilight phenomena with various forms
July 28 Shanghai increased monring twilight, various colours
July 30 Adelaide evening red
August 6 14°3N evening colours
August 7 evening colours
August 12 46°N nice evening red
August 18 40° 3N intense evening red; also at other places
August 21 40° 3N Sun as “a fire ball”

53° 8N red solar ring, intense colours at 14, 19, 24 and 27
U ppsala Bishop’s ring

August Hamburg evening red at 1, 6, 7, 8, 18, 20 and other places
1885**

May 4 27° N intensive evening red
Bishop’s rign very often observed at different 
places and different times in May

May 9 Arnsberg Bishop’s ring
June 11 Clairvaux unusual evening twilight (also on June 12)
June Moncalieri June 4, 5, 12 and 13 intense evening glow

in June at various places and dates increased colours,
forms and display in the morning and evening sky

June full month 
different places

observed increased twilight/evening glow

* In May-July at different days and places increased twilight has been noted but no NLC 
described.

** At June 1, 2, 3, 4, 5, 12 and 13 evening red has been noted, but no NLC
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It is of interest that since 1885 noctilucent clouds have been observed continuously 
in most of the years up to the present.

From the investigations by Kiessling it is clear how the volcanic particles and 
inputs reached the northern hemisphere over Europe after the event. The most 
important eruptions were in May and August 1883; the first observations of noctilu
cent clouds occurred nearly two years later. In the meantime 1883-1885 remarkable 
twilights and sky colours were noted by European observers.

There are four periods of development for the distribution of Krakatoa parti
cles and post-eruption disturbances. Some weeks after the disturbances unusual 
phenomena were noted — but no noctilucent clouds were observed.

The “history” of discovery of noctilucent clouds began in 1885 when Jesse col
lected not of the than available observations and started a routine observational 
and scientific programme.

Using the present data we can say that noctilucent clouds were first observed 
two years after the giant Krakatoa disturbances, an event which was one of the 
greatest in mankind’s history. Since that time the number of noctilucent clouds 
recorded rose and fell depending on the attention given to them by observers. On 
the other hand, it seems that a global change exists as Thomas has suggested.

Following this, noctilucent clouds may be regarded as indicators for global 
change in the physical structure of the mesosphere during the last decades, a process 
which is ongoing.
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W SCHR ÖDER ed.: From, Newton to Einstein (A Festschrift in Honour of the 70th Birth
day of Hans-Jürgen Treder). Arbeitskreis Geschichte der Geophysik in der Deutschen 
Geophysikalischen Gesellschaft, Mitteilungen, Vol. 17, No. 3-4, 490 pp, 30 USD

This book is a collection of papers dealing with topics also investigated by the cele
brated Professor Treder, and in the second part, some reminiscences of encounters with 
him, as well as letters from and to him are collected. All these give a very vivid and 
interesting picture from the not yet finished life of an eminent and in many fields of 
physics-related sciences active member of the scientific community of the former GDR. 
Perhaps this latter circumstance makes it even more interesting for those who shared a 
similar lot.

The contributions include several ones being of interest for earth science; K P H 
Bernhardt discusses meteorological forecasting as an exact science. V Bucha analyses 
connections between geomagnetism and weather changes, being a topic of special interest 
in our time — the author found correlation between typical world-wide weather situations 
and the level of geomagnetic activity. H Filling summarises knowledge on noctilucent 
clouds which according to a reprinted paper at the end of the book belong to Treder’s 
topics, too. G Fischer explains ideas about the uniqueness of man in the Universe. G 
P Gregori, Chairman of the Interdivisional Commission on History of IAGA contributed 
in addition to an introductory appreciation by a detailed analysis of the structure and 
phenomena of the magnetosphere, presenting an insight into the processing governing ge
omagnetic activity. H Moritz presents philosophical ideas about determinism, chaos and 
randomness. J-G Roederer remembers the history of solar-terrestrial physics, comparing 
past and present situation. A lot of other paper deal with problems of theoretical physics 
with Einstein’s name mentioned many times. Some copies of letters are included into this 
part of the book, too.

The next series of papers describe partly philosophical problems of science, deal with 
the recent history of some branches of science, and together with them, several ones re
produce personal memories in connection with Treder’s activity. Among the names which 
appear here and in the last part, CDF von Weizsäcker, Sir Karl Popper and Hannes Alfvén 
should be mentioned, partly as authors, partly as subjects of recollections. In the final 
part, some photos with Treder as one of the depicted persons accompany the letters, being 
of special interest as they inform about the birth of ideas, about apical connections and 
sometimes about discussions. Short extracts from Treder’s publications are also included.

This book is worthy of the celebrated Professor Treder, and in addition to this personal 
streak, it is also interesting from the point of view of the development of scientific ideas.

J Verő

1998 Akadémiai Kiadó, Budapest
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W S c h r ö d e r  ed.: Geomagnetism and Aeronomy (with special historical case studies). 
Interdivisional Commission on History of IAGA and History Commission of the German 
Geophysical Society, IAGA Newsletters, 1997, 29, 359 pp, 20 USD, 1998 containing papers 
presented at the IAGA Assembly, August 1997, Uppsala, Sweden

This volume contains 27 papers by authors from many countries and two short obitu
aries (F Hund and E Unterreitmeister).

The first type of papers deals with the history of geomagnetism, solar physics or even 
geophysics in a broader sense in different countries (Turkey, Ozcep and Orbay; Nigeria, 
Oni; France, Dumont, Martres, Debarbat in two papers; Slovakia, Prigancova); these pa
pers give information about less well known parts of the history of geomagnetism and 
geophysics, beginning with the roots of this field of science in the corresponding countries 
and continuing in most cases till recent past. Additionally, two papers deal with in
struments developments (Cafarella and Meloni about Italian instruments, Yoshida about 
Tanakadate’s electromagnetic declinometer).

The second part, and this part contains the most numerous contributions elucidates the 
role played by some eminent scientists in the development of the corresponding field (Lelio 
Gama in Brazil, Barreto; Hanzlik and Bradka in the former Czechoslovakia, Markova; J 
Gallo in Mexico, Orozco, Hernandez and Cifuentes; Alfvén, Potemra; Birkeland, Potemra; 
Mantovani, Italy, Scalera; Marconi, Collacino and Valensise; Bjerknes, Bernhardt; 
Helmholtz, Hörz; Restore d’Arezzo, Italy, Gregori and Gregori).

Further papers deal with the history of a special field (Gregori and Gregori on archeoas
tronomy and on the prehistory of environmental sciences; Paetzold on hundred years of 
ionospheric physics; Wiederkehr on the study of fog development; Laitko on the interna
tional grad measurement). A few papers are of a more philosophical character (Schröder 
and Wiederkehr on the contribution of geophysics to the transition from classical to mod
ern physics; Hörz on Heisenberg’s world picture; Schalk on problems of modern physics). 
The last part deals with more or less historical data (Hady about periodicities of hard 
X-ray bursts; Haerendel on the thinness of auroral arcs, Gregori on volcanic activity in 
the island Vulcano). It is evident that everybody interested in history of geophysics — 
use of historical data in geophysical investigations will find interesting papers in this book. 
It is to be mentioned that the greatest part of the book is in English, but a few Papers 
(Paetzold, Wiederkehr, Laitko, Hörz, Schalk) are in German, and the three papers by 
French authors are in French.

J  Verő

W SCHRÖDER: Noctilucent clouds -  Leuchtende Nachtwolken (Theoretical concepts and 
observational implications). Science Edition/IAGA, D-Bremen, 20 USD

This book contains a great number of papers, published during thirty years by the 
author in different journals or as separate booklets, partly in German, partly in English. 
The German papers are translated into English, too, in several cases in an extended form, 
with the addition of detailed data. The papers are accompanied by an introduction which 
gives the scope of the book, more exactly, of the author, during this persevering research 
activity. Where necessary, additional information is given without previous publication. 
The book is concluded by historical data — nevertheless, the “historic” adjective is usable 
in both meanings; historical data as e.g. a catalogue of German observations of noctilucent 
clouds (NCL) is included, too, with discussions of the appearance or lack of NCL-s con
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nected to special events, such as the Krakatoa eruption or the Tunguska meteorite. Jesse’s 
classical paper, with his biography and Foerster’s and Kiessling’s appreciation concludes 
this collection.

The content is distributed into five chapters. The first deals with the mesosphere, as site 
of the appearance of noctilucent clouds. This chapter contains also analyses of the seasonal 
distribution, of the connection with solar cycle and auroras. Chapter II is devoted to the 
nature of NLC-s, considering factors like volcanism, cosmic dust, mesospheric circulation, 
the spring and autumn transition in the mesosphere. The luminous phenomena following 
the Tunguska event are also included here.

Chapter III deals with the climatology of NLC-s as e.g. daily distribution, wave struc
ture, velocity; the catalogue of German data is also found in this chapter. Chapter IV, a 
shorter one, is about German pioneers of NLC research. Finally, Chapter V contains a de
tailed review paper from 1975 on the noctilucent clouds (in German), and a summarising 
paper on the results of NLC research.

It is perhaps no chance that the first papers were published exactly 30 yeaxs ago, in 
1968, thus the book is also a summary of a life-long activity, even if the author is still 
active. The beautiful picture of a magnificent noctilucent cloud gives an idea about this 
ravishing phenomenon who could never see it.

J Verő

W Schröder  and H J T reder  eds: The Earth and Cosmos 
Interdivisional Commission on History of IAGA and History 
Geophysical Society, Science Edition, IDCH IAGA/History 
IDCH Newsletter No. 26, 1997, 3882 pp, 20 USD

The book is a collection of different kinds of documents concerning the life and activity 
of Hans Ertel, a prominent geoscientist and mathematician of the mid-20th century. It is 
very difficult to find another description for his field of activity, as it covered a very wide 
range of subjects, with the main emphasis on his potential vorticity theorem. Nevertheless, 
he achieved significant results in theoretical meteorology, in theoretical geophysics and in 
geophysical hydrodynamics. As he lived in the Eastern part of Europe and published most 
of his papers in German, his ideas remained very little known in the English-speaking 
world, and his discoveries were later repeated by those who did not hear about them. 
Thus, the book is interesting both from the aspect to get information about the activity of 
an eminent scientist being personally known to many of us and due to curious conditions 
of the world in which he lived, how ideas were disseminated through abnormal ways to the 
scientific community. Ertel was very well known in Eastern Europe, he published in many 
journals edited there, but did not reach the other, greater half of the world appropriately. 
It is hoped that this volume will contribute to his adequate evaluation.

The book consists of four parts. The first part contains biographical notes, documents, 
a reproduction of his thesis, correspondence about publication of his works, election as a 
member of the Academy of Sciences etc. Many photographs represent here and in the 
later parts persons and sites which had some connection with Ertel’s activity.

The second part contains a selection of his publications, mostly in German, but ac
companied here with short English summaries, a few in English and one in Spanish. The 
editors collected those papers which inform best about his scientific activity.

The third part is a special one: it contains recollections, early letters and memories 
of persons who met Ertel. It is perhaps the most interesting part, as the very different

(The Legacy of Hans Ertel). 
Commission of the German 
Commission, DGG, IAGA-
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approaches help to show Ertel as a scientist and as man. Beginning with the “official” 
occasions, as e.g. publications in special issues etc. through correspondence in connection 
with visits to stories how the authors met Ertel’s theory, just the difference in the type of 
the documents makes them am interesting, sometimes exciting lecture.

The last part deals with a special part of Ertel’s activity, with his role in the Alexander- 
von-Humboldt-Commission of the German Academy of Science. Especially numerous are 
letters to and from Professor Hanno Beck who strongly participated in the edition of 
Humboldt’s works.

The volume as a whole gives and exceptionally colourful picture on the life and activity 
of Professor Hans Ertel, thus it can be recommended both to historians of science and all 
those who are interested in theoretical topics of geophysics and meteorology.

J Verő

B H o f m a n n -W ellenhof, H L ic h t e n e g g e r , J  C ollins: GPS Theory and Practice. 
Fourth, revised edition. Springer, Wien, New York, 1997, 389 pp, 45 figs, 86 DM, 598 ÖS

The growing society of GPS users and designers could be very grateful for the efforts of 
both the authors and the publisher resulting in the fourth, revised edition of this splended 
reference book within six years.

This edition reflects substantial advances in GPS technology since the last edition. The 
text are extended by Differential GPS (DGPS), ambiguity resolution, real-time kinematic 
(RTK) techniques, the International GPS Service for Geodynamics (IGS) and the combined 
adjustment of GPS and terrestrial data without significant changes in the overall structure 
of the former editions.

The structure of the book is built up of thirteen chapters logically arranged, where 
general summaries are followed by more detailed description of the relevant topics.

The introduction is a historical review of the origin of surveying and the development 
of global techniques. The second chapter contains a general overview of the GPS technique 
based on the separation of space, control and user segments. In the next four chapters 
the reference systems, the satellite orbits, the satellite signal as well as the observables to
gether with their bias and error sources are described in more details. The seventh chapter 
summarizes the terminology and the steps of surveying with GPS. The next four chapter 
deal with the mathematical models of positioning, different steps of data processing, trans
formation of GPS results and different software modules. The twelfth chapter summarizes 
the application of GPS in global, regional and local sense as well as the interoperability 
of GPS with other systems. Finally the last chapter critically describes the future of GPS 
technique.

The continuous updating and revising make this book and excellent standard reference 
on GPS for theoreticians and practicians in the future, too.

L Bányai
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K R K och : Parameter Schätzung und Hypothesentests. Dümmler Verlag, Bonn, 1997, 384 
pp, 20 figs

This excellent book is the third, extended edition of the second one dated from 1987. 
It gives a basic description of the methods of parameter estimation and hypothesis tests. 
Some knowledge in linear algebra and probability theory is needed for its understanding, 
thus the first two chapters formulate these problems. The following modifications are 
made in comparison to the second edition: a new chapter dealing with robust estimation 
is added and the section about discriminant analysis is omitted furthermore one can find 
more examples.

Chapter 1 gives a review on vector- and matrix algebra including quadratic forms, 
generalized inverses, projections, derivation and integration of vectors and matrices.

Chapter 2 deals with the probability theory. It presents the basic theory of proba
bility random variables, excepted values, univariate distributions and multivariate normal 
distribution.

Chapter 3 is focused on problems of parameter estimation in linear models. A number 
of methods of parameter estimation are presented, with special emphasis on the Gauss- 
Markov models. Furthermore generalized linear models are introduced together with the 
problem of estimation of variance-covariance components. A separate section deals with 
the robust parameter estimation.

Chapter 4 is dedicated to the hypothesis test, to range estimation and to outlier test 
in the Gauss-Markov model.

The book is very clearly written and will help all students, engineers and scientists 
who are interested in the field of parameter estimation and hypothesis test.

J  Somogyi

S H e it z , E Stöc ker -M e ie r : Grundlagen der physikalischen Geodäsie. Dümmler Verlag, 
Bonn, 1998, 432 pp, 80 figs

This book is the third revised and extended edition of the second one dated from 
1994. The physical geodesy is that branch of geosciences which is mostly founded upon 
the natural sciences and follows the rapid changes in their disciplines. For this reason is 
such a short space of time between the two editions.

Chapter 1 gives a review on Euclidean space-geometry, Einstein’s spacetime-geometry 
and the principle of atom- and quantum theory.

The more extensive Chapter 2 with the title “Physical principles” is focused on prob
lems of Einstein’s kinematics, classical mechanics, classical electrodynamics, general theory 
of relativity, elementary quantummechanics, superconductivity and superfluidity.

The third and most extensive chapter deals with the geodetic methods. At first it 
treats the geodetic models connected to the classical mechanics: coordinates and reference 
systems, models of the rigidbody-mechanics, models of linear elastic-dynamics, models of 
fluid-dynamics. Then it treats the geodetic models connected to the general relativity 
theory: observations, time determination with clocktransport, transmissing and receiving 
of microwaves in free space, phase difference- and Doppler measurements, laser-gyro, rela
tivistic dynamics of satellites; the third part of this section deals with the results of nuclear 
physics used to solve geodetic problems.

Chapter 4 is dedicated to the units of measures and physical constants.
Chapter 5 gives a detailed bibliography.
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The book is an up-to-date, carefully compiled very high-quality work. It gives useful 
help to people who are interested in the field of physical geodesy.

J  Somogyi

Proceedings: IAG Regional Symposium, Székesfehérvár, Hungary. 263 pp, 180 figs, 46 
tables

The proceedings contain papers and poster abstracts from the symposium on deforma
tions and crustal movement investigations using geodetic techniques held in Székesfehérvár, 
Hungary, August 31 -  September 5, 1996.

The topics of the papers are the following:
Session 1 
Session 2 

Session 3 

Session 4 
Session 5

Crustal deformations
Recent crustal movement
Data processing and data analysis
Application of up-to-date geodetic and seismologic techniques, networks 

Deformation of special engineering structures
The proceedings contain 30 papers and 4 poster session abstracts from the listed topics.

J  Somogyi
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