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Key Points:
●  Horizontal neutral wind estimations from Horizontal Wind Model 14 (HWM14) show generally good agreement with the observations

from the Ionospheric Connection Explorer (ICON) during geomagnetic quiet periods.
●  Horizontal winds observed by ICON show different vertical shear structures at different stages of a geomagnetic storm.
●  The HWM14 was insufficient to accurately estimate the vertical shear structures of horizontal winds during the geomagnetic storm.
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Abstract:  The Michelson Interferometer for Global High-resolution Thermospheric Imaging (MIGHTI) onboard the Ionospheric
Connection Explorer (ICON) satellite offers the opportunity to investigate the altitude profile of thermospheric winds. In this study, we
used the red-line measurements of MIGHTI to compare with the results estimated by Horizontal Wind Model 14 (HWM14). The data
selected included both the geomagnetic quiet period (December 2019 to August 2022) and the geomagnetic storm on August 26–28,
2021. During the geomagnetic quiet period, the estimations of neutral winds from HWM14 showed relatively good agreement with the
observations from ICON. According to the ICON observations, near the equator, zonal winds reverse from westward to eastward at
around 06:00 local time (LT) at higher altitudes, and the stronger westward winds appear at later LTs at lower altitudes. At around 16:00
LT, eastward winds at 300 km reverse to westward, and vertical gradients of zonal winds similar to those at sunrise hours can be
observed. In the middle latitudes, zonal winds reverse about 2–4 h earlier. Meridional winds vary more significantly than zonal winds with
seasonal and latitudinal variations. According to the ICON observations, in the northern low latitudes, vertical reversals of meridional
winds are found at 08:00–13:00 LT from 300 to 160 km and at around 18:00 LT from 300 to 200 km during the June solstice. Similar
reversals of meridional winds are found at 04:00–07:00 LT from 300 to 160 km and at 22:00–02:00 LT from 270 to 200 km during the
December solstice. In the southern low latitudes, meridional wind reversals occur at 08:00–11:00 LT from 200 to 160 km and at
21:00–02:00 LT from 300 to 200 km during the June solstice. During the December solstice, reversals of the meridional wind appear at
20:00–01:00 LT below 200 km and at 06:00–11:00 LT from 300 to 160 km. In the northern middle latitudes, the northward winds are
dominant at 08:00–14:00 LT at 230 km during the June solstice. Northward winds persist until 16:00 LT at 160 and 300 km. During the
December solstice, the northward winds are dominant from 06:00 to 21:00 LT. The vertical variations in neutral winds during the
geomagnetic storm on August 26–28 were analyzed in detail. Both meridional and zonal winds during the active geomagnetic period
observed by ICON show distinguishable vertical shear structures at different stages of the storm. On the dayside, during the main phase,
the peak velocities of westward winds extend from a higher altitude to a lower altitude, whereas during the recovery phase, the peak
velocities of the westward winds extend from lower altitudes to higher altitudes. The velocities of the southward winds are stronger at
lower altitudes during the storm. These vertical structures of horizontal winds during the storm could not be reproduced by the HWM14
wind estimations, and the overall response to the storm of the horizontal winds in the low and middle latitudes is underestimated by
HWM14. The ICON observations provide a good dataset for improving the HWM wind estimations in the middle and upper atmosphere,
especially the vertical variations.
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geomagnetic storm

 
 

1.  Introduction
The  atmospheric  neutral  winds  play  an  important  role  in  the
dynamic  evolution  of  Earth’s  ionosphere  at  the  low  and  middle
latitudes, such as pushing ions and electrons across the magnetic
field  lines  and generating the dynamo electric  fields  (e.g., Heelis,
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2004; Richmond,  2011).  During  geomagnetic  quiet  periods,  both
the day–night difference in heating caused by solar radiation and
the  upward-propagating  atmospheric  tides  can  affect  the  distri-
bution  of  global  thermospheric  winds.  In  contrast,  during
geomagnetic disturbed periods, two main sources can cause addi-
tional disturbances to the neutral winds: (1) the collisional interac-
tion  with  rapidly  convecting  ions  driven  by  strong  electric  fields,
and (2) the Joule heating attributable to strong high-latitude elec-
tric  currents  (Richmond  et  al.,  2003).  The  neutral  winds  have
frequently been observed to change substantially compared with
their  quiet-time  patterns.  Thus,  understanding  the  respective
characteristics  of  neutral  winds  during  both  geomagnetic  quiet
and  disturbed  periods  is  important  for  studying  and  estimating
the  evolutionary  structure  of  the  upper  atmosphere  and  iono-
sphere.

Over  the  past  few decades,  ground-based and satellite  measure-
ments, as well as model estimations, have been used to investigate
the  characteristics  of  neutral  winds  in  the  upper  atmosphere.  In
general,  horizontal  winds  show  typical  diurnal  variations  during
geomagnetic quiet periods. Antoniadis (1976) mentioned that the
meridional winds during equinoxes and the December solstice are
poleward  from  06:00  to  20:00  local  time  (LT),  whereas  they  are
poleward from 09:00 to 13:00 LT during the June solstice. Lieber-
man et al.  (2013) reported that the westward wind was observed
by the CHAllenging Minisatellite Payload (CHAMP) between 03:00
and  14:00  LT,  with  the  eastward  wind  prevailing  during  the
remaining hours. In addition to the diurnal variation, Liu HX et al.
(2006) reported  that  the  solar  flux  can  significantly  influence  the
zonal  wind  in  both  the  daytime  and  nighttime. Emmert  et  al.
(2001) found, based on measurements of the Wind Imaging Inter-
ferometer  (WINDII)  instrument  onboard  the  Upper  Atmosphere
Research  Satellite  (UARS),  that  during  geomagnetic  storms,  the
disturbance zonal and meridional winds are mainly westward and
equatorward, respectively. Further, Xiong C et al. (2015) found, by
applying  a  superposed  epoch  analysis  to  the  zonal  winds
measured by the CHAMP satellite, that the westward disturbance
wind  is  first  observed  in  the  subauroral  latitudes,  and  then  it
reaches  the  low  and  equatorial  regions  in  approximately  3–4  h.
Disturbance  winds  further  cause  perturbations  of  the  equatorial
electrojet and zonal electric field at the equatorial region, showing
the  most  prominent  effects  from  midnight  to  the  dawn  hours
(Xiong C et al., 2016).

Although quite good progress has been made in investigating the
horizontal winds of the upper atmosphere, very few studies have
focused on the vertical structures of the neutral winds. One possi-
ble  reason  is  the  lack  of  observations.  However,  as  introduced
above,  the  neutral  winds  are  involved  in  various  physical  and
chemical processes in the thermosphere, and they transfer energy
between atmospheric waves at different altitudes; thus, the vertical
structure  of  neutral  winds  should  play  an  important  role  in  the
ionospheric electrodynamics. The WINDII instrument of the UARS
mission  was  the  first  to  measure  the  winds  at  different  altitudes.
McLandress  et  al.  (1994) used  the  meridional  wind  from  WINDII
during  March  and  April  1993  to  investigate  the  thermospheric
tidal signatures at different altitudes. They showed the meridional
wind  profiles  of  the  corresponding  period  to  be  a  function  of

height  and  LT.  They  found  that  at  20°N,  the  propagating  diurnal
tide was clearly visible but that it was without clear vertical varia-
tions  above  120  km. Fesen  (1997) reported  that  the  meridional
wind  perturbations  caused  by  geomagnetic  storms  could  pene-
trate  down  to  approximately  100  km,  depending  on  the  LT  and
season. On the basis of results from the Coupled Magnetosphere–
Ionosphere–Thermosphere  (CMIT)  model, Wang  W  et  al.  (2008)
showed that  noticeable  vertical  shear  occurred globally  during a
geomagnetic storm and that such vertical wind shear was almost
absent  during  quiet  periods,  except  in  a  few  cases  at  low  and
middle latitudes. Harding et al. (2017a) analyzed the observations
from  the  North  American  Thermosphere–Ionosphere  Observing
Network  (NATION)  over  a  period  of  5  years  (2011–2016).  They
found that the horizontal winds showed quite prominent altitude
dependences  in  the  middle  latitudes  during  a  geomagnetic
storm.

Recently,  the  launch  of  the  Ionospheric  Connection  Explorer
(ICON)  satellite  has  made  it  possible  to  measure  the  horizontal
neutral  winds in the altitude range from 90 to 300 km,  based on
the  Global  High-Resolution  Thermospheric  Imaging  (MIGHTI)
instrument  onboard.  The  neutral  wind  measurements  from
MIGHTI  have  been  validated  against  other  observations  and
model  estimations. Makela  et  al.  (2021) compared  the  red-line
data  of  MIGHTI  on  ICON  with  those  from  two  ground-based
Fabry–Perot interferometers (FPIs) located in Urbana, Illinois, USA
(40.2°N,  88.2°W)  and  Marrakesh,  Morocco  (31.2°N,  7.9°W).  They
found good agreement between observations from ICON and the
FPIs,  with  mean  differences  of  less  than  11  m/s  in  magnitude.
Harding et al. (2021) further compared neutral wind observations
at different altitudes made by ICON and four ground-based spec-
ular meteor radars. They reported consistent wind measurements
between ICON and the radars, which showed an average discrep-
ancy  of  4.5  m/s. McGinness  et  al.  (2023) focused  on  a  minor
geomagnetic  storm  and  found  that  the  horizontal  meridional
winds at 223 km changed dramatically, whereas they observed no
westward perturbation in  the low–middle latitudes. Huang YY et
al. (2023) analyzed the neutral wind measurements of ICON over a
2-year  period  and  found  that  vertical  gradients  of  horizontal
winds  were  in  the  low  F  region  and  were  sometimes  observed
during  geomagnetic  quiet  periods.  One  pending  question  is
whether  such  vertical  gradients  of  horizontal  winds  also  exist
during geomagnetic storms.

In this study, we focus on the vertical structure of horizontal winds
during  the  geomagnetic  storm  on  August  26–28,  2021.  The
measurements  from  the  MIGHTI  instrument  onboard  ICON
between 160 and 300 km are compared with the results from the
2014  Horizontal  Wind  Model  (HWM14),  the  most  often  used
empirical model of horizontal winds for the upper atmosphere. To
emphasize the vertical structure of horizontal winds caused by the
geomagnetic storm, we also provide a comparison between ICON
and  HWM14  during  magnetic  quiet  periods.  This  article  follows
the conventional structure. In Section 2, we provide a short intro-
duction  to  the  MIGHTI  wind  measurements  from  ICON  and  the
HWM14  estimations.  In  Section  3,  we  present  altitude  profiles  of
the  horizontal  winds  from  ICON  and  HWM14  during  both
geomagnetic  quiet  and  disturbed  periods.  In  Section  4,  we
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provide a discussion in relation to earlier studies. In Section 5, we
summarize the main findings of this study. 

2.  Dataset Description 

2.1  Horizontal Wind Measurements from MIGHTI/ICON
The  National  Aeronautics  and  Space  Administration’s  (NASA’s)
ICON satellite was launched on October 10, 2019, with an inclina-
tion of 27° and an initial altitude of 590 km. It takes approximately
24 days for ICON to cover all 24 LT hours. For the horizontal winds,
the  MIGHTI  instrument  uses  the  Doppler  Asymmetric  Spatial
Heterodyne  (DASH)  technique  (Englert  et  al.,  2007, 2017)  to
measure the middle and upper atmospheric wind field. This tech-
nique  can  calculate  the  atmospheric  wind  speed  by  measuring
the  Doppler  frequency  shift  by  detecting  the  phase  shift  of  the
airglow  spectral  line.  The  MIGHTI  instrument  measures  the
Doppler shift  of  emission lines from oxygen on green (557.7 nm)
and  red  (630.0  nm).  Thus,  wind  data  provided  by  the  MIGHTI
instrument on ICON are available in both the red and green chan-
nels, with a time resolution of 30 s. The red-line data cover the alti-
tude range from 160 to 300 km in the day and from 200 to 300 km
at night, with a step of 10 km, whereas the green-line data cover
altitudes from 90 to 220 km in the day and from 90 to 105 km at
night,  with  a  step  of  3  km.  Note  that  the  MIGHTI  instrument
measures winds at the E region footprint of the magnetic field line
reaching  the  ICON  orbit,  which  is  different  from  the in  situ ion
density  and  plasma  drift  measured  by  ICON  along  its  orbit.  A
detailed projection of MIGHTI measured winds and the ICON orbit
was provided by Immel et al. (2021).

To  check  the  neutral  winds  during  quiet  and  storm  periods,  as
much wind data as possible for each LT and altitude are needed.
We  first  attempt  to  integrate  the  red- and  green-line  data  from
MIGHTI. However, the combined winds from the two channels are
not comparable with each other because they cover different LTs
and have different altitude resolutions. Because of the narrowing
of the atmospheric emission profiles, MIGHTI can hardly measure
neutral winds above an altitude of 105 km at night from the green
line  (Harding  et  al.,  2017b).  The  ability  of  ICON  to  detect  neutral
wind fields below 200 km changes at around 06:00 and 18:00 LT;
therefore, green-line data above 105 km are available only during
the day, from 06:00 to 18:00 LT. Note that clear errors in the wind
retrievals  occur  when  either  of  MIGHTI’s  lines  of  sight  cross  the
day–night boundary or are at the edge of the equatorial ionization
anomaly, as pointed out by Harding et al. (2017b). Therefore, one
should be cautious when using the MIGHTI measurements around
sunrise  and  sunset.  For  the  above-mentioned  reasons,  in  this
study  we  finally  choose  the  wind  data  of  the  red  channel  from
December 2019 to August 2022, with the latest data version of 05. 

2.2  HWM14
The HWM14 is  the latest  model available for  estimating the hori-
zontal  winds  in  the  middle  and  upper  atmosphere.  The  HWM07
was updated with additional data from the ground-based 630-nm
FPI  measurements  in  the equatorial  and polar  regions,  as  well  as
cross-track  winds  from  the  Gravity  Field  and  Steady  State  Ocean
Circulation  Explorer  (GOCE)  satellite  (Drob  et  al.,  2015).  The
HWM14  provides  the  horizontal  winds  as  a  function  of  latitude,
longitude,  altitude,  day  of  the  year,  and  universal  time  (UT)  of  a

day. Drob et al. (2015) reported that empirical winds from HWM14
are  more  self-consistent  with  the  climatological  ionosphere
plasma  distribution  and  electric  field  patterns  than  were  prior
versions of the HWM model. To perform a better comparison, we
use the UT and location of the ICON wind data as inputs for wind
estimations from HWM14. 

3.  Results 

3.1  Horizontal Wind Distributions During Quiet Time
As  introduced  in  Section  1,  to  highlight  the  vertical  structure  of
horizontal  winds  caused  by  the  geomagnetic  storm,  we  first
provide  a  detailed  comparison  of  the  horizontal  winds  between
ICON and HWM14 during magnetic quiet periods. These data are
divided  into  three  seasons:  equinoxes  (including  March,  April,
September,  and October),  the June solstice (including May,  June,
July,  and August),  and the  December  solstice  (including January,
February,  November,  and  December).  Because  the  neutral  wind
data  from  ICON  cover  only  latitudes  between −12°N  and  42°N
geographic latitude (Glat), we therefore divide the data into three
latitude regions: southern low latitudes (−15°N to 0°N Glat), north-
ern low latitudes (0°N to 15°N Glat), and northern middle latitudes
(15°N to 45°N Glat).

For  each  season  and  Glat  bin,  the  zonal  wind  estimations  from
HWM14 and the measurements from ICON are divided into altitude
versus LT bins. The bin size for altitude is 10 km and the LT is 0.1 h.
The averaged values of zonal winds at different altitudes and LTs
are shown in Figure 1 for HWM14 (left) and ICON (right), separately
for the three seasons and latitude regions. The negative and posi-
tive  zonal  winds  direct  to  the  westward  and  eastward,  respec-
tively.

As  shown  in Figure  1,  for  HWM14,  zonal  winds  show  prominent
diurnal variation, and such diurnal variation is less dependent on
season.  In both the northern and southern low latitudes (Figures
1a and 1b), zonal winds above 230 km are westward from 06:00 to
16:00 LT,  whereas they change to eastward for  the rest  of  the LT
hours.  At  around  sunrise  hours,  the  westward  winds  appear  at
later  LTs  at  lower  altitudes.  Similar  vertical  gradients  of  zonal
winds  exist  at  around  16:00  LT.  In  the  northern  middle  latitude
region from 15°N to 45°N Glat (Figure 1c),  the situation is slightly
different in that the changes in zonal wind direction appear earlier
than  those  at  low  latitudes,  and  they  show  clear  seasonal  differ-
ences.  For  example,  the  zonal  winds  reverse  from  eastward  to
westward at 02:00 LT. They appear approximately 1 h earlier than
those during the equinoxes and 2 h earlier than those during the
December solstice. The northern middle latitude zonal winds also
reverse  from  westward  to  eastward  at  16:00  LT  during  the  June
solstice, appearing approximately 1 h later than those during the
equinoxes and 2 h later than those during the December solstice.
Vertical  gradients  can  also  be  clearly  observed  when  the  zonal
winds reverse.

The  diurnal  variation  of  the  zonal  winds,  westward  between
around 06:00 and 16:00 LT and eastward during the rest of the LT
hours  in  the  low  latitudes,  and  the  changes  in  the  zonal  wind
direction,  appearing  earlier  in  the  northern  middle  latitudes  as
observed  by  ICON  during  all  three  seasons  and  in  three  latitude
regions,  show  altitude  and  LT  distributions  generally  consistent
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(a) Zonal wind  −15°N to 0°N Glat 

(b) Zonal wind  0−15°N Glat 

(c) Zonal wind  15°N−45°N Glat 
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Figure 1.   Averaged zonal winds at (a) −15°N to 0°N, (b) 0°N to 15°N, (c) 15°N to 45°N from HWM14 (left) and ICON (right) in different seasons —

(top) equinoxes, (middle) June solstice, and (bottom) December solstice — as a function of the altitude and local time. The positive and negative

values represent the eastward and westward winds, respectively.
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with  those  from  the  HWM14  estimations.  Another  common
feature  between  the  observations  and  model  estimations  is  that
around sunrise hours, the westward zonal winds gradually diminish
as  the  altitude  decreases;  in  other  words,  the  westward  winds
appear at a later LT at a lower altitude, especially for the northern
and  southern  low  latitudes  (Figures  1a and 1b).  Similar  vertical
reversals of zonal winds occur at around 16:00 LT. Such a feature
reveals  that  around  sunrise,  clear  vertical  gradients  of  the  zonal
winds exist in the altitude range of 160 to 300 km.

Although  the  zonal  winds  between  the  observations  and  model
estimations  are  similar,  differences  can  still  be  found  between
them.  For  example,  in  the  northern  and  southern  low  latitude
regions,  the  intensity  of  nighttime  eastward  winds  is  slightly
larger  from  ICON  observations  than  from  HWM14  estimations,
except in the southern low latitude during the December solstice
(bottom  panel  of Figure  1a).  In  contrast,  in  the  northern  middle
latitude region, the ICON satellite observed slightly weaker night-
time  eastward  winds  during  all  three  seasons.  As  mentioned  in
Section  2,  clear  errors  in  the  wind  retrievals  occur  when  the
MIGHTI lines of sight cross the day–night boundary. This leads to
data  gaps  around  06:00  and  18:00  LT,  or  it  makes  the  amplitude
change  rather  large  around  these  two  LT  sectors.  This  feature  is
particularly  pronounced  in  the  northern  middle  latitude  region,
which can be seen in both the ICON observations and the HWM14
estimations.

Figure  2 shows  the  variations  in  diurnally  averaged  meridional
winds  (positive  northward)  under  the  same  classification  condi-
tions as Figure 1. Compared with the zonal winds, the meridional
winds show greater seasonal and latitude dependence.

For HWM14, the variations in diurnally averaged meridional winds
are  different  in  the  northern  and  southern  low  latitudes.  During
the equinoxes, the HWM14 estimations show that in the southern
low  latitudes  (top  panel  of Figure  2a),  the  northward  winds  are
dominant between 00:00 and 06:00 LT, and then gradually reverse
to  southward.  After  13:00  LT,  the  southward  winds  turn  back
northward  again.  In  the  northern  low  latitudes  (top  panel  of
Figure  2b),  the  meridional  winds  are  mainly  northward,  but  at
20:00 LT and 00:30 LT,  the meridional  winds at  300 km gradually
reverse  from  northward  to  southward  and  from  southward  to
northward,  respectively,  and  they  show  reduced  amplitude  with
decreasing altitude at later LT hours. In addition, weak, short-lived
southward  winds  are  observed  at  approximately  190  to  210  km
from 08:00 to 10:00 LT and at approximately 160 km from 16:00 to
20:00  LT.  During  the  June  solstice,  in  the  southern  low  latitudes
(middle  panels  of Figure  2a),  weak  northward  winds  dominate
from  03:00  to  06:00  LT,  and  at  other  LT  hours,  the  northward
winds  reverse  to  southward  and  become  stronger.  Between  0°N
and 15°N latitude (middle panel of Figure 2b), the HWM14 estima-
tions  show  that  the  meridional  winds  are  mainly  southward.
However, the southward winds reverse to northward from 160 km
at 06:00 LT to 230 km at 09:00 LT, and the northward winds then
reverse back to southward from 230 km at 09:00 LT to 160 km at
13:00 LT. After 16:00 LT, weak northward winds develop at 300 km
and gradually extend to the lower altitudes. During the December
solstice,  the  HWM14  estimations  show  that  in  the  southern  low
latitude  (bottom  panel  of Figure  2a),  the  meridional  winds  are

mainly northward,  with northward winds reversing to southward
from 160 km at 06:00 LT to 300 km at 09:00 LT and then back to
northward from 300 km at 09:00 LT to 160 km at 12:00 LT. In the
northern low latitude (bottom panel of Figure 2b), the southward
winds  are  visible  for  a  few  hours  around  00:00  and  08:00  LT,
roughly in the 170- to 200-km altitude range.  Comparatively,  the
meridional winds in the northern middle latitudes (bottom panels
of Figure 2c) show more prominent diurnal variation than those in
the  low  latitude  region.  During  the  equinoxes,  the  meridional
winds are mainly southward at 05:00 and 20:00 LT and are north-
ward at  the other  times.  During the June solstice,  the northward
winds are dominant from 08:00 to 13:00 LT, whereas at the rest of
the  LT  hours,  the  southward  winds  are  dominant.  During  the
December solstice, the meridional winds are mainly southward at
04:00 and 21:00 LT and northward at the other times. Clear vertical
gradients of the meridional winds can be observed when reversals
of the meridional winds appear.

In general, the meridional wind estimations from HWM14 and the
ICON observations are in relatively good agreement. For example,
meridional  winds  from  both  the  ICON  observations  and  the
HWM14  estimations  show  that  near  the  equator  (Figures  2a and
2b),  southward  winds  dominate  during  the  June  solstice  and
northward  winds  dominate  during  the  December  solstice.  In  the
northern  middle  latitude  (Figure  2c),  northward  winds  prevail
much  longer  and  with  stronger  amplitudes  when  they  are
approaching the December solstice.  In the northern low latitude,
the  meridional  winds  during  the  June  solstice  (middle  panels  of
Figure  2b)  are  stronger  at  lower  altitudes  in  the  daytime  and  at
higher  altitudes  at  nighttime.  In  addition,  clear  vertical  gradients
of  the  meridional  winds  exist  in  the  altitude  range  from  160  to
300 km in the morning,  especially  in  the low latitudes (Figure 2a
and 2b).

However,  some  differences  also  exist  between  the  observations
and model estimations of the meridional winds. The variations in
their  intensity  at  different  altitudes  are  sometimes  different.  For
example, during the equinoxes in the southern low latitudes (top
panels  of Figure 2a),  the meridional  winds observed by ICON are
usually  faster  at  higher  altitudes  (above  230  km),  whereas  in  the
HWM estimations, the meridional winds at lower altitudes (below
230 km) are faster. Additionally, reversals of the meridional winds
are  different  between  the  ICON  observations  and  HWM  estima-
tions.  For  example,  according  to  the  ICON  observations,  in  the
northern low latitudes (Figure 2b), vertical reversals of the merid-
ional winds are found at 08:00–13:00 LT from 300 to 160 km and
at  around 18:00 LT  from 300 to  200 km during the June solstice.
Similar  reversals  of  the  meridional  winds  are  also  found  at
04:00–07:00  LT  from  300  to  160  km  and  at  22:00–02:00  LT  from
270 to 200 km during the December solstice. In the southern low
latitudes  (Figure  2a),  meridional  wind  reversals  occur  at
08:00–11:00  LT  from  200  to  160  km  and  at  21:00–02:00  LT  from
300  to  200  km  during  the  June  solstice.  During  the  December
solstice,  reversals  of  the  meridional  winds  appear  at  20:00–01:00
LT  below  200  km  and  at  06:00–11:00  LT  from  300  to  160  km
during  the  December  solstice.  In  the  northern  middle  latitudes
(Figure  2c),  the  northward  winds  are  dominant  from  08:00  to
14:00  LT  at  230  km  during  the  June  solstice,  and  the  northward
winds persist until 16:00 LT at 160 and 300 km. During the Decem-
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Figure 2.   Same as Figure 1, but for meridional winds. The positive and negative values represent the northward and southward winds,

respectively.
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ber  solstice,  the  northward  winds  are  dominant  from  06:00  to
21:00 LT, whereas the southward winds are dominant at the other
times. In the northern middle latitudes (top and middle panels of
Figure  2c),  the  observations  from  ICON  show  an  unusual  wind
direction  reversal  during  the  equinoxes  and  at  dusk  during  the
June solstice. Several hours before 18:00 LT, the meridional winds
are southward, but after 18:00 LT, they begin to reverse to north-
ward. 

3.2  Horizontal Wind Distributions During the
Geomagnetic Storm on August 26–28, 2021

After  investigating  the  characteristics  of  the  horizontal  winds
during  geomagnetic  quiet  periods,  we  turn  our  attention  to  the
response of horizontal winds during the geomagnetic storm. After
checking  all  the  storms  that  occurred  during  the  ICON  mission
period, we find that the horizontal winds show the most prominent
altitude  gradients  during  the  storm  that  occurred  on  August
26–28,  2021.  Therefore,  in  the  rest  of  this  section,  we  show  the
ICON observations as well  as the HWM14 estimations during this
storm.

Figure  3 shows  the  variations  in  solar  wind  velocity  (Vsw)  at  the
Earth’s  bow  shock,  the  three  components  of  the  interplanetary
magnetic  field  (IMF)  in  the  Geocentric  Solar  Magnetospheric
(GSM) coordinate system, and the SYM-H index on August 26–28,
2021.  Around  01:00  UT  on  August  27  (indicated  by  the  vertical
dotted  line),  sudden  increases  in  the Vsw and  SYM-H index  were
observed, which indicates a sudden storm commencement (SSC).
Afterward, the IMF shows relatively large variations. Around 14:00
UT  on  August  27,  the  IMF Bz suddenly  turns  southward  and  the
SYM-H index  gradually  drops,  indicating  the  main  phase  of  the
storm. Around 00:30 UT on August 28, the SYM-H index reaches its
minimum  of  approximately −89  nT,  which  indicates  that  the
storm has evolved from the main phase to the recovery phase.

Figure  4 shows  a  comparison  of  an  orbit  that  records  the  wind
profile  by  ICON and HWM14 on August  26,  2021,  the  day  before
the  storm. Figures  4c–4f are  zonal  and  meridional  wind  profiles

plotted by using the HWM14 and ICON results. Figures 4a and 4b,
respectively, show the ap index and the SYM-H index correspond-
ing to the neutral winds from HWM14 and ICON, whereas Figures
4g and 4h depict the latitude, longitude, and LT of each UT in the
orbit. Because the latitudes and LTs observed by ICON in different
orbits  change little  over  several  days,  we can further  explore  the
wind changes at different stages of this storm based on Figure 4.
To  better  compare  the  results  of  ICON  and  HWM14  within  the
same range, the wind amplitudes from HWM14 in Figure 4 and all
subsequent figures are multiplied by a factor of 2. From Figure 4,
we can see that in the results from ICON and HWM14, the direction
of the zonal  winds (Figures 4c and 4d) is  generally  consistent.  As
for  the  meridional  winds,  the  HWM14  estimations  (Figure  4e)
show that between 9.4 and 9.6 UT, at a latitude above 35°N, below
an altitude of 200 km, the meridional winds are mainly southward,
and in  the altitude range of  200 to  300 km,  they turn northward
and  gradually  become  stronger  with  the  increase  in  altitude.
However,  in  the  ICON  observations  (Figure  4f),  no  wind  reversal
occurs in the vertical direction in the same region. This difference
is  consistent  with  previous  statistical  results  based  on  neutral
winds during the geomagnetic quiet-period data in Section 3.1.

Figure 5 shows a typical  orbit on August 27,  2021, which records

the shear in the main phase of this storm. In the observation of a

single orbit,  the propagation process of disturbance from middle

latitudes to low latitudes is visible. According to the observations

by  ICON,  compared  with  the  neutral  winds  before  the  storm  in

Figure 4, we find that the daytime westward winds strengthen at

higher altitudes and the nighttime eastward winds are reduced at

lower altitudes (Figure 5d), which indicates that the disturbance in

zonal  winds  is  westward.  In  the  northern  hemisphere,  between

19.0  and  19.2  UT,  the  daytime  westward  winds  are  stronger  at

higher altitudes. From 19.2 to 19.3 UT, westward winds are greater

than 200 m/s at almost all altitudes, and afterward, the westward

zonal  winds  at  the  northern  middle  latitudes  gradually  diminish

with  decreases  in  altitude.  Between  19.9  and  20.1  UT,  the  ampli-

tudes  of  nighttime  eastward  winds  at  southern  low  latitudes
 

450

20

20

50

0

400

10

−20

40

6

350

0

−60

30

12

300

−10

−100

20

18 0 6 12 18 0 6 12 18 24

−20

10
0

V
S

W
 (

k
m

/h
)

IK
F

 (
n

T
)

S
Y

M
-H

 (
n

T
)

a
p

 (
n

T
)

2021/08/26 2021/08/27 2021/08/28

UT (h)

Bx By Bz

 
Figure 3.   Temporal variations of VSW, IMF, SYM-H, and ap index during August 26–28, 2021.

Earth and Planetary Physics       doi: 10.26464/epp2024033 75

 

 
Wu JW and Xiong C et al.: Vertical gradients of horizontal neutral winds during geomagnetic storm

 



decrease  and  even  reverse  to  westward  below  230  km.  Mean-

while,  both the  daytime and the  nighttime meridional  winds  are

mainly  strengthened  in  a  southwardly  direction  (Figure  5f);  in

other words, the disturbance in meridional winds is mainly south-

ward. In the northern latitudes, ICON observed stronger southward

winds at lower altitudes between 19.0 and 19.8 UT. In the southern

hemisphere  (between  19.9  and  20.3  UT),  nighttime  meridional

winds  above  250  km  are  mainly  southward.  Additionally,  the

responses of both zonal and meridional winds in the middle lati-

tudes  in  the  main  phase  are  stronger  than  those  in  the  low  lati-

tudes.

According  to  the  wind  estimations  of  HWM14  during  the  main

phase  of  the  storm,  from  19.0  to  19.6  UT  on  August  27,  2021

(Figure 5c),  the estimated zonal winds are westward at almost all

altitudes,  with  stronger  values  at  higher  altitudes  from  19.0  to

19.3 UT and at lower altitudes from 19.3 to 19.6 UT. From 19.6 to

20.4  UT,  the  eastward  winds  at  lower  altitudes  reverse  to  west-

ward,  similar  to  the  observations  from ICON,  but  those  at  higher

altitudes do not weaken as obviously as in the ICON observations.

At the same time,  the wind estimations from HWM14 (Figure 5e)

underestimate the response of meridional winds during the main

phase of the storm because the variations in the meridional winds

are  much  weaker  than  those  in  the  observations  from  ICON.

Considering  that  the  wind  amplitudes  from  HWM14  in Figure  5

are multiplied by a factor of 2, the response of zonal winds during

the  main  phase  of  the  storm  is  actually  also  underestimated  by

HWM14.

The daytime zonal winds from ICON show noticeably clear vertical

shears from the altitude profile, as shown in Figure 5d, extending

from  300  km  at  19.3  UT  (around  42°N  Glat,  255°E  Glon)  to

160 km at 19.5 UT (around 33°N Glat, 300°E Glon). This shear struc-

ture  occurs  during  the  main  phase  of  the  storm  and  by  approxi-

mately  18  h  after  the  SSC,  with  the  SYM-H index  decreasing  and

the  IMF Bz reaching  approximately −14  nT.  Compared  with  the

winds during geomagnetic quiet periods (as shown in the middle

panels of Figure 1c), we consider that this vertical shear structure

is mainly caused by the geomagnetic storm. However, this vertical

shear  structure  failed  to  be  reproduced  by  the  wind  estimations

from  HWM14  (Figure  5c),  which  could  be  because  the  wind  esti-

mations during an active magnetic period were superimposed on

only the quiet winds, with no vertical gradient disturbance winds.

During the recovery phase of  this  storm on August  28,  2021,  the

response  of  the  winds  becomes  different,  as  shown  in Figure  6.

The response of the zonal winds is more obvious than that of the

meridional winds. According to the ICON observations, from 4.6 to

4.9  UT,  zonal  winds  in  the  northern  hemisphere  increase  west-

wardly  compared  with  before  the  storm,  whereas  from  5.0  to

5.6 UT, zonal winds change little compared with before the storm.

From  4.6  to  4.7  UT  and  also  after  5.1  UT,  the  meridional  winds

(Figure 6f) at relative higher altitudes are northward and those at
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Figure 4.   Zonal (the second line) and meridional wind (the third line) from HWM14 (left) and ICON (right) profile of a single typical orbit before

the storm. Panels (a) and (b), respectively, depict the ap index and SYM-H index corresponding to the neutral winds from HWM14 and ICON.

Panels (g) and (h), respectively, depict the latitude, longitude, and local time of each universal time in the orbit.
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lower  altitudes  are  southward.  The  response  of  the  meridional
winds  on  the  dayside  is  not  obvious,  and  in  most  of  the  regions
where meridional winds exhibit a southward direction during the
main  phase  of  the  storm,  they  return  to  the  quiet  time  pattern,
and  the  wind  direction  changes  back  to  northward,  like  that
before  the  storm.  Similar  to  the  results  during  the  main  phase
period,  the  meridional  winds  estimated  by  HWM14  are  much
weaker.

Similar  to Figure  5d,  ICON  observed  that  daytime  zonal  winds
exhibit  a  clear  vertical  shear  structure,  as  shown  in Figure  6d;
however,  this  vertical  shear  extends  from  lower  altitudes  toward
higher  altitudes.  At  160  km  around  4.6  UT  (at  17°N  Glat,  30°E
Glon), the westward winds show amplitudes larger than 200 m/s,
which are larger than the values at the other altitudes. The west-
ward  winds  then  gradually  extend  to  300  km  around  4.8  UT  (at
38°N Glat,  60°E Glon),  and such an altitude shear structure is also
not reproduced by HWM14. When looking at the development of
the  geomagnetic  storm,  this  shear  structure  occurs  by  approxi-
mately 27 h after the SSC, with the SYM-H index recovering to the
quiet-time pattern and the IMF Bz reaching approximately −5 nT. 

4.  Discussion 

4.1  Characteristics of Winds from Both the ICON

Observations and HWM Estimations During

Geomagnetic Quiet Periods
Figures 1 and 2 show comparisons of  neutral  winds observed by

ICON  and  estimated  by  HWM14  during  geomagnetic  quiet  peri-

ods. The comparison provides us with a general understanding of

the characteristics of neutral winds that change with the seasons,

altitudes, and LTs. At the same time, our results can be considered

an additional  opportunity to evaluate the HWM14 estimations of

the horizontal wind.

According to the ICON observations, the zonal winds are generally

westward  from  6:00  to  16:00  LT  and  eastward  at  the  other  LT

hours  at  low  latitudes  and  higher  altitudes  (Figures  1a and 1b).

The  westward  winds  in  the  middle  latitude  occur  at  02:00  LT

during  the  June  solstice  and  at  04:00  LT  during  the  December

solstice. They then turn eastward at 15:00 LT (Figure 1c, right). At

around  sunrise  hours,  the  westward  winds  generally  appear  at  a

later  LT  at  a  lower  altitude.  Similar  vertical  gradients  of  zonal

winds  exist  at  around  16:00  LT.  Compared  with  the  zonal  winds,

the change in meridional winds with the season, altitude, and lati-

tude  is  much  more  pronounced.  As  shown  in  the  ICON  observa-

tions  (Figures  2a and 2b),  southward  winds  near  the  equatorial

region  dominate  during  the  June  solstice,  and  northward  winds

dominate during the December solstice.  In the northern low lati-

tudes,  vertical  reversals  of  the  meridional  winds  are  found  at

08:00–12:00 LT from 300 to 160 km and at  around 18:00 LT from

300  to  200  km  during  the  June  solstice.  Similar  reversals  of  the

meridional  winds  are  also  found  at  around  06:00  LT  from  300  to

160  km  and  around  00:00  LT  from  270  to  200  km  during  the

December solstice. In the southern low latitudes, meridional wind
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Figure 5.   Same as Figure 4, but during the main phase of the storm. The arrow in panel (d) indicates the vertical shear of zonal wind in the main

phase.
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reversals  occur  at  08:00–12:00  LT  below  200  km  and  at

21:00–02:00  LT  from  300  to  200  km  during  the  June  solstice.

During  the  December  solstice,  reversals  of  the  meridional  wind

appear  at  20:00–02:00  LT  below  200  km  and  at  06:00–10:00  LT

from 300 to 160 km during the December solstice. The meridional

winds  show  almost  opposite  directions  during  the  June  and

December solstices, and the meridional wind patterns during the

equinox  seasons  are  more  like  a  transitional  state  between  the

June solstice and the December solstice. This result is in line with

our  expectations  because  the  direction  of  meridional  winds  is

closely  related  to  the  solar  radiation  heating  in  the  two  hemi-

spheres,  which  shows  the  largest  difference  during  the  solstice

months.  In  the  northern  middle  latitudes,  the  patterns  of  merid-

ional winds are markedly different from those near the equatorial

regions.  For  example,  the  northward  winds  are  dominant  from

08:00 to 14:00 LT during the June solstice and from 06:00 to 20:00

LT  during  the  December  solstice,  whereas  the  southward  winds

are dominant at the other times.

The horizontal wind estimations from HWM14 in most regions are

similar  to  the  ICON  observations,  especially  in  the  middle  lati-

tudes.  However,  we  also  found  differences  between  them.  As

shown  in Figures  1a and 1b,  the  HWM14  estimations  show  that

the westward winds are stronger in the morning at regions south

of the equator, whereas in the afternoon hours, the same situations

appear in regions north of  the equator,  but  such a tendency can

hardly  be  observed  by  ICON.  We  also  noticed  that  in Figure  2b,

ICON observed southward winds by around 06:00 LT in almost all

seasons. These southward winds are usually short-lived and inde-

pendent of the previous and subsequent northward winds, which

led us to speculate that these southward winds might be caused

by the different detection channels of MIGHTI on the dayside and

nightside. 

4.2  Vertical Gradient of Neutral Winds with Respect to the

Development of the Geomagnetic Storm
Figures  4–6 show  the  neutral  winds  observed  by  ICON  and  esti-

mated  by  HWM14  from  typical  orbits  during  the  prestorm,  main

storm  phase,  and  recovery  phase  from  the  storm  on  August

26–28,  2021,  respectively.  From  the  distributions  of  horizontal

winds over UT versus altitude during the storm, we find that both

the  zonal  and  meridional  winds  during  the  active  geomagnetic

period are enhanced in the middle latitude more than at the low

latitude.  For  meridional  winds  in  the  northern  hemisphere,  the

disturbance  winds  during  the  geomagnetic  storm  are  generally

southward,  which  also  means  that  the  disturbance  winds  are

equatorward. When a geomagnetic storm begins, the interaction

between  the  solar  wind  and  the  magnetosphere  intensifies  the

convection electric fields in the polar region, leading to a stronger

ion  movement  along  the  electric  fields.  This  large  differential

movement causes considerable Joule heating and ion drag, lead-

ing to the rapid expansion of the atmosphere and the significant

enhancement of equatorial winds (e.g., Jee et al., 2008; Huang YS
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Figure 6.   Same as Figure 4, but during the recovery phase. The arrow in panel (d) indicates the vertical shear of zonal wind in the recovery

phase.
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et al., 2012).

Xiong C et  al.  (2015) pointed out  that  in  the more active periods
(Kp >  4),  the  disturbance  winds  in  different  latitude  zones  have
different  peak  wind  velocities.  The  middle  latitude  peak  wind
velocity is approximately 80 m/s, whereas the peak wind velocity
at  low  latitudes  is  approximately  50  m/s.  Unlike  the  findings  of
Xiong C et al. (2015), we explored the vertical gradients of neutral
winds between 90 and 300 km on the dayside and nightside. We
noticed  that  the  meridional  and  zonal  winds  respond  differently
to storms at different altitudes and at different LTs. In comparison,
on the dayside of the northern middle latitudes, during the main
phase  of  the  storm,  a  strong  westward  wind  first  appears  at  a
higher  altitude  of  approximately  300  km  and  then  gradually
extends  to  lower  altitudes  until  160 km,  whereas  in  the  recovery
phase,  the westward wind at  lower  altitudes  first  diminishes  and
then gradually develops to higher altitudes. For meridional winds
at the same time and in the same region, the shape of the profile
is opposite that of the zonal winds. During the main phase of the
storm,  a  strong  southward  wind  first  appears  at  lower  altitudes
and  then  gradually  extends  to  higher  altitudes,  whereas  in  the
storm recovery phase, the southward wind at higher altitudes first
weakens  and  then  develops  at  lower  altitudes.  As  mentioned  in
the previous paragraph, the enhancement of ion drift produces a
strong ion drag and Joule heating, which leads to variations in the
neutral  winds.  These  processes  are  more  effective  at  higher  alti-
tudes,  and the effects  of  the storm propagate to  the middle  and
lower  latitudes.  The  inflow  of  energy  from  the  higher  elevations
causes the zonal  winds at  higher altitudes (see Figure 5d) first  to
strengthen and then to extend to lower altitudes during the main
phase. The different evolutions of zonal winds at different altitudes
can cause the vertical  shear,  indicated by the arrow in Figure 5d.
In  the  storm  recovery  phase,  the  energy  inflow  from  the  higher
altitudes decreases,  and the atmospheric heating from the storm
causes  the  strong  zonal  winds  at  lower  altitudes  to  extend  to
higher  altitudes  and  form  the  vertical  shear,  indicated  by  the
arrow in Figure 6d, unlike in the main phase of the storm.

In general, the difference between the neutral winds observed by
ICON  and  estimated  by  HWM14  is  larger  during  geomagnetic
disturbed  periods  than  during  geomagnetic  quiet  periods,  and
ICON  observed  much  more  dramatic  variations  of  the  horizontal
wind in the middle and upper atmosphere, when compared with
the estimations from HWM14. However, note that because of the
limited  mission  period  of  ICON,  we  have  provided  an  analysis  in
this study during only one geomagnetic storm. Our intention is to
highlight  the  fact  that  the  horizontal  neutral  winds  during  the
storm  can  exhibit  distinct  vertical  gradients.  To  reach  a  more
convincing  conclusion,  we  encourage  statistical  analysis  of  hori-
zontal winds during more geomagnetic storms. 

5.  Summary
In  this  study,  we  focused  on  the  vertical  gradient  of  horizontal
neutral winds in the middle and upper atmosphere. Observations
from the MIGHTI onboard the ICON satellite as well as estimations
from  HWM14  under  the  same  conditions  are  also  analyzed  in
detail. Our main findings are summarized as follows:

(1)  During  geomagnetic  quiet  periods,  the  estimations  of  both
zonal  and  meridional  winds  from  HWM14  show  generally  good

agreement with the observations from ICON, in the altitude range
of  160  to  300  km.  According  to  observations  near  the  equator,
zonal  winds  reverse  from  westward  to  eastward  at  around  06:00
LT at higher altitudes, and the stronger westward winds preferen-
tially  appear  at  later  LTs  and lower altitudes.  At  around 16:00 LT,
eastward  winds  reverse  to  westward,  and  vertical  gradients  of
zonal  winds  similar  to  the  sunrise  hours  can  be  observed.  In  the
middle latitudes, zonal winds reverse approximately 2–4 h earlier
than near the equator. Compared with zonal winds, the meridional
wind varies more substantially with seasonal and latitudinal varia-
tions.  Near  the  equator,  according  to  the  ICON  observations,
southward  winds  dominate  during  the  June  solstice,  and  north-
ward winds dominate during the December solstice. In the north-
ern low latitudes, vertical reversals of meridional winds are found
at 08:00–13:00 LT from 300 to 160 km and at around 18:00 LT from
300 to 200 km during the June solstice. Similar reversals of merid-
ional winds are also found at 04:00–07:00 LT from 300 to 160 km
and at  22:00–02:00 LT from 270 to 200 km during the December
solstice.  In  the  southern  low  latitudes,  meridional  wind  reversals
occur at 08:00–11:00 LT from 200 to 160 km and at 21:00–02:00 LT
from 300 to 200 km during the June solstice. During the December
solstice,  reversals  of  meridional  winds  appear  at  20:00–01:00  LT
below 200 km and at  06:00–11:00 LT  from 300 to  160 km.  In  the
northern  middle  latitudes,  the  northward  winds  are  dominant
from 08:00 to 14:00 LT at 230 km during the June solstice, and the
northward winds persist until 16:00 LT at 160 and 300 km. During
the  December  solstice,  the  northward  winds  are  dominant  from
06:00 to 21:00 LT, whereas the southward winds are dominant at
the other times.

(2) The vertical variation in neutral winds during the geomagnetic
storm on August 26–28, 2021, have been analyzed in detail. Both
the  meridional  and  zonal  winds  during  the  active  geomagnetic
period  observed  by  ICON  show  distinguishable  vertical  shear
structures at different stages of the storm. On the dayside, during
the main phase of the storm, the peak velocities of the westward
winds  extend  from  higher  altitudes  to  lower  altitudes,  whereas
during the storm recovery phase, the peak velocities of the west-
ward  winds  extend  from  lower  altitudes  to  higher  altitudes.  The
velocities  of  the southward winds are  stronger  at  lower  altitudes
during the storm.

(3)  The  above-mentioned  vertical  structures  of  the  horizontal
winds  during  the  storm  could  not  be  reproduced  well  by  the
HWM14 wind estimations. In addition, the overall response of the
horizontal winds in the low and middle latitudes to the geomag-
netic  storm  was  underestimated  by  HWM14.  The  ICON  observa-
tions provide a good dataset for improving the HWM14 wind esti-
mations in the middle and upper atmosphere, especially the verti-
cal variations. 
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