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Key Points:
●  After deployment, TianMu-1’s first concurrent multiple local time (LT) observation captured the May 2024 superstorm using five

satellites.
●  We quantified the LT dependence of thermospheric hemispheric asymmetry driven by the May 2024 superstorm based on

multisatellite synchronous observations.
●  We directly resolved the entire evolutionary sequence of global multi-LT traveling atmospheric disturbances, from generation

through propagation to dissipation, including their LT-dependent modulation.
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Abstract: In this study, we analyze the impact of the May 2024 geomagnetic storm on the thermospheric mass density by using
TianMu-1 constellation satellite (TM02, TM06, TM07, TM11, TM15) observations. These observations reveal intense large-scale traveling
atmospheric disturbances (TADs) originating at high latitudes and propagating equatorward. Observations by TM02 captured the
evolution of a TAD structure: An initial amplitude of ~3.89 × 10–12 kg/m3 at hundred-kilometer scale subsequently intensified to
4.78 × 10–12 kg/m3, with the spatial extent expanding to the thousand-kilometer level. Significant hemispheric asymmetry was observed:
the absolute density was higher predominantly in the northern hemisphere (TM02, TM06, TM07, TM11), whereas the difference in the
relative density consistently showed greater enhancements in the southern hemisphere across all satellites, with the maximum
north–south density differences exceeding 195%–640% above 60° latitude. In conjunction with SuperDARN (Super Dual Auroral Radar
Network) observations, this striking hemispheric asymmetry can likely be attributed to disparities in plasma convection patterns between
the two hemispheres. Furthermore, density perturbation characteristics exhibited strong local time (LT) dependence: Near noon
(~10.7 LT, TM02 descending), the northern hemisphere onset preceded the southern onset. Conversely, near dusk (~17.6 LT, TM15
descending), the southern onset led the northern onset by approximately 3 hours. Ascending orbits (TM02, TM06, TM07, TM15) typically
yielded larger global density enhancements compared with smaller southern-confined enhancements during descending orbits. Satellite
TM11 showed comparable perturbations in both ascending and descending orbits. By leveraging its unique orbital architecture, the
TianMu-1 constellation enables global near-simultaneous multi-LT sampling, providing a robust data foundation for both scientific
research and engineering applications.
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 1.  Introduction

The  thermosphere,  the  uppermost  layer  of  Earth’s  atmosphere

extending from approximately 80 km to thousands of kilometers,

plays  a  crucial  role  in  the  dynamics  and  energetics  of  the  upper

atmosphere  (Powell,  2018).  It  undergoes  significant  variations  in

its  density  and  composition  as  a  result  of  various  space  weather

phenomena,  particularly  geomagnetic  storms,  which  are  intense

disturbances in Earth’s magnetic field caused by solar wind inter-

actions with the magnetosphere. Geomagnetic storms are driven

by solar wind plasma, particularly during periods of coronal mass

ejections and high-speed solar wind streams (Denton et al., 2006).
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These phenomena can substantially  compress and distort  Earth’s
magnetosphere,  leading to enhanced currents  in  the ionosphere
and  thermosphere  (Sarris,  2019).  These  currents,  in  turn,  deposit
energy  into  the  upper  atmosphere  through  Joule  heating  and
particle  precipitation,  causing  substantial  changes  in  thermo-
spheric  density  and  neutral  compositions  (Richards  et  al.,  2013).
Cai  L et al.  (2014) showed that Joule heating can account for the
vast  majority  of  energy  injected  into  the  thermosphere  at  high
latitudes  during  geomagnetic  storms,  which  leads  to  a  sharp
increase in the density of the thermospheric atmosphere. In addi-
tion, Wang X et al. (2020) conducted a statistical analysis of Joule
heating  versus  different  levels  of  geomagnetic  storms  based  on
densities  obtained  by  the  Challenge  Microsatellite  Payload
(CHAMP)  and  the  Gravity  Recovery  and  Climate  Experiment
(GRACE).  The  analytic  results  showed  that  the  peak  duration  of
Joule  heating  is  positively  correlated  with  the  intensity  of
geomagnetic storms. Zhang B et al.  (2012) confirmed by running
a  coupled  magnetosphere–ionosphere–thermosphere  (CMIT)
model  that  the increase  in  density  at  high latitudes  is  associated
with soft electron precipitation. The response of the thermosphere
to  geomagnetic  storms  is  not  limited  to  density  changes.  The
composition  of  the  atmosphere  also  undergoes  modifications  as
high-energy  particles  from  the  solar  wind  interact  with  atmo-
spheric constituents. Cai XG et al. (2023) used Global-scale Obser-
vations  of  Limb  and  Disk  (GOLD)  observations  to  study  the
response  of  the  thermosphere  composition  to  storms  affecting
Space-X.  The  GOLD  observations  showed  that  the  percentage
difference  in  the  O  and  N2 column  density  ratio  (∑O/N2)  of
between-storm and quiet-time conditions occurs in the depletion
zone at middle- and high-latitude levels in the local noon sector of
the southern hemisphere. These interactions can also lead to the
production of new species, such as nitric oxide (NO), which further
affects  the  atmospheric  chemistry  and  energy  balance  (Solomon
et al., 2007). The resulting changes in the thermosphere can have
cascading  effects  on  other  atmospheric  layers,  including  the
mesosphere  and  stratosphere,  through  wave-mean  flow  interac-
tions and other dynamic processes (Cnossen et al., 2024).

Research into the response of  the thermosphere mass density to
geomagnetic  storms  has  gained  considerable  momentum  in
recent  years,  driven  by  advances  in  space-based  observations.
Satellites such as CHAMP and GRACE have provided valuable data
on  atmospheric  density  variations  during  geomagnetic  storms,
enabling researchers to better understand the underlying physical
mechanisms  (Emmert  et  al.,  2010).  These  observations  have
revealed  that  changes  in  the  thermosphere  density  can  be
substantial,  with  increases  of  up  to  several  hundred  percent
compared with quiet-time conditions (Liu H et al., 2014). Previous
studies  have  shown  hemispheric  asymmetry  in  the  increase  in
density at high latitudes during geomagnetic storms (Ercha et al.,
2012; Li YP et al., 2023, 2024). The analysis of data detected by the
Atmospheric  Density  and  Precise  Orbit  Determination  (APOD)
satellite  during  the  geomagnetic  storm  event  on  September  8,
2017, as reported by Ai JZ et al. (2023), indicated that the amplitude
of the density response in the southern polar region was approxi-
mately  1.33  to  1.65  times  that  of  the  northern  polar  region.  The
asymmetry  in  plasma  convection  between  the  hemispheres
results in hemispheric variations in Joule heating at high latitudes,

serving  as  a  significant  factor  contributing  to  the  hemispherical

discrepancy  in  the  density  response  during  the  storm  (Xiao  C  et

al., 2023; Zhu QY et al., 2023). Additionally, the hemispheric asym-

metry  in  density  enhancements  exhibits  a  correlation  with  local

time  (LT)  differences. Li  RX  and  Lei  JH  (2021) studied  the  GRACE

and SWARM satellite data and found that the density enhancement

near ~8/20 LTs had hemispheric symmetry, whereas the enhance-

ment  was  more  pronounced  in  the  southern  hemisphere  in  the

afternoon region.

Traveling  atmospheric  disturbances  (TADs)  are  common  and

important  physical  phenomena  in  the  thermosphere  during

magnetic storms that can affect the redistribution of global ther-

mosphere energy, and they have been widely studied by scientific

researchers  (Fujiwara  and  Miyoshi,  2006; Bruinsma  and  Forbes,

2007; England  et  al.,  2021).  For  example,  on  the  basis  of  CHAMP

satellite  accelerometer-derived  density  data  at  400  km  altitude,

Bruinsma  and  Forbes  (2007, 2009) revealed  substantial  hemi-

spheric  asymmetry  in  dayside  TAD  propagation  speeds  and

substantially higher average propagation speeds on the nightside

than  on  the  dayside,  with  neither  the  TAD  amplitude  nor  phase

speed  showing  a  clear  correlation  with  the Kp index. Xu  S  et  al.

(2021) found  that  the  spatial  distribution  of  high-latitude  TADs

under magnetostatic conditions showed a significant spatial scale

and high dependence based on the southern hemisphere winter

observations  of  Gravity  Field  and  Steady-State  Ocean  Circulation

Explorer (GOCE) and CHAMP satellites at different altitudes. Build-

ing  on  the  aforementioned  observational  studies, Pham  et  al.

(2022) utilized  the  high-resolution  Multiscale  Atmosphere

Geospace  Environment  (MAGE)  model  to  simulate  TADs  during

the August 24–25,  2005,  geomagnetic  storm event.  Their  simula-

tions further demonstrated that TADs generated at high latitudes

propagate equatorward, subsequently inducing global-scale ther-

mospheric density perturbations. Although considerable research

has been conducted on TADs,  the systematic elucidation of  their

physical  mechanisms—spanning  generation,  propagation,  and

dissipation—remains  a  significant  challenge.  The  TianMu-1

constellation, by leveraging its unique capability for simultaneous

multi-LT global observations, promises to provide critical observa-

tional support to unravel these mechanisms.

 2.  Data

 2.1  TianMu-1 Constellation
The  TianMu-1  constellation  has  been  launched  successively

beginning in January 2023, with a construction scale of 72 satellites

capable  of  integrated  detection  of  the  thermosphere  and  iono-

sphere.  As  of  January  2024,  the  TianMu-1  constellation  has

launched 23 satellites, of which 12 satellites are equipped with 10

atmospheric density detectors (ADDs) and 2 atmospheric compo-

sition detectors (ACDs). The ADDs and ACDs have the function of

monitoring in situ atmospheric density and atmospheric composi-

tion. Table 1 provides the spatial distribution and payload config-

uration of the 12 in situ atmospheric detection satellites.

The 12 TianMu-1 in situ atmospheric observation satellites listed in

Table 1 are distributed in a sun-synchronous orbit at an inclination

of  97°  and  an  altitude  of  approximately  500  km,  and  they  are
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evenly  distributed  in  six  different  orbital  planes.  The

descending/ascending  nodes  of  the  six  orbital  planes  are

07:20/19:20  LT,  09:40/21:40  LT,  11:30/23:30  LT,  13:10/01:10  LT,

15:30/03:30 LT, and 17:50/05:50 LT. Except for TM19 and TM20 at

13:10/01:10 LT, which are equipped with ACDs, the remaining 10

satellites  are  equipped  with  ADDs.  The  basic  principle  of  mass

density  measurement  by  the  ADD  instrument  is  as  follows:

According to the basic assumption of the ADD instrument design

(Qin GT et  al.,  1990),  the gas molecules in the sampling chamber

are  in  a  state  of  equilibrium,  meaning  that  the  average  mass  of

atmospheric molecules entering and leaving the sampling cham-

ber  is  approximately  balanced.  Under  free  molecular  flow  and

thermal  equilibrium  conditions,  gas  molecules  follow  the

Maxwellian velocity distribution. By integrating the velocity distri-

bution  function,  the  number  density  outside  the  sensor  can  be

obtained—which  is  related  to  the  sampling  chamber  pressure

and sampling chamber  temperature.  To derive  the mass  density,

the average molecular mass must be known. In the study by Li X

et  al.  (2018),  the  average  molecular  mass  was  derived  from  the

NRLMSISE00  atmospheric  density  model.  In  the  present  work,

however, the calculation method of the average molecular mass is

determined  by  using  the  following  method:  On  the  basis  of  the

historical in  situ measurement  data  of  different  orbit  types  and

space environment parameters,  a  polynomial  functional  relation-

ship  between  the  average  molecular  mass  and  the  number

density  is  established.  Using  this  relationship  and  the  number

density  measured  by  the  ADD  instrument,  we  can  calculate  the

average  molecular  mass  and  then  obtain  the  mass  density  infor-

mation. According to the processing method above, the on-orbit

calibration method for ADD mass density utilizes the atmospheric

mass density derived from two-line element (TLE) data as a quasi-

true  reference  value.  A  linear  fit  is  then  applied  to  calibrate  the

raw  mass  density  against  this  reference.  The  calibrated  mass

density  has  a  temporal  resolution  of  1  second  with  an  accuracy

better  than  7%.  The  ACD  uses  a  mass  analyzer  to  separate  and

collect  different  gas ions after  ionization to obtain the density  of

different neutral components. The ACD has the ability to measure

neutral gases with masses in the range of 2–34 amu (atomic mass

units),  whereas  the  highly  neutral  components  of  the  TianMu-1

satellite orbits are predominantly O and N2.  Such satellite layouts

and  payload  configurations  are  important  for  understanding  the

changing characteristics of the neutral atmosphere in the thermo-

sphere.

The  atmospheric  density  data  studied  in  this  work  are  derived
from ADD instruments in different LT planes to analyze the impact
of  magnetic  storms  on  the  global  thermospheric  atmosphere,  as
shown  in Figure  1.  The  colored  dots  in  the  diagram  show  that
TM02 and TM06 are close in altitude to approximately 490 to 511
km but approximately 30 km lower than the other three satellites.

 2.2  Solar and Geomagnetic Behavior
As  solar  activity  continued  to  intensify  in  the  days  leading  up  to

May 10,  a  series of  coronal  mass ejections were ejected from the

active  region  of  AR3664,  causing  an  extreme  G5  geomagnetic

storm to erupt on Earth at approximately 17:00 UTC (Coordinated

Universal  Time)  on  May  10,  2024,  when  the  interplanetary

magnetic  field  began  to  oscillate  violently,  as  shown  in Figure  2.

The Kp index rose directly to 9 after 3 hours and remained above 8

for  nearly  33  hours  under  the  continuous  pressure  of  the  solar

wind.  The  appearance  of  such  a  strong  G5  storm  dates  back  20

years  to  November  2004.  During  the  entire  storm  period,  the

auroral electrojet (AE) index exhibited violent fluctuations, peaking

at 4098 nT.  Meanwhile,  the geomagnetic disturbance storm time

(Dst)  index  plummeted  to −412  nT,  nearly  40  nT  lower  than  the

minimum Dst value  recorded  during  the  November  2004

magnetic  storm.  Consequently,  the  geomagnetic  storm  of  May

10–12,  2024,  is  now  recognized  as  the  most  intense  such  event

recorded  since  2004  (Chernogor  et  al.,  2025).  Our  aim  was  to

determine  the  response  characteristics  of  the  thermospheric

atmosphere in such a strong geomagnetic storm.

 

Table 1.   Layout and number of satellites in the TianMu-1 constellation, and the payload configuration related to in situ atmospheric monitoring.

Launch date Descending/ascending node local time Satellite name (s) Satellite number Payloada

December 25, 2023 07:20/19:20 TM11 1 ADD

July 20, 2023 09:40/21:40 TM07, TM08 2 ADD

January 9, 2023 11:30/23:30 TM01, TM02 2 ADD

December 27, 2023 13:10/01:10 TM19, TM20 2 ACD

March 22, 2023 15:30/03:30 TM03−TM06 4 ADD

January 5, 2024 17:50/05:50 TM15 1 ADD

aADD, atmospheric density detector; ACD, atmospheric composition detector.
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Figure 1.   Geographic latitude–local time coverage curves (gray lines)

for the TM02, TM06, TM07, TM11, and TM15 satellites from May 10 to

12, 2024. The colored dots represent the spatial positions of the

corresponding satellites at a certain time interval, and the altitudes

are marked on the map. The arrow points in the direction of the

satellite’s movement.
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 3.  Results

 3.1  Mass Density Response
Figure  3 shows  the  thermospheric  mass  density  observations  of

five  satellites  from  different  orbital  planes  of  the  TianMu-1

constellation during the strong geomagnetic  storm from May 10

to 12, 2024. During the magnetic storm, the true density observa-

tions for each satellite were normalized to the mean altitude indi-

cated in the title  of  each subplot,  as  shown in Figures 3a–3j.  The

ρObs(h̄)reason for normalization was to exclude the effect of altitude vari-

ation  on  density.  The  normalization  density  can  be

obtained by formulating

ρObs(h̄) = ρObs(h)×ρMSIS(h̄)/ρMSIS(h),
h̄ ρObs(h)

ρMSIS(h̄) ρMSIS(h)where  denotes the mean altitude,  is the direct observation

along the satellite orbit, and correspondingly,  and 

are the NRLMSISE00 model values. This method is widely used in

the  scientific  study  of  thermospheric  mass  density  (Picone  et  al.,

 

0

−20

−40

−50

20

B x (n
T)

(a)

0

50

100

B y (n
T)

(b)

0
25

−25
−50

50

B z (n
T)

(c)

400

600

800

1000

So
la

r w
in

d
(k

m
/s

)

(d)

0

20

40

60

Pr
es

su
re

(n
Pa

)

(e)

200

210

220

230

240

F 1
0.

7

(s
fu

)

(f )

(g)

0
2
4
6
8

Kp

0
−100
−200
−300
−400

100

D
st

(n
T)

(h)

05-10 05-11 05-12 05-13
2024 Year, UT

0

1000

2000

3000

4000

AE (n
T)

(i)

 
Figure 2.   Time series changes in solar and geomagnetic indices for the period of May 10 to 12, 2024. From top to bottom, the interplanetary

magnetic field Bx, By, Bz, solar wind velocity, dynamic pressure, solar radiation index F10.7, and geomagnetic indexes Kp, Dst, and AE.
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Figure 3.   Thermosphere mass density responses during the strong geomagnetic disturbance on May 10–12, 2024. The left and right columns

show the results of the corresponding satellite’s descending and ascending orbits, respectively, and the densities are normalized to the

corresponding average altitude. From top to bottom, the observations of satellites TM02, TM06, TM07, TM11, and TM15. The ocean red line above

each panel represents the geomagnetic index Kp.
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2002; Bruinsma  et  al.,  2006).  Because  the  perigee  and  apogee  of
the  TianMu-1  satellites  selected  in  this  work  are  approximately
30  km  apart  and  the  average  altitude  is  normalized  to  less  than
one scale height, the error caused by this method is small.

Because  of  the  distinct  LTs  associated  with  satellite  descending
and ascending orbits, Figure 3 presents all satellite results catego-
rized  by  descending  orbits  (left  column)  and  ascending  orbits
(right column). Figure 3a displays the mass density variations with
universal  time  (UT)  and  latitude  observed  during  the  TM02
descending orbit  (prenoon sector,  ~10.7 LT).  Atmospheric  distur-
bances  of  varying  spatial  scales  are  evident  in  the  mid- to  high-
latitude regions of the northern hemisphere. At 19:30 UT on May
10,  a  TAD  structure  with  an  amplitude  of  approximately  3.89  ×
10−12 kg/m3 at  hundred-kilometer  scale  was  detected  near  70°N.
As  geomagnetic  activity  intensified,  the  density  amplitude
increased  to  4.78  ×  10–12 kg/m3,  and  the  spatial  extent  of  the
disturbance  expanded  to  thousand-kilometer  scale.  As  the
magnetic  storm  entered  the  recovery  phase,  the  scale  of  the
density  disturbance  in  the  high-latitude  region  recovered  to  a
level  marginally  higher  than  that  observed  prior  to  the  storm.
Similar  multiscale  atmospheric  density  disturbances  during  the
storm were also observed in the southern hemisphere. Compara-
tive  analysis  of  the  initial  disturbance  onset  times  in  the  polar
regions  from  TM02  revealed  that  the  enhancement  occurred
earlier  in  the  northern  hemisphere  than  in  the  southern  hemi-
sphere.  Approximately  3  hours  later,  distinct  disturbances
appeared  in  the  mass  density  near  the  equator.  This  time  lag
corresponds  to  the  propagation  duration  required  for  TADs  to
reach the equator, thus allowing the inference of a TAD propaga-
tion  speed  on  the  order  of  hundreds  of  meters  per  second.  This
result  is  consistent  with  the  findings  reported  by Bruinsma  and
Forbes (2007).

Figure  3b displays  the mass  density  observations  from the TM02
satellite  during  its  ascending  orbit  (~22.7  LT).  Similar  to  the
descending  orbit  observations,  TADs  of  varying  intensities  are
present in the mid- to high-latitude regions.  The ascending orbit
data also reveal higher density values in the northern hemisphere,
consistent  with  the  pattern  observed  in  the  descending  orbit
data. During the main phase of the magnetic storm, the density in
the  high-latitude  northern  hemisphere  increased  to  4.01  ×
10–12 kg/m3,  exceeding the value of 3.37 × 10–12 kg/m3 observed
around  60°S  in  the  southern  hemisphere.  Unlike  the  descending
orbit  period,  however,  the  ascending  orbit  observations  reveal
that density disturbances in the polar regions exhibit no significant
temporal  difference in their  response to the magnetic  storm and
that  the  propagation  delay  of  atmospheric  density  disturbances
to low-latitude and equatorial regions is notably shorter.

Figures 3c and 3d present the mass density observations from the
TM06 satellite during its descending and ascending orbits, respec-
tively. Blank areas in the plots result from satellite attitude adjust-
ments,  which  prevent  the  ADD  from  operating  effectively  in  the
free  molecular  flow.  A  comparison  between Figures  3a and 3c
reveals similarities in density variations between TM02 and TM06
during their descending phases, primarily manifested in temporal
differences in the polar disturbance onset and propagation char-
acteristics  of  TADs  toward  low-latitude  and  equatorial  regions.

However,  two  significant  differences  emerge:  (1)  A  pronounced
density  trough  appears  at  latitudes  above  60°N  approximately
3 hours before May 11; and (2) TM02 shows a minimal difference
in  the  disturbance  duration  between  high  and  low  latitudes,
whereas  TM06  observes  an  approximately  3-hour  longer  distur-
bance  persistence  in  the  low-latitude  region  (~30°S–30°N)
compared with high latitudes. Figure 3d demonstrates a substan-
tial  density  enhancement near  70°N in  the northern hemisphere,
reaching  a  peak  intensity  of  5.86  ×  10–12 kg/m3.  Despite  partial
data  gaps  in  the  low-latitude  regions,  multiscale  TAD  structures
remain discernible.

Figures  3e and 3f present  mass  density  observations  from  the
TM07 satellite normalized to 528 km altitude during its descending
orbit (~9.3 LT) and ascending orbit (~21.3 LT). Despite differences
in  orbital  altitude  and  LT  compared  with  TM02,  both  satellites
exhibit  fundamentally  similar  density  variation  patterns  during
the magnetic storm. Descending orbit measurements reveal maxi-
mum  densities  of  3.29  ×  10–12 kg/m3 (northern  hemisphere)  and
2.38 × 10–12 kg/m3 (southern hemisphere).  During the ascending
orbit,  peak  densities  reach  7.39  ×  10–12 kg/m3 near  55°N  and
4.43 × 10–12 kg/m3 in the southern hemisphere. Collectively, TM07
observations  demonstrate  consistently  higher  density  values  in
the northern hemisphere than in the southern hemisphere across
both orbital configurations.

As  indicated  in Table  1,  the  descending  and  ascending  nodes  of
the TM11 satellite are positioned at 07:20 LT and 19:20 LT, respec-
tively,  with  corresponding  density  observations  presented  in
Figures 3g and 3h. The TM11 observations demonstrate character-
istic  propagation  signatures  of  TADs.  During  the  ascending  orbit
phase, a TAD with an amplitude of 3.88 × 10–12 kg/m3 formed near
40°N in the northern hemisphere at 00:00 UT on May 11, followed
by  the  development  of  TADs  with  an  amplitude  of  3.31  ×
10–12 kg/m3 near  55°S  in  the  southern  hemisphere  at  01:30  UT.
Approximately  3  hours  later,  these  two  TAD  systems  converged
near  the  equatorial  region  and  interacted,  generating  new  TAD
structures  with  a  density  of  2.85  ×  10–12 kg/m3.  As  the  magnetic
storm  progressed,  energy  injection  into  the  polar  regions  led  to
the  formation  of  TADs  exhibiting  an  amplitude  of  4.18  ×
10–12 kg/m3 at  75°N  in  the  northern  hemisphere  by  06:00  UT.
When  propagating  to  30°N,  the  amplitude  of  these  disturbances
decreased  to  3.15  ×  10–12 kg/m3.  Subsequent  convergence  of
northern  and  southern  hemisphere  TADs  at  ~8°S  produced  new
disturbances  with  further  reduced  intensity  (2.56  ×  10–12 kg/m3).
The most intense TAD during the ascending orbit phase emerged
near 74°N in the northern hemisphere and registered an amplitude
of 3.52 × 10–12 kg/m3.

Figures  3i and 3j present  observations  from  the  TM15  satellite
during its dawn-side (ascending orbit) and dusk-side (descending
orbit)  phases.  Two  distinct  differences  emerge  compared  with
density  characteristics  observed  by  other  satellites.  First,  the
descending  orbit  of  TM15  reveals  atmospheric  density  distur-
bances occurring approximately 3 hours earlier in the high-latitude
southern  hemisphere  than  in  the  northern  hemisphere—in
contrast with other satellites’ observations, where northern hemi-
sphere  perturbations  typically  precede  southern  hemisphere
disturbances. Second, both descending and ascending orbit data
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from  TM15  indicate  stronger  absolute  densities  in  the  southern
hemisphere  than  the  northern  hemisphere  during  the  magnetic
storm.  Additionally,  dusk-side  observations  exhibit  larger  spatial
scales  and  TADs  of  greater  intensity  in  the  southern  hemisphere
compared  with  the  dawn  side,  exemplified  by  TADs  near  73°S
reaching  an  intensity  of  6.27  ×  10–12 kg/m3 and  spatial  scales
approximating the thousand-kilometer level.

 3.2  Hemispheric Asymmetry

ρ/ρquiet ρquiet

Although numerous studies have investigated hemispheric asym-
metries  in  the  thermospheric  density  response  during  geomag-
netic storms (Bruinsma et al., 2006; Ercha et al., 2012; Zhu QY et al.,
2023),  their  reliance  on  single-satellite  observations  inherently
limits simultaneous multi-LT coverage. In contrast, our analysis of
hemispheric  asymmetry  leverages  coordinated  multisatellite
observations from a constellation, enabling concurrent acquisition
of  global  density  data  across  multiple  LT  sectors  during  storms.
This approach provides systematic observational evidence essen-
tial for elucidating the full spatiotemporal characteristics of asym-
metry. Figure  3 shows  the  variation  in  absolute  density,  but  also
noted are differences in the density of the northern and southern
hemispheres of different satellites during the quiet period owing
to  the  influence  of  different  LTs.  For  example,  the  density  of  the
southern  hemisphere  is  higher  than  that  of  the  northern  hemi-
sphere of TM07, whereas the density of the northern and southern
hemispheres  of  TM15 is  symmetrical  with respect  to  the equator
in the middle and low latitudes. Therefore, it is necessary to calcu-
late  the  difference  in  the  density  of  the  relative  quiet  period  to
analyze  the  quantitative  impact  of  magnetic  storms  on  the  ther-
mospheric  atmosphere.  The  quantitative  calculation  method  is
(  − 1) × 100%, where  is  the density average value of

May  9,  and  the  results  are  shown  in Figure  4.  The  color  scale  is
consistent to facilitate comparison between different satellites.

As  is  evident  from Figure  4,  observations  across  all  satellites—
regardless  of  whether  for  ascending  or  descending  orbits—
demonstrate  higher  relative  density  differences  in  the  southern
hemisphere  compared  with  the  northern  hemisphere,  revealing
hemispheric  asymmetry  in  the  thermospheric  mass  density
response  during  disturbance  periods.  Furthermore,  with  the
exception  of  TM11,  all  satellites  exhibit  substantially  greater
density enhancements and expanded disturbance regions during
ascending orbits  relative  to  descending orbits.  During ascending
passes,  the  four  satellites  (TM02,  TM06,  TM07,  TM15)  exhibit
global-scale atmospheric perturbations, whereas during descend-
ing passes they show smaller enhancements primarily confined to
the southern hemisphere. In contrast, TM11 displays a similar lati-
tudinal  extent  of  atmospheric  density  perturbations  between  its
ascending  and  descending  passes.  For  TM02  and  TM06,  which
share  comparable  orbital  altitudes,  the  maximum  density  differ-
ences between ascending and descending orbits reach 560% and
760%,  respectively,  indicating  quantifiable  LT-dependent  varia-
tions in thermospheric density perturbations.

Building  on  the  preceding  analysis,  intense  geomagnetic  storms
trigger  substantial  energy  and  momentum  transfer  from  the
magnetosphere to the thermosphere, causing initial atmospheric
density  enhancements  in  the  polar  regions.  To  quantify  hemi-

spheric  asymmetries  and their  LT  dependence, Figure 5 presents
density  enhancement  ratios  in  the  polar  zones.  Within  each
subpanel,  the  red  and  gray  dots  denote  the  average  percentage
density differences within 60°N–90°N and 60°S–90°S, respectively,
whereas the yellow bars represent the difference between south-
ern  and  northern  hemisphere  mean  values.  During  geomagneti-
cally  quiet  periods,  the  hemispheric  differences  are  negligible.
Commencing with the storm onset at 17:00 UT on May 10, atmo-
spheric  density  enhancements  become  markedly  higher  in  the
southern  hemisphere  relative  to  the  northern  hemisphere,  with
this  hemispheric  disparity  gradually  intensifying  as  the  storm
progresses.  Observations  from  all  satellites  consistently  demon-
strate greater polar density enhancements in the southern hemi-
sphere.  During  this  event,  maximum  south–north  differences
reach  195%  (TM02),  300%  (TM06),  460%  (TM07),  640%  (TM11),
and  435%  (TM15).  These  results  indicate  that  hemispheric  asym-
metries  in  storm-time  density  enhancements  are  modulated  by
both  altitude  and  LT.  Additionally,  during  the  storm  recovery
phase, hemispheric differences progressively diminish yet remain
elevated above prestorm quiet-time levels.

 3.3  Wave-like Structure
Figure  6 displays  the  latitude-dependent  percentage  density
difference  observed  by  TM02,  TM06,  TM07,  TM11,  and  TM15
during  the  main  phase  of  the  geomagnetic  storm  (18:00  UT  on
May 10 to 16:00 UT on May 11),  illustrating the latitudinal propa-
gation of TADs. The left and right columns of Figure 6 correspond
to descending and ascending orbits, respectively. In each subplot,
lines  of  the  same  color  represent  observations  from  different
satellites  within  the  same  time  grid.  For  example,  the  dark  blue
lines denote 18:00 UT on May 10, and the deep red lines correspond
to  16:00  UT  on  May  11.  The  color  gradient,  indicating  temporal
evolution, is consistent with the color scale sequence in Figure 3,
with  a  2-hour  interval  between  adjacent  color-coded  curves.
Taking  the  descending  pass  observations  of  TM02  (Figure  6a)  as
an  example,  we  analyze  the  evolution  of  storm-driven  TADs:
During  the  initial  main  phase,  the  dark  blue  curve  reveals
enhanced density perturbations above 60° latitude in both hemi-
spheres  while  equatorial  regions  remain  largely  undisturbed.  As
the  storm  progresses  with  continuous  energy  deposition  into
high  latitudes,  polar  disturbances  intensify  substantially.  Concur-
rently, density perturbations in the low to mid latitudes amplify by
100%–300%, as evidenced by the green and yellow curves showing
large-scale TADs (>1000 km) emerging at the equator. Notably, for
TM02, TM06, TM07, and TM15, TAD amplitudes during ascending
passes  systematically  exceed  those  during  descending  passes.  In
contrast, TM11 observations exhibit minimal latitudinal amplitude
differences  between  ascending  and  descending  passes.  The
TianMu-1  constellation—comprising  12  satellites  across  diverse
orbital planes—enables synchronous multi-LT global atmospheric
density  observations,  providing  the  pivotal  capability  of  investi-
gating  magnetosphere–ionosphere–thermosphere  coupling
dynamics during geomagnetic storms.

 4.  Discussion
As  indicated  in  Section  3.2,  all  five  satellites  of  the  TianMu-1
constellation, distributed across multiple LTs globally, observed a
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Figure 4.   Same as Figure 3, except that the percentage density difference is presented. The color scale is the same for all panels.
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larger  amplitude  enhancement  of  mass  density  in  the  southern

hemisphere  compared  with  that  in  the  northern  hemisphere.

Regarding the mechanism behind the hemispheric asymmetry in

the response during storm time, several related prior studies have

offered explanations. For instance, by analyzing plasma drift data

from  the  Defense  Meteorological  Satellite  Program  (DMSP)  F15

spacecraft, Ercha  et  al.  (2012) found  stronger  plasma  drift  in  the

southern  hemisphere  ionosphere  than  in  the  northern  hemi-

sphere. This observation is consistent with measurements showing

a  higher  thermospheric  mass  density  response  in  the  southern

hemisphere during geomagnetic storms. Similarly, for the intense

geomagnetic  storm  event  in  May  2024  studied  in  this  work,  we

analyzed  the  global  north–south  differences  by  combining

plasma convection data observed by the global Super Dual Auroral

Radar Network (SuperDARN). The SuperDARN comprises an inter-

national  array  of  ground-based  high-frequency  radars,  including

six  radars  in  China  (Zhang  JJ  et  al.,  2024).  This  network  acquires

line-of-sight (LOS) measurements of plasma drift velocities across

mid- to  high-latitude  ionospheric  regions.  For  the  present  analy-

sis,  we  utilize  statistically  fitted  plasma  convection  velocities

derived  through  the  following  computational  procedure:  First,
raw LOS velocity measurements undergo spatiotemporal smooth-
ing via filtering applied to clustered adjacent beams, range gates,
and sequential sweeps. The processed velocities are then mapped
onto  a  regular  grid  in  geomagnetic  coordinates  (magnetic  lati-
tude/magnetic local time [MLAT/MLT]) through sorting and inter-
polation.  Finally,  the  gridded  velocity  field  is  assimilated  into  an
established  statistical  convection  model  to  generate  the  fitted
velocity solutions (Ruohoniemi and Baker, 1998).

Figure  7 displays  convection  patterns  derived  from  SuperDARN
observations during the main phase of the storm (02:38–02:40 UT
on  May  11).  The  Thomas–Shepherd  2018  (TS18)  empirical  model
(Thomas  and  Shepherd,  2018)  provides  the  background  electric
potential distribution, with the convection pattern fitted by using
an  eighth-order  spherical  harmonic  expansion.  Cross-polar  cap
potential  (ΦPC)  and  gridded  LOS  velocity  data  coverage  (N)  are
annotated  for  both  the  (a)  northern  and  (b)  southern  hemi-
spheres. In each panel, the solid black line demarcates the edge of
the convection zone,  where  the  electrostatic  potential  is  defined
as zero (Heppner and Maynard, 1987).

 

 (b) Ascending

0
100
200
300
400
500
600
700
800

TM
02

 p
er

ce
nt

de
ns

ity
 d

i�
er

en
ce

 (%
)

−100
0
100
200
300
400
500
600

S−
N

 D
i�

er
en

ce
 (%

)

60°N−90°N
60°S−90°S

 (d) Ascending

0
100
200
300
400
500
600
700
800

TM
06

 p
er

ce
nt

de
ns

ity
 d

i�
er

en
ce

 (%
)

−100
0
100
200
300
400
500
600

S−
N

 D
i�

er
en

ce
 (%

)

 (f ) Ascending

0
100
200
300
400
500
600
700
800

TM
07

 p
er

ce
nt

de
ns

ity
 d

i�
er

en
ce

 (%
)

−100
0
100
200
300
400
500
600

S−
N

 D
i�

er
en

ce
 (%

)

 (h) Ascending

0
100
200
300
400
500
600
700
800

TM
11

 p
er

ce
nt

de
ns

ity
 d

i�
er

en
ce

 (%
)

−100
0
100
200
300
400
500
600

S−
N

 D
i�

er
en

ce
 (%

)

 (j) Ascending

05−10 05−11 05−12 05−13
2024 Year, UT

0
100
200
300
400
500
600
700
800

TM
15

 p
er

ce
nt

de
ns

ity
 d

i�
er

en
ce

 (%
)

−100
0
100
200
300
400
500
600

S−
N

 D
i�

er
en

ce
 (%

)

 (a) Descending

0
100
200
300
400
500
600
700
800

TM
02

 p
er

ce
nt

de
ns

ity
 d

i�
er

en
ce

 (%
)

−100
0
100
200
300
400
500
600

S−
N

 D
i�

er
en

ce
 (%

)

 (c) Descending

0
100
200
300
400
500
600
700
800

TM
06

 p
er

ce
nt

de
ns

ity
 d

i�
er

en
ce

 (%
)

−100
0
100
200
300
400
500
600

S−
N

 D
i�

er
en

ce
 (%

)

 (e) Descending

0
100
200
300
400
500
600
700
800

TM
07

 p
er

ce
nt

de
ns

ity
 d

i�
er

en
ce

 (%
)

−100
0
100
200
300
400
500
600

S−
N

 D
i�

er
en

ce
 (%

)
 (g) Descending

0
100
200
300
400
500
600
700
800

TM
11

 p
er

ce
nt

de
ns

ity
 d

i�
er

en
ce

 (%
)

−100
0
100
200
300
400
500
600

S−
N

 D
i�

er
en

ce
 (%

)

 (i) Descending

05−10 05−11 05−12 05−13
2024 Year, UT

0
100
200
300
400
500
600
700
800

TM
15

 p
er

ce
nt

de
ns

ity
 d

i�
er

en
ce

 (%
)

−100
0
100
200
300
400
500
600

S−
N

 D
i�

er
en

ce
 (%

)

60°N−90°N
60°S−90°S

60°N−90°N
60°S−90°S

60°N−90°N
60°S−90°S

60°N−90°N
60°S−90°S

60°N−90°N
60°S−90°S

60°N−90°N
60°S−90°S

60°N−90°N
60°S−90°S

60°N−90°N
60°S−90°S

60°N−90°N
60°S−90°S

 
Figure 5.   Density difference curve from May 10 to 12, 2024. The red dots and gray dots represent the mean percentages of 60°N–90°N and

60°S–90°S, respectively. From top to bottom, TM02, TM06, TM07, TM11, and TM15 results. The left and right columns are on descending and

ascending orbits, respectively. The histogram for each panel represents the differences between the southern and northern hemispheres.
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Figure 6.   Percentage density differences from TM02, TM06, TM07, TM11, and TM15 as a function of latitude. The time range of the colored lines

is from 18:00 UT on May 10 to 16:00 UT on May 11, with a time interval of 2 hours, and the color evolution (from dark blue to dark red) is

consistent with the order of the color scale from small to large in Figure 3.
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As depicted in Figures 7a and 7b, during the geomagnetic storm
interval  (17:04–17:06  UT),  the  zero-potential  contour  expands
equatorward  to  approximately  40°  MLAT  in  both  hemispheres.
The ΦPC reaches 106 kV in the southern hemisphere and 73 kV in
the northern hemisphere. Convection velocities reach up to 1600
m/s  near  60°  MLAT  postnoon  of  the  southern  hemisphere,
whereas  northern  hemisphere  velocities  remain  predominantly
within  100 m/s.  These  results  demonstrate  substantially  stronger
ionospheric  convection  in  the  southern  hemisphere.  Such
substantial  north–south  convection  differences  likely  led  to
distinct levels of ion-neutral frictional heating between the hemi-
spheres,  which  in  turn  contributed  to  the  higher  thermospheric
density  response  amplitude  in  the  southern  hemisphere  than  in
the northern hemisphere.

 5.  Summary
In  this  study,  we  used  the  TM02,  TM06,  TM07,  TM11,  and  TM15
satellite observations of the TianMu-1 constellation to analyze the
response  of  the  severe  geomagnetic  storm  to  the  atmospheric
density  of  the  thermosphere  in  May  2024.  The  five  satellites  fly
over different orbital planes and at slightly different altitudes. The
main results of the analysis are as follows:

(1)  The thermospheric  atmosphere at  high latitudes  forms wave-
like structures of different intensities and spatial scales under the
disturbance of strong magnetic storms, and these wave-like struc-
tures  can  propagate  to  the  equatorial  region.  Descending  orbit
observations of TM02 revealed a TAD developing along the latitu-
dinal direction at 19:30 UT on May 10, with an initial amplitude of
~3.89 × 10−12 kg/m3 at hundred-kilometer scale.  As geomagnetic
activity  intensified,  the  storm-enhanced  density  increased  to
4.78 × 10–12 kg/m3 while the disturbance expanded to thousand-
kilometer  scale.  Approximately  3  hours  after  the  onset  of  polar
density  disturbances,  the  equatorial  mass  density  began increas-
ing.  This  time  lag  corresponds  to  the  propagation  duration  of
TADs from the polar to equatorial regions.

(2)  The  atmospheric  density  of  the  thermosphere  shows  hemi-
spheric response differences during magnetic storms. For absolute
density,  observations  from  four  satellites  (excluding  TM15)

showed  higher  densities  in  the  northern  hemisphere  compared
with the southern hemisphere. However, regarding the magnitude
of perturbations in the relative density difference (expressed as a
percentage),  all  satellites  observed  greater  enhancements  in  the
southern  hemisphere  than  in  the  northern  hemisphere.  In  this
event, the maximum north–south differences observed above 60°
latitude  by  the  TM02,  TM06,  TM07,  TM11,  and  TM15  satellites
reached  195%,  300%,  460%,  640%,  and  435%,  respectively.
Combined with SuperDARN observations, this pronounced hemi-
spheric  asymmetry may arise from differences in  plasma convec-
tion patterns between the hemispheres.

(3) Atmospheric density perturbations show distinct LT differences
during  magnetic  storms.  For  the  TM02  descending  orbit  (~10.7
LT),  the  high-latitude  perturbation  onset  occurred  earlier  in  the
northern  hemisphere.  Conversely,  TM15  descending  orbit  (~17.6
LT)  observations  indicated  that  the  southern  hemisphere  onset
occurred  ~3  hours  earlier  than  that  in  the  northern  hemisphere.
Furthermore, most satellites (TM02, TM06, TM07, TM15) exhibited
larger  density  enhancements  and  a  greater  global  spatial  extent
during  the  ascending  orbit,  whereas  descending  passes  showed
smaller  enhancements  primarily  confined  to  the  southern  hemi-
sphere.  In  contrast,  TM11 displayed similar  enhancement  magni-
tudes  and  a  similar  spatial  extent  between  its  ascending  and
descending orbits.
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