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Abstract. This paper presents data from first measurements of total
electron content (TEC) and its gradient during the solar eclipse of
March 9, 1997, obtained with the GPS-radio interferometer at
Irkutsk. The interferometer consists of three receivers (one Turbo-
Rogue SNR-8000, and two Ashtech Z-12) located at the vertices of a
triangle and spaced by about 3—5 km. The measured TEC variations
are indicative of profound changes in the ion production process in
the ionosphere attendant on the solar eclipse, simultaneously in a
large volume of space with a radius of at height 300 km at 300 km
altitude. The delay of a minimum value of TEC with respect to the
maximum phase of eclipse at 300 km altitude was about 10 min, and
the depression depth of TEC growth varies from 1+3x10*m™ By
analyzing the data on TEC gradient variations, one is led to conclude
that the depression of TEC growth during the eclipse is essentially
independent of the longitude and of the latitude (within the observa-
tion ranges 52+6° N and 104+11° E).

1. Introduction

Radio probing of the ionosphere during solar eclipses provides
important information about atmospheric processes in a wide
height range. The literature on the subject is quite extensive. Ear-
lier investigations into ionospheric effects of eclipses were made
using predominantly ionosondes. During the total solar eclipse of
July 20, 1963, changes in the TEC of the earth's ionosphere were
measured by observing the Faraday rotation of polarization of lu-
nar radio waves [Klobuchar and Whitney, 1965].

Some experimental data on the influence of solar eclipses upon ter-
restrial ionospheric characteristics using methods of sounding by VHF
signals from geostationary satellites were obtained by measuring the
Faraday rotation. Those measurements revealed the eclipse-induced
effect of deep (as deep as 20+30%) TEC depression in the ionosphere,
with a typical time of TEC decrease and recovery of about one hour
and with the delay with respect to the maximum phase of occultation
ranging from a few to tens of minutes [Cohen, 1984].

The new potentialities of remote diagnostics of the ionosphere are
based on using standard measurements of transionospheric radio sig-
nal characteristics and coordinate-time measurements through the use
of dual-frequency multichannel receivers of the global navigation
GPS system. These receivers make highly accurate measurements of
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the group and phase delays between the receiver on the ground and
the transmitters on the GPS satellites in the reception zone [Hof-
mann-Wellenhof et al., 1992; Melbourne et al., 1994] almost at any
point of the globe and at any time simultaneously at two coherently-
coupled frequencies f;=1575.42 MHz and £,=1227.6 MHz.

The merits of using GPS receivers, combined with a high level of
technology and computerization of the system, awakened ever in-
creasing researchers' interest when studying ionospheric effects of
disturbances of a natural or artificial origin, such as earthquakes
[Calais and Minster, 1995}; spacecraft launches [Calais and Minster,
1996]; and industrial explosions [Fitzgerald, 1997).

This paper presents preliminary results derived by investigating
ionospheric effects of the March 9, 1997 solar eclipse using data
from the “GPSINT” interferometer that was constructed in Irkutsk.
Continuous measurements with this new instrument got underway
on March 5, 1997.

2. General characteristics of the March 9, 1997
eclipse, and the geometry of experiment

A solar eclipse was observable on March 9, 1997 in the northern
part of the eastern hemisphere [Espenak and Anderson, 1995]. The
band of totality on the terrestrial surface started at the location 49°N,
87°E, on the Russia's China frontier and continued on the territories
of Mongolia and Russia. The largest width of the path of totality was
about 370 km. At jonospheric heights the path of totality was much
farther to the south.

Figure 1 shows a schematic map of the southem part of East Siberia
where our observations were made. Dashed lines represent the equal
maximum phase of eclipse P,y at the height H=300 km corresponding
to the phases: 0.14, 0.10, and 0.06; P, is equal to the ratio of the visi-
ble area of the solar disk to its total area. The height of 300 km was
taken with some degree of convention in order for it to be tentatively
referenced to the ionospheric F2-region electron density maximum.,

The phase of eclipse at the ionospheric height can differ by more
than an order of magnitude compared with the value of P, on the ter-
restrial surface. The time T, for H=300 km over Irkutsk is 1.3 min
ahead of that on the ground. The difference in the values of T, and
their onset times is due to the relatively low altitude of the Sun. At the
time of the largest phase in Irkutsk (00:54 UT) it was as low as 11.5°.

Following are results derived by processing the data of tran-
sionospheric sounding by signals from four satellites (PRNOI,
PRN14, PRN25, and PRN29) observed simultaneously at the
three sites of the GPS-interferometer without technical failures
from 00.00 and 02.00 UT and visible at zenith angles 0 less than
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Figure 1. Schematic map of the southern part of East Siberia
where our observations were carried out. Dashed lines are the
lines of equal maximum phase P, of eclipse at H=300 km, cor-
responding to the phases: 0.14, 0.10, and 0.06. Circles enclose
areas of subionospheric points at H=300 km for selected satel-
lites visible from Irkutsk in the range of zenith angles from 0° to
30° and 60°. Trajectories of subionopsheric points for 300 km
altitudes are shown for each satellite with arrows that show their
directions, and asterisks label the location of subionospheric
points at the time of the maximum phase of eclipse.

60°. Our choice of zenith angle values not exceeding 60° was
dictated by difficulties of interpreting the data with very low line-
of-sight (LOS) angles of elevation at satellites because, unfortu-
nately, the time of passage of the Moon's shadow coincided with
the most clearly defined morning transient process (for example
shock wave as a result of pass of terminator) and general change
of TEC due to dawn in the ionosphere. Even for 60°, the distance
between subionospheric points at 300 km altitude for the widest
spaced PRNO1 and PRN14 was about 800 km or one time zone.
Under such conditions, the ionosphere for PRNO1 was an “almost
dayside” ionosphere, and for PRN14 it was an “almost nightside”
ionosphere. For the lowest angles of elevation, this difference
would be still more pronounced.

Circles in Figure 1 enclose areas with subionospheric points at
H=300 km for selected satellites visible from Irkutsk in the range 8
from 0° to 30° and 60°, respectively. The figure also shows trajecto-
ries of subionospheric points for 300 km altitude, corresponding to
directions to the GPS satellites used in the analysis; asterisks show
the location of subionospheric points at the time of the maximum
phase of eclipse at H=300 km.

Values of Ty, and P, used in the analysis are presented in the
Table 1 for each satellite. The table also lists locations of subiono-
spheric points (X km) and (Y, km) in the Cartesian coordinate
system with its origin at point B and the x- and y-axes are directed to
the east E and to the north N, respectively.

According to observations at the magnetic observatory Irkutsk, the
day of the March 9, 1997 eclipse was quiet, with the diurnal sum of
K-indices amounting to 10. March 8 and 10 were also relatively quiet
days, with the diurnal sums 16 and 11, respectively. This enabled us
to circumvent difficulties arising when analyzing ionospheric effects
of a solar eclipse under conditions of a disturbed ionosphere.

3. Method to determine TEC variations and
gradients

A method of reconstructing TEC variations from measurements of
the ionosphere-induced additional increment of the group and phase
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delay of the satellite radio signal was detailed and validated in a series
of publications [Hofimann-Wellenhof et al., 1992; Melbourne et al.,
1994; Calais and Minster, 1995, 1996; Fitzgerald, 1997]. We repro-
duce here only the final formulas
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where P, and P, are additional paths of the radio signal caused by the
group delay in the ionosphere, m; L;A; and L,A, are additional paths
of the radio signal caused by the phase delay; L, and L, represent the
number of phase rotations at the frequencies f; and f,; A; and A, stand
for the corresponding wavelengths; const is the unknown initial phase
ambiguity; and nP and nL are errors in determining the group and
phase path.

For the sake of convenience when representing TEC data, in cur-
rent publications a convention uses the unit TECU=10'¢ m?. Typi-
cally, the range of TEC variation during 24-hour period is 30+60
TECU depending on geophysical conditions.

Phase measurements in the GPS can be made with a high degree
of accuracy corresponding to the error of TEC determination of at
least 10° TECU when averaged on a 30-second time interval, with
some uncertainty of the initial value of TEC, however. Group delay
measurements furnish an opportunity to determine the absolute value
of TEC, but with an error worse than 10" TECU when averaged for
30 s [Melbourne et al, 1995].

Group delay measurements did not ensure the required accuracy
of TEC determination. In this paper we therefore limit ourselves only
to TEC variations obtained from phase delay measurements by for-
mula (2). For definiteness sake, we bring the TEC variations into the
region of positive values with the minimum value equal to 0 by ad-
justing the constant term const in equation (2).

The capabilities of reconstructing the space-time distribution of TEC
within a wide cone of angles over the site of observation can be consid-
erably extended through the use of the several GPS receivers set up in
interferometer-likely to make additional measurements of TEC gradient
for each GPS satellite observed at a given instant of time.

The high stability of reference generators on satellites and in dual-
frequency receivers, and also the high level of technology of proc-
essing of phase measurements in GPS permit the recording system
and the software complex for combined processing of data from
spaced GPS receivers to be regarded as a radio interferometer. Simi-
lar systems which use, as the signal, the radiation of discrete radio
sources [Mercier, 1986] or signals from geostationary satellites

Table 1. Basic Parameters of Solar Eclipse of March 9, 1997
and Observational Conditions for Different GPS Satellites.

PRNO1 PRN14 PRN2S PRN29
Tuax, UT 00:50:00 00:51:45 00:50:45 00:51:15
Pruax 0.079 0.14 0.113 0.133
Kinax, km 296 =327 -16 -286
Yrax, km -170 192 -10 131
Thnin, UT - 01:01:30 01:00:30 01:00:30
dT, min - 10 10 9
M, TECU - 3 2 2
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[Jacobson et al, 1995], have recently been widely used to study the
dynamics and structure of ionospheric irregularities of a wide range
of scales, from a few to thousands of kilometers.

The geometry of the GPS-interferometer at Irkutsk is presented in
Figure 2a. Here A, B, and C are the reception sites spaced by about 3+5
km where dual-frequency multichannel receivers were installed (one
TurboRogue SNR-8000 — C, and two Ashtech Z-12 — A and B). Parallel
lines show the lines of equal TEC according simple model; the arrow
shows the direction of a normal o to these lines; and N and E are the di-
rections to the north (axis Y) and to the east (axis X). The longitudinal
and latitudinal components of TEC gradients Gg=d(TEC)/dx and
Grn=d(TEC)/dy were determined through linear transformations of TEC
differences for the pairs of reception sites (TEC,—TECg) and (TEC—
TECg). If absolute values of TEC are known for each receiver, this
makes it possible to determine not only the absolute values of gradients
but also the direction of a normal o to the lines of equal TEC. In the
the direction of a normal o to the lines of equal TEC. In the present case,
however, for technical reasons, we were not able to do this. For the pur-
poses of this paper, we confine our consideration to gradient variations
only. For a sake of simplicity, we bring the variations of TEC gradients
into the region of positive values, with the minimum value equal to 0.

The results presented below were obtained when recording GPS
data with 30 s sampling rate; essentially, all processing of phase meas-
urements was limited to the determination of TEC by formula (2). We
used the 15 min sliding window averaging technique only when plot-
ting determined TEC gradient in order to avoid crowding of Figure 3.

With an accuracy of TEC phase measurements no worse than 10"
m? and the distances between reception sites on the order of several
kilometers, the corresponding error of determination of TEC gradi-
ents is no worse than 10'' m™,

We also rejected the usually used conversion of measured varia-
tions of “oblique” TEC to the value of “vertical” TEC [Calais and
Minster, 1995] because such an approach is legitimate only for a
horizontally homogeneous ionosphere, but in our situation this is by
no means always the case.

Because of a substantial difference of satellite observing periods,
in the selected range of zenith angles it was possible to identify only a
two-hour interval of simultaneous measurements for all satellites.
This interval, however, totally spans the eclipse cycle, from first to
last contact.

All data are plotted for the time interval 00.00-02.00 UT (in min-
utes with respect to 00.00 UT) where T, corresponds approxi-
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Figure 2. a. Geometry of the GPS-interferometer GPSINT. A,
B, C — reception sites spaced by about 3.5 km where dual-
frequency multichannel GPS receivers are installed. Parallel
lines represent the lines of equal TEC according simple model;
the arrow shows the direction of a normal o (to these lines); and
N and E are the directions to the north (axis Y) and to the east
(axis X). b. TEC variations obtained from PRN25 data for
March 9, 1997, as seen from the 3 sites: A — solid line; B —
dots; C — dashed line. The vertical bar marks the time of the
maximum phase Ty, at 300 km altitude for this satellite.
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Figure 3. Variations of TEC (a, c, e, g) and gradients (b, d, f, h)
as obtained for PRNO1 (a, b), PRN14 (c, d), PRN2S (e, f), and
PRN29 (g, h) for March 8 (dots), 9 (heavy line), and 10 (dashed
line), 1997. Vertical bars mark the time of the maximum phase
at 300 km altitude for these satellites.

mately to its middle, and to its ends corresponds the time of first and
last contact of the solar disk in the optical range at the ground level in
Irkutsk. The vertical bar on the plots for each satellite marks the time
of maximum phase Ty, at 300 km altitude. The data presented in-
clude the day of eclipse plus two reference days (before and after the
eclipse).

4. Variations of TEC and its gradients
during the eclipse

Figure 2b presents the initial raw TEC time series for PRN25 for
March 9, 1997, as seen from the 3 sites: A — solid line; B — dots;
C — dashed line. The difference of TEC(t) dependencies for differ-
ent reception sites was caused by time variations of TEC gradient; re-
sults of data processing are presented below.

TEC variations obtained for all satellites (for B-reception site,
Ashtech Z-12) on March 8, 9 and 10, 1997, are presented in Figure 3
(PRNO1 — 3a; PRN14 — 3c; PRN25 — 3e; PRN29 — 3g). It is
easy to recognize dramatic differences in TEC variations for March
8, 10 and 9. All satellites are characterized by almost the same form
of monotonic increase in TEC on the reference day of March 8 (and
PRNO1, PRN14 for March 10) and of the eclipse-induced depression
of TEC growth. During the eclipse the value of oblique TEC for
PRN14, PRN25, PRN29 starts to decrease gradually immediately
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after the first contact and reaches a minimum TEC at instants of Ty,.
This is followed by a gradual increase and recovery of TEC.

For PRNO1, however, one can notice only a slightly appreciable
decrease in growth rate of TEC on March 9. The absence of a clearly
defined eclipse effect on the PRNO1 variations, unlike the other sat-
ellites, may be accounted for by the fact that the ionospheric region
which makes the decisive contribution to TEC for this satellite, was
at a larger distance from the path of the Moon’s shadow.

The main parameters of the TEC(t)-curve that characterize the
eclipse effect (T, the response delay dT=T ;T and the ap-
proximate depth of depression M, as a difference of background con-
ditions) are presented in the Table 1. Corresponding parameters for
PRNO1 are not included in the table because the eclipse effect in this
case is not as clearly expressed as for the other satellites.

A comparison between Ty, at 300 km and T, of the largest
TEC response showed that aimost for all satellites, whose LOS were
directed close to the zenith (PRN25) or north-westward (PRN14 and

PDN’)Q\ the delav AT and the denreccion denth M were found to an.

RN29), the delay dT and the depression depth M were found to ap-
proach 10 min and 1+3 TECU, respectively.

The Figure 3 illustrates a good correlation and similarity of the re-
sponse forms for PRN14, PRN25 and PRN29, including the onset
time of the minimum T,,,,,. Particularly noteworthy is the difference
in the rate of decrease in TEC and the coincidence of the response
forms at the station of TEC recovery.

Our data are in reasonably good agreement with published evi-
dence [Klobuchar and Whitney, 1965; a review by Cohen, 1984].
First of all, this applies to the TEC growth depression depth M (a few
of TECU according to published data) and to the delay time of the re-
sponse dT (from a few to 20+30 min).

Variations of gradient components Gg and Gy obtained for all satel-
lites on March 8 and 9, 1997, are presented in Figure 3 (PRNO1 — 3b;
PRN14 — 3d; PRN25 — 3f; PRN29 — 3h). Unfortunately, for technical
reasons, it was possible to measure TEC gradient on March 8 only after
00.42 UT and only for PRN25 and PRN29. On March 10, it was not
possible at all to obtain data of simultaneous measurements for all re-
ception sites.

Time-dependency of TEC gradient for all satellites for March 9
and for PRN25 and PRN29 on the reference day of March 8, is simi-
lar in the form and range of variation. The longitudinal gradient Gg
decreases monotonically with the time, which corresponds to a de-
crease in the TEC growth rate in this direction as the midday values
of TEC are approached. By contrast, however, the latitudinal gradient
Gy also increases monotonically with the time. A comparison of the
variations of TEC gradients for March 8 and 9 showed that the form
of variations of the gradients Gg and Gy for March 9 is similar to the
background form.

5. Conclusion

We have presented the first measurements of TEC and its gradi-
ents during the solar eclipse on March 9, 1997, made by the GPS-
interferometer in Irkutsk.

The evidence obtained for TEC variations point to profound al-
terations in the ion production process in the ionosphere during the
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solar eclipse simultaneously in a large volume of space with a radius
of at least 300 km at 300 km altitude. The delay of the minimum
value of TEC with respect to the maximum phase of eclipse ranges
about 10 min, and the depression depth varies from 1-3 TECU. Our
data are in reasonably good agreement with published evidence (see a
review by Cohen [1984]). The new element is that such TEC meas-
urements were made simultaneously in four and more directions.

As far as TEC gradient is concerned, such measurements seem to
have been made for the first time. The analysis of these data suggests
the conclusion that the depression of TEC growth during the eclipse

VaSares A e ~ pe A o tul
is almost independent of the longitude and of the latitude (within the

observed range 52+6° N and 104::11° E).
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