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Abstract This study tests the common assumption that the whole of the equatorial ionospheric F region
responds uniformly to both undershielding prompt penetration and overshielding fields. Few recent
studies have reported that the bottomside response to geomagnetic storms can differ significantly from
that of the topside ionosphere. In this investigation, using vertical drift measurements from Jicamarca
incoherent scatter radar in the altitude range of about 200 to 900 km, F region response to the space weather
event on 9 November 2004 is studied. It is found that the F region showed large altitudinal variations in
vertical drifts only under the influence of overshielding field. Such variations were negligible during
undershielding prompt penetration conditions. In a first of its kind of study, direct observations of
continuous altitudinal variations in vertical plasma drifts have been used to understand the response of
F region ionosphere. This differential response to external drivers has a direct impact on the plasma
transportations in the ionosphere and thus on estimating satellite drags. The observations are compared
with the widely used ionosphere/thermosphere models: Thermosphere Ionosphere Electrodynamics
General Circulation Model and Utah State University Global Assimilation of Ionospheric Measurements. It
is found that contrary to observations, the Thermosphere Ionosphere Electrodynamics General
Circulation Model shows very small altitudinal gradients in vertical drifts during both undershielding and
overshielding conditions. Also, significant difference in the electron transportation especially at the
bottomside between two models is adverted. Based on the observations, possible underlying physical
processes of asymmetric interhemispheric potentials, different scale sizes of R1 and R2 current systems and
different propagation modes for penetrating undershielding and overshielding fields are proposed.

Plain Language Summary The geomagnetic storms affect our transionospheric positioning,
navigation, and communication systems by altering the transmitted radio signal. This alteration depends
largely on plasma movement in the ionosphere. They can also create uncertainty in atmospheric drag
calculation for Low Earth Orbital (LEO) satellites. Most of the models used for estimating these plasma
movement assume or reflect that the ionosphere over equatorial region moves uniformly. Few recent
studies, however, reported differential responses from topside and bottomside ionosphere. Knowledge about
such complex ionospheric responses is critical for three‐dimensional space weather models and estimation
of accurate space weather effects on radio signals and satellite positions. Unfortunately, simultaneous
observation of this nature from both topside and bottomside is difficult to make. In this study, we
demonstrate how the incoherent scatter radar, located at Jicamarca Radio Observatory, Peru, can be very
useful in making continuous measurements of storm time ionospheric changes from bottom to Low Earth
Orbital satellite heights. This will improve our understanding of storm time changes in the ionosphere,
which are not uniform as they are generally assumed to be.

1. Introduction

During geomagnetically disturbed time when interplanetary magnetic field's (IMF's) north‐south compo-
nent (IMF Bz) turns southward, the motional interplanetary solar wind electric field (IEF) enters the
Earth's ionosphere though the magnetosphere (Fejer et al., 1990; Nishida, 1968; Wolf, 1983). This penetra-
tion of electric field to the equatorial ionosphere from high‐latitude ionosphere happens instantaneously
and hence is referred to as prompt penetration (PP) electric field. When the Earth's ionosphere readjusts
itself under the sudden penetration of incoming field from the outer magnetosphere, it is called undershield-
ing condition. The reference to PP in the text will indicate this undershielding condition, unless stated
otherwise. Over time, the inner magnetosphere develops an inertial field which opposes the incoming PP
field producing shielding. When IMF Bz suddenly turns northward, withdrawing the penetrating IEF, the
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inertial field dominates the ionosphere in the direction opposite to the original incoming field. This is gen-
erally referred to as the overshielding field (Gonzales et al., 1979; Kikuchi et al., 1996; Nishida, 1968). Both
the PP and overshielding fields reach the equatorial ionosphere instantly imposing additional zonal electric
fields in the opposite directions in dayside and nightside, respectively. This additional electric field gets
superimposed on the tidal fields and modulates the plasma transportations over the equator. The tidal zonal
electric field is eastward in the dayside, which drives the plasma upward, and westward in the nightside,
which drives the plasma downward (Fejer, 1991, 1997; Scherliess & Fejer, 1999). The penetrating PP field
is observed to enhance the eastward electric field up to around 2200 local time (LT) and induce westward
field till morning hours (Fejer et al., 2008a). Another electric field associated with disturbed time, which
influences the low to equatorial plasma transportation, originates from the changes in the neutral wind cir-
culations in the subauroral thermosphere caused by the huge amount of energy deposited by storm time
solar wind‐magnetosphere‐ionosphere‐coupled processes. This is generally referred to as disturbance
dynamo (DD; Blanc & Richmond, 1980) and becomes active from a few hours after PP electric field and lasts
for up to a few days. DD is known to oppose the PP electric field over the equator (Fejer et. al., 2008a).

The transmission of these penetrating fields has been studied for many decades by different instruments and
models (Bhaskar & Vichare, 2013; Chakrabarty et al., 2017; Kelley et al., 2003; Nicolls et al., 2007; Nopper &
Carovillano, 1978). The time delay for penetrating fields to reach low latitudes from high latitudes is of the
order of a few seconds (e.g., Kikuchi et al., 1978, 1996), but their spatial distribution in three dimensions is
difficult to study. This is because the ground‐based individual instruments have very limited spatial coverage
and, on the other hand, satellites can make very few localized in situ measurements in the timescales of
these transient fields. Using a chain of magnetometers, an estimate of two‐dimensional distribution of elec-
tric field can be made if the conductivity distribution is known (J = σ·E). But during disturbed time, the
dynamics changes very fast and even the models can give only an approximation of the conductivities.
Hence, it is very difficult to understand how these penetrating fields bring relative changes throughout
the ionosphere. These transient electric fields dictate the plasma transportation/distribution during such dis-
turbed periods. Over equatorial latitudes the horizontal magnetic field lines make it easier to estimate the
electric field by measuring the E × B plasma drifts. But ionosondes or coherent radars can mostly probe a
small altitude range in the ionosphere. Incoherent Scatter Radars (ISRs), on the other hand, can probe much
larger altitude range and give a very precise estimate of equatorial F region electric fields. Scherliess and
Fejer (1999) and Fejer et al. (2008b) used extensive ISR measurements from the Jicamarca Radio
Observatory (11.9°S, 76.8°W; dip latitude 1°N) and plasma drift data from the ROCSAT satellite, respec-
tively, to understand the local time (or longitudinal) distribution of these vertical plasma drifts, which is a
proxy for zonal electric field. In the off‐equatorial region, where magnetic field lines are not parallel to the
ground, the tidal and midlatitude winds control the dynamo and thus affect the value of the E × B drifts
(Fesen et al., 2000; Liu et al., 2013; McLandress et al., 1996; Patra et al., 2014, and references therein).
While using Jicamarca ISR measurements, however, data are altitudinally averaged around the height of
peak density region to get the best signal‐to‐noise ratio (SNR). But in doing so, the altitudinal variations
in the plasma drifts get neglected and that, in turn, violates the basic curl‐free condition of electric field in
the ionosphere. Murphy and Heelis (1986) show that to satisfy the basic curl‐free condition of electric fields,
which connects the longitudinal gradients of vertical electric field with the altitudinal variations of zonal
electric field, the vertical plasma drifts change with altitude. These quiet time altitudinal variations have
been studied by Pingree and Fejer (1987), Fejer et al. (2014), and Hui and Fejer (2015). It has been shown
that the altitudinal gradients in vertical plasma drifts are small during the day and postmidnights (Pingree
& Fejer, 1987) but can become considerable across the sunset terminator (see Fejer et al., 2014). However,
it remains almost unaddressed as to how the penetrating fields (which modify the quite time plasma
transportations) affect the altitudinal variations of the plasma drifts during disturbed times. To address this
question, in this study, we have used Jicamarca ISR data from a disturbed time event on 9 November 2004
and show the effects of undershielding and overshielding fields on vertical plasma drift variations with
height. During this event, very distinctive changes in the altitudinal patterns of the vertical drifts are
observed under the influences of different penetrating fields. Because the higher‐altitude field lines connect
to higher latitudes, these variations also reflect the latitudinal variations of zonal electric field along the low
latitudes away from the equator. So it is very interesting to see that the radar captured very distinctly differ-
ent F region response to both penetrating fields. Moreover, many recent studies compared F region
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bottomside response with topside response to disturbed time drivers
(Astafyeva et al., 2016; Pedatella et al., 2009; Yizengaw et al., 2006).
They found, using satellite and complimentary ground observations, very
different to opposite responses from bottomside and topside ionosphere. It
is emphasized that such observations are very challenging because of
unavailability of complimentary data sets or a single instrument to make
such observations. The present study also demonstrates how Jicamarca
ISR can be very effectively used for continuous monitoring of such com-
plex F region responses. In addition, to test and validate our present
understandings, we then compared the observed variations during the
space weather event of 9 November 2004 with simulation results from
Thermosphere Ionosphere Electrodynamics General Circulation Model
(TIEGCM) and Utah State University Global Assimilation of
Ionospheric Measurements (USU‐GAIM) model runs for the event. It
was found that during both undershielding and overshielding times, the
model produced patterns which are different from the radar observations.
Understanding the source of these altitudinal variations and incorporat-
ing them in the model is critical to the knowledge of 3‐D ionospheric
electrodynamics. These variations have a direct impact on the drag esti-
mations for low Earth orbital (LEO) satellites.

2. Data and Observations

To get an insight into the altitudinal variations in the F region iono-
sphere due to penetrating fields, this study uses vertical plasma drift data
from the ISR at Jicamarca, Peru, recorded during the space weather
event on 9 November 2004. To support the analysis, solar wind para-
meters and geomagnetic indices are taken from National Aeronautics
and Space Administration Coordinated Data Analysis web and Kyoto
World Data Center for Geomagnetism, respectively. When the vertical
plasma drift data have an altitudinal resolution of 15 km and a temporal
resolution of 5 min, the solar wind and geomagnetic indices have 1‐min
resolution. The Jicamarca ISR measures plasma drifts in the F region
with very high accuracy. The measurement techniques and in‐depth
details about the Jicamarca ISR can be found in Fejer (1997) and
Kudeki et al. (1999). A good SNR exists from 200 km to around 500 to
900 km depending on the solar flux conditions. A higher solar flux pro-
duces higher ionization at larger altitudes, making the ionosphere
expand, thus giving higher SNR on the topside. Because of the unique
location and geometry of the geomagnetic field, the Jicamarca ISR makes

the most accurate estimates of electric fields in the equatorial ionosphere (Kelley et al., 2003). The data
used here from the ISR have measurement errors of less than 2 m/s at all altitudes considered.

The geomagnetic storm of 8 to 12 November 2004 is one of the strongest geomagnetic storms
(SYM‐H < −270 nT) in the solar cycle 23 and has been widely studied (e.g., Deng et al., 2009; Fejer et al.,
2007; Tsurutani et al., 2008). When numerous studies have already reported different aspects of this storm,
this study will try to focus on the effects of penetrating electric fields on altitudinal variations in vertical
plasma drifts. Figure 1 shows the variations in solar wind parameters, geomagnetic indices, and Jicamarca
radar data for the space weather event of 9 November 2004. From the top, panels show IMF Bz/IMF By,
the east‐west component of IEF (IEFy), solar wind velocity (Vsw), solar‐wind pressure (Psw), auroral electro-
jet index (AL), ring current index (SYM‐H), and vertical plasma drift measured by ISR. Though the primary
focus of this study spans from about 1850 UT to about 2300 UT (1350 LT to 1800 LT) encompassing the
undershielding phase of the storm (main phase after IMF Bz turns southward at around 1850 UT) to over-
shielding (after around 2043 UT, when IMF Bz turns northward), some history has been included to impress
upon the fact that before themain phase, IMF Bzwas almost steady for a long time with small negative value.

Figure 1. Solar wind, magnetospheric, and drift measurements for the
event on 9 November 2004. From top are (a) IMF Bz and By, (b) IEFy,
(c) solar wind velocity, (d) solar wind pressure, (e) AL index, (f) SYM‐H, and
(g) vertical plasma drifts measured by Jicamarca ISR along with Scherliess
and Fejer, (1999) model drift values in cyan. (LT = UT − 5: both UT and
LT are mentioned at top and bottom axes, respectively).
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Accordingly SYM‐H was also steady at about −100 nT because of the disturbances from the previous day.
The IMF Bz started intensifying fast from about 1850 UT and within a few minutes reached a value of about
−20 nT. With two brief oscillations, it reached a value of about −30 nT by 1930 UT. From about 1945 UT it
started decreasing and recorded two instances of reduced intensity. The second of the two decreases exacted
IMF Bz northward for a brief period before another quick intensification to about −23 nT. Finally, at about
2043 UT it turned northward giving rise to overshielding condition. The IEFy which is derived from the pro-
duct of IMFBz andVsw andmaintains an anticorrelation with IMF Bz is shown in Figure 1b. Figures 1c and 1d
show the solar wind velocity, Vsw and pressure, Psw, respectively. At around 1850 UT, when the very slowly
changing solar wind velocity jumped suddenly from 630 to 760 km/s, the pressure jumped from a steady value
for a long time of about 7–8 nPa to about 30 nPa. Figure 1e shows the high‐latitude AL index, which shows
enhanced activity reaching up to about 1,800 nT during peak IMF Bz intensity. This intensification of AL is
expected due to the strong earthward convection‐related electric field changes and/or particle precipitations
in the high latitudes. Figure 1f shows the SYM‐H index and records a Storm Sudden Commencement (SSC),
which should coincide with the pressure jump at about 1850 UT. It is important to mention that when the
time series of the solar wind parameters shifted to the bow shock nose (time‐shifted data from OMNI/CDA
web) are compared with ground‐based SYM‐H index, it was found that the SSC in SYM‐H does not coincide
with the sudden increase in the Psw; rather, the time delay is overestimated by 6 min. Therefore, a time cor-
rection of 6 min to align the SSC observed in SYM‐Hwith the jump in solar wind pressure at about 1850 UT is
applied to all the solar wind parameters (IMF, IEFy, and Psw). It can be noted from the plots that the SSC also
marks the beginning of southward intensification of IMF Bz and storm main phase. Figure 1g shows the
height‐averaged vertical plasma drift data from 300‐ to 500‐km altitude. The jump in pressure is expected
to cause enhanced eastward electric field on the dayside ionosphere (Huang et al., 2008). The drifts, expect-
edly, start to increase as soon as Psw increases, and then overtaken by southward turning of IMF Bz, and
reaches a peak value of about 127 m/s at around 1505 LT (2005 UT). The drift then starts decreasing with
weakening IMF Bz values and reverses to downward direction at around 1605 LT, soon after SYM‐H started
recovering. It is important to note that the ionospheric changes due to the prompt penetration fields show
some delay of up to 13 min on average (Ridley et al., 1998) as will be discussed later. When this delay is
not very clear at the beginning of the main phase probably because of the superimposed effects of Psw and
IMF Bz, it can be clearly noticed when IMF Bz turned northward. So from about 1543 LT to 1605 LT, when
IMF Bz was northward and fluctuating before becoming steady, the ring current continued to intensify and
SYM‐H reached a peak value of −271 nT at 1603 LT (2103 UT). The westward overshielding field due to
northward turning of IMF Bz seems to affect vertical drifts from 1600 LT onward. It is to be noted that the
vertical plasma drifts have a 5‐min temporal resolution against 1 min of SYM‐H. Also, plotted in cyan is
the climatological quiet time model drift values from the Scherliess‐Fejer model (Scherliess & Fejer, 1999).
It can be noted that the disturbed time drifts differ significantly from the quiet time values.

Figure 1 shows that the drifts turned downward coinciding with the starting of the recovery phase in the
SYM‐H index. Before the storm, the SYM‐H was steady at about −100 nT because of the disturbances from
the previous day (not shown here). Therefore, DD effects are expected to superimpose on the tidal fields
before and during the storm period. However, during the main phase, PP electric field effects are dominant,
while overshielding effects are prominent during the recovery phase. Hence, the plasma transportation
would be primarily driven by tidal field affected by DD field before the main phase whereas prompt penetra-
tion field would dominate during the main phase. After IMF Bz turned northward, overshielding field would
primarily drive the plasma transportation. Figure 2 captures the altitudinal variations in vertical plasma
drifts over Jicamarca during these different phases with a time resolution of 10 min. The legends mark
the midpoint of the time ranges. Each profile has three‐point running altitudinal average to filter out
high‐frequency fluctuations. The drift profiles, for easy comparison, have been put in different panels so
as to accommodate the huge range of drift values without changing the scaling. This makes it easier to com-
pare between different panels. The error bars represents the measurement uncertainty. It can be seen that
before the main phase started, the altitudinal variations are very small. Though not strictly quiet (SYM‐H
~100 nT), no large transient field is present at least few hours before the main phase. The altitudinal varia-
tions during this time are similar to the variations during geomagnetically quiet time afternoon hours and
this season, when the vertical drifts decrease very slowly with altitude (Hui & Fejer, 2015). For instance, in
Figure 2, before the main phase started (1335 LT, 1345 LT), the drifts slowly decrease from 5 m/s at around

10.1029/2018JA025999Journal of Geophysical Research: Space Physics

HUI AND VICHARE 1331



200 km to 0 m/s at 700 km at an almost linear rate of −0.01 m/s/km. As the main phase starts after 1350 LT,
and the drift values start increasing, the altitudinal variations remain very small or at times (e.g., at 1445 LT,
1455 LT) slightly increase with altitude. The drift value maximizes at around 1505 LT as can be seen in panel
2b and then starts decreasing before turning downward at around 1605 LT in panel 2d. What is of prime
importance here is that before turning downward, the altitudinal variation of drifts in panels 2a–2c are
very small, but as soon as the drifts turned downward, very strong altitudinal variations can be seen with
the topside drifts decreasing much faster than the bottomside (panel 2d). This trend continues till panel 2f
and beyond. The downward drifts vary from about 15 m/s at 200 km to about 35 m/s at 800 km showing a
stronger gradient of −0.03 m/s/km at 1635 LT. The strongest variation, of the order of −0.04 m/s/km, is
probably seen at 1725–1735 LT, about 100 min after overshielding started. It can be noted that the
bottomside downward drifts remain less than about 20 m/s, whereas the topside drifts reached values of
up to −42 m/s. This indicates a very strong altitudinal gradient as soon as overshielding started
dominating, which is very different from the main phase or before the storm started. This differential
response of the F region forms the central theme of this study, which is rarely observed. It is important to
note that from 1445 LT to 1505 LT, some wave‐like structure seems to propagate, which slowly

Figure 2. Altitudinal variations of vertical plasma drifts before the storm, during undershielding (a‐c) and overshielding
(d‐f) conditions. Each vertical profile is the average of 10‐min data.
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diminishes down in the following 20‐min interval. The vertical wave-
length is found to be ~200 km in 1505 LT profile, which is too large to
be gravity waves. The source and nature of the observed wave‐like activ-
ity, though very interesting, are beyond the scope of the present work
and will not be discussed further in this study.

2.1. Comparison With Models

To check if the widely used models can reproduce or indicate toward such
physical changes in the ionosphere, we have evaluated the event using
two popular ionospheric models: TIEGCM and USU‐GAIM models.
Note that TIEGCM is a general circulation model which solves full
three‐dimensional dynamical thermospheric wind equations, whereas
USU‐GAIM is an assimilative model.

The National Center for Atmospheric Research TIEGCM is a first‐
principle, nonlinear, self‐consistent 3‐D thermosphere‐ionosphere model
which gives low‐latitude plasma drifts as one of the outputs. The model
uses three‐dimensional momentum, energy, continuity equations for
numerous ions, and neutral species. The model uses 5° × 5° latitude‐
longitude grids as default simulation settings and 29 constant pressure
levels in the vertical direction covering from 97 to about 500 km. The
model takes 10.7‐cm solar flux, high‐latitude electric potentials from

Heelis et al. (1982) or Weimer (2005) as inputs, and on the bottomside it takes diurnal and semidiurnal
migrating tides specified by Global Scale Wave Model (GSWM; Hagan & Forbes, 2002). More details about
the model can be obtained from Dickinson et al. (1981), Qian et al. (2014), Roble et al. (1988), and Richmond
et al. (1992), and references therein. The model has been tested successfully for many important ionospheric
processes like storm time electrodynamic changes, composition changes, and postsunset vortex in plasma
flow (e.g., Hagan et al., 2007; Qian et al., 2009; Vichare & Richmond, 2005).

The USU‐GAIM is a physics‐based assimilation model. It is based on the global Ionosphere Forecast Model
(IFM) covering from around 90 to 1,400 km and a Kalman filter to assimilate a diverse set of real‐time iono-
spheric data from all over the globe. Along with the primary output of time‐dependent three‐dimensional
electron density distribution, it gives distribution of different important ions in the global ionosphere.
IFM takes 10.7 solar flux, Ap, Kp indices, and empirical neural and magnetospheric parameters as inputs.
The latitudinal and longitudinal resolutions are 4.66° and 15°, respectively. More details about the model
can be obtained from Schunk et al. (2004) and Scherliess et al. (2006).

The TIEGCM run for the event was made from 00:00 UT to 24:00 UT for 9 November 2004 with default reso-
lution of the model which is 5° longitudinal (spatial) and 20‐min temporal resolution. The high‐latitude
potentials which go as input to estimate the magnetospheric energy entering in to the high‐latitude iono-
sphere was used fromWeimer (2005). The first thing that is being compared is the drift values at a represen-
tative height of 400 km as the storm develops. This is shown in Figure 3. The model output at 400 km is
plotted against the altitudinal average radar measured vertical plasma drifts in the altitude region of 380
to 420 km over Jicamarca. Also shown is the quiet time Scherliess and Fejer (1999) model values. As can
be seen from the figure that although before the main phase the model overestimates the drift, it successfully
reproduces drift values that match very well with the observations as the storm progresses. What is interest-
ing here is that the peak value of about 127 m/s occurs very rarely during intense storms over Jicamarca,
which the model reproduced very closely.

Having noted that the model produces measured values quite closely, Figure 4 shows the altitudinal varia-
tions in vertical plasma drifts before the main phase, during main phase, and during overshielding periods
from TIEGCM run. To accommodate the large range of drift values, the panels in Figure 4 have been
readjusted so as to make the X axis scaling match from one panel to another. Each vertical profile has a time
resolution of 20 min. During the main phase, the TIEGCM run produced the drift values up to about 660 km.
The altitudinal variations before the starting of the stormwere very small, as can be seen in panels 4a and 4b.
The model shows that the altitudinal variations in the F region increased during the main phase (see

Figure 3. Comparison of TIEGCMdrift values with Jicamarca ISRmeasure-
ments at 400 km.
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panel 4c) with drifts slowly decreasing with altitude and the variation intensifying as the storm progresses or
IMF Bz maximizes. The highest gradients are seen at around 1500–1520 LT. For instance, at 1500 LT, the
bottomside (200 km) shows a drift of about 127 m/s and slowly decrease to 116 m/s at 661 km giving a
linear gradient of −0.02 m/s/km. As soon as the drifts turned downward and overshielding starts
dominating at around 1600 LT, the altitudinal variations become smaller (panel 4d) and by 1800 LT, they
even show reverse trend: drift increases with altitude (see panel 4e). Thus, from the model run, it is
observed that the altitudinal variations in vertical plasma drifts are maximum during peak main phase of
the storm and are considerably smaller before the storm and during overshielding. Further comparison of
results from both models is done in the discussion section.

3. Discussions

The altitudinal variations of vertical plasma drifts exist during quiet times to satisfy the curl‐free nature of
the electric field. The longitudinal gradients of zonal plasma drifts are proportional to altitudinal gradient
of vertical plasma drifts (Murphy & Heelis, 1986). Using Jicamarca ISR data during moderate solar flux

Figure 4. Altitudinal variations of vertical drifts reproduced from TIEGCM run during different phases of storm.
Panels (a‐b) show vertical profiles of drifts before and at the beginning of the storm, (c) during the main phase and
(d‐e) during overshielding.
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conditions, Pingree and Fejer (1987) have validated this relationship. As stated earlier, mostly Jicamarca
data are averaged over altitudinal range around the peak density altitude where SNR is maximum. But in
doing so, the altitudinal variations are neglected. In a 3‐D ionospheric electrodynamic model, such altitudi-
nal variations are important as they reflect the latitudinal structures of ionospheric electric field away from
the equator. The higher altitudes are electrodynamically connected by flux tubes to higher latitudes. Flux
tubes or magnetic field lines have very high parallel conductivity and hence considered equipotential. So
any strong altitudinal structure in vertical plasma drifts would indicate strong latitudinal variations in
zonal electric field. These variations in low‐latitude electric field have a direct effect on the plasma transpor-
tation in the low‐latitude to equatorial ionosphere. During geomagnetically disturbed times, however, differ-
ent external electrodynamic drivers of solar wind or magnetospheric origin penetrate the global ionosphere.
When effects of many restricts to high latitudes, (e.g., particle precipitation, Polar Boundary Intensifications,
etc.), few of them penetrate down to equatorial latitudes, such as undershielding prompt penetration electric
fields, overshielding (e.g., Kelley et al., 2003; Nopper & Carovillano, 1978), and storm time substorm‐induced
electric fields (e.g., Hui et al., 2017). These external drivers along with the DD mentioned earlier can dictate
the plasma distribution in the ionosphere. Some recent studies (Astafyeva et al., 2016; Pedatella et al., 2009;
Yizengaw et al., 2006) have been carried out on the topside and bottomside differences in the F region during
such disturbed times. These studies suggest that during storms, the top and bottomside can show different,
even opposite response under the influence of different drivers, which can be combinations of penetration
fields, DD, changes in thermospheric winds, and composition. For topside response, such studies mostly
depend on satellite data, which is hard to find at certain regions and at any specific times to be complimented
with available ground‐based bottomside observations. Astafyeva et al. (2016) observed that the lack of such
instruments which can observe or monitor both bottomside and topside simultaneously is crucial but diffi-
cult to find. In this study, we demonstrate that the altitudinal variations in vertical plasma drifts measured by
the Jicamarca ISR provide a very good platform for continuous monitoring of such differences up to about
600–900 km (connecting up to ~22° geomagnetic latitudes) subject to solar flux conditions. This can provide
a great insight into how the external drivers bring about modifications in the equatorial to low‐latitude iono-
sphere, especially during disturbed times. It is suggested from observations (e.g., Fejer, 1986; Sastri, 1988)
and theoretical models (Kikuchi et al., 1978, 1996) that the penetrating fields affect the global ionosphere
(from high latitudes to low latitudes) in timescales of few seconds; and their local time variations are known
to a great extent (Fejer et al., 2008a, and references therein). But how the external drivers modify the
altitudinal variations of vertical plasma drifts over equatorial and low latitudes is rarely addressed. In this
event‐based study, for the first time, we show that the disturbed time external fields can result in large
altitudinal variations in vertical plasma drifts, which are difficult to explain using the disturbed time changes
in the thermospheric neutral winds in timescale of few minutes. We also demonstrate that the popular
models fail to reproduce the observed altitudinal variations under the influence of these external fields.

The Jicamarca ISR is the most accurate instrument for estimating equatorial ionospheric electric fields,
better than in situ measurements with an accuracy of 25 μV/m (Kelley et al., 2003). During solar minimum,
when the ionosphere is shallow, it can make good measurements up to 500–600 km whereas during solar
maximum, the ionosphere expands and reliable measurements can be made up to 800–900 km. The event
on 9 November 2004 occurred when solar flux was moderately high with 10.7 cm solar flux index of 138.
Before the storm, the topside data was noisy above 700 km but during themain phase of the storm, very good
SNRs were recorded up to 800–900 km with error values ≤2 m/s. So, it can be safely concluded that the drift
measurements presented in this study are of high reliability.

Figure 1 shows that the event of southward component of IMF Bz intensifying and then turning northward
took place in a span of about 2 hr: 1350 LT to 1543 LT (1850 UT to 2043 UT). It is one of the fastest and stron-
gest intensification in solar cycle 23 when the IMF Bz value reached up to −30 nT and then recovered. The
resultant vertical drift recorded by the Jicamarca ISR reached up to 127 m/s equivalent to a zonal electric
value of about 3.17 mV/m over Jicamarca. Such large value is very rare (Fejer et al., 2007) and is expected
to cause a super fountain effect (Tsurutani et al., 2004, 2007) which would take the F layer plasma at much
higher altitudes than usual. With the F layer ascending fast, the ISR captured very good signal from the
topside due to enhanced topside density. In fact during themain phase, SNR data shows that the F peak layer
moved from around 450 km at 1435 LT to 575 km at 1505 LT and to about 725 km at 1535 LT. It is important
to note that during the start of main phase, the enhancement in eastward electric field may have been
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assisted by the dayside compression because of the sudden jump in solar wind pressure (Huang et al., 2008).
During this event, even though IMF Bz turned northward at 1543 LT, the SYM‐H continued to intensify,
indicating continued convection in themagnetosphere. This resulted in delayed penetration of overshielding
fields by about 17 min (1543 LT to 1600 LT) until SYM‐H started recovering and vertical plasma drifts
became negative. Such delay in penetration of prompt penetration field is possible as shown by many studies
(e.g., Bhaskar & Vichare, 2013; Ridley et al., 1998, and references therein) to account for different transmis-
sion times from the bow shock to the ionosphere through the magnetosphere. Northward turning of the IMF
Bzmarks the dominance of overshielding field and consequently the ionosphere starts descending under the
influence of westward penetration field.

The vertical plasma drift shown in Figure 1 is the altitudinal average from 300 to 500 km. But the actual
measured drifts varied with altitudes as shown in Figure 2. As has beenmentioned before, the altitudinal var-
iations before the main phase is very small and similar to the quiet time afternoon altitudinal variations as
shown in climatological study by Hui and Fejer (2015). With the start of main phase, as can be seen in
Figure 2, the whole of the F region gets affected in the same manner (the upward drift enhances) showing
very small altitudinal variations before and during the main phase. These small altitudinal variations during
main phase indicate very weak latitudinal variations in the zonal component of ionospheric electric field and
are consistent with the observations of Fejer et al. (1990). Overshielding field on northward turning of IMF Bz
also penetrates in a matter of few seconds from high latitudes down to equatorial latitudes. But on this parti-
cular event, as soon as convection started weakening and SYM‐H started recovering, the topside downward
drifts seem to increase much faster than the bottomside drifts. Very large downward drifts can be seen at the
topside compared to the bottomside F region. This steady character in altitudinal variations soon after
triggering of overshielding field is also reflected in the time series data of drifts shown in Figure 5a. Drifts
at various altitudes have been compared and it can be clearly seen that as soon as westward field starts
dominating, driving downward vertical drifts, higher altitudes consistently maintained larger downward
drifts compared to lower altitudes. In other words, higher altitudes experiencedmuch stronger westward elec-
tric field values than the lower altitudes. These altitudinal variations in drifts are much larger than the quiet
time afternoon values observed by Hui and Fejer (2015). For example, during November‐December, at
around 1600 LT, vertical plasma drifts show a very weak gradients of about −0.007 m/s/km from 200‐ up
to 650‐km altitude. In contrast, the drifts seen during this event are about−0.03 m/s/km at 1635 LT and about
−0.04 at 1725 LT, which are an order higher than quiet time climatological values. As mentioned earlier in
the previous section, TIEGCM simulation results for this event displayed in Figure 3 show that before the
storm the altitudinal variations are very small, increases by a small value around the peak of the main phase,
and then reduces as storm ends. The drifts are almost height independent or even tend to start increasingwith
altitude from around 1800 LT. The time series data from model at different altitudes are shown in Figure 5b
next to the radar observations for comparison. The model could reproduce the magnitudes close to the
observations during the main phase, but not the altitudinal variations, particularly in the recovery phase.

These altitudinal variations over the equator during the overshielding phase may indicate very important
effects on the plasma transportation at different altitudes and latitudes. It means that the plasma at higher
altitudes would come down faster than the plasma at lower altitudes. During main phase the PP electric field
would take the plasmas to much higher altitudes and thenmove along the field lines to the higher than usual
equatorial ionization anomaly peak latitudes, resulting in the super fountain effect (Tsurutani et al., 2004,
2007). But as soon as westward (overshielding) electric field dominates, the plasma will start moving toward
the equator because of the westward field (or the downward drift). So under the PP electric field the plasma
will be expected to rise and reach higher low latitudes along the field line, and under overshielding the
Equatorial Ionization Anomaly plasma density peak is expected to move equatorward. According to our
observations, during the recovery phase, the downward drift values are larger at higher altitudes compared
to that at the lower heights. As the higher apex height or higher latitude experience stronger westward field,
plasma crossing these flux tubes would be expected to descend faster than the plasma crossing the lower
apex height flux tubes over the equator connecting the lower latitudes. We carried out simulation using both
TIEGCM and USU‐GAIM to find out the plasma transportation from equator to higher latitudes under PP
electric field and reverse during overshielding fields. When both models showed fountain effect, the peak
plasma height over the equator did not reach as high as observed by the radar. The radar data show that
the F region peak moved up to 765 km at around 1555 LT, just before the descent started.
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The latitudinal distribution of electron density at different altitudes is shown in Figure 6 from both models.
In the figure, density profiles are shown for every 20 min for TIEGCM whereas for every 15 min for
USU‐GAIM from 1500 LT to 1700 LT (2000 UT to 2200 UT). The different time resolutions are the
default output resolutions of the respective models. When TIEGCM run showed peak density region at
around 15° geomagnetic latitude and at around 500‐km altitude, USU‐GAIM showed anomaly crest region
at about 15° geomagnetic latitudes and at 300 km. Also notice that from 1500 LT to 1600 LT, when the PP
electric field was acting, TIEGCM peaks both at 500 and 700 km moved further away from the equator
and thereafter started moving equatorward under the influence of overshielding effect. No such features
were observed in USU‐GAIM‐generated electron distributions, probably because of the coarse longitudinal
resolution (15°) of the model. The density estimates also differed greatly between the two models: at 300 km,
USU‐GAIM showed an order of magnitude more density than TIEGCM; at 500 km the density estimates are
twice of that of TIEGCM, whereas at the topside they are comparable. TIEGCM is a first‐principle physics‐
based model, whereas USU‐GAIM is a very effective plasma transportation model which incorporates
thousands of global measurements. That is why both models are being used to investigate a comparison
of plasma transportation between them during a unique observation of the ionosphere. It may be an
indication that the first‐principle model is missing very crucial storm time physics or the data assimilation
techniques need to be looked carefully.

The variations in plasma drift velocities indicate the differential rate of plasma transportation in the low‐
latitude ionosphere, which can have very serious effect on LEO satellite experiencing atmospheric drag in
the lower equatorial ionosphere. The storm time fountain effect moves the ionospheric plasma which drags
the neutrals along with them to higher altitudes thus producing uncertainties in satellites positioning (e.g.,
Tsurutani et al., 2007). The accuracy of satellite positioning and the probability of collisions even using high
end algorithms can degrade because of the uncertainties in densities (see, e.g., Bussy‐Virat et al., 2018).
When many previous storm time observations have noticed the differential F region response from bottom-
side to topside, no clear understanding or methodology has emerged. In this study, we observed strong alti-
tudinal difference from bottomside to topside indicating latitudinal variations in storm time electric field.
This would result in faster collapsing of plasma in the outer (higher altitudes/latitudes) flux tubes than
the inner (lower altitudes/latitudes) ones. This would result in the accumulations of plasmas at certain
altitudes/latitudes which would be different if whole of the F region moves with same drift values. This
response of the ionosphere to the external driver is very intriguing.

The altitudinal gradient of vertical plasma drifts depends on the longitudinal gradients of zonal plasma
drifts, which are significant around sunset terminator. In fact, on this day, initiation of pre‐reversal enhance-
ment (PRE; e.g., Eccles, 1998; Fejer et al., 2014) of zonal electric field can be seen in the bottomside drift data
at around 1820 LT. But the differential response of the F region being discussed here started at around 1600

Figure 5. Local time variations of vertical drifts as observed by Jicamarca ISR (a) and modeled drifts from TIEGCM run
(b). The ISR drifts have three‐point running average to reduce high‐frequency fluctuations.
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LT, much before the time when longitudinal gradients become stronger. So any influence from the PRE can
be ruled out as a reason for the observed gradients. Interestingly, the altitudinal gradients appeared with the
IMF Bz turning northward which is also accompanied by sudden decrease in solar wind dynamic pressure,
Psw. The increase in Psw at around 1350 LT and decrease at around 1550 LT are expected to induce eastward
and westward zonal electric fields, respectively, over Jicamarca. But any role of solar wind pressure in
creating such altitudinal gradients is least likely, because if decrease in solar wind pressure is the reason
to create the sudden altitudinal gradients, then in the main phase soon after increase in dynamic
pressure, also a gradient would be expected.

Deng et al. (2009) showed that, during this event, the polar convection patterns reversed as IMF Bz turned
strongly positive and within 45 min because of ion‐neutral momentum exchange, a reverse neutral wind
convection was set up. During such strongly positive IMF Bz and high solar wind pressure, reconnection
takes place at the high‐latitude magnetosphere (Crooker, 1992; Song et al., 1990), which can give rise to very
complex convection patterns in high latitudes with sunward flow over polar region (Burke et al., 1979) and

Figure 6. Latitudinal distribution of plasma density from (left) TIEGCM and (right) USU‐GAIM model runs at different
altitudes.
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replacing the well‐known DP2 convection during southward IMF Bz (e.g., Chakrabarty et al., 2017). When a
strongly northward IMF Bz condition exists for ion‐neutral momentum exchange time constant of few hours,
neutrals start mimicking the ion convection (Deng et al., 2009; Killeen et al., 1985; Rishbeth, 1977, and refer-
ences therein). Deng et al., (2009) observed an altitude‐dependent reverse neutral convection over high lati-
tudes after at least 45 min of northward turning of IMF Bz. Such changes in high‐latitude wind are expected
to cause some secondary changes in the middle‐ and low‐latitude ionospheric electric fields (Richmond
et al., 2003) but with a time delay of few hours. Hence, any changes in altitudinal gradients of vertical drifts
recorded by the Jicamarca ISR because of this reverse convection is least likely. On the other hand, DD elec-
tric fields take 1–3 hr to reach equatorial latitudes (Fejer, 2011; Fejer et al., 2017; Zhang et al., 2017) and are
usually small at this local time sector (Fejer et al., 2008a). When the storm time wind changes from higher
latitudes and its interaction with the DD present due to previous day's disturbances can possibly make sub-
stantial changes in the equatorial ionosphere after the commencement of the storm activity (about 2 hr),
such interactions fail to explain why the altitudinal variations changed suddenly as soon as overshielding
is triggered.

The observed altitudinal gradients indicate a strong latitudinal gradient in the potential distribution, but as
discussed earlier, during disturbed times, the latitudinal variations in electric field is generally weak (Fejer
et al., 1990). During southward IMF Bz, the potential distributions are driven by the DP2 convections but as
IMF Bz turns northward, the polar cap convection patterns changes drastically making changes in the poten-
tial distribution patterns (see Figure 3 in Deng et al., 2009). This change of potential mainly driven by the
shielding effect of R2 current system could possibly escalate the hemispherical asymmetry already existing
because of asymmetry in nondipolar magnetic field components and Sq potential resulting in large potential
differences at both ends of the flux tubes. If the zonal gradients of these potentials follow certain latitudinal
patterns, one can expect such gradual changes in the zonal electric fields with changing altitudes. In case of
hemispherical asymmetry, if the azimuthal potential gradients changes differently in opposite hemispheres,
the nature of altitudinal gradients can get more complicated. Many recent studies (e.g., Astafyeva,
Zakharenkova, & Doornbos, 2015; Astafyeva, Zakharenkova, & Förster, 2015; Ercha et al., 2012; Yigit et al.,
2016) have highlighted the enhanced interhemispherical asymmetries in Total Electron Content (TEC) and
other thermospheric density, and composition changes during geomagnetic storms. However, the timescale
of the instant response of the altitudinal variations in this event of 9 November 2004 is difficult to explain
by any changes in thermospheric neutral winds. Another possibility is that the transmission of PP electric field
from high to low latitudes is believed to be due to TM0 propagation mode (Kikuchi et al., 1978), which has
very weak latitudinal variation (Fejer et al., 1990), but it is not known if the overshielding field adopts a dif-
ferent mode of propagation which can produce stronger latitudinal differences. A third possible mechanism
is that the location of R2 current system being more toward the equator, one can imagine that R2 current sys-
tem (responsible for the overshielding effects) have smaller‐scale size compared to that of R1 current system
(associated with the undershielding penetration). It may be reasonable to anticipate that the systems with
smaller‐scale sizes can produce larger gradients compared to that of the larger size systems. Therefore, it is
possible that the larger latitudinal gradients observed during overshielding are due to the smaller‐scale size
of R2 current system. The available data sets do not permit verification of these suggestions and calls for
further investigations using coordinated measurements of ionospheric parameters and modeling.
Nevertheless, the importance of these variations needs to be taken seriously to understand the 3‐D ionospheric
electrodynamics. It also needs to be investigated that whether such large altitudinal gradients are common
during space weather events or they became pronounced because of the extreme nature of the studied event.

Thus, in short, the explanation of the observed variations of the vertical plasma drifts in the equatorial iono-
sphere can be sought through various schemes such as the modification of potential distribution by sudden
withdrawal of PP electric field, dominance of overshielding field together with changes in convection of ther-
mospheric winds, if any, different modes of propagation or difference in the scale sizes of the R1 and R2
current systems.

4. Summary

The ionospheric F region response to the space weather event of 9 November 2004 is discussed in the light
of altitudinal variations in vertical plasma transportation as observed by the Jicamarca ISR. When mostly
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such variations are neglected, they reflect the latitudinal variations in low latitudes and can have significant
control over the plasma transportation under different external drivers. It is shown that the F region
responded differently under the influence of PP electric field and overshielding. The resultant field during
overshielding period caused large altitudinal variations in the vertical plasma drifts. This would be expected
to cause differential plasma movement in the F region topside and bottomside and will have a direct impact
on satellite drag in the LEO orbits. Incorporating these altitudinal variations are important for three‐
dimensional electrodynamics models and are crucial to space weather predictions. It is demonstrated that
the Jicamarca ISR can be used to continuously monitor and gain insight into such complex F region
responses to different drivers. The results were compared with the simulation run using TIEGCM and
USU‐GAIM. It was found that when the magnitude of the drifts matched well with the observations, the
model could not reproduce the differential response and altitudinal variations under the influence of over-
shielding field. We report here clear differences in the altitudinal gradients of the vertical drifts and hence
the zonal electric fields during prompt penetration and overshielding conditions. This may indicate that the
latitudinal gradients of the zonal electric fields are very small during prompt penetration and are quite sig-
nificant during overshielding conditions. This triggers a very important question whether the propagation
mechanisms of the electric fields from high to low latitudes during prompt penetration and overshielding
conditions are the same or if they adopt different modes of propagation. Or else, are the observed larger lati-
tudinal gradients during overshielding associated with the smaller‐scale sizes of R2 current system than
R1 currents?
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