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Abstract During quiet period, the nocturnal equatorial ionospheric plasma drifts eastward in the zonal
direction and downward in the vertical direction. This quiet time drift pattern could be understood
through dynamo processes in the nighttime equatorial ionosphere. The present case study reports the
nocturnal simultaneous occurrence of the vertically downward and zonally westward plasma drifts over the
Indian latitudes during the geomagnetic storm of 17 March 2015. After ~17:00 UT (~22:10 local time), the
vertical plasma drift became downward and coincided with the westward zonal drift, a rarely observed
feature of low latitude plasma drifts. The vertical drift turned upward after ~18:00 UT, while the zonal drift
became eastward. We mainly emphasize here the distinct bipolar type variations of vertical and zonal plasma
drifts observed around 18:00 UT. We explain the vertical plasma drift in terms of the competing effects
between the storm time prompt penetration and disturbance dynamo electric fields. Whereas, the westward
drift is attributed to the storm time local electrodynamical changes mainly through the disturbance dynamo
field in addition to the vertical Pedersen current arising from the spatial (longitudinal) gradient of the field
aligned Pedersen conductivity.

Plain Language Summary The low latitude electrodynamics during geomagnetically disturbed
period is significantly different as compared to that during the quiet period, which eventually affects the
ionospheric plasma drifts by varying the ambient electric fields from that of its quiet time pattern. During
nighttime, the low latitude plasma drifts vertically downward and zonally eastward under the effects of the
ambient westward and downward electric fields, respectively. The present case study brings out a rarely
observed feature of the nighttime equatorial plasma drifts, where the downward vertical drift coincided with
the westward zonal drift during the geomagnetic storm of 17 March 2015. The storm time prevailing electric
fields and the storm induced local electrodynamical changes are found to be responsible for this peculiar
drift behavior.

1. Introduction

The most intense storm of the solar cycle 24, till date, occurred with two-step main phase on 17 March 2015.
The first moderate step-I, which occurred with minimum symmetric ring current index (SYM-H) of ~ —101 nT
at ~9:38 UT, was followed by the intense step-Il with minimum SYM-H of ~ —234 nT at ~23:00 UT. Since this is
the first strongest storm after a prolonged geomagnetic quiet period, it has received conspicuous attention
from various scientific groups including the scientific community working in the field of equatorial and low
latitude ionosphere. The observational studies pertaining to the effects of this storm on the global as well
as regional ionosphere-thermosphere system are well documented since then (e.g., Astafyeva et al., 2015;
Bahera et al,, 2017; Carter et al,, 2016; Kalita et al.,, 2016; Liu et al., 2016; Nava et al., 2016; Ramsingh et al.,
2015; Ray et al., 2017; Zakharenkova et al., 2016; Zhang et al., 2015; Zhong et al., 2016). It has to be noted that
main phase step-Il of this storm coincided with the dusk to dawn period over the Indian region. Thus, it has
provided a good opportunity to study the unique effects of this storm on the nocturnal low latitude iono-
spheric electrodynamics and concurrent plasma irregularities over the Indian longitudes (e.g., Patra
etal, 2016).

During geomagnetic storm, the low latitude ionospheric electrodynamics is mainly controlled by the prompt
penetration of dawn to dusk interplanetary electric field (IEFy) and delayed penetration of disturbance
dynamo electric (DDE) field induced by the storm time disturbance wind. The IEFy penetrates instantaneously
from high to low latitudes during southward interplanetary magnetic field (IMF) conditions (e.g., Fejer &
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Emmert, 2003; Kelley et al., 2003; Nishida, 1968, and references therein). This prompt penetration electric
(PPE) field manifests as eastward (dawn-to- dusk) electric field during daytime and westward (dusk-to-dawn)
during the night. However, the delayed penetration of storm time wind induced DDE field manifests west-
ward (eastward) during day (night) (e.g., Blanc & Richmond, 1980; Fejer, et al., 1983; Kelley & Retterer, 2008;
Scherliess & Fejer, 1997, and references therein).

Nocturnal low latitude F region height variability is considered as good proxy for observing the storm time
PPE field effects over the low latitudes in terms of vertical plasma drift variations (e.g., Bagiya et al.,, 2011;
Patra et al,, 2016; Ramsingh et al,, 2015, and references therein). So far, as the penetration of meridional com-
ponent of interplanetary electric field is concerned, very little is known due to its small amplitudes at low lati-
tudes (cf. Abdu et al., 1998). Thus, the storm time zonal plasma drift is always the subject of great interest.
During geomagnetically quiet period, the nighttime low latitude ionospheric plasma exhibits eastward drift
in the zonal direction and downward in the vertical one under the effects of the downward and westward
ambient electric fields, respectively (e.g., Fejer, 1993). The F region wind dynamo is mainly responsible for
the eastward zonal drift, whereas the ambient westward electric field drives the plasma downward through
E x B mechanism. These conventional drift variations deviate from its quiet time pattern when storm time
electric fields superimpose over the ambient ionospheric electric fields. Abdu et al. (1998) studied the equa-
torial F region plasma drifts over the South Atlantic Magnetic Anomaly region during geomagnetic distur-
bances and emphasized the role of storm time low latitude ionospheric electrodynamics in varying these
drifts. Fejer and Emmert (2003) reported storm time vertical and zonal plasma drift variations during the
recovery phase of the geomagnetic storm of 19-21 October 1998 as observed from lJicamarca and
Arecibo. Huang et al. (2010) showed vertical and zonal ion drifts over the equator during four large geomag-
netic storms using DMSP F13 observations near the dusk sector. It has to be noted that Abdu et al. (1998),
Fejer and Emmert (2003), and Huang et al. (2010) mostly report the storm time drift observations where
upward plasma drift coincided with the westward zonal drift. Contrastingly, using ROCSAT-1 observations,
Huang et al. (2008) showed the downward drift in simultaneity with westward drift during intense geomag-
netic storms. However, in their study, they have not emphasized the simultaneous occurrence of these similar
drift phases.

The present study reports the simultaneous nocturnal downward and westward plasma drifts during the geo-
magnetic storm of 17 March 2015 from the Indian dip equatorial station of Tirunelveli (8.73°N, 77.70°E; mag.
0.32°N). After ~17:00 UT (~22:10 LT) on 17 March 2015, the equatorial vertical plasma drift became downward
and coincided with the westward plasma drift, which is a rarely observed feature of the low latitude plasma
drifts. The vertical drift turned upward after ~18:00 UT, while the zonal drift became eastward. We emphasize
here the distinct bipolar type variations of the plasma drifts observed around 18:00 UT. Not only we report
this peculiar equatorial drifts behavior but also attempt to explain it in terms of competing effects between
the storm time electrodynamical and neutral dynamical couplings as well as the storm induced local electro-
ynamical changes. Patra et al. (2016) presented the multitechnique observations of nighttime plasma drifts
from the Indian low latitude station Gadanki (13.5°N, 79.2°E; mag. 6.3°N) during the same storm, but they
have not discussed anything related to the simultaneous presence of downward and westward plasma drifts.
Moreover, they presented the vertical drift till 14:30 UT, while our report pertains to the drift variations
after 17:00 UT.

2. Data and Techniques

The halo coronal mass ejection that occurred on 15 March 2015 arrived at the Earth on 17 March at ~04:30 UT
and conferred this intense storm (Kataoka et al., 2015). The storm is well studied by many researchers and the
details can be found elsewhere (e.g., Kamide & Kusano, 2015; Kataoka et al., 2015). Here we present the storm
condition through Figure 1 that shows the variations of IMF B, and SYM-H during 17-18 March 2015. IMF B,
turned southward at ~6:00 UT on 17 March. The SYM-H variations imply that the storm main phase occurred
in two steps (e.g., Kamide & Kusano, 2015). The period between 16:00 to 21:00 UT, which coincided with the
premidnight to postmidnight hours over the Indian region, is of the prime interest here and thus marked with
vertical lines in Figure 1. The IMF B, and SYM-H index along with other interplanetary and high latitude iono-
spheric parameters, that is, IEFy, solar wind pressure, AL, and AU indices, for this marked temporal window are
presented in Figure 2 to describe the disturbed condition in more detail during this period.
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Figure 1. IMF B, and SYM-H variations on 17-18 March 2015. From IMF B,
variations, it could be observed that storm initiated at ~6:00 UT on 17
March. The SYM-H observations imply that main phase occurred in two
steps. The period of interest between 16:00 and 21:00 UT is highlighted with
two vertical lines.

The co-located Canadian Advanced Digital lonosonde (CADI) and spa-
tially separated two L-band Global Navigation Satellite System (GNSS)
receivers serve the main database for this study. The CADI is operational
at Tirunelveli since 2006 and provides (a) the echo delay (virtual height)
as a function of frequency, (b) the amplitude and phase of the reflected
signal, and (c) the Doppler shift due to motion of the reflector at selected
frequencies. It is an established diagnostic tool to study the climatologi-
cal behavior of vertical and zonal plasma drifts over the equatorial
region (e.g., Sripathi et al., 2016). The Doppler drift (both vertical and
zonal) observations reported in the present study are recorded at
7 MHz frequency with 1 min time resolution in between two consecutive
ionograms. More details on the functioning of CADI at Tirunelveli can be
found in Sripathi et al. (2016).

Two GNSS receivers are recently installed at Tirunelveli to estimate the
plasma irregularity zonal drift at L1-frequency. Assuming that L-band
scintillation occurs at typical height of ~350 km, the first Fresnel zone
at L1 (4 = 19.05 cm) can be given as v/2Ah = 365 m (lyer et al., 2006).
In view of this, these receivers are placed east-west with spatial distance
of ~376 m and observe the scintillation at L1-frequency signals from the
Indian geostationary satellites (GSAT-8 and GSAT-10) in addition to
other GNSS satellites. This setup uses the L-band scintillation patches
as tracers to derive the nighttime irregularity zonal plasma drift. The
cross correlation of the scintillation as recorded by both the receivers
provides the magnitude of the drift.

3. Results

Figure 3a shows the vertical plasma drift (green circles) as estimated by
CADI on the storm day during 16:00 to 21:00 UT. A minute interval mean
drift is estimated using seven quiet days drift observations of the same

month and presented in black scatter plot along with standard error bounds in Figure 3a. The Indian Standard
Time (IST) scale is also mentioned in the figure for better visualization on LT variations of the drift. Large nega-
tive departure in vertical drift is observed at ~17: 50 UT on 17 March. This negative swing is followed by posi-
tive upward rise, which, in general, remains absent on quiet days. The drift moves upward at ~18:00 UT and
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500
g0 .
- =
0 T 500
L A~ A AN 3 -1000
=20 -1500
30 . . . . 2000 . . . .
16 17 18 19 20 21 16 17 18 19 20 21
UT (hrs)
15 . . . . 500 . . . .
E -
S 10 f\’,‘,_\ fn N,W g 250\'\/\,‘%/1/\\,-/\”\/\/\/\
= 2 pal
g s \"t}\ T o \ o/
0 -250
16 17 18 19 20 21 16 17 18 19 20 21
40 25
K -
g 30 £
220 I -150
2 £
8 10 kv‘\..\,f\,:\v \ @
& 0 L 1. n 175 n L n n
16 17 18 19 20 21 16 17 18 19 20 21
UT (hrs) UT (hrs)

Figure 2. IMF B, and SYM-H indices along with the IEFy, solar wind pressure, AL, and AU indices between 16 and 21 UT on
17 March to describe the highlighted period of Figure 1.
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as solid line. It has been observed by many researchers that PPE field
at the equatorial ionosphere is proportional to IEFy (e.g., Bhaskar &
Vichare, 2013; Huang et al., 2007; Kelley et al., 1979; Nishida, 1968).
However, estimation of the scaling factor between IEFy and equatorial

Quiet time Ez (mV/m)

ionospheric electric field is difficult (Fejer et al., 2007). Using empirical
estimation, Huang et al. (2007) reported that the efficiency of penetra-

tion electric field in the dayside equatorial ionosphere is 9.6% of the
IEFy. Whereas using Volland-Stern model, Burke (2007) found a theore-
tical penetration efficiency of 11.9%. Therefore, for present analysis we
consider that 10% of |IEFy penetrates to equatorial ionosphere, which

IMF By (nT)

1500, 2 17 18 19 20 20 UT (hrs) is a reasonable approximation. Figure 3b also includes the ambient
21:30 22:30 23:30 00:30 01:30 02:30 IST (hrs) zonal electric field during quiet time (black dotted line). The quiet

day ambient zonal field is taken from Vichare et al. (2012). They simu-

Figure 3. (a) Vertical plasma drift variations as observed by CADI from lated this electric field at 300 km altitude over the magnetic equator

Tirunelveli on 17 March 2015 (green circles) during 16 to 21 UT. The black
scattered plot shows the seven quiet days mean during March 2015 along

using the Global lonosphere-Thermosphere Model (GITM). More

with the error bounds. The positive (negative) values represent upward details on this can be found in Vichare et al. (2012). Quiet day zonal
(downward) drift. (b) Prompt penetration induced zonal electric field, which field remains stable westward throughout the period of interest.
is considered as 10% of the IEFy (solid line) along with the simulated quiet Since the study is confined to night time, negative (-ve) sign is intro-
day ambient zonal field (dotted line) (Vichare et al., 2012). Since the study duced for IEFy in Figure 3b. On 17 March, the PPE field induced distur-

pertains to nighttime, negative (-ve) sign is introduced for IEFy. The
enhanced downward drift at ~17:50 UT is attributed to the enhanced PPE

bance zonal field deviated significantly from the quiet time field and

field of ~—1.2 mV/m. (c) Variations in IMF B,, (dotted line) and AL index (solid also exhibited fluctuations between 17:30 and 19:00 UT. Figure 3c

line) during the period of interest.

represents the AL index and IMF B, variations during this period and
the same are discussed later.

The zonal plasma drift variations as obtained from spatially separated GNSS receivers and CADI Doppler
techniques are showed in Figures 4a and 4b, respectively (blue circles), between 16:00 and 21:00 UT.
The IST is also marked in the figure. The mean zonal drift is estimated from the seven quiet days drift
observations and presented along with the standard error bounds in the respective figures. It could be
noticed that the zonal plasma drift steadily decreased on quiet days but remained positive (eastward)
throughout, as observed in both measurements. This drift behavior corroborates with the typical night-
time zonal drift as reported earlier (e.g., Bagiya et al., 2015; Fejer, 1993). On the storm day, the zonal
drift decreased steadily till ~16:30 UT and then became westward. The westward zonal drift prevailed
thereafter until it became eastward for a short period at ~18:00 UT as observed by CADI. The drift mea-
surements are not available from L-band scintillation technique after 18:00 UT as the scintillation
became weak. We intend to explain the observed downward and westward plasma drifts in purview
of the storm time high latitude-low latitude ionospheric coupling and the resultant low latitude
electrodynamical changes.

4, Discussion

It could be observed from Figure 3a that vertical drift attained maximum downward value (<—30 m/s) at
~17:50 UT. The PPE field induced zonal electric field was reduced to ~—1.2 mV/m at ~17:30 UT (Figure 3b).
The zonal field could not be estimated earlier than 17:30 UT due to unavailability of the IEFy estimates. We
presume here, that large downward vertical plasma drift after ~17:00 UT was due to the PPE field induced
westward electric field over the equator. The time duration of 17:00-18:00 UT coincided with the sharp nega-
tive depressions in AL (onset of substorms) (Figure 3c). The injection of high energy particles during sub-
storms changes the electric field shielding from high to low latitudes (e.g., Ahn et al., 1983).
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Figure 4. (a) Zonal plasma drift variations (blue circles) along with the mean
of seven quiet days zonal drift (black scattered) as observed by spatially
separated GNSS scintillation receiver technique during 16:00 to 21:00 UT.
(b) The zonal drift as derived from CADI on the storm day (blue circles) and
seven quiet days mean (black scattered). The positive (negative) values
represent eastward (westward) drift. The drifts from both the observations
show westward drift during ~16:30-18:00 UT that coincided with the
downward plasma drift in Figure 3. The quiet days mean in both figures
are shown with the error bars. From GNSS receiver technique, the drift
measurements are not available after 18:00 UT. CADI measurements exhib-
ited eastward drift for a short period of time after ~18:00 UT.

The role of magnetospheric electric field in causing the downward
drift at ~17:50 UT could be verified from the high latitude convec-
tion pattern. Therefore, we present here (Figure 5) the Super Dual
Auroral Radar Network (SuperDARN) (e.g., Greenwald et al., 1995)
derived high latitude convection maps (source: http://vt.super-
darn.org) for the selected time windows between 17:00 UT
(~22:10 LT) and ~19:00 UT (~00:10 LT). The SuperDARN maps
between 17:00 to 17:40 UT (Figures 5a and 5b) indicated the
strengthening of convection cells at high latitudes; the convection
has enhanced from 66 to 85 kV during this period. Hence, it is pos-
sible that the enhanced convection as shown by SuperDARN is
associated with the enhanced PPE field through substorm onset
as well as IEFy.

During this storm, the presence of nighttime DDE field (eastward) over
the Indian longitudes has been reported extensively (e.g., Patra et al.,
2016; Sau et al.,, 2017, and references therein). In particular, Sau et al.
(2017) presented westward equatorial plasma bubble velocity between
16:00 and 21:00 UT using Airglow imager measurements from the same
location of Tirunelveli and discussed in terms of the eastward manifesta-
tions of DDE field over the Indian longitudes. Therefore, despite the
eastward DDE field, the observed vertical downward drift between
17:00 and 17:50 UT suggests the dominance of PPE field over the pre-
vailing DDE field during this period.

The reduction in downward drift at ~18:00 UT could be associated with
the reduction in PPE field. The drift turned upward after ~18:00 UT. The
PPE field reduced after 18:00 UT (Figure 3b), and the decrease in convec-
tion was also evident from the SuperDARN maps (Figure 5¢). This reduc-
tion leads to the weakening of downward drift. Thus, the observed
upward turning of plasma drift could not be explained in terms of PPE
field. We suggest that the prevailing eastward DDE field dominates
the reduced PPE field effect and hence could be responsible for raising
the vertical drift in upward direction.

Recently, Chakrabarty et al. (2017) reported the simultaneous presence of PPE induced eastward electric field
at Thumba and Jicamarca. They explained this by emphasizing the role of IMF B, directionality in controlling
the convection cell movements at high latitudes, which affect the low latitude zonal electric field during a
storm. In order to check the IMF B, directionality in present case, IMF B, variations for the specified time per-
iod are reproduced in Figure 3c. Itis clear that IMF B, is positive during the entire period of interest. In order to
demonstrate the convection cell movements over the Tiruneveli LT sector, a line highlighting the LT corre-
sponding to the respective UT is marked in SuperDARN maps (Figure 5). A careful investigation of Figure 5
revealed that the Tirunelveli LT sector falls in the dawn convection cell after 18:00 UT. The LT sector of
Tirunelveli was deep into the dawn cell till 18:40 UT and could be verified from Figures 5d-5h. This might lead
to eastward electric field penetration at low latitudes (e.g., Chakrabarty et al., 2017) and thereby augmenting
the prevailing eastward DDE field during this period. However, considering the limited network of
SuperDARN observations, the derived convection patterns during geomagnetic storms might not be reliable
due to the statistical consideration. Significant downward drift observed at ~20:00 UT interestingly coincided
with the substorm onset in AL (Figure 3c). We suggest that the PPE field associated with substorm onset at
~20:00 UT led to the downward drift around this period.

The storm time disturbances in dip equatorial zonal plasma drift, in the present case, are observed mainly as
westward drift between 16:30 and 20:10 UT. Since the zonal plasma drift is linked to the vertical electric field,
we wish to examine the vertical electric field during the addressed storm period. The meridional/vertical elec-
tric field penetration is not fully understood due to its very small amplitudes at low latitudes (cf. Abdu et al.,
1998). In addition, direct measurements of vertical electric field are not available from the Indian low-latitude
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Figure 5. lonospheric convection maps from SuperDARN along with DP2 contours during 17:00 to 18:52 UT for selected
time windows. The local time sector of Tiruneveli for the given UT is shown with black solid line in each map.
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region. Therefore, we estimate the vertical field using the mathematical expression proposed by Haerendel
et al. (1992). According to this, the vertical electric field can be given as

YT
VT

Jv

Eew — BUE, + e
P

M

The first term in the right hand side of equation (1) arises due to Hall conduction. Here, >, and > p are
field-aligned Hall and Pedersen conductivities, Egy is the zonal electric field. Storm time enhanced zonal
electric field, if eastward, triggers the intense equatorial vertical plasma drift and also Hall electric field
at low latitudes. This low latitude Hall field manifests as upward vertical field over the equatorial F region
through mapping along the equipotential geomagnetic field lines, which ultimately affects equatorial
zonal plasma drift (Abdu et al.,, 1998). Our empirical estimation based on the conductivities taken from

IRI-2012 suggests that the ratio of %H is very small (~0.07) and the field contribution from the first term

P
is ~—1.02 mV/m (downward), during the period of simultaneous downward and westward plasma drifts.

The second term in the right hand side of equation (1) shows contribution from the wind dynamo. B is the
geomagnetic field, and U’y is field-aligned integrated conductivity weighted zonal wind. During nighttime
the disturbance dynamo induces westward winds at low latitudes. Thus, it positively contributes to provide
upward electric field through dynamo wind effect.

The last term in the right hand side of equation (1) is the field arising from the vertical Pedersen current,
J,=E, > p, which results from the divergence of horizontal Pedersen currents. The zonal current divergence
is mainly caused by the longitudinal/spatial gradients in the conductivity or ionization density. DivJ = 0
where Jis the summation of east-west (Jgy) and vertical (Jy) Pedersen currents. Jgw = Egw Y _p. FOr Egy remain-
ing constant with height and Ev holding the zero values at the base of the ionosphere at ~90 km, E,, along the
heights / (/ > 90) km can be expressed as

|
1 d
Eviiy = —Eew Loz—P&ZP dl (2)

E,iiy represents field contribution from the third term. We evaluate here E ;) using the IRI-2012 parameters
and storm time disturbance zonal electric field shown in Figure 3b. First, the conductivity gradient over spa-
tial separation of +1° around 77°E longitude is calculated using the parameters derived from the IRI. The
height integration is performed over equatorial height range of ~100 km (Abdu et al., 1998). Incidentally,
the estimated E,;j is ~1.06 mV/m (upward).

Patra et al. (2016) reported a highly confined generation of equatorial spread-F irregularities over the Indian
low latitude region during this storm. Based on their report and by knowing the fact that plasma bubble
irregularities align along the geomagnetic field lines, we believe that in addition to the disturbance dynamo
wind effects (second term in equation (1)) the spatial gradient between the field aligned Pedersen conduc-
tivity over the longitudes with equatorial spread-F irregularity and that of the void of irregularity causes
significant contribution, through E, ), into E, in the present case. From the total contribution of first, second,
and third terms, it is noticed that the second and third terms play crucial role in manifesting net upward ver-
tical field over the equator.

Bagiya et al. (2017) mentioned the 17 March 2015 storm as the two-step main phase storm and discussed
the dayside low latitude ionospheric response to the storm time varying electric fields during the main
phase step-l of this storm. Huang et al. (2016) mentioned about the temporary recovery in SYM-H, where
minimum SYM-H of ~—101 nT recovered to —38 nT during the main phase step-l. The IMF B, is observed
to be northward during this period (Figure 1 of Huang et al., 2016). Sau et al. (2017) reported the westward
drift reduction during this period as measured by the imager and attributed it to this temporary SYM-H
recovery. Our observations also demonstrate the reduction in westward zonal plasma drift and its
eastward turning at ~18:00 UT for a short period of time. The zonal drift again turned westward at
~18:15 UT and continued till 20:15 UT as recorded by CADI. We corroborate with Sau et al. (2017) and sug-
gest that the weakening of westward drift in the premidnight period is due to the recovery process of
main phase step-l before the initiation of the step-Il. It is also suggested, here, that the commencement
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of main phase step-Il resurges the disturbance wind dynamo, which on its arrival at low latitudes causes
the westward drift till 20:20 UT.

5. Conclusion

The present study reports the rare observation of simultaneous nocturnal downward and westward equator-
ial plasma drifts during the 17 March 2015 geomagnetic storm. While the vertical plasma drift variations are
understood in terms of the competing effects between storm time PPE field, DDE field, and substorm asso-
ciated field, the zonal plasma drift is observed to be mainly controlled by the storm induced wind dynamo
at low latitudes in addition to the vertical Pedersen current arising from the spatial (longitudinal) gradient
between the field-aligned Pedersen conductivity. We believe that the present study could be appreciated
not only in terms of reporting the peculiar nocturnal storm time equatorial plasma drift behavior but also
for understanding the distinctive effects of storm time electric fields and storm induced local electrodynami-
cal changes over the low latitudes.
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