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Abstract We utilize Total Electron Content (TEC) measurements and electron density (Ne) retrieval
profiles from Global Navigation Satellite System (GNSS) receivers onboard multiple Low Earth Orbit (LEO)
satellites to characterize large-scale ionosphere-thermosphere system responses during geomagnetic storms. We
also analyze TEC measurements from GNSS receivers in a worldwide ground-based network. Measurements
from four storms during June and July 2012 (boreal summer months), December 2015 (austral summer

month), and March 2015 (equinoctial month) are analyzed to study global ionospheric responses and the
interhemispheric asymmetry of these responses. We find that the space-based and ground-based TECs and their
responses are consistent in all four geomagnetic storms. The global 3D view from GNSS-Radio Occultation
(RO) Ne observations captures enhancements and the uplifting of Ne structures at high latitudes during

the initial and main phases. Subsequently, Ne depletion occurs at high latitudes and starts progressing into
midlatitude and low latitude as the storm reaches its recovery phase. A clear time lag is evident in the storm-
induced Ne perturbations at high latitudes between the summer and winter hemispheres. The interhemispheric
asymmetry in TEC and Ne appears to be consistent with the magnitudes of the Active Magnetosphere and
Planetary Electrodynamics Response Experiment (AMPERE) high latitude integrated field-aligned currents
(FACs), which are 3-4 MA higher in the summer hemisphere than in the winter hemisphere during these
storms. The ionospheric TEC and Ne responses combined with the AMPERE-observed FACs indicate that
summer preconditioning in the ionosphere-thermosphere system plays a key role in the interhemispheric
asymmetric storm responses.

1. Introduction

Solar energy is transferred to the Earth's upper atmosphere primarily by two channels. In the first case, solar
radiation is directly absorbed by the sunlit upper atmosphere. In the second case, energy is transferred to the polar
upper atmosphere via the interaction between the solar wind and Earth's magnetic field, in which the absorbed
energy is transferred in the forms of precipitated particles, electric fields, and currents. Although little energy
is normally transferred to the polar upper atmosphere in geomagnetically quiet times, significant amounts of
energy are transferred occasionally during highly disturbed geomagnetic conditions—geomagnetic storms. The
most intense geomagnetic storms are mainly caused by Earth-directed Coronal Mass Ejections (CMEs; e.g.,
Gopalswamy, 2010; Tsurutani et al., 2006). Although the solar cycle strength may vary from one cycle to another
and the number and frequency of storms are also reduced in weak cycles due to the reduction in the number of
fast and wide CMEs and their magnetic content, studies show that the efficiency of the process causing geomag-
netic storms has not changed significantly between the cycles (Gopalswamy, Tsurutani et al., 2015, Gopalswamy
et al., 2020). Geomagnetic storms have attracted a large amount of attention since they can seriously affect not
only satellites, aviation, and navigation and communication systems but also electrical power grids and oil and
gas pipelines on the ground.

The Disturbance Storm Time (Dst) index is a measure of the intensity of geomagnetic storms, and its temporal
profile during a storm is divided into initial, main, and recovery phases (Sugiura, 1964). A storm generally
begins with an increase in the Dst index to positive values known as Sudden Impulse (SI) or Storm Sudden
Commencement (SSC), which signals the arrival of the interplanetary shock structure on the dayside of the
Earth's magnetopause (e.g., Gonzalez et al., 1994). This feature generally coincides with the initial phase in which
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Earth's magnetopause experiences increased dynamic ram pressure from the solar wind (Tsurutani et al., 2006).
SSC is followed by the main phase of the storm. During the main phase, as high energetic particle injection and
energization build up an intensified partial ring current, strong magnetic fields opposite to the Earth's field are
induced. These magnetic fields cause a rapid decrease in the Earth’s magnetic field, especially in the equatorial
and low-latitude regions, which is characterized by the Dst index. The Dst index continues to decrease and
reaches a minimum value at the end of the main phase. The Dst then slowly returns to normal conditions during
the recovery phase. While the initial and main phases last for hours, the recovery phase can last for several days.

During the storm phases, variability in the ionosphere-thermosphere system, which is normally dominated by
lower atmospheric drivers, are either partially or fully dominated by the interaction between the solar wind and
the magnetosphere and hence their coupling. As planetary magnetic disturbances continue, particle precipita-
tion and field-aligned currents (FACs) that connect the auroral ionosphere with the outer magnetosphere are
intensified, leading to increases in ionization, Joule heating, and density perturbation in polar regions that subse-
quently enhance convection patterns, changes in wind circulation, the generation of Storm Enhanced Density
(SED; Foster, 1993) patches, and even modifications in the composition of the neutral gas (e.g., Forster &
Jakowski, 2000; Fuller-Rowell et al., 1997; Pfaff, 2012; Prolss, 1997, and references therein). Disturbances at
high latitudes might trigger Traveling Ionospheric Disturbances (TIDs; Hunsucker, 1982), which are propagating
perturbations in the ionosphere and can be felt at almost all latitudes (Balthazor & Moffett, 1997). Disturbances at
high latitudes might also generate disturbance winds and hence the Disturbance Dynamo Electric Fields (DDEFs)
that are experienced from subauroral to middle and low latitudes (e.g., Amory-Mazaudier et al., 2017; Klimenko
& Klimenko, 2012; Lu et al., 2008; Richmond & Matsushita, 1975). Moreover, due to an imbalance between the
region-1 and region-2 FACs, the so-called Prompt Penetration Electric Fields (PPEFs) may extend beyond the
auroral oval to the equatorial region (e.g., Fejer et al., 1983; Spiro et al., 1988), resulting in an increased F-region
plasma density at low latitudes closer to the magnetic equator (Abdu et al., 2012; Lu et al., 2012; Mannucci
et al., 2005). In subauroral regions where electric conductivity is generally low, northward-directed disturbance
electric fields potentially generate a Sub-Auroral Polarization Stream (SAPS; Foster & Burke, 2002) and lead to
plumes (e.g., Coster & Foster, 2007; Foster & Vo, 2002). Over the years, several multifront studies at different
spatial and temporal scales have led to improvements in the fundamental understanding of these effects (e.g.,
Balan et al., 2018; Greenspan et al., 1991; Tsurutani et al., 2004; Zhang et al., 2017; Zou et al., 2014, and refer-
ences therein).

One of the primary components in the space weather environment surrounding Earth is changes in the iono-
spheric electron density (N,) during geomagnetic storms. More importantly, the extent to which changes occur
in the ionospheric N, during geomagnetic storms is an important question in the Earth's surrounding space
weather research. Recent advancements in the techniques of tracking the Global Navigation Satellite System
(GNSS) using ground-based and space-based receivers have facilitated the monitoring of changes in iono-
spheric N, globally (e.g., Coster & Skone, 2009; Mendillo, 2006); hence, they have become one of the standard
methods for studying the effects of geomagnetic storms on the ionosphere (e.g., Astafyeva, 2009; Yizengaw
et al., 2006). During the onset of a storm, the F-region ionospheric N, either increases or decreases in differ-
ent phases, leading to positive and negative ionospheric storms on global or regional scales (e.g., Horvath &
Lovell, 2015; Mendillo, 1973). Storm-induced enhanced convection of electric fields and dynamo effects,
large-scale changes in wind circulation, and TIDs are generally considered the major causes of positive storms
(e.g., Balan et al., 2018; Lu et al., 2008; Mendillo, 2006; Prolss, 1997). On the other hand, modifications in the
upper atmospheric neutral gas composition at high and subauroral latitudes due to enhanced Joule heating are
generally considered major causes of the negative storm (Danilov, 2013; Fuller-Rowell et al., 1997; Immel &
Mannucci, 2013; Meier et al., 2005; Prolss, 2011). Studies show that the spatiotemporal evolution of ionospheric
N, may vary considerably from one storm to another, indicating regional dependencies at least in equatorial and
low-latitudinal regions (e.g., Astafyeva et al., 2015; Dashora et al., 2019; Maruyama et al., 2007). Questions arise
as to whether hemispheric seasonality might influence storm responses, especially at high latitude and midlat-
itude, since the summer hemisphere would possibly have a high conductive ionosphere due to a higher rate of
ionization. Earlier, Duncan (1969) noticed that a magnetic disturbance perturbs the high latitude F-region most
strongly during summer compared to winter.

Motivated by the aforementioned results, we consider four geomagnetic storms to investigate and characterize
the ionospheric N, response and to explore the interhemispheric asymmetry focusing mainly at high latitude and
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midlatitude. The selected storms are caused by Interplanetary CMEs (ICMEs) and occurred in June and July 2012
(northern summer months), December 2015 (southern summer month), and March 2015 (equinoctial month). We
focus on satellite observations of global morphology in storm-induced ionospheric perturbations. The new data
and the recently increased satellite observations allow us to characterize and comprehend the interhemispheric
asymmetry of ionospheric storm responses. The new data sets include upward-looking space-based Total Elec-
tron Content (TEC) measurements from GNSS receivers onboard multiple Low Earth Orbit (LEO) satellites,
TEC measurements from the worldwide ground-based GNSS receiver network, and GNSS-Radio Occultation
(RO) N, measurements.

Following the description of the different types of data sets that are used in this study, Section 2 describes the
analysis method and the handling of sampling effects to observe global ionospheric TEC and N, responses during
these four geomagnetic storms. The evolution of the four storms that occurred in the boreal and austral summer
months, as well as in the equinoctial month, are discussed in Section 3. The observed interhemispheric iono-
spheric asymmetrical TEC and N, responses, especially at high latitude and midlatitude, are discussed in detail in
this section. In this analysis, we also incorporate high-latitude FACs measurements from Active Magnetosphere
and Planetary Electrodynamics Response Experiment (AMPERE). The daytime and nighttime storm-induced
TEC perturbation analyses are presented in Section 4. These results further support our findings. Finally, in
Section 5, we summarize the observed consistency between the interhemispheric asymmetric N, responses and
AMPERE measurements of FACs in all four storms and discuss the possible effects of seasonal preconditions on
the ionospheric responses during these storms.

2. Data Set and Methodology

We use upward-looking TEC measurements and GNSS-RO N, profiles from multiple LEO satellites. While TEC
measurements allow us to study the topside ionosphere and plasmasphere, GNSS-RO measurements establish N,
profiles below the orbital altitudes. In our study, we establish TEC and N, measurements as functions of latitude
and time to characterize ionospheric electron responses during geomagnetic storms. In addition, we also use TEC
measurements from a large number of ground-based GNSS satellite receivers distributed worldwide such that
they are capable of producing a high-resolution data set in space and time.

2.1. Satellite Data Set

The LEO satellites record TEC measurements along the line of sight with GNSS satellites using their Precise
Orbit Determination (POD) antenna directed to GNSS satellites. Unlike GPS-RO antennas, onboard quasi-zenith
directed GPS-POD antennas provide nonocculting TEC information from the orbital altitude of the LEO satellite
to the orbital altitude of the GNSS (e.g., Pedatella et al., 2011; Schreiner et al., 1999). These measurements,
namely, PODTEC, contain absolute TEC measurements from the LEO satellite to the GNSS satellite along
the ray path called Slant TEC (STEC). STECs are then converted to equivalent vertical TEC (VTEC) using a
mapping function, M(6)

STEC

VTEC =
M)

ey

where 6 is the elevation angle of the slant ray path. For ground-based TEC conversion, several studies have been
conducted to establish a proper mapping function by simplifying the Earth's ionosphere into a geometric model.
A spherical shell of a thin ionospheric layer is generally assumed to surround the Earth at an effective altitude
~350-450 km above the Earth's surface (e.g., Lanyi & Roth, 1988; Mannucci et al., 1998)

M) = ! ,

\/ 1- (RER:,” )20052(6) @

where A, is the effective altitude of the ionosphere and R, is the Earth’s radius. However, in LEO satellites,

since the orbital altitude is generally at or above the F2 region of the ionosphere, their effective altitude of the
ionosphere is generally higher than the effective altitude of the ionosphere described above for the ground-based
GNSS measurements. Therefore, in LEO-based TEC observations, the orbital altitude should be considered for
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the selection of the effective altitude of the ionosphere. In this case, the corresponding mapping function is
generally defined as follows:

1

2 ’ 3

\/1 - (—R”””" ) cos2(0) ©)
Rshelt

i and R, . are the geocentric distances of the LEO satellite orbit and spherical ionospheric shell,

respectively (Klobuchar, 1996). On the other hand, Lear (1987) proposed the following empirical mapping func-
tion for LEO satellite GNSS receivers:

M) =

where R

M) = 2.037 ‘ @

sin(@) + 1/1.076 — cos2(9)

Although these mapping functions show a dependence on parameters such as orbital altitude, magnetic latitude,
and solar activity, comparison studies show that their differences are indeed insignificant, especially for higher
elevation angles (greater than ~40°; Zhong, 2016). In our case, the orbital altitudes for LEO satellites range from
~450 to ~830 km during the period of geomagnetic storms considered in this work. We decided to use the Lear
mapping function to convert STEC measurements to equivalent VTECs and maintain consistency in our analysis.
In addition, we only consider STEC measurements that have elevation angles higher than 40° to mitigate the error
caused by the STEC to VTEC conversion.

In this study, we purely focus on experimental data sets. We use TEC observations from the Constellation Observ-
ing System for Meteorology, lonosphere, and Climate (COSMIC-1), Gravity Recovery and Climate Experiment
(GRACE), and Meteorological Operational Satellite Program of Europe (MetOp-A/B) missions for the four
geomagnetic storms. As described above, these nonocculting TEC measurements are obtained from LEO satellite
orbital altitudes to GNSS satellites. GRACE has two sun-synchronized satellites such that one follows the other
at an altitude of ~450 km. MetOp-A/B missions are also sun-synchronized satellites, orbiting in a coplanar orbit
approximately half an orbit apart at an altitude of ~830 km. On the other hand, the COSMIC-1 constellation has
six circular orbit satellites at an altitude of ~800 km, and hence, it has a better spatial coverage than the others.
We consider data collected a few days prior to and after the storms that we intend to study. The data were obtained
through the COSMIC Data Analysis and Archive Center (CDAAC). We perform quality control checks on these
preprocessed data, in particular for any sudden spikes or outliers, and remove them. If we notice any sudden jump
or drop in the continuity, we fix these aberrations using the method described in a previous study (Horvath &
Crozier, 2007). Nevertheless, these situations occurred <3% of the total length of time in the data. In addition, we
discard any measurement that was already flagged by CDAAC for error.

Although satellite observations have uniform global coverage, they have limited spatial and temporal sampling.
Most of the previous studies were performed using along the track TEC measurements. Since our focus is to char-
acterize interhemispheric large-scale ionospheric N, responses during geomagnetic storms, we bin the data into a
10° latitude by 20° longitude grid for each hour in universal time and then average along the longitude and time.
Because satellite space and time sampling cause artifacts, we consider multiples of the satellite orbital time as
the average time to minimize these effects in our analysis. For example, Figure 1 shows the GRACE latitude-time
coverage during its upward-looking TEC measurements in March 2015. The upper panel shows the measured
STECs in TEC units (1 TECU = 10'® m~2) for five orbital cycles on 10 March, which was a quiet day, and the
lower panel shows the same data on 17 March, which was a storm day. Furthermore, the TEC measurements with
elevation angles smaller than 40° are marked in grayscale, and as noted above, those measurements are ignored in
our analysis. As shown in this figure, the GRACE orbital time is ~90 min, and we consider 180 min of zonal aver-
aging, which represents the combination of two orbital cycles. This approach allows us to conduct our analysis
separately for daytime (06:00-18:00 local time) and nighttime (18:00-06:00 local time) to facilitate the analysis
with a minimal or no data gap. As we will discuss shortly, the sampling artifacts are repeatable on a daily basis
and can be removed using quiet-time daily variation of TECs.

In addition to TEC observations, we also utilize GNSS-RO N, measurements from the COSMIC-1 and GRACE
missions. The GNSS-RO receivers in these satellites record the carrier phase changes of the GNSS-to-LEO
link during the rises and sets of GNSS satellites with respect to LEO satellites. These measurements are used
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Figure 1. Latitude-time coverage of Gravity Recovery and Climate Experiment (GRACE) during its upward-looking Total
Electron Content (TEC) measurements in March 2015. The measured Slant TECs (STECs) for five orbital cycles on 10
March (quiet day) and 17 March (storm day) are shown in the upper and lower panels, respectively. STEC measurements with
elevation angles smaller than 40° are marked with a gray color scale.

in inversion techniques to compute N, profiles of the ionosphere (e.g., Schreiner et al., 1999). N, profiles are
available from LEO orbital altitudes and down to ~100 km. Unlike STEC measurements, GNSS-RO N, measure-
ments allow the investigation of ionospheric responses in three dimensions: altitude, latitude, and time. However,
the number of available profiles is relatively low compared to STEC measurements. In the case of COSMIC-1,
~1,000 profiles are available in a typical day requiring a 6-hr averaging to avoid gaps in the global N, obser-
vations during storms. The GNSS-RO N, are obtained using Abel inversion with the assumption of spherical
symmetry, and previous studies documented systematic errors in the equatorial and low-latitudinal regions, espe-
cially at low altitudes (e.g., Liu et al., 2010; Yue et al., 2010). Although improvements have been implemented
in recent years (e.g., Nicolls et al., 2009; Pedatella et al., 2015), the method still produces errors in the E-region
(Swarnalingam et al., 2020; Wu, 2018). Nevertheless, this data set is a useful tool to explore large-scale N, studies
in the F-region (e.g., Pedatella et al., 2011). In this study, we use them above 200 km in parallel to TEC obser-
vations to characterize N, responses during the progress of storms in the high-latitude and midlatitude regions.

2.2. Ground-Based Data Set

We also use another VTEC data set from global ground-based GNSS receivers that are collected and provided
by the MIT Haystack Observatory via the CEDAR Madrigal system. The TEC data are collected on a daily basis
from a large number of worldwide sites (~6,000) that correspond to ~100 million line-of-sight TEC measure-
ments (Coster et al., 2017). Automated GNSS processing algorithms are used to convert these measurements to
VTEC directly above each location (Rideout & Coster, 2006), with a special focus on removing any bias among
receivers (Vierinen et al., 2016). Subsequently, the data are arranged into 1° latitude by 1° longitude bins and are
archived every 5 min; hence, the data produce a good temporal resolution in TEC measurements. For example,
Figure 2 compares the observed latitude-longitude VTEC at 16:35 UT on 10 March (quiet day) and 17 March
(storm day) in 2015 along with the respective Dst indices. The sun position is marked with a yellow circle.

As illustrated in Figure 2, the ground-based GNSS receiver locations are not uniformly distributed and only cover
landmass areas, leaving portions of oceans uncovered. Nevertheless, the ground-based TEC observations cover
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Figure 2. Comparisons of vertical TEC (VTEC) observations from the global ground-based Global Navigation Satellite System (GNSS) receivers on 10 March (quiet
day) and 17 March (storm day) in 2015 along with the respective Dst indices are shown on the left and right, respectively. The sun position is marked with a yellow
circle. A large number of global receiver locations covering Earth's landmass produce a high-resolution data set in space and time.

the entire ionosphere and plasmasphere up to the GNSS orbital altitude (~220,000 km). On the other hand, the
space-based observations uniformly cover both landmass and ocean areas, but as described above, they have
limited spatial and temporal sampling. In addition, the space-based TEC observations that we use in this study
cover only the topside of the ionosphere from the orbital altitudes of the LEOs. Although these data products
have their own positive and negative qualities, they provide promising insights into storm-induced ionospheric
plasma effects. In our analysis method, even though these data produce sampling artifacts on the global scale,
they are repeatable on a daily basis and hence can be removed using quiet-time daily variation, as we will briefly
discuss in Section 4.

2.3. FACs

FACs connect the auroral ionosphere with the outer magnetosphere. They intensify during the onset of storms.
However, they have not been studied extensively in association with storms. In this study, in addition to the space-
based and ground-based GNSS TEC and GNSS-RO N, data sets, we incorporate FACs. We use FAC estimations
from the AMPERE during the four storms. The AMPERE determines FACs using transverse magnetic field
measurements recorded by magnetometers on 66 communications satellites, orbiting at ~780 km and comprising
the Iridium constellation (Anderson et al., 2000). From the measurements of magnetometers, magnetic pertur-
bations are calculated every 10 min by subtracting the Earth's main field. Subsequently, FACs are determined
from the spatial gradients of the vector magnetic field perturbations by considering the satellite altitude and
instrument gain (Anderson et al., 2014). The accumulated measurements over 10 min are updated every 2 min for
both hemispheres. In our analysis, we use upward and downward integrated FACs for magnetic latitudes poleward
of 60° in the Northern and Southern Hemispheres during the onset of storms.

3. Asymmetric Ionosphere Electron Density Responses—Representative Examples
3.1. 14-15 July 2012 Storm

The 14-15 July 2012 event was an intense geomagnetic storm triggered by a CME on 12 July directed toward
the Earth (Hess & Zhang, 2014). We consider data sets that include measurements collected a few days prior
to and after the storm to properly study the ionospheric response. Figure 3 shows the evolution of geomagnetic
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Figure 3. Temporal evolution of selected geophysical parameters for the 14-15 July (DOY: 194-203), 2012, storm. Data
from a few days prior to and after the onset of storms are shown. The starts of the initial, main, and recovery phases are
marked by vertical dashed lines (light blue and light pink refer to the initial and main phases, respectively). The first panel
shows changes in SYM-H/D components. The second panel shows the AMPERE measurements of daytime upward and
downward integrated Field-Aligned Currents (FACs) for greater than 60° in the Northern and Southern Hemispheres. The
third panel shows the auroral electrojet AU/AL indices, and the fourth panel shows the Kp index. The time window in which
IMF B, turned southward is marked by two vertical dotted lines.

disturbance during 12-21 July (Day of Year; DOY: 194-203). The first panel contains geomagnetic indices attrib-
uted to parallel and perpendicular components of the longitudinally symmetric ring current. The index due to the
current component parallel to the dipole axis is marked by SYM-H (blue), and this component is generally viewed
as a high-resolution version of the Dst index. The index due to the current component perpendicular to the dipole
axis is marked by SYM-D (black). The second panel shows AMPERE-observed upward and downward integrated
FACs (I) for magnetic latitudes poleward of 60° during the daytime in the Northern and Southern Hemispheres.
The third panel in this figure shows the auroral electrojet indices AU and AL, and the fourth panel shows the Kp
index. The AU and AL indices refer to upper and lower envelopes of horizontal current perturbations observed
along the auroral zone in the Northern Hemisphere (Allen & Kroehl, 1975). The AU index is a measure of the
eastward auroral electrojet, flowing in the dayside auroral oval and coupled to magnetopause currents, and AL is
a measure of the westward auroral electrojet (e.g., Rostoker, 1996); thus, these parameters indicate a response of
the magnetosphere to the changes in the solar wind conditions. The AU/AL indices roughly represent the auroral
energy inputs, and the Kp index describes geomagnetic conditions at middle latitudes.

For this storm, SSC occurred at 18:09 UT on 14 July (DOY 196). The three dashed lines in Figure 3 indicate the
onsets of the initial, main, and recovery phases. The initial and main phases are shaded with light blue and light
pink, respectively. A closer inspection of solar wind parameters at ACE satellite measurements (from NASA-God-
dard OMNI data; http://omniweb.gsfc.nasa.gov) indicates that the interplanetary magnetic field IMF) B, and B,
components were close to zero on the day before the storm. The solar wind pressure and speed were also small
and stable. Shock-like changes in the solar wind parameters occurred ~40 min prior to SSC with a high-level
solar wind speed ~600 km/s (Liu et al., 2014). In this figure, sudden increases in FACs in both hemispheres along
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with abrupt changes in AU/AL and Kp indices occur when SSC occurred. The abrupt changes in the FACs, AU
and AL indices, and Kp index indicate high-latitude energy depositions into the polar ionosphere and the forma-
tion of convection patterns. Numerous observational and simulation studies provide evidence for these types of
dynamic processes at high latitudes due to nonsymmetric ring currents (e.g., Ridley & Liemohn, 2002; Zhang
et al., 2007). As a result, SED patches are formed in the polar region during the main phase of the storm (e.g.,
Foster, 1993; Wang et al., 2019). In our study, this result is also evident in GNSS-RO N, measurements, as we
will briefly discuss below.

During the onset of the storm, the FACs become very dynamic and evolve in accordance with the intensity of
reconnection at the daytime magnetopause. As shown in this figure, when the storm proceeds into its main phase
on 15 July, SYM-H starts to decrease, and FACs increase in both hemispheres. FACs transfer disturbances of
solar origin to auroral latitudes in addition to other forms of energy transfer: high energetic particles and electric
fields. Subsequently, the currents reach their maxima ~12 MA when SYM-H reaches its lowest value, —139 nT.
The amplitudes of upward and downward currents in the Northern Hemisphere (red and black) are larger than
those in the Southern Hemisphere (blue and green), indicating that relatively more FACs flow in the north. One
of the significant features of this storm is the long-lasting southward IMF B, component during the main phase
and recovery phase. Since the occurrence of SSC, the IMF B_ component flips back and forth between north
and south, corresponding to the sheath region of the CME-driven shock. During the main phase, the solar wind
dynamic pressure increased to ~28 nPa as a short-lived pulse and decreased to a low value at ~06:40 UT on 15
July. At this time, the IMF B, component turned southward and remained southward until ~15:00 UT on 16 July,
while the storm progressed into the recovery phase. The extended southward period corresponds to the ICME
flux rope, whose axial field points south (Gopalswamy et al., 2018; Hess & Zhang, 2014). This time window is
identified in Figure 3 by two vertical dotted lines in panels 2 and 3. During this interval, very high values of the
AL index approaching ~—1,000 nT, as well as a high Kp index, are recorded, indicating energy inputs into the
ionosphere. As the storm progresses into the recovery phase, FACs begin to decrease and reach a low value when
IMF B, turns to the north.

Figure 4 shows a time series of uplooking daytime VTECs from space-based and ground-based observations
along with SYM-H and FAC differences between the two hemispheres during 12-21 July (DOY: 194-203). The
first and second panels show daytime 3-hr zonal averaged VTEC measurements from COSMIC-1 and GRACE,
respectively. The third panel shows the daytime hourly zonal averaged observed VTECs in the ground-based
worldwide GNSS receiver system. The fourth panel shows the temporal evolution of the SYM-H index. The fifth
panel shows the integrated daytime FAC difference between the two hemispheres (I, — I) in the upward (red)
and downward (blue) directions. The onsets of the initial, main, and recovery phases are marked by three dashed
lines. By orbiting at ~800-km altitude, COSMIC-1 primarily captures the TEC changes in the plasmasphere from
60°N to 60°S magnetic latitudes (first panel), whereas GRACE, which orbits at ~450-km altitude, captures both
the plasmasphere and topside ionosphere within 80°N and 80°S magnetic latitudes (second panel). As described
in Section 2.1, since the orbital time of these satellites is ~90 min, the contour plots for these two satellites are
established using longitudinal means of two successive orbital VTEC measurements. Although this produces
repeatable daily artifacts (as noticeable in Figure 4 prior to the storm), the temporal evolution of VTECs during
the storm shows good agreement among COSMIC-1, GRACE, and ground-based observations. At the onset of
the initial phase (first dashed line), dramatic changes in the VTECs are evident at midlatitude and high latitude
in the Northern Hemisphere. When the storm progresses into the main phase, all data products show a substantial
increase in VTECs extending across wider latitudes. COSMIC-1 VTEC (above ~800 km) and GRACE VTEC
(above ~450 km) observations represent ~20% and ~80% of the ground-based observations, consistent with
previous daytime studies (Belehaki et al., 2004; Cherniak et al., 2012; Yizengaw et al., 2008). As shown in
Figure 3, the FACs, AU/AL indices, and Kp index continuously increase during this phase, and in particular, the
FACs reach a maximum at the end of the main phase (see Figure 4 bottom panel).

In the GNSS-RO N, measurements from COSMIC-1 and GRACE, they provide a 3D latitude, time, and altitude
view for the storm-induced N, changes. Figure 5 shows a horizontal view of the retrieved daytime N, at 240-km,
280-km, and 300-km altitudes during 12-21 July (DOY: 194-203). The daytime GNSS-RO N, measurements
from both satellites are combined and zonally averaged to 6 hr, as described in Section 2.1. During the onset of
the storm, in addition to increases in N, in the equatorial and low-latitude regions, the figure also shows the occur-
rence of increases in N, at ~60°N, especially during the initial and early main phases. Respective height-time
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Figure 4. Time series of uplooking daytime vertical TEC (VTEC) observations from COSMIC-1 (first panel), GRACE
(second panel), and ground-based (third panel) within 80°N and 80°S magnetic latitudes during 12-21 July (DOY: 194-203).
The temporal evolution of the SYM-H index is shown in the fourth panel. The difference in integrated daytime Field-Aligned
Currents (FACs) between the Northern and Southern Hemispheres (I, — I¢) is shown in the fifth panel. Red refers to an
upward FAC difference, and black refers to a downward FAC difference.

curtain views across 60°N and 60°S magnetic latitudes are shown in Figure 6. At 60°N (first panel), the increase
in N, starts to occur during the initial hours of the storm at ~300 km. Subsequently, during the early main phase,
this increase in N, is uplifted and then decreases below the prestorm value once the recovery phase starts. Since
the magnetic fields are not strictly vertical in this region, this uplifting of plasma to higher altitudes is anticipated
during plasma convection, as reported in previous studies (e.g., Heelis et al., 2009; Zou et al., 2014, and several
others). On the other hand, in the case of 60°S (second panel), this type of large-scale enhancement and uplifting
of N, starts occurring toward the end of the main phase. The observed time delay between 60°N and 60°S appears
to be in good agreement with the observed TEC, especially with ground-based observations (panel 3 in Figure 4).

Returning to Figure 4, when the storm transitions from the main phase to the recovery phase, a substantial amount
of depletions in the VTECsS are visible in all three data products. Depletions start to appear initially at northern
high latitudes and then progress into midlatitude and low latitude. During the recovery phase, the VTECs in
midlatitude and low latitude are reduced by ~25% in COSMIC-1 observations and ~17% in GRACE observa-
tions. At the same time, the FACs remain high and active for more than ~48 hr during the recovery phase. The
panels also indicate a slow recovery of the ionosphere and plasmasphere until SYM-H returns closer to zero by
DOY 201.

In the case of the AMPERE measurements of FACs during this storm, the integrated FACs in the north are higher
than those in the south, as is evident in panel 5 in Figure 4. The difference between I, and I starts to occur during
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Figure 5. Horizontal view of measured daytime GNSS-RO N, at 240-km, 280-km, and 300-km altitudes during 12-21 July
(DOY: 194-203). The onset of the initial phase and the end of the main phase are marked by dashed lines. The curtain views
for N, at 60°N and 60°S are shown in Figure 6.

the initial phase, and consequently, the difference reaches higher than 4 MA at the end of the main phase. This
difference remains high for several hours into the recovery phase. In this figure, the high integrated FAC flow in
the north compared to the south (i.e., I, — I > 0) shows a good agreement with VTEC depletions in the north-
ern hemisphere that is especially prominent in the cases of GRACE and ground-based data. The solstice in the
Northern Hemisphere occurred 24 days preceding this storm; thus, the ionization rate is higher in the north than
in the south due to a greater amount of sunlight. Hence, the high ionospheric conductivity in the northern summer
might have played a role in increasing northern FACs compared to the southern FACs when the storm has struck.
This change might, in turn, increase the ionospheric heating process, leading to faster phase composition changes
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Figure 6. Comparison of measured daytime GNSS-RO N, height-time curtain views across 60°N and 60°S magnetic
latitudes during 12-21 July (DOY: 194-203). At 60°N, large-scale enhancement of N, starts to occur at ~300 km and higher
altitudes during the initial hours of the storm (first panel), whereas at 60°S, a similar feature occurs toward the end of the
main phase (second panel). The onset of the initial phase and the end of the main phase are marked by dashed lines.
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Figure 7. Temporal evolution of selected geophysical parameters during 14-21 June 2012 (DOY: 166-173). Data from a few
days prior to and after the storm are shown. The onsets of the initial, main, and recovery phases are marked by vertical dashed
lines (light blue and light pink refer to the initial and main phases, respectively). The first panel shows changes in SYM-H/D
components. The second panel shows the AMPERE measurements of daytime upward and downward integrated Field-
Aligned Currents (FACs) for greater than 60° in the Northern and Southern Hemispheres. The third panel shows the auroral
electrojet AU/AL indices, and the fourth panel shows the Kp index. The time window in which IMF B_ turned southward is
marked by two vertical dotted lines.

in the north relative to the south. Although the hemispheric asymmetry in ionospheric responses is generally
explained as a result of composition changes carried away by perturbed equatorward meridional winds (e.g.,
Prolss, 1997), the concept is still actively debated, and we will return to the discussion of this topic after describ-
ing other geomagnetic storms.

3.2. 16-17 June 2012 Storm

The 16-17 June 2012 event was a moderate geomagnetic storm. The ionospheric response for this storm is very
similar to that of the July 2012 storm. The storm was triggered by two successive CMEs within 25 hr directed
toward the Earth on 13 and 14 June, respectively (OMNI data; http://omniweb.gsfc.nasa.gov). The second CME
had a higher speed than the first CME, and the two CME:s interacted on their path to the Earth and reached the
Earth as a merged structure (Srivastava et al., 2018). At ACE, the first shock arrived at 08:42 UT on 16 June with
a speed of ~450 km s~!, and the second shock arrived on the same day at 21:40 UT with a speed of ~485 km s~!.
Figure 7 shows the evolution of geomagnetic disturbance during 14-21 June (DOY: 166—173). The first panel
shows the geomagnetic SYM-H and SYM-D indices. The SYM-H index rose from 39 to 150 nT before it started
to plunge to —86 nT. An increase in the SYM-H amplitude by >100 nT is extremely rare (<1%) during SSCs (e.g.,
Maeda et al., 1962; Srivastava et al., 2018). The second panel shows upward and downward integrated daytime
FACs for magnetic latitudes poleward of 60° in the Northern and Southern Hemispheres, as determined by the
AMPERE. The third panel shows the auroral electrojet indices AU and AL, and the fourth panel shows the Kp
index. When the first SSC occurred, the IMF B}, component was negative, and B_ started to fluctuate between
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Figure 8. Time series of uplooking daytime vertical TEC (VTEC) observations from COSMIC-1 (first panel), GRACE
(second panel), and ground-based (third panel) receivers within 80°N and 80°S magnetic latitudes during 14-21 June
2012 (DOY: 166—173). The temporal evolution of the SYM-H index and integrated daytime Field-Aligned Current (FAC)
difference between the Northern and Southern Hemispheres (I, — I;) are shown in the fourth and fifth panels, respectively.

positive and negative until the second SSC occurred. After the second SSC, B, remained positive for ~2 hr before
becoming negative at ~4:00 UT on 17 June. Similar to the previous storm, FACs start to increase in both hemi-
spheres when SSC occurs; in particular, they increase steadily up to the end of the main phase. In addition, the AU
and AL indices (third panel) increased, which is an indication of high-latitude energy deposition into the polar
ionosphere and the formation of convection patterns.

Figure 8 shows a time series of the uplooking daytime VTECs from COSMIC-1 (first panel), GRACE (second
panel), and ground-based GNSS receivers (third panel) within 80°N and 80°S magnetic latitudes during 14-21
June (DOY: 166-173). Note that COSMIC-1 VTEC coverage is shown from 60°N to 60°S magnetic latitudes.
The space-based observations are daytime 3-hr zonal averaged, and the ground-based observations are daytime
hourly zonal averaged. The fourth panel shows the SYM-H index, and the fifth panel contains the integrated
daytime FAC difference (I, — I;) between the two hemispheres in the upward (red) and downward (blue) direc-
tions. The onsets of the initial, main, and recovery phases are marked by three dashed lines. Figure 8 shows that
the temporal evolutions of VTECs among COSMIC-1, GRACE, and ground-based observations are in good
agreement during the entire period of 14-21 June.

Similar to Figure 6, the time delay associated with daytime large-scale N, enhancements and uplifting between
the summer and winter high latitudes is also evident in this storm when comparing the curtain views across 60°N
and 60°S in the GNSS-RO N, observations. In this case, in the northern high latitudes, large-scale enhancements
and uplifting occur during the initial and early main phases, and similar features occur in the southern high
latitudes during the late main phase (figure not shown). As detected in the July storm, the observed feature in
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Figure 9. Horizontal view of measured daytime GNSS-RO N, at 240-km and 280-km altitudes during 14-21 June 2012
(DOY: 166—173). The onset of the initial phase and the end of the main phase are marked by dashed lines.

N, appears to be consistent with the TEC observations, especially in the ground-based observation (panel 3 in
Figure 8). Subsequently, depletions start to occur at high latitudes and progress to midlatitude and low latitude.
In addition, differences in the AMPERE integrated FACs between the north and south (I, — I) are also very
similar to those in the July storm. However, significant changes in I, — I (exceeding 4 MA) start to appear during
the main phase in this storm, whereas in the July storm, it occurs once the recovery phase started. Furthermore,
in the ground-based VTEC observation, several hours of VTEC depletion to as low as 20°N in the Northern
Hemisphere are also noticed (panel 3 in Figure 8). In addition, strong N, depletions at F-region altitudes are
evident in the GNSS-RO N, measurements. Figure 9 captures the horizontal structure of N,, combined from the
two satellites listed above at 240-km and 280-km altitudes during 14-21 June (DOY: 166—173). While a strong
level of electron density depletion occurs in the northern high latitudes during the early phases of the storm,
these changes are not prominent in the Southern Hemisphere until the storm reaches the recovery phase. Notably,
this storm occurred only 3 days preceding the summer solstice in the Northern Hemisphere, and the analysis of
dayside VTEC and GNSS-RO N, along with the AMPERE FAC:s indicates that preconditioning in the Northern
Hemisphere might have played a significant role in triggering interhemispheric asymmetry in the response of the
ionosphere.

3.3. 19-20 December 2015 Storm

The 19-20 December 2015 event was an intense geomagnetic storm in which the SYM-H index reached the mini-
mal value of —170 nT. Unlike the previous two storms, this storm occurred during summer in the Southern Hemi-
sphere. As in the June 2012 storm, this storm also occurred as a consequence of two successive CMEs. The shock
arrived at ACE at ~15:40 UT on 19 December, and the second but slower CME also propagated within interplan-
etary space (Gopalswamy, Yashiro et al., 2015). However, since the second CME was not from the same region
of the Sun, the possible interaction between the two CMEs was unlikely. Before the onset of the storm, solar wind
remained at a speed of ~350 km s~!. When SSC occurred at ~16:20 UT, the speed increased to ~475 km s~
During the initial phase of the storm, IMF B_ started to fluctuate between positive and negative but remained
mostly positive until the early hours of 20 December. Figure 10 shows the evolution of geomagnetic parameters
during 18-27 December (DOY: 352-361). The first panel shows the geomagnetic SYM-H and SYM-D indices of
the longitudinally symmetric ring current, and the SYM-H index reaches —155 nT at the end of the main phase.
The second panel shows upward and downward integrated daytime FACs for magnetic latitudes poleward of 60°
in the Northern and Southern Hemispheres, as determined by the AMPERE. The third panel shows the auroral
electrojet indices AU and AL, and the fourth panel shows the Kp index. When B, turns southward, FACs start to
increase to higher than 10 MA in both hemispheres, as observed in the other two geomagnetic storms. Note that
the amplitude of the integrated upward and downward currents (blue and green) for the Southern Hemisphere is
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Figure 10. Temporal evolution of selected geophysical parameters during 18-27 December 2015 (DOY: 352-361). Data
from a few days prior to and after the storm are shown. The onsets of the initial, main, and recovery phases are marked

by vertical dashed lines (light blue and light pink indicate the initial and main phases, respectively). The first panel shows
changes in SYM-H/D components. The second panel shows the AMPERE measurements of daytime upward and downward
integrated Field-Aligned Currents (FACs) for greater than 60° in the Northern and Southern Hemispheres. The third panel
shows the auroral electrojet AU/AL indices, and the fourth panel shows the Kp index. The time window in which IMF B,
turned southward is marked by two vertical dotted lines.

larger than the amplitude in the Northern Hemisphere (red and black) compared to the cases in the previous two
storms, which occurred during summer in the Northern Hemisphere. Meanwhile, the AL index increases sharply
to greater than 1,000 nT along with the Kp index to the maximum value of 7. As is evident in this figure, the
temporal evolution of these geomagnetic parameters is very similar to that of the two previous storms. Neverthe-
less, VTEC and GNSS-RO electron density observations indicate a different picture in the December 2015 storm
compared to the other two storms.

Figure 11 shows the time series of the uplooking daytime VTECs from MetOp-A/B (first panel), GRACE (second
panel), and ground-based GNSS receivers (third panel) within 80°N and 80°S magnetic latitudes during 18-27
December. The fourth panel shows the SYM-H index, and the fifth panel presents the integrated daytime FAC
difference (I, — I,) between the two hemispheres in the upward (red) and downward (blue) directions. For this
storm, since the number of PODTEC samples in COSMIC-1 is fewer than that in MetOp-A/B, especially during
December 2015, we decided to use MetOp-A/B, which has coverage from 70°N to 70°S magnetic latitudes. The
orbital altitude of MetOp-A/B is ~830 km, which is only 30 km higher than COSMIC-1; hence, incorporating
MetOp-A/B will not affect our topside ionospheric VTEC analysis and comparisons. The onsets of the initial,
main, and recovery phases of this storm are marked by three dashed lines. In this figure, the recovery time for
this storm is relatively short compared to the previous two storms. More importantly, the increases in VTECs
start to occur in the Southern Hemisphere in MatOp-A/B, GRACE, and ground-based observations, particularly
during the main phase. Subsequently, depletions occur in all three data products in the Southern Hemisphere.
Additionally, as shown in panel 5, the FACs in the Southern Hemisphere are higher than the FACs in the Northern
Hemisphere during the onset of this storm. However, the mean increase in the integrated FACs in the Southern
Hemisphere is slightly lower (~3 MA) than the means of the previous two cases (~4 MA). Compared to the
other two storms, the negative values of I,, — I during the onset of this storm indicate that preexisting summer
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Figure 11. Time series of the uplooking daytime vertical TEC (VTEC) observations from MetOp-A/B (first panel), GRACE
(second panel), and ground-based (third panel) receivers within 80°N and 80°S magnetic latitudes during 18-27 December
2015 (DOY: 352-361). The temporal evolution of the SYM-H index and integrated daytime Field-Aligned Current (FAC)
difference between the Northern and Southern Hemispheres (I, — 1) is shown in the fourth and fifth panels, respectively.

ionospheric conditions in the Southern Hemisphere possibly affect the N, responses and hence the hemispheric
asymmetry in the VTECs.

In the preceding sections, we have described and discussed the results of three geomagnetic storms from space-
based and ground-based observations. The first two storms occurred during summer in the Northern Hemisphere.
The first storm occurred 24 days after the summer solstice, and the second storm occurred 3 days prior to the
summer solstice. On the other hand, the third geomagnetic storm occurred a day prior to the summer solstice
in the Southern Hemisphere. The observed upward-looking VTECs from multiple LEO satellites at different
orbital altitudes (~450 and 800 km), as well as from the ground-based GNSS network, show good agreement
with the ionospheric response for these storms. These results indicate that summer preconditioning influences
the ionospheric daytime response to these geomagnetic storms. Hence, a question arises as to how the ionosphere
responds if storm onset occurs on days closer to or on the day of the equinox. We considered a storm that occurred
at St. Patrick's Day in 2015 to answer this question.

3.4. 17-18 March 2015 Storm

A super geomagnetic storm occurred on 17-18 March 2015 with the SYM-H index reaching the minimal value
of —223 nT. This storm was termed the St. Patrick's Day storm and the most intense magnetic storm in solar cycle
24. Several studies on this storm from different perspectives have been published (Astafyeva et al., 2015; Wu
et al., 2016; Zhang et al., 2017, and references therein). The storm was caused by an Earth-directed CME, which

SWARNALINGAM ET AL.

15 of 26



A7t |

etmdbvet Journal of Geophysical Research: Space Physics 10.1029/2021JA030247
100 - e |
E O (N}
S .00} n
& 1 ——SYM-D
? -250 L ! I Phase J\I Phase | I | m,
72 73 74 75 76: ! '|77 78 79 80 81
25 1
i
10 +
< 0
= AT YA
-10 ——North-UP
——North-DN
o5 i [ | | thward IMF Bz | —4 1 |
7 73 74 75 76 77 78 79 80 81

[6)]

o

o
1

i ;nnﬂﬂﬂn%ﬂﬂﬂﬂm@QﬂHﬂﬂﬂﬂmgﬂﬂﬂﬂﬂﬂﬁﬂBH lﬂﬂHHﬂﬂuﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ%ﬂﬂﬂn%

DOY

Figure 12. Temporal evolution of selected geophysical parameters during 13-22 March 2015 (DOY: 072-081). Data from
a few days prior to and after the storm are shown. The onsets of the initial, main, and recovery phases are marked by vertical
dashed lines (light blue and light pink indicate the initial and main phases, respectively). The first panel shows changes in
SYM-H/D components. The second panel shows the AMPERE measurements of daytime upward and downward integrated
Field-Aligned Currents (FACs) for greater than 60° in the Northern and Southern Hemispheres. The third panel shows

the auroral electrojet AU/AL indices, and the fourth panel shows the Kp index. The time window in which IMF B, turns
southward is marked by two vertical dotted lines.

erupted on 15 March 2015 (e.g., Gopalswamy, Tsurutani et al., 2015). SSC was registered at ~04:45 UT on 17
March with an increase in the solar wind speed from 400 km s~! to higher than 500 km s~! and the dynamic pres-
sure increased by 20 nPa. During the initial phase of the storm and a few hours in the early part of the main phase,
IMF B, oscillated between the north and the south and turned southward at ~13:40 UT until the end of the day.

Figure 12 shows the evolution of geomagnetic parameters during 13—22 March. The first panel shows the
geomagnetic SYM-H and SYM-D indices, and the SYM-H index reaches —223 nT at the end of the main phase.
The integrated daytime FACs from AMPERE, which are shown in the second panel, start to increase, reaching
a maximum of ~12 MA in both the upward and downward directions, and then start to decrease. During this
interval, the AL index sharply increases, reaching a maximum higher than 1,000 nT at the end of the main phase
(third panel). Moreover, the Kp index reaches its maximum of ~8 during this interval (fourth panel). Figure 13
shows a time series of the uplooking daytime VTECs from MetOp-A/B (first panel), GRACE (second panel), and
ground-based GNSS receivers (third panel) within 80°N and 80°S magnetic latitudes during 13-22 March. The
variations in VTECs between the two LEO satellites and the ground-based GNSS network show good agreement.
The increases in VTECs during the main phase appear relatively symmetric compared with previous storms.
Moreover, subsequent depletions during the recovery phase also symmetrically occur in the Northern and South-
ern Hemispheres. Additionally, the FAC difference (I, — ) continues to exhibit negative values in the early hours
of the main phase with a spike of —5 MA and becomes positive with a maximum of 4 MA. Unlike in the previous
storms, the quantity I, — I appears to fluctuate back and forth between positive and negative during this storm.
The storm occurred only 3 days prior to the vernal equinox. Similar to the December 2015 storm, this storm also
quickly recovered almost within a day. Nevertheless, MetOp-A/B VTEC indicates that the recovery time window
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Figure 13. Time series of the uplooking daytime vertical TEC (VTEC) observations from MetOp-A/B (first panel), GRACE
(second panel), and ground-based (third panel) receivers within 80°N and 80°S magnetic latitudes during 13-22 March

2015 (DOY: 072-081). The temporal evolution of the SYM-H index and integrated daytime Field-Aligned Current (FAC)
difference between the Northern and Southern Hemispheres (I, — 1) are shown in the fourth and fifth panels, respectively.

is relatively high compared to GRACE and ground observations. Notably, the MetOp orbital altitude is ~830 km;
hence, this receiver might indicate a slow recovery in the plasmasphere compared to the ionosphere.

4. Daytime and Nighttime TEC Perturbations

In the previous section, interhemispheric asymmetry is evident in daytime VTEC depletions during geomagnetic
storms, which occurred in June 2012, July 2012, and December 2015. During the onset of the June and July
storms, depletions prominently occur in the northern high latitude and midlatitude, whereas during the onset
of the December storm, the depletions occur in the Southern Hemisphere. On the other hand, the interhemi-
spheric N, response during the March 2015 storm is relatively symmetric compared with previous cases. VTEC
observations from all three data products show good agreement in all of the aforementioned storms. In addition,
GNSS-RO N, from COSMIC-1 and GRACE also show good agreement with the observed feature described
above. At the same time, at high latitudes greater than 60°, the integrated FACs from AMPERE are relatively
high in the Northern Hemisphere for the June 2012 and July 2012 storms and low for the December 2015 storm,
suggesting that more FACs flow in the summer hemisphere during the onset of these storms compared to the
winter hemisphere. This hemispheric asymmetrical pattern is not evident either in TEC observations or AMPERE
FACs during the March 2015 storm.

As described in Section 2, low global sampling rates produce artifacts in both space-based and ground-based data
sets. However, as noticed in the previous TEC figures (Figures 4, 8, 11, and 13), these artifacts are repeatable on
a daily basis and can be removed using quiet-time TECs. In this section, we remove these artifacts and investigate
daytime and nighttime perturbations in VTECs separately during storms. For this purpose, we consider ~10 quiet
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Figure 14. Time series of the estimated perturbation in vertical TEC (VTEC) for daytime (left panel) and nighttime (right
panel) during the June 2012 geomagnetic storm. The first panel shows COSMIC-1 for daytime and MetOp-A for nighttime.
The second and third panels show the perturbations in GRACE and ground-based measurements, respectively. The time series
are normalized from peak to peak.

days before and after storms (with a Dst index higher than —50 nT and Kp < 4) and estimate the mean diurnal
VTEC variation for quiet days. Subsequently, we subtract the quiet-day absolute VTECs from the storm-day
VTECs (e.g., Immel & Mannucci, 2013). Since the VTEC differences, A(VTEC), vary widely from one data
product to another, we normalize them using the respective quiet-day absolute VTEC and set the lowest value of
the ratio to —1 and highest to +1. This approach will facilitate an easy comparison among different data products
and better capture the small spatiotemporal changes in VTECs (e.g., Shinbori et al., 2020).

The removal of background VTECs during storms makes the hemispheric asymmetrical feature more pronounced.
Figure 14 shows the normalized perturbation time series for the geomagnetic storm that occurred in June 2012.
The left column shows perturbations during daytime, and the right column shows the same for nighttime. The first
panel shows VTEC perturbations in COSMIC-1 (daytime) and MetOp-A (nighttime) observations. The second
and third panels show the perturbations in GRACE and ground-based observations, respectively. The onsets of
the initial, main, and recovery phases are marked by vertical dashed lines. In the main phase, the daytime VTEC
depletions start initially at northern high latitudes and progress to midlatitude and low latitude when the storm
transitions to the recovery phase. This change is evident in all three data products. In the case of nighttime obser-
vations, the VTEC depletion patterns are very similar to those recorded in the daytime, at least in GRACE and
ground-based observations. This result may indicate the level of the effect of the daytime VTEC changes on the
nighttime ionosphere. In this figure, the nighttime VTEC perturbations extend to wider latitudes. In the case of
the July 2012 storm (not shown), the VTEC perturbations are very similar to those of the June 2012 storm.

In the case of the December 2015 storm, Figure 15 shows normalized VTEC perturbation time series for MetOp-
A/B (first panel), GRACE (second panel), and ground-based (third panel) observations. In this case, the daytime
plot (left side) shows that the VTEC depletions start at high latitudes in the Southern Hemisphere and progress
into midlatitude and low latitude. These features are opposite to those that have been observed in the June 2012
storm and July 2012 storm. For comparison, we also include VTEC perturbations for the March 2015 storm.
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Figure 15. Time series of the estimated perturbations in vertical Total Electron Contents (VTECs) in the daytime (left panel) and nighttime (right panel) during the
geomagnetic storm that occurred in December 2015. The first panel shows the estimation from MetOp-A/B measurements. The second and third panels show the same
estimations from GRACE and ground-based measurements, respectively. The time series are normalized to peak to peak.

Figure 16 shows the VTEC perturbations for the March 2015 storm in MetOp-A/B (first panel), GRACE (second
panel), and ground-based (third panel) observations. As shown in this figure, the perturbation analysis for this
storm does not show any interhemispheric asymmetry in any of the data products. The results show a symmetric
feature in VTEC depletions.

Using a large number of VTEC and N, measurements from multiple LEO satellites and ground-based GNSS
receivers, we observe interhemispheric asymmetry in ionospheric N, perturbations in the geomagnetic storms
described above. By removing the background daily variation using the quiet-day data, we show that the N,
depletions are pronounced in summer months in both hemispheres during the onset of the recovery phase. Our
results also indicate that global-scale depletions initially occur at summer high latitudes during the main phase of
the storm and then progress to midlatitude and low latitude when storms move into the recovery phase. The three
storms (16—17 June and 1415 July 2012, and 19-20 December 2015) studied here occurred either a few days
prior to or after the summer solstice. However, this pronounced interhemispheric asymmetry is not evident in the
March storm. Using a modeling study, Balan et al. (1995) previously showed that interhemispheric plasma flows
driven by meridional transequatorial neutral winds from the summer to the winter hemisphere during the daytime
lead to stronger TECs and N, in the equatorial ionization anomaly (EIA), especially in the winter hemispheric
low latitude and midlatitude. Later, N, measurements from CHAMP showed that the most significant changes
in low latitude and midlatitude occur during the main phase, and subsequently, the chemical effects produce
negative ionospheric storms at all latitudes during the recovery phase (Balan et al., 2011). In our analysis, these
signatures are evident during the December 2015 (austral summer) storm in both space-based and ground-based
observations. As illustrated in Figure 15, significant increases in daytime TECs occur during the main phase in
the winter hemispheric low latitudes, implying strong summer-to-winter plasma flows. On the other hand, in the
case of the March 2015 (equinoctial) storm, the EIA appears quite symmetric, implying weak summer-to-winter
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Figure 16. Time series of the estimated perturbations in vertical Total Electron Contents (VTECS) in the daytime (left panel) and nighttime (right panel) during the
geomagnetic storm that occurred in March 2015. The first panel shows the estimation from MetOp-A/B measurements. The second and third panels show the same
estimations from GRACE and ground-based measurements. The time series are normalized from peak to peak.

plasma flows. However, evidence for these signatures was not clearly observed during the June and July 2012
(boreal summer) storms. This difference might be because sometimes the signatures of summer-to-winter plasma
flows are not as clear cut due to the simultaneous actions of different physical mechanisms, as described by
Bruinsma et al. (2006).

Although the space-based and ground-based TEC observations are from different altitudinal ranges, the good
agreement among them indicates that the global large-scale ionospheric latitudinal storm responses are very
similar. However, we are not excluding the existence of regional differences associated with these storms over
regional territories. Indeed, previous case studies of the July 2012 storm using ground-based GNSS receivers (Liu
et al., 2014) and over oceans along the track of downlooking TEC measurements from the Jason-2 satellite (Kuai
et al., 2017) showed regional differences in TEC changes between American and Australian-Asian sectors and a
prolonged negative ionospheric phase in the American sector. Similar results were also reported in case studies
on the March 2015 storm (e.g., Astafyeva et al., 2015; Polekh et al., 2017). Since our TEC results are based on
hourly zonal means in the case of ground-based observations and 3-hr zonal means in the case of ground-based
observations, they may not be able to capture regional differences within shorter time scales.

5. Discussion

In the previous section, interhemispheric asymmetry is evident in daytime VTEC and N, depletions, especially
for geomagnetic storms that occurred in boreal and austral summer months. In particular, VTEC observations
from GRACE and ground-based GNSS receivers show clear seasonal effects on the latter part of the main phase
and recovery phase. Figure 17 shows the integrated daytime FAC differences (i.e., I — I) between the Northern
and Southern Hemispheres for all four storms. The red line represents data collected every 2 min, and the black
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line refers to 30-min mean values. The two vertical dashed lines confine the
start of the initial phase and the end of the main phase of the storm. As shown
in this figure, I, — I remained positive for the June and July 2012 storms and
negative for the December 2015 storm. On the other hand, this hemispheric
asymmetrical pattern is not prominent for the storm that occurred in the equi-
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Figure 17. Comparison of Field-Aligned Current (FAC) differences between
the Northern and Southern Hemispheres in the daytime during the onset of the

77 78 79 80 81 tude dynamics, especially to capture the spatiotemporal evolutions of plasma
boY during different phases of the storm. In a case study of the December 2015
storm, a sudden increase in FACs triggered daytime equatorward TID activ-
ity over the European region (Cherniak & Zakharenkova, 2018). A study on

four storms. 1, and I, are integrated FACs for magnetic latitudes poleward of FACs using CHAMP during the November 2003 storm showed that dayside
60° for the Northern and Southern Hemispheres. The red line represents data current densities are on average 2.5 times larger in the Southern (summer)
collected every 2 min, and the black line refers to the 30-min mean. The two Hemisphere than in the Northern (winter) Hemisphere (Wang et al., 2006). In

vertical dashed lines confine the start of the initial phase and end of the main

phase of the storm.

our cases, we notice northern integrated FACs are ~4 MA times higher than
southern currents during the June and July 2012 storms. In the case of the
December 2015 storm, southern FACs are ~3 MA times higher than northern
currents. On the other hand, the currents fluctuate during the March 2015
storm. Since the magnitudes of the net FACs for the specific hemisphere depend on ionospheric horizontal clos-
ing currents, which in turn depend on underlying ionospheric conductivity, our results indicate that the summer
hemispheric high conductive ionosphere possibly induces high FACs in the summer hemisphere during storms,
which in turn results in large scales of N, depletions in the high latitudes.

Although global-scale hemispheric asymmetrical studies are limited, regional studies on geomagnetic storm
morphology indicate pronounced strong seasonal effects on N, enhancements and depressions. A statistical study
on geomagnetic storms at two geophysical equivalent midlatitude locations, Wallops Island (VA) and Hobart
(Tasmania), using ~200 storm events, Mendillo and Narvaez (2010) noticed very similar enhancements and
depressions at both locations on ionosonde F2-layer maximums, especially during the respective summer months.
Similar studies using a group of ground-based GNSS receivers in the Northern and Southern Hemispheres also
provide evidence for pronounced TEC depressions during the respective summer months (Adebiyi et al., 2014).
On the other hand, a study of the March 2015 storm using Geostationary Earth Orbit (GEO) observations of the
BeiDou Navigation Satellite System (BDS) showed TEC enhancements during the main phase and quasi-sym-
metrical TEC depressions in the recovery phase in both hemispheres (Jin et al., 2017). Our results are consistent
with these results.

Although the exact physical mechanisms producing hemispheric asymmetry are not well understood, the nega-
tive phase is presumed to be mainly caused by composition changes, especially a decrease in the atomic oxygen
to molecular nitrogen (O/N,) density ratio. During geomagnetic storms, a significant level of Joule heating is
possible at high latitudes due to the increased level of currents and precipitating particles. This increase in Joule
heating not only increases the recombination rates but also causes upwelling of molecular species. Previously,
Prolss (1997) showed a decrease in the column integrated O/N, density ratio due to the possible upwelling of
molecular species, and the GUVI instrument on the TIMED satellite subsequently captured a decrease in the
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O/N, density ratio during geomagnetic storms (Meier et al., 2005). Since the electron concentration in the F2
layer is directly proportional to the O/N, density ratio, the decrease in the oxygen density will decrease the
production of ionization, and an increase in the molecular nitrogen density will increase the loss of ionization;
thus, both changes combine to reduce the ionization density (Prolss, 2011). The meridional neutral wind from
the summer to the winter hemisphere promotes favorable penetration of the depleted O/N, to the middle and
low latitudes (e.g., Balan et al., 2011; Danilov, 2013). We checked the GUVI O/N, density ratio during the four
geomagnetic storms that we investigate here and found that their values show good agreement with our TEC
depletion structures. This result further supports the aforementioned theorized link between N, and depleted O/
N,. In recent studies, researchers have also argued that additional factors, such as TID activity and vertical drift,
also contribute to regional N, or TEC depressions during storms (e.g., Ercha et al., 2019; Wang et al., 2021).

6. Conclusions

We investigated global large-scale ionospheric N, responses during four selected geomagnetic storms using space-
based and ground-based TEC and N, measurements. Two of the selected storms occurred during boreal summer
(June and July 2012), one storm occurred during austral summer (December 2015), and the other occurred during
the equinoctial month (March 2015). We utilized space-based topside TEC measurements from onboard POD
GNSS receivers in the COSMIC-1 (>800 km), GRACE (>450 km), and MetOp-A/B (>830 km) missions, as
well as N, retrieval profiles from GNSS-RO receivers onboard COSMIC-1 and GRACE. We also utilized ground-
based VTEC measurements from a large number of GNSS receivers in a global network. After a careful analysis
of global measurement patterns, we estimated latitude-time time series using zonal means, averaged based on
satellite orbital times in the case of space-based data and averaged hourly for ground-based data. The daytime
TEC and N, time series were analyzed for different phase periods of the four geomagnetic storms.

We found that the interhemispheric spatiotemporal changes in TEC show good agreement between space-based
and ground-based observations for all four geomagnetic storms. The results also show good agreement with
the established global 3D view obtained using GNSS-RO N, measurements. During the initial and main phases
of the storm when the CME energy arrives at auroral latitudes, the global 3D daytime view captures large-
scale storm-induced N, enhancements and uplifting at high latitudes. A time delay is also evident in daytime N,
enhancements and uplifting between summer and winter high latitudes for the two boreal summer storms. While
the observed feature shows good agreement with space-based and ground-based TEC observations, this result
was not verified in the other two storms since a sufficient number of GNSS-RO N, profiles are unavailable.
Subsequently, depletions in N, and TEC occur at high latitudes and start progressing into midlatitude and low
latitude as the storm reaches its recovery phase. For June and July 2012 (boreal summer) storms, enhanced deple-
tions occurred in the Northern Hemisphere. During the recovery phase, the mean TEC values at 60°N magnetic
latitude are decreased by ~50% in the case of GRACE and by ~65% in the case of ground observations. These
changes are not evident in the conjugate 60°S magnetic latitude. On the other hand, this process is reversed during
the recovery phase of the December 2015 (austral summer) storm. This pattern is not evident in the March 2015
storm. Instead, it was a quasi-symmetrical response. The observed patterns have even become prominent in the
TEC perturbation analysis. A similar effect is also observed during nighttime.

The AMPERE measurements recorded during these storms indicate that the integrated daytime FACs in the polar
latitudes are higher in the summer hemisphere than in the winter hemisphere. Although slightly more FACs flow
in the summer hemisphere than in the winter hemisphere, this difference in magnitude suddenly increases during
the onset of the storm. In the case of the June and July 2012 storms (boreal summer), the integrated FACs in the
north are ~4 MA higher than those in the south. In the case of the December 2015 storm (austral summer), the
integrated FACs in the south are ~3 MA higher than those in the north. On the other hand, a fluctuating nature
in the integrated FACs appears between north and south during the March 2015 storm (equinoctial month).
The observed interhemispheric large-scale TEC and N, responses during the storms suggest that summer precon-
ditioning in the ionosphere-thermosphere system plays an important role in the ionospheric responses. This
hypothesis is supported by the observed sudden increase in FACs in the summer hemisphere during the onset of
the storms. An increased level of currents in the summer hemisphere at high latitudes and the subsequent increase
in Joule heating might further influence the decrease in the O/N, density ratio and cause N, depletions. The
meridional summer-to-winter wind facilitates the penetration of the depleted O/N, density ratio to the middle and
low latitudes and hence the interhemispheric asymmetry.
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