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Abstract On 21-22 June 2015, three consecutive interplanetary shocks slammed into the Earth's
magnetosphere. Immediately after the third shock at 18:36 UT on 22 June, marked by an exceptional
sudden storm commencement with an amplitude of ASYM-H = ~106 nT, a major geomagnetic storm
commenced. In the present study, a multi-instrument approach comprising observations, data analysis,
and modeling is used to examine the global ionospheric response. Results show that enhanced storm time
processes produced major total electron content (TEC) variations at different latitudes, longitudes, and
phases of the storm. A closer inspection of the TEC observations reveals strong longitudinal and
hemispherical asymmetry. In addition, multiple equatorward and poleward propagating traveling
ionospheric disturbances (TIDs) were detected in the TEC data. Equatorward propagating TIDs are
consistent with vertical neutral winds simulated from Thermosphere-lonosphere-Electrodynamics
General Circulation Model; however, poleward TIDs were not reproduced in the model. We find that a
combination of driving processes including enhanced high-latitude injection, prompt penetration electric
fields, disturbance dynamo effect, neutral winds, and composition changes were acting at different stages
of the storm.

1. Background

Geomagnetic storms are a manifestation of the efficiency of coupling processes that are intrinsic to the inter-
action of the solar wind and the magnetosphere. Storm-generated disturbances in electric fields, neutral
winds, or composition changes can lead to profound modification of our planet's upper atmosphere through
solar wind-magnetosphere-ionosphere interaction. These disturbances appear as increase or decrease of
the plasma density distributions in the ionosphere (see, e.g., Buonsanto, 1999; Crowley, Emery, Roble,
Carlson, & Knipp, 1989; Habarulema et al., 2016; Kuai et al., 2015; Mendillo, 2006; Ngwira, McKinnell, Cil-
liers, & Yizengaw, 2012). Ionospheric disturbances in turn can impact operation of technological systems
that depend on transionospheric radio wave propagation, such as navigation and communication systems
(Cherniak & Zakaharenkova, 2016; Goodman, 2005).

Storm time disturbances in the ionosphere can lead to production of positive (increase) and/or negative
(decrease) electron density structures. Understanding the basic geophysical processes that pertain to diver-
gent storm features is one of the priority areas of ionospheric physics (including, Astafyeva et al., 2018;
Crowley, Emery, Roble, Carlson, Salah, et al., 1989; Mendillo, 2006; Ngwira, McKinnell, Cilliers, & Coster,
2012; Ngwira & Coster, 2017; Yizengaw et al., 2005, and references therein). There is a consensus within the
ionospheric community that negative storms are caused by the movement of neutral composition changes
(e.g., Crowley, Emery, Roble, Carlson, & Knipp, 1989; Fuller-Rowell et al., 1996; Yizengaw et al., 2005). Geo-
magnetic storms are associated with enhanced energy deposited from the solar wind to the magnetosphere
that increases the Joule heating effect at high latitudes. As a result, the dayside normal poleward wind is
decreased but the equatorward wind on the nightside is enhanced. This effect induces a storm circulation
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pattern that transports air with rich molecular species to lower latitudes. Transportation of molecular rich
air to lower latitudes in the presence of high recombination rates leads to reduction of the electron density,
and consequently a net negative storm effect. On the other hand, positive storms, which are the subject of
this study, are mainly grouped as a function of latitude, display several different characteristics that con-
tinue to challenge our understanding, thus various mechanisms have been offered to explain their existence
(see, e.g., Buonsanto, 1999; Crowley et al., 2010; Foster, 1993; Habarulema et al., 2015; Ngwira, McKinnell,
Cilliers, & Yizengaw, 2012; Ngwira & Coster, 2017; Yizengaw et al., 2008, and references therein).

The geomagnetic storm of 22-24 June 2015 (hereafter June 2015 storm) has attracted wide interest within the
scientific community because it is identified as the second largest storm of the present solar cycle 24, having
reached a minimum SYM-H just below —200 nT on 23 June (see, e.g., Astafyeva et al., 2016; Baker et al.,
2016; Liu et al., 2015; Nakamura et al., 2016; Reiff et al., 2016). On examination of the interplanetary features
of coronal mass ejections (CMEs) that regulate geomagnetic storm intensity and variability, Liu et al. (2015)
propose a sheath-ejecta-ejecta process and a sheath-sheath-ejecta setting for the multistep development of
the June 2015 geomagnetic disturbance. In addition, these authors found that two contrasting scenarios of
how the CME structure produces intense geomagnetic storms were at play.

The intense storm event of June 2015 caused dramatic ionospheric and thermospheric variability that
impacted Global Navigation Satellite Systems (GNSS) and degraded the performance of the European
Geostationary Navigation Overlay Service (Cherniak & Zakaharenkova, 2016). For example, using Swarm
satellite observations, Astafyeva et al. (2016) studied the dayside and nightside evolution of ionospheric total
electron content (TEC) during June 2015 storm. Their low-latitude observations disclose extreme topside
ionospheric response during the initial phase and early main phase, which they attribute to prompt penetra-
tion electric fields (PPEFs). They also reported a second positive storm effect driven by additional physical
processes, such as the increase of thermospheric composition. In another study of the June 2015 storm,
Astafyeva et al. (2017) investigated the global ionospheric and thermospheric response. By combining obser-
vations and modeling, they show that in the thermosphere the dayside neutral mass density increased more
than 300% above the quiet day levels with a stronger effect in the summer hemisphere. Similarly, Singh and
Sripathi (2017), using ground-based ionosondes and GPS (Global Positioning System) receivers over India,
found that after the storm commencement on 22 June, plasma bubbles were suppressed in the Indian sec-
tor in contrast to the European sector. Furthermore, Singh and Sripathi (2017) show that a negative storm
response was observed in the northern hemisphere, whereas a positive storm developed in the Southern
Hemisphere on 23 June. More recently, Astafyeva et al. (2018) performed a global evaluation of equatorial
and low-latitude effects for 22-23 June and revealed that the equatorial electrojet (EEJ) and equatorial zonal
electric fields were strongly disturbed by PPEFs at the beginning of the storm (22 June) but the enhanced
electron density during the main phase on 23 June was largely due to disturbed thermospheric conditions.

The goal of the present study is to further probe the global ionospheric response during this geomagnetic
storm. Specifically, this paper is devoted to investigation of multiple equatorward and poleward propagating
traveling ionospheric disturbances (TIDs), for the first time, and to observations that show strong longitudi-
nal and hemispherical TEC variations. These are major aspects not treated in previous studies highlighted
above. A combination of different approaches comprising in situ satellite and ground-based observations,
and numerical modeling is employed. The following section outlines the data sources and analysis applied in
this paper, whereas the results are provided in section 3. An interpretation of the results follows in section 4.

2. Data and Method

2.1. GPS TEC and TID Analysis

To obtain a good sense of the global evolution of the storm, we adopt all available global absolute vertical TEC
(VTEC) data with 5-min time step. The VTEC data are readily provided by the MIT Haystack Observatory
through Madrigal CEDAR database (http://cedar.openmadrigal.org). In-depth information on the data pro-
cessing techniques used to generate the GPS VTEC from satellite observations is summarized by Rideout and
Coster (2006) and more recently by Vierinen et al. (2016). The Madrigal VTEC maps are strictly data-driven
and have no underlying models that smooth out real gradients in the TEC (Rideout & Coster, 2006). This
leads to occurrence of numerous blank data cells in regions with sparse coverage by GPS receivers. To
identify the storm-induced large-scale changes and better understand the impact, we removed/subtracted
the quiet time monthly mean values from the disturbed day values (of 22-23 June 2015) and analyzed the
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resulting residual VTEC (dVTEC). To compute the quiet time monthly mean values, a total of 12 quiet days
were selected during the month of June 2015 based on Kp index being less than 3 for the entire day.

In addition, we identify the wavelike spatial and temporal structures associated with TIDs by detrending
the background variations of VTEC using the Savitzky-Golay low-pass filter (Savitzky & Golay, 1964). The
filter is applied to individual line-of-sight TEC measurements for each GNSS satellite and receiver pair on
a 1-hr sliding window in similar approach to Coster et al. (2017). Then TID properties including wavefront,
wavelength, and period are derived from two-dimensional (2-D) TID maps and keograms. The period of
each wave was determined by taking the peak-to-peak wave in time as one wave period, while horizontal
TID velocities were computed from basic wave relations. We define the wavelength as the distance between
peak-to-peak of each wave by using visual inspection of TEC/TID maps. A comprehensive description of
the TID analysis method adopted in this study is documented by, for example, Jonah et al. (2016, 2018).

2.2. Equatorial Vertical Drift

The equatorial ionization anomaly (EIA) is a dominant feature of the low-latitude ionosphere (e.g.,
de Siqueira et al., 2011; Luo et al., 2017; Zhao et al., 2005). Separated by a trough (minimum) at the geomag-
netic equator, the EIA appears as two electron density maximums (crests) on either sides of the geomagnetic
equator at about +15°. The EIA is primarily influenced by electric fields and neutral winds. For eastward
electric fields, an uphill E x B drift is created that uplifts the plasma to higher altitude from where it then
diffuses down along magnetic field lines to low-middle latitudes producing the two crests. This process is
the well-known equatorial fountain effect (Appleton, 1946). By contrast, neutral winds largely control the
asymmetry of the EIA (Aydogdu, 1988; Lin et al., 2005; Luo et al., 2017).

The magnitude and direction of the dayside vertical drift, which directly corresponds to the EEJ, can be eas-
ily estimated via ground-based magnetometer observations (e.g., Anderson, Anghel, et al., 2002; Anderson
et al., 2004; Chandra & Rastogi, 1974; Yizengaw et al., 2011). The strength of the daytime EEJ can be deter-
mined from two magnetometers, one located along the magnetic equator and the other situated 6° to 9° away
from the equator. This is possible because the EEJ current causes strong enhancement of the H-component
magnetic field recorded within 3° of the magnetic equator. To mitigate the effect of different offset values
of individual magnetometers, the nighttime baseline values of the H-component are removed from the cor-
responding magnetometer data sets. This provides the daytime H-component variation (H) due to external
currents induced magnetic field. Assuming all other external currents (e.g., Sq, magnetopause, tail, and ring
currents) detected by magnetometers located within ~10 geomagnetic latitudes are in the order of the same
magnitude and direction, the EEJ current can be isolated by subtracting the H-component variation of a site
off the equator from that at the equator (EEJ = Heg, — Hft.oq,)- The drift is estimated, from EEJ observations,
through a mathematical neural network expression. The neural network was first trained and tested in the
American sector using Jicamarca drift data. Subsequently, using collocated observations of ground-based
magnetometers, IVM and VEFI on-board C/NOFS satellite, it was successfully tested in the Philippine and
Indian longitude sectors (Anderson et al., 2009) and in the African sector (Yizengaw et al., 2011; Yizengaw
et al., 2014).

2.3. TIE-GCM Model

To help us understand the processes regulating the ionospheric electron density, we employ the
Thermosphere-Ionosphere-Electrodynamics General Circulation Model (TIE-GCM), a global 3-D main-
stream circulation model of the Earth's upper atmosphere (see, e.g., Richmond, 1992). It comprises the
physical and chemical processes relevant for the upper stratosphere, and self-consistently solves the Eulerian
continuity, momentum, and energy equations involving the coupled ionosphere and thermosphere system.
The model is built on a spherical coordinate system fixed relative to the rotating Earth with horizontal lat-
itude and longitude axes and vertical pressure surfaces axis. TIE-GCM is made up of 49 constant pressure
surface levels operating in the altitude region approximately 60 and 500 km having a resolution of 5x5
degrees in latitude and longitude. The model computes global distributions of the neutral gas temperature
and winds, the height of the constant pressure surface, and the number densities of major constituents, that
is, O,, N,, and O, including certain minor neutral constituents. The TIE-GCM version resident at ASTRA
was used for the present paper. It is important to note that we used the standard model setting for our sim-
ulation. This type of setting does not include tidal forcing that is important for coupling of the ionosphere
to the lower atmosphere (e.g., Jones et al., 2014).
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Figure 1. OMNI interplanetary solar wind measurements and the geomagnetic response during the period 21-23 June
2015. The vertical magenta dashed lines (S1, S2, and S3) indicate the time of arrival of the three successive coronal
mass ejections that slammed into the Earth. FAC = field-aligned current.

For this study TIE-GCM was run with inputs from the time-dependent high-latitude ionospheric electric
potential and auroral precipitation patterns provided by the Assimilative Mapping of Ionospheric Electro-
dynamics (AMIE) procedure (see, e.g., Crowley & Hackert, 2001; Richmond, 1992, and references therein).
AMIE is an inversion technique driven by data from a diverse array of sources to create a pragmatic rep-
resentation of the high-latitude electrodynamic state at a given instance. AMIE can be driven by a range
of inputs, including magnetic perturbations from ground-based magnetometers, electric fields computed
from ion velocities recorded by radars, digital ionosondes, and satellite observations such as AMPERE
(Active Magnetosphere and Planetary Electrodynamics Response) and the Defense Meteorological Satel-
lite Program. Other observations that have also been utilized to provide ionospheric conductance inputs
for AMIE include particle precipitation data from satellites and UV remote sensing data. From these data,
the distribution of different electrodynamic quantities, for example, the electric potential and electric field,
height-integrated conductivity, and horizontal and field-aligned currents (FACs) can be determined via
electrodynamic equations.

3. Results

3.1. Geomagnetic Disturbance of 22-23 June 2015

On 21-22 June 2015, three successive interplanetary shocks impacted the Earth's magnetosphere (Liu et al.,
2015), as marked by the magenta vertical dashed Lines S1, S2, and S3 in Figure 1. The figure exhibits (a)
OMNT interplanetary magnetic field (IMF) Bz component, (b) solar wind velocity, (c) solar wind density, (d)
SYM-H index, (e) AE index, (f) Newell solar wind coupling function (Newell et al., 2007) and the auroral
precipitation calculated from the AE index based on Ostgaard et al. (2002) formulation, and (g) the integrated
examined FACs for the Northern Hemisphere derived from AMPERE (Anderson, Takahashi, et al., 2002)
on board Iridium spacecraft. The IMF was quite intense having a predominantly southward Bz component
from 18:36 to 19:49 UT on 22 June with a storm time peak at ~19:24 UT reaching a value of —38.9 nT before
turning northward suddenly. On 23 June, IMF recorded an extended period of southward Bz between 01:30
and 06:00 UT during which the peak of main phase of the storm occurred. The solar wind speed and density
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Figure 2. Time evolution of VTEC (a, ¢, and e) and storm-to-quiet residual dVTEC (b, d, and f) on 22-23 June. From
top to bottom: 70°W (American region), 30°E (European-African) and 120°E (Asian-Australian). The vertical dotted
line represents the time of arrival of Shock S3, while the location of the geomagnetic equator is depicted by the
horizontal solid line.

responded strongly to shock S3 with both exhibiting marked jumps. After Shock S3, the speed remained
elevated around 600 km/s, while the density steadily decreased to pre-storm levels over a period of about
10-hr. Our major interest for this study is the initial phase immediately after shock S3 at about 18:36 UT on
22 June and the main/recovery phase on 23 June. These periods were associated with intense high-latitude
energy injections, multiple TIDs, and large TEC perturbations.

The ring current and high-latitude geomagnetic activity response as portrayed by SYM-H and auroral elec-
trojet (AE) indices are shown in Figure 1 (d and e, respectively). After Shock S3, an extreme jump of
SYM-H index from —21 to 85 nT (ASYM-H =106 nT) was registered, while the AE index, which was already
elevated, responded with a sharp increase. The SSC was immediately followed by the rapid growth of the
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Figure 3. Equatorial electrojet response over South America (a) and Asia (a) during the geomagnetic storm of 22-23
June 2015; dH at a single equator station PUKT (c) is shown for additional verification. Solid black line marks the
separation between the 2 days.

storm main phase, which reached a value of —122 nT shortly after 20:00 UT on 22 June. The peak of the main
phase occurred at around 04:30 UT on 23 June hitting a minimum SYM-H value of —201 nT (e.g., Astafyeva
et al., 2016; Liu et al., 2015; Reiff et al., 2016). Next we examine the solar wind coupling efficiency and the
high-latitude energy deposition during the storm (Figure 1f). These parameters are determined using inter-
planetary solar wind data (IMF, speed and density) in conjunction with ground-based geomagnetic field
measurements. As demonstrated in here, the Newell parameter manifests a sudden large enhancement,
which suggests that a highly efficient solar wind-magnetosphere-ionosphere coupling process occurred.
Both auroral precipitation and AMPERE FAC (Figure 1g) also sharply responded to shock S3, but we note
that similar to AE response, auroral precipitation was already elevated even before S3, which is consistent
with AMPERE derived FACs. At the high latitudes, intense TEC was observed around the auroral oval (not
shown), which we believe was generated by the intense auroral precipitation.

3.2. Global Ionospheric Response During the June 2015 Storm

As pointed out before, the ionosphere dramatically responded during the June 2015 storm. The present study
focuses on the response of the low- and middle-latitude ionosphere. During geomagnetic storms, the EIA
crests are sometimes subject to drastic variations and under extreme conditions can significantly expand
poleward into the midlatitudes producing the “super fountain effect” (e.g., Astafyeva, 2009; Mannucci et al.,
2005; Vlasov et al., 2003). To investigate the global low- and middle-latitude behavior, we focus on VTEC
response in three times zones, namely, American (70°W), European-African (30°E), and Asian-Australian
(120°E). The evolution of VTEC and storm-to-quiet time residual dVTEC (where dVTEC = storm-day —
quiet-day) are revealed in Figure 2. It should be noted that to increase the number of observational points,
which was necessary in African and in Asian regions, the cells with zero TEC were filled in with the
averaged TEC values from 8 cells around them. In the European-African sector (¢ and d, nightside) and
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Figure 4. Comparison of residual dVTEC for 0°E and 30°E longitudes on 22-23 June 2015. The vertical dotted line
represents the time of arrival of Shock S3, while the horizontal solid line represents the geomagnetic equator.

Asian-Australian sector (e and f, postmidnight), TEC generally decreased following the SSC on 22 June and
EIA was not formed. Even so, we do note that some enhanced TEC (Figure 2d) is seen around the southern
hemisphere in the European-African sector.

On the other hand, a dramatic TEC response was observed in the American sector (Figures 2a and 2b) after
SSC. There is a clear asymmetry between the northern and southern EIA with the southern crest appearing
to have formed much earlier compared to the northern crest. In fact, a strongly enhanced northern crest
fully emerged about 2-hr after shock S3, while the southern crest appears to gradually fade away at the same
time. On 23 June, marked positive TEC variations are observed in the Asian-Australian sector (Figure 2f)
during the main phase and in the European-Africa sector (Figure 2d) during the recovery phase. These TEC
enhancements are observed to last over 6-hr, thus can be classified as long-lasting storm enhanced density
(SED) features (e.g., Buonsanto, 1999; Ngwira, McKinnell, Cilliers, & Coster, 2012; Pedatella et al., 2009).
The most intense TEC perturbations are observed in the southern winter hemisphere around the southern
EIA crest. In contrast to these observations, the American sector (Figure 2b) was characterized by deep TEC
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Figure 5. Comparison of simulated vertical winds from the TIE-GCM at fixed longitudes 0°E and 30°E. TIE-GCM =
Thermosphere-lonosphere-Electrodynamics General Circulation Model.

depletion during and after the main phase on 23 June. The deepest depletions were registered in the North
American region.

The EEJ reaction to the storm in the American and Asian sectors is examined from the equatorial E x B
vertical drift data in Figure 3. AMBER (Yizengaw & Moldwin, 2009) and LISN (Valladares & Chau, 2012)
data were used to derive the EEJ for American (station pair PUER-LETI, Puerto Maldonado and Leticia) and
Asian (BANG-PUKT, Bangkok and Phuket) sectors, respectively, as described in the previous section. Data
for the African sector were not available for this period. Figure 3a clearly demonstrates that after Shock S3 the
dayside American sector experienced a rapid enhancement of the Ex B drift increasing from —3 m/s starting
at about 18:36 UT (13:20 LT) to a peak value of 28 m/s at about 18:42 UT (13:26 LT). In contrast, we estimate
the nightside current using dH variations at a single geomagnetic equator station, as shown for PUKT in
Figure 3c. After the SSC on 22 June, the Asian sector (postmidnight) recorded a sharp-slight increase of dH
for a short period, indicating the presence of eastward current, followed by a rapid decrease that is associated
with westward current. There is reasonable agreement between the dH and E x B drifts (Figure 3b), thus
giving us further confidence in our interpretation of equatorial electrodynamics. Furthermore, the E X B
drift variations shown in the present study for both American and Asian sectors are well correlated with
C/NOFS vertical plasma drift and SWARM EEJ in situ satellite measurements (see Astafyeva et al., 2018, for
comparison).

On 23 June, a decrease of the morning E x B drift (Figure 3a) was registered in the American sector from
~10:00-16:00 UT (05:00-11:00 LT). In the Asian sector (Figure 3b), daytime E x B drift was characterized by
several upward and downward oscillations between 01:00-11:00 UT. These oscillations are considered to be
the competing effect between PPEFs and the disturbance dynamo effect (Astafyeva et al., 2018). Downward
(negative) drifts can move the ionospheric plasma to lower altitudes where recombination rates are higher
resulting in reduced TEC. Perhaps this could explain the strong decrease in TEC observed in the Ameri-
can sector (23 June); however, there is no evidence of significant TEC changes across the Asian-Australian
sector on June 22 and during postmidnight on 23 June, which could be due to competing effect of drivers.
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Nevertheless, there was no formation of the EIA during those periods of strong downward drifts in both
sectors.

3.3. Longitude and Hemispheric Dependence

In this section, the basis of our investigation are the differences in the longitude and hemispherical response
to the storm, specifically targeting the European-African sector. Additional residual dVTEC data in Figure 4
allows us to compare the storm time response at 0°E and 30°E. At 0°E (Figure 4a), there is sparse data in
the Southern Hemisphere because it is mostly ocean off the West African coast. Nevertheless, two distinct
cases of TEC longitudinal difference are apparent: (1) immediately after arrival of shock S3 on 22 June, and
(2) during the recovery phase on 23 June. Furthermore, there is a clear poleward directed enhanced TEC
feature at the 30°E longitude (Figure 4b) starting around 06:00 UT (hour 30) on 23 June that is not as clear
for the 0°E. Also, the intensity of dVTEC (absolute value) along the 0° latitude related to this enhanced TEC
feature is higher in Southern Hemisphere at 30°E than at 0°E.

To determine the cause of the TEC variations noted above, we performed a simulation of the storm response
using the TIE-GCM model. The TIE-GCM simulated vertical wind patterns for the two sectors are shown in
Figure 5. These winds show a very similar response pattern, which suggests that neutral winds could not be
the primary cause of the TEC differences but may probably be driven by electric fields. A closer inspection
of the detrended total geomagnetic field variations discloses significant differences, as highlighted by the
yellow shaded area in Figure 6. Detrending was performed by subtracting the nighttime baseline values of
the total magnetic field from the corresponding magnetometer data sets, as discussed in section 2.2. The
negative geomagnetic field perturbations at low latitudes are associated with westward current. The largest
perturbations are linked to stronger westward currents and downward E X B drifts. Thus, we are confident
that the competing effect between electric fields and neutral winds is dominated by electric fields since the
wind patterns are relatively similar.
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Figure 11. Simulated vertical winds from the TIE-GCM at fixed longitudes 70°W, 30°E, and 120°E. Left column shows
22 June and on the right is 23 June. TIE-GCM = Thermosphere-Ionosphere-Electrodynamics General Circulation
Model.

3.4. Equatorward and Poleward Propagating TIDs

Another interesting feature in Figure 2 (b, d, and f) is the manifestation of multiple equatorward and pole-
ward extending storm time TEC structures that can be described as TIDs (See supporting information for
more analysis). To further analyze the TIDs, 2-D TEC maps are created using the TEC data obtained from
our analysis described in section 2.1. The American sector is specifically chosen for this analysis because of
the dense GNSS receiver network distribution that allows for the TEC structures to be more clearly mani-
fested. The TEC maps are shown in Figures 7 and 8. Both figures display snapshots of TEC perturbations at
selected time steps. Large-scale TIDs (or LSTIDs) extending across North America are observed propagating
equatorward from the northeast to the southwest direction in both cases. To some extent, LSTIDs typically
have long wavelengths that extend to thousands of kilometers, large periods of approximately an hour or
more, and traditionally propagate equatorward from high latitudes in either hemisphere.

In order to deduce TID properties such as velocity, wavelength, and period, we construct TEC keogram,
as revealed in Figure 9. The keogram images in this study are obtained from the differential TEC derived
by using the TID analysis technique described above in section 2.1 The idea is to alternate time variation
along fixed longitude and varying latitudes; that is, the differential TEC values were average over range of
latitudes and fixed longitude as a function of time for each keogram image. The keograms are constructed for
three different longitudes and show elongated TEC structures extending from high to low latitudes. These
structures are shifted in time, which implies that they are propagated with time. Based on keogram analysis
(see Jonah et al., 2018, for details), TIDs propagate at velocities ranging between 600 and 800 m/s, with a
roughly 60-min period and an amplitude of 0.5 TECU. These LSTID properties are consistent with values
provided in previous studies (e.g., Coster et al., 2017; Tsugawa et al., 2003; Tsugawa et al., 2004; Zhang et al.,
2017). The TIDs observed on 22 June appear to have wavelengths between 1,000 and 3,000 km (Figure 7/ 9),
while the TIDs on 23 June have wavelengths between 1,000 and 2,000 km (Figure 8/9).
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In addition to equatorward LSTIDs, multiple poleward propagating TIDs that appear to originate at the geo-
magnetic equator are also observed in this study. To further probe the presence of poleward TIDs, we also
created TEC keograms using data from three Brazilian longitudes shown in Figure 10. The right-side con-
tains results for 22 June (18:00-23:59 UT), while the left-side contains results for 23 June (12:00-23:59 UT).
Looking at the plots, it is immediately clear that poleward propagating TIDs are present on 23 June but not
on 22 June. The poleward TIDs have a wavelength range of 200-500 km and propagate with average velocity
0f 212 + 10 m/s and period between 50-90 min. Based on these characteristics, these waves can be classified
as medium-scale TIDs (or MSTIDs; Hocke & Schlegel, 1996). Also, it is worth noting that the poleward TIDs
were not detected in the North American sector using the same techniques above and during this same time
interval. Therefore, we believe that the poleward TIDs did not travel further into the midlatitudes.

We suppose that the generation of large-amplitude equatorward propagating TIDs reported in this study
is related to enhanced energy injection into the auroral ionosphere. These TIDs are the ionospheric man-
ifestation of traveling atmospheric disturbances excited by impulsive auroral processes at high latitudes
(Guo et al., 2015; Hines, 1960; Hocke & Schlegel, 1996). During geomagnetic storms, LSTIDs are frequently
detected at ionospheric F region heights in the low-middle latitudes. They are induced by low-frequency
fast moving traveling atmospheric disturbances with wavelengths of several thousand kilometers that can
propagate over large distances. LSTIDs typically tend to exhibit an equatorward meridional propagation
from polar regions (Ding et al., 2007; Katamzi & Habarulema, 2013; Ngwira, McKinnell, Cilliers, & Coster,
2012). Our claim on the excitation of these LSTIDs is supported by observations and derived quantities in
Figure 1. Furthermore, simulated TIE-GCM model vertical winds in Figure 11 show clear signatures of equa-
torward propagating structures initiated at high latitudes in both hemispheres. Several LSTIDs structures
are evident but more enhanced vertical winds with velocities in excess of 1,000 m/s are predominately seen
at high latitudes after shock S3 at all longitudes on 22 June and also between midnight and 15:00 UT on
23 June. Such high velocities are typical of LSTIDs (Dashora et al., 2009; Habarulema et al., 2016; Ngwira,
McKinnell, Cilliers, & Coster, 2012). Interestingly, some of the TID features cross the equator penetrating
into the opposite hemisphere (interhemispherical TIDs) in agreement with observations.

4. Discussion and Summary

The arrival of a large CME on 22 June was immediately followed by a major geomagnetic storm. Observa-
tions disclose that both positive and negative TEC phases were produced. The TEC decrease can be related
to the presence of a downward equatorial E X B drift, as shown in Figure 3. A downward drift is indication of
westward electric fields or the equatorial counter EEJ. On the dayside, however, sudden large TEC increases
were observed with more than 25 TECU (at selected stations) above the quiet day level representing roughly
a 71% increase. For an eastward electric field penetrated to the dayside equator (Figure 3), we expect an
increase in the TEC during this interval in the low- and middle-latitude ionosphere (Foster & Rich, 1998;
Kelley et al., 2003; Maruyama et al., 2004; Tsurutani et al., 2004).

The trigger for the penetration electric field could perhaps be the sudden reversal of IMF Bz (from +2 to
—16 nT in 5 min) at the time of Shock S3, as disclosed in Figure 1. In general, equatorial drifts can be
amplified by penetration electric fields of high-latitude origin (Kikuchi et al., 2000). The action of eastward
penetration electric fields is to uplift equatorial plasma due to an upward E x B drift so that more plasma
is available at higher altitudes where recombination rates are low. This results in a net increase of electron
density (or TEC) and an enhanced equatorial fountain effect that explains the development of EIA crests.
Furthermore, studies show that the effect of penetration electric field alone in producing enhanced TEC is
less than by combining storm-induced equatorward neutral winds and penetration electric fields (Lin et al.,
2005). But it must be emphasized that the wind effect is only expected to affect the TEC a few hours after
storm commencement if propagation time from high latitudes to equator is taken into account.

On closer inspection of the EIA response (Figure 2), a strong asymmetry between the northern crest and
southern crest is clearly evident on 22 June. This asymmetry and development of the EIA was not seen prior
to the storm (20 and 21 June), thus implying it was storm induced. Generally, we see a temporally extended
EIA crest in the southern (winter) compared to the northern (summer). One of the most striking features in
Figure 2 is that the northern EIA crest only develops after shock S3 arrival, while the southern EIA can be
seen developing much earlier in the day. The vertical plasma drift plays a big role in the development of the
EIA. As discussed above and disclosed in Figure 3, the plasma drift was significantly elevated after Shock S3
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but there is also some enhancement just after 1200 UT in the American sector. However, it is well-known
that the latitudinal distribution of ionization within the EIA is driven also by thermospheric meridional
winds (e.g., Batista et al., 2011; Nogueira et al., 2011, and references therein). A more symmetric EIA implies
that a weaker neutral wind effect exists. It is worth noting that the asymmetry can also be due to symmetric
winds, that is, transequatorial wind transport from summer to winter hemisphere, as often seen during
storms. The June 2015 storm took place at solstice conditions, when the background thermospheric winds
on the dayside are strong and directed from summer to winter (Fuller-Rowell et al., 1996). This asymmetry
in the neutral winds could explain the asymmetry several hours before the storm.

The high-latitude source of equatorward propagating LSTIDs shown here is clearly related to enhanced
storm time neutral winds triggered by large energy deposition in the auroral ionosphere. However, the ini-
tiation process of poleward propagating TIDs originating at the dip equator is not quite clear. For instance,
Habarulema et al. (2016) suggest that changes in Ex B vertical drift after the storm onset could be the source
of poleward propagating TIDs, but on the other hand, the poleaward TIDs in the American sectors don't
show any correlation with changes in E x B drift. Furthermore, it is worth noting that the TIE-GCM model
evidently captures equatorward LSTIDs, including their interhemispherical propagation, but does not repro-
duce the poleward propagating MSTIDs of equatorial origins at all. So then, what could be driving these
poleward TIDs? What components or physics is missing in the TIE-GCM model? Or are we seeing cases of
interhemispherical TIDs amplified as the cross the geomagnetic equator? As pointed out in section 2.3, we
used the standard TIE-GCM model settings, which do not include tidal forcing that is important for cou-
pling of the ionosphere to the lower atmosphere. Perhaps this could explain why the model is not able to
reproduce the poleward propagating MSTIDs.

Regardless of the results shown here, poleward MSTIDs have generally not been extensively studied as
compared to their equatorward counterparts that are a common feature during geomagnetic storms. How-
ever, there has been a growing number of studies that identify these poleward TIDs (e.g., Ding et al., 2013;
Habarulema et al., 2015; Habarulema et al., 2017; Jonah et al., 2018; Zakharenkova et al., 2016, and refer-
ences therein). The excitation mechanism(s) for the poleward MSTIDs is still under debate, to the best of
our knowledge, but some studies suggest that those events originating at the dip equator during storms are
likely related to increased Lorentz coupling due to changes in EEJ (Habarulema et al., 2015; Habarulema
et al., 2017). Other studies suggest that poleward TIDs could be produced via deep convection induced by
atmospheric gravity waves generated from tropospheric weather (e.g., Jonah et al., 2018). The implication of
this mixed-result scenario is that poleward propagating TIDs could be excited/driven by a variety of physical
processes that could not be identified in this study, such as tropospheric or mesospheric sources (e.g., Ding
etal., 2013; Jonah et al., 2018; Vadas & Liu, 2009; Vadas & Crwoley, 2010; Valladares & Hei, 2012). At present
we do not have enough information to full address the questions above, Therefore, more in-depth studies
are required to explore the drivers of poleward propagating MSTIDs, including modifying specification of
inputs and coupling in the TIE-GCM simulation environment.
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