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Abstract In this paper, we present response of equatorial and low-latitude ionosphere to 22/23 June 2015
geomagnetic storm using a chain of ground-based ionosondes located at Tirunelveli (8.73°N,77.70°E;
geomagnetic latitude: 0.32°N), Hyderabad (17.36°N, 78.47°E; geomagnetic latitude: 8.76°N), and Allahabad
(25.45°N, 81.85°E; geomagnetic latitude: 16.5°N) along with a chain of GPS receivers. Uniqueness of this storm
is that in contrast to the equatorial plasma bubbles that were detected in the European sector, we see
suppression of plasma bubbles in the Indian sector. The observations suggest that westward penetration
electric field during local midnight caused abrupt decrease of virtual height (h’F (km)) to ~200 km and
suppressed plasma bubbles due to undershielding. Later, the layer increased to 500 km simultaneously due
to overshielding effect. On 23 June, we observed negative storm in the Northern Hemisphere while
positive storm in the Southern Hemisphere. In addition, absence of equatorial Es layers at Tirunelveli and
presence of F3 layer at Tirunelveli/Hyderabad seem to be associated with equatorial electrojet (EEJ)/counter
electrojet (CEJ) variations. However, on 24 June, we observed strong negative storm effects at
Allahabad/Hyderabad, while positive storm effect at Tirunelveli. Simultaneous enhancement of h’F (km) at all
three ionosonde stations at 20:30 UT on 23 June during recovery phase suggest eastward disturbance
dynamo (DD) electric field that caused presunrise spread F at Hyderabad/Allahabad but void of spread F at
Tirunelveli suggesting its midlatitude origin. Periodogram analysis of foF2 and h’F (km) in the present analysis
suggest the presence of shorter periods (~< 2 h) associated with prompt penetration (PP) electric fields
while larger periods (>2 h) associated with DD electric field/winds.

Plain Language Summary The observations suggest near simultaneous penetration of undershielding
and overshielding electric fields across different latitudes in the midnight sector along Indian longitude.
There is simultaneous suppression of equatorial plasma bubble in Indian region while strong plasma bubbles
over European sector at the same time. Results indicate that shorter period (<70 min) oscillations are
associated with prompt penetration electric fields, while larger periods (>2 h) are associated with disturbance
dynamo electric fields or disturbance winds and tides.

1. Introduction

Interplanetary and solar wind conditions play significant role in understanding the coupling between high-
and low-latitude ionospheres during geomagnetic storms. It is essential to know the conditions of the inter-
planetary electric fields/magnetic fields to understand the storm time electrodynamics over equatorial and
low latitudes. It is known that satellites get damaged during such major space weather events by the imping-
ing solar wind particles. Several satellites such as Advanced Composition Explorer (ACE) have been launched
to study the coupling between solar wind and Earth’s magnetosphere (e.g., Astafyeva et al., 2016; Cassak,
2016; Hapgood, 2017; Liu et al., 2014; Ramsingh et al., 2015; Verkhoglyadova et al., 2016). These satellites pro-
vide unique opportunity to understand the coupling nature between solar wind-magnetosphere-ionosphere
system where the solar wind, magnetosphere, and ionosphere from a single system driven by the transfer of
energy and momentum from the solar wind to magnetosphere-ionosphere (e.g., Kamide et al., 1997, 1998;
Somayajulu, 1998; Tsurutani & Gonzalez, 1997; Wolf, 1975).

During geomagnetic storm, the sudden southward/northward turning of the interplanetary magnetic field
(IMF) Bz produces a dawn to dusk convection electric fields often known as prompt penetration electric fields
(PPEFs) at high latitude resulting in an undershielding or overshielding condition depending upon the polar-
ity of the IMF Bz (e.g., Fejer et al., 1979; Gonzales et al., 1979; Kikuchi et al., 2003, 2000; Rastogi & Patel, 1975).
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These electric fields transmitted almost instantly to the equatorial regions through a transverse magnetic
mode propagating in the Earth ionosphere waveguide (e.g., Kikuchi, 1986). The region 1 (R1) and region
2 (R2) field-aligned currents and their horizontal closure currents play an important role in generating these
global scale ionospheric electric fields. These currents respond directly to solar wind conditions such as the
orientation and magnitude of IMF Bz, solar wind velocity, and dynamic pressure (e.g., Kelly et al., 1979;
Kikuchi et al., 1996). The northward turning of IMF Bz resulting in an overshielding electric field during
the recovery phase of magnetic storm (e.g., Huang et al., 2005; Kikuchi et al., 2008). Eastward/westward
electric field perturbations during daytime/nighttime are associated with sudden increase in the convection
electric field. The direction of PPEF during daytime will be in eastward to the dusk sector and during the
nighttime it will be in a westward direction to the dawn sector (e.g., Fejer et al., 1990; Jaggi & Wolf,
1973). These electric field perturbations usually have smaller amplitudes and shorter lifetime compared
to the disturbance electric fields associated with substorm activity. These electric fields are most common
near dusk and in the early morning-noon period (e.g., Kikuchi et al., 1996; Sastri et al., 1992). Several inves-
tigations have been made to estimate the penetration efficiency of these PPEFs over equator (e.g., Huang
et al., 2007; Kelley et al., 2003). It is believed that PPEFs mostly penetrate with efficiency of 10% (Huang
et al., 2007). However, these efficiencies are highly local time dependent and are larger on the nightside
than on the dayside.

The electric field in the equatorial ionosphere during geomagnetic storms is manifested by the two physical
processes, namely, (a) solar wind magnetospheric dynamo, associated with prompt penetration of the mag-
netospheric convection electric fields (PPEFs) (e.g., Sastri et al., 1997; Spiro et al., 1988), and (b) the iono-
spheric disturbance dynamo electric fields (DDEFs) and disturbed winds, associated with the global
thermospheric wind circulation that is caused due to Joule heating at high latitudes (e.g., Araki et al., 1985;
Blanc & Richmond, 1980; Kikuchi, 1986). When the IMF Bz polarity turns southward direction, undershielding
electric field promptly penetrate to the equatorial latitudes with eastward polarity in the sunset sector causes
enhancement in the Pre-Reversal Enhancement (PRE) vertical drift that could lead to the instability growth
rate and equatorial spread F (ESF) generation. It is believed that longitudinal conductivity gradient in the
ionosphere during sunset sector causes enhanced vertical plasma drifts and produces super fountain effect
(sometimes) and plasma bubbles that can reach very high latitudes (e.g., Basu et al., 2001). However, when
the IMF Bz suddenly turns northward, overshielding westward electric fields leads to the suppression of both
PRE and ESF (e.g., Fejer et al., 1981; Abdu et al., 1981; Fejer et al., 1990; Sastri et al., 2000). Liu et al. (2014) stu-
died the combined effects of PPEF and DDEF over the East Asian/Australian sector. Also, they have suggested
that the multiple PPEF can occur when the IMF Bz is in stable southward direction. The other type of distur-
bances also couples to the equatorial and low-latitude ionosphere and produces variations; however, these
disturbances propagate to equator with a time delay of above 3 h (e.g., Blanc & Richmond, 1980; Fejer et al.,
1983; Sastri, 1988).

The disturbed electric fields and neutral winds can disturb the equatorial plasma density and plasma trans-
port through equatorward contraction/poleward expansion of the equatorial ionization anomaly (EIA) crest
due to changes in the ionospheric heights (increase or decrease in the height of the F2 layer through mer-
idional winds). Simultaneously, the photo ionization and neutral compositions will change at equatorial and
low latitudes according to the strength of the auroral activity which is known as positive (increase in foF2)/
negative (decrease in foF2) ionospheric storm effects (e.g., Basu et al., 2001; Batista et al., 2006; Heelis &
Coley, 2007; Lei et al., 2008; Liu et al., 2014; Mannucci et al., 2005; Tsurutani et al., 2004). Blanc and
Richmond (1980) reported that the zonal component of disturbance dynamo electric field is westward dur-
ing the day and eastward during the nighttime, which is opposite to the daytime/nighttime ionospheric
dynamo electric fields. The observations of equatorial electrojet (EEJ), F region plasma drifts and electron
densities during geomagnetic storm indicate that the DDEFs can significantly affect the low-latitude iono-
sphere (e.g., Fejer et al., 1983; Sastri, 1988, 1989). During the storm period, DDEF can cause the suppression
of equatorial ionization anomaly (EIA) and also cause the negative ionospheric storm, that is, reduction of
total electron content (TEC) during the daytime (e.g., Tsurutani et al., 2004), while during nighttime with
eastward polarity of DDEF can enhance the F layer height, which is the result of intensification of EIA
(Abdu, 1997). There are instances where both disturbance dynamo and prompt penetration electric fields
coexisted and simultaneously operated in the ionosphere such as 15 July 2000 storm (e.g., Basu et al.,
2001; Sastri et al., 2002).
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The atmospheric gravity waves (AGWs) or traveling ionospheric disturbances (TIDs) generated due to
enhanced Joule heating in the auroral latitudes during geomagnetic storms also play a crucial role in causing
positive/negative storms at low-middle latitudes through reduction of [O]/[N2] ratio trough the transport of
ionized particles to lower latitudes with an increase in the temperature and N2 density (e.g., Lee et al., 2002;
Liu et al., 2014; Mikhailov & Schlegel, 1998; Richmond & Matsushita, 1975). Due to large differences in the
energy deposition rates at high latitudes over Northern Hemisphere/Southern Hemisphere, significant com-
positional change exists in the Northern and Southern Hemispheres. A three-dimensional, time-dependent
model of the coupled thermosphere and ionosphere is utilized to explain the preference for negative storms
in summer and positive storms in winter by Fuller-Rowell et al. (1996). Themodel results suggest that the pre-
vailing summer-to-winter circulation at solstice transports the molecule-rich gas to middle and low latitudes
in the summer hemisphere in a day or two following the storm. In the winter hemisphere, poleward winds
restrict the equatorward movement of composition. The altered neutral-chemical environment in summer
subsequently depletes the F region midlatitude ionosphere to produce a negative storm, while in winter
midlatitudes a decrease in molecular species, associated with downwelling, persists and produces the
characteristic positive storm.

In this paper, we present an interesting piece of observation during 22/23 June 2015 space weather event
where we observed westward penetration of electric fields during midnight sector in the Indian sector, while
eastward penetration was dominant over European sector. While westward penetration in the midnight
sector is reported by Sastri et al. (2002) over Indian sector due to AE index, we report here both eastward
and westward penetration electric fields associated with orientation of IMF Bz. Uniqueness of this storm is
that in contrast to the equatorial plasma bubbles that were detected at midlatitudes in the European sector
due to strong upward plasma drifts as shown by Cherniak and Zakharenkova (2016), we observed suppres-
sion of plasma bubbles due to downward drifts in the Indian sector. Astafyeva et al. (2016) have studied
the ionospheric response to this storm using SWARM satellites. Their observations indicated that dayside
ionosphere experienced a strong negative ionospheric storm effect, while on the nightside an extreme
enhancement of the topside TEC occurred at midlatitudes of the Northern Hemisphere. The dayside iono-
sphere responded to the occurrence of the strong eastward equatorial electric fields and then penetration
of westward electric fields led to gradual but strong decrease of the plasma density on the dayside in the top-
side ionosphere. On the nightside, they suggested that extreme enhancement of the density and TEC in the
Northern Hemisphere in the topside ionosphere are related to the combination of the prompt penetration
electric fields, disturbance dynamo, and the storm time thermospheric circulation. Based on our observa-
tions, we are trying to understand the electrodynamic response of the equatorial and low-latitude iono-
sphere over Indian sector in the wake of these recent observations. Also, since this storm falls in solstice
period, it would also give us an opportunity to know the impact of varied background conditions on the
storm time variations in the ionospheric parameters and compare these results with that of equinox storms
such as March 2015 St. Patrick’s Day geomagnetic storm.

2. Data Sets

The results presented in this paper are obtained from a chain of ionosondes and GPS receivers located in
Indian sector for 22/23 June 2015 geomagnetic storm event. The solar wind parameters are from the
CDAWEB (http://cdaweb.gsfc.nasa.gov), and these data are obtained from the ACE satellite measurements.
The geomagnetic activity indices like Kp, AE, and SYM-H are obtained from the WDC (World Data Center).
The ionospheric parameters, namely, h’F and foF2, are scaled manually using data obtained from three
Canadian Advanced Digital Ionosondes (CADI) operating at an equatorial station, Tirunelveli (TIR) (8.73°N,
77.70°E; geomagnetic latitude: 0.34°N), Hyderabad (HYD) (17.36°N, 78.47°E; geomagnetic latitude: 8.76°N), a
low-latitude station and Allahabad (ALD) (25.3°N, 81.5°E; geomagnetic latitude: 16.5°N), which is located in
the northern edge of the equatorial ionization anomaly (EIA) crest region. The ionograms at TIR and HYD
are obtained at 10 min interval, while we collected ionograms at ALD at every 5 min interval. We collected
1 min TEC data from the GPS receiver (Scintillation Network Decision Aid (SCINDA)) at Tirunelveli, Global
Navigation Satellite System (GNSS) receivers at Mumbai (19.09°N, 73.11°E), and Nagpur (21.14°N, 79.08°E;
geomagnetic latitude: 12.42°N), and 5 min interval GPS TEC data provided by MIT Haystack Observatory
Madrigal database (http://madrigal.haystack.mit.edu/madrigal/). The strength EEJ, which is the difference
of ΔHTIR and ΔHABG (ΔHTIR � ΔHABG), as measured by the two pairs of ground-based magnetometers,
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namely, Tirunelveli (HTIR) (8.73°N, 77.70°E), an equatorial station, and Alibag (HABG) (18.5°N, 72.9°E), an off-
equatorial station, is also utilized. Figure 1 shows the location of various stations used in the present
paper, and Table 1 shows the list of stations along with their instruments as used in the present study.

3. Results
3.1. Interplanetary Conditions on Geomagnetic Storm of 22/23 June 2015

Themagnetic storm of 22/23 June was the second largest geomagnetic storm event after the St. Patrick’s Day
(17 March 2015) geomagnetic storm event in the current solar cycle-24. The main cause of this storm event
was two coronal mass ejections (CMEs) that hit the Earth’s magnetopause at 05:45 UT and at 18:35 UT on 22
June 2015, and geomagnetic field activity ranged from quiet to severe storm conditions. This summer solstice
storm event in 2015 is selected for the special VarSITI data analysis. Figures 2a–2d show the time-corrected
1 min variations of the near-Earth solar wind parameters from the ACE satellite (in GSM coordinates) at the
L1 point, namely, solar wind pressure (Psw), solar wind velocity (Vsw), IMF Bz, and interplanetary electric field
(IEFy) during 22–24 June 2015. At the 22/05:45 UT, a small shock was observed at the ACE spacecraft. During
the shock time IMF Bz reached from ~6 nT (northward) to ~�10 nT (southward) (Figure 2c) with a correspond-
ing solar wind speed increase from 350 km/s to 430 km/s (Figure 2b), the pressure reached up to 10 nPa
(Figure 2a). At 22/18:30 UT, another shock was observed with significant changes in the interplanetary

Figure 1. Shows the location of various stations and instruments used in the present study.

Table 1
Shows the List of Stations Which We Used in Our Study

Station Instruments Geographic latitude Geographic longitude Geomagneticlatitude

Tirunelveli (TIR) CADI, Magnetometer and SCINDA GPS receiver 8.73°N 77.7°E 0.34°N
Hyderabad (HYD) CADI 17.36°N 78.47°E 8.76°N
Alibag (ABG) Magnetometer 18.5 °N 72.9°E 10.36°N
Mumbai (MUM) GNSS receiver 19.09°N 73.11°E 10.37°N
Nagpur (NGP) GNSS receiver 21.14°N 79.08°E 12.42°N
Allahabad (ALD) CADI 25.43°N 81.84°E 16.48°N
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parameters due to the arrival of second CME. The Psw reached from ~5 to ~60 nPa (Figure 2a), Vsw suddenly
increased from ~440 to ~720 km/s (Figure 2b), and IMF Bz component suddenly turned southward with its
minimum value of ~�40 nT at 22/19:30 UT in undershielding condition. After, the IMF Bz went northward
up to ~28 nT nearly at 22/20:30 which represents the overshielding condition; again, IMF Bz slowly went back
to southward and reached ~�17 nT, fluctuating between ±25 nT around 3–4 h, 22/21:00 to 22/23:59 UT. After
that, the IMF Bz sharply turned northward to southward and reached ~�25 nT at ~23/00:30 UT and suddenly
back to northward. However, after, the IMF Bz continued for some time in the southward direction with amag-
nitude of ~�20 nT around 23/02:00 to 23/05:00 UT. It again slowly turned northward for some time ~ 3 h with
magnitude of ~16 nT; after that, it went southward and slowly turned southward to northward on 23 June.
When the IMF Bz was southward same time IEF reached up to ~25 mV/m on 22/19:30 (Figure 2d).

Now the impact of the above solar wind parameters is investigated through observations in the groundmag-
netic field observations in the next plot. Figures 3a–3d are showing the auroral electrojet (AE) index, SYM-H,
equatorial electrojet (EEJ) strength, and Kp index during 22–24 June. It may be noted that while the first shock
of CME did not show any changes on 22 June, however, the second shock of CME impacted the high andmid-
dle latitudes where auroral electrojet (AE) index jumped from ~500 nT to ~2,300 nT (Figure 3a) and positive
disturbance in SYM-H index (Figure 3b) reached up to ~88 nT due to the enhanced of Chapman Ferraro cur-
rents in magnetopause. During this period, the Kp index was initially in the range of 5 which went up to 8
(Figure 3d) and SYM-H initially reached its first minimum value of ~�133 nT on 22/20:30 UT, and after that
it reached its minimum value of ~�207 nT on 23/04:30 (Figure 3b). This was followed by the onset multiple
substorms as can be seen in AE index. During the main phase of the storm, a decrease in the H component of
the geomagnetic field is seen in SYM-H component implying the ring current intensification. In the recovery
phase which is characterized by increase in the H component shows the normal behavior on 23–24 June.
From the Figure 3c, EEJ strength showed the eastward electric fields (EEJ) and westward electric fields
(CEJ) on 22 June around 06:00 to 12:00 UT. However, on 23 June, initially, the EEJ strength was ~50 nT up

Figure 2. Solar wind parameter’s variation (a) solar wind pressure, (b) solar wind velocity, (c) interplanetary magnetic field (IMF Bz), and (d) interplanetary electric field
(IEF), during 22–24 June 2015.
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to 02:30 UT; after that, EEJ reached ~�50 nT (CEJ) and again turned to the positive value of ~50 nT. However,
a strong CEJ with its value of ~�145 nT is observed during ~06:00 UT. On the 24 June 2015, the CEJ is
observed around 06:00 UT. It is suggested that low-latitude electric fields can get enhanced/reduced since
the convection electric field enhances/drops suddenly associating with the IMF Bz turning
southward/northward. Rastogi and Patel (1975) suggested that CEJ at the equator can be due to the
reversal of penetrating electric fields. Similarly, EEJ strength can undergo strong fluctuations due to
disturbance dynamo effect during geomagnetic storms.

3.2. Latitude Variation of the Ionosphere as Seen by Chain of Ionosondes

In the previous figure, we explained about interplanetary and auroral activity conditions during June 2015
storm. Next, we will present its response in the equatorial and low-latitude ionosphere in Figures 4a–4e.
The figure gives a general overview of the latitude variation of the F region ionosphere during 22–24 June
2015. Here we are showing the impact of different phases of the magnetic storm on the low-latitude iono-
sphere. We will highlight some important results in this work. Figures 4a–4c show the variation of F region
virtual height (h’F) over Tirunelveli (equatorial), Hyderabad (low latitude), and Allahabad (low-latitude, EIA
northern crest region), respectively, while Figures 4d and 4e show the IMF Bz and EEJ strength variations dur-
ing 22–24 June 2015. It may be mentioned that the local time is 5 h 30 min ahead of UT. In Figures 4b and 4c,
green color lines indicate the F3 layers observed at Tirunelveli and Hyderabad stations on 22–24 June. We also
plotted the mean and its standard deviation of virtual height in Figures 4a–4c during five International Quiet
Days (IQDs) in June 2015 which is shown in blue curve. In the same figure, the black bold line indicates spread
F durations. The black curve in Figure 4e shows the five IQDmean variations of EEJ. During June 2015, the five
IQDs are 02, 03, 04, 05, and 20. It may be noted that the data gaps in h’F over all three stations are due to the
bad ionogram traces. From the figure, it can be seen on 22 June that initially h’F shows normal behavior over
all three stations, while IMF Bz varies its values between ±10 nT, and EEJ is showing EEJ/ CEJ signatures with its
value of ~�50 nT between 06:00 UT (11:30 LT) and 12:00 UT (17:30 LT). The first CME influence is not seen in
the figures.

Figure 3. The variation of (a) auroral electrojet (AE) index, (b) SYM-H, (c) EEJ strength, and (d) Kp index for the period of 22–24 June 2015.
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However, the 2nd CME that hits the Earth’s magnetopause at 18:30 UT on 22 June initiates geomagnetic
storm and its main phase occurs at 19:00 UT (00:30 LT). At the same time, h’F (virtual height) simultaneous
sharply started decreasing and reached its minimum value over all three stations that coincide with sudden
southward turning of IMF Bz and CEJ in Figure 4 (shaded region (1)). Immediately, sudden jump in h’F is
noticed over all three stations when Bz returned northward at 21:30 UT (03:00 LT) on 22 June.

During this period, auroral activity (AE) showed its maximum value of ~2,500 nT at 20:30 UT (02:00 LT) as can
be seen in Figure 3. This AE intensification suggests the strong prompt penetration of auroral electric field to
low latitudes due to the substorm activity during the storm time on 22 June. The reductions in h’F (~19:00 UT
(00:30 LT) could be due to the southward turning of IMF Bzwith the westward PPEF and enhancements in h’F

Figure 4. Temporal variation of ionospheric F region parameters (a) h’F in kilometers (red), and five IQDs mean value (blue) of h’F at ALD; (b) h’F in kilometers (red),
and five IQDs mean value (blue) of h’F at HYD; (c) h’F in kilometers (red) and five IQDs mean value (blue) of h’F at TIR; (d) IMF Bz; and (e) EEJ strength (blue),
and five IQDs mean value (black) of EEJ; bold black lines indicate spread F, and green color lines indicate the F3 layers (Figures 4b and 4c) over Indian region, during
22–24 June 2015.
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(~21:30 UT (03:00 LT)) due to the northward turning of IMF Bz with the PP eastward electric field, where this
westward/eastward PPEF will reduce/enhance the zonal electric field giving to the downward and upward
E × B drifts. On 23 June, in the second shaded region in the figure, h’F is showing a significant
enhancement compared to their quiet day average value during the recovery phase over all three stations
where the h’F reached its maximum value of ~500 km at TIR, ~510 km at HYD, and ~460 km at ALD at
20:30 UT (02:00 LT), which could be due to the eastward disturbance dynamo electric field. On the 24
June, virtual height (h’F) at Tirunelveli showing the normal behavior and does not reflect any storm effect.
However, at HYD and ALD stations, h’F height showed variation of tidal ion layer structures which are
slowly descending with time. Such structures are more common at these stations during summer period.
The tidal ion layers are believed to be generated by the tidal winds through the wind shear mechanism.
Though these layers could also be impacted by geomagnetic storms, however, we have not investigated
this aspect in this paper.

3.3. Spread F or Plasma Density Irregularities and foF2 Variations

Here we discuss about salient features of ionospheric density variations from all three stations. Figures 5a–5c
show the foF2 (critical frequency of F2 layer) variations at three equatorial and low-latitude stations during
22–24 June 2015 over Indian region. Here the blue curve with scatter bars indicate the five IQDs mean varia-
tion of foF2 at respective stations and green color circles represent the critical frequency of F3 (foF3 (MHz))
layers over the equatorial and low-latitude stations. As can be seen, on the 22 June, the foF2 value increases
at ~02:30–13:00 UT (08:00–18:30 LT) in the equatorial station at TIR, while its value decreases at
~03:00–07:00 UT (08:30–12:30 LT) in HYD and at ~02:30–13:00 UT (08:00–18:30) in ALD compared to
their quiet days mean value. On 23 June, foF2 values significantly increased at two stations over TIR
(~02:30–11:30 UT (08:00–17:00 LT) and HYD (02:30–03:30) and 09:30–14:30 UT (08:00–09:00 LT)) but at the
ALD foF2 values decreased ~02:30–14:00 UT (08:00–19:30 LT). On the 24 June, there is a significant reduction
in foF2 where it reduced its minimum value to 6 MHz with respect to its quite time average value at
~03:10–09:40 UT (08:40–15:10 UT) over ALD and HYD ~03:50–09:00 UT (09:20–14:30 UT). After the

Figure 5. The temporal variations in (a) foF2 (magenta) and five IQDs mean (blue) of foF2 at ALD, (b) foF2 (magenta) and five IQDs mean (blue) of foF2 at HYD, (c) foF2
(magenta) and five IQDs mean (blue) of foF2 at TIR and green color circles indicate foF3 (critical frequency of F3 layer) during the 22–24 June 2015.
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decrement in foF2 sudden increment over both stations reach its maximum value ~12 MHz, while over the TIR
during this period no such kind of decrement in foF2 is noticed. This enhancement and decrement in foF2
shows the positive and negative ionospheric storm effects which are related to electric field disturbances.
On the 22 June, the spread F was present at ~00:00–02:00 UT (05:30–08:00 LT) at TIR/HYD but spread F is
seen at ~16:00–21:30 UT (21:30–03:00 LT) only at HYD station. However, on 23 June, the spread F is
observed only at the low-latitude stations at Allahabad ~19:10–21:50 UT (00:40–03:20 LT) and Hyderabad
~18:50–22:50 UT (00:20–04:20 LT) but not at Tirunelveli.

3.4. Latitudinal Variation of GPS TEC During 22–23 June 2015

To investigate the temporal and latitudinal variation of TEC, we investigated the TEC variations using GPS TEC
maps during this storm period. Figures 6a–6c show the temporal and latitudinal variation of TEC, ΔTEC, and
EEJ strength, respectively, during 22–24 June 2015. Here ΔTEC = (TEC� TECIQDsM) are the absolute difference
of TEC from the reference of five International Quiet Days mean value (TECIQDsM). As can be seen in the
Figure 6, the equatorial ionization anomaly (EIA) significantly suppressed, two crest of EIA were absent on
22–24 June. On the 22 June, EIA is suppressed and partially shifted to the Northern Hemisphere up to
0°–35° geographic latitude at ~05:30–11:30 UT (11:00–17:00 LT). This suppression of EIA/absent of crest
formation/ negative ionospheric storm effect is due the westward electric field on this day, which we
can see clearly in the Figure 5c that EEJ is showing strong westward electric field (CEJ). In Figure 6b, the
ΔTEC shows a significance enhancement in the Northern and Southern Hemispheres. The ΔTEC enhance-
ment in the Southern Hemisphere is higher than the Northern Hemisphere between ~03:00 and 12:00 UT

Figure 6. The (a) latitudinal and temporal variation of TEC (contour map); (b) ΔTEC = (TEC � TECIQDsM); TECIQDsM is the five IQDs mean variation during the June
month, over 80°E longitude using GPS TEC data provided by MIT Haystack Observatory Madrigal database; (c) EEJ strength (blue) and five IQDs mean value (black).
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(08:30–17:30 LT), while the ΔTEC value is higher in Northern Hemisphere between ~13:00 and 16:00 UT
(18:30–22:00 LT) on 23 June. This enhancement and suppression in the TEC values are similar to multiple
counter electrojet (CEJ) occurring on this day. During the daytime on 24 June, EEJ has a minimum value of
~�40 nT at 06:00 UT (11:30 LT); after that, the EEJ went up to ~30 nT. This westward EEJ is mostly
observed due to the DDEFs. The suppression of EIA and negative ionospheric storm in the Northern
Hemisphere on the 24 June is due to the strong westward DDEFs.

3.5. Disappearance of Esq Layer and Its Relation to EEJ and Isofrequency Variations

As seen in the earlier figures, temporal variation of EEJ strength during main phase of the storm fluctuates
between positive/negative strength in association with prompt penetration of high-latitude electric fields.
These fluctuations are believed to be associated with south/northward orientations of the IMF Bz activity.
It is observed that equatorial q type Es layers are suppressed whenever disturbed time/quiet time CEJ
events are dominant over equator. In order to study the association of Esq linked with storm time CEJ
events, we analyzed temporal variation of Esq layers over TIR which is shown in Figures 7a–7d. In the figure,
we plotted the temporal variation of (a) virtual height (h’Es (km)) of Es layer (black), frequency of Es layer (foEs
(MHz)), (b) IMF Bz, (c) EEJ strength, and (d) isoheight variation at 250–375 km over Tirunelveli during the 23
June. The observations indicate that there was disappearance of Esq layers whenever CEJ occurrence is
observed. Also, isoheight variations show variations similar to EEJ/CEJ fluctuations. This suggests that there
is a good correlation between CEJ occurrence and absence of Esq and altitude variation of F layer
over Tirunelveli.

Figure 7. The (a) virtual height (h’Es (km)) of Es layer (black); frequency of Es layer (foEs (MHz)). Blue color lines indicate the
disappearance of Es layer duration. (b) Variation of IMF (Bz). (c) EEJ strength variations. (d) Isoheight variation over
Tirunelveli, during the 23 June.
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3.6. Traveling Ionospheric Disturbances in the foF2, h’F (km), and TEC

It is known that Joule heating is generated when auroral currents flow along the longitudinal conductivity
gradients during intense geomagnetic storm activity. Due to this Joule heating, traveling ionospheric distur-
bances (TIDs) and equatorward meridional winds that propagate to equator are produced. In order to study
the TID signatures during the present storm, we plotted the ionosonde height variations at four frequencies,
namely, 5, 6, 7, and 8 MHz as obtained from all three stations in Figures 8a–8c. To better understand the oscil-
latory characteristics at different stations, isoheight analysis between 250 and 375 km heights with a 25 km
range resolution at all three stations are also plotted in Figures 9a–9c. From the figures, it may be noticed that
we are observing first density peak in Figure 8 at low-latitude station at Allahabad and the same variations are
seen after ~1.5 h delay over Hyderabad and 2.5 h delay at Tirunelveli. The horizontal phase propagation of
traveling ionospheric disturbances (TIDs) as calculated from the time delays is works out to be ~200 m/s from
Allahabad to Hyderabad and ~300 m/s from Hyderabad to Tirunelveli based on the distances between
Allahabad, Hyderabad, and Tirunelveli, respectively. As also can be seen from previous Figure 5 through
shaded region in green that the foF2 shows the oscillatory behavior in their temporal variation over all three
stations between ~02:30 and 13:30 UT (08:00–19:00 LT) on 23 June similar to Figures 8 and 9. These oscillatory
disturbances in electron density are due to the role of meridional neutral winds and traveling ionospheric
disturbances (TIDs) from the high-latitude disturbances toward the equator. During the magnetic storm time
due to the high auroral activity and joule heating, it is possible that the TIDs could have propagated to low
latitude from high latitude.

Figures 10a–10c show the diurnal variation of vertical TEC variations over Nagpur, Mumbai, and Tirunelveli
stations during 23 June 2015. Here the different colors indicate different PRN (Pseudo-Random Number)
numbers. Elevation threshold of 30° is applied while plotting these TEC values. From the figure, it can be
noticed that while TEC values sharply increases to 40 TEC units at 04:00 UT after sunrise in the morning at

Figure 8. The temporal variation of isodensity plot at (a) Allahabad (6–8 MHz), (b) Hyderabad (5–8 MHz), and (c) Tirunelveli (5–8 MHz) stations. The black lines indi-
cate phase velocity.
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Tirunelveli than over Nagpur/Mumbai stations at similar times. After that, TEC values are more like plateau at
Tirunelveli with some fluctuations in TEC up to 14:00 UT. However, TEC values slowly increases in the morning
at Hyderabad/Allahabad and they appear to be linearly varied with time up to 12:00 UT. However, there exists
large-scale wave-like fluctuations in TEC in both Mumbai and Nagpur stations, however, with some phase
delay between these stations. The observations suggest that these delays appear to be related to TIDs as
noticed in ionosonde observations. After 12:00 UT, TEC is increased very much over Nagpur and Mumbai
station than that of TIR station. After 14:00 UT, TEC sharply fell down to 10–15 TEC units over Tirunelveli
than Mumbai/Nagpur stations. Based on these observations, we can suggest that clearly TIDs do
propagated to low latitudes on 23 June as can be seen in the Figures 6–9 with some time delay between
~02:30 and 13:30 UT (08:00 19:00 LT).

3.7. Periodogram Analysis of Solar Wind/Ionospheric Parameters

It is always difficult to delineate variations of electric field, waves, and neutral wind signatures without per-
forming periodogram analysis. To identify different periods and their sources, we performed periodogram
analysis on the data. Figures 11a–11f shows the variation of IMF Bz, AE index, and EEJ strength and their fast
Fourier transform analysis (periodogram) during 07:00 to 14:00 IST (Indian standard time) on the 23 June.
Similarly, Figures 12a and 12b shows the foF2 variations at TIR/HYD/ALD and their periodogram analysis dur-
ing 07:00–14:00 IST. In Figures 11 and 12, blue color circles indicate the dominant periods which are the same
in IMF Bz, AE, EEJ, and foF2. It is clear from the figure that the dominant periods in IMF Bz are ~40, 70, and
90 min; in EEJ are ~40, 70, and 110 min; and in AE index are ~40, 70, and 140 min. In the Figure 12, the domi-
nant periods are ~70, 90, and 160 min. Here we can see that the multiple periodicities and some common
significant periodicities (< 70 min) are present in all parameters (IMF Bz, AE, EEJ, and foF2). From the
Figures 11 and 12, we can notice that the IMF Bz, AE index, foF2, and EEJ show the periodic oscillations at
(<70 min) periods (in blue circle) and larger periods (>2 h). Periodogram analysis of equatorial and low-

Figure 9. The variation of isoheight (km) plot at (a) Allahabad (275–375 km), (b) Hyderabad (250–375 km), and (c) Tirunelveli (250–375 km) stations.
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latitude ionospheric data suggest that the shorter periods (~70 min) are found to be associated with IMF Bz
variations while larger periods (> 2 h) are found to be associated with the high-latitude auroral activity. Some
of the observed periods are well correlated with the auroral variations and ionospheric parameters (foF2 and
EEJ) of similar periods, which indicate the ionospheric effects are associated with some channel of energy
penetration from the interplanetary space and magnetosphere.

4. Discussions

The important points that emerge from the previous section can be summarized as follows: (1) the strong
PPEF penetrate simultaneously right from the equator to low latitudes with reduction/enhancement in the
virtual height simultaneously over ALD, HYD, and TIR due to the penetration of westward/eastward electric
fields in the undershielding and overshielding conditions; (2) strong F3 layer occurrence during storm main
phase; (3) suppression of midnight spread F during westward penetration in contrast to European sector;
(4) traveling ionospheric disturbances (TID) signatures which are seen initially at low latitudes as propagated
from midlatitudes possibly associated with high-latitude auroral activity and appears to be propagating to
the equator; (5) appearance/disappearance of Esq layers at Tirunelveli in association with storm time
EEJ/CEJ variations; (6) negative/positive storm effects in the TEC; (7) pre-sunrise spread F observations at
low-latitude stations, namely, Hyderabad and Allahabad but absence of spread F at equatorial station,

Figure 10. The variations of GPS TEC over Indian stations (a) Nagpur, (b) Mumbai, and (c) Tirunelveli during 23 March 2015.
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namely, Tirunelveli; (8) periodogram analysis of EEJ strength and electron density structures indicating
existence of distinct (a) short-period (< 70 min) and (b) long-period (> 2 h) oscillations.

In order to understand these results and their relation to earlier storms, we have to understand storm time
equatorial dynamics. It is known that significant compositional and electrodynamical changes occur in the

equatorial and low-latitude ionosphere during disturbed periods due
to changes in the thermosphere-ionosphere brought in by the dis-
turbed thermospheric neutral winds and high-latitude Joule heating.
The prompt penetration electric field occurs in the low-latitude region
during the sudden southward (undershielding electric field) or north-
ward (overshielding electric field) turning of the interplanetary mag-
netic field (IMF Bz) (Abdu et al., 1998, Fejer et al., 1995; Kikuchi et al.,
1996; Sastri et al., 1992). The observations of reduction and enhance-
ment in virtual height in the midnight sector on the 22 June 2015 over
several Indian stations is believed to be due to undershielding and
overshielding convection electric field. An earlier report by Ramsingh
et al. (2015) showed the eastward PPEFs during evening sector on St.
Patrick’s Day geomagnetic storm where it is observed that strong
upward vertical drift of ~70 m/s produced large TEC gradients, strong
ionospheric scintillations, and plasma bubbles over wide latitudes over
Indian region. In addition, large equatorward surge of meridional winds
and zonal westward drifts is noticed in their observations. However, the
results presented in this paper are in contrast to St. Patrick’s Day storm
where we see suppression of plasma bubbles over Indian sector. Since
our drift data are contaminated by noise due to non–spread F event,
we were unable to examine the zonal drift direction and its magnitude.
On the other hand, Cherniak and Zakharenkova (2016) have reported
intense plasma bubble of equatorial origin reaching to midlatitudes
in the European sector in the dusk sector for the 22–23 June storm

Figure 12. (a) The variation of foF2 over Tirunelveli (red), Hyderabad (green),
and Allahabad (blue); (b) periodogram of foF2 of Tirunelveli (red), Hyderabad
(green), and Allahabad (blue); blue color circle indicates the dominant
periods during the 23June 2015.

Figure 11. The Bz, AE, and EEJ variations and their periodogram (a) interplanetary magnetic field (Bz), (b) AE, (c) EEJ, (d) periodogram of Bz (red), (e) AE index (black),
and (f) EEJ strength (red) and blue color circles indicate the dominant periods during the 23June 2015.
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using several GPS receivers in association with SWARM satellites. They suggested that their results of equa-
torial type plasma bubbles observed at midlatitudes possibly due to eastward penetration of electric fields
on 22 June storm and caused strong upward drift such that the plasma bubbles map to midlatitudes.
Theoretically, it is possible that equatorial plasma bubbles can reach to midlatitudes through super fountain
effect; we believe that this is for the first time such report is made available through observations. However,
we observed suppression of F layer height to ~200 km altitude sharply. This suggests that there exists a
strong longitudinal variation in this storm. Since this storm is observed during June solstice where usually
weak vertical drifts prevails, downward drift of F layer over equator to this storm is not significant as com-
pared to 15 July 2000 storm where downward drift of ~215 km/h is noticed by Sastri et al. (2002).
However, since plasma drifts are seen in the midlatitudes over European longitude during this storm, the ver-
tical drifts during PRE could have been enhanced to several orders with reference to quiet time drifts. Sastri
et al. (2000) have shown drastic reduction of F layer height simultaneously at several Indian stations at mid-
night period for the 15 July 2000 storm and suggested that reduction of F layer height is associated with
westward penetration under eastward DD electric fields. They suggested that the westward penetration is
associated with impulsive ring current injections. On the other hand, Basu et al. (2001) have shown that east-
ward penetration of electric fields in association with IMF Bz turning southward over South Atlantic region
using ROCSAT satellite along with scintillations and TEC observations for the same geomagnetic storm. For
this storm, initially, since AE index was very high (~1000 nT), the disturbance dynamo caused westward drifts
in the evening sector, but due to IMF Bz turning southward in the midnight sector over South Atlantic, it pro-
duced strong upward drifts and caused strong VHF/L band scintillations.

Study of storm time disturbance dynamo electric field effects at equator by Blanc and Richmond (1980)
have indicated that disturbance dynamo electric fields will be eastward during nighttime, while they are
westward during daytime. In fact, Basu et al. (2001) showed that disturbance dynamo impacted first during
the storm and later the prompt penetration of high-latitude electric fields when the disturbance dynamo
effect was alive in the dusk sector. Though 22–23 June storm is not as strong as that of 15 July 2000 storm
in terms of Dst index, however, many interesting similarities have been noticed. During this storm also, initi-
ally, AE index reached to ~1,000 nT due to first CME arrival. So intense auroral activity might have gener-
ated disturbance dynamo electric fields and winds which might have impacted the equatorial latitudes in a
similar way as that of 15 July 2000 storm. Keskinen et al. (2003) have studied the evolution of equatorial
ionospheric bubbles during a large increase of auroral electrojet (AE) index in the recovery phase. They
have found that the storm time plasma bubble evolution is different from that of quiet time. Based on
SAMI2 model and observations, they suggested that reduction of E region conductivity increases the
storm time vertical drift that distinguishes the large AE increase during recovery phase of the storm time.
Since we observed downward drift in our observations, it is possible that E region conductivity might
have enhanced.

It is known that enhancement in the foF2 as compared to that of quiet time variation is considered as positive
storm, while decrease of foF2 is considered as negative storm. Several authors have investigated the case stu-
dies of positive and negative ionospheric storm effects by taking the topside and bottomside ionosphere
using the GPS-TEC and ground-based ionosondes (e.g., Zhao et al., 2012). In addition, there exists a prefer-
ence for negative storms in summer hemisphere and positive storms in winter hemisphere. Fuller-Rowell
et al. (1996) explained this preferential positive/negative storms in summer/winter hemisphere using a
three-dimensional time-dependent model of the coupled thermosphere and ionosphere. Their results sug-
gest that prevailing summer-to-winter circulation transports the molecule-rich gas to middle and low lati-
tudes in the summer hemisphere in a day or two following the storm at solstice. However, in the winter
hemisphere, poleward winds restrict the equatorward movement of composition. The altered neutral-
chemical environment in summer subsequently depletes the F region midlatitude ionosphere to produce
a negative storm, while in winter midlatitudes a decrease in molecular species, associated with downwelling,
persists and produces the characteristic positive storm. Kil and Paxton (2006) have studied the global TEC
maps during 15 July 2000 storm which also falls in June solstice as our storm and suggested that seasonal
effects can be characterized by negative ionospheric storm (decrease in plasma density) in the summer
(northern) hemisphere, while pronounced positive ionospheric storm (increase in plasma density) in the win-
ter (southern) hemisphere. Our observations of decrease of ΔTEC in the Northern Hemisphere and increase of
ΔTEC in the Southern Hemisphere do suggest similar results.
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Astafyeva et al. (2016) have studied the ionospheric response to this storm using Swarm satellites. Their
observations indicated that dayside ionosphere experienced a strong negative ionospheric storm effect from
~22 UT of 22 June to ~1 UT of 23 June, while on the nightside an extreme enhancement of the topside TEC
occurred at midlatitudes of the Northern Hemisphere. The EEJ strength variations as obtained from the
Swarm data indicates that penetration of storm time electric fields could be the main driver of the observed
ionospheric effects in the main phase of the storm. In their observations, the dayside ionosphere first
responded to the strong eastward equatorial electric fields and then penetration of westward electric fields
led to decrease of the plasma density on the dayside in the topside ionosphere. However, on the nightside,
they suggested that extreme enhancement of the Ne and TEC in the Northern Hemisphere in the topside
ionosphere are possibly due to the combination of the prompt penetration electric fields, disturbance
dynamo and the storm time thermospheric circulation. Our observations of fall and assent of F layer height
in the midnight period in our observations where we observed strong westward and eastward penetration
during nighttime in contrast to their observations.

On 24 June 2015, day under slow recovery phase, we observed sudden increase in the virtual height during
pre-sunrise led to spread F at Hyderabad and Allahabad. However, we did not observe any spread F observa-
tions at Tirunelveli, an equatorial station. Since during recovery phase, large chemical and compositional
changes occur due to equatorward surge of high-latitude winds/waves, it is possible that they can generate
density gradients which are possibly producing observed midlatitude type spread F. This type of possibility
does exist during summer season where usually equatorial evening Pre-Reversal Enhancement (PRE) is very
low. Most of the times, we observe spread F in the postmidnight where generation mechanism is still under
investigations. While some believe that postmidnight height increase is prerequisite condition, others believe
that these are generated in the midlatitudes through E region polarization electric fields and might propa-
gate to low latitudes through neutral winds.

In our observations, further, the foF2 shows wave like disturbances between at ~02:30 to 13:30 UT (08:00 19:00
LT) on 23 June during daytime over the all three stations, namely, ALD, HYD, and TIR. The wave-like distur-
bances possibly associated with TIDs which are generated by the auroral substorm activity. Turunen and
Mukunda Rao (1980) reported that the wave-like disturbances in the foF2 associated with the high-velocity
traveling atmospheric disturbances (TADs). Lima et al. (2004) suggested that the wave-like disturbances dur-
ing geomagnetic storms may be associated with the substorm activity when the AE index increased. The sub-
storm activity represents the energy injection from the high latitude to low latitudes. Several authors have
pointed out that the storm time suppression in the foF2 at midlatitude locations are due to the increase in
chemical lose trough by the thermospheric composition changes because of modification in the global ther-
mospheric circulation due to the heating in auroral region (e.g., Matuura, 1972; Prolss, 1977; Rishbeth, 1975;
Sastri & Titheridge, 1977). Storm time disturbances affect the occurrence of plasma density and redistribution
of ionospheric plasma in the equatorial and low-latitude ionosphere through electric fields, winds/waves, and
associated chemical composition change (e.g., Abdu, 1997; Bagiya et al., 2011; Basu et al., 2005; Sastri et al.,
2000). During the storm time, separating bottomside and topside ionosphere would be very useful to inves-
tigate the ionospheric responses to PPEFs and DDEFs (Kuai et al., 2017). Bagiya et al. (2014) presented in their
study over the low latitude that the prompt penetration electric field play an important role for enhancement
in global [O/N2] ratio, where the atomic oxygen is directly responsible for the production of the plasma at the
F region height. They also reported that in their observations, the TEC and foF2 enhanced in the EIA crest
region (Northern Hemisphere) at low latitude. The disturbance dynamo during the recovery phase of the
magnetic storm has been known to cause the suppression of daytime equatorial ionization anomaly
(Sastri, 1988). On 23 June SYM-H value reached its minimum value of ~�200 nT at 04:30 UT (10:00 LT).
After that the recovery phase started, in the recovery phase all solar wind conditions were constant during
23–24 June. The plasma density variations and composition changes in equatorial ionosphere primarily
affected by the F region vertical plasma drift, plasma generation, and evolution of plasma structure such as
equatorial ionization anomaly (EIA) and ionospheric irregularities (ESF) (e.g., Abdu et al., 1981, 2008; Basu
et al., 2005, 2009; Fejer et al., 1999; Mannucci et al., 2005). Significant suppression in foF2 during recovery
phase suggest the negative ionospheric storm effect at the low-latitude station at Allahabad and
Hyderabad while the positive ionospheric storm effect over the Tirunelveli on 24 June.

The periodogram analysis of IMF Bz, AE index, EEJ, and foF2 variations as shown in the Figures 11 and 12
suggests that shorter periods <70 min (in blue circle) are seen in all the parameters indicating that they
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are driven by PP electric field variations. However, there is no correlation of larger periods of EEJ or
foF2 with either IMF Bz or AE index. So, accordingly, larger periods of more than 2 h as seen in foF2 are
found to be associated with either disturbance winds or DDEFs. It may be recalled that we have seen first
peak of the density variation observed at the low-latitude station at Allahabad and after ~1.5 h delay with
horizontal phase propagation velocity ~200 m/s reached over the Hyderabad. The similar density varia-
tion at the Tirunelveli reached after ~2.5 h delay with phase propagation velocity of ~320 m/s from
Hyderabad. Since we see some correlation between one station to other with a time delay, we believe
that they could be related to TIDs. However, we do not have any direct evidence to prove that they
are related to TIDs.

It is known that EEJ strength undergoes large EEJ/CEJ variations during geomagnetic storms. These varia-
tions can be attributed to either the disturbance dynamo electric fields or the overshielding condition.
Under overshielding condition, the CEJ is believed to be due to abrupt change in IMF Bz from southward
to northward. When the IMF turns northward abruptly, the R1 current abruptly decreases. However, the
Region 2 current decreases gradually. This asymmetric change in R1 and R2 currents produce CEJ variations.
However, Wei et al. (2009) and Hashimoto et al. (2011) have demonstrated that the overshielding condition
can also be achieved after a substorm onset without northward turning of the IMF. The penetration of mag-
netospheric electric fields to the magnetic equator has been investigated using ground magnetic data along
with ionosonde data over Indian sector by Veenadhari et al. (2010). They attributed simultaneous appear-
ance of enhanced DP2 currents and counter electrojets (CEJ) during the main and recovery phases to
prompt penetration of electric fields from the high latitudes. Their results suggest that the magnitude of
the equatorial ionospheric currents driven by the penetrating electric fields is very much dependent on
ionospheric conductivity which again depends on local time. Also, they have seen enhancement of equator-
ial ionization anomaly (EIA) during the main phase under undersheilding electric fields but reduction of EIA
during strong CEJ due to oversheilding electric fields during the recovery phase. On 23 June morning 08:00
IST onward, we see EEJ/CEJ variations even though IMF Bz is steadily in southward direction. Examination of
these CEJ variations suggests that they are not linked with IMF Bz. It is possible that the CEJ variations that
are not associated with IMF Bz may be associated with Region 2 currents as it is believed that reconfiguration
of near-Earth magnetosphere during substorm expansion phase can also generate westward electric fields
and CEJ events. However, in one of the CEJ episodes in our case, we have seen simultaneous observation of
northward turning of IMF Bz and CEJ event which can be associated with oversheilding electric fields. But in
our observations, we do not see any northward turning of IMF Bz after its prolonged southward orientation
to cause CEJs over equator. However, we do believe that oversheilding condition might have been achieved
through substorm onset to cause multiple CEJ events in the current storm. The AE activity also shows that
such possibility do exists. On the other hand, disappearance of equatorial q type Es layers over equator dur-
ing storms is believed to be again due to the imbalance between R1 and R2 currents and has been thor-
oughly investigated in the past by Rastogi and others. Rastogi (1973) suggested that equatorial q type Es
layers disappear simultaneously with the occurrence of DP2 depression in the equatorial geomagnetic
fields. They attributed this to temporary reversal of equatorial electric fields from eastward to westward
due to DP2 electric fields. In fact, there is a direct linear correlation between equatorial drifts and IMF Bz
component (Rastogi & Chandra, 1974). They suggested that sudden reversal of equatorial electric fields
have been closely associated with sudden reversal of IMF Bz from southward to northward direction. The
presence/absence of the equatorial Esq layers is explained with the help of gradient drift instability.
During EEJ currents where both Hall polarization field and density gradients are upward, it is possible to
observe Esq layers in the ionograms. However, during CEJ events, when Hall field becomes downward but
becomes opposite to density gradient which is upward, it inhibits excitation of gradient drift instability lead-
ing to disappearance of equatorial Esq. Based on such results, pervious investigators have suggested that
there is a good correlation between storm time CEJ occurrence and absence of equatorial q type Es layers.
Our observations of disappearance of equatorial q type Es layers during CEJ events do indicate that Es layers
are indeed affected by the storm time electric field changes. On the other hand, isoheight plots presented
here do suggest that F layer density variations at shorter periods appears to be associated with EEJ/CEJ
variations that are believed to be due to PP electric fields linked with IMF Bz/AE activity, while larger periods
could be associated with storm time DDEFs or equatorward propagation of high-latitude disturbances
such as TIDs.
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5. Summary

We studied the electrodynamical changes in the equatorial and low-latitude ionosphere to 2nd major geo-
magnetic storms (Dst min ~�200 nT) of the current solar cycle that occurred on 22/23 June 2015 due to dou-
ble CMEs using chain of ionosondes and GPS receivers over India.

The main findings of the study are as follows:

1. The observations suggest near simultaneous penetration of undershielding and overshielding electric
fields during 19:30 UT and 20:30 UT at (local midnight) over Tirunelveli, Hyderabad, and Allahabad on
the 22 June 2015 in association with southward/northward IMF Bz fluctuations that caused abrupt
decrease of virtual height (h’F (km)) to ~200 km due to the strong westward PPEFs and increase to
500 km due to eastward PPEFs near simultaneously over the all three stations.

2. Suppression of spread F is observed during westward penetration over Indian sector simultaneously super
plasma bubbles were observed in European longitudes where the equatorial type bubbles were detected
even at midlatitudes.

3. On 23 June, strong F3 layers were observed simultaneously at Tirunelveli/Hyderabad in association with
IMF Bz which is distinctly different than other days. Further analysis revealed the enhancement of h’F
(km) at all three ionosonde stations simultaneously at 20:30 UT on 23 June during recovery phase linked
to DDEFs.

4. Appearance/disappearance of Esq-type layers at equator during EEJ/CEJ events are linked with storm time
electrodynamical changes on 23 June 2015.

5. Our observations of decrease of ΔTEC in the Northern Hemisphere and increase of TEC in the Southern
Hemisphere do suggest that our results are similar to model simulations.

6. Interestingly, we noticed early morning spread F observations at Hyderabad/Allahabad which is devoid of
equatorial spread F at Tirunelveli indicates possibility of midlatitude type spread F generation at low
latitudes possibly generated due to TID propagation.

7. On 24 June, we observed strong negative storm effect over Allahabad/Hyderabad and positive storm
effect in Tirunelveli wherein decrease of electron density is observed at Allahabad/Hyderabad and
increase of density over Tirunelveli.

8. The oscillatory behavior in the foF2, h’F (km), and TEC is noticed during both main and recovery phases.
Periodogram analysis of these variations revealed presence of shorter periods (<70 min) and larger
periods (>2 h).

9. Based on the our analysis, we suggest that shorter period fluctuations as seen in foF2 are primarily caused
by prompt penetration electric field (PPEF) fluctuations, while larger period fluctuations are mainly caused
by disturbance winds and TIDs or DDEFs.
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