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Abstract. Recently, there has been a renewal of interest in
the study of the effects of solar weather events on the ioniza-
tion redistribution and irregularity generation. The observed
changes at low and equatorial latitudes are rather complex
and are noted to be a function of location, the time of the
storm onset and its intensity, and various other characteristics
of the geomagnetic storms triggered by solar weather events.
At these latitudes, the effects of geomagnetic storms are ba-
sically due to (a) direct penetration of the magnetospheric
electric fields to low latitudes, (b) development of distur-
bance dynamo, (c) changes in atmospheric neutral winds at
ionospheric level and (d) changes in neutral composition trig-
gered by the storm time atmospheric heating.

In the present study an attempt is made to further under-
stand some of the observed storm time effects in terms of
storm time changes in zonal electric fields and meridional
neutral winds. For this purpose, observations made by the
Retarding Potential Analyzer (RPA) payload on board the
Indian satellite SROSS-C2 are examined for four prominent
geomagnetic storm events that occurred during the high solar
activity period of 1997–2000. Available simultaneous obser-
vations, from the GPS satellite network, are also used. The
daytime passes of SROSS-C2 have been selected to exam-
ine the redistribution of ionization in the equatorial ioniza-
tion anomaly (EIA) region. In general, EIA is observed to
be weakened 12–24 h after the main phase onset (MPO) of
the storm. The storm time behaviour inferred by SROSS-C2
and the GPS satellite network during the geomagnetic storm
of 13 November 1998, for which simultaneous observations
are available, is found to be consistent. Storm time changes
in the delay of received GPS signals are noted to be∼1–3 m,
which is a significant component of the total delay observed
on a quiet day.

An attempt is made to identify and delineate the effects
of a) meridional neutral winds, b) the development of the
ring currents and c) the disturbance dynamo electric fields
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on the low latitude ionization distribution. The weakening
of the EIA is noted to be primarily due to the decrease in the
eastward electric fields driving the equatorial fountain during
the daytime. The meridional neutral winds are also noted
to play an important role in redistribution of ionization in
the EIA region. The present results demonstrate that storm
time latitudinal distribution of ionization in this region can
be better understood by taking into account the meridional
winds in addition to E×B drifts.

Keywords. Equatorial ionosphere – Ionospheric distur-
bances – Thermospheric dynamics

1 Introduction

The Climate And Weather of Sun-Earth System (CAWSES)
is a new initiative by SCOSTEP. One of the objectives of this
programme is to develop better understanding of the effects
of solar weather events on the near-Earth environment, in-
cluding the lower, middle and upper atmosphere. The space
weather events refer to changes taking place in the Sun. Such
events, like solar flares, coronal mass ejections (CMEs) man-
ifest themselves as occurrences of geomagnetic storms and
substorms, the appearance of auroral forms, ionospheric dis-
turbances, etc. These events severely affect satellite com-
munication, navigational and geo-positioning systems and
therefore have led to a revival of interest in a better under-
standing and modelling of these effects.

There have been many efforts to understand the iono-
spheric effects of solar weather events triggering the geomag-
netic storms (for example, see reviews by Prölss, 1995; and
Danilov, 2001). The review by Prölss gives an idea of the sig-
nificant progress in the understanding of ionospheric storms
at mid and high latitudes. The review by Danilov summa-
rizes various processes involved in ionospheric disturbances
and also discusses the long-term trend infoF2 and the pos-
sible contribution of the long-term variations in geomagnetic
activity. The ionospheric storms at mid and high latitudes



3290 P. Subrahmanyam et al.: Neutral wind and storm time electric fields inferred from the storm time ionization distribution

have been examined extensively and are relatively better un-
derstood. Only a limited number of observations are avail-
able for ionospheric effects at low and equatorial latitudes
(for example, Jain et al., 1978a, b; Dabas and Jain, 1985;
Dabas et al., 1989, 2003; Batista et al., 1991; Lakshmi et al.,
1991; Abdu et al., 1995; Garg et al., 1996; Sobral et al., 1997,
2001; Basu et al., 2001a, b; Pincheira et al., 2002). Based
on these studies it has been realised that changes at low and
equatorial latitudes are significant. There have been a num-
ber of attempts to model the storm time ionospheric effects at
low and equatorial latitudes, taking into account various pro-
cesses, such as storm time changes in the zonal electric field,
neutral wind and ion composition (Abdu et al., 1995; Fejer
and Scherliess, 1995; Scherliess and Fejer, 1999; Pincheira
et al., 2002; Vlasov et al., 2003; Fejer and Emmert, 2003).
The storm time effects at low and equatorial latitudes can be
considered in two parts: a) ionization redistribution and b)
the generation of ionization irregularities, such as equatorial
spread F (ESF) giving rise to scintillations.

The ionization redistribution at low and equatorial lati-
tudes, in response to geomagnetic storms, is noted to be a
function of storm time (i.e. time of the main phase onset
(MPO) and time lapsed after the same), local time, intensity
and various other characteristics of the storm. The ionization
changes observed at low and equatorial latitudes consist of
both positive and negative phases of the ionospheric storm.
The positive phase of the storm occurs, more commonly, near
the sudden commencement (SC) and the initial phase of the
magnetic storm. The negative phase of the storm is generally
observed with some delay (∼12–24 h) after the MPO of the
storm. Sometimes the negative phase is observed on the third
and fourth day of the storm, also.

A clear picture of the storm time effects at low and equa-
torial latitudes has just started to emerge. Some of the ob-
served storm time effects, especially at equatorial latitudes
and in the ionization anomaly region, could be explained in
terms of the strengthening/weakening of the equatorial foun-
tain due to storm time electric fields modulating the normal
quiet time electric fields (Jain et al., 1978b; Dabas and Jain,
1985; Abdu et al., 1995; Sobral et al., 2001). The storm
time electric fields and associated E×B drifts are due to: a)
the change in the Interplanetary Magnetic Field (IMF), b)
the development of the ring currents (which manifests it-
self in a sharp decrease in Dst ) and c) the development of
the ionospheric disturbance dynamo currents. The electric
field, which is of magnetospheric origin, as mentioned here
in a) and b), penetrates promptly to the low and equatorial
latitudes, whereas the disturbance dynamo related electric
field effects are delayed. The storm time electric fields of
both types have been observed and the net observed effect
is probably due to a combination of both types of electric
fields (Batista et al., 1991; Fejer and Scherliess, 1995; So-
bral et al., 1997; Vlasov et al., 2003; Fejer and Emmert,
2003). In addition to storm time changes in electric fields
and associated E×B drifts, the meridional winds could also
play a significant role in the redistribution of ionization at
low and equatorial latitudes (Pincheira et al., 2002; Vlasov

et al., 2003). The component of equtorward meridional wind
along the field line would push the plasma upward and equa-
torward to lower latitudes, thus reducing the loss rate and
bringing in more plasma to higher heights at lower latitudes.
At the equatorial latitudes (i.e. close to geomagnetic equa-
tor) it could also result in trans-equatorial transport and a
north-south asymmetry in ionization distribution. In addition
to storm time changes in E×B drifts and meridional winds,
changes in neutral composition are also sometimes invoked
to explain storm time effects at low latitudes, though such
changes are expected to be more prominent at high and polar
latitudes (Batista et al., 1991; Prölss et al., 2002), as dis-
cussed in the later part of the paper.

The observed scintillation activity, during the early part of
the night and during the dawn period, following a magnetic
storm, shows considerable day-to-day variability, depending
upon the state of the east-west electric field. It generally
shows considerable enhancement during the post-midnight
hours (Dabas et al., 1989, 1998). Paul et al. (2002), using
in-situ observations from satellite SROSS-C2, observed the
development of a plasma bubble, even during the low solar
activity period and attributed the same to the prompt pen-
etration of the magnetospheric electric fields equatorwards
during the main phase of the magnetic storm.

Basu et al. (2001a, b) have examined the effects of three
major magnetic storms in the South Atlantic Anomaly (SAA)
region. They have observed prompt penetration of the mag-
netospheric electric fields all the way to the low latitudes, re-
sulting in sharp changes in the Total Electron Content (TEC)
and enhanced scintillation activity. It is also noted that such
effects are primarily confined to a narrow longitude belt in
the region of observations. This particular aspect is inferred
to be due to a sharp decrease in the storm time disturbance
index (Dst), coinciding with the dusk time in this sector. It
is thus evident that the changes in zonal electric field affect
both, i.e. the ionization distribution and also the generation
of ionization irregularities at low and equatorial latitudes.

In the present study, in-situ measurements by the Indian
satellite SROSS-C2 are utilized in conjunction with the de-
lay measurements from GPS satellites, to understand the ef-
fects of prominent geomagnetic storms at low and equatorial
latitudes. Four major magnetic storm events, which occurred
during the high solar activity period of 1997–2000, are ex-
amined. Table 1 gives various details of the magnetic storms
examined in the present study. One of the specific advantages
of the SROSS-C2 satellite data is that it provides a snapshot
of latitudinal distribution of the ionization and temperature
for each pass and thus provides a direct insight into the ion-
ization redistribution during magnetic storm events. An at-
tempt is made to use these observations for a better under-
standing of the role of various operative mechanisms, such
as changes in the east-west electric field and the background
meridional winds, to the storm time ionization redistribution
at the low and equatorial latitudes.
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Table 1. Details of the magnetic storm events examined in the present study.

Date Beginning Time Type Max 3hr K-Index Max Change in End Time Observatory
Storm (GMT) Date Max K-Index K-Index Geomagnetic Field Date (GMT)

Occurrence period D H Z

Storm I 15 May 1997 01:58 SC 15 May 1997 3, 6 6 6 – 61 17 1700 Alibag
Storm II 7 Nov. 1998 08:14 SC 7 Nov. 1998 5, 6 6 3 185 40 08 1600 Alibag

9 Nov. 1998 01:00 – 9 Nov. 1998 3, 7 6 5 211 29 09 2400 Alibag
13 Nov. 1998 01:00 – 13 Nov. 1998 3, 7, 8 6 6 213 41 14 1900 Alibag

Storm III 21 Oct. 1999 02:24 SC 22 Oct. 1999 1, 2, 3, 5 6 274 59 23 2100 Alibag
23 Oct. 1999 3

Storm IV 4 April 2000 08:00 – 4 April 2000 1, 5, 6, 7 5 4 141 42 04 2300 Alibag
6 April 2000 16:39 SC 6 April 2000 0, 6, 7 7 11 384 56 08 0100 Alibag

7 April 2000 1

2 Measurement techniques and database

In the present study four major magnetic storm events have
been selected (see Table 1). For all these events, in-situ
measurements from SROSS-C2 daytime passes provide the
latitudinal coverage of both equatorial as well as low lati-
tude regions. The details of the aeronomy payload of the
Retarding Potential Analyser (RPA), consisting of an elec-
tron RPA, an ion RPA and a potential probe (PP), on board
SROSS-C2, are given by Garg et al. (2003) and Garg and
Das (1995). The RPA measurements were carried out at
a sampling interval of 22 ms, which corresponds to a spa-
tial resolution of 170 m. Although the measurements were
made throughout the spin cycle of the satellite, the ion sensor
data taken within±30◦ of the velocity vector of the satellite
only are considered for the analysis. Measurements carried
out outside the above range of angles between sensor nor-
mal and velocity vector could not be used for ion density
calculations, as correction for spin modulation could not be
applied outside the said limit (Garg and Das, 1995). Thus,
there are a set of data points (with a 170 m spatial inter-
val) covering an orbital path of about 16 km followed by a
gap of∼80 km and so on. However, as evident from the re-
sults presented in the next section, the SROSS-C2 provided a
good latitudinal coverage. The satellite altitude for each pass
and for different days of each of the magnetic storm events
remained constant to within 50 km (see Table 2), which is
about a scale height at the altitude of the satellite, thus pro-
viding a unique set of data. Table 2 includes the time interval,
and the latitude and longitude range covered by each pass of
the SROSS-C2, examined in the present study. In addition
to the SROSS-C2 data, the h′F data from a ground-based
ionosonde for Ahmedabad (AHD) (23.02◦ N, 72.6◦ E), Ko-
daikanal (KDK) (10.2◦ N, 77.5◦ E) and Trivandrum (TRV)
(8.55◦ N, 76.88◦ E) are used. It may be mentioned here that
in India, the geomagnetic equator passes close to Trivandrum
at ∼8.2◦ N (geog.). These three stations covered equatorial
and equatorial anomaly peak latitude regions. In addition,
the data on ionospheric delay from a network of GPS satel-
lites is used. The data for the Dst index, and the equatorial

electrojet strength (1Sdi), are also examined, to interpret the
observations. The equatorial electrojet strength, represented
by 1Sdi (Kane, 1973), is computed using the H component
of the magnetic field at Trivandrum/Tirunalveli (close to ge-
omagnetic equator) and Alibag (reference station outside the
electrojet belt). An increase in1Sdi indicates an increase in
electrojet strength and vice versa.

3 Observation results

The observational results of each storm are discussed here.

3.1 Storm I observations

Figure 1a shows the plots of Dst, and1Sdi for the period
of 14 May to 19 May 1997. The minimum Dst value oc-
curred on 15 May 1997 at 13:00 GMT and the recovery phase
started soon after.

Figure 2 shows the latitudinal distribution of ion density
as measured by the SROSS-C2 satellite. From this figure the
following features can be noted:

1. There is a well-developed anomaly on 15 May 1997,
symmetric to 8◦ N (geog.), which is close to the geo-
magnetic equator, indicating the presence of strong east-
ward electric fields on this particular day. This is in con-
trast to an observed, weaker anomaly on 14 May 1997,
which is consistent with a weaker electrojet strength on
this day, as compared to that on 15 May 1997 (Fig. 1a).

2. On 16 May 1997 the anomaly is absent and the peak
in ionization is observed at 4◦–8◦ N, i.e. symmetric to
∼6◦ N geographic (i.e. 2.2◦ S geomagnetic). The ab-
sence of an anomaly shows a weakening of the east-
ward electric field driving the equatorial fountain, and
the shifting of symmetry to 2.2◦ S shows the presence of
an equatorward meridional wind in the Northern Hemi-
sphere. The observation of weaker equatorial electrojet
strength (1Sdi) on 16 May 1997 (Fig. 1) confirms the
presence of a weaker eastward electric field on this day.
These two factors would contribute to more ionization
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Table 2. Details of the daytime SROSS-C2 observations during the period of four magnetic storm events.

Storm No. SROSS-C2 Dates Time Range Time Range Height Range Latitude & Longitude Range
h, min (GMT) (LT, h) (km) (Degrees)

I 14 May 1997 10,30–10,36 15:94–16:91 513.4–544.4 5 N, 81 E–19 N, 94 E
15 May 1997 10,00–10,19 14:92–16:59 486.7–539.2 4 S, 71 E–20 N, 91 E
16 May 1997 9,54–10,03 14:63–16:21 482.4–532.2 2 S, 70 E–21 N, 94 E
18 May 1997 9,23–9,30 14:12–15:52 476.7–519.8 3 N, 71 E–22 N, 90 E
19 May 1997 9,12–9,17 14:89–15:87 505.1–533.3 20 N, 85 E–31 N, 99 E

II 8 Nov. 1998 9,42–9,49 14:32–15:75 588.1–572.5 33 N, 69 E–16 N, 89 E
10 Nov. 1998 9,0–9,07 13:46–14:98 588.6–578.8 33 N, 67 E–15 N, 88 E
11 Nov. 1998 8,40–8,48 13:20–14:77 587.9–579.3 31 N, 68 E–12 N, 89 E
14 Nov. 1998 7,39–7,48 12:19–14:00 583.8–582.2 29 N, 68 E–5 N, 93 E
15 Nov. 1998 7,18,7,23 11:69–12:87 580.3–585.5 30 N, 66 E–16 N, 82 E

III 19 Oct. 1999 8,45–8,54 12:84–14:77 516.9–542.0 34 N, 61 E–11 N, 87 E
21 Oct. 1999 7,49–7,58 12:47–14:18 511.8–538.3 29 N, 70 E–8 N, 93 E
22 Oct. 1999 7,21–7,29 12:20–13:77 508.4–534.7 28 N, 73 E–8 N, 94 E
23 Oct. 1999 6,53–7,1 11:91–13:46 504.4–532.4 27 N, 75 E–6 N, 96 E
24 Oct. 1999 6,23–6,32 11:17–12:80 492–523 30 N, 71 E–10 N, 94 E

IV 3 April 2000 10,4–10,11 14:64–15:93 427.5–406.5 25 N, 69 E–7 N, 86 E
5 April 2000 8,51–8,58 13:63–15:03 440.7–414.5 27 N, 72 E–8 N, 91 E
6 April 2000 8,14–8,20 13:00–14:33 450.1–424.0 29 N, 71 E–12 N, 90 E
7 April 2000 9,16–9,21 13:39–14:56 439.0–416.6 19 N, 62 E–2 N, 78 E
10 April 2000 6,12–6,18 11:30–12:42 464.7–441.4 19 N, 77 E–2 N, 93 E

at stations close to the geomagnetic equator (∼8.2◦ N
geog.) and south of it, and a sharp decrease at stations
north of 12◦ N geographic.

3. On 18 May the ionization anomaly reappears with a
minimum ion density at 4◦ N geographic (4.2◦ S geo-
magnetic). This indicates a strengthening of the east-
ward electric field and the presence of an equatorward
meridional wind on this day. On 19 May 1997 the
anomaly appears to be fully developed again, as the
ionization distribution on 19 May and 15 May 1997
matches closely.

4. An examination of temperature data from SROSS-C2
shows that the electron temperature distribution is con-
sistent with latitudinal distribution of ionization, with a
maximum value near the EIA minimum and vice versa.
The ion temperature, as expected, shows lesser latitudi-
nal variation.

The observations of storm I, thus, indicate a weakening of
daytime eastward electric field following the magnetic storm
and the presence of equatorward meridional winds. The
meridional winds, in such circumstances, appear to play an
important role by pushing the plasma upward and equator-
ward, and thus bringing in more ionization to stations close
to the geomagnetic equator and south of it. The electron tem-
perature distribution is noted to be consistent with the ion
density distribution.

3.2 Storm II observations

Figure 1b shows the time variation of Dst, and1Sdi for
the period 08 November to 15 November 1998. This pe-
riod comprises of two events viz., one, which commenced on
9 November 1998, 01:00 GMT and another one, which com-
menced on 13 November 1998 at 01:00 GMT. In the case
of the second event, recovery is slow and lasts longer, and
hence this particular event is examined in detail. Figure 3
gives the latitudinal variation of ion density from SROSS-C2
observations for different days between 6 November 1998 to
15 November 1998. For this particular storm the ionospheric
delay measurements, using a group of GPS satellites, are
also available. Among these, the trajectory of a GPS satel-
lite PRN-22 almost coincides, in time and latitude coverage,
to that of SROSS-C2. Following important points may be
noted.

1. The SROSS-C2 observations (see Fig. 3) clearly show
that the ionization anomaly peak normally occurs be-
tween 16–20◦ N (geog.), i.e. 7.8◦–11.8◦ N (geomag.).
On 14 November 1998, the day following the storm on-
set, not only the ionization anomaly is absent but there
is also a decrease in ionization, at latitudes lower than
20◦ N (geog.). Figure 3 shows that ion density over
12◦ N latitude on the storm day, i.e. 14 November 1998,
is less by a factor of∼3 compared to that observed, say,
on 11 November 1998, which is a relatively quiet day
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(a)

(b)

(c)

(d)

Fig. 1. Time variation of the storm time disturbance index (Dst) and equatorial electrojet strength (DSdI) during the period of storms I, II,
III & IV, respectively.
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Fig. 2. Latitudinal variation of ion density observations made by
the SROSS-C2 satellite during the period of storm I. The longitude
range covered by each pass is given in Table 2.

(see Fig. 1b). It may be noted from Fig. 1b that1Sdi is
much lower on 14 November 1998, indicating a weaker
electrojet strength and eastward electric fields on this
particular day. It is also noticed from Fig. 3 that on
14 November 1998 ionization is more at the latitudes
beyond 24◦ N (geog.) as compared to that observed on
11 and 15 November 1998.

2. The PRN-22 GPS observations on 12, 13, 14 and
15 November 1998 are shown in Figs. 4a and b. Fig-
ure 4a shows the observed ionospheric delay as a func-
tion of time and Fig. 4b shows the same as a function
of the latitude (geog.). It is noted that the pass of the
GPS PRN22 satellite is close to the time of the SROSS-
C2 pass (Table 2). The latitudinal plot of the iono-
spheric delay shows that it is smaller on 14 Novem-
ber 1998 by about 1–3 m, as compared to 12, 13 and
15 November 1998. This decrease in ionospheric delay
on 14 November 1998 is a substantial factor (∼50%) of
the observed delay on other days. The latitudinal gradi-
ent of the delay on this day is also smaller as compared
to the other days. Thus, GPS-PRN22 and SROSS-C2
observations are basically consistent.

3. The ionization distribution as observed on 14 Novem-
ber 1998 from SROSS-C2 and GPS satellites may arise
due to a weakening of the eastward electric field and
poleward meridional winds. On 15 November 1998,
an ionization anomaly peak appears again at the lati-
tude between 16–18◦ N (geog.). This is expected as the
storm recovery starts on 13 November at 18:00 GMT
and completely recovers by 15 November 1998 at
09:00 GMT and seen from the plots in Fig. 1b.

Fig. 3. Latitudinal variation of ion density observations made by
the SROSS-C2 satellite during the period of storm II. The longitude
range covered by each pass is given in Table 2.

3.3 Storm III observations

Figure 1c shows the time variation of the Dst, and1SdI for
the period of 18 October 1999 to 23 October 1999. This
particular storm started on 22 October 1999 at 00:00 GMT
and the Dst reached a maximum depression on 22 Octo-
ber 99 at 06:00 GMT (11:30 IST), with a minimum value
of Dst∼−250 nT. The recovery phase starts soon after this.
Figure 5 shows the latitudinal variation of ion density as ob-
served by SROSS-C2 on days between 19 October 1999 to
24 October 1999. The following points are noted from ob-
servations presented in Figs. 1c and 5:

1. The ionization anomaly peak appeared at 22◦ N (geog.),
i.e. 13.8◦ N (geomag.), before the onset of the storm
(i.e. on 19 October 1999). After the onset of the geo-
magnetic storm, the anomaly peak is seen to move equa-
torward. The anomaly peak on 22 and 23 October 1999
appears at∼15◦ N (geog.). The peak ion density on
23 October 1999 is also relatively lower.

2. From the plot of the equatorial electrojet strength for
this particular storm (see Fig. 1c) it is clear that a weaker
equatorial electrojet strength (1Sdi∼75 nT) is observed
on 22 and 23 October 1999 which shows that the east-
ward electric field on these two particular days is rela-
tively weaker. Thus, the weaker eastward electric field
could explain the weaker EIA on these two days.

3. The results presented in Fig. 5 show that on 22 and
23 October 1999 the decrease in ion density with lati-
tude, north of anomaly peak, is relatively less as com-
pared to that observed on 19 and 21 October 1999. A
smaller ion density decrease, with latitude at locations
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north of anomaly peak, on 22 and 23 October 1999, in-
dicates the presence of a poleward wind moving plasma
from the stations near the anomaly peak, northward and
downward, as discussed later in the paper.

3.4 Storm IV observations

Figure 1d shows the time variation of Dst and1Sdi for
3 April 2000 to 10 April 2000. This particular storm started
at∼15:00 GMT (20:30 IST) on 6 April 2000. The minimum
Dst value∼−300 nT is observed at about 00:00 GMT on 7
April 2000. The recovery phase starts soon after 00:00 GMT.
Figure 6 shows the latitudinal variation of ion density as ob-
served by SROSS-C2 from 3 April 2000 to 10 April 2000.
From this figure the following important points can be noted.

1. On relatively magnetically quiet days, the equatorial
ionization anomaly (EIA) peak appears at about 24◦ N
Geog. (15.8◦ N geomag.) and the minimum between
7–10◦ N geog. (i.e. 1.2◦ S to 1.8◦ N geomag.). Follow-
ing the onset of the magnetic storm on 6 April 2000,
the ionization at low latitude, i.e. between 2–18◦ N
geog. (i.e. 6.2◦ S–9.8◦ N geomag.), is noted to be con-
siderably enhanced (by a factor of 2 or more) on 7 April
2000, indicating that on this particular day, the anomaly
is shallower as compared to the other days. This seems
to be the case even if the ionization on this day at lati-
tudes close to the anomaly peak (i.e.∼20◦ N geog.) re-
mains more or less the same.

2. The plot of the equatorial electrojet strength (1Sdi) in
Fig. 1d shows that the electrojet is relatively weaker
on 7 April 2000. This is consistent with the shallower
EIA observation from SROSS-C2 data and indicates
that eastward electric field driven E×B drifts are weaker
on this day.

3. In addition to the weakening of EIA, it is also observed
that the ion density on 7 April 2000 is enhanced between
2◦–18◦ N (geog.), i.e. 6.2 S–9.8 N (geomag.) latitude re-
gion, where a maximum observed ion density enhance-
ment also appears to be near the geomagnetic equator or
slightly south.

4 Discussion

The SROSS-C2 observations have a distinct advantage over
the ground-based measurements, as they provide a snapshot
of the latitudinal distribution of low and equatorial ioniza-
tion distribution. Simultaneous observations of delay using
the GPS satellite, during the storm II period, also shows a
significant storm time decrease in the observed delay.

Some of the observed storm time changes, especially dur-
ing the negative phase of the storm, could partly be due to
storm time changes in the composition i.e., O/N2 ratio. How-
ever, such changes are expected to be more prominent at au-
roral and high latitudes and the effects of such changes gen-
erally decrease with a decrease in latitude. Therefore, the

(a)

(b)

Fig. 4. Observation of ionospheric delay made using satellite GPS
PRN22 at Bangalore,(a) time variation,(b) latitudinal variation on
different days during storm II.

contribution of these changes at low and equatorial latitudes
are expected to be relatively smaller (Lakshmi et al., 1991;
Prölss, 1995; Pr̈olss et al., 2002). The negative phase of
the storm at low and equatorial latitudes can also arise due
to changes in the zonal electric field and associated E×B
drifts, and due to changes in the meridional winds. These
two mechanisms are expected to play a more direct and sig-
nificant role at low latitudes, especially in the EIA region.
In the present discussions, therefore, SROSS-C2 measure-
ments have been utilized to better understand the role of neu-
tral winds and storm time electric fields in the storm time
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Fig. 5. Latitudinal variation of ion density observations made by the
SROSS-C2 satellite during the period of storm III. The longitude
range covered by each pass is given in Table 2.

ionization distribution at the low latitudes.

4.1 Contribution of storm time electric fields

In the present study, the latitudinal distribution of ionization
during daytime is examined. The electric fields associated
with ring current development and decay manifest as a sharp
decrease in Dst magnitude, followed by a recovery phase.
The electric fields associated with a to disturbance dynamo
also appear at low and equatorial latitudes, but after a de-
lay ranging from 12–24 h after storm main phase onset. The
E×B drifts associated with the electric fields at low latitudes
appear to explain largely the daytime ionization redistribu-
tion and changes in EIA.

The storm time heating at E-region heights in the auro-
ral region gives rise to a change in the winds and the devel-
opment of the disturbance dynamo at these levels. The net
effect of these electric fields associated with a disturbance
dynamo is the sharp reduction of EIA for all four storms. Si-
multaneous observation of the equatorial electrojet confirms
that the reduction in EIA is due to a weakening of the east-
ward electric field driving the equatorial fountain. However,
present observations show that the weakening of the EIA
does not always result in an increase of the ionization at the
equator (geomagnetic) and near the equatorial stations, as ex-
pected. Out of the four storms that are examined here, two
storms (storm I and IV) have shown enhancement in ioniza-
tion at equatorial latitudes, whereas in one case (storm II) a
clear decrease in ionization is observed. In the case of storm
III, the EIA is observed to be weakened and has moved closer
to the geomagnetic equator after the onset of the storm, with
no significant change in ionization at the equatorial latitude.

Fig. 6. Latitudinal variation of ion density observations made by the
SROSS-C2 satellite during the period of storm IV. The longitude
range covered by each pass is given in Table 2.

Observations of all the storms are consistent with the weak-
ening of the eastward electric fields, which appears to be due
to the modulation of normal dynamo field (eastward) by the
disturbance dynamo field (westward).

The E×B drifts have been suggested to play a major role
at low and equatorial latitude ionization distribution by many
workers (Jain et al., 1978b; Dabas and Jain, 1985; Abdu et
al., 1995; Sobral et al., 2001). The electric field of mag-
netospheric origin promptly penetrates to the low latitude,
and the effects of the disturbance dynamo associated elec-
tric fields occur with some delay. The actual observed E×B
drifts are perhaps the net effect of the two types of electric
fields, as suggested by Fejer and Scherliess (1995), Sobral
et al. (1997), Pincheira et al. (2002), Fejer and Emmert
(2003). The recent observations by Sastri et al. (2002) have
also shown a penetration of the westward electric field dis-
turbance during midnight in the Indian sector, corresponding
to the observation of the eastward electric field disturbance
during dusk in the American sector, as reported by Basu et
al. (2001a) for the severe geomagnetic storm of 15 July 2000.
The westward electric field and associated downward drifts
would result in an increase in the loss rate and a faster decay
of ionization at low latitudes. The present observations and
those reported by Basu et al. (2001a) and Sastri et al. (2002)
are generally consistent with the ideas of Abdu et al. (1995).

4.2 Contribution of meridional neutral winds

The role of E×B drifts is very much evident from the present
series of observations. It is also evident that all the features
cannot be explained in terms of E×B drifts alone and hence it
is also necessary to invoke other mechanisms to explain vari-
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ous observed effects. The possible contribution of meridional
winds during magnetic storms at these latitudes has been pos-
tulated by many workers (for example, Jain et al., 1978b;
Dabas and Jain, 1985; Pincheira et al., 2002; Vlasov et al.,
2003). The present series of observations by SROSS-C2, as
discussed below, show that the meridional neutral winds also
play an important role in the ionization distribution at these
latitudes.

The electric field and meridional winds both contribute to
the vertical drifts of the ionospheric plasma. At stations with
dip angleI, the net vertical driftVZ, due to these two contri-
butions, is given by:

VZ = VE cosI + VH sinI cosI, (1)

whereVE is E×B drift perpendicular to the field line (pos-
itive upward due to eastward electric field) andVH is the
meridional wind. An equtorward meridional wind would
have an upward and southward component. In the Eq. (1)
upward drift (VZ) is considered to be positive. The eastward
electric field and an equtorward wind would both contribute
to the upward drift. A reduction in both the eastward elec-
tric field and a poleward wind would contribute to the reduc-
tion in upward drift. For this purposeh′F at Ahmedabad
and Trivandrum/Kodaikanal is examined. Figure 7 gives the
plots of theh′F values at Ahmedabad (AHD) and at Trivan-
drum/Kodaikanal (TRV/KDK). The latter are the two equa-
torial stations. In this figureh′F values are plotted for each
day of storm I to storm IV. These are the mean values corre-
sponding to the local time interval of the SROSS-C2 pass on
the day of the maximum storm effect for each storm (i.e. 16
May 1998 for storm I, 14 November 1998 for storm II, 23
October 1999 for storm III and 7 April 2000 for storm IV).
The local time range for the SROSS-C2 satellite pass for each
day of the storm is given in Table 2. The effects of meridional
winds for each day of the storm are discussed below.

1. Storm I

In this storm the anomaly is well developed on 15 May
1997 and it is almost symmetric to the geomagnetic
equator (8.2◦ N, geog.). On 16 May 1997, that is a
day after the main phase onset (MPO), the anomaly is
noted to be absent. The peak of ionization on this day
is noted to be symmetric to 6◦ N (geog.) or +2.2◦ S (ge-
omag.). The ionization density at geomagnetic equator,
on 16 May 1997, has increased from∼2.5×1011 m−3 to
∼3.0×1011 m−3. These observations indicate a weak-
ening of the eastward electric field and the appearance
of an equatorward meridional wind on this day. The
net effect of these two factors on VZ, as evident from
Eq. (1), would depend on the magnitude of VE and VH .
The net upward drift would push the layer upward at sta-
tions like Ahmedabad. Theh′F at Ahmedabad (AHD)
on 16 May 1997 is relatively higher as compared to that
observed on 14 and 15 May 1997, indicating that the ef-
fect of the equatorward wind is prominent (see Fig. 7).
On 18 May 1997, though a weak anomaly is observed,

Fig. 7. The figure gives the plots ofh′F at Ahmedabad (AHD) and
at Trivandrum/Kodaikanal (TRV/KDK) during the period of storms
I to IV. The latter (TRV/KDK) are the two equatorial stations. The
plottedh′F values for each day of storm I to storm IV are the mean
values corresponding to the local time (IST) interval of the SROSS-
C2 pass on the day of the maximum storm effect (i.e. 16 May 1998
for storm I, 14 November 1998 for storm II, 23 October 1999 for
storm III and 7 April 2000 for storm IV). The SROSS-C2 satellite
pass local time for each day of the storm are given in Table 2.

the minimum ion density is observed at∼4◦ N (geog.),
again indicating the persistence of an equatorward wind.

2. Storm II

In this particular storm MPO is on 13 November 1998.
On 14 November 1998, the anomaly is observed to be
absent and the ionization density on this particular day,
as observed by SROSS-C2, at locations close to the
geomagnetic equator, i.e. at 10◦ N (geog.), is smaller
by a factor of 3 as compared to that on 11 Novem-
ber 1998 (see Fig. 3). In contrast, the ion density at
stations greater than 20◦ N remains more or less un-
changed. Therefore, the question is, What has caused
this decrease in daytime ionization, at the SROSS-C2
altitude, at equatorial and low latitudes? The equatorial
electrojet intensity index1Sdi shows that the eastward
electric field is much weaker on 14 November 1998.
This should have resulted in an enhancement in ioniza-
tion at locations close to the geomagnetic equator, as the
equatorial fountain would be weaker. Hence, in order
to explain the reduction of ionization, as observed on
this day, it is suggested that a prevailing poleward wind
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would sweep the plasma from the equatorial and low
latitudes to higher latitudes (≥20◦ N, geog.). Together,
a weakening of the eastward electric field and poleward
wind would result in the reduction of the height (h′F ) of
the layer (see Eq. (1)) at stations like Ahmedabad. This
is confirmed from Fig. 7. The value ofh′F at Ahmed-
abad on 14 November 1998 is relatively low compared
to the other days.

3. Storm III

The SROSS-C2 observations for this particular storm
show that EIA is weaker and the anomaly peak has
moved towards the equator. Normally, the peak appears
at about 22◦ N, whereas on 22 and 23 October 1999,
it is observed to be between 14–16◦ N (geog.). This is
an indication of the presence of weaker eastward elec-
tric fields, as discussed earlier. There is no substantial
change in ionization at stations near the geomagnetic
equator. The rate of decrease of ionization with latitude,
north of the anomaly peak, on 22 and 23 October 1999,
is much smaller as compared to the other days (see
Fig. 5). The type of latitudinal distribution of ioniza-
tion observed on 22 and 23 October 1999 can be due to
the combined effect of a weaker eastward electric field
and the presence of a poleward wind. The poleward
wind would sweep away the plasma from the location
close to the anomaly peak and move the same plasma
to stations north of anomaly peak. The decrease in the
eastward electric field and the presence ofthe poleward
wind, together, are expected to cause a decrease inh′F

at higher latitude stations, say, at Ahmedabad. This
is also confirmed from ground-based observations pre-
sented in Fig. 7.

4. Storm IV

The main phase onset (MPO) for this particular storm
occurred on 6 April 2000. The SROSS-C2 observa-
tions for this particular storm show that on 7 April 2000,
i.e. one day after the MPO, the ionization anomaly is
shallower and a substantial increase in ionization (by a
factor of more than 2) is noticed on this day with maxi-
mum enhancement at the locations close to the geomag-
netic equator (8.2◦ N geog.) and south of it.

It is suggested that this type of change in ion density
distribution can be brought in by the combined effect
of a) a decrease in the eastward electric field and b) the
development of an equatorward wind. On this day, the
net changes inh′F at station like Ahmedabad would
depend on a) the decrease in the eastward electric field
and on b) the increase due to the equatorward wind. The
h′F at Ahmedabad on 7 April 2000, as compared to
6 April 2000, is somewhat lower. This indicates that,
perhaps, the effects due to the decrease in the eastward
electric field are dominant (see Fig. 7).

The results of the observation by satellite SROSS-C2
thus show that at low and equatorial latitudes, though

the effect of E×B drifts are dominant, the meridional
neutral winds also contribute significantly to the ob-
served storm time changes in the distribution of ion-
ization. Among the four storms, for the October and
November storms, signatures of poleward winds are
noted. In contrast, for April and May storm, equator-
ward meridional winds are noted, though the magnitude
of such a wind appear to be relatively small. This is
consistent with the model calculations of the meridional
winds, which predict a daytime equatorward wind pre-
vailing in the summer Northern Hemisphere and a pole-
ward wind during the winter Northern Hemisphere (Lei
et al., 2003). Therefore, the present results show that
while modelling storm time effects at low and equato-
rial latitudes, it is necessary to take into account both
the changes in the meridional neutral wind and the zonal
electric field.

5 Conclusions

1. The disturbance dynamo related changes in the elec-
tric fields appear 12–24 h after storm onset and also
contribute to the redistribution of ionization through
changes in the E×B drifts. The contribution of the dis-
turbance dynamo related electric field is to modulate the
daytime eastward electric field by the westward electric
field, which results in the weakening of EIA at the low
and equatorial latitudes.

2. It is also noted that, though E×B drifts contribute sig-
nificantly to the redistribution of ionization at these lat-
itudes, to explain the observed distribution of ionization
at these latitudes, it is necessary to invoke other mech-
anisms. The changes in E×B drifts, combined with
meridional winds, appear, to a large extent, to explain
the present observations.

3. The results presented here clearly demonstrate the ad-
vantage of the SROSS-C2 measurements in better un-
derstanding the low latitude ionization distribution.
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