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from total electron content measurements at the GPS network
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Abstract

We present the results derived from measuring fundamental parameters of the ionospheric response to the August 11, 1999
total solar eclipse. Our study is based on using the data from about 100 GPS stations located in the neighborhood of the
eclipse totality phase in Europe. The eclipse period was characterized by a low level of geomagnetic disturbance (Dst-variation
from −10 to −20 nT), which alleviated signi6cantly the problem of detecting the ionospheric response to the eclipse. Our
analysis revealed a well-de6ned e(ect of a decrease (depression) of the total electron content (TEC) for all GPS stations.
The delay between minimum TEC values with respect to the totality phase near the eclipse path increased gradually from
4 min in Greenwich longitude (10:40 UT, LT) to 8 min at the longitude 16◦ (12:09 LT). The depth and duration of the TEC
depression were found to be 0.2–0.3 TECU and 60 min, respectively. The results obtained in this study are in good agreement
with earlier measurements and theoretical estimates.
c© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Experimental observations of the ionosphere at the time
of solar eclipses provide a source of information about the
character of behavior of the various ionospheric parameters.
Regular ionospheric e(ects of solar eclipses are fairly well
understood. They imply an increase of e(ective re=ection
heights, a reduction in concentration in the F-layer maxi-
mum, and a decrease in total electron content (TEC) in the
ionosphere, which is typical of the transition to the night-
side ionosphere (Cohen, 1984). The behavior of the above
parameters can be modeled using appropriate ionospheric
models (Boitman et al., 1999; Stubbe, 1970).

The main parameters of the ionospheric response include
the value of the delay � with respect to the eclipse totality
phase, as well as its amplitude A and duration AT . Almost
all publications devoted to the study of the ionospheric re-
sponse to solar eclipses make estimates of these parameters.
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A knowledge of these values makes it possible to re6ne,
in terms of the respective aeronomic ionospheric models,
the time constants of ionization, and the recombination pro-
cesses at di(erent heights in the ionosphere.

The statistic of measurements of these parameters accord-
ing to published data is presented in Table 1 (columns 5, 6
and 7, respectively). Table 1 also includes: Date—date of
the total solar eclipse; Location—geographic region where
the eclipse was observed or the path for the methods record-
ing the delay time on the VLF signal ray path between the
signal reception site and the transmitting station (VLF);
FDS—frequency Doppler shift on the HF ray path between
the signal reception site and the transmitting stations, as
well as for the method of oblique-incidence ionospheric
sounding (OIS); Method—method used in the investigation;
Reference—reference to publication. The Note column (col-
umn 9 of Table 1) presents the time resolution of the method
used in investigating the ionospheric response to total solar
eclipse, and the number of stations. The following abbrevia-
tions are used in Table 1: I—vertical-incidence ionospheric
sounding; DS—di(erential Doppler shift; GPS—Global
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Table 1
General information

N Data Location Method Para- Results Reference Note
used meters

� (min) A AT (min)

1 2 3 4 5 6 7 8 9

1 April 19, Haringhata I NmF2, 20, 4× 105 cm−3, 130, Datta et al. (1959) 2 min
1958 hmF2, 20, 40 km, 100,

TEC 40 18× 10−11 cm−2 72

2 March 18, East Asia (7–45◦N; f0F2, 15–30, 0.2–1:4 MHz, 100–120, Walker et al. (1991) 5 min
1988 114–142◦E) I f0E, 20–30, 0.4–0:6 MHz, 70–120,

NmF2 5–20 0.7–1× 1012 m−3 160–170

3 September Chung-Li; I; f0F2, 28, 1 MHz, 100, Cheng et al. (1992) —
23, 1987 Chung-Li–Yosami; hpF2; 34; 30 km; 50;

Lunping VLF; VLF; 8; 2:3 �s; 96;
Observatory DS DS 1–20 0.7–1× 1012 m−3 105–140

4 March 9, Tomsk, Novosibirsk, I; h′F2, −10–30, 25, 70, Borisov et al. (2000) 1 St;
1997 Krasnoyarsk, Magadan, f0F2, 9.5, —, 50,

Irkutsk h′; −26, —, 26;
OIS fD 6–16 0.5–1.5–2.3–3 Hz 150 4 OIS

5 March 9, Russia, OIS; NmF2; 12–20; 11× 104 cm−3; 40–120; Boitman et al. (1999) 15 min;
1997 Irkutsk–Tory FDS FDS ∼ 0 0.5–1:5 Hz 120 20 s

6 August 11, London–Troitsk, FDS FDS 5–15 35–90 km 87 Cherkashin and
Agafonnikov (2001) 2 FDS

1999 Praga–Troitsk

7 October GPS (14:6◦–31◦N; GPS; TEC; 90–100, −0:5 60–90, Huang et al. (1999) 6 St,
24, 1995 121◦E); −2:3× 1017 m−2;

Chung-Li I NmF2 80 0:2–1× 1012 m−3 240 1 St

8 March 9, Irkutsk GPS TEC 9–10 1–3 TECU 70–75 Afraimovich et al. (1998) 3 St,
1997 30 s

9 October South and North GPS TEC 0–120, −0:2–15 TECU, 80–200, Tsai and Liu (1999) 5 St
24, 1995, Asia
March 9,
1997 0–400 −0:4–14 TECU —

10 August 11, Europe GPS TEC — — — Feltens (2000) 60 St,
1999 2 h

Positioning System; NmF2—electron density in the F2-layer
maximum; hmF2—height of the F2-layer maximum;
f0F2—F2-layer critical frequency; f0E—E-layer critical
frequency; hpF2—virtual height of the F2-layer; h′F2—
virtual height of the lower boundary of the F2-layer; h′—
virtual height at 6xed plasma frequencies; fD—frequency
Doppler shift; A—signal amplitude; and St—number of
stations. The Total Electron Content Units (TECU), which
is equal to 1016 m−2 and is commonly accepted in the
literature, will be used throughout the text.

Measurements of � were made by analyzing the char-
acteristics of the ionosphere-re=ected radio signal at
vertical-incidence soundings at a network of ionospheric
stations (Borisov et al., 2000; Cheng et al., 1992; Datta
et al., 1959; Huang et al., 1999; Walker et al., 1991). In
the cited references, the value of � was found to vary from
5 min (Walker et al., 1991; line 2 of Table 1) to 80 min
(Huang et al., 1999; line 7 of Table 1) according to
the NmF2 data, and from 9:5 min (Borisov et al., 2000;
line 4 of Table 1) to 30 min (Walker et al., 1991)
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according to the f0F2 data. The amplitude A of a decrease in
local electron density from 0.2 to 1×1012 m−3 (NmF2), and
from 0.2 to 1:4 MHz (f0F2). The response duration AT =
100–240 min according to the data on NmF2 and f0F2.
To analyze the ionospheric e(ects from the total solar

eclipse of September 23, 1987, Cheng et al. (1992) used
the phase variation of the VLF signal transmitted from
NDT, Yosami (34:97◦N; 137:02◦E), Japan, and recorded
at Kaojong (24:95◦N; 121:15◦E), Taiwan, as well as the
di(erential Doppler shift data from the Lunping Obser-
vatory (25◦N; 121:17◦E). Results of this investigation are
presented in line 3 of Table 1.
Interesting results were obtained by investigating the

ionospheric response to the total solar eclipse of March
9, 1997 (Boitman et al., 1999; 1ine 5 of Table 1) and of
August 11, 1999 (Cherkashin and Agafonnikov, 2001; line
6 of Table 1) using FDS and OIS (Boitman et al., 1999;
Borisov et al., 2000; lines 5 and 4 of Table 1).

Boitman et al. (1999) used the following radio sounding
paths: Tory (51:7◦N; 103:8◦E)-Irkutsk, Tory-Ulan-Ude,
Tory-Krasnoyarsk, Tory-Chita (recording of FDS), and
Tory-Irkutsk (OIS method). To investigate the ionospheric
response to the total solar eclipse of March 9, 1997,
Borisov et al. (2000) used frequency Doppler shift data
obtained from soundings for the following paths: Novo-
sibirsk–Tomsk, Krasnoyarsk–Tomsk, Magadan–Yakutsk,
Komsomolsk-na-Amur–Yakutsk, Khabarovsk–Yakutsk,
Yakutsk–Tomsk, Magadan–Tomsk, Irkutsk–Tomsk, and
Thushima–Tomsk. According to the data obtained using
OIS, � = 6–20 min, A = 0:5–1:5 Hz (for short paths) and
2.3–3 Hz (for long paths), and AT = 40–150 min (lines 4
and 5 of Table 1).

Cherkashin and Agafonnikov (2001) investigated the
ionospheric response to the total solar eclipse of August 11,
1999 for the following paths: London (GB)–Troitsk (IZMI-
RAN) with L = 2:5 Mm (at 12095 kHz frequency), and
Prague (Czech Republic)–Troitsk (at 9520 kHz frequency).
In the cited reference the value of the frequency Doppler
shift was converted to the amplitude A of the variation of
the re=ection height (line 6 of Table 1). The values of �
and AT , obtained by Boitman et al. (1999) and Cherkashin
and Agafonnikov (2001) using FDS are 0–15 min and
87–120 min (lines 5 and 6 of Table 1), respectively.

The development of the global navigation system GPS
and the creation, on its basis, of extensive networks of GPS
stations (which at the end of 2001 consisted of no less than
900 sites), the data from which are placed on the Internet
Klobuchar (1997), opens up a new era in remote sensing
of the ionosphere. At almost any point of the globe and
at any time at two coherently coupled frequencies f1 =
1575:42 MHz and f2 = 1227:60 MHz, two-frequency mul-
tichannel receivers of the GPS system are used to carry out
high-precision measurements of the group and phase delay
along the line of sight between the ground-based receiver
and satellite-borne transmitters in the zone of reception.
The sensitivity a(orded by phase measurements in the GPS

system permits irregularities to be detected with an ampli-
tude of up to 10−3–10−4 of the diurnal variation of TEC.
A large body of data of analysis of the ionospheric re-

sponse to total solar eclipse was obtained using the GPS
(Afraimovich et al., 1998; Feltens, 2000; Huang et al., 1999;
Tsai and Liu, 1999). The values of �, A and AT , derived
from investigating the ionospheric response to total solar
eclipses using the GPS, di(er greatly (� varies from 0 to
330 min, A ranges from 0.2 to 15 TECU, and AT varies be-
tween 60 and 240 min). The large scatter of the values of �,
A and AT is likely to be associated with the di(erence of the
longitude and latitude ranges, over which the investigations
were carried out, the season, the technique for processing the
GPS data, as well as with di(ering geomagnetic situations.

To investigate the ionospheric response to the total solar
eclipse of March 9, 1997, Afraimovich et al. (1998) used the
variations in total “oblique” electron content. In examining
the ionospheric e(ect from the total solar eclipses of October
24, 1995 and March 9, 1997, Huang et al. (1999) and Tsai
and Liu (1999) analyzed the variations in “vertical” TEC.
Tsai and Liu (1999) carried out their investigations near the
magnetic equator; for that reason, the TEC series contain,
in addition to the response to total solar eclipse, variations
caused by the dynamics of the equatorial anomaly.

Feltens (2000) investigated the ionospheric response to
the August 11, 1999 total solar eclipse using total electron
content maps (TEC maps, line 10 of Table 1), the raw data
for which are represented by TEC series obtained by means
of the global network of GPS receivers. Taking into ac-
count the temporal resolution of standard TEC maps (2 h)
as well as the parameter AT derived from analyzing earlier
work (1–1:5 h) it can be concluded that such TEC maps
do not secure the necessary determination accuracy of �, A
and AT .

Hence, a large body of experimental data do not permit
us to make any reliable estimates of the basic parameters
of the ionospheric response. One of the reasons for such a
great di(erence is that di(erent methods of measurements
are used, which di(er greatly by spatial and temporal res-
olution. However, the main reason is caused by dissimilar
characteristics of the eclipse itself, by geophysical condi-
tions of individual measurements, and by a large di(erence
in latitude, longitude and local time when experiments are
conducted.

To obtain more reliable information about the behavior
of the ionosphere during an eclipse requires simultaneous
measurements over a large area covering regions with dif-
ferent local times. Furthermore, high spatial (of some tens
of kilometers at least) and temporal (at least 1 min) resolu-
tion is needed. However, none of the above familiar meth-
ods meets such requirements.

The objective of this paper is to determine the basic pa-
rameters of the ionospheric response to the August 11, 1999
total solar eclipse using GPS data from at least 100 GPS
stations located in Western and Central Europe within and
near the totality path.
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General information about the eclipse, and a description
of the experimental geometry are given in Section 2. The
ionospheric response to the eclipse is discussed in Section
3 using the data from reference ionospheric station Chilton.
The processing technique for the GPS network data, and
results derived from analysing the ionospheric response of
the August 11, 1999 solar eclipse in Europe are outlined in
Section 4. Results obtained in this study are discussed in
Section 5.

2. The geometry and general information of the total
solar eclipse, August 11, 1999

The last solar eclipse in the 20th century began in the
North Atlantic, and the path of the Moon’s shadow made
6rst landfall in south-western England at 10:10 UT; the Sun
at that time was at an angle of 45◦ over the eastern horizon.
The center line duration of total eclipse averaged 2 min, and
the total eclipse was con6ned to a narrow corridor 103 km
wide.

Fig. 1 shows a schematic map of the path of the Moon’s
shadow crossing parts of Western and Central Europe (the
data from Espenak and Anderson (1999) were used in con-
structing this map). The centerline of eclipse at ground level
is shown as a thick line, and thin lines correspond to its
southern and northern boundaries. The location of reference
ionospheric station Chilton (RAL) is marked by the symbol
?. Dots • and symbols + show the locations of the GPS
stations used in the analysis. Dots •, together with symbols
+ are used to represent a total set of GPS stations. Symbols
+ form a network of GPS stations located near the eclipse
path; therefore, we designated this group as the near zone.
Numbers for the longitudes 10◦W, 0◦, 10◦E, 20◦E, 30◦E,
40◦E correspond to the local time for these longitudes.

In this paper, we con6ne ourselves to analyzing only a
region of Western and Central Europe from the coast of
southern England to the point with coordinates 56:03◦N,
37:2◦E, where the totality phase was observed at 11:20 UT
(14:20 LT). Thus, the solar eclipse e(ect occurred for the
conditions of the daytime summer ionosphere.

The distance along the great-circle arc between the
above-mentioned extreme points is about 2900 km, with
the time di(erence of 67 min only. Hence, a distinguishing
characteristic of this eclipse, was the supersonic speed of
the Moon’s shadow sweeping across the terrestrial surface,
exceeding 720 m=s.
At ionospheric heights the totality path was travelling

somewhat further south. The onset time of the totality phase
for the height h = 300 km over Budapest is 1:3 min ahead
of that at ground level. The di(erence in the values of the
totality phases and their onset times is caused by the Sun’s
altitude over the horizon. At the time of the totality phase in
Budapest (11:05 UT, or 14:05 LT), it was as small as 59◦.

The period under consideration was characterized by a
low level of geomagnetic disturbance (Dst-variation from
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Fig. 1. Schematic map of the Moon’s shadow sweeping through
parts of Western and Central Europe. The center line of eclipse at
ground level is shown as a thick line, and thin lines correspond
to the southern and northern boundaries. The symbols + and •
designate the locations of GPS stations—their entire set (these
stations were used in calculating the parameters appearing in the
6rst line of Table 2). The symbols + correspond to the near zone
(the stations of this group were used in calculating the parameters
appearing in the second line of Table 2). The location of ionospheric
station Chilton (RAL) is shown by ?. Numbers for the longitudes
10◦W, 0◦; 10◦E; 20◦E; 30◦E; 40◦E designate the local time for
these longitudes.

−10 to −20 nT), which simpli6ed greatly the problem of
detecting the ionospheric response of eclipse.

3. The ionospheric response to the eclipse in data from
the ionospheric station Chilton

First we consider the variations of critical frequencies
f0F2 over the time interval 00:00–24:00 UT on August 11,
1999 according to the data from station Chilton (RAL)—
Fig. 2a. The onset time of the totality phase of eclipse in the
area of station Chilton (RAL) at 300 km altitude is shown
by a vertical solid line. As might be expected under the
conditions of the summer ionosphere, the mean level of
f0F2 di(ers only slightly for the night-time and daytime.
Nevertheless, a decrease of f0F2 during the totality phase
of eclipse is suRciently clearly distinguished.

Consider the variations of ionospheric parameters for the
time interval 06:00–15:00 UT on August 11, 1999, and
on the background days of August 10 and 12, using the
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Fig. 2. (a) Variations of the critical frequencies f0F2 over the
time interval 00:00–24:00 UT on August 11, 1999 according to
the data from station Chilton (RAL). (b) Variations of the absolute
vertical value of TEC for the same time interval of August 11,
1999 (thick line), and for the background days of August 10 and
12 (thin lines)—see text. The onset time of the totality phase of
eclipse at 300 km altitude is shown by a vertical solid line.

data from station Chilton (RAL)—Fig. 3. Dots correspond
to variations of critical frequencies f0F2 (panel a), f0F1
(panel c), apparent heights h′F (panel b), and h′F2 (panel
d) for August 11, 1999. Solid curves plot the same val-
ues that are smoothed with a time window of 60 min. For
August 10 and 12, only smoothed curves are given, with the
same time window of 60 min. The onset time of the total-
ity phase of eclipse (10:16 UT) at 300 km altitude over the
station is shown by a vertical line.

The eclipse e(ect is most conspicuous in the variations of
critical frequencies f0F2, whose maximum di(erence from
the background values on August 10 and 12 at the time
of reaching a minimum (10:20 UT) was up to 2 MHz. On
the other hand, the amplitude of a decrease of f0F2 for the
August 11 event (after the totality phase of eclipse) does
not exceed 1 MHz. The eclipse e(ect on other parameters
is not as clearly distinguished, and becomes evident only
when comparing the smoothed curves. Similar results of
measurements at an ionospheric station were obtained during

Fig. 3. Variations of ionospheric parameters during 06:00–l5:00
UT on August 11, 1999 and on the background days of August
10 and 12, based on the data from station Chilton (RAL). Dots
designate the variations of critical frequencies f0F2 (panel a),
f0F1 (panel c), apparent heights h′F (panel b), and h′F2 (panel d).
Solid curves correspond to the same values, but smoothed with
the time window of 60 min (only smoothed curves are given for
August 10 and 12). The onset time of the totality phase of eclipse
at 300 km altitude is shown by a vertical solid line.

the total solar eclipse of September 23, 1987 in south-eastern
Asia (Cheng et al., 1992).

The f0F2-variations, measured at station Chilton (RAL)
at time intervals of 4 min, are presented in greater detail in
Fig. 4a (heavy dots). The solid curve connecting these dots is
an approximating one for these values. This panel plots also
the geometrical function of eclipse S(t) at 300 km altitude,
calculated for station Chilton. Minimum values of f0F2 and
S(t) correspond to the points A and B in this 6gure. The
respective delay � between the time of a minimum of f0F2
and of the function S(t) is close to 4 min in this case.
The data from the station Chilton (RAL) and from GPS

station HERS nearest to it are compared in the next section.

4. The processing of GPS-network data and results of
analysis of ionospheric e%ect by total solar eclipse of
August 11, 1999

We now give a brief account of the sequence of proce-
dures used in processing the GPS data. Input data are repre-
sented by series of “oblique” values of TEC I(t), as well as
by the corresponding series of elevations �(t) measured from
the ground, and azimuths �(t) of the line of sight to the satel-
lite measured clockwise from the northward direction. These
parameters are calculated by our developed CONVTEC
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Fig. 4. (a) Values of the critical frequency f0F2, measured on
August 11, 1999 at station Chilton (RAL) at time intervals of
4 min during 09:00–l2:00 UT (dots). The solid curve connecting
these dots is an approximating one for these values. This panel
plots also the geometrical function of eclipse at 300 km altitude,
S(t), calculated for station Chilton. (b) Filtered variations of the
total electron content dI(t) for station HERS (PRN 14) for August
11, 1999—the thick line. This panel plots also the geometrical
function of eclipse at 300 km altitude, S(t), calculated for the
subionospheric point of PRN 14. (c) Experimental geometry in
the area of ionospheric station Chilton (RAL)—?, and for GPS
station HERS (�). Heavy dots show the center line of eclipse at
ground level, and smaller symbols · show the southern and northern
boundaries. The symbol ∗ shows the position of the subionospheric
point at the time of a maximum response of TEC.

program by converting the GPS-standard RINEX-6les from
the Internet. Series of elevations �(t) and azimuths �(t)
of the line of sight to the satellite are used to determine
the location of subionospheric points. In the case under
consideration, all results were obtained for larger than 45◦

elevations �(t). The height of the F2-layer peak (300 km)
is used to calculate the location of the subionospheric points
for the entire set of GPS satellites.

Fig. 4c presents the experimental geometry in the area
of ionospheric station Chilton (RAL) (?), and GPS station

HERS (�). Heavy dots • show the center line of eclipse at
ground level, and smaller dots correspond to its southern and
northern boundaries. The symbol ∗ shows the position of the
subionospheric point at the time of a maximum response of
TEC (see below).

Various methods for reconstructing the absolute value of
TEC are currently under development using measurements
of both phase and group delays; however, e(ective algo-
rithms for an accurate solution of this problem are still un-
available for the di(erent types of two-frequency receivers
and operating modes of the GPS system. In this connection,
for purposes of this paper, we limit our attention to consid-
ering only those TEC variations which were obtained from
phase delay measurements by formula (Afraimovich et al.,
1998):

Ip =
1

40:308
f2

1f
2
2

f2
1 − f2

2
[(L1�1 − L2�2) + const + nL]; (1)

where L1�1 and L2�2 are additional paths of the radio signal
caused by the phase delay in the ionosphere, (m); L1 and L2
represent the number of phase rotations at the frequencies f1

and f2; �1 and �2 stand for the corresponding wavelengths,
(m); const is the unknown initial phase ambiguity, (m); and
nL are errors in determining the phase path, (m).

For an approximate speci6cation of the TEC constant
component I0 at time intervals of 2 h, we made use of the
Internet data on corresponding global maps of the abso-
lute vertical value of TEC in the IONEX format (Mannucci
et al., 1998)—see also Fig. 2b.
To normalize the response amplitude we converted the

“oblique” TEC to an equivalent “vertical” value (Klobuchar,
1986):

I = Ip × cos
[
arcsin

(
Rz

Rz + hmax
cos �

)]
; (2)

where Rz is the Earth’s radius, and hmax = 300 km is the
height of the F2-layer maximum.

Although, because of a strong horizontal TEC gradient
and without regard for the sphericity of the problem, this
procedure gives a very rough result, but this result is quite
acceptable because all our results were obtained for larger
than 45◦ elevations �(t).
With the purpose of eliminating variations of the regular

ionosphere, as well as trends introduced by the satellite’s
motion, we employ the procedure of eliminating the trend
by preliminarily smoothing the initial series with the time
window in the range from 40 to 100 min which is 6tted for
each TEC sampling. Such a procedure is also required for a
clearer identi6cation of the ionospheric response of eclipse
which is characterized by a relatively small amplitude (see
below) under the presence of space–time TEC variations
that are not associated with the eclipse.

For the purposes of illustration of the data processing
procedure Fig. 5 presents the 6ltered TEC variations dI(t)
for August 11 (thick line), and for the background days of
August 10 and 12, 1999 (thin lines) for station HERS for
satellite N14 (PRN 14) (c), as well as for stations ZIMM
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Fig. 5. Filtered variations of the total electron content dI(t) for
August 11 (thick line), and for the background days of August 10
and 12, 1999 (thin lines) for station HERS (a), ZIMM (b), and
WTZT (c). Figures correspond to the GPS satellite numbers. The
onset time of the totality phase of eclipse at 300 km altitude for
corresponding subionospheric points is shown by thin vertical lines.
The time of a minimum dI(t) is shown by thick vertical lines.

(PRN 14) (b) and WTZT (PRN 1) (a), which are separated
from station HERS, respectively, by 7◦ and 13◦ in longitude
eastward. Figures correspond to GPS satellite numbers. The
onset time of the totality phase of eclipse at 300 km alti-
tude for the corresponding subionospheric points is shown
by thin vertical lines. The time of a minimum dI(t) is shown
by thick vertical lines. As is evident from the 6gure, re-
sponses to the eclipse at these stations are very similar in
both form and amplitude, but the response delay increases
with the longitude. dI(t)-variations for the background days
of August 10 and 12, 1999 for di(erent stations di(er sub-
stantially not only from the TEC response to eclipse but also
from one another.

Fig. 4b presents the 6ltered variations of TEC dI(t) for
station HERS for PRN 14 during August 11, 1999 (thick
line). This panel plots also the geometrical function of
eclipse at 300 km altitude, S(t), that is calculated for the

Table 2
The ionospheric parameters of total solar eclipse of August 11,
1999

N Number of A, AT �
subionospheric TECU (min) (min)
points

1 98 0:298=0:197 62=32 16:4=14
2 19 0:193=0:081 61=36 8=4

subionospheric point of PRN 14. A minimum value of S(t)
corresponds to the point A in the 6gure.

As is apparent from this 6gure, the form of the 6ltered
variations is similar to a triangle whose vertex (point B) cor-
responds to the time at which the TEC attains its minimum
value. The value of dImin itself can serve as an estimate of
the amplitude of TEC response to eclipse, and the time in-
terval between the times of intersection of the line dI = 0
(points C and D) can serve as an estimate of the duration
of the response AT . The corresponding delay � between the
times of the minimum of dImin and of the function S(t) in
this case was found to be 4 min, which coincides with the
estimate of � for ionospheric station Chilton (see Section
3). The response amplitude in this case was close to 0.18
TECU, and the response duration was 46 min.

Such dI(t)-variations are characteristic for all GPS sta-
tions and satellite numbers 1 and 14. The choice of the same
satellites, PRN 1 and PRN 14, for the entire selected set of
GPS stations was dictated by the fact for these satellites a
maximum value of the elevation � of the line of sight to
the satellite exceeded 45◦ for the time interval 10:00–12:30
UT, which reduced to a minimum the possible error of con-
version to the “vertical” value of TEC as a consequence of
the sphericity.

The 6rst line of Table 2 presents the results of a statistical
processing for the entire set of GPS stations. The second
line includes only those stations which lie in the immediate
vicinity of the eclipse path, within ±5◦ with respect to the
center line (near zone). In Table 2, the values before the
bar are mean values, and those after the bar correspond to
the standard deviation. The mean value of � for the entire
set of stations is 16 min, while for the stations in the near
zone this value is 8 min. The mean value of the amplitude
A = 0:3 TECU for all stations and A = 0:2 TECU for the
near zone. The width of the TEC trough for the far and near
zones AT = 60 min, on average.

Fig. 6 presents a longitudinal dependence of the time po-
sition tmin of minima of the curves dI(t) for subionospheric
points lying in the immediate vicinity of the eclipse band
(satellites 1 and 14)—heavy dots. Symbols 4 designate the
times of totality phases of the geometrical function of eclipse
versus longitude which are calculated for the subionospheric
points. Symbols� correspond to delay times between max-
imum of the geometrical function of eclipse and a minimum
in TEC.
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Fig. 6. Longitudinal dependence of the time position of minima of
the curve dI(t) for the stations in the near zone—heavy dots •.
The symbols 4 designate the variations of the totality phase of
eclipse at 300 km altitude for subionospheric points as a function
of longitude. The symbols � plot the longitudinal dependence of
the delay � of the TEC response dI(t).

It was found that the delay � increases gradually from
4 min at the Greenwich longitude (10:23 UT, LT) to 16 min
at the longitude of 16◦ (12:09 LT).

5. Conclusions

Our results are in good agreement with earlier measure-
ments (e.g. Cherkashin and Agafonnikov, 2001) and theo-
retical estimates (see a review of the data in the Introduction
and in Table 1). The key feature of our data is a higher reli-
ability of determining the main parameters of the response
to eclipse which is due to high space-time resolution and
to the increased sensitivity of detection of ionospheric dis-
turbances inherent in the GPS-array method which we are
using.

Also, due regard must be given to the fact that the dis-
tinctive property of the eclipse under consideration was a
relatively small response amplitude, which required special
6ltering of the TEC series (see preceding Section). The
reason is that, unlike a number of eclipses for which
more-or-less reliable data were obtained, this eclipse oc-
curred in the summer season characterized by only moderate
di(erences of the daytime and night-time ionization. Fur-
thermore, in this situation the time variation of f0F2 and
vertical TEC near noon usually shows a minimum which,
in essence, masks the eclipse e(ect (see also Fig. 2b). It
is also vital to note that the time constant of a decrease
in ionization in the F2 maximum exceeds substantially the

duration of the totality phase of eclipse, which leads also to
a decrease in response amplitude.

The linear recombination coeRcient � undergoes serious
changes over a diurnal period of time, with the mean values
and the amplitude of such changes depend on the concentra-
tion of the molecular component of neutral gas (Polyakov
et al., 1968). This property of the recombination term ex-
plains some of the properties of the diurnal variations in
electron density in the F2-layer maximum. The form and am-
plitude of the electron density variation during the daytime
depend on: (a) the initial (predawn) value of the molecular
ion density in the atmosphere; and (b) on the concentra-
tion of the molecular component of neutral gas. The initial
conditions produce an e(ect on the morning growth rate of
electron concentration, and the concentration of molecular
gases determines amplitude (at noon) values of the recom-
bination coeRcient.

The recombination rate in the morning hours is deter-
mined by the residual rate of molecular ions which remains
at the level, to which the layer minimum is caused by the
di(usion to come down before the sun-rise. Consequently,
the initial morning values of � depend, among other factors,
on the duration of the night.

The summer conditions are characterized by a high num-
ber density of molecular ions throughout the entire diurnal
period of time. This accounts for the slow increase in elec-
tron concentration in the morning, and for its minor changes
over the course of the daytime.

The local time-dependence of � that is revealed in this
paper is in agreement with theoretical estimates reported
in Stubbe (1970). The value of � for f0F2, approaching
6 min, corresponded to 13:40 LT. Using modeling meth-
ods (Ivelskaya et al., 1977) showed that the variations of
the delay time � of minimum local electron density Ne(t)
with respect to a minimum of the ion production function
are as follows: � = 1–2 min at 150 km altitude, � = 3 min
at 200 km, � = 20 min at 300 km, and � = 45 min above
600 km. In this paper (Ivelskaya et al., 1977), � is estimated,
respectively, at about 3 min for 200 km altitude and 20 min
for 300 km altitude for 12 LT.
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