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Key Points:
●  A statistical study was performed on the dawn–dusk asymmetry of temperature perturbations in the high-latitude mesosphere and

lower thermosphere during geomagnetic storms.
●  During the main phase of geomagnetic storms, cooling phenomena are more prevalent on the dawn side at high latitudes than on

the dusk side.
●  The asymmetry in temperature disturbances between dawn and dusk is associated with the difference in vertical wind disturbances

between the day and night sides.
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Abstract:  Utilizing observations by the Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) instrument, we
quantitatively assessed the dawn–dusk asymmetry in temperature disturbances within the high-latitude mesosphere and lower
thermosphere (MLT) during the main phase of geomagnetic storms in this study. An analysis of five geomagnetic superstorm events
indicated that during the main phase, negative temperature disturbances were more prevalent on the dawn side than on the dusk side in
the high-latitude MLT region. Results of a statistical analysis of 54 geomagnetic storm events also revealed a notable disparity in
temperature disturbances between the dawn and dusk sides. At high latitudes, 38.2% of the observational points on the dawn side
exhibited negative temperature disturbances (less than −5 K), whereas on the dusk side, this percentage was only 29.5%. In contrast, at
mid-latitudes, these proportions were 34.1% and 36.5%, respectively, showing no significant difference. We also conducted a statistical
analysis of temperature disturbances at different altitudes, which revealed an increase in the proportion of warming disturbances with
altitude. Conversely, the proportion of cooling disturbances initially rose with altitude, reaching a peak around 105 km, and subsequently
decreased. These temperature disturbance differences could be explained by the day–night asymmetry in vertical wind disturbances
during storm conditions.
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1.  Introduction
During geomagnetic storms, a substantial  amount of energy and

an  abundance  of  particles  are  injected  into  the  polar  regions,

resulting in intense disturbances in the thermosphere (Wang W et

al.,  2008; Fejer  et  al.,  2017).  Processes  such  as  Joule  heating  and

thermal  convection,  which  contribute  to  the  temperature  rise  in

the thermosphere, exert further influence on the middle to lower

thermosphere (Banks, 1979; Roble et al., 1987), inducing tempera-

ture changes around 100 km altitude.  This  temperature variation

is  coupled  with  intricate  physical  and  chemical  processes  in  the

middle  to  lower  thermosphere,  as  well  as  the  dynamics  of  the

lower  layers,  making  it  challenging  to  comprehend  disturbances

in  the mesosphere and lower  thermosphere (MLT)  region during

storm conditions.

Numerous  simulations  and  observational  studies  have  been

conducted  on  the  warming  of  the  MLT  during  geomagnetic

storms. Roble  et  al.  (1987) calculated  the  Joule  heating  rates  for

the geomagnetic storm on June 13, 1982, which coincided with a

solar  proton  event,  and  found  that  heating  rates  at  altitudes  of

70−80  km  could  reach  1−3  K/d  while  exceeding  20  K/d  above

90 km. Shefov (1968, 1969) observed the impact of  geomagnetic

storms on high-latitude mesospheric temperatures by measuring

the  rotational  temperature  of  OH  emission. Wand  (1983) noted
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that during geomagnetic storms, a change in the Kp index from 0

to  5  could  lead  to  a  temperature  increase  of  18  to  47  K  in  the

lower  thermosphere  between  105  and  135  km.  During  the

magnetic  storm  event  on  June  27,  1992, Fagundes  et  al.  (1996)

used  the  Fabry–Perot  interferometer  to  measure  nighttime

temperature  averages  and  found  these  measurements  to  be

higher than during quiet periods. von Savigny et al. (2007) discov-

ered  a  ~15  K  temperature  rise  near  85  km  in  the  polar  region

during  the  January  2005  storm,  accompanied  by  a  solar  proton

event,  and attributed this  increase to proton precipitation. Nesse

Tyssøy et al. (2008) analyzed Na lidar temperature data during the

intense geomagnetic  storm in January 2005 and found tempera-

tures  above 90 km to  be higher  than the monthly  average.  They

linked these observations to particle precipitation and Joule heat-

ing. Zou ZC et al. (2020) conducted a statistical study using obser-

vations  by  the  Sounding  of  the  Atmosphere  using  Broadband

Emission Radiometry  (SABER)  instrument  onboard  the  Thermo-

sphere Ionosphere Mesosphere Energetics and Dynamics (TIMED)

satellite.  Their  results  indicated that  during intense  geomagnetic

activity from 2002 to 2018, the temperatures near the mesopause

at  around  95  km  rose  by  approximately  10  K,  with  a  response

delay of up to one day.

In  addition,  cooling  phenomena  during  storms  have  been

observed  in  the  MLT  region  in  several  studies. Pancheva  et  al.

(2007) showed that  during the geomagnetic  storm at  the end of

October 2003, the temperature at approximately 90 km showed a

significant drop of 25 K,  which they attributed to the decrease in

ozone. Yuan T et al. (2015) studied four geomagnetic storm events

by  using  Doppler  Na  lidar  and  found  a  substantial  increase  in

temperature above the middle latitude of 95 km. The temperature

rise exceeded 55 K above 105 km, and they proposed a close asso-

ciation  with  the  reduction  of  O/N2. Lei  JH  et  al.  (2011, 2012)

reported two geomagnetic storms in October 2003, during which

the  SABER  instrument  observed  that  the  NO  infrared  radiation

cooling  rate  in  the  lower  thermosphere  was  significantly

enhanced, which was an important reason for the decrease in the

recovery  phase  temperature  of  the  storms.  This  process  could

even lead to overcooling. Sun M et al.  (2022) measured warming

exceeding  35  K  above  100  km  at  80°N  during  the  geomagnetic

storm  on  September  7,  2017,  using  the  SABER  instrument  on

TIMED. They emphasized the role of vertical winds in this warming

process. Liu X et al. (2017) used SABER to analyze the geomagnetic

storm event in March 2013. They found that the temperature rose

by more than 30 K near 80°S at 110 km. They concluded that the

global temperature perturbations in the MLT region were caused

by changes in global  circulation related to Joule heating and ion

dragging within the auroral oval. The simulation results of Li JY et

al. (2018, 2019) showed that the warming above 105 km during a

geomagnetic storm could exceed 30 K at 60°N. Using the thermo-

sphere ionosphere  mesosphere  electrodynamics  general  circula-

tion  model  (TIMEGCM)  thermodynamic  diagnostic  analysis,  they

demonstrated  that  mid-latitude  temperature  changes  were

mainly  caused by adiabatic  heating–cooling and vertical  convec-

tion, both  of  which  were  associated  with  vertical  wind  perturba-

tions induced by changes in atmospheric circulation.

More  recently,  research  demonstrated  that  the  response  of  the

thermosphere  or  lower  thermosphere  to  geomagnetic  storms

exhibited dawn−dusk asymmetry. Zhang YL et al.’s (2022) study of

the magnetic storm events from February 3 to 5, 2022, revealed a

density increase of 11%−18% on the dusk side at 210 km, whereas

on the dawn side,  it  increased by 18%−26%. They attributed this

phenomenon  to  the  prestorm  background  density  on  the  dawn

side and the stronger auroral heating during storm conditions. Li

JY  et  al.  (2023),  utilizing  TIMEGCM,  simulated  the  storm  on

September 10, 2005. Their results showed that the MLT tempera-

ture  increased from 12:00  to  24:00  local  time (LT)  and decreased

from 0:00 to 12:00 LT at high latitudes during the early phases of

the  storm,  suggesting  that  the  MLT  may  exhibit  different

responses  on  the  dawn  side  and  dusk  side  during  storms.

However, their findings lacked observational support.

In this work, we conducted five case studies of extreme magnetic

storms and a statistical analysis using SABER observational data to

explore the dawn–dusk asymmetry of high-latitude MLT tempera-

ture disturbances during the main phase of geomagnetic storms.

The organization of this article is as follows: In Section 2, we intro-

duce  the  SABER  instrument  and  present  the  list  of  geomagnetic

storms.  Section  3  displays  the  results  of  case  studies  for  the  five

extreme  magnetic  storms.  Section  4  provides  the  statistical

results.  In  Section  5,  we  continue  the  discussion  on  the

dawn−dusk asymmetry of  temperature disturbances in  the high-

latitude  MLT  during  the  main  phase  of  magnetic  storms  and

investigate the  occurrence  rates  of  different  temperature  distur-

bances  at  various  altitudes.  The  conclusions  derived  from  this

work are presented in Section 6. 

2.  Data
The SABER,  a  scientific  instrument  mounted  on  the  TIMED  satel-

lite,  has  been  operational  since  January  2002.  It  continuously

measures  the  profiles  of  temperature  and  various  trace  species

within  an  altitude  range  of  approximately  20  to  110  km.  The

primary  objective  of  SABER  is  to  provide  data  on  the  kinetic

temperature,  density,  infrared  radiative  rate,  and  atmospheric

composition. These  data  are  crucial  for  enhancing  the  under-

standing of  fundamental  processes  that  govern  energy,  chem-

istry,  dynamics,  and  transport  in  the  MLT  (Russell  et  al.,  1999;

Mertens et  al.,  2003; Remsberg et  al.,  2003, 2008; Mlynczak et  al.,

2014). The latitudinal coverage of SABER fluctuates because of the

approximately  60-d  yaw  cycle  of  the  TIMED  satellite,  spanning

from  53°N  to  83°S  or  83°N  to  53°S.  The  data  version  used  in  this

paper  is  V2.0,  with a  time range from 2002 to 2021 and a  height

range of 100 to 110 km.

Under  the  condition  in  which  the  minimum  disturbance  storm

time  (Dst)  index  value  was  less  than −100  nT  and  no  large

geomagnetic  storm  had  occurred  on  the  preceding  day  of  the

main phase,  a  total  of  54 geomagnetic storms were filtered from

the years 2002 to 2021. The information obtained during the main

phase of  these geomagnetic  storms is  shown in Table 1,  and the

Dst index  values  were  derived  from  the  World  Data  Center  for

Geomagnetism, Kyoto, Japan (https://wdc.kugi.kyoto-u.ac.jp/). 
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Table 1.   List of main phases of large geomagnetic storms from 2002 to 2021.a

Number Start time (UT) End time (UT) Dstmin (nT) Latitude coverage of SABER

1 2002-03-23 15:00 2002-03-24 10:00 −100 83°S to 53°N

2 2002-04-17 12:00 2002-04-20 09:00 −149 83°S to 53°N

3 2002-05-11 11:00 2002-05-11 20:00 −110 83°S to 53°N

4 2002-05-23 12:00 2002-05-23 18:00 −109 53°S to 83°N

5 2002-08-01 11:00 2002-08-02 06:00 −102 83°S to 53°N

6 2002-08-18 21:00 2002-08-21 07:00 −106 83°S to 53°N

7 2002-09-04 02:00 2002-09-04 07:00 −109 83°S to 53°N

8 2002-09-07 13:00 2002-09-08 01:00 −181 83°S to 53°N

9 2002-09-30 22:00 2002-10-01 17:00 −176 53°S to 83°N

10 2002-10-14 03:00 2002-10-14 14:00 −100 53°S to 83°N

11 2002-11-20 17:00 2002-11-21 11:00 −128 53°S to 83°N

12 2003-05-29 13:00 2003-05-29 24:00 −144 53°S to 83°N

13 2003-06-16 07:00 2003-06-18 10:00 −141 53°S to 83°N

14 2003-07-10 18:00 2003-07-12 06:00 −105 53°S to 83°N

15 2003-08-17 15:00 2003-08-18 16:00 −148 83°S to 53°N

16 2003-10-28 08:00 2003-10-30 01:00 −353 53°S to 83°N

17 2003-11-19 23:00 2003-11-20 21:00 −422 53°S to 83°N

18 2004-01-22 04:00 2004-01-22 14:00 −130 53°S to 83°N

19 2004-04-03 15:00 2004-04-04 01:00 −117 83°S to 53°N

20 2004-08-30 01:00 2004-08-30 23:00 −129 83°S to 53°N

21 2004-11-07 13:00 2004-11-08 07:00 −374 53°S to 83°N

22 2005-05-07 20:00 2005-05-08 19:00 −110 83°S to 53°N

23 2005-05-15 04:00 2005-05-15 09:00 −247 83°S to 53°N

24 2005-05-29 23:00 2005-05-30 14:00 −113 53°S to 83°N

25 2005-06-12 18:00 2005-06-13 01:00 −106 53°S to 83°N

26 2005-08-24 07:00 2005-08-24 12:00 −184 83°S to 53°N

27 2005-08-31 13:00 2005-08-31 20:00 −122 83°S to 53°N

28 2005-09-10 14:00 2005-09-11 11:00 −139 83°S to 53°N

29 2006-12-14 15:00 2006-12-15 08:00 −162 83°S to 53°N

30 2011-08-05 20:00 2011-08-06 04:00 −115 83°S to 53°N

31 2011-09-26 14:00 2011-09-26 24:00 −118 53°S to 83°N

32 2011-10-24 19:00 2011-10-25 02:00 −147 53°S to 83°N

33 2012-04-23 17:00 2012-04-24 05:00 −120 83°S to 53°N

34 2012-07-15 01:00 2012-07-15 19:00 −139 83°S to 53°N

35 2012-09-30 14:00 2012-10-01 05:00 −122 53°S to 83°N

36 2012-10-07 13:00 2012-10-09 09:00 −109 53°S to 83°N

37 2012-11-13 18:00 2012-11-14 08:00 −108 53°S to 83°N

38 2013-03-17 07:00 2013-03-17 21:00 −132 83°S to 53°N

39 2013-06-01 01:00 2013-06-01 09:00 −124 53°S to 83°N

40 2013-06-28 01:00 2013-06-29 02:00 −100 53°S to 83°N

41 2014-02-18 14:00 2014-02-19 09:00 −119 53°S to 83°N

42 2015-01-07 08:00 2015-01-07 12:00 −107 53°S to 83°N

43 2015-03-17 06:00 2015-03-17 23:00 −234 83°S to 53°N
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3.  The MLT Temperature Response during
Geomagnetic Superstorms

In this study, an analysis was initially conducted on five geomag-

netic superstorm events, which were selected based on their mini-

mum Dst values being lower than −200 nT during the period from

2002  to  2021.  The  chosen  events  occurred  on  October  27−31,

2003; November 19−20, 2003; November 7−8, 2004; May 15, 2005;

and March 17, 2015. In Figure 1a, the Dst index for October 27−31,

2003,  is  presented,  highlighting  the  first  main  phase  of  the

geomagnetic  storm  in  the  yellow-shaded  region.  The Dst value

began  decreasing  from  07:00  universal  time  (UT)  on  October  29,

reached  a  minimum  of −151  nT  at  11:00  UT,  began  recovering,

resumed  descending  at  14:00  UT,  and  concluded  at −353  nT  by

01:00  UT  on  October  30,  followed  by  the  recovery  phase.  In  this

event,  SABER  observations  covered  latitudes  from  52°S  to  83°N.

Consequently, temperature observations were filtered for altitudes

between 100 and 110 km and latitudes above 60°N from October

27 to 31. The temperature profiles averaged over 7:00 UT on Octo-

ber  27  to  7:00  UT  on  October  29,  corresponding  to  the  48  h

preceding  the  main  phase  of  the  geomagnetic  storm,  were

selected as the reference temperatures during quiet periods. The

temperature profiles from October 27 to 31 were then subtracted

from the reference profiles.  To eliminate diurnal  and semidiurnal

variations,  a  zonal  running  mean  was  applied  with  a  window

width of 24 h. The resulting plot in Figure 1b illustrates the varia-

tions  in  high-latitude  MLT  temperatures  during  the  event.

Although  the  results  do  not  precisely  quantify  the  temperature

disturbance in the region, they reflect the overall trend of temper-

ature disturbances.  The black dashed line in Figure 1b marks the

start and end times of the main phase of the geomagnetic storm

corresponding  to Figure  1a. Figure  1b reveals  that  the  warming

during this event began around 16:00 UT on October 28, preceding

the main phase, which was attributed to the zonal running mean

operation and weak geomagnetic activity before the main phase.

Subsequently,  the  temperature  reached  its  maximum  value

around 05:00 UT on October 30, with a warming of nearly 60 K at

110 km. This warming propagated downward from higher altitudes

to below 100 km, reaching approximately 15 K at 100 km. Following

this,  a  secondary  geomagnetic  storm  occurred,  with  a  minimum

Dst value reaching −383 nT,  during which no significant increase

in  temperature  occurred  at  higher  altitudes. Figure  1c illustrates

the temperature disturbance intervals corresponding to observa-

tion points during the main phase of this  event,  with a statistical

height range of 100–110 km. The median temperature disturbance

was  22.4  K,  with  a  minimum  of −54.4  K.  We  found  that  2.4%  of

disturbances exceeded 100 K,  and only 21.7% of the observation

points  had  temperature  disturbances  below  0  K. Figure  1d illus-

trates the local times corresponding to the high-latitude observa-

tion  points  during  the  main  phase.  In  this  event,  56.0%  of  the

observation points were between 12:00 and 24:00 LT, 47.3% were

between  15:00  and  21:00  LT,  and  no  points  were  between  03:00

and  09:00  LT,  indicating  the  prevalence  of  observations  on  the

dusk side.

Figure  2,  similar  to Figure  1,  corresponds  to  the  geomagnetic

storm  event  that  occurred  from  November  19  to  20,  2003.  The

main  phase  of  this  event  commenced  at  23:00  UT  on  November

19,  with  a Dst value  of −2  nT,  and  concluded  at  22:00  UT  on

November 20, reaching a minimum Dst value of −422 nT. In Figure

2b, the quiet period selected for baseline temperature comparison

spans from 23:00 UT on November 17 to 23:00 UT on November

19, covering latitudes above 60°N. It can be observed that during

the main phase,  temperatures continuously  increased above 105

km, exceeding 60 K at 110 km around 02:00 UT on November 21.

Additionally,  temperatures below 105 km initially increased, then

decreased,  and  experienced  another  rise  around  15:00  UT,  with

warming reaching up to 10 K near 100 km. Figure 2c demonstrates

that  for  the  majority  of  observation  points  during  this  event,

temperature  disturbances  were  positive.  From  the  statistical

results,  the  median  temperature  disturbance  was  18.3  K,  with

negative  disturbances  accounting  for  only  25.9%.  The  minimum

disturbance was −59.4 K, and 3.2% of the observation points had

temperature  disturbances  exceeding  100  K.  Additionally,  all

observation  points  during  this  event  were  between  12:00  and

24:00 LT, with 23.9% recorded between 15:00 and 21:00 LT.

Figure  3 presents  the  analysis  of  the  geomagnetic  storm  event

Continued from Table 1

Number Start time (UT) End time (UT) Dstmin (nT) Latitude coverage of SABER

44 2015-06-22 12:00 2015-06-23 05:00 −198 53°S to 83°N

45 2015-08-25 23:00 2015-08-27 21:00 −103 83°S to 53°N

46 2015-10-07 03:00 2015-10-07 23:00 −130 53°S to 83°N

47 2015-12-20 04:00 2015-12-20 23:00 −166 83°S to 53°N

48 2015-12-31 12:00 2016-01-01 01:00 −116 83°S to 53°N

49 2016-01-20 02:00 2016-01-20 17:00 −101 53°S to 83°N

50 2016-10-13 03:00 2016-10-13 18:00 −110 53°S to 83°N

51 2017-05-27 22:00 2017-05-28 08:00 −125 53°S to 83°N

52 2017-09-07 20:00 2017-09-08 02:00 −122 53°S to 83°N

53 2018-08-25 14:00 2018-08-26 07:00 −175 83°S to 53°N

54 2021-11-03 21:00 2021-11-03 14:00 −105 83°S to 53°N

aThe regions referred to as dawn side and dusk side in this article correspond to the time ranges of 03:00–09:00 LT and 15:00–21:00 LT, respectively.
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that  took  place  from  November  7  to  8,  2004.  The  main  phase  of
this event began at  13:00 UT on November 7,  reaching the mini-
mum Dst value of −15 nT at 18:00 UT. Subsequently, the Dst value
began  to  rise,  reaching  61  nT  at  20:00  UT  before  descending
again, and concluded at 07:00 UT on November 8, corresponding
to a minimum Dst value of −374 nT. During this event, temperatures
above 60°N showed a sharp increase over time, with a warming of
nearly  80  K  observed  at  110  km  altitude  at  the  end  of  the  main
phase,  and  a  peak  near  100  K  around  19:00  UT  on  November  8.
The statistical results for the observation points indicated that the
temperature  variations  within  the  100–110  km  range  during  the
main  phase  were  primarily  characterized by  heating.  Specifically,
the  minimum  temperature  disturbance  was −71.4  K,  the  median
was 12.3  K,  and 1.0% of  the observation points  had temperature
disturbances  exceeding  100  K.  As  shown  in Figure  3d,  72.7%  of
the observation points fell within the time range of 12:00 to 24:00
LT, and 55.1% of the total were recorded between 15:00 and 21:00
LT. In other words, more than half of the observation points were
located on the dusk side.

The fourth event with a minimum Dst value below −200 nT had a

relatively  short  duration,  lasting  only  5  h  during  the  main  phase
from 04:00 UT to 09:00 UT on May 15, 2005, with a minimum Dst
value of −247 nT. This is reflected in Figure 4b as a weaker warm-
ing.  In  this  event,  temperatures  in  the  MLT  region  at  latitudes  of
60°S and above showed a gradual increase during the main phase
of  the  storm,  with  the  temperature  disturbance  sliding  window
average  over  a  24-h  window  being  less  than  60  K.  Similar  to  the
geomagnetic storm event in November 2003, in this event, 33.0%
of the observation points had temperature disturbances less than
0 K, whereas those exceeding 100 K constituted 0.2%. The distur-
bance median was 8.6 K, and all observation points were between
12:00  and  24:00  LT,  with  26.9%  falling  between  15:00  and
21:00 LT.

Figure  5 corresponds  to  the  geomagnetic  storm event  on March
17,  2015,  with  the  main  phase  occurring  from  6:00  to  23:00  UT,
and  a  minimum Dst value  of −234  nT. Figure  5b illustrates  that
unlike the previous four events,  the temperature changes during
the  main  phase  were  primarily  characterized  by  cooling,  with  a
minimum  decrease  of  7  K.  Additionally,  the  warming  during  the
recovery  phase  was  not  prominent,  with  a  maximum  increase  of
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Figure 1.   (a) October 27–31, 2003, Dst index, with the yellow-shaded region indicating the first-phase main phase of the geomagnetic storm

event. (b) Temperature variations in the MLT region above 60°N and between 100 and 110 km. The average temperature profiles during the 48 h

preceding the main phase of the geomagnetic storm, from 7:00 UT on October 27 to 7:00 UT on October 29, were subtracted from the

temperature profiles during the storm period from October 27 to 31. A 24-h zonal running mean was applied for smoothing. The black dashed

line in the figure marks the onset and end times of the geomagnetic storm main phase corresponding to (a). (c) The statistical results of

temperature disturbance intervals (at a statistical height range of 100–110 km) corresponding to observation points during the first main phase

of this event. (d) Local times corresponding to the high-latitude observation points during the main phase of the event.
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25  K  at  110  km.  Furthermore,  the  observation  points  during  this

event  were  mainly  distributed  between  00:00  and  12:00  LT

(Figure 5d),  with points between 3:00 and 9:00 LT accounting for

39.1% of the total. During the main phase of this event, a significant

amount of  cooling was observed,  constituting 56.4% of  the total

observation  points,  exceeding  half  of  the  dataset.  We  observed

few instances of noticeable warming, with the minimum tempera-

ture  disturbance  being −62.8  K  and  a  disturbance  median  of

−3.1  K.  Warming  exceeding  50  K  accounted  for  only  1.4%,  as

depicted in Figure 5c.

According  to  the  analysis  of  the  five  extreme  magnetic  storms

during the period from 2002 to 2021, we observed that the high-

latitude  MLT  observation  points  during  the  main  phase  of  the

storms in the first four events were predominantly located on the

dusk side and that temperatures increased during the main phase.

In  contrast,  the  event  in  March  2015,  in  which  the  observation

points were mainly situated on the dawn side, exhibited significant

cooling during the main phase. Compared with the event in May

2005, the March 2015 event showed a notably higher rate of cool-

ing  despite  having  a  similar  minimum Dst value  and  a  longer

duration.  Therefore,  we  can  infer  an  asymmetry  in  temperature

changes  on  the  dawn  and  dusk  sides  of  the  high-latitude  MLT

during  the  main  phase  of  magnetic  storms.  Specifically,  a

tendency  exists  for  more  cooling  on  the  dawn  side  and  more

warming on the dusk side. In addition, it is worth noting that the

Dstmin values  corresponding  to  the  main  phase  of  geomagnetic

storm  events  in Figures  1–5,  within  the  48  h  before  the  main

phase,  were −52, −36, −3, −42,  and −11  nT,  respectively.  This

result  implies  that  weak geomagnetic  disturbances were present

before the main phase of the geomagnetic storm events on Octo-

ber 28, 2003 (Figure 1), November 19, 2003 (Figure 2), and May 15,

2005  (Figure  4).  The  observation  points  of  SABER  during  these

events  were  mainly  located  on  the  dusk  side,  where  early

geomagnetic  activity  would  heat  up  the  region  through  weak

dynamic and Joule heating processes, causing the actual temper-

ature during quiet periods to be slightly lower than the calculated

temperature mean. Taking Figure 1 as an example, this resulted in

a relatively underestimated temperature perturbation value, indi-

cating that the real  distribution in Figure 1c tended to be biased

toward the warming side, consistent with the conclusion of higher

temperatures on the dusk side. 

4.  Statistical Results
To  further  substantiate  this  conclusion,  temperature  observation

data during the main phase of the 54 events (as listed in Table 1)

were selected. These events were confined to latitudes above 60°

and altitudes within the 100–110 km range. The data were catego-

rized  by  local  time,  with  temperatures  from  03:00  to  09:00  LT

(dawn  side)  subtracted  from  the  average  temperatures  of  the

quiet period (48 h before the main phase) for the dawn side. Simi-
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Figure 2.   Similar to Figure 1 but corresponding to the geomagnetic storm event from November 19 to 20, 2003.
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larly,  temperatures  from  15:00  to  21:00  LT  (dusk  side)  were
subtracted from the dusk side quiet period (48 h before the onset
of the  main  phase).  In  this  way,  temperature  disturbances  corre-
sponding  to  latitudes  above  60°  on  the  dawn  side  (dusk  side)
within  the altitude range of  100–110 km were obtained for  each
observation point. Subsequently, on the basis of the temperature
disturbances, the observation points on the dawn side (dusk side)
were  allocated  to  different  disturbance  intervals,  in  intervals  of
10  K.  The  quantity  within  each  interval  was  then  normalized  by
calculating the  probabilities  of  various  temperature  disturbances
occurring, as shown in Figure 6a. In this figure, the red line repre-
sents the frequency of different temperature disturbances on the
dusk side,  the blue line indicates that  for  the dawn side,  and the
black  line  indicates  the  difference  between  the  dusk  and  dawn
sides. The results indicate that the occurrence of 0 K disturbances
was the highest  on the dawn side,  accounting for  approximately
13.7%. This proportion decreased with an increase in the absolute
value of the disturbance magnitude. Points with cooling exceeding
−5 K constituted 38.2% of the total, whereas points with warming
exceeding 100 K accounted for only 2.0%. In contrast, on the dusk
side,  the  occurrence  rate  of  temperature  disturbances  peaked
around  10  K,  with  a  proportion  of  12.1%.  Points  with  cooling
exceeding −5  K  represented  29.5%  of  the  total,  and  a  higher
proportion  was  observed  for  intense  disturbances,  with  points
showing  warming  of  100  K  or  more  accounting  for  4.3%  of  the
total. However, the occurrence rates of temperature disturbances

below 10 K were relatively less frequent in this category. Figure 6c

presents the ratio of the occurrence rates of different temperature

disturbances  between  the  dawn  and  dusk  sides.  The  blue  color

corresponds to the ratio of dawn to dusk, and the red color corre-

sponds  to  the  ratio  of  dusk  to  dawn.  The  frequency  of −90  K

disturbances was  significantly  higher  on  the  dawn  side,  approxi-

mately  2.53  times  higher  than  that  on  the  dusk  side.  This  ratio

generally  decreased  with  a  decreasing  disturbance  magnitude,

reaching 1.05 at 20 K. When disturbances were greater than 20 K,

the frequency on the dusk side began to exceed that on the dawn

side, with  the  ratio  increasing  with  the  magnitude  of  the  distur-

bance, reaching 2.16 at 90 K.

As  a  comparison, Figure  6b illustrates  the  occurrence  rates  of

temperature disturbances for the latitudinal range of 30° to 60°. In

the  mid-latitudes,  both  the  dawn  and  dusk  sides  exhibited  the

maximum occurrence rates of temperature disturbances near 0 K,

reaching 15.6% and 13.9%, respectively. Relative to high latitudes,

temperature  disturbances  in  the  mid-latitudes  were  weaker.  It  is

noteworthy  that  the  dawn–dusk  asymmetry  in  the  mid-latitudes

exhibited differences from those at high latitudes. The occurrence

rates of perturbations exceeding 30 K on the dusk side (including

both  positive  and  negative  perturbations)  were  consistently

higher than those on the dawn side. This result implies that, over-

all, temperature perturbations on the dusk side in the mid-latitudes

were stronger than those on the dawn side. 
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Figure 3.   Similar to Figure 1 but corresponding to the geomagnetic storm event from November 7 to 8, 2004.
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5.  Discussion
The conclusions regarding the dawn–dusk asymmetry in high-lati-

tude  MLT  temperature  disturbances  during  the  main  phase  of

geomagnetic  storms,  as  presented  in Figures  1 to 6,  can  be

explained  by  the  simulation  conducted  by Li  JY  et  al.  (2023).

During the main phase of geomagnetic storms, the MLT region on

the  night  side,  particularly  in  the  auroral  oval  and  polar  cap

regions, experiences upward vertical wind perturbations induced

by the upper level vertical wind. This leads to adiabatic expansion

and  vertical  convection,  both  contributing  to  cooling  processes.

Although  processes  such  as  Joule  heating  may  weaken  these

cooling  mechanisms,  the  heating  mechanism  at  these  altitudes

during  high-latitude storms,  induced  by  the  vertical  wind,  domi-

nates  these  two  processes.  As  a  result,  the  total  heating  rate  on

the  high-latitude  night  side  becomes  negative.  This  cooling

process  extends  to  the  dawn  side,  significantly  influencing  the

final temperature, which is lower than the prestorm level. Further-

more, around the latitude of 60° on the dawn side, certain upward

vertical  wind  perturbations  occur  during  the  main  phase  of

geomagnetic  storms,  contributing  to  the  observed  cooling

phenomenon.  However, Figure  6a reveals  that  during  the  main

phase  of  geomagnetic  storms,  the  occurrence  rate  of  negative

temperature  disturbances  on  the  dawn  side  of  the  high-latitude

MLT  is  36.4%,  which  is  less  than  the  occurrence  rate  of  positive

disturbances  (50.4%).  This  result  may  suggest  that  the  simulated

cooling  induced  by  the  vertical  wind  is  relatively  larger  than  the

actual values.

In contrast  to  the dawn side,  during the main phase of  geomag-

netic storms on the day side, the high-latitude MLT region experi-

ences downward vertical wind perturbations. Although the inten-

sity  of  these  perturbations  is  weaker  than  the  upward  vertical

wind  perturbations  on  the  night  side,  the  associated  adiabatic

compression and vertical convective processes still have a certain

impact on the total heating on the day side. Simultaneously, Joule

heating  plays  a  crucial  role  in  warming  the  high-latitude  MLT

region  on  the  day  side  during  storm  times.  The  heating  induced

by Joule heating, combined with the heating caused by the vertical

wind,  results  in  a  significant  overall  heating  on  the  day  side  at

high  latitudes.  Consequently,  the  temperatures  on  the  dusk  side

generally  increase,  leading  to  a  higher  proportion  of  positive

temperature disturbances than negative disturbances on the dusk

side, as observed in Figure 6a.

To illustrate the relationship between high-latitude MLT tempera-

ture disturbances and altitude during the main phase of geomag-

netic storms, Figure 7 presents the occurrence rates of temperature

disturbances in the range of −90 to 90 K at different altitudes for

the 54 storm events. In the case of latitudes above 60°, as shown

in Figure 7a, the distribution of warming exceeding 50 K exhibits

an increasing trend with altitude. This increase is attributed to the

greater  influence  of  processes  such  as  Joule  heating,  vertical

convection, and adiabatic compression at higher altitudes. Under
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Figure 4.   Similar to Figure 1 but corresponding to the geomagnetic storm event on May 15, 2005.
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the condition of weak temperature disturbances within the range
of −30 to 30 K, the occurrence rate decreases with increasing alti-
tude.  In  contrast  to  warming  situations,  cooling  below −50  K  is
more  prevalent  at  lower  altitudes.  Additionally,  as  the  negative
disturbances intensify, the occurrence rate near 110 km decreases,
possibly  because  of  stronger  Joule  heating  at  higher  altitudes  at
high  latitudes  resulting  in  fewer  cooling  phenomena. Figures  7c
and 7e are  similar  to Figure  7a but  correspond  to  the  dawn  and
dusk sides, respectively. They do not show significant differences.
However,  the  main  difference  lies  in  the  concentration  of  strong
temperature disturbances below −90 K on the dusk side, centered
around 104 to 106 km, accounting for 39.6%. On the dawn side, a
significant proportion of strong cooling also occurs near 100 km.

Figure  7b illustrates the  occurrence  rates  of  temperature  distur-
bances  in  the  mid-latitude  MLT  during  the  main  phase  of
geomagnetic storms at different altitudes. The occurrence rates in
the  mid-latitudes  for  weak  disturbances  and strong warming are
similar to those at high latitudes (Figure 7a). However, in contrast
to  high  latitudes,  the  occurrence  rates  of  strong  cooling  during
storm times on the mid-latitude day side increase with altitude in
the MLT region, similar to the warming pattern. This observation is
consistent with the findings of Li JY et al. (2018), where the domi-
nant mechanisms governing MLT temperature disturbances in the
mid-latitudes  during  storms  are  adiabatic  heating–cooling  and
vertical  thermal  convection.  The  overall  effects  decrease  with
decreasing altitude, leading to a reduction in the occurrence rates

of  strong  temperature  disturbances  with  decreasing  altitude.
Furthermore, Figures 7d and 7f indicate no apparent dawn–dusk
asymmetry  in  the  relationship  between  the  occurrence  rates  of
temperature disturbances and altitude in the mid-latitudes, just as
at the high latitudes. 

6.  Summary
In  this  work,  we  investigated  the  differences  in  temperature
disturbances  in  the  high-latitude  MLT  region  between  the  dawn
and dusk sides during the main phase of five extreme geomagnetic
storms. The main conclusions are summarized as follows:

(1)  Among  the  five  extreme  geomagnetic  storms  occurring
between 2002 and 2021, the storm event in March 2015 exhibited
the predominant presence of high-latitude observation points on
the  dawn  side.  The  observed  temperature  disturbances  during
this event generally skewed toward negative values, with 56.4% of
the  observations  having  disturbances  less  than  0  K.  In  contrast,
the  observation  points  during  the  main  phase  of  the  preceding
four  events  were  predominantly  on  the  dusk  side,  and  the
temperature disturbances were mostly warming, with the propor-
tions of disturbances less than 0 K ranging from 21.7% to 33.0%.

(2)  Among  the  54  large  geomagnetic  storm  events  during
2002−2021,  the  occurrence  of  cooling  in  the  high-latitude  MLT
region during the main phase was more prominent on the dawn
side than the dusk side. The occurrence rates of cooling exceeding
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Figure 5.   Similar to Figure 1 but corresponding to the geomagnetic storm event on March 17, 2015.
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−5 K were 38.2% on the dawn side and 29.5% on the dusk side.

(3) The intense warming on the dawn side was weaker compared
with  that  on  the  dusk  side,  with  occurrence  rates  of  warming
exceeding  100  K  being  2.0%  on  the  dawn  side  and  4.3%  on  the

dusk side.

(4) The occurrence rates of temperature disturbances on both the
dawn and dusk sides during the main phase of high-latitude MLT

warming  increased  with  altitude.  Cooling  occurrence  rates  were
smaller  above 108 km,  and on the dusk side,  cooling was mainly
concentrated near 105 km.

(5) The mid-latitudes did not exhibit significant dawn–dusk asym-
metry, and both cooling and warming occurrence rates increased
with altitude. 
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Figure 7.   (a) The occurrence rates of temperature disturbances in the range of −90 to 90 K at different altitudes during 54 geomagnetic storm

events at high latitudes (above 60°). (b) Similar to (a) but corresponding to mid-latitudes in the range of 30° to 60°. (c–f) The dawn side (3:00 to

9:00 LT) at high latitudes, the dawn side at mid-latitudes, the dusk side (15:00 to 21:00 LT) at high latitudes, and the dusk side at mid-latitudes,

respectively.
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