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Abstract The occurrence of St. Patrick's Day (17 March) geomagnetic storms during two different years
(2013 and 2015) with similar solar flux levels but varying storm intensity provided an opportunity to
compare and contrast the responses of the ionosphere‐thermosphere (IT) system to different levels of
geomagnetic activity. The evolution of positive ionospheric storms at the southern polar stations Bharati
(76.6°S MLAT) and Davis (76.2°S MLAT) and its causative connection to the solar wind driving mechanisms
during these storms has been investigated in this paper. During the main phase of both the storms,
significant enhancements in TEC and phase scintillation were observed in the magnetic noon/ midnight
period at Bharati and Davis. The TEC in the midnight sector on 17 March 2015 was significantly higher
compared to that on 17 March 2013, in line with the storm intensity. The TEC enhancements during both
the storm events are associated with the formation of the storm‐enhanced densities (SEDs)/tongue of
ionization (TOI). The strong and sustained magnetopause erosion led to the prevalence of stronger storm
time electric fields (prompt penetration electric field (PPEF)/subauroral polarization streams (SAPS)) for
long duration on 17 March 2015. This combined with the action of neutral winds at midlatitudes favored the
formation of higher plasma densities in the regions of SED formation on this day. The same was weaker
during the 17 March 2013 storm due to the fast fluctuating nature of interplanetary magnetic field (IMF) Bz.
This study shows that the duration and extent of magnetopause erosion play an important role in the
spatiotemporal evolution of the plasma density distribution in the high‐midlatitude ionosphere.

1. Introduction

The origin of geomagnetic storms and their impact on geospace has been studied by many in the past
(Buonsanto, 1999; Elphinstone et al., 1996; Foster, 2008; Gonzalez et al., 1994; Prölss, 1995). While a large
volume of literature describing the quiet and disturbed time behavior of the northern high latitudes is avail-
able, limited accessibility has contributed to sparse observational capability in the Southern Hemisphere.
Nevertheless, a great deal of information has been collected using ground‐ and satellite‐based observations,
and a general understanding of the sequence of events that affects the high‐latitude ionosphere during mag-
netically disturbed times has been achieved. The magnetic field that connects the high‐latitude ionosphere
to the magnetosphere allows the direct entry of particles of solar wind and magnetospheric origin into the
polar ionosphere during quiet/disturbed times. The intensity of these processes enhances during periods
of southward interplanetary magnetic field (IMF) which is a necessary condition for the magnetopause ero-
sion (Aubry et al., 1970; Meng, 1970). Dayside reconnection results in the redistribution of magnetic flux and
strengthening of the magnetospheric convection electric fields and field‐aligned currents, leading to polar
cap expansion and equatorward movement of the auroral oval (Le et al., 2016). The high‐latitude ionosphere
is also affected by the magnetic substorms (Elphinstone et al., 1996). The ionospheric convection and the
dynamics of the polar cap during the growth and expansion phase of substorms agree well with the
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expanding/contracting polar cap (ECPC) paradigm (Clausen et al., 2013;
Cowley & Lockwood, 1992; Lockwood & Cowley, 1992).

Energy input into the polar ionosphere in the form of particle precipita-
tion, enhanced electric fields and currents, maximizes during the main
phase of the storm and decreases during the recovery phase (Schunk &
Nagy, 2000). Owing to the enhanced input of energy and momentum,
numerous processes are triggered in the terrestrial ionosphere‐thermo-
sphere (IT) system that lead to either positive (enhancements in the
plasma density) or negative (depletion of the plasma density) ionospheric

storms in the polar ionosphere (Prölss, 1995). The negative ionospheric storms observed in the polar cap iono-
sphere are often associatedwith the composition disturbances originating from the enhanced joule heating of
the polar atmosphere (Buonsanto, 1999; Prölss, 1995). The storm‐induced joule heating of the polar atmo-
sphere causes thermospheric expansion and large vertical flows (Prölss, 1995; Yeh et al., 1991).
Consequently, the mean molecular mass of the thermosphere increases, and subsequently, the loss rates of
the electrons is enhanced, resulting in a negative ionospheric storm. This depletion in the electron density
is further amplified by the strong electric fields as they affect the ion reaction rates at high temperature
(Rodger et al., 1992; St‐Maurice & Torr, 1978).

However, when a geomagnetic storm is in progress, significant amounts of ionization (positive ionospheric
storms) are observed in the polar cap ionosphere even during the winter time (Foster, 2008; Prölss, 1995;
Shreedevi et al., 2019). The positive ionospheric storms over the polar cap ionosphere during the main phase
of geomagnetic storms are often associated with soft particle precipitation and the formation of the
storm‐enhanced densities (SEDs)/tongue of ionization (TOI) (Correia et al., 2017; Mitchell et al., 2005;
Shreedevi et al., 2019). The TOI is a large‐scale structure of high‐density plasma extending from the noontime
cusp region across the polar cap in the noon‐midnight direction. The SEDs that are formed at the lower lati-
tudes through a complex interplay of storm time phenomena involving electric fields and neutral winds are
known to be the source of the polar TOI (Foster, 2008; Lui, Wang, Burns, Yue, et al., 2016; Lui, Wang, Burns,
Solomon, et al., 2016). Although the formation and evolution of ionospheric plasma structures like the SEDs
and TOI have been studied for the past few years, there is not yet a single point of view regarding themechan-
isms that drive the positive ionospheric storms in the high‐midlatitudes. Because the degree of response of the
ionosphere differs based on the state of themagnetosphere‐ionosphere‐thermosphere (MIT) system, which is
partially controlled by factors like time of day, year, and solar cycle, there has been limited opportunity in the
past to directly compare and contrast the causative mechanisms that lead to the generation of positive iono-
spheric storms. In this context, the St. Patrick's Day storms of 2013 and 2015 provide us an opportunity to
understand how the IT system responds to two distinct space weather events of different intensities, occur-
ring during similar background conditions (listed in Table 1) and nearly identical commencement times.

The St. Patrick's Day storm of 2015, the largest storm of the 24th solar cycle with Disturbance storm time
(Dst) index reaching a minimum value of −238 nT, gathered immense interest among researchers and has
been a subject of several investigations. Impact of an unusually intense magnetic storm on the near Earth
space environment was the main focus of these studies (Astafyeva et al., 2015; Cherniak & Zakharenkova,
2016; Joshi et al., 2016; Le et al., 2016; Nava et al., 2016; Ramsingh et al., 2015; Tulasiram et al., 2015;
Yadav et al., 2016; Wei, Yu, Ridley, et al. 2019; Wei, Yu, & He, 2019). Strong magnetopause erosion was
shown to lead to significant changes in the magnetosphere during this severe geomagnetic storm (Le et al.,
2016). Storm‐induced changes in the neutral winds and composition played an important role in the spatial
evolution of the polar TOI during this storm (Klimenko et al., 2019). Interhemispheric asymmetry in the
storm response studied using SWARM satellite and GPS‐TEC measurements (Cherniak & Zakharenkova,
2016) showed that the plasma density enhancements/irregularities associated with the SEDs/TOIs were
more pronounced in the southern high‐midlatitude ionosphere during 17 March 2015. Differences in the
magnetic field geometry, changes in the O/N2 ratio, and IMF By components were surmised to give rise to
the hemispheric asymmetries in the ionospheric response (Astafyeva et al., 2015).

In the same solar cycle, another intense storm (minimumDst∼−130 nT) occurred on the St. Patrick's Day of
2013. Large enhancements in magnetic field associated with substorm injections were observed using Van
Allen Probes (Foster et al., 2013). The sharp fluctuating IMF Bz on this day led to a counter electrojet‐like

Table 1
Geomagnetic Conditions on 17 March 2013 and 2015

Parameter 17 March 2013 17 March 2015

F10.7 index 118 126
Commencement time 0600 UT 0445 UT
Minimum Dst −130 nT −223 nT
Duration of main phase 14 hr 17 hr
Peak AE 2,700 nT 2,200 nT
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condition at the dip equator and resulted in a positive ionospheric storm
impact throughout the equatorial and low‐latitude ionospheric region
(Shreedevi & Choudhary, 2017). Erosion of the plasmasphere, which took
place under the action of the subauroral polarization streams (SAPS) elec-
tric field, gave rise to the formation of the TOI in the northern polar iono-
sphere (Foster et al., 2014). Images of the polar ionospheric electron
density obtained through assimilating ground and Low Earth Orbit

(LEO)‐based TEC data revealed conjugate occurrences of SEDs/TOIs in both the Northern Hemisphere
and Southern Hemisphere (Yue, Wan, et al. 2016). Using the coupled Thermosphere Ionosphere
Electrodynamics General Circulation Model (TIEGCM), Dang et al. (2019) showed that the evolution of
TOI in the northern polar region during the St. Patrick's Day storm of 2013 is strongly influenced by the
plasma transport in the afternoon and morning sectors.

A comprehensive picture of the geospace system response to the St. Patrick's Day storm of 2013 and 2015 has
been provided by Zhang et al. (2017). The storm‐induced changes in the penetration electric field (Hairston
et al., 2016), thermospheric neutral winds, and neutral composition (Klimenko et al., 2019; Yue, Wang, et al.
2016) and their impact on the high‐midlatitude space weather during these storms were investigated in
detail, but mostly as separate case studies. Only a few studies present a comparative analysis of the mechan-
isms that led to the ionospheric disturbances during these storms. For example, Verkhoglyadova et al. (2016)
compared the responses in the TEC over the equatorial and northern midlatitude regions to show that the
different responses during the St. Patrick's Day storms of 2013 and 2015 were driven by the differences in
the solar wind drivers. Further, Dmitriev et al. (2017) used the Global Self‐consistent Model of the
Thermosphere, Ionosphere, and Protonosphere (GSM TIP) to predict the positive and negative ionospheric
storms in the low‐latitude and midlatitude regions during the St. Patrick's Day storms of 2013 and 2015.
Their model could capture the negative ionospheric storms at midlatitudes, while the appearance of positive
ionospheric storms especially during the recovery phase of the storm was unpredictable.

In this paper, we investigate in detail the relative impact of the St. Patrick's Day storms of 2013 and 2015 on
the ionosphere over the southern polar cap region. Of particular interest are the positive ionospheric storms
observed at the southern polar stations Bharati and Davis in the magnetic noon/midnight hours during both
these storms, which suggest that the plasma density evolves in a similar manner during equivalent geophy-
sical conditions. While the contributions of various storm time phenomena toward the formation of
SEDs/TOI during these storms have been extensively studied, the role of external driving mechanisms in
modifying the response of the polar ionosphere has not been paid attention. Hence, themain goal of the study
is (1) to analyze in detail the mechanisms that lead to the generation of positive ionospheric storms over the
southern polar cap region and (2) to understand the direct causative connection between the external driving
forces and the ionospheric phenomena that lead to the similar yet distinct behavior of the plasma density over
the southern polar cap region during the St. Patrick's Day storms of 2013 and 2015. The results of this study
will provide insight into the solarwind control of the high‐latitude ionospheric dynamics andwill be useful in
developing tools for prediction of space weather effects observed in the high‐midlatitude ionosphere during
geomagnetic storms. In the following, we describe our results in details and discuss their significance in
developing understanding of the response of the Earth's polar ionospheric system to geomagnetic storms.

2. Data and Methodology

The response of the southern polar ionosphere to the St. Patrick's Day storm events of 2013 and 2015 is stu-
died using GPS TEC measurements from two Antarctic research stations, Bharati and Davis. The geomag-
netic and geographic coordinates of these stations are listed in Table 2. The receiver at Bharati is a
Septentrio PolaRxS receiver, in which GPS TEC is estimated based on the L2‐P and L1‐P pseudoranges.
The data acquisition software provides the binary 50‐Hz raw correlation and phase data, which are further
converted to Slant TEC (STEC) and scintillation indices. STEC obtained at an interval of 1‐min is converted
to vertical TEC (VTEC) using standard mapping function described by Smith et al. (2008). Although the
receiver tracks satellites at elevation angles as low as 10°, we use only those satellite ray paths having an ele-
vation angle greater than 30° and lock time greater than 240 s in the calculation of VTEC. The receiver at
Bharati also provides the phase scintillation index (σϕ) which is measured by the standard deviation of the

Table 2
Geographic and Geomagnetic Coordinates of Stations Used in the Study

Station Geo. Lat Geo. Lon Mag. Lat Mag. Lon

Bharati 69.40°S 76.18°E 76.64°S 127.54°E
Davis 68.57°S 77.97°E 76.09°S 131.39°E
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carrier phase averaged over intervals of 1, 3, 10, 30, and 60 s. The averaged values over 60‐s σϕ projected to
the vertical as described by Spogli et al. (2009) are used in this study. The GPS TEC data from Davis station
are downloaded from the IGS website (ftp://cddis.gsfc.nasa.gov) and consist of the standard RINEX files
which are processed using GPS‐TEC application (http://seemala.blogspot.com/) to obtain VTEC values.
Daily Differential Code Biases (DCBs) for satellites and receivers are obtained from the CODE IGS
Analysis Centre (http://ftp.aiub.unibe.ch/CODE/).

The solar wind, interplanetary, and geomagnetic parameters used to study the evolution of the geomagnetic
storms are obtained from the Advanced Composition Explorer (ACE) satellite data and World Data Center,
Kyoto, respectively, and are available on the CDAWeb (http://cdaweb.gsfc.nasa.gov). The changes in the
thermospheric composition on 17March 2013 and 17March 2015 are studied using the O/N2 maps obtained
from Global Ultraviolet Imager (GUVI)/Thermosphere Ionosphere Mesosphere Energetics and Dynamics
(TIMED) measurements. A detailed description of the GUVI instrument and the data products are found
in Paxton (2005) and Christensen (2003). Measurements from the polar orbiting DMSP satellite are exam-
ined as it follows a sun‐synchronous dawn‐dusk orbit at an altitude of 840 km and therefore is able to provide
insight into the response of the topside polar ionosphere to geomagnetic storms. In situ measurements of
particle fluxes, plasma density, and cross‐track velocity components by DMSP satellites are used to study
the signatures of particle precipitation, SAPS and the TOI. The auroral images of the southern polar iono-
sphere provided by the Special Sensor Ultraviolet Spectral Imager (SSUSI) instrument onboard DMSP satel-
lites are used to understand the response of the auroral ionosphere to the storm time energy input. SSUSI
measures the far ultraviolet (FUV) auroral and airglow emissions in five channels (1,216, 1,304, 1,356 Å,
Lyman‐Birge‐Hopfield short [LBHS], and Lyman‐Birge‐Hopfield long [LBHL]) (Paxton et al., 1992a,

Figure 1. Geomagnetic conditions during 16–18 March 2013 and 16‐18 March 2015: IMF Bz (panels a and h), solar wind (SW) speed (panels b and i), SW density
(panels c and j), SW pressure (panels d and k), Sym‐H (panels e and l), AU/AL (panels f and m), and AE indices (panels g and n). The pink arrows in panels
(e) and (l) marks the time of SSC. The red vertical lines mark the change of day.
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1992b). In the present study, we have used the emissions derived from theN2 LBHS channel (N2 emissions in
the 1,400‐ to 1,500‐Å range).

GPS TEC maps generated using the TEC data from the Madrigal database (http://madrigal.haystack.mit.
edu/madrigal/) are used to understand the variations in the TEC in the Southern Hemisphere. The GPS
TEC maps are overlaid with the ionospheric convection maps obtained using the SuperDARN Auroral
Radar Network (SuperDARN) data (Chisham et al., 2007). Such a combination allows for comparison of
the TEC variations along the path of convection (Rideout & Coster, 2006; Thomas et al., 2013).

The signatures of the prompt penetration electric field (PPEF) are deduced from the changes in the equator-
ial electric field. The equatorial electrojet (EEJ) strength which is a good proxy for the zonal electric field
(Rastogi & Klobuchar, 1990) is derived using the standard procedure of subtracting the magnetic field per-
turbations at an off equatorial station Alibag (18.64°N, 72.91°E, dip latitude 10.4°SN) from that of an equa-
torial station Tirunelveli (8.3°N, 77.8°E, dip latitude 0.24°S) (Anderson et al., 2002).

3. Geomagnetic Conditions During the Storm Events

Figure 1 shows the solar wind and geomagnetic conditions during 16–18 March 2013. The sudden enhance-
ment in the solar wind speed, density, and pressure (Figures 1b–1d) led to the sharp increase in SymH index
(Figure 1e) at 0600 UT and marked the sudden storm commencement (SSC) of the geomagnetic storm on 17
March 2013. The main phase of the storm began with the southward turning of IMF Bz immediately after the
SSC at 0600 UT. The IMF Bz on 17 March 2013 was mostly fluctuating in nature as it oscillated between
southward and northward directions with a period of ∼1.5 hr till 1400 UT. Later, it remained southward
for∼0600 hr and then gradually turned northward. The geomagnetic storm is seen to have two minima with
Sym‐H reaching a first minima of approximately −100 nT at ∼1,030 UT and a second minima of approxi-
mately −130 nT at ∼2030 UT. A slow recovery phase is seen to follow after 2030 UT.

Similarly, the solar wind and geomagnetic conditions during 16–18 March 2015 are depicted in
Figures 1g–1n. The geomagnetic storm on 17 March 2015 also commenced with an initial increase of IMF
Bz at 0445 UT as can be seen in Figure 1l. The IMF Bz turned southward at ∼0530 UT and remained south-
ward till ∼2400 UT except for a brief period of about 2 hr between∼1000 and∼1200 UT when it had a north-
ward polarity. The Sym‐H index reached a first minima of approximately −100 nT at ∼0930 UT but later
turned positive when IMF Bz was northward between 1000 and 1200 UT on 17 March 2015. Post 1200 UT,
as the IMF Bz turned southward, there was a step like increase in the solar wind speed followed by a rise
in the solar wind pressure and density (∼40 nPa and 60 cm−3, respectively). The sudden rise in the solar wind
speed, pressure, and density was followed by a period when the Sym‐H index reached a second minima of
approximately −223 nT. The recovery phase of the geomagnetic storm is seen to occur after 2300 UT.

Even though the SSC during the geomagnetic storm on 17 March 2015 took place an hour before the SSC on
17March 2013, the onset of the main phase of both the storms was at 0600 UT. The variation of Sym‐H index
is also quite similar in both the cases till they attain the first minimum of approximately −100 nT. The solar
wind density and pressure enhancements were larger and had longer duration on 17 March 2015, as com-
pared to those on 17 March 2013. The main phase of the geomagnetic storm on 17 March 2013 lasted for
∼14 hr, while of that on 17 March 2015 lasted for ∼17 hr. During the entire duration of the main phase,
the Auroral Electrojet (AE) index remained high indicating strong currents and intense heating taking place
at the polar latitudes. The Electrojet lower (AL) index which is an indicator of the auroral electrojet activity
implies that a number of substorms were triggered during the main phase of these storms. How the southern
polar ionosphere responded to the aforementioned similarities and differences in the solar wind and geo-
magnetic conditions during the St. Patrick's Day storms of 2013 and 2015 is discussed in the subsequent
sections.

4. Response of the Southern Polar Ionosphere

To understand the plasma density variations in the southern polar ionosphere during 17 March 2013 and 17
March 2015, we examined the variation of TEC at the Antarctic stations, Bharati and Davis on these two
days. The diurnal variation of TEC on 17 March 2013 at Bharati and Davis is shown in Figures 2a and 2c,
respectively. The 1‐σ standard deviation of five quietest days of the month at the stations is highlighted by
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the gray shading. The immediate effect of the commencement of the geomagnetic storm on this day can be
seen as a sudden decrease in the TEC starting at 0600 UT at both the stations. A striking feature in Figures 2a
and 2c is the enhancements in TEC at two distinct times at both Bharati and Davis stations. The first sharp
enhancement in TEC is observed at around 1000 UT during the daytime. Though the TEC values during this
time remained close to the 1‐σ standard deviation, the sudden surge in the magnitude of TEC can be easily
identified from the Figure 2. A second enhancement in the TEC of ∼10 TECu appeared during 1600–2200
UT at Bharati and Davis which is significantly above the upper bound of 1‐σ deviation of the mean
monthly TEC. These abrupt surges in TEC during the two time periods coincided with enhanced levels of
phase scintillation activity at Bharati in the local magnetic noon as well in the magnetic midnight as
shown in Figure 2b. It is known that the phase scintillations in the GPS signals indicate fluctuations in
the plasma density of the ionosphere (Wernik et al., 2007). A larger magnitude of σϕ indicates greater
fluctuations in the plasma density. We may note that the σϕ in Figure 2b increased from close to ∼0.3 to
∼0.8 during the period when the first surge in TEC (around 1000 UT) was observed. A similar albeit of
moderate intensity phase fluctuations in the GPS radio signals can be seen during the second surge of the
TEC (∼1600–2200 UT) as well. The increase in the TEC and phase fluctuations complement each other.
An interesting thing to note is the timing of the increase in the TEC. While the first increase in the TEC is
seen at around 1000 UT (1530 LT), a post solar local noon period; the second enhancement at 2000 UT
(0130 LT) corresponds to the post solar local midnight.

Similarly, Figures 2d and 2f present the diurnal variation in the TEC on 17 March 2015 at Bharati and Davis
respectively. 1‐σ standard deviation in the TEC at these stations is shown by gray shade. The phase scintilla-
tion index (σϕ) for the GPS radio signals at Bharati is shown in Figure 2e. Like the case on 17 March 2013, a
sudden decrease in the TEC is observed at the two stations on 17 March 2015 following the commencement
of geomagnetic storm at ∼0545 UT. The TEC at Bharati and Davis starts to increase later at 0700 UT. It is to
be noted that large enhancements in TEC (∼20 TECu) are observed around 1900 UT at Bharati and Davis
similar to those observed on 17 March 2013. The magnitude of the TEC at Bharati during this period is very
high, that is, ∼20 TECu compared to ∼5 TECu, which is the monthly average during this time of a day in

Figure 2. Panels (a) and (b) represent the diurnal variation of TEC and σϕ index, respectively, at Bharati on 17 March 2013, while panel (c) represent the diurnal
variation of TEC at Davis station on 17 March 2013. Similarly, panels (d) and (e) represent the diurnal variation of TEC and σϕ index, respectively at Bharati
on 17 March 2015, while panel (f) represents the diurnal variation of TEC at Davis station on 17 March 2015. The black curve in panels (a), (c), (d),
and (f) represent the variation in TEC respectively on the day of the storm and the gray shade represents the quiet day standard deviation.
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March. Such a huge increase in the plasma concentration happens during the time when the station is
located in the night sector, quite bereft on solar radiation, which is an important source of plasma in the
Earth's ionosphere. This increase in TEC at Bharati is also seen to coexist with higher values of σϕ index
(∼0.9) indicating high scintillation activity. A comparatively smaller enhancement in the TEC that
remains well below the upper bound of 1‐σ can be seen at ∼0900 UT at both the stations on 17 March 2015.

Studies have shown that the evolution of plasma density at a polar cusp station depends on the position of
the station with respect to the polar cap/auroral oval (Knudsen, 1974; Shreedevi et al., 2019). To understand
the response of the auroral ionosphere to the storm time energy input and illustrate the changes in the size
and location of the auroral oval/polar cap with respect to the location of the stations, Bharati and Davis, we
use the auroral images of the southern polar ionosphere during the St. Patrick's Day storm events.
The auroral images obtained from the SSUSI instrument onboard DMSP F16 satellite at selected times are
shown in Figures 3 and 4. The approximate locations of Bharati and Davis stations are marked on
Figures 3 and 4 using yellow and blue colors, respectively. Unfortunately, the DMSP passes in the
Southern Hemispheremostly span the nightside region, and hence, we cannot use it to point out the changes
in the dayside auroral ionosphere. However, it can be inferred from Figure 3 that during the time of SSC at
∼0600 UT on both the days, Bharati (shown in blue) and Davis (shown in yellow) are located in the vicinity
of the auroral oval. On 17 March 2013, at 0622 UT, when the IMF is largely southward, one can see a large
equatorward expansion of the auroral oval with a significant enhancement in the brightness of the aurora.
At later times (see Figures 3c–3i), the auroral oval can be seen to undergo several changes including the
equatorward/poleward expansion and variation in the brightness of the aurora. It is to be noted that the
stations, Bharati and Davis located in the polar cap in the magnetic noon‐to‐midnight sector, lie in the
vicinity of regions of strong auroral emissions on 17 March 2013.

Figure 3. Panels (a)–(i) show the auroral emissions derived from the N2 LBHS channel at different times on 17 March
2013. The approximate locations of the stations Bharati and Davis are marked using yellow and blue color, respectively.
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During the early main phase of the storm on 17 March 2015 also, there are large expansions in the polar cap
and the auroral oval in response to the southward turning of IMF as evident from Figures 4b and 4c. It can be
seen that by 0901 UT (Figure 4c), the equatorward boundary of the auroral oval reached∼52°S MLAT. More
intense emissions along with large equatorward expansion of the auroral oval in response to the second
southward turning of the IMF at ∼1400 UT can be seen from Figure 4. The auroral activity on 17 March
2015 was stronger compared to that on 17 March 2013 with notable features like the intense emissions
throughout the main phase of the storm and complex flows in the polar cap as suggested by the appearance
of the sun‐aligned arcs (Valladares et al., 1994). It is to be noted here that during the most part of the storm
duration on 17 March 2015, the stations are located in regions of strong emissions which could be a source
region for generation of ionospheric irregularities (Moen et al., 2013).

The ionospheric TEC is known to be primarily influenced by the storm time electric fields in the topside iono-
sphere, while the composition changes brought about by neutral winds largely affect the bottom side iono-
sphere (Lui, Wang, Burns, Yue, et al. 2016). Information about the changes in the topside ionospheric
parameters during the St. Patrick's Day storm events of 2013 and 2015 is obtained from the DMSP satellites.
Figures 5a–5e show the energy spectrograms of electrons and ions, ion density, and horizontal and vertical
velocity in the SouthernHemisphere on 17March 2013measured by the DMSPF16 satellite at 840 kmduring
a pass at around 0930UT. The energy spectrograms show the presence of large electron and ion energy fluxes
suggesting enhanced particle precipitation into the southern high‐latitude ionosphere during this period. The
electron and ion precipitation boundaries are observed at ∼56°S MLAT (is marked using a black line in
Figure 5). The ion flux calculated as the product of the density and the cross‐track velocity is shown in
Figure 5e. One can see the presence of enhanced sunward velocities (greater than∼2 km/s) and vertical velo-
cities in the subauroral region. This region of enhanced velocities is also colocated with regions of large

Figure 4. Panels (a)–(i) show the auroral emissions derived from the N2 LBHS channel at different times on 17 March 2015. The approximate locations of the
stations Bharati and Davis are marked using yellow and blue color, respectively.
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sunward flux (∼1.5 × 1014 m2/s). This is a signature of the SAPS electric field (Foster & Burch, 2002) that are
known to develop in the subauroral regions to achieve current continuity by closing the region‐1 FACs and
the region‐2 FACs (Yeh et al., 1991). During this period, large antisunward velocities (∼1 km/s) andfluxes are
also observed in the southern polar cap as evident from Figures 5d and 5f, respectively. This period (around
∼0930 UT) is also marked by an increase in plasma density in the polar cap region (as shown in Figure 5c).

The energy spectrograms of electrons and ions, ion density, and horizontal and vertical velocity in the
Southern Hemisphere on 17 March 2015 as measured by the DMSP F17 satellite during a pass are shown
in Figures 6a–6e. The energy spectrograms of electrons and ions show enhanced particle precipitation in
the auroral as well as polar cap regions of the Southern Hemisphere at around 0900 UT. The electron and
ion precipitation boundaries are at ∼51°S MLAT which is ∼5° lower than what was observed on 17 March
2013. Large vertical and sunward flow velocities of upto ∼2 km/s are observed at latitudes equatorward of
the auroral oval on this day. Large fluxes of magnitude∼1.5×1014 m2/s are seen to flow in the sunward direc-
tion at these latitudes which as described earlier is known to be the case under the action of the SAPS electric
field. The presence of large antisunward velocities ( 2 km/s) and fluxes (of magnitude −2 × 1014 m2/s) in the
polar cap region is evident from Figure 6. The plasma density in the polar cap region is seen to be high at
∼0900 UT on this day also. It is to be noted here that the first enhancement in TEC at the southern polar sta-
tions Bharati and Davis was also centered about ∼0900 UT on 17 March 2013 as well as 17 March 2015.

In order to examine if the variations in the TEC were caused by thermospheric composition changes in the
southern high‐latitude regions, we present O/N2 maps obtained from the GUVI instrument on board the
TIMED satellite. The O/N2 ratio on 17 March 2013 and 17 March 2015 are shown in Figures 7b and 7d
respectively along with the quiet day variations in the respective months (Figures 7a and 7c). One can see

Figure 5. DMSP F16 observations during a pass in the Southern Hemisphere on 17 March 2013: Panels (a) and (b) show
the energy spectrograms of electrons and ions in log scale. Panels (c) and (d) represent the density and cross‐track
velocity in horizontal and vertical directions, respectively. The ion flux calculated as a product of density and
cross‐track velocity is shown in panel (f). The electron and ion precipitation boundary located equatorward
of the auroral oval at ∼56°S MLAT is marked using the black line.
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a reduction in the O/N2 ratio over the high‐latitude regions on 17 March 2013 in comparison with the O/N2

variation on a quiet day, that is, 14March 2013. Similarly, there is a large reduction in the O/N2 ratio over the
southern high‐latitude regions on 17 March 2015 as compared to that on 14 March 2015. This clearly
indicates the presence of composition disturbances at the high‐latitude regions on these days. Studies
have shown that the enhancement in the O/N2 ratio over the low and equatorial regions during storm
time can lead to a positive ionospheric storm while a reduction in the O/N2 ratio over the high latitudes
can bring about a negative ionospheric storm (Prölss, 1995; Shreedevi et al., 2016). Except for the
reduction in the TEC for a short period during the initial phase of the storms, we find that the TEC at
Bharati and Davis exhibit enhancements on 17 March 2013 as well as 17 March 2015.

5. Plausible Reasons for the Enhancements in the TEC

As described in the previous sections, during the St. Patrick's Day storms of 2013 and 2015, the TEC at the
southern polar stations Bharati and Davis evolved in a similar fashion with a reduction in the TEC (negative
ionospheric storm) during the early main phase followed by enhancements in the TEC (positive ionospheric
storm) at two distinct time zones during the main phase. This feature is discernible over Bharati and Davis
during both the events. The midnight enhancement in TEC and phase scintillations on 17 March 2015 were
substantially larger in magnitude as compared to that observed on 17 March 2013. During both the events,
the first increase in the TEC started at around 0900 UT, that is, ∼3hr after the SSC and peaked at ∼1000 UT.
During this time, Bharati and Davis are located in the magnetic cusp region. The second enhancement, on
the other hand, appeared around 1900 UT (in the magnetic midnight sector) when the stations are located in
the polar cap. This is the time when the stations remain completely in darkness and so the contribution from

Figure 6. DMSP F17 observations during a pass in the Southern Hemisphere on 17 March 2015: Panels (a) and (b) show
the energy spectrograms of electrons and ions in log scale. Panels (c) and (d) represent the density and cross‐track
velocity in horizontal and vertical directions, respectively. The ion flux calculated as a product of density and
cross‐track velocity is shown in panel (f). The electron and ion precipitation boundary that is located
equatorward of the auroral oval at ∼51°S MLAT is marked using the black line.

10.1029/2019SW002383Space Weather

SHREEDEVI ET AL. 9 of 20



the solar photo ionization toward enhancement of the nighttime TEC is absent. Therefore, the surges in TEC
(∼10 TECu on 17 March 2013 and 20 TECu on 17 March 2015) could be due to contributions from any
mechanisms other than direct photo ionization.

Nighttime enhancements in the plasma density that appear in the polar cap ionosphere during geomagnetic
storms are often associated with the formation of the polar TOI (Foster et al., 2005; Shreedevi et al., 2019). In
order to confirm if the passage of the TOI led to the enhancement in the TEC at Bharati and Davis stations,
the GPS TECmaps of the southern polar ionosphere at selected times (1600–2200 UT) on 17 March 2013 are
shown in Figures 8a–8f. The approximate location of Bharati and Davis stations is marked on the GPS TEC
maps using pink and black stars, respectively. The SuperDARN convection pattern are overlaid on the TEC
maps to understand the TEC variations along the path of ionospheric convection. No trace of the TOI forma-
tion is seen in the TECmaps at 1600 UT on 17March 2013. At 1630 UT, plasma of high density can be seen to
form around the noon time cusp region (see Figure 8b). At later times, that is, during 1730–1900 UT
(Figures 8c–8e), the plasma of higher density (∼12–20 TECu) associated with the TOI is seen at the location
of Bharati and Davis. The TOI is seen to vanish by about 2200 UT as the IMF turns northward and the iono-
spheric convection weakens on 17 March 2013. Likewise, Figure 9 shows the evolution of TEC and convec-
tion pattern over the southern polar ionosphere during 1600–2200 UT on 17 March 2015. A region of
enhanced TEC (>20 TECu) can be seen to form at the magnetic noon during 1700–1730 UT on 17 March
2015. The extension of the TOI into the polar cap along the path of convection is evident from
Figures 9b–9f. At 1830 and 1930 UT, patches of enhanced TEC can be seen at locations of the stations,
Bharati and Davis. These evidences show that during the storms of 17 March 2013 and 17 March 2015,
Bharati and Davis were in the vicinity of a stream of high‐density plasma flowing in the antisunward direc-
tion across these stations located in the polar cap in the magnetic midnight sector. The midnight enhance-
ment in the TEC at these stations on 17 March 2013 and 17 March 2015 is hence associated with the TOI.
However, the decrease in the O/N2 ratio at the southern high latitudes during both the storms (see
Figure 7) would suggest an increase in the loss rates and a decrease in the plasma density thereat, which

Figure 7. Global maps of O/N2 ratio obtained from the TIMED/GUVI satellite measurements to show the composition changes in the thermosphere: Panels (a)
and (c) show the O/N2 ratio on 14 March 2013 and 14 March 2015 which are representative quiet days in the respective months. Panels (b) and (d) show the
O/N2 ratio on the St. Patrick's Day storms of 2013 and 2015, respectively. The blank oval represents the region of South Atlantic Anomaly.
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is contrary to what is observed. Therefore, the contribution to the TEC enhancements at Bharati and Davis
cannot come from the neutral composition disturbances but rather from the topside ionosphere. This is
supported by a recent study of Klimenko et al. (2019), who using the GSM TIP model showed that the
neutral composition disturbances during 17 March 2015 storm have a stronger influence in the
bottomside ionosphere than at altitudes above the F region.

Unfortunately, due to the sparse coverage of the GPS receivers in the eastern part of Antarctica, we cannot
fully trace the formation of the TOI using the TECmaps during the early main phases of the St. Patrick's Day
storms of 2013 and 2015, and so we do not present the GPS TECmaps of the southern polar ionosphere dur-
ing 0900–1000 UT here. However, the presence of enhanced particle precipitation, antisunward fluxes, and
high ion density in the polar cap region at around 0900 UT during both the storm events is confirmed by the
DMSP observations. This provides clear evidences for (1) enhanced cusp precipitation of low energy elec-
trons into the ionosphere that could lead to enhancement in the plasma density and (2) the transport of
plasma into the noontime cusp regions leading to enhancement in the TEC. Since the stations are located
in the vicinity of the cusp region during magnetic noon, they may lie in the path of the TOI. Hence, the day-
time positive storms at Bharati and Davis in the magnetic noon sector appear as the SED plumes generated
at midlatitudes enter the cusp region, while the positive ionospheric storms observed during the nighttime
are the TOI resulting from the SED plumes that entered the southern polar cap through the cusp region.
Previously, Yue, Wan, et al. (2016) identified the SED/TOI structures during the early main phase (∼0900
UT) and the main phase (∼1875 UT) in the Northern Hemisphere on 17 March 2013 from images of the

Figure 8. Panels (a)–(f) show the TEC in the Southern Hemisphere at selected times (1600 UT, 1630 UT, 1730 UT, 1830 UT, 1900 UT, and 2200 UT) on 17 March
2013. The SuperDARN convection pattern is overlaid on the TEC maps to show the TEC variation along the path of convection. The location of Bharati and
Davis stations are marked on the maps using pink and black stars, respectively.
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global ionospheric electron density obtained through assimilating ground and LEO‐based TEC data. They
also suggested the occurrence of SEDs/TOI in the Southern Hemisphere during these periods owing to
the magnetically conjugate expansion of the convection electric field which is well in agreement with our
results. Similarly, signatures of the polar TOI have been detected in the measurements of the SWARM
electron density and GPS TEC in the Southern Hemisphere during the St. Patrick's Day storm of 2015
(Cherniak & Zakharenkova, 2016; Klimenko et al., 2019).

The presence of intense phase scintillation activity at Bharati is observed during periods of abrupt enhance-
ments in TEC at around ∼1000 UT, that is, when the station lies in the vicinity of the cusp and at ∼2000 UT
when the station lies in the polar cap. Such strong scintillations are associated with the gradients in the TEC
which could arise due to intense particle precipitation, complex flows, and strong ionospheric convection
(Aarons, 1997; Mitchell et al., 2005), the presence of which are confirmed by DMSP observations described
in the previous sections. As the GPS signal traverses through regions of irregularities, they undergo phase
fluctuations. Although phase scintillations were present throughout the main phase of the storm on 17
March 2013 and 17 March 2015, they were especially strong in the magnetic midnight sector on 17 March
2015. The auroral images clearly suggest the presence of large plasma gradients and instabilities at the loca-
tion of the station (in the polar cap) on 17 March 2015 (see Figure 4). Further, the GPS TEC maps of the
period 1700–1900 UT on 17 March 2015 clearly show patches of enhanced TEC colocated with regions of
strong convection. The TOI which is a continuous flow of high‐density plasma may also break into patches
while convecting through the polar cap (Sojka et al., 1993) and form the source of ionospheric irregularities

Figure 9. Panels (a)–(f) show the TEC in the Southern Hemisphere at selected times (1600, 1700, 1745, 1830, 1930, and 2200 UT) on 17 March 2015. The
SuperDARN convection pattern is overlaid on the TEC maps to show the TEC variation along the path of convection. The location of Bharati and Davis
stations is marked on the maps using pink and black stars, respectively.
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which in turn gives rise to scintillations. However, this is not the case dur-
ing 17 March 2013 wherein the TOI is seen to be continuous and could be
the reason for lower scintillation activity during the late main phase of the
storm on this day.

Although the surges in the TEC at Bharati and Davis appeared at similar
time intervals suggesting that the ionospheric plasma density behaves in a
similar manner for equivalent geophysical conditions, the magnitude of
enhancements in the TEC on both the days is different. Interestingly,
the magnitude of the increase in the TEC correlates with the intensity of
the geomagnetic storm. While the minima of Sym‐H on 17 March 2013
was approximately −135 nT and the increase in the midnight TEC was
about 10 TECu, the minima in Sym‐H on 17 March 2015 were approxi-
mately −230 nT, and the corresponding increase in the TEC during mid-
night was about ∼20 TECu. In order to understand the reasons for the
presence of enhanced plasma content in the TOI during the storm of 17
March 2015 as compared to 17 March 2013 and the possible correlation
with the intensity of the geomagnetic storm, we examine (1) the possible
mechanisms that led to the formation of the TOI in the southern polar
ionosphere and (2) the role of external driving mechanisms in modulating
the IT response during both these events.

5.1. Mechanisms for the Formation of TOI/SED

The SEDs are longitudinally narrow regions of high TEC formed by a com-
bination of mechanisms primarily driven by the storm time electric fields
(PPEF and SAPS) and neutral winds (Foster, 2008). The TOI is known to
form as a result of the antisunward convection of plasma from the region
of SEDs across the polar cap and into the midnight auroral zone (Foster
et al., 2005). The electric fields generated through the solar

wind‐magnetosphere coupling and mapped into the high‐latitude regions along the magnetic field lines
cause the expansion of the high‐latitude convection cell to lower latitudes farther beyond the composition
disturbance zone (Cowley, 2000; Foster, 2008). Studies have shown that the continuous expansion of the
high‐latitude convection cell to lower latitudes in response to the PPEF leads to the buildup of
high‐density solar photo‐ionized plasma along the equatorward edge of the convection cell resulting in the
formation of SEDs (Foster, 2008). DMSP observations (see Figures 5 and 6) of the auroral ionosphere show
the large expansion of the auroral oval to lower latitudes in response to the southward turning of IMF on both
17March 2013 and 17March 2015. On 17March 2013, themost extended aurora had its equatorward bound-
ary at 56°S MLAT. The 17 March 2015 storm event had more dramatic ionospheric effects with the appear-
ance of the most extended aurora with its equatorward boundary at latitudes ∼5° lower than that observed
on 17 March 2013. Using DMSP observations, Hairston et al. (2016) showed that the convection pattern
reached as low as 30°S MLAT on the duskside and 40°S MLAT on the dawnside during the main phase of
the storm on 17 March 2015. These observations clearly suggest that the regions of SED formation on 17
March 2015 are located at lower latitudes, that is, at regions of higher solar photo‐ionized plasma density.

The TEC in themidlatitude regions may also enhance under the action of PPEF. Since the high‐latitude elec-
tric fields penetrate almost simultaneously to the middle, low, and equatorial latitudes, the signature of the
PPEF can be inferred from ground magnetic field variations at low latitudes (Anderson et al., 2002). Here,
we examine the nature of low‐latitude electric fields on 17 March 2013 and 17 March 2015 as a signature
of the PPEF and discuss its possible contribution to the formation of SEDs on these two days. Figures 10a
and 10b show the EEJ strength (black line) during 17March 2013 and 17March 2015 respectively along with
the variation of EEJ on a quiet day (brown line) in March in the respective years. The EEJ measurements
shown here are obtained from the Indian sector which lies in the similar longitude sector as the Antarctic sta-
tions, Bharati and Davis. Sudden enhancements in the EEJ strength are observed starting at about∼0600 UT
and in the early main phase of the storms on 17March 2013 as well as 17 March 2015. This indicates the pre-
sence of strong eastward electric field in the equatorial ionosphere on these days. The EEJ strength on 17

Figure 10. Panels (a) and (b) represent the variation of the equatorial
electrojet (EEJ) strength on 17 March 2013 and 17 March 2015,
respectively. The brown line in panels (a) and (b) represents the
variation of EEJ strength on a quiet day in the month of
March in the respective years.
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March 2015 started to increase at∼0545 UT and reached the magnitude of
∼120 nT to decrease in about 45 min. There are other enhancements in the
EEJ strength during 0630–0830 UT on this day but of lower magnitude.
The presence of enhanced dayside upward flows in the equatorial iono-
sphere on 17 March 2015 has been reported by Hairston et al. (2016) con-
sistent with the EEJ variations. The EEJ strength on 17March 2013, on the
other hand, is of lower magnitude (<100 nT) as compared to that on 17
March 2015 and is mostly fluctuating probably in response to the fluctuat-
ing IMF Bz. These evidences show the prevalence of stronger PPEF on 17
March 2015 as compared to that on 17 March 2013. The stronger PPEF
on 17 March 2015, which is eastward in direction during daytime when
combined with the daytime midlatitude ionospheric electric fields, pro-
duces larger upward and poleward ExB plasma drifts thereby leading to
an increase in the midlatitude electron density.

The midlatitude ionospheric densities are also known to be enhanced by
the action of the neutral winds during disturbed times (Balan et al.,
2010). GUVI observations (shown in Figure 7) show that the decrease of
O/N2 ratio over the high latitudes on 17 March 2015 is also accompanied
by a huge visible increase in the O/N2 ratio over the southern midlatitude
regions. This feature is present on 17 March 2013 also but of lower magni-
tude. Such large changes in the O/N2 ratio are known to take place as (1)
the strong joule heating at high latitudes induces the upwelling of air rich
in molecular species to higher altitudes thereby reducing the O/N2 ratio,
(2) the downwelling air at low‐midlatitudes brings atomic constituents
to low altitudes thereby increasing the O/N2 ratio. Hence, from a compar-
ison of the O/N2 observations on both storm days, it can be inferred that
on 17 March 2015, stronger equatorward neutral winds were prevalent
in the southern high‐midlatitude regions and led to larger enhancements
in the O/N2 ratio over the southern midlatitude regions. Consequently,
one can expect the presence of high TEC in the southern midlatitude
regions during the storm event of 17 March 2015 as compared to 17
March 2013. This is because the large increase in the O/N2 ratio at midla-
titude regions on 17 March 2015 could lead to lower recombination rates

in the F region altitudes of the ionosphere and therefore cause a subsequent increase in the TEC. The
storm‐induced neutral winds that are equatorward in direction also act to push the ionosphere to higher alti-
tudes along the inclinedmagnetic field lines in the midlatitude regions (Balan et al., 2010). This further leads
to lower recombination rates in the F region altitudes of the ionosphere and leads to an increase in the
plasma density in the midlatitude regions.

From the above discussions, it is clear that the presence of stronger PPEF during the early main phase of the
storm on 17 March 2015 (1) led to the larger expansion of the high‐latitude convection cell to regions of
high‐density solar photo‐ionized plasma and (2) led to the enhanced upward and poleward ExB drifts in
the midlatitude ionosphere. These processes led to the presence of higher plasma content in the regions of
SED formation on 17 March 2015 as compared to those on 17 March 2013. Further, the presence of stronger
storm‐induced equatorward neutral winds on 17 March 2015 aided the enhancement of midlatitude iono-
spheric densities thereby contributing to the enhancement of plasma content in the SEDs. The strong
SAPS electric field acting over the subauroral latitudes in combination with strong antisunward convection
across the polar cap led to the formation of the high‐density TOI on 17 March 2015. As described earlier,
these phenomena were weaker during the storm of 17 March 2013 as compared to that on 17 March 2015
thereby resulting in the formation of a comparatively low‐density polar TOI.

5.2. Role of External Driving Mechanisms

It is well known that the intensity of a geomagnetic storm is a function of the solar wind driving conditions
and the orientation of the IMF (Gonzalez et al., 1994). In order to put our observations into perspective and

Figure 11. Panels (a) and (b) represent the temporal variation of the
magnetopause and the IMF Bz on 17 March 2013 and 17 March 2015,
respectively. Panel (c) represents the variation of the Newell function
on 17 March 2013 (shown in brown) and 17 March 2015
(shown in blue), respectively. Panel (d) represents the variation of the
reconnection electric field on 17 March 2013 (shown in black)
and 17 March 2015 (shown in red), respectively.
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understand how the differences in the degree of external forcing during the St. Patrick's Day storms of 2013
and 2015 led to the observed IT response on the respective storm days, we make use of the different formula-
tions that describe interaction of the solar wind with the magnetosphere‐ionosphere system. For this pur-
pose, we examined the variation of magnetopause distance, Kan‐Lee reconnection electric field EKL (Kan
& Lee, 1979) and Newell function (Newell et al., 2007) on these two days. The magnetopause standoff dis-
tance during 17 March 2013 and 17 March 2015 calculated to the first order by using the pressure balance
equation described by Roelof and Sibeck (1993) is shown in Figures 11a and 11b along with the IMF Bz.
The rate of magnetic flux opened at the dayside magnetopause represented by the Newell function is shown
in Figure 11c. It is calculated as

dϕ
dt

¼ v4=3BT
2=3sin8=3ðθc=2Þ (1)

where v is the solar wind speed, BT is the magnitude of transverse IMF, and θc is the IMF clock angle.

The Kan‐Lee electric field EKL that quantifies the reconnection of the IMF at high latitudes is shown in
Figure 11d. The Kan‐Lee electric field reconnection electric field EKL is calculated as

EKL ¼ vBTsin
2ðθc=2Þ (2)

where v is the solar wind speed, BT is the magnitude of transverse IMF, and θc is the IMF clock angle.

It is seen from Figures 11a and 11b that the magnetopause standoff distance has moved to regions closer to
the Earth (∼8 RE) immediately after the SSC on both 17 March 2013 and 17 March 2015. This can be attrib-
uted to the sudden enhancement in the solar wind velocities (700 and 500 km/s) and pressure (20 and 10
nPa) at ∼0600 UT on 17 March 2013 and ∼0545 UT 17 March 2015, respectively (see Figure 1). It is known
that the magnetopause moves earthward in order to maintain the balance between the solar wind dynamic
pressure and the magnetospheric pressure. Under these conditions, if the IMF is southward in direction,
then the dayside magnetic reconnection drives the erosion of magnetic flux (Aubry et al., 1970). A compar-
ison of the magnetopause standoff distances in Figures 11a and 11b shows that during the St. Patrick's Day
storm of 2015, the magnetopause erosion sustained for a longer time (13 hr) as compared to that on 17March
2013. Further, the rate of magnetic flux opened at the dayside magnetopause (Figure 11c) and the reconnec-
tion electric field (EKL) (Figure 11d) exhibit large enhancements simultaneous to the southward turning of
IMF during 0600 UT on 17 March 2015. Although of lesser magnitude and fluctuating in nature, the cou-
pling function and the reconnection electric field are seen to increase during the period 0600–0700 UT on
17March 2013. The low‐latitude PPEF also exhibits similar trends as the reconnection electric field EKL dur-
ing the period 0600–0700 UT on both 17 March 2013 and 17 March 2015 (see Figure 10). Studies have shown
that the reconnection electric field EKL at the magnetopause is connected to the PPEF via the region 1 cur-
rents (Nopper Jr. & Carovillano, 1978). Our observations further confirms that the stronger PPEF on 17
March 2015 is connected to the presence of stronger reconnection electric field and emphasizes the direct
control of the solar wind on the ionospheric system through storm time electric fields during the initial
phases of the storm.

On both the storm days, the coupling is seen to reduce after 1000 UT owing to the northward turning of IMF
Bz (see Figure 1) simultaneous to which the Sym‐H index is also seen to recover from the point of first
minima. However, at ∼1200 UT on 17 March 2015, in response to the southward turning of IMF Bz also
accompanied by a second increase in the solar wind velocity, density, and pressure, there are large enhance-
ments in the coupling and the reconnection electric field as obvious from Figure 11. Themagnitude of recon-
nection electric field is seen to be greater than 10mV/m during this period where the Sym‐H drops further to
its second minima of −223 nT. Previous studies have shown that periods with the magnitude of EKL exceed-
ing 10 mV/m for a duration of at least 10min are to be highly disturbed (Mannucci et al., 2014). Hence, it is
clear that the St. Patrick's storm of 2015 was a highly disturbed period with stronger coupling of the solar
wind‐magnetosphere‐ionosphere system especially during the late main phase of the storm. Our observa-
tions showed complex flows in the polar cap, large equatorward expansion of the auroral oval, enhanced par-
ticle precipitation, strong SAPS electric fields, strong storm‐induced equatorward neutral winds, and related
ionospheric phenomena during the late main phase of the storm on 17March 2015. This is unlike the case on
17 March 2013 where the magnitude of EKL goes beyond 10mV/m only for a short period (∼1 hr) during
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0800–0900UT making it a geomagnetic storm period of lesser intensity. Further, on 17 March 2013, only
smaller enhancements in the coupling and the EKL in correspondence with periods of southward fluctua-
tions in IMF are observed after 1200 UT, that is, in the late main phase of the storm.

We conclude that the differences in the duration and extent of magnetopause erosion caused the stronger
response of the high‐latitude ionosphere during the St. Patrick's Day of 2015. In this context, the large
enhancement in the polar cap TEC at Bharati and Davis during the St. Patrick's Day storm of 2015 is pro-
posed to be a result of the continuous enhancement of the polar TOI due to the prevalence of storm time
electric fields and particle precipitation led by strong and long‐lived magnetopause erosion. The same for
the St. Patrick's Day storm of 2013 was weak and short‐lived due to the fast fluctuating nature of the IMF
Bz. In other words, as the IMF kept on changing its polarity (of Figure 1a) on 17 March 2013, the dayside
reconnection weakened followed by slow reverting of the magnetopause standoff distance. The
storm‐induced electric fields, particle precipitation, and related phenomena weaken under these conditions.
These results further confirm the fact that the external driving mechanisms play a very important role in
modulating the storm time response of the high‐midlatitude ionosphere.

6. Summary and Conclusions

Understanding the response of the terrestrial ionosphere to space weather events is important due to its
effects on the performance of ground based and space based technology. The St. Patrick's Day storms of
2013 and 2015 provided an unique opportunity to gain insight into the causative connection between the
external driving forces and the ionospheric phenomena that lead to the plasma density
variations/irregularities in the polar ionosphere. The response of the southern polar ionosphere to these
storms has been studied in this paper using ground‐based GPS TEC and DMSP satellite measurements.
During the main phase of the storms of 17March 2013 and 17March 2015, the TEC at the Antarctic stations,
Bharati and Davis, evolved in a similar manner with enhancements in the TEC (positive ionospheric storms)
at two distinct time zones, that is, in the local magnetic noon and midnight sectors. The positive ionospheric
storms at Bharati and Davis that appear during the magnetic noon/midnight periods are topside TEC
enhancements associated with the formation of SEDs/TOI. The daytime positive ionospheric storm at
Bharati and Davis (while they are located in the cusp region) occurs as the SED plumes generated at the
southern midlatitude region enter the cusp region, while the positive ionospheric storms observed during
nighttime (while the stations are located in the polar cap) are a result of the formation of the TOI as the
SED plumes extend into the polar cap through the polar cusp. Since the storm‐induced neutral winds act
to reduce the bottomside ionospheric densities at the southern polar regions, the contributions to the TEC
enhancements at Bharati and Davis mainly come from the topside ionosphere. Hence, the storm time elec-
tric fields played an important role in generating the positive ionospheric storms at the polar cap regions dur-
ing the St. Patrick's Day storms of 2013 and 2015. At Bharati, the periods of enhanced TEC were also
colocated with periods of enhanced phase scintillation. The phase scintillations observed in the magnetic
noon/midnight sector appeared due to the ionospheric irregularities generated by the enhanced particle pre-
cipitation and ionospheric convection on both the days.

Themidnight enhancement in the TEC on 17March 2015 was substantially larger inmagnitude as compared
to that observed on 17 March 2013 and varied in line with the intensity of the geomagnetic storm. The St.
Patrick's Day storm of 2015 was a highly disturbed period with strong coupling of the SWMI system during
the entire main phase of the storm. The presence of enhanced plasma density in the TOI formed in the south-
ern polar cap on 17 March 2015 is a result of the complex coupling of the solar wind‐magnetosphere‐
ionosphere system through electric fields and neutral winds for long durations. The strong and sustained
magnetopause erosion on 17 March 2015 led to the prevalence of stronger storm time electric fields starting
from the early main phase of the storm. The action of storm‐induced neutral winds at the midlatitudes also
favored the formation of higher plasma densities in the regions of SED formation during the main phase of
the 17 March 2015 storm. This was not the case during the St. Patrick's Day storm of 2013 because magneto-
pause erosion is sustained for a much shorter period mainly due to fluctuating nature of IMF Bz with only
small enhancements in the coupling function during the late main phase of the storm on 17 March 2013.
Hence, the TEC enhancements observed in the polar cap ionosphere during the magnetic midnight period
on 17 March 2013 are of lower magnitude. This study shows that the duration and extent of magnetopause
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erosion play an important role in the spatiotemporal evolution of the plasma density distribution in the
high‐midlatitude ionosphere. This study highlights the fact that the behavior of the polar ionosphere is
strongly influenced by the external drivers of geomagnetic storms and provides insight into the nature of
interaction of the solar wind with the terrestrial IT system during the St. Patrick's Day of 2013 and 2015.

Data Availability Statement

These data sets are available at http://cdaweb.gsfc.nasa.gov, and http://wdc.kugi.kyoto-u.ac.jp, http://guvi-
timed.jhuapl.edu. The DMSP particle fluxes and IDM data were obtained from the NOAA data center
(http://www.ngdc.noaa.gov/stp/satellite/dmsp/). The GPS data from Bharati used in the paper are available
online at spl.gov.in/SPL/INSWIM. The GPS data corresponding to Davis station are obtained from the IGS
website (ftp://cddis.gsfc.nasa.gov; http://ftp.aiub.unibe.ch/CODE/). Data for TEC processing are provided
from the following organizations: UNAVCO, Scripps Orbit and Permanent Array Center, Institut
Geographique National, France, International GNSS Service, The Crustal Dynamics Data Information
System (CDDIS), National Geodetic Survey, Instituto Brasileiro de Geografia e Estatstica, RAMSAC CORS
of Instituto Geográfico Nacional de la República Argentina, Arecibo Observatory, Low‐Latitude
Ionospheric Sensor Network (LISN), Topcon Positioning Systems, Inc., Canadian High Arctic Ionospheric
Network, Centro di Ricerche Sismologiche, Système d'Observation du Niveau des Eaux Littorales
(SONEL), RENAG: REseau NAtional GPS permanent, GeoNet ‐ the official source of geological hazard
information for New Zealand, GNSS Reference Networks, Finnish Meteorological Institute, and SWEPOS
‐ Sweden. Access to these data is provided by Madrigal network via http://cedar.openmadrigal.org/. The
DMSP SSUSI data are available at https://ssusi.jhuapl.edu/.
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