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Abstract The storm-time temperature difference with respect to its quiet-time expectation (AT) in the
mesosphere and lower thermosphere were studied during the extreme storms on 2024 Mother's Day and 2003
Halloween Day. The storm-time AT were determined by performing daily zonal running mean on the
temperature profiles in the ascending and descending nodes separately. The storm-time AT had peak values of
>25 K and extended downward to ~100 km globally. Above 105 km, the global mean AT had values of >20 K
in the early morning and of >15 K in the late afternoon during storm-time. At high latitudes, the storm-time AT
was larger in the late afternoon than in the early morning. This is opposite to that at middle and low latitudes.
Adiabatic warming/cooling caused by the heating-induced circulation changes outside of the auroral oval is
likely responsible for the local time and latitude dependence of the storm-time AT.

Plain Language Summary The storm-time energy input in the auroral oval plays an important role
in changing the dynamics and electrodynamics of the neutral atmosphere and ionosphere. Although the energy
input due to Joule and particle heating is the strongest at high latitudes, its influences are global. The mesosphere
and lower thermosphere are transition regions between the middle atmosphere and the ionosphere, which are
affected by the lower atmosphere, the ionosphere, and the solar and geomagnetic activities. This complicates the
physics and dynamical structures of the mesosphere and lower thermosphere during the storm-time, especially
the two extreme storms in the past 20 years. The temperature measured by SABER is used to study the local time
and latitude dependence of the storm-time temperature difference with respect to its quiet-time expectation. The
extreme storms are rare with average occurrence frequency of about 4 days per 11-year. The storm-time
temperature difference was larger in the late afternoon than in the early morning at high latitudes, which is
opposite to that at middle and low latitudes. This highlight that the extreme storms induce much larger and
observable temperature changes as compared with those associated tides.

1. Introduction

Geomagnetic storms have strong impacts on the ionosphere, thermosphere, and even on the mesosphere with a
significant amount energy and momentum input from the magnetosphere. This increases polar cap thermosphere
temperature and changes neutral winds and densities at high latitudes through Joule heating and heating by
energetic precipitating particles, and ion drag (Banks, 1979; Killeen, 1987; Rees et al., 1983; Roble et al., 1987).
The dynamic changes at high latitudes are then transmitted equatorward changing the dynamic and thermal
structures of the thermosphere at middle and low latitudes through ion-neutral coupling and global circulation
changes (Burns et al., 1992, 1995; Lei et al., 2011; H. Liu & Liihr, 2005; Rees et al., 1983; Richmond, 1979; W.
Wang et al., 2008; Zesta & Oliveira, 2019). On the other hand, geomagnetic storms enhance thermosphere
infrared emission, which plays a cooling effect on the thermosphere (Mlynczak et al., 2018, 2024). This com-
plicates the physics and dynamical structures of the mesosphere and lower thermosphere (MLT) during the storm-
time. Ground-based and satellite observations showed that the storm-time temperature in the MLT region could
be warmer or cooler or display no change as compared to the quiet-time (N. Wang et al., 2021 and references there
in). The MLT is the transition region between the middle atmosphere and the thermosphere and ionosphere. It is
influenced by the dynamics from the lower atmosphere and from the thermosphere and ionosphere, the energy
input caused by solar and geomagnetic activities (H.-L. Liu, 2016), as well as the competition between energy
input and radiative cooling. This suggests the importance and complexity of storm-time temperature difference
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with respect to its quiet-time expectation (AT) in the MLT (X. Liu et al., 2018; Pancheva et al., 2007; Sun
et al., 2024; Tyssgy et al., 2010; von Savigny et al., 2007; N. Wang et al., 2021).

The simulation results using the Thermosphere Ionosphere Mesosphere Electrodynamics General Circulation
Model (TIME-GCM) showed that the storm-time AT at middle latitudes is caused by the adiabatic heating/
cooling due to the changes in circulation and vertical winds in the MLT (Li et al., 2018). Further studies showed
that the horizontal wind changes in the middle-latitudes upper thermosphere cause a downward vertical wind, that
induces adiabatic heating in the MLT. Then, the increasing temperature induces upward wind, which decreases
temperature through adiabatic cooling and induces a poleward wind at higher latitudes (Li et al., 2019). It should
be noted that Joule heating is a major heat source above the auroral oval, where electric fields are the strong (Li
et al., 2023; Roble et al., 1987; W. Wang et al., 2012; Xu et al., 2013). At high latitudes, the storm-time AT is
weaker at 00:00-12:00 LT (local time, dawn sector) than at 12:00-24:00 LT (dusk sector) during the initial and
main phases. This indicates that the storm-time AT depends on latitudes and local times (LTs) (Li et al., 2023).
Using the temperature measured by SABER (Sounding of the Atmosphere using Broadband Emission Radi-
ometry) during 2002-2023, Yamazaki et al. (2024) showed that the high latitude storm-time AT is larger in the
dusk sector than in the dawn sector. The dusk-dawn asymmetry of the storm-time AT has also been revealed by
Wei et al. (2024) based on the SABER temperature data in 54 geomagnetic storms in 2002-2021. These studies on
the LT dependent, storm-time AT is mainly focused on high latitudes, where the Joule heating effects are
comparable to the adiabatic heating and vertical heat advection above 100 km (Li et al., 2023).

The increased temperature in the auroral oval induces an upward and divergent flow in the auroral oval region.
This divergent flow induces meridional circulations (short for the storm-induced circulation) in the directions of
both poleward and equatorward relative to the auroral oval (Li et al., 2019, 2023; W. Wang et al., 2008). The
storm-induced circulation competes with the meridional circulation caused by solar heating induced pressure
gradient force. This competition results in LT-dependent, storm-time AT. In this work, the storm-time AT in the
MLT during strong storms will be investigated to reveal their LT and latitude dependences. One G5 superstorm
commenced on 10 May 2024 (around Mother's Day). The three-hourly ap index reached its peak of 400 nT at
01:30 UT (universal time) and 07:30 UT on May 11. For comparison, the storm-time AT in the MLT will also be
discussed during the Halloween storm occurred during late October 2003. The three-hourly ap index reached its
peak of 400 nT at 07:30 UT on October 29 and at 19:30 UT on October 30. During the two superstorms, the
temperature measured by the SABER instrument covered a latitude range of 50°S—82°N. These observations
provide a good opportunity to study the LT and latitude dependences of the storm-time AT in the MLT.

2. Data and Methods

The temperature profiles measured by SABER are in the latitude range of 83°N-52°S or 52°N-83°S depending
on satellite yaw cycles (Esplin et al., 2023; Russell et al., 1999). For the Level 2A data, the precision of a single
temperature profile is of ~3.3-10.5 K at 90-110 km with a vertical resolution of 2 km as summarized at https://
spdf.gsfc.nasa.gov/pub/data/timed/saber/ (Dawkins et al., 2018; Remsberg et al., 2008). The SABER tempera-
ture product is stable after resolving the issue of algorithm instability (Mlynczak et al., 2020, 2022, 2023) and is
suitable to study the responses of the MLT temperature to superstorms.

The method of determining storm-time temperature difference with respect to its quiet-time expectation (AT) is
summarized in Figure 1. The three-hourly ap index (top of Figure 1a) increased from 179 nT at 16:30 UT on May
10th to 400 nT at 01:30 UT and 07:30 UT on May 11th, and decreased to 12 nT at 16:30 UT on May 13th. The
hourly Dst index (middle of Figure 1a) decreased from —32 nT at 19 UT on May 10th to —412 nT at 03 UT on
May 11th. The hourly AE index (provisional version) reached peaks of 1807 nT at 19 UT on May 10th and
1956 nT at 09 UT on May 11th (not shown, https://wdc.kugi.kyoto-u.ac.jp). The detailed interplanetary and
geomagnetic environment can be found in Lazzis and Salfate (2024). The temperature profiles at 50°N are taken
as an example to show the procedure of isolating the temperature variations caused by storm and other factors.
Here the latitude band has width of 10° without any overlap. The centers of the latitude bands are from 80°S to
50°N. The bottom row of Figure 1a shows the LTs of SABER samplings in the ascending (black) and descending
(red) nodes at 50°N, respectively. The LT differences are approximately 13—15 (or 9-11) hours between the
ascending and descending nodes. Such that the LT dependence of the storm-time AT can be studied by analyzing
the temperature in the ascending and descending nodes, respectively.
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Figure 1. Geomagnetic indices and SABER mesosphere and lower thermosphere temperatures from May 8th to 14th, 2024.
(a): Three-hourly ap index (top), hourly Dst index (middle), local time (LT) of SABER samplings (bottom); (b): SABER
temperature at 50°N in the ascending (top) and descending (bottom) nodes; (c): same as panel (b) but for the daily zonal
running mean temperature; (d): same as panel (b) but for the temperature difference with respect to its quiet-time expectation
(see text for detail).

The raw temperature profiles shown Figure 1b are generally warmer during the storm-times (i.e., from 12 UT on
10th to 12 UT on 12th May) as compared to that during the quiet-times (i.e., from 00 UT on 8th to 12 UT on 10th
May). However, there are also warmer temperature profiles during quiet-times. Thus, it is necessary to isolate the
temperature variations caused by storm from those caused by tides, gravity waves or other processes. Being
different from the method of Liu et al. (2018) and Wang et al. (2021), who perform daily zonal running mean on
the raw temperature profiles in the ascending and descending nodes together. Here, the daily zonal running mean
(Figure 1c) is performed separately in the ascending and descending nodes to remove the non-migrating tides and
gravity waves (X. Liu et al., 2014, 2017; Xu et al., 2014). However, the migrating tides cannot be removed
efficiently due to the limited LT coverage around the storm-times. SABER observations revealed that the peaks of
the migrating tides have magnitudes of ~10-20 K around the Equator and ~4-12 K at middle latitudes in
February—-March and August-September and below 100 km. Moreover, the amplitudes of migrating tides
decrease to less than ~10 K above 100 km (Mukhtarov et al., 2009; Xu et al., 2009; Zhang et al., 2006). Ground-
based lidar observations revealed that the amplitudes of tides are generally less than 10 K at middle latitudes and
~2—4 K at high latitudes (Liibken et al., 2011; Yuan et al., 2006, 2008). These magnitudes are much smaller than
the temperature enhancement (>15 K) caused by the storm and do not affect our analysis below. The storm-time
temperature difference with respect to its quiet-time expectation (AT, Figure 1d) are calculated by subtracting the
quiet-time temperature baseline (i.e., the average temperature from 00 UT on 8th to 12 UT on 10th in May) from
the daily zonal running mean temperature profiles at each latitude band. Figure 1d shows that the storm-time AT
has magnitudes of >30 K above 105 km and of >15 K above 98 km at 50°N.

3. Morphology of Storm-Time Temperature Differences

To examine the storm-time AT in the MLT more comprehensively, the storm-time AT during the 2003 Halloween
storm is calculated in a same manner as that described in Section 2. During the 2003 Halloween storm, the 3-
hourly ap index (top of Figure 2a) reached its maximum of 400 nT on October 29th and 30th, 2003. The Dst
index (middle of Figure 2a) reached its minima of —350 nT on October 29th and —383 nT on October 30th.
Previous studies have showed that the 2003 Halloween storm have important effects on space weather (Lei

LIU ET AL.

30f9

251807 SUOLULIOD SAITERID 3|edljdde aU) Ag paURAOB 812 A1 VO ‘88N J0'S3|NI 0} ARIIT 8UIIUO AB]IM UO (SUO1IPUOD-PUE-SWLBYWO0™Aa| 1M AReIq1pUI|UO//SAIL) SUOTIPUOD PUE SWi | U} 39S *[5202/20/0T] Uo Akeiqi auliuo Aim 'S3d v Aq 62121 T 19VZ02/620T 0T/I0pALI0Y A3 |1 Aseiq 1putjuo'sqndnBey/sdiy WoJy papeojumod ‘Z ‘520z ‘L008 6T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters

10.1029/2024GL112179

Ascending .

Descending

01

27/10 28/10 29/10 30/10 31/10 01/11 02/11

(b)

104

z (km)

100

96
108

104
N 100
96

km)

i

Date(dd/mm)

27/10 28/10 29/10 30/10 31/10 01/11 02/11

z (km)

z (km)

(d)
108

104 A

100 P

96

108 4}
104
100

96 1 '

LY
T

27/10 28/10 29/10 30/10 31/10 01/11 02/11

Date (dd/mm)

Figure 2. Same caption as Figure 1, but for the 2003 Halloween storm. (a) Three-hourly ap index (top), hourly Dst index
(middle), local time (LT) of SABER samplings (bottom). The upper and lower panels in panels (b—d) show the results in the
ascending and descending nodes, respectively. The quiet-time baseline is defined as the average temperature from 00 UT on
27th to 12 UT on 28th in October 2003.

et al., 2011; Pulkkinen et al., 2005). Here we focus on the storm-time AT in the MLT. Figure 2b shows that the
raw temperatures are generally warmer during the storm-times as compared to that during quiet-times. The
warmer temperatures during the storm-times are more obvious after removing the variations caused by tides,
gravity waves or other factors (Figure 2c). The storm-time AT at 50°N (Figure 2d) has magnitudes of >30 K
above 106 km in the early morning (ascending node) and of >15 K above 102 km in the early morning (ascending
node) and in the late afternoon (descending node). Comparisons between Figures 1d and 2d show that the storm-
time AT at 50°N are larger and lasted shorter during the 2024 Mother's Day storm than that during the 2003
Halloween storm. One possible reason is that the 2024 Mother's Day storm was stronger (with daily Ap index of
273 nT and Dst of —292 nT) and lasted only for one day (May 11th). Compared to the 2024 Mother's Day storm,
the 2003 Halloween storm was relatively weaker and longer lasting (from 29th to 31st October). The Ap values
during the 2003 Halloween storm for the 3 days were of 204, 191, and 116 nT, respectively (Mlynczak
etal., 2024). Another possible reason is that the SABER observations are at different LTs and in different months.
The LTs of SABER observations are around 05:27 and 20:32 during the 2024 Mother's Day storm and are around
02:09 and 17:22 during the 2003 Halloween storm. The circulations may be different during the two storms.

Figure 3 shows the global maps of storm-time AT and quiet-time AT during the 2024 Mother's Day storm at 109
and 98 km in the ascending (left two columns) and descending (right two columns) nodes during. Figure 3 shows
that the quiet-time AT has global means of ~0 K at the two heights. In contrast, the global means of the storm-time
AT are positive, but decrease from ~27 K at 109 km to ~3 K at 98 km. This indicates that the 2024 Mother's Day
storm increases the temperature globally in the MLT. The maxima of the storm-time AT are several times larger
than the quiet-time AT at the two heights. Further examination can be found that the variations of the storm-time
AT are almost uniform in each zonal circle. This indicates that the storm-time AT is enhanced globally (all the
zonal circles from 80°N to 50°S). The enhancements are more prominent at 109 km than those at 98 km in both
nodes. The global enhancements and the uniform in all zonal circles of the storm-time AT can also be found
during the 2003 Halloween storm (not shown here).

Focusing on the storm-time AT, we see that the magnitudes of AT depend on latitudes and LTs (referring to the
ascending and descending nodes). At latitudes poleward of 50°N, the maxima of AT at the two heights are around
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Figure 3. Global maps of storm-time AT (the second and fourth columns) and quiet-time AT (the first and third columns) around the 2024 Mother's Day at four heights
(109 and 98 km) in the ascending (left two columns) and descending (right two columns) nodes. The mean local time (hh:mm) and its standard deviation (mm, unit of
minute) around the Equator are labeled on the top of each panel with the form of “hh:mm + mm.” The minimum, maximum and the mean of global AT are labeled on the
top of each panel. The magenta contour lines indicate the AT = 0.

10-20 K in the ascending node (05:27 LT, early morning). While in the descending node (20:32 LT, later af-
ternoon), the maxima of AT at the two heights decrease from ~67 K at 109 km to ~29 K at 98 km. At 40°S—40°N
and at the two heights, the magnitudes of AT are generally larger in the ascending node than those in the
descending node. This indicates that the LT-dependence of the storm-time AT is a function of latitudes. Spe-
cifically, the storm-time AT is larger in the descending node than in the ascending node at latitudes poleward of
50°N, but is larger in the ascending node than in the descending at 40°S—40°N. The storm-time AT exhibits
hemispheric asymmetry. In the ascending node, the mean AT is ~37 K at 0°-40°S and 109 km, which is larger
than the ~28 K at 0—40°N at the same height. However, the mean AT is larger at 0-40°N than at 0°-40°S below
105 km. In the descending node, the mean AT is larger at 0°~40°S than at 0—40°N above 105 km and is larger at 0—
40°N than at 0°-40°S below 100 km. The hemispheric asymmetry at higher heights is consistent with the
superimposed epoch analysis by N. Wang et al. (2021) based on 59 coronal mass ejection (CME) events during
2003-2013. They showed that the storm-time AT is larger in the southern hemisphere than that in the northern
hemisphere for the CME induced storms.

4. Discussions

Both the 2024 Mother's Day storm and the 2003 Halloween storm were caused by CMEs and were classified as
extreme storms. The extreme storms are categorized as G5 and have average occurrence frequency of about 4
days per 11-year solar cycle as reported by NOAA space weather prediction center. The temperature measured by
SABER covered two solar cycles (2002-2024). During the two solar cycles, there were only two extreme storms
(Gonzalez-Esparza et al., 2024). These extreme storms are rare and the induced AT are more observable and
larger than tides. The LT dependence of storm-time AT can be observed distinctly. It should be noted that the LT
dependence of storm-time AT may exist for all geomagnetic storms. However, it is difficult to quantify the
temperature changes caused by minor storms because tidal signals are mixed with the storm responses during
minor storms.

During these extreme storms, the strong energy input from the magnetosphere into the ionosphere and thermo-
sphere changes the thermal structure in the MLT. Thus, the resultant storm-time AT during the two extreme storms
are compared here to shed some light of physics. Figure 4 shows a polar view of the altitude-averaged storm-time
AT in the height range of 100-109 km on the geomagnetic coordinates during the 2003 Halloween storm. Here the
geomagnetic coordinates are transformed through the Altitude-Adjusted Corrected Geomagnetic (AACGM) co-
ordinates (Shepherd, 2014). The similarities of the storm-time AT during the two extreme storms (Figures 3 and 4)
are ascribed into the following two aspects. Firstly, the locations of the largest storm-time AT are not at the highest
latitude but around 60°N generally. Moreover, the storm-time AT around 60°N is larger in the descending node
(later afternoon) than in the ascending node (early morning). This local time dependence of the storm-time tem-
perature changes depends on how the upper atmosphere responds to the storm-time high latitude forcing that varies
with location, geomagnetic local time and storm characteristics such as the storm strength, onset time and phase.
This consistent with the climatology patterns that the storm-time temperature enhancements are larger in the dusk
sector at high latitudes (Li et al., 2023; Wei et al., 2024; Yamazaki et al., 2024). In the southern hemisphere, the
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Figure 4. Polar view of the altitude-averaged storm-time AT in the height range of 100-109 km on geomagnetic coordinates during the 2003 Halloween storm. The left
and right two columns are the results in the ascending and descending nodes, respectively. The magenta contour lines indicate the AT = 0.

storm-time AT decreases from high latitudes to low latitudes. Secondly, at lower and middle latitudes, the storm-
time AT in ascending node is larger than in the descending node.

The main difference of the storm-time AT between the two extreme storms can be ascribed as the following two
aspects. (a) The storm-time AT are larger and lasting for a shorter period of time during the 2024 Mother's Day
storm than that during the 2003 Halloween storm (Figures 1d and 2d). (b) The storm-time AT decreases with the
decreasing latitudes more slowly during the 2024 Mother's Day storm than that during the 2003 Halloween storm,
especially in the ascending node (Figures 3 and 4). The possible reasons for these differences may be the
combination effects of following aspects. Firstly, the 2024 Mother's Day storm was strong and lasted only for one
day. In contrast, the 2003 Halloween storm was relatively weaker and lasted for 3 days. Secondarily, the
meridional circulation depends on LT and season, where the dynamical influences from the lower atmosphere
cannot be neglectable in the MLT (H.-L. Liu, 2016). Moreover, heating and meridional circulation caused by
different storms also vary with LT. Even in the same storm these changes also have LT dependence. This might
enhance or suppress the storm-induced circulation, which is originated from the auroral oval and expand to other
latitudes. Thirdly, the hemispheric asymmetry of the storm-time AT is only partially consistent with the super-
imposed epoch analysis by Wang et al. (2021) based on 59 CME events during 2003—2013. They also noted that a
single storm can be different from the averaged results of multiple events.

The new observational result is that the storm-time AT is larger in the dawn sector (mainly from the mid-night to
the early morning) than that in the dusk section (mainly in the later afternoon) at 40°S—40°N during the two
extreme storms. This is in contrast to those at high latitudes, where the storm-time AT is larger in the dusk sector
than in the dawn sector. It looks like that the latitude band of 50°N—60°N acts as a boundary, which separates the
storm-time temperature enhancements having different LT and latitude dependencies. Specifically, the storm-
time AT is larger in the dusk sector at high latitudes and in the dawn sector at middle and lower latitudes. The
possible physics behind the new observational fact can be explained as below.

The thermal balance in the MLT region is achieved among Joule heating, heat transfer due to molecular and eddy
diffusion, adiabatic heating/cooling caused by horizontal and vertical advections, and radiative cooling (Burns
et al.,, 1992, 1995; Killeen, 1987). During the storm-time, Joule heating is the main driver of temperature
enhancement in the auroral oval above about 100 km (Li et al., 2023; Roble et al., 1987; W. Wang et al., 2012; Xu
et al., 2013). This is also supported by Figure 4, which shows that the temperature enhancements are mainly
around 60°N but not within the entire polar cap or at lower latitudes above 100 km. The latitudes around 60°N
coincide well with the auroral oval (Figure 2 of Landry & Anderson, 2019), where electric fields and auroral
precipitation are strong too. This produces strong Joule heating. Because the auroral oval locates mainly in the
latitude bands of 60°-70° but not in the entire polar cap, the temperature enhancements are mainly over the
auroral oval but not in the entire polar cap. The enhanced temperature induces an upward (above the auroral oval)
and divergent (away from the auroral oval) flow due to the thermal expansion. Then the upward and divergent
flow causes perturbations to meridional winds both poleward and equatorward from the auroral oval. Here we
refer to perturbations to meridional winds as the storm-induced circulation. On the other hand, the solar heating
depends highly on LT, which contributes to establish the meridional circulation in the MLT. This meridional
circulation can be regarded as the background, quiet-time circulation. The latitude and LT dependencies of storm-
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time temperature changes are mainly caused by the competition effects between the storm-induced circulation and
the quiet-time circulation.

During the daytime, the pressure gradient force is anti-sunward (i.e., northward in the northern hemisphere and
southward in the southern hemisphere) due to the solar heating (Burns et al., 1995). We refer to the circulation
established by the momentum balance between this force and other forcing processes as the quiet-time circulation.
In the poleward direction of the auroral oval, the storm-induce circulation is reenforced by the quiet-time cir-
culation during the daytime. This induces a faster poleward and downward circulation at higher latitudes. Then
the downward motion increases temperature at higher latitudes. Equatorward direction of the auroral oval, the
storm-induce circulation is suppressed by the quiet-time circulation in the daytime. This induces the weak
temperature enhancements at middle and low latitudes. During the nighttime, the quiet-time circulation is sun-
ward. The superposition of the equatorward, storm-induced circulation and the quiet-time circulation induces
larger temperature enhancements at middle and low latitudes. However, the quiet-time circulation in the MLT
region may not be the idea case as described above due to the significant dynamical influences (i.e., wave
breaking and momentum deposition, day-to-day tidal variability) around the MLT and from the lower atmo-
sphere. This might induce a complex dynamical structure in the MLT region (H.-L. Liu, 2016). The detailed
physics behind the storm-time temperature changes are complex in the MLT region and should be explored
through first principle numerical simulations (e.g., TIME-GCM or WACCM-X) in future research.

5. Conclusions

The 2024 Mother's Day storm is classified as an extreme storm and had a similar strength as that of the 2003
Halloween storm. These extreme storms are rare and the induced AT are more observable and larger than tides.
Thus, the LT dependence of storm-time AT can be observed distinctly. Due to the rarity of the extreme storms, we
cannot conclude this phenomenon is a commonly occurring feature, but it is a novel discovery. The temperature
data from the SABER instrument are used to study the LT and latitude dependencies of the storm-time tem-
perature changes in the MLT region. The storm-time temperature changes are determined by subtracting the daily
zonal running mean of the temperature profiles in the ascending and descending nodes, respectively.

We found that the storm-time temperature enhancements occurred globally and are dependent on latitudes and
LTs. The main results of this study are as follows: (a) The storm-time AT has peak values of >25 K and extended
downward to ~100 km globally. (b) Above 105 km, the storm-time AT has global means of >20 K in the early
morning and of >15 K in the late afternoon. (c) The temperature enhancements are hemispherically asymmetric,
which depends on heights and LT. (d) At high latitudes, the storm-time AT is larger in the later afternoon than in
the early morning. At middle and low latitudes, the storm-time AT is larger in the early morning than in the later
afternoon. (e) The adiabatic warming/cooling caused by the storm-induced circulation perturbations outside of
the auroral oval and its competition with the quiet-time circulation may be the main physical process behind the
local time and latitude dependency of the storm-time AT. However, other factors should not be excluded, such as
the vertical and horizontal heat advections, heat conduction, heating by solar radiation and auroral precipitation,
and radiative cooling, which all vary with local time and latitude during storms. Moreover, the dynamical
structure in the MLT is complex even in the quiet-time, further simulation studies should be performed to further
explore the exact physics behind the storm-time temperature changes regionally and globally.

Data Availability Statement

All SABER data can be accessed from Space Physics Data Facility, Goddard Space Flight Center (https://spdf.
gsfc.nasa.gov/pub/data/timed/saber/, Mlynczak et al. (2023)). The tri-hourly ap index is downloaded from https://
kp.gfz-potsdam.de/ (Matzka et al., 2021). The hourly Dst index is downloaded from https://wdc.kugi.kyoto-u.ac.
jp/ (Saroso et al., 1993).
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