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Variations in the total electron content near the crest of the equatorial
ionization anomaly during the November 2004 geomagnetic storm
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Space weather studies using a Global Positioning System (GPS) receiver are underway near the crest of the
equatorial ionization anomaly (EIA), at Udaipur (MLAT 16.0◦N), India. These studies are probably, the first of
its kind in the Indian zone near the crest of the EIA. Results for the geomagnetic storm that occurred during
November 2004 are presented. Drastic variations in the total electron content (TEC) have been observed as a
result of this storm. It is inferred that the reduced levels of TEC following the storm may be attributed to the
weakened equatorial plasma fountain due to the disturbance dynamo fields.
Key words: Space weather, Global Positioning System (GPS), geomagnetic storms, total electron content (TEC),
equatorial ionization anomaly (EIA).

1. Introduction
The southward turning of the z-component of the inter-

planetary magnetic field (IMF Bz) has dramatic effects on
the topology of the ionospheric plasma. It is one of the
key parameters that characterize the onset of a geomag-
netic storm. At the magnetospheric heights, the geomag-
netic field is northward. A southward IMF Bz is thus needed
to open the Earth’s closed dayside magnetic field to the so-
lar wind. The anti-sunward magnetospheric convection is
produced when the reconnected, open field lines are swept
over the polar caps at the solar wind speed. The dawn-to-
dusk solar wind electric field thus maps along the field lines
to the tail side magnetosphere. The interaction of the solar
wind, magnetosphere, thermosphere and the ionosphere is
very complex. Studies of storm time ionospheric electrody-
namics have revealed the occurrence of large electric fields
and currents during and after geomagnetically disturbed pe-
riods (e.g. Fejer and Scherliess, 1995). The disturbance
electric fields at the low latitudes have been identified as
prompt penetration zonal electric fields and the disturbance
dynamo electric fields. The prompt penetration fields are
produced both during the southward turning of the IMF Bz

(Fejer et al., 1979; Fejer, 1986; Sastri et al., 1992) and also
during the terminating phase of the substorm when the IMF
Bz turns northward (Gonzales et al., 1979; Kelley et al.,
1979; Spiro et al., 1988; Abdu et al., 2003). The distur-
bance dynamo fields are produced due to the increased cor-
puscular radiation and consequent Joule heating of the high
latitude plasma. This additional heating may launch equa-
torward winds, which in turn generate disturbance dynamo
fields (e.g. Blanc and Richmond, 1980; Scherliess and Fe-
jer, 1997). In addition, Fuller-Rowell et al. (2002) have
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shown that the mid-latitude storm time winds, which may
be forced in the very early stages of the storm, may drive an
F-region dynamo. The resultant electric fields leak imme-
diately to the equator. The mechanism for the generation
of the field given by Fuller-Rowell et al. (2002) is differ-
ent from that of Blanc and Richmond (1980). The prompt
penetration fields are transmitted to the low latitudes on the
time scales of an hour or so (e.g., Fejer, 2002), whereas
the time scales associated with the transmission of the dis-
turbance dynamo fields are much longer (e.g., Scherliess
and Fejer, 1997). The delayed effects of solar disturbances
on the ionospheric plasma density are manifested on time
scales of several hours to days.

These disturbance electric fields may lead to the redis-
tribution of ionospheric plasma. Drastic changes in iono-
spheric vertical total electron content (VTEC) can also be
produced by intense disturbance electric fields originating
from the magnetosphere–ionosphere interaction (e.g., Tsu-
rutani et al., 2004). The process could also lead to a sig-
nificant modification of the TEC at low and mid latitudes
(e.g. Fuller-Rowell et al., 1997). In recent years, a number
of workers have used Global Positioning System (GPS) re-
ceivers to assess the impact of the geomagnetic storms on
the TEC at various latitudes (e.g., Jakowaski et al., 1999;
Tsugawa et al., 2003; Zhang and Xiao, 2003; Biktash,
2004; Maruyama et al., 2004; Kutiev et al., 2005; Mitchell
et al., 2005; Zhao et al., 2005). These studies over the EIA
zone are especially important because the equatorial plasma
fountain is highly sensitive to the disturbance electric fields.
Udaipur (in India) is situated (Geog. Lat. 24.6◦N, Geog.
Long. 73.7◦E, MLAT 16.0◦N) near the crest of the EIA
and, therefore, is a very appropriate location for the space
weather studies. This has been the motivation for initiating
the TEC measurements using a GPS receiver at Udaipur.
The TEC variations obtained using a GPS receiver during
the November 2004 geomagnetic storm have been studied.
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Fig. 1. Variation in the IMFBz (upper panel) and Dst index (lower panel)
during November 07–November 09, 2004. The lowest value of IMF Bz

was about −50 nT around 2200 UT on November 07. The lowest value
of the Dst index was −373 nT at 0700 UT on November 08.

The storm time variations of the TEC, derived using a GPS
receiver, are presented for the first time from the Indian EIA
zone.

2. Observations
2.1 Geomagnetic conditions

The Sun was moderately active during the period Novem-
ber 03–11, 2004, with a number of solar flares occurring
during this period. All of the flares originated from a sin-
gle active region, with NOAA number 10696. In this paper
we present the results pertaining to the geomagnetic storm
of November 07–08, 2004. Figure 1 presents the variations
in the IMF Bz and the Dst index for the period November
07–09, 2004. The variations in the IMF Bz were very com-
plex on November 07. The IMF Bz turned southward for
a very short duration around 1430 UT and recovered there-
after to become northward by about 1500 UT. It remained
northward with a peak value of about +47 nT, and after
1930 UT it turned southward. It remained southward up to
about 2024 UT. It fluctuated between the north and south
directions from about 2024 UT (universal time) to 2200 UT.
Thereafter, it remained southward with an average value
of about −40 nT up to about 0416 UT on November 08.
Thereafter it recovered gradually. By 1028 UT on Novem-
ber 08, the value of IMF Bz was around 0 nT. The cor-
responding Dst variations are shown in the lower panel of
Fig. 1. The major storm sudden commencement (SSC) oc-
curred around 1930 UT on November 07, and the Dst index
dropped to a value of −373 nT at 0700 UT on November
08. The Dst index recovered thereafter, and by the midnight
of November 08 its value was −126 nT.
2.2 Ionogram data

Variations in the ionospheric parameters, namely, the vir-
tual height of the F layer (h′F) and the ionospheric critical
frequency of the F layer ( f oF2), for an Indian equatorial
station, Thumba geomagnetic latitude (MLAT): 0.43◦S, are
shown in Fig. 2. The ionograms were scaled for a quiet day
on November 06 and for the storm day on November 08.
The left panels in Fig. 2 show the variations in the h′F on
these two days. The right panels show the variations in the
f oF2. The lower abscissa in Fig. 2 is the Indian Standard
Time (IST = UT + 05:30 hr), and the top abscissa gives
the time in UT. Variations in h′F and f oF2 on Novem-
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Fig. 2. Variation in h′ f (left panels) and f oF2 (right panels) on Novem-
ber 06 (upper panels) and November 08 (lower panels), 2004. The top
abscissa gives the corresponding time in universal time (UT).

ber 06 are in conformity with the diurnal variations of these
parameters on a quiet day. It can be seen from Fig. 2 that
after sunrise on November 06, the h′F increased, attaining
a maximum level of 340 km by 12:00 hours. Thereafter, it
decreased continuously up to about 16:30 hours, reaching
its evening minimum level of about 210 km, In contrast, the
f oF2 increased rapidly and attained a level of about 9 MHz
by about 09:00 hours, remaining almost the same through-
out. After 21:30 hours, the ionograms could not be scaled
due to the occurrence of the spread-F. The bottom panels
show the variations in the h′ f and the f oF2 on November
08, which are quite different from the November 06 varia-
tions. During the daytime on November 08, the h′F slowly
increased after 07:00 hours and reached a height of about
300 km at 14:30 hours. Thereafter, the F layer came down
gradually and reached a minimum level of about 210 km
around 19:00 hours. Hence, on November 08 the maximum
height of the F layer during the daytime was lower by about
40 km compared to that on November 06. In terms of the
variations of f oF2 on November 08, immediately after the
sunrise it increased rapidly and reached a value of about 9
MHz by about 08:00 hours. A slow increasing trend per-
sisted thereafter and by about 18:00 hours, its value was
12 MHz. Thereafter, the f oF2 declined sharply and was 3
MHz by 21:00 hours. Thus, it is evident from Fig. 2 that
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Fig. 3. Variation in the VTEC (lower panels), the geomagnetic latitude (MLAT) and geographic longitude of the IPP (upper panels) against UT for the
satellites with PRNs 19, 31 and 4 respectively. The storm time VTEC (continuous curve) is compared with the mean VTEC (broken curve). A polar
plot giving the azimuth-elevation of each PRN at each instant of time is shown in the right panels. The arrow indicates the direction of the satellite
pass and its length indicates the duration for which the data are presented.

the maximum height of the F layer at the equator was sub-
stantially lower during the daytime on November 08, than
on the normal day, whereas the f oF2 values were larger by
about 2–3 MHz. The larger values of f oF2 on November
08 imply higher levels of electron density prevailing at the
lower levels.
2.3 GPS TEC data

The GPS receiver provides the slant TEC along the line
of sight between the receiver and a given satellite. These
measurements are corrupted due to the receiver bias and
the satellite bias errors and, consequently, the errors have
to be estimated and removed during the post-processing of
the data (Ma and Maruyama, 2003). Since these errors are
known to vary over periods of weeks to months, for stud-
ies over a shorter duration of about 1 week or so, these
may be assumed to be constant. However, the magnitude of

the satellite bias errors would not be the same for different
satellites. In the present studies, these errors have not been
removed completely. However, they do not pose a serious
threat in the present case as we are interested in comparing
the storm time TEC values with the quiet time TEC imme-
diately preceding the storm. The slant TEC provided by the
receiver has been converted into the vertical TEC (VTEC)
following the procedure of Ma and Maruyama (2003). For
this, a thin ionospheric shell at an altitude of 350 km has
been assumed. The VTEC thus calculated corresponds to
the coordinates of the ionospheric pierce point (IPP) at each
instant of time. The GPS satellites are designated by a
pseudo-random number (PRN). Accordingly, the results
for the satellites with PRNs 19, 31 and 4 are presented in
Fig. 3(a), (b) and (c), respectively. These PRNs are so cho-
sen as to cover the whole day of November 08, 2004. In
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each of these figures, variations in the VTEC, the MLAT
and geographic longitude of the IPP are plotted against the
UT. Further, the VTEC on November 08, following the
storm, is compared with the mean VTEC, which has been
computed using data from 7 quiet days preceding the storm.
In order to mitigate the effect of multipath, the data for only
that part of each satellite pass has been chosen for which its
elevation was more than 30◦. A polar (azimuth-elevation)
plot of the satellite pass, as seen over Udaipur, is also shown
to the right of Fig. 3(a)–(c). The concentric circles are sepa-
rated by 30◦ each, designated by decreasing elevation from
the center. The center denotes the overhead position of the
satellite. Thus, the polar plot provides the pictorial view
of the location of the satellite vis-à-vis the location of the
receiver (Udaipur).

Figure 3(a) gives the results for the PRN 19 during its
pass between 05:00 UT to about 08:00 UT. The variations
in the MLAT and the geographic longitude of the IPP are
plotted in the upper panel of this figure. Variation of the
IPP coordinates has been shown to indicate the position of
the satellite vis-à-vis the geomagnetic equator. The curve
drawn with a solid line is for the MLAT (left ordinate), and
the broken line curve is for the longitude (right ordinate)
of the IPP. The MLAT of the IPP varies from about 13◦ to
20◦, whereas its longitude varies from about 76◦ to 79◦. It is
evident from the lower panel of Fig. 3(a) that the VTEC on
November 08 is lower by about 15 TECU compared to the
mean VTEC between 0500 UT and 0800 UT. The VTEC
on November 08 was also consistently lower than the mean
VTEC between 0800 UT and 1100 UT (Fig. 3(b)). The
mean VTEC for this pass declines as the satellite moves
away from the anomaly crest. The maximum difference is
25 TECU around 0830 UT, reducing to about 5 TECU at
1100 UT. Figure 3(c), which is for the period from about
1030 UT to 1400 UT, also reveals similar variations in the
VTEC on November 08. Here also, the mean VTEC values
are higher than on November 08. It may be noted that
1400 UT corresponds to the 19:30 hours of local evening.
It is evident from Fig. 3(a)–(c) that, on November 08, the
VTEC was much lower than the quiet time mean VTEC.
The variability in the difference of the two VTECs is due to
the fact that the VTEC depends both on the local time and
the latitude and longitude of a location. We attribute the
reduction in TEC on November 08, compared to the mean
VTEC, to the disturbance dynamo fields, which damped the
development of the EIA.

3. Discussion
The plasma density in the anomaly zone latitudes is

known to depend on the direction and strength of the elec-
tric field at the equator. During geomagnetic storms, the
equatorial electric fields are drastically affected (Fejer and
Scherliess, 1995). Since the TEC is the line of sight-
integrated plasma density, any variations in the plasma den-
sity are likely to be reflected in the TEC. There are a num-
ber of studies describing the effect of geomagnetic storms
on the TEC, measured using the GPS receivers (e.g. Tsug-
awa et al., 2003; Maruyama et al., 2004; Tsurutani et al.,
2004; Kutiev et al., 2005; Zhao et al., 2005). As has been
noted earlier, the storm time electric fields are of two types,

namely, the prompt penetration fields and the disturbance
dynamo fields. Convection of the prompt penetration fields
from high latitudes to low latitudes typically takes about an
hour or so (Fejer and Scherliess, 1995).

The disturbance dynamo fields are associated with the en-
hanced energy deposition into the high latitude ionosphere
during geomagnetically active periods (Blanc and Rich-
mond, 1980). Their effect on the ionosphere may be felt
over the time periods of several hours to days after the geo-
magnetic storms. The disturbance dynamo field at the equa-
tor is westward during the day and eastward during the night
(Zhao et al., 2005), whereas the direction of the zonal am-
bient electric field is eastward during the day and westward
during the night. Hence, these two types of fields are oppo-
sitely directed. The disturbance fields produce remarkable
effects in the equatorial ionosphere as the E × B vertical
plasma drift is severely affected. As a result, the fountain
effect may be modified considerably, leading to the redistri-
bution of plasma in the anomaly zone latitudes.

At the time of the southward turning of the IMF Bz on
November 07, the corresponding local time at the equator in
the Indian zone was nighttime. However, from our data, we
could not detect the effect of the prompt penetration electric
field on the TEC.

As has been inferred from Fig. 3, the TEC values during
the daytime on November 08 were far lower than the mean
TEC for the quiet days. These observations correspond to
a period of about 12 h into the storm. Scherliess and Fejer
(1997) have noted that there is a complex interplay of dis-
turbance dynamo electric fields at different time scales and
a large variability in the efficiencies of the different dynamo
processes. The short-term disturbance dynamo, as charac-
terized by time delays of 1–12 h, generates upward vertical
velocities at night and smaller downward velocities during
the day at the equator. Therefore, the resultant daytime up-
ward plasma velocity at the equator would decrease. This
is evident from the lower height of the F layer on Novem-
ber 08 (Fig. 2). Since the height of the F layer was lower,
the plasma fountain was damped. Hence, it may be con-
cluded that the weakened plasma fountain effect could not
lift the plasma to sufficiently high altitudes so as to diffuse
the plasma along the field lines to anomaly zone latitudes.
As a result, the ionization anomaly could not develop suf-
ficiently. Compared to the normal day, this would result in
lower TEC values near the crest of the anomaly, as observed
on November 08.
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