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Abstract A double-peak structure in the peak height of ionospheric F2 layer around +10° geomagnetic
latitudes similar to the equatorial ionization anomaly was recently reported. This unique feature was
referred as the equatorial height anomaly (EHA). In the present paper, a simulation study is carried out
using the data-driven artificial neural network-based two-dimensional ionospheric model (ANNIM-2D) and
the physics-based thermosphere-ionosphere-electrodynamics general circulation model (TIEGCM) to
understand the local time and latitudinal variation of EHA during the main phase of St. Patrick's Day
geomagnetic storm. Both the ANNIM-2D and TIEGCM consistently show pronounced EHA during the
main phase of the geomagnetic storm. Further, the local time of EHA development on the storm day is much
earlier (nearly 2 hr) than the quiet time over Brazilian sector (90°W). The TIEGCM simulation revealed that
the storm time enhancement of the equatorial fountain associated with the enhanced equatorial zonal
electric field is the main controlling factor for the pronounced EHA during the main phase. The storm time
meridional neutral winds positively contribute to the development of EHA. This study revealed the direct
manifestation of the storm time-enhanced plasma fountain on the EHA.

1. Introduction

The F,-layer peak electron density (N,,,F,) and the peak height (h,,F,) are the two key parameters to describe
the ionosphere and its vertical electron density distribution. At higher altitudes, diffusion is the leading phy-
sical process, whereas the loss mechanism is more dominant process at the lower F region altitudes.
Therefore, the ionospheric density peak is formed at an altitude where the transport due to diffusion and
the loss process of O balance each other (Rishbeth & Garriott, 1969). With various anomalies, the
spatial and temporal variation of N, F, is different compared to the electron density distribution in E and
F, layers of the ionosphere. Those are equatorial ionization anomaly (EIA; Appleton, 1946; Balan et al.,
2017), winter anomaly (Burns et al., 2014, 2015; Pavlov & Pavlova, 2009; Rishbeth & Setty, 1961; Sai
Gowtam & Tulasi Ram, 2017c; Torr & Torr, 1973; Yonezawa & Arima, 1959), semiannual anomaly
(Azpilicueta & Brunini, 2011; Balan et al., 2000; Ma et al., 2003; Millward et al., 1996; Volland, 1969), annual
anomaly (Berkner & Wells, 1938; Dang et al., 2017; Mendillo et al., 2005; Rishbeth & Muller-Wodarg, 2006;
Sai Gowtam & Tulasi Ram, 2017b; Yonezawa, 1971; Zeng et al., 2008), and the Weddell Sea anomaly
(Bellchambers & Piggott, 1958; Burns et al., 2008; Chen et al., 2011; Dudeney & Piggott, 1978; He et al.,
2009; Jee et al., 2009; Lin et al., 2009; Liu et al., 2010; Penndorf, 1965). The equatorial zonal electric field along
with the horizontal magnetic field lines at the geomagnetic equator creates the so-called “equatorial plasma
fountain (EPF)” resulting in the formation of the EIA (Balan & Bailey, 1995; Bramley & Peart, 1965; Chen
et al., 2016; Lu et al., 2012; Moffett & Hanson, 1965). The spatial and temporal variability of the EIA under
quiet and disturbed space weather conditions and the responsible physical mechanisms were widely studied
in the past. An excellent review on the EIA and EPF can be found in the recent work of Balan et al. (2017). The
vertical and field-aligned plasma transport processes due to the zonal electric field and thermospheric neutral
winds chiefly control the variability of these anomalies. Further, the disturbed space weather conditions,
such as geomagnetic storms, introduce perturbations in global wind circulations and the equatorial zonal
electric fields, which can significantly modify the latitudinal and longitudinal distribution of N,F, and
h,F» (Blanc & Richmond, 1980; Fujiwara et al., 1996;).
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At the equatorial and low-latitude regions, the peak height of F2 layer is largely controlled by the ExB plasma
drift and the magnitude and polarity of thermospheric neutral winds. Therefore, the study of h,,,F, gives some
insights into the background physical processes that are operating in the F region. The global distribution of
h,,F; and its variability was studied in the past using global ionosonde/Digisonde observations, topside soun-
ders, and the Global Positioning System (GPS)-Radio Occultation (RO) data (e.g., Gulyaeva et al., 2008; Hoque
& Jakowski, 2012; Maruyama et al., 2014; Zhang et al., 2014). Using chain of ionosonde stations, Maruyama
et al. (2014) studied the magnetic latitude variation of h,F, around local noon and found constant peak value
of h,,F, over the dip equator (equatorial ionospheric ceiling). However, the detailed latitudinal variability of
h,F,, particularly, at the equatorial and low-latitude regions was less explored in the past. Recently, Luan
et al. (2016) reported the double-crest structure in h,,F, around +10° geomagnetic latitudes, similar to the
well-known EIA in N, F,. They have referred this unique phenomenon as equatorial height anomaly
(EHA). This feature had not been reported earlier, probably, due to lack of latitudinally spaced h,F, observa-
tions at sufficiently close intervals. With a constellation of six microsatellites, Formosa Satellite
3/Constellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC) provided unprece-
dented spatial coverage of vertical electron density profiles all over the globe. By using the long-term data
set of Formosa Satellite 3/ COSMIC mission, Luan et al. (2016) have investigated the local time, longitude, sea-
sonal, and the solar activity variations of EHA. They found that the EHA is more pronounced during the low
solar activity of the March equinox and less obvious during the solstices. Further, they have concluded that the
vertical ExB plasma drift is the main controlling factor for the formation of EHA and the thermospheric neu-
tral winds may contribute to the enhancement in EHA (Luan et al., 2016).

The prompt penetration electric fields (PPEFs) associated with high-latitude convection during geomagnetic
storms can enhance/reduce the equatorial and low-latitude electric fields via high-latitude-low-latitude cou-
pling processes (Huang et al., 2005, 2007; Kikuchi et al., 2000, 2008; Kikuchi & Hashimoto, 2016; Nishida,
1968). In the present paper, we have explored the modulation of EHA during the main phase of St.
Patrick's Day geomagnetic storm over Brazilian longitude sector by utilizing the artificial neural network-
based two-dimensional ionospheric model (ANNIM-2D) and the thermosphere-ionosphere-
electrodynamics general circulation model (TIEGCM). Further, a controlled simulation study is performed
using the TIEGCM model to understand the responsible physical mechanisms for the enhanced EHA during
the main phase of the storm.

2. Model Description and Methodology

Recently, a global ANNIM-2D was developed to predict N,F, and h,,,F, by implementing the machine learn-
ing technique (Sai Gowtam & Tulasi Ram, 2017a; Tulasi Ram et al., 2018). ANNIM-2D is essentially an
empirical model developed by training the Artificial Neural Networks (ANNs) with long-term data of N, F,
and h,F, from ground-based global Digisonde observations, and the GPS-RO missions. The training dataset
consists of all the GNSS-RO data from 2006 to 2015 including the data of March 21, 2007, and the 2015 mag-
netic storm period. From the whole dataset, 70%, 15%, and 15% of data are randomly selected for training, vali-
dation, and testing of neural networks, respectively. The ANNs are trained with a set of input parameters,
such as day of the year (DOY), universal time (UT), latitude, longitude, F10.7 solar flux, Kp-index, declination,
inclination, dip latitude, zonal wind, and meridional wind to predict the N, F, and h,,,F,. Further, it was
shown by Sai Gowtam and Tulasi ram (2017a) and Tulasi Ram et al. (2018) that the ANNIM-2D-predicted
N, F2 and h,,F2 show excellent correlation with the independent ground-based Digisonde observations.

In this paper, we utilized the ANNIM-2D model to study the EHA during the main phase of St. Patrick's Day
storm. To further examine the background physical mechanisms of EHA, we carried out controlled simula-
tion study using National Center for Atmospheric Research-TIEGCM model. The National Center for
Atmospheric Research-TIEGCM is a first principle model that solves continuity, momentum, and transport
equations for neutral gases and ions to obtain a self-consistent solution in three-dimensional coordinates
(Richmond et al., 1992). With a vertical resolution of one-fourth scale height, the high-resolution (2.5° long-
itude x 2.5° latitude) version of the TIEGCM consists of 58 pressure levels starting from ~97 km and extend-
ing up to 600 km depending upon the solar activity. The migrating and nonmigrating tides specified at the
lower boundary using global-scale wave model. The basic setup of the model input parameters is the same
as those in Ren and Lei (2017). In this study, we have used the Heelis convection filed model (Heelis et al.,
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Figure 1. Local time and geomagnetic latitudinal variation of zonal mean (longitudinally averaged) N,F, (a and c)
and hF; (b and d) obtained from the Constellation Observing System for Meteorology, Ionosphere, and Climate
(COSMIC) Radio Occultation observations (left panels) and artificial neural network-based ionospheric model (ANNIM;
right panels), respectively, during March equinox. The horizontal dashed lines indicate the dip equator.

1982) to specify the high-latitude electric fields. The simulation results obtained by ANNIM and the
TIEGCM during the St. Patrick's Day storm will be discussed in the subsequent sections.

As mentioned earlier, combining the large data set from GPS-RO missions gave a good spatiotemporal cover-
age. However, it is very difficult to get fine spatiotemporal resolution data in a given “single day,” either by
existing ground-based Digisonde/ionosonde network or satellite in situ/RO measurements. The lack of spa-
tiotemporal coverage of data constrained us to relay on ANNIM-2D, as the model is based on the COSMIC
data. It is clear that ANNIM-2D could reproduce the EHA phenomena, as the model was heavily waited on
COSMIC data (Figure 1). Further, Tulasi Ram et al. (2018) reported that the ANNIM-2D has an excellent
ability to predict the N, F, and h,,,F, under disturbed space weather conditions. Hence, the model results
from ANNIM-2D are utilized in the present study to explore the equatorial and low-latitude variation of
EHA during the main phase of St. Patrick's Day geomagnetic storm.

3. Results

The peak density and peak height of F2 layer (N,,F2 and h,,F2) from COSMIC-RO observations during the
equinoctial months (February, March, and April) of low solar activity year 2007 are considered to study the
EIA and EHA. The average F10.7 solar flux value during this period is ~75 sfu (1 sfu = 102 W-m~2-Hz ™).
Figures 1a and 1b represent the local time and geomagnetic latitudinal variations of zonal mean (longitud-
inally averaged) N,F, and h,,F, obtained from the COSMIC data. From Figure la, we can see a well-
developed EIA around local noon to afternoon hours. Further, one can notice the double-peak structure
of hy,F, around +10° dip latitude (Figure 1b) during 10-15 LT similar to the EIA, which is known as
EHA (Luan et al.,, 2016). The difference between peak and the trough is about ~14 and ~23 km for
Northern and the Southern Hemispheres, respectively. The occurrence of maximum peak-to-trough differ-
ence is around 12-13 LT. After 15 LT, the double-peak structure is absent, and the peak value shifted toward
the dip equator. An enhanced h,,F, around postsunset time is due to the prereversal enhancement of the
zonal electric field.

Though the ANNIM is developed by using COSMIC data, it is important to test whether the model can cap-
ture the EHA phenomenon or not. To confirm this, we run the ANNIM model under similar solar activity
conditions (F10.7 = 75 sfu) during March equinox (DOY = 80). Figures 1c and 1d show the local time and
geomagnetic latitudinal variations of zonal mean N,,F, and h,,F, predicted by ANNIM under March
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Figure 2. (a) IMF-B, and (b) Dst index from Days 75 to 79 (16-20 March 2015). Local time and dip latitudinal variation
of zonal mean N, F, (c and d) and h,,F; (2 and f) during quiet (DOY 75; 16 March 2015) and disturbed (DOY 76; 17
March 2015) geomagnetic conditions as predicted by artificial neural network-based ionospheric model. The horizontal
dashed lines represent the dip equator. DOY = day of the year.

equinox conditions. From Figure 1c, we can see the EIA around local noon to afternoon hours. Further, one
can observe the EHA around +10° dip latitude (Figure 1d) during 10-15 LT similar to Figure 1b. The
difference between peak to trough is about ~17 and ~20 km for Northern and the Southern Hemispheres,
respectively. Further, the local time and latitudinal variations of EHA produced by ANNIM-2D
simulation (Figures 1c and 1d) are consistent with those obtained from the COSMIC observations
(Figures 1a and 1b) and those reported by Luan et al. (2016).

Figures 2a and 2b show the variations of Z component of interplanetary magnetic field IMF-B,) and dis-
turbed storm time (Dst) on 16-20 March 2015. A coronal mass ejection from the sunspot AR2297 hit the
Earth's magnetosphere around 04:30 UT on 17 March 2015. The southward turning of the IMF-B, around
06:00 UT causes the magnetic reconnection with the Earth's magnetic field. The Dst index reached its peak
negative value about —228 nT at 23:04 UT, becoming the strongest geomagnetic storm in the solar cycle 24.
The main phase of the storm lasted approximately 17 hr except for a brief recovery of Dst due to northward
turning of IMF-B, between 09:30 and 12:00 UT. Nevertheless, the IMF-B, was steadily southward between
~12:30 and 23:00 UT on 17 March 2015. The main phase of the storm ceased around 23:04 UT, and the recov-
ery of Dst-index was continued till 21 March 2015.

With a view to examine the local time and latitudinal variations of EHA during the St. Patrick's Day geomag-
netic storm, we have run the ANNIM-2D model on day numbers from 75 to 77, in which the main phase of
the storm occurred on Day 76 (17 March 2015). The same F10.7 solar flux and 3-hourly Kp-index values on
day numbers from 75 to 77, (16-18 March 2015) are used as the ANNIM inputs to predict N,,F, and h,F,.

SAI GOWTAM ET AL.
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Figure 3. Latitudinal variation of h;,F, obtained from (a) artificial neural network-based ionospheric model (ANNIM)
and (b) thermosphere-ionosphere-electrodynamics general circulation model (TIEGCM) around 90°W longitude at
16:30 UT. The vertical magenta line indicates the dip equator.

Figure 2 represents the local time and dip latitudinal variations of zonal mean N,F, (Figures 2c and 2d) and
h,F, (Figures 2e and 2f) under quiet (DOY 75; 16 March 2015) and disturbed (DOY 76; 17 March 2015)
geomagnetic conditions as predicted by ANNIM. Note that the F10.7 solar flux has increased around 35
sfu compared to the previous run of ANNIM (Figure 1). An overall enhancement in both N,,F, and h,F,
can be observed from Figure 2 due to the increased solar activity. The h,F, around the equatorial and
low-latitude regions is still showing the EHA structure (Figure 2e). However, the EHA is less significant
compared to low solar activity (Figure 1b), which is consistent with the previous results by Luan et al.
(2016). Further, it is evident from Figure 2e that the peak-to-trough difference predicted by ANNIM-2D
reduced to ~10-15 km on Day 75, 2015. It is interesting to notice that the simulated EHA on storm day
(Figure 2f) is more pronounced than the quiet time values (Figure 2e). Further, a large hemispheric
asymmetry in EHA can be noticed from Figure 2f. The peak-to-trough differences of zonally averaged
h,F, are ~40 and 10 km in the Northern and Southern Hemispheres, respectively.

The vertical electron density distribution during the St. Patrick's Day storm is also explored to understand the
variation of EHA and EIA. Since the ANNIM-2D is a two-dimensional model, we cannot get the altitudinal
distribution of the electron density. Hence, we run the high-resolution version of the TTEGCM model to
understand the general morphology of EHA during the geomagnetic storm. The F10.7 solar flux and 3-hourly
Kp-index values are used as the TIEGCM input parameters. Though our study focused on Days 75-77, the
model simulations were performed from Day 55. We focused our present study during the main phase of
the storm where the IMF-B, was steadily southward.

For better representation of the EHA, the latitudinal variation of h,,F, around 90°W longitude is plotted
separately. For example, Figure 3 shows the latitudinal variation of h,F, as predicted by (a) ANNIM-2D
and (b) TIEGCM during the day numbers from 75 to 77. From Figures 3a and 3b, one can see that the
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Figure 4. (a) IMF-Bz and (b) Dst index from Days 75 to 79 (16-20 March 2015). The latitudinal and altitudinal variation of electron density (c-f) over
90°W longitude as predicted by thermosphere-ionosphere-electrodynamics general circulation model on the day before the storm (day of the year 75; 16 March
2015). The vertical (black) dashed lines (left to right) in (a) and (b) represent the corresponding time of the electron density presented in plots (c)-(h). The black
curve in each plot represents the h,,F, (c-h). The vertical magenta lines indicate the dip equator.

EHA is absent during the quiet time (DOY 75). The enhanced EHA can be observed on the storm day (DOY
76) in both ANNIM-2D and TIEGCM predicted h,,F, values. During the recovery phase of the storm (Day
77), we can still see the EHA, but it is less prominent compared to the storm day. The north-south
averaged peak-to-trough difference is 42 km for ANNIM-2D and 50 km for TIEGCM, which are almost
double that of the quiet time values.

With a view to examine the local time variation of observed EHA during the quiet and disturbed periods over
the Brazilian longitude sector, the TIEGCM results over 90°W longitude sector are further analyzed. During
the main phase of the storm (12:30 to 23 UT, 17 March 2015), Brazilian longitude (90+20°W) was in the
morning to noon sector when the IMF-B, was steadily southward; therefore, these longitudes are suitable
to study the storm time variability of EHA. Figures 4a and 4b represent the IMF-B, and Dst values, respec-
tively, from Days 75 to 79 (16-20 March 2015). The latitudinal and altitudinal distribution of electron density
at every 2-hr interval as predicted by TIEGCM on the day before the main phase (DOY 75; 16 March 2015) is
presented in Figures 4c-4h. The vertical dashed lines (black) in Figures 4a and 4b (left to right) represent the
corresponding time of the electron density presented in plots 4c—4h. The black curve in each plot represents
the hy,F,, and the vertical magenta line indicates the dip equator (Figures 4c-4h). It can be observed that the
peak electron density and the height of maximum ionization located around the equatorial region during the
early morning hours (Figures 4c and 4d). Around 10:00 LT, the ionization around the dip equator trans-
ported to low latitude due to the equatorial fountain process, leading to the formation of EIA. The plasma
is further transported away from the dip equator due to the strong ExB, and a well-developed EIA can be
seen around noon to afternoon hours. At 12:00-14:00 LT, one can see a double-peak structure around the
low-latitude region; however, the peak-to-trough difference is less than 10 km. Further, it can be observed
from Figure 4 that the EHA is less prominent during relatively high solar activity period, which is consistent
with the previous study (Luan et al., 2016).
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Similarly, the vertical electron density distribution over 90°W longitude sector at every 2-hr interval is
presented in Figures 5¢c-5h on DOY 76 (storm day). From Figure 5c, one can see that the ionospheric ceiling
is located around the equatorial region during the early morning hours, similar to the DOY 75 (Figure 4c).
However, around 8:00 LT (14:00 UT; Figure 5d), a clear double-peak structure in the h,F, around +10°
dip latitude can be noticed during the main phase of the storm. The peak-to-trough difference is of ~50 km
for the Northern Hemisphere and ~25 km for Southern Hemisphere at 8:00 LT. After 10 LT (Figure 5e),
the EHA become nearly symmetric about the dip equator, and it is observed throughout the main phase of
the storm. Further, a strong EHA can be noticed around 8:00-12:00 LT (Figures 5e-5h) with the averaged
peak-to-trough differences varying from 30 to 55 km, which are significantly higher than the quiet time
values. Another interesting observation from Figure 5d is that the occurrence of EHA during the main phase
of the storm is almost 2 hr earlier than the usual time (Figure 1).

4. Discussion and Conclusions

The results presented in Figures 1 and 2 indicate that the ANNIM-2D could successfully reproduce the local
time, latitude, and solar activity variations of EHA. Further, the EHA is more pronounced during the main
phase of the storm compared to the quiet day (Figures 3-5). As discussed earlier, the vertical plasma drift and
the diffusion along the magnetic field lines are the two key processes that control the plasma transport in the
Flayer. The equatorward wind can uplift the ionospheric plasma at the midlatitudes because of the inclined
magnetic field lines. The nearly horizontal magnetic field lines at the equatorial and low-latitude regions
make the meridional winds less effective; hence, the upward diffusion of plasma along the field lines is dif-
ficult to happen. However, the strong meridional winds can uplift the plasma at the low-latitude regions and
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sometimes can transport the plasma to the opposite hemisphere. In general, the EPF is interpreted as the
upward plasma drift at the equator and then followed by the downward diffusion along the magnetic field
lines due to gravity and pressure gradient forces. If this is true, the ionospheric ceiling at 10:00 LT should
locate at the equatorial region when the fountain is strong enough (Figure 1b). Recent studies showed
that the vertical plasma drift and the diffusion are operating simultaneously over the equatorial region at
all altitudes (Balan et al., 2017). The observed double-peak structure of the h,,F, during the low solar
activity (Figure 1b) is due to field perpendicular ExB and the field-aligned diffusion of ionospheric
electron density over the equatorial region, which operates at all heights. Besides the vertical plasma drift,
the strength of meridional neutral winds and the solar ionization are also the contributing factors in the
formation of EHA (Luan et al., 2016).

4.1. EHA During the Main Phase of the Storm

The EHA during the main phase of St. Patrick’s Day storm is more pronounced than the quiet time as pre-
dicted by both ANNIM-2D and TIEGCM (Figures 2, 3, and 5). Further, it can be seen from Figures 4 and 5
that the formation of EHA during storm time is almost 2 hr earlier when compared to quiet time (Figure 5d).
With a view to understand the responsible mechanisms for the enhanced EHA, the meridional neutral
winds and vertical ExB plasma drifts are further analyzed during the quiet and disturbed time periods.
For example, Figure 6 shows the vertical ExB plasma drifts (+upward; Figures 6a to 6d) and meridional neu-
tral winds (+northward; Figures 6e to 6h) at ~250-km altitude during quiet (DOY 75) and disturbed (DOY
76) periods as predicted by TIEGCM at 14:00 UT (left panels) and 16:30 UT (right panels). From
Figures 6a to 6d, one can clearly see that the vertical ExB drifts during the main phase of the geomagnetic
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Table 1
Conditions Used in the Four Controlled Simulations
Peak-to-trough difference Peak-to-trough difference
Model run Parameters changed (north-south averaged at 14:00 UT) (north-south averaged at 16:30 UT)
Default 46 km 50 km

1 Wi = DOY 75; EHA is absent 19 km

Vn = DOY 76
2 Wi = DOY 76; 43 km 53

Vn =DOY 75
3 Wi = DOY 75; EHA is absent EHA is absent

Vn = DOY 75

Note. EHA = equatorial height anomaly; Wi = vertical EXB plasma drift; Vn = Meridional Neutral wind; DOY 75 represents the day before the storm (16 March
2015), and DOY 76 represents the main phase of the storm (17 March 2015).

storm (Figures 6c and 6d) are significantly enhanced compared to the quiet day (Figures 6a and 6b) over the
longitude sectors between 120°W and 60°W. This could be due to the enhanced zonal electric field via PPEF
(Hairston et al., 2016; Huang et al., 2016; Kalita et al., 2016; Kuai et al., 2016; Venkatesh et al., 2017; Zhang
et al., 2017; Zhang et al.,, 2017; Zhou et al., 2016) during the main phase of the St. Patrick's Day storm.
Further, Venkatesh et al. (2017) reported a strong PPEF over Brazilian sector during the main phase of
the St. Patrick’s Day storm. The enhancement of EHA observed in Figures 2, 3, and 5 could be due to the
increased vertical plasma drifts associated with the PPEF during the main phase of storm. This intense
plasma fountain (also referred as “super fountain”) removed the electron density around the equatorial
region and transport them to the low latitudes, which is causing the enhanced ionospheric height over
+10° dip latitudes during the main phase. Further, this intense plasma fountain is the main responsible
factor for the early appearance of EHA in the morning longitude sector (Figure 5).

As the main phase of storm progresses, the particle precipitation at high latitudes causes joule heating,
which can significantly alter the magnitude and direction of the meridional neutral winds. For example,
Figures 6e to 6h show the meridional neutral winds (+Northward) at 14:00 UT (left panels) and 16:30 UT
(right panels) as predicted by TIEGCM under quiet (DOY 75) and disturbed (DOY 76) geomagnetic condi-
tions around 250-km altitude. The vertical black lines represent the solar terminator in each subplot. It
can be observed from Figures 6e and 6f that during quiet time, the meridional wind circulations are from
the equator to poleward on dayside, whereas the meridional winds blow toward the geographic equator
on the nightside due to the differential heating of the Sun. In contrast to the quiet time wind circulation,
a large meridional wind surge can be noticed during the storm day (Figures 6g and 6h) on the both dayside
and nightside, which could be due to the Joule heating caused by enhanced particle precipitation at high
latitudes (Blanc & Richmond, 1980; Fujiwara et al., 1996; Kuai et al., 2016; Lei et al., 2008; Tulasi Ram
et al., 2010, 2015). The equatorward winds are strong enough to push the plasma along the magnetic field
lines around +10° latitude, which can enhance the EHA on the dayside during the main phase. The hemi-
spheric asymmetry in the zonal mean EHA (Figure 2f) is probably due to the strong equatorward wind
observed in the Northern Hemisphere during the storm time (Figure 6h) around these longitude sectors.

4.2. Relative Contribution of Vertical ExB Drifts and Meridional Neutral Winds

With a view to distinguish the relative importance of storm time meridional neutral winds and the vertical
ExB plasma drifts, a series of case-controlled simulations are performed on the St. Patrick's day storm
(DOY 76) using the TIEGCM model. An additional subroutine new_oplus.F is added to calculate the O* con-
centration in the controlled simulations without feedback to the main program. The conditions for each con-
trolled simulation are described in Table 1. The vertical plasma drifts (Wi) and the meridional neutral winds
(Vn) are replaced with the quiet time (DOY 75) values in the controlled simulations by following the method
suggested by Ren and Lei (2017). Figure 7 shows the latitudinal and altitudinal distribution of the electron
density around 90°W longitude sector at 14:00 UT (8:00 LT) obtained in the three controlled simulations
on the storm day (DOY 76). The black curve in each subplot represents the h,F,. From Figure 7a, one can
see the EHA around +8° dip latitude region in the default run. The north-south averaged peak-to-trough dif-
ference is about 46 km. In the first controlled simulation (Run 1; Figure 7b), the storm time vertical ExB drifts
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Figure 7. The latitudinal and altitudinal variation of the electron density around 90°W longitude sector at 14:00
UT obtained in the three controlled simulations (refer Table 1 for more details) on the storm day (DOY 76). Wi and Vn
indicates the vertical ExB plasma drift and meridional neutral winds, respectively. The black curve in each subplot
represents the h,F,. The vertical dashed lines indicate dip equator. DOY = day of the year.

are replaced with the previous quiet day (DOY 75) values, and the other parameters are unchanged. One can
see that the EHA is completely disappeared in Run 1, which could be due the weaker equatorward winds at
14:00 UT during the storm time (Figure 6g). This indicates that the disturbance (equatorward) neutral winds
alone cannot produce the EHA. In the second controlled simulation (Figure 7c), the meridional neutral
winds are replaced with the quiet time values, and the storm time vertical ExB drifts are unchanged.
Interestingly, the EHA in Figure 7c is still showing the pronounced h,,F, values around the low-latitude
region, similar to the default run. The north-south-averaged peak-to-trough difference is around 43 km,
which is similar to the default run. This indicates that the storm time-enhanced ExB drift significantly
contributes to the development of EHA. In the final controlled simulation run, both meridional neutral
winds and vertical ExB drifts are replaced with the quiet time values. One can notice from Figure 7d that
the EHA is absent and the peak height is located around the equatorial region.

Similarly, the vertical electron density values obtained through the controlled simulations (similar to
Figure 7) at 16:30 UT (10:30 LT) are also presented in Figure 8. From Figure 8a, one can see the pronounced
EHA around +10° dip latitude in the default run. The north-south averaged peak-to-trough difference is
about 50 km. When the storm time vertical ExB drifts are replaced with the previous day (DOY 75) values
and the other parameters are unchanged (Run 1), the EHA is significantly reduced in Run 1 compared to
the default run (Figure 8b). The north-south-averaged peak-to-trough difference is ~19 km, which is much
lesser than the default run. As shown in Figure 6h, one can notice the strong equatorward winds during the
storm day as predicted by the TIEGCM simulations at 16:30 UT. Though the vertical plasma fountain is
weaker in Run 1 (note that the quite time ExB drift is used in this run), strong meridional winds can
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Figure 8. Same as Figure 7, but for 16:30 UT.

uplift the plasma at the low latitudes, leading to the formation of EHA. Since the transport due to winds is
much weaker around low latitudes because of low inclination angles of field lines and the plasma fountain is
weaker in this run, the magnitude of EHA is less significant compared to the default run (Run 0). In the
second controlled simulation (Figure 8c), the meridional neutral winds are replaced with the quiet time
values, and the storm time vertical ExB drifts are unchanged. Interestingly, the EHA in Figure 8c is still
showing the pronounced hF, values around the low-latitude region, similar to the default run. The
north-south-averaged peak-to-trough difference is around 55 km, which is significantly higher than Run 1
and more or less equal to Run 0. In the final controlled simulation run, one can notice that the EHA is
completely disappeared and the ionospheric ceiling is located around the equatorial region when both
meridional neutral winds and the vertical ExB are replaced with the quiet time values. Therefore, from
the controlled simulation results presented in Figures 7 and 8, one can conclude that the enhanced
vertical ExB plasma drift during main phase is the main responsible factor for the pronounced EHA
(Figures 7c and 8c) although the enhanced equatorward neutral wind can positively contribute to the
EHA (Figure 8b).

5. Summary

A detailed study is carried out on the EHA and its local time, latitude, and geomagnetic activity variations
using the ANNIM-2D and TIEGCM during the main phase of St. Patrick's Day storm. The main results of
the present work are summarized hereunder.

1. ANNIM-2D has successfully captured the spatial and temporal variability of the EHA during the low
solar activity. The enhancement in the EHA is observed during the main phase of the storm in both
ANNIM-2D and TIEGCM.
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2. ANNIM-2D and TIEGCM show that the occurrence local time of EHA is much earlier (~2 hr) during the
main phase of the geomagnetic storm compared to the quiet time.

3. TIEGCM control simulations revealed that the storm time enhancement of the equatorial fountain asso-
ciated with the zonal electric field is the main responsible factor for the pronounced EHA.

4. The strong meridional neutral winds positively contribute to the enhancement of EHA under disturbed
space weather conditions.

The enhancement in EHA during the main phase of the storm is mainly due to the immediate response of
enhanced zonal electric field. Nevertheless, a detailed understanding about the EHA and its variability
under varied solar and geomagnetic conditions are the topics that require more attention in future studies.
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