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Abstract The geomagnetic storm on February 3, 2022 caused the loss of 38 Starlink satellites of Space-X.
The Global-scale Observations of the Limb and Disk (GOLD) observations and Multi-Scale Atmosphere
Geospace Environment (MAGE) model simulations are utilized to investigate the thermospheric composition
responses to the Space-X storm. The percentage difference of the GOLD observed thermospheric O and N,
column density ratio (};O/N,) between the storm time (February 3, Day-of-Year [DOY] 34) and quiet time
(DOY 32) shows a depletion region in the local noon sector mid-high latitudes in the southern hemisphere,
which corresponds to the east side of GOLD field-of-view (FOV). This is different from the classic theory

of thermospheric composition disturbance during geomagnetic storms, under which the Y O/N, depletion is
usually generated at local midnight and high latitudes, and thus, appear on the west side of GOLD FOV. MAGE
simulations reproduce the observations qualitatively and indicate that the ) O/N, depletion is formed due to
strong upwelling in the local morning caused by strong Joule heating. Interestingly, enhanced equatorward
winds appear near local midnight, but also in the local morning sector, which transports Y O/N, depletion
equatorward. The depletion corotates toward the local afternoon and is observed in the GOLD FOV. The
equatorward winds in the local morning are due to the ion-neutral coupling under the conditions of a dominant
positive interplanetary magnetic field east-west component (B,) during the storm.

1. Introduction

The response of thermosphere composition to geomagnetic storms has been explored for several decades since the
pioneering work by Seaton (1956). Based on the observations from satellite-borne gas analyzers and numerical
modeling, Prolss (1980, 1981) and Burns et al. (1991) summarized how the thermospheric composition responds
to geomagnetic storms. When a storm begins, enhanced Joule heating produces neutral temperature gradients
in the polar region. Consequently, a composition disturbance is generated due to upwelling or downwelling
associated with temperature gradients and wind divergence/convergence. Furthermore, the neutral composition
disturbance is usually formed near local midnight at high-latitudes and then transported equatorward to mid and
even low latitudes by horizontal advection due to enhanced equatorward winds. Meanwhile, it corotates from
the local midnight into the local morning sector. This theory has been validated by numerous observational
and modeling studies (e.g., Burns et al., 1992, 1995, 2006; Cai et al., 2020; Cai, Burns, Wang, Qian, Solomon,
et al., 2021; Fuller-Rowell et al., 1994, 1996; Yu, Cai, et al., 2022; Yu, Wang, Ren, Cali, et al., 2021; Yu, Wang,
Ren, Yue, et al., 2021).

The column density ratio of atomic Oxygen (O) to molecular Nitrogen (N,) (3O/N,) is an important thermo-
spheric parameter that can be derived from the observed OI 135.6 nm and N, Lyman-Birge-Hopfield (LBH)
emission radiances (Strickland et al., 1995, 1999, 2001). Y O/N, is calculated by integrating densities of O and
N, from infinity down to an altitude where the column number density of N, equals to 1 x 10'/cm?. Therefore,
it is actually defined on a constant pressure surface with no altitude information (Correira et al., 2021). Due
to the exponential decrease of O and N, number densities with altitude, O and N, between 140 and 180 km
mostly consist of the 1 X 107/cm? N, column number density. Y,O/N, can be used to represent the variations
of thermosphere composition due to geomagnetic disturbances (Burns et al., 1995; Cai et al., 2020; Cai, Burns,
Wang, Qian, Solomon, et al., 2021; Cai, Burns, Wang, Qian, Pedatella, et al., 2021; Crowley et al., 2006; Kil
et al., 2011; Meier et al., 2005; Y. Zhang et al., 2003). Moreover, Y O/N, is also crucial for understanding the
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ionosphere responses to geomagnetic disturbances (Aa et al., 2022; C. S. Lin et al., 2022; Liou et al., 2005; Lu
et al., 2012; Meier et al., 2005; Verkhoglyadova et al., 2017; Zhai, Cai, et al., 2023; Zhai, Tang, et al., 2023; Y.
Zhang et al., 2003) since it reflects the production and loss of the ionospheric F-region plasma (Rishbeth, 1998).
Additionally, O and N, are two of the major components of the thermosphere, influencing the total mass density
of the thermosphere, which is important for monitoring and predicting the drag force of low-Earth-orbiting satel-
lites (Dietrich et al., 2022).

The hemispheric asymmetry in solar irradiance (during non-equinoctial periods), asymmetric offset between the
geographic and geomagnetic axes in the two hemispheres and non-dipolar terms of the geomagnetic field (Forster
& Cnossen, 2013; Laundal et al., 2017) produce hemispheric differences in the momentum and heating sources
in the upper atmosphere, which result in significant interhemispheric differences in the thermosphere and iono-
sphere responses to geomagnetic disturbances (Astafyeva et al., 2020; Hong et al., 2021; Knipp et al., 2021; Wang
et al., 2021; Zhu et al., 2022). Notably, the mechanisms of thermospheric composition responses to geomagnetic
storms were mainly based on the limited observations in the northern hemisphere (Burns et al., 1991, 1995;
Prolss, 1980, 2011). There are fewer studies of thermospheric composition responses to geomagnetic storms in
the southern hemisphere (Immel et al., 2001; Yu, Wang, Ren, Cai, et al., 2021), and the composition patterns
reported in these studies are still consistent with the theory of storm-time composition disturbance proposed
by Prolss (1980, 1981, 2011). A question then arises: can composition response to geomagnetic storms in the
southern hemisphere be different from that in the northern hemisphere? If yes, what is the mechanism? The
two-dimensional (2D) synoptic imaging of Y O/N, from the Global-scale Observations of the Limb and Disk
(GOLD) mission in geostationary orbit allows for the study on the middle thermosphere composition responses to
geomagnetic storms in the southern hemisphere. In this paper, we report the responses of the Y,O/N, in mid-high
latitudes of the southern hemisphere to the geomagnetic storm that occurred on February 3, 2022, which resulted
in the loss of the newly launched 38 small satellites from Space-X (Fang et al., 2022; Hapgood et al., 2022; D.
Lin et al., 2022; Y. Zhang et al., 2022). The ) O/N, simulated by the Multi-Scale Atmosphere Geospace Environ-
ment (MAGE) model from the Center for Geospace Storms (D. Lin et al., 2021) displays a similar pattern to that
observed by GOLD. Therefore, the MAGE outputs are utilized to investigate the underlying physical mechanisms
of the southern hemisphere Y O/N, responses to the geomagnetic storm. The remainder of this paper is organized
as follows. Section 2 describes the observation data and numerical model. Section 3 provides results, including
data-model comparison and model diagnostic. Section 4 gives the discussion, and the conclusions are presented
in Section 5.

2. Data and Model
2.1. GOLD Data

GOLD is onboard the SES-14 communication satellite, which was launched on January 25, 2018. The satellite is
in a geostationary orbit over 47.5°W. The only scientific instrument onboard is the GOLD Far Ultraviolet (FUV)
imager, which performs measurements in the Far-Ultraviolet spectrum (Eastes et al., 2017, 2020). As the instru-
ment makes measurements from geostationary orbit, GOLD provides airglow images of the same geographic
region (70°S—70°N, 120°W-20°E) in a similar universal time (UT) range (06:10-00:25 UT of the next day) every
day. It observes Earth's airglow emissions from 134 to ~162 nm, including the OI 135.6 nm and N, LBH bands
from 140.0 to 150.0 nm during the daytime with a spectral resolution of 0.2 nm and OI 135.6 nm radiance at
night with a spectral resolution of 0.35 nm (Cai, Burns, Wang, Qian, Liu, et al., 2021; Eastes et al., 2017; Laskar
et al., 2021; Qian et al., 2022). ZO/N2 is derived from the daytime OI 135.6 nm and N, LBH brightness. For the
daytime mode, the GOLD imager scans the full disk at a cadence of 2 hr (08:10-18:10 UT). In this study, we
utilized the GOLD observed Y O/N, in the southern hemisphere with a spatial resolution of 2° x 2°. The meas-
urement errors of the ZO/N2 data are 5%—10% (Correira et al., 2021; Eastes et al., 2020).

2.2. Multi-Scale Atmosphere Geospace Environment

MAGE is a newly developed geospace model that can resolve and study the mesoscale structures during geomag-
netic storms, such as subauroral polarization stream (D. Lin et al., 2021) and traveling atmospheric disturbance
(Pham et al., 2022). The MAGE configuration used in the present study couples the Grid Agnostic Magnetohy-
drodynamic (MHD) for Extended Research Applications (GAMERA) global MHD model of the magnetosphere
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(Sorathia et al., 2020; B. Zhang, Sorathia, Lyon, Merkin, Garretson, et al., 2019), the Rice Convection Model
(RCM) of the ring current (Toffoletto et al., 2003), Thermosphere Ionosphere Electrodynamics General Circu-
lation Model (TIEGCM) (Qian et al., 2014; Richmond et al., 1992; Roble et al., 1988), and the RE-developed
Magnetosphere-lonosphere Coupler/Solver (REMIX) (Merkin & Lyon, 2010). GAMERA is a new MHD model
based on the algorithms underlying the Lyon-Fedder-Mobarry model (Lyon et al., 2004).

In this study, GAMERA employs 96 X 96 x 128 grid cells in the radial, meridional, and azimuthal directions,
respectively, where the spherical symmetry axis of the grid is pointing from Earth to Sun. The radial grid spacing
is ~0.2R;; near the inner boundary, which is set at 1.5R;. RCM uses 180 x 360 x 140 grid cells in the latitudinal,
longitudinal (in Solar Magnetic [SM] coordinates), and energy dimensions, respectively. The RCM grid has a
resolution of 0.25° X 1° in latitude and longitude, respectively. In the energy dimension, there are 34 energy
channels for electrons, 105 energy channels for protons, and 1 zero-energy channel for the cold plasmasphere.
The energy invariants of these channels correspond to electron kinetic energy of ~10 eV to ~10 keV and ion
kinetic energy of 10 eV—~100 keV at the geosynchronous orbit. The energy grid has a good coverage of the
typical energy range of ions consisting of the ring current and electrons that contribute to the diffuse electron
precipitation. REMIX grid uses 45x360 grid cells in the latitudinal and longitudinal directions (in SM coordi-
nates), respectively. Its resolution is 1.0° in both dimensions and the low latitude boundary is at 45° magnetic
latitude (MLAT). The resolution of TIEGCM is 1.25°latitude X 1.25°longitude X 0.25 scale height. GAMERA
and TIEGCM both adopt a ring-average technique to treat the singularity at the spherical axes of their respective
grids (B. Zhang, Sorathia, Lyon, Merkin, & Wiltberger, 2019). GAMERA and RCM exchange information every
10 s, GAMERA and REMIX every 5 s, and REMIX and TIEGCM every 5s. The lower boundary of TIEGCM
is the monthly tidal climatology described in Hagan and Forbes (2002, 2003) without accounting for day-to-day
tidal variability. The output thermosphere and ionosphere parameters are in a 5-min temporal cadence.

3. Results
3.1. Geomagnetic Conditions

Figure 1 shows the (a) Kp index and the solar radio flux at 10.7 cm (F10.7), (b) solar wind speed, (c) interplan-
etary magnetic field (IMF) west-east component (By) and north-south component (B,), and (d) the disturbance
storm time index (Dst) between Day-of-Year (DOY) 32 and 36 in 2022. Kp was less than 2 before 20:00 UT
and suddenly increased from 0% to 3* after 21:00 UT on DOY 32. It reached a maximum of 4 on DOY 33 and
increased to a maximum of 5* at 09:00 UT on DOY 34. It subsequently fluctuated between 3~ and 5% until
the end of DOY 36. Although the geomagnetic disturbance ended on DOY 40 (not shown here), we focus on
DOY 32 to 34 in this paper. The F10.7 index varied from 124.9 to 122.9 between DOY 32 and 34. Therefore,
the influence of solar irradiance variations on the thermospheric composition should be negligible during this
storm. As shown in Figure 1b, the solar wind speed decreased from 452 to 338 km/s and then suddenly increased
to 512 km/s at 23:00 UT on DOY 32. On DOY 33, solar wind speed fluctuated between 380 and 480 km/s. It
reached a maximum of 580 km/s at 14:05 UT on DOY 34. As shown in Figure 1c, B, and B, fluctuated between
—3 and 6 nT before 22:00 UT on DOY 32. Before DOY 34, there were two major southward turnings of B, that
occurred at 22:50 UT on DOY 32 and 14:40 UT on DOY 33. Since 00:55 UT on DOY 34, B, began to decrease
from 8.96 nT and turned southward at 02:10 UT. It decreased to —18.56 nT at 09:35 UT on DOY 34. B, was
~10-13 0T between 00:55 and 07:35 UT on DOY 34, suggesting a period of dominant positive B. B, decreased
from 10.55 nT at 07:35 UT to —16 nT at 11:35 UT. Dst was between —10 and 15 nT during DOY 32 and 33, and
suddenly decreased from 6 nT at 00:00 UT on DOY 34 to reach a minimum of —66 nT at 10:00 UT on DOY
34. The variations of geomagnetic indices show that the geomagnetic disturbance started at the end of DOY 32,
and the storm began at 00:00 UT on DOY 34. DOY 32 is chosen as the reference quiet day because it is the only
relatively quiet day (Kp < 2 most of the time) between DOY 25 and 36. Although there were geomagnetic distur-
bances after 21:00 UT on DOY 32, the observations that will be discussed are between 00:00 and 19:00 UT on
DOY 34. The corresponding reference time range (00:00-19:00 UT on DOY 32) is still quiet.

3.2. Data-Model Comparison

The > O/N, percentage difference between DOY 34 and 32 is calculated by subtracting > O/N, on DOY 32 from
Y O/N, on DOY 34 and divided by Y O/N, on DOY 32, which reflects the relative variations of Y O/N, on DOY
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Figure 1. Temporal evolution of (a) Kp (blue) and F10.7 (red), (b) solar wind speed, (c) interplanetary magnetic field (IMF) B, (blue) and B, (red), and (d) Dst between
Day-of-Year (DOY) 32 and 36 in 2022. Dotted line in (c) and black line in (d) stand for the zero line.

34 (disturbed day) compared with that on DOY 32 (reference quiet day). When the percentage difference is nega-
tive, we use “depletion” to describe that . O/N, on DOY 34 is smaller than that on DOY 32. When the percentage
difference is positive, we use “enhancement” to describe that Y O/N, on DOY 34 is larger than that on DOY 32.

Figure 2 shows the (left column) GOLD observed and (right column) MAGE simulated percentage differences
of YO/N, between DOY 34 and 32 in the southern hemisphere (20°S-70°S, 120°W-30°E in geographic coor-
dinate) at 10:20, 12:20, 14:20, and 16:20 UT. The reference altitude of N, column density of 10'7/cm? in the
model is around 135-140 km. The X-axis is the longitude with the corresponding local time (LT). MAGE simu-
lation results are displayed within the GOLD field-of-view (FOV). As shown in Figure 2, there is an Y O/N,
depletion region on the eastside of GOLD FOV at 10:20 UT (08:20-10:20 LT). The magnitude is ~20% and the
latitude range is between 45°S and 60°S. From 10:20 to 14:20 UT, this depletion region moves westward and
expands equatorward. Its magnitude increases to 30% and its geographic range expands into 60°W to 0, and 40°S
to 70°S. At 16:20 UT, the depletion region becomes smaller. For MAGE simulation, there is an Y,O/N, depletion
region on the east side of GOLF FOV, as well. The depletion region also moves westward between 10:20 and
14:20 UT, and subsequently stays roughly in the same latitude-longitude region. The magnitude of this simulated
depletion is larger (~40%). In addition, there is an ), O/N, enhancement between 20°S and 40°S, 90°W and 30°W
in the GOLD FOV. But the corresponding simulated Y O/N, enhancement is between 40°S and 70°S. There is
also a depletion on the west side of GOLD FOV between 40°S and 20°S in the simulated ) O/N, while there is
no depletion seen in the corresponding observation periods (10:20-14:20 UT). These model-data discrepancies
might be attributed to the differences between the real geomagnetic forcing and the simulated geomagnetic forc-
ing in MAGE, as well as the thermosphere day-to-day variability caused by the lower atmospheric wave forcing.
Although MAGE cannot reproduce all the observed Y O/N, patterns, it simulated well the temporal evolution of
the mid-high latitudes Y O/N, depletion on the east side of GOLD FOV.

For GOLD daytime observations, between 08:10 and 18:10 UT, the local daytime sector (3 O/N, data is available
only during the daytime) in the GOLD FOV (120°W-20°E) moves from east to west. For most of the previously
reported GOLD Y O/N, responses to geomagnetic disturbances, Y O/N, depletion appears in the local morning
at mid-high latitudes, and thus on the west side of GOLD FOV, or penetrates more equatorward on the west side
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Figure 2. ZO/N, percentage difference between Day-of-Year (DOY) 32 and 34 (left column) observed by Global-scale Observations of the Limb and Disk (GOLD)
and (right column) simulated by Multi-Scale Atmosphere Geospace Environment (MAGE). MAGE results are modified to match with GOLD field-of-view. The
longitude and the corresponding local time are given as the x-axis.

(Cai et al., 2020; Cai, Burns, Wang, Qian, Pedatella, et al., 2021; Cai et al., 2022; Yu, Cai, et al., 2022). Figure S1
in Supporting Information S1 shows the percentage difference of GOLD observed Y O/N, between DOY 34 and
32 at 14:10 UT in the northern hemisphere. The depletion area penetrates more equatorward in the westside of
GOLD FOV. This is consistent with the theory proposed by Prolss (1980, 2011), namely the composition distur-
bance is generated near local midnight and corotates from the nightside (near local midnight) into the dayside
(morning). However, the ) O/N, disturbance in Figure 2 appears to originate from local daytime, which is differ-
ent from these previous results. Since the model reproduces this phenomenon qualitatively, the model output can
be utilized to investigate the mechanism.

3.3. Temporal Evolution of the Simulated } O/N,

Figure 3 shows the model-simulated Y O/N, percentage differences between DOY 34 and 32 in the southern
hemisphere (20°—90°S) from 00:20 to 13:20 UT on DOY 34 in the polar view (geographic coordinate; perimeter
boundary 20°S). The GOLD FOV is marked in Figure 3f with a white line (covering 6—15 LT). The temporal
evolution of the Y O/N, percentage differences between DOY 34 and 32 in the southern hemisphere from 00:20
to 18:20 UT with 15-min cadence is shown in Movie S1. At 00:20 UT (Figure 3a), there are already two YO/
N, depletion regions (one near 40°-60°S, 16 LT, another near 40°-60°S, 2—4 LT), as well as enhancements in
the mid-high latitude, which are formed on DOY 33. Notice that in the polar region, there is a region of weak
Y O/N, depletion. At 02:20 UT (Figure 3b), the depletion in the polar region expands more equatorward in the
local morning sector (5-8 LT) than the post-midnight (0—4 LT). Movie S1 shows that this Y;O/N, depletion in
the polar region (70°-90°S) starts to expand at 00:20 UT. At 04:20 UT (Figure 3c), the depletion developed in
both the local morning and midnight sectors. As shown in Figure 3d, the Y O/N, depletion region merges into a
single large area of ),O/N, which expands equatorward in both local midnight and morning sectors. At 10:20 UT
(Figure 3e), the YO/N, depletion in the local morning expands to ~40°S and corotates toward local noon (10-14
LT). Note that the Y O/N, depletion region gradually corotates into the GOLD FOV (white lines in Figure 3f),
as shown in Figure 2. The depletion in the midnight sector also moves equatorward and expands to the LT sector
between 22 and 4 LT. As shown in Figure 3f (13:20 UT), the depletion formed in the local morning extends to
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Figure 3. Polar view of the ZO/N, percentage difference between DOY 32 and 34 in the southern hemisphere (geographic
coordinate) at (a) 0:20, (b) 2:20, (c) 4:20, (d) 7:20, (e) 10:20, and (f) 13:20 universal time (UT). The perimeter latitude is
20°S. The white line at 3f outlines the GOLD FOV.
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~30°S and corotates to the local afternoon (12-16 LT). While the depletion formed in the local midnight is not
observed by GOLD, it keeps expanding toward 20°S and corotates toward local morning (7 LT).

Therefore, Figure 3 and Movie S1 show that the Y O/N, depletion observed on the east side of GOLD FOV
originates from the local morning sector near 80°S from 00:20 UT on DOY 34, and is transported to mid and
low latitudes, as well as corotates to later LT sectors. Note that the polar view of the thermospheric composi-
tion disturbance in Prolss (2011) is in magnetic local time (MLT) and magnetic latitude (MLAT) frame (fig. 12
of the paper). To check whether there are significant differences between LT and MLT polar view, the corre-
sponding simulated ) O/N, percentage difference between DOY 34 and 32 in MLT is shown in Figures S2
and S3 in Supporting Information S1. The Y O/N, depletion in LT and geographic coordinate is more toward
local morning, while the one in MLT and MLAT is more toward post-midnight. However, the LT/MLT differ-
ence of the distribution of ) O/N, disturbance is at most less than 2 hr. At 7:20 UT (Figure S3 in Supporting
Information S1), both Y O/N, disturbances in LT and MLT exhibit two depletion regions equatorward, one in
midnight and another in local morning. Therefore, we can say that the ) O/N, depletion in the southern hemi-
sphere reported here (occurring in the local daytime (east side of GOLD FOV) and corotating) is different from
Prolss theory (Prolss, 1980, 2011). The thermosphere composition disturbance also forms in the local morning
and moves equatorward, like the one generating near local midnight. However, the classical theory only predicts
that the disturbance is generated and moved equatorward near the local midnight sector. Since the observation is
in geographic coordinate, the following polar view of the thermosphere and ionosphere parameters will also be
presented in geographic coordinate.

3.4. Neutral Temperature and Wind Variations Related to Y, O/N, Depletion

Figure 4 shows the polar view of the southern hemisphere (geographic coordinate) neutral temperature (TN) near
pressure level —1.375 (~160 km) at the same UTs as Figure 3 on DOY 34 with a perimeter latitude of 50°S. The
corresponding horizontal winds are overplotted as black arrows. This pressure level is chosen because it is the
composition between 140 and 180 km that determines the magnitude of Y,O/N, As shown in Figures 4a—4d, large
TN enhancements occur first in the local morning sectors and move toward the local noon (from 8 LT at 00:20
UT to 12:45 LT at 07:20 UT). The maximum TN values increase from 930K at 00:20 UT to 1,160K at 07:20 UT.
At 10:20 UT, the maximum TN reaches 1,380K near 11:20 LT. The TN maximum decreases to 1,060K near 8
LT at 13:20 UT. Comparisons with Figures 4a—4d indicate that there are more large regions with TN > 1,000K
in Figures 4e and 4f. This is because TN is an accumulated effect of the Joule heating, solar radiation, heat
conduction, horizontal and vertical heat advection, heating from chemistry reactions, adiabatic heating/cooling,
and radiative cooling due to nitric oxide (NO) and carbon dioxide (CO,) (Killeen et al., 1997). Additionally, Joule
heating plays a major role in determining the polar region TN. During DOY 34, there is continuous occurrence
of geomagnetic disturbances (see Figure 1a) and Joule heating is enhanced persistently. Consequently, TN in the
whole polar region increases from 00:20 to 13:20 UT DOY 34.

As shown in Figure 4a, horizontal neutral winds are equatorward between 2 and 6 LT from 50°S to 90°S. From 22
to 2 LT, latitude range of equatorward winds expands from 75°S to 90°S to 50°S and 90°S. However, the latitude
range of westward wind shrinks from 80°S to 40°S to 50°S and 40°S. The maximum speed of equatorward wind
occurs near 23:00 LT with a magnitude of ~380 m/s. Winds are poleward and westward between 6:00 and 12:00
LT. In Figure 4b at 02:20 UT, the equatorward wind expands to 7:20 LT. The magnitude of the maximum equa-
torward wind increases to 500 m/s. Poleward and eastward winds are seen between 8 and 14 LT. At 04:20 UT, the
equatorward winds expand to 10:00 LT. From 07:20 UT, the LT sector with equatorward winds in the morning
and noon separates from the equatorward wind near the midnight sector. There is an LT sector with westward
winds and weak equatorward winds in the middle of the two LT sectors with the equatorward winds. This LT
sector varies between 4 and 6 LT at 07:20 UT, and between 8 and 12 LT at 13:20 UT. As shown in Figures 4d—4f,
the magnitudes of equatorward wind in the local noon are smaller than the ones near local midnight. The magni-
tudes of the former are 100-200 m/s, while the magnitudes of the latter are 300-400 m/s at the same latitudes.
Figure S4 in Supporting Information S1 shows the corresponding vertical wind (WN) near ~160 km. Since TN
maximum is in the local morning between 00:20 and 07:20 UT, the maximum upward WN is also generated in
this LT sector. The maximum of upward WN increases from 6 m/s at 00:20 UT to 10 m/s at 02:20 UT and stays
near 10 m/s until 10:20 UT.
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Figure 4. Polar view of the neutral temperature (TN) on Day-of-Year (DOY) 34 in the southern hemisphere (geographic
coordinate) at (a) 0:20, (b) 2:20, (c) 4:20, (d) 7:20, (e) 10:20, and (f) 13:20 universal time (UT). The perimeter latitude is
50°S. The horizontal wind is overplotted in black arrows.
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The neutral temperature and wind pattern are crucial in uncovering how the Y O/N, depletion is formed and
propagated. In the following, we utilize all this information to investigate the process.

4. Discussion

As already demonstrated in many previous studies, middle and upper thermosphere composition variations
during storms are determined by vertical advection, horizontal advection, and molecular diffusion (Burns
et al., 1989; 2006; Cai et al., 2020; Cai, Burns, Wang, Qian, Solomon, et al., 2021; Cai et al., 2022; Sutton
et al., 2015; Yu, Wang, Ren, Yue, et al., 2021; Yu, Wang, Ren, Cai, et al., 2021; Yu, Wang, et al., 2022). Since
diagnostic analysis of the thermosphere composition has been carried out many times in previous studies, here we
do not show a detailed diagnostic process, but utilize terms in the continuity equation of thermosphere composi-
tion (see details of the equation in Burns et al., 2006; Cai, Burns, Wang, Qian, Solomon, et al., 2021; Yu, Wang,
Ren, Cai, et al., 2021), as well as the aforementioned temporal evolution of TN and neutral winds to reveal the
underlying mechanism of 2O/N, depletion during the Space-X storms.

Oxygen (O) mmr (mass mixing ratio) increases from 100 to ~300 km, resulting in a positive vertical gradient of
O mmr between 100 and ~300 km. On the other hand, N, mmr decreases with the increase of altitudes, and the
vertical gradient of N, is negative. When there is upward vertical wind (upwelling), the vertical advection of O
decreases the O mmr. While the vertical advection of N, increases the N, mmr. The decrease of O and increase
of N, reduce Y O/N, in the polar region. As shown in Figure 4 and Figure S4 in Supporting Information S1,
the enhanced temperature gradient in the local morning generates an upward WN (~6—10 m/s) from 00:20 to
02:20 UT near 160 km (18-25 m/s near ~300 km, not shown here). The magnitude of WN is similar to observed
high-latitude WN reported previously (10-20 m/s in Larsen & Meriwether, 2012). With the strong upward WN,
Y O/N, depletion is formed due to the vertical advection. After the depletion of Y;O/N, is formed, horizontal
advection acts to transport the composition disturbance to other regions. Without the horizontal gradients of O
and N, mmr that are partly generated by upwelling and downwelling, no horizontal advection of O and N, will
occur. Since there is also equatorward wind in the local morning sector, the depletion is transported equatorward
to mid and low latitudes. In the meantime, the depletion corotates toward later LT, which is due to the Earth's
corotation and partly offset by the westward zonal wind.

Therefore, the mechanism of the generation and maintenance of ) O/N, depletion in the southern hemisphere in
the local morning sector appears to be similar to the classical theory of storm-induced composition variations.
However, the major difference is that it takes place in the local morning. As shown in Figure 2, the composition
disturbance is also formed in the local midnight as predicted by classical theory. But why there is also distur-
bance formed in the local morning in this case, which appears different from composition perturbations reported
in previous studies (Prolss, 1980, 1981)? Furthermore, we need to address a related question: Why do the TN
enhancement and equatorward wind occur in the local morning sector?

Figure 5 shows the polar view of the height integrated Joule heating rate (Q,y;) (unit: mW/m?) in the southern
hemisphere (geographic coordinate) with a perimeter latitude of 50°S at 00:20, 02:20, 04:20, 07:20, 10:20,
and 13:20 UT on DOY 34. The corresponding instantaneous IMF B, and B, values are marked. The temporal
evolution of Qy; is shown in Movie S2. At 00:20 UT (Figure 5a, B, = 2.14 nT, By = 12.46 nT), Qyy is mainly
distributed between 6 and 10 LT, 90°S and 60°S, with a maximum value of 33 mW/m?2. At 02:20 UT, with
a weak southward B, (—1.24 nT) but similar magnitude of B, as Figure Sa, magnitude of Qyy increases to
47 mW/m?. At 04:20 (B, = —3.12 T, By = 11.87 nT) and 07:20 UT (B, = —10.15 nT, By = 13.07 nT), with
the increase of southward B, both the magnitude and latitude ranges of Q,;; enlarge. At 07:20 UT (Figure 5d),
the maximum value of Qy reaches 50 mW/m?. It also extends to 55°S in the local afternoon sector. The
maximum Qg occurs in the local morning sector in Figures 5a-5d. At 10:20 UT, B, is stronger than B,. Qyy
increases more with the maximum (78 mW/m?) appearing in the local afternoon. At 13:20 UT, due to smaller
magnitudes of IMF B, and B,, Qy;; decreases in all high-latitude regions. Since TN is strongly influenced by
Qyy at high latitudes, it is the enhanced Q,; in the local morning sector that generates the TN enhancements
in the region. Interestingly, the magnitudes of southward IMF B, are smaller (absolute value < 4 nT) at 0:20,
2:20, and 4:20 UTs than at 7:20, 10:20, and 13:20 UTs. However, in this time period, B’y is dominant with a
magnitude of greater than 10 nT Qy is large. Therefore, even B, is small or positive, large Q, still occurs with
a dominant B,.
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Figure 5. Polar view of the height integrated Joule heating rate (unit: mW/m?) on Day-of-Year (DOY) 34 in the southern
hemisphere (geographic coordinate) at (a) 00:20, (b) 02:20, (c) 04:20, (d) 07:20, (e) 10:20, and (f) 13:20 universal time (UT).
The perimeter latitude is 50°S. Corresponding interplanetary magnetic field B and B, at each UT time are marked.
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Based on Knipp et al. (2004) and Lu et al. (2016), the major energy channels on thermosphere and ionosphere
are solar irradiance, Joule heating, auroral precipitation, and the cusp. For auroral precipitation, it is much weaker
than Joule heating (Knipp et al., 2004). Regarding cusp, it is not included in MAGE model used in this paper, but
the model can still reproduce the observed XO/N, pattern. Furthermore, cusp is a local effect and mainly in the
local noon (B. Zhang et al., 2012), while the formed disturbance is in the local morning. This suggests that cusp
effect may also be minor compared with Joule heating. Therefore, Joule heating is the main heating source that
causes the upwelling in the local morning during this storm.

To uncover why Q, is enhanced in the local morning sector, the corresponding ionospheric potential, together
with the corresponding horizontal ion drift (overplotted in black arrows) at the same UTs in the southern hemi-
sphere (geographic coordinate) is shown in Figure 6. The perimeter latitude is 50°S. As shown in Figure 6a, the
maximum magnitude of dawn and dusk side potential is 68 and 11 kV, respectively, under dominant positive
B, with positive B,. The dawn side potential is mainly between 6 and 8 LT. With a dominant positive B, the
potential distribution is asymmetric with an orange-shaped dawn cell and banana-shaped dusk cell (@stgaard
et al., 2018; Tenfjord et al., 2015). At 02:20, 04:20, and 07:20 UT (Figures 6b—6d), when B, turns to southward
with increasing magnitude but still smaller than B, the maximum dawn side potential increases to 85, 97, and
112 kV, while the corresponding dusk cell magnitudes are smaller. At 10:20 UT (Figure 6e), with a dominant
negative B, the pattern becomes more symmetric than in previous UTs. At 13:20 UT, with weakened IMF, the
potential magnitude drops.

It should be noted that it is summer in the southern hemisphere (February) with persistent solar radiation in the
polar region. Consequently, the ionospheric conductivity is also large. This, together with the large ionospheric
electric fields, generate enhanced Q,; in the local morning sector during the storm, which results in the TN
enhancement and upward WN in the local morning to generate Y O/N, depletion.

The corresponding equatorward ion drifts in the dawn side also exhibit similar behavior to the potential,
moving from O to 6 LTs toward 8-12 LTs from 00:20 to 07:20 UT. Figures S5 and S6 in Supporting Infor-
mation S1 show the comparisons between the potential and horizontal ion drifts simulated by MAGE and
observed by the Super Dual Auroral Radar Network (SuperDARN) (Thomas & Shepherd, 2018) at 00:20,
02:20, 04:20, and 07:20 UT. Ion drifts in both simulation and observation are equatorward in the local morn-
ing, and move toward local noon during this time period. Although there are small-scale discrepancies, the
large-scale patterns are similar. The simulation reproduces the observations qualitatively. The trend of ion
drifts in Figure 6 is similar to the evolution of the horizontal neutral winds shown in Figures 4a—4e, suggest-
ing the potentially crucial roles of the ion-neutral coupling. Between 22:55 UT on DOY 33 to 07:25 UT on
DOY 34, the magnetosphere was driven by a dominant positive B, with southward B,. As pointed out by B.
Zhang et al. (2016), the convection can impact the neutral wind through ion-neutral coupling under dominant
positive B, condition in the summer hemisphere. The equatorward ion drag generates the local noon equator-
ward wind in the high-latitude northern hemisphere during a geomagnetically “quiet” period reported by Wu
et al. (2012). For the Space-X storm conditions considered here (summer hemisphere and dominant positive
B), the neutral winds are influenced by the equatorward ion drag in the morning to offset the day-night
pressure gradient force and finally become equatorward. The detailed mechanism of the equatorward wind,
including how each momentum forcing process evolves and makes contribution, will be studied in future
works.

5. Conclusion

We carried out an investigation on the behavior of mid-high latitude thermosphere composition in the southern
hemisphere during the Space-X storm on February 3, 2022, using GOLD XO/N, data and MAGE simulations.
The main findings are as follows:

1. GOLD observed a persistent depletion region of ZO/N, in the local noon, east side of its FOV during obser-
vation on DOY 34, which is different from the prediction by the classic theory of thermospheric composition
response to geomagnetic storm.

2. MAGE simulations qualitatively capture the observed ZO/N, depletion pattern in the southern hemisphere,
though with a larger magnitude and larger area.

3. The temporal evolution of the simulated percentage difference of ZO/N, illustrates that the depletion is first
generated in the local morning and is transported to mid and low latitudes by the equatorward wind in the
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Figure 6. Polar view of the ionospheric potential on Day-of-Year (DOY) 34 in the southern hemisphere (geographic
coordinate) at (a) 00:20, (b) 02:20, (c) 04:20, (d) 07:20, (e) 10:20, and (f) 13:20 universal time (UT). The perimeter latitude is
50°S. The horizontal component of ion velocity is overplotted in white arrows. Corresponding interplanetary magnetic field
B, and B, at each UT time are marked.
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local morning and noon sectors. This is different from the classical theory that the storm-time composition
disturbance forms near local midnight, and then transported equatorward and corotates toward local morning.
4. The XO/N, depletion is formed at high latitudes in the local morning due to the strong upwelling, as a result
of strong heating in the region. The temperature enhancement at high latitudes is formed in the local morning
because of the strong Joule heating rate.
5. The ion-neutral coupling under dominant positive B, condition is likely the cause of the equatorward wind in
the local morning sector.
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