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Abstract By means of 4 years of Challenging Minisatellite Payload (CHAMP) zonal wind
observations and a Thermosphere-Ionosphere Electrodynamics General Circulation Model simulation,
longitudinal and seasonal variations of thermospheric superrotation at magnetic equator are investigated
first. The superrotation shows four- and three-peaked longitudinal patterns in March and September
equinoxes, and a two-peaked variation during solstices. The superrotation is stronger in December than in
June solstice, and stronger in March than in September equinox. The mean correlation between the zonal
variation of superrotation and nighttime eastward wind is about 0.8, while it is 0.6 with daytime westward
zonal wind. The interaction between the neutral wind and geomagnetic field plays a more important

role in the superrotation, rather than the F-region electron density. The lower atmospheric tides tend to
suppress the superrotation, but contribute to the longitudinal patterns of the superrotation. The viscous
force is also important for the longitudinal modulation of the superrotation.

Plain Language Summary The low altitude atmosphere rotates together with the Earth,
resulting from the friction with the surface. Owing to the high viscosity, most parts of the atmosphere
at different altitudes also rotate at the same rate as the Earth. Above 200 km, however, the low-latitude
atmosphere is found to rotate 10%-20% faster than the Earth. This phenomenon is more prominent

on Venus, where the atmospheric circulation speed can reach 60 times of the rotation. Although this
unexpected superrotation phenomenon was discovered in the 1960s in connection with satellite orbit
evaluations, its physical mechanism has not been fully elucidated to date. This study reveals for the first
time that the geomagnetic field configuration and the lower atmospheric tides have important effects
on the superrotation of the upper atmosphere. Both can account for the longitudinal variation in the
superrotation. This theoretical study is helpful for better understanding the generation mechanism of the
superrotation on Earth and other planets.

1. Introduction

At low latitudes, the day-night temperature differences due to the solar irradiation causes a pressure gradi-
ent that is directed from noon to midnight. This drives the westward zonal wind during daytime and east-
ward wind at night. A fast zonal wind jet band is found along the magnetic equator, rather than along the
geographic equator because of the reduced ion drag effect (Liu et al., 2009). Superrotation occurs when the
daily average zonal wind in the thermosphere exceeds the Earth's rotational speed, and it has measurable
effects on inclination changes of the satellite orbital plane.

The first superrotation study was conducted by King-Hele (1964), who interpreted satellite drag data and
reported that the rotation of the atmosphere was 20% faster than that of the Earth. Using Dynamic Ex-
plorer 2 (DE2) satellite observations during 1981 and 1982, Wharton et al. (1984) then reported that the
equatorial zonal wind velocity exceeded the Earth's rotation by ~18 m/s at an altitude between 200 and
700 km, and Coley and Heelis (1989) found that superrotation attained a peak at the magnetic equator.
Using Challenging Minisatellite Payload (CHAMP) zonal wind data from 2002 to 2004, Liu et al. (2006)
revealed that the superrotation increased from 22 m/s at the solar medium (F10.7 = 100 sfu) to 63 m/s at
the solar maximum (F10.7 = 190 sfu) because the eastward wind increased with the enhanced solar activ-
ity, whereas the westward wind decreased in velocity. Rishbeth (2002) reported a superrotation velocity of
47 m/s at an altitude of 400 km from a Thermosphere-Ionosphere Electrodynamics General Circulation

WANG ET AL.

10f9


https://orcid.org/0000-0001-8459-5213
https://orcid.org/0000-0002-1599-6758
https://orcid.org/0000-0003-2423-7419
https://doi.org/10.1029/2021GL095439
https://doi.org/10.1029/2021GL095439
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2021GL095439&domain=pdf&date_stamp=2021-09-17

A~y
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2021GL095439

Model (TIE-GCM) simulation. The study of Tao et al. (2017) analyzed Ground-to-topside model of Atmos-
phere and Ionosphere for Aeronomy (GAIA) simulations and determined that a superrotation velocity of
53.3 m/s existed above an altitude of 200 km when F10.7 was between 170 and 230 sfu. However, when the
geomagnetic field was reduced artificially by 90%, the resulting superrotation decreased to 43 m/s, and the
authors explained that the reduced magnetic field increased the ion drag, thus reducing the eastward wind.

The superrotation of the thermosphere is generally explained by the E- to F-layer electromagnetic coupling
process (for more information see the comprehensive review by Rishbeth, 2002). The daytime plasma drifts
are controlled mostly by the E-region dynamo electric field, whereas the F-region dynamo becomes more
important at nighttime. The F-region dynamo electric field drives the eastward plasma drift to become as
large as the eastward wind, and the ion drag at night is thus reduced, whereas the eastward wind is en-
hanced. In addition, the nighttime electron density (Ne) is much lower than that during daytime, which
causes the nighttime ion drag to be reduced to a level lower than that of the daytime, thus facilitating the
fast eastward winds (Pacheco et al., 2011). The prereversal enhancement of the eastward electric field also
contributes to superrotation by uplifting the F-layer peak of the ionosphere, which consequently leads to a
lower electron density and ion drag in the F-region, and thus enhances the eastward wind at night (Ander-
son & Roble, 1974).

However, it is currently unclear how the superrotation of the atmosphere varies with longitude. In this
study, 4 years (2002-2005) of zonal wind observations from the CHAMP satellite were analyzed, and the
prominent longitudinal difference in the superrotation of the atmosphere and its seasonal dependence was
determined. In addition, a TIE-GCM model simulation was conducted to discuss the physical mechanism
involved.

2. Data and Model

The CHAMP satellite was launched in 2000 with an orbital inclination of 87.3° and an initial altitude of
approximately 450 km (Reigber et al., 2002); it then dropped to an average altitude of ~400 km during 2002
and 2005. CHAMP carried a sensitive accelerometer, from which the neutral zonal wind can be retrieved at
an accuracy of ~+10 m/s and at a temporal resolution of 10 s (Doornbos et al., 2010). 15 s electron density
samples are obtained using a planar Langmuir probe, and the quasi-dipole coordinates, as described by
Richmond (1995), are used to define the geomagnetic latitude. The CHAMP orbit processed through all
local times in approximately 130 days. In this study, to cover a period of 24 h local time, the data were exam-
ined in sets of 131 days centered on the March equinox, June solstice, September equinox, and December
solstice days.

TIE-GCM is a three-dimensional model of the coupled thermosphere and ionosphere, in which the driv-
ing forces are the high-latitude convection electric field, solar extreme ultraviolet, and ultraviolet spectral
fluxes, which are represented by the F10.7 index, and the diurnal and by semidiurnal low atmospheric
tides, which are obtained from a global scale wave model (Hagan & Forbes, 2002; Heelis et al., 1982; Weim-
er, 2005). The horizontal resolution of TIE-GCM is 2.5° in geographic latitude (GLat) and longitude (GLon),
and the altitude ranges from ~97 to ~700 km. In this study, the model was run for 20 days to reach a steady
state, and the outputs of the one-day data were used for the following theoretical study. The input parame-
ters of the model during a quiet period at solar maximum were as follows: a hemispheric power of auroral
precipitation of 18 GW, a cross polar cap potential of 30 kV, and an F10.7 of 170 sfu.

3. Results

Figure 1 (left side) shows the distribution of the diurnal (24 h) average zonal wind (i.e., superrotation) in
the frame of geomagnetic latitude (MLat) and geographic longitude for four seasons during magnetically
quiet periods (Kp < 3). Note that the data were examined in sets of 131 days, combining the seasons from
the four years. The data were sorted into longitudinal bins of 30° and latitudinal bins of 10°. It can be seen
that superrotation is prominent near the magnetic equator. At equinoxes, the superrotation maximizes at
the magnetic equator, it decreases toward higher latitudes, and it turns to subrotation at latitudes higher
than 20° (see the red and black curves in Figure 1, right panel). At solstices, the superrotation is strong at
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Figure 1. The 131-day mean Challenging Minisatellite Payload (CHAMP) zonal wind observations, centered around the four seasons. (Left) Geographic
longitude versus magnetic latitude distribution of the mean diurnal zonal wind from the years 2002-2005, separated by season. (Right) The zonal wind,
averaged over longitude, as a function of MLat.

the equator and at midlatitudes in the winter hemisphere, and it decreases rapidly with increasing latitude
toward the summer hemisphere (blue and cyan curves). The superrotation is strongest around December
solstice (23.9 m/s) and weakest at the June solstice (7.8 m/s), and its value is greater during the March equi-
nox and during the September equinox (21.0 m/s and 8.1 m/s). It is of interest that the superrotation shows
obvious longitudinal variations near the magnetic equator, and these vary with the season. A wave-4 struc-
ture appears around March equinox, a wave-3 structure at the September equinox, and a wave-2 structure
at the June and December solstices.

The longitudinal variation in the diurnal mean zonal wind within the equatorial region (+£5°MLat) is shown
in Figure 2a (left column). Four peaks are located at —180°, —90°, 0°, 60° GLon around March equinox, with
a maximum value of 27.3 m/s appearing at 60° GLon. The peak values of the wave-3 pattern at September
equinox appear at —120°, —30°, and 120° GLon, of which —120° is the strongest (13.1 m/s). The zonal
changes in the June and December solstices are almost opposite in phase. Around June solstice, the super-
rotation in the western hemisphere is higher than that in the eastern hemisphere, with a peak located at
—150°GLon (12.4 m/s), and this situation is reversed at December solstice, with a peak value near 0°GLon
(32.8 m/s).

Superrotation is the diurnal average of the daytime westward wind and nighttime eastward wind. With
the aim of determining which component is more important for the longitudinal variation of the superro-
tation, Figure 2a (middle and right columns) illustrates the longitudinal distribution of the neutral wind
pattern during daytime (06:00-16:00 MLT) and nighttime (18:00-04:00 MLT), respectively. Note that these
are 131-day means centered at the solstice/equinox days. These day and nighttime zonal wind structures
are consistent with the results of Hiusler et al. (2007), and they show four peaked longitudinal variations
at the equinoxes, with maxima at ~09:00 and 21:00 MLT. The wind phase is opposite in these two local
time sectors. Hiusler and Liihr (2009) revealed the full spectrum of nonmigrating tides in the upper ther-
mosphere using CHAMP observation. Future work can study the wave coupling in details using TIE-GCM.
The correlation coefficients between the average diurnal zonal winds (i.e., superrotation) and the daytime
(nighttime) average zonal winds are listed in the corresponding subfigures. It is evident that the correla-
tion is reasonably good in all cases (except for the westward wind during the June solstice). However, it is
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(a) The geographic longitudinal variations of the diurnal (left column), daytime (middle column) and nighttime (right column) low-latitude mean

zonal wind. From top to bottom are shown: Mach equinox, June solstice, September equinox, and December solstice. These are 131-day means centered around
the solstices/equinoxes. The correlation coefficients between the average diurnal zonal winds (i.e., superrotation) and the daytime (nighttime) average zonal
winds are listed in the corresponding subfigures. (b) The same format as the top panel, but for the electron density (Ne). The correlation coefficients between
the zonal winds (i.e., superrotation) and Ne variations are listed in the corresponding Ne frames.

WANG ET AL.

40f9



A~y
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2021GL095439

obvious that superrotation generally correlates better with the eastward wind than with the westward wind,
which indicates that the eastward wind on the nightside plays a more important role in the longitudinal
change of superrotation. This is the first study to distinguish the relative contributions of daytime westward
and nighttime eastward winds to the longitudinal variation of superrotation. For the E-F layer coupling, the
daytime is dominated by the E-region dynamo, and the nighttime is dominated by the F-region dynamo.
The correlation study conducted in this way allows a rather rough division of the contributions made by
E or F dynamo. The results show that the zonal difference of the diurnal averaged eastward wind is most
strongly influenced by the nighttime F dynamo process.

According to previous studies, superrotation is related to ion drag in the F-layer at night (Rishbeth, 2002),
and the ion drag is proportional to the product of the electron density and the difference in the neutral-ion
velocity. Figure 2b shows the distribution of the electron density (Ne) at the magnetic equator (+5°MLat)
over longitude, as measured by the CHAMP satellite, in the same format as that given in Figure 2a. In the
case of Ne, the day/night local time boundaries are shifted by two hours (later). Stolle et al. (2008) showed
that Ne responds at an altitude of 400 km, ~2 h after changes in the E-region dynamo take place. It is clearly
evident that the tidal characteristics of Ne differ between day and night. This was previously reported by
Xiong et al. (2014), and this is caused by a change in coupling between the E- and F-regions. The correlation
coefficients between the electron density and zonal wind are listed in each subfigure for each season and
separately for the whole day, daytime, and nighttime, and it can be seen that the correlation between the
zonal wind and Ne is not well except for the December solstice when the anti-correlation with Ne is strong
during the daytime. This highlights that the ion density effect is prominent in winter.

By assuming that ionospheric electron density (conductivity) plays an important role in superrotation, Rish-
beth (2002) predicted that superrotation would be higher in the spring than in the autumn, and higher in
India than in South America. This hypothesis can be partly (but not completely) confirmed by the CHAMP
observations, as the superrotation in March is stronger than that in the September equinox, and the Decem-
ber superrotation is higher than the June solstice (as shown in Figure 1. Such a solstice difference is con-
sistent with the results of Liu et al., 2006). However, the CHAMP observations also show that although the
superrotation is higher in the Indian sector than in the South American sector during the March equinox
and December solstice, the reverse situation is true for the September equinox and June solstice.

The magnitude of the superrotation is sensitive to the intensity of the F10.7 flux. The average F10.7 is exam-
ined over the same time span as the data used for CHAMP, which is 132, 126, 125, and 122 sfu for March,
June, September, and December, respectively. The variation of equinoxes is partly due to seasonal variation
of F10.7 flux. However, the difference between summer and winter solstices cannot be explained by F10.7
flux. A possibility of weaker superrotation at June solstice could be related to the frequently observed weak
pre-reversal enhancement of the electric field (PRE) in June. The eastward wind jet in the evening is related
to the equatorial ionization anomaly, which is due to PRE (Liu et al., 2009). It is known that PRE is strong
around equinox and December, but weak around June (Fejer et al., 2008). Moreover, the westward wind at
daytime is weaker in December than in June. This can be related to the larger electron density in December
than in June (see Figure 2b, middle column), which is known as the winter anomaly. The larger ion drag at
daytime in December can suppress the westward wind. Both processes could explain the larger superrota-
tion in December than in June.

Previous studies mainly focused on the relationship between superrotation and ion drag in the F-layer at
night (e.g., Rishbeth, 2002). CHAMP provided in situ measurements of electron density and zonal wind,
thus, it provides a good opportunity to verify the direct relationship between ion density and superrotation.
The weak correlation between Ne and superrotation at equinox and June Solstice indicates the importance
of physical processes other than ion density. The ion drag is proportional to the product of the ion density
and the difference in the neutral-ion velocity. Therefore, the combined effect of velocity difference and ion
density may be more important for superrotation than the ion density itself. In addition, the neutral wind
is controlled by the balance between pressure gradient, ion drag, Coriolis, and viscous force. The effects of
these forces can be distinguished by using a physical model.
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Figure 3. Zonal wind variations at magnetic equator over geographic longitudinal of the average diurnal (left), or the daytime (middle) and nighttime (right)
velocities, as simulated by Thermosphere-Ionosphere Electrodynamics General Circulation Model (TIE-GCM). The red (blue) curve represents the runs
considering the IGRF and without (with) tidal input at the low boundary of the model. The black (green) curve represents the cases using only a centered dipole
and without (with) tidal input. From top to bottom are shown March equinox, June solstice, September equinox, and December solstice.

4. Discussion

The TIE-GCM model was used to study the physical mechanisms responsible for the longitudinal variation
of the superrotation. For each season four cases were examined: with/without migrating and nonmigrating
tidal forcing when considering the IGRF geomagnetic field configuration, and with/without tidal forcing by
assuming a centered dipole magnetic field where the geomagnetic axis coincides with the rotation axis. By
comparing these cases, the effects of the tides and geomagnetic field geometry on the longitudinal variation
of the superrotation was evaluated. The simulation results are depicted in Figure 3, and they are presented
in the same format as those in Figure 2a. Note that TIE-GCM results were not sampled along CHAMP
tracks. In the ideal simulation, F10.7 is set to 170 sfu, which is larger than the observed value during the
CHAMP period. This is because the TIE-GCM underestimates the neutral wind (Wang & Liihr, 2016). Tao
et al. (2017) found that the GAIA could reproduce obvious superrotation when the F10.7 index was set to be
170-230 sfu, and that it could not reproduce the superrotation when F10.7 was low. The superrotation value
at March equinox presented by Rishbeth (2002) was based on TIE-GCM, when F10.7 was set to even higher
values, 215 and 243 sfu (Richmond et al., 1992).

The underestimation of the neutral wind pattern by physical models is a known fact (e.g., Deng & Rid-
ley, 2006; Wang & Liihr, 2016; Zhang et al., 2018). A possible reason is related to the model resolution, which
may affect the magnitude of outputs. The horizontal resolution of TIE-GCM is 2.5° in geographic latitude
(GLat), while it is 0.6° at GLat for CHAMP samples. This means, the model can only reproduce large-scale
structure, as expected, it is weaker than relatively fine-scale observation. Deng and Ridley (2006) found that
when the latitudinal resolution was changed from 5° to 1.5° in GITM, the neutral gas heating rate could
increase by 20% because the model could better capture small-scale electric field and particle precipitation.
Another factor is that TIE-GCM is based, for high-latitude electric fields, on the empirical Heelis model,
which only predicts the average state of the high-latitude ion convection for a given 3-hourly Kp index. The
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real geomagnetic activity changes more rapidly with time, potentially causing differences between model
predictions and satellite observations. Nevertheless, previous studies have reported that there is a large
degree of similarity between simulations and observations from ground- and space-based equipments (e.g.,
W. B. Wang et al., 2012; Wu et al., 2019).

It can be seen that in the case of a central dipole magnetic field, the longitudinal variation in the average
wind is negligible (see the black and green curves). This is caused by the invariant magnetic field along
longitudes for a centered dipole. Conversely, when the IGRF field is considered, there are obvious longitu-
dinal variations (red and blue curves). These results indicate that the geomagnetic field configuration is the
main reason for the longitudinal variation of superrotation. In addition, it is evident that the tides, which
are excited in the low atmosphere, tend to suppress the superrotation, and this is true for both the IGRF and
central dipole field cases (as shown by a comparison between the blue/cyan curves and the red/blue curves).
There have been no previous reports confirming that tides tend to suppress superrotation. The underlying
reason may be that the subrotation (westward wind) is dominant at low altitudes. Subsequently, the super-
rotation at higher altitudes can be retarded by adding the low atmospheric forcing (i.e., tides).

When compared to the CHAMP observations in Figure 2, it can be seen that for the condition with IGRF
and without a tidal input (red curve), the TIE-GCM basically reproduces the principal longitudinal struc-
tures of the superrotation at solstices. When the low atmospheric tidal input is imposed, it also includes
certain planetary waves, Kelvin waves, and secondary waves due to their nonlinear interactions. At equi-
noxes, the model reproduces a single peak around 0° GLon, but it does not show the other three peaks. At
September equinox the peak at —90°GLon is still visible, but it is not obvious around March equinox. As
shown in Figure 3, with a tidal input the nighttime eastward wind at March equinox also shows peaks at
—180°, —90°, and 90°GLon, but they are clearly weaker than the peak at 0° GLon. Therefore, TIE-GCM
appears to underestimate the atmospheric tidal effects in the equatorial region. This result is consistent
with previous results. For example, H. Wang et al. (2020) used both CHAMP satellite observations and
TIE-GCM simulations to study the longitudinal structure of the equatorial electrojet and found that TIE-
GCM underestimated the tidal wave effect in East Asia. This is at least partly due to the insufficient lower
boundary forcing in these zones, as well as inaccuracies in the tidal dissipation scheme of the TIE-GCM.
In addition, Hausler et al. (2010) compared the tidal signals in the zonal wind, as observed by CHAMP,
and the output by the thermosphere-ionosphere-mesosphere-electrodynamics general circulation model
(TIME-GCM) and found that TIME-GCM simulations were not able to correctly reproduce the intraannual
variations of the eastward-propagating diurnal tide with zonal wavenumber 3 (DE3), which is evident as a
wave-4 structure.

To reveal the physical mechanism causing the longitudinal modulation of the superrotation, we conducted
a term analysis of the upper atmospheric superrotation. The zonal wind is primarily driven by a balance
between the pressure gradient, ion drag, Coriolis, and viscous force (Hsu et al., 2016; H. Wang et al., 2017;
Zhang et al., 2018). Figure 4 illustrates the diurnally averaged acceleration terms of these forces at magnetic
equator as a function of GLon. It can be seen that during equinoxes the ion drag (blue curve) acts as an
impeding force on the superrotation, the viscous force (black curve) largely balances the ion drag, and the
longitudinal variation of the pressure gradient (red curve) is negligible. However, around the solstices, both
the pressure gradient and viscous force vary nearly in anti-phase with the ion drag. An interesting feature is
that the viscous force contributes significantly to the modeled longitudinal variation of superrotation in all
seasons (compare Figure 3 and Figure 4). The effect of the Coriolis force on superrotation at equinoxes can
be ignored (green curve), but it makes some contributions during solstices, especially at around —90° GLon.

In summary, the results show obvious longitudinal and seasonal variations of the superrotation velocity
in the magnetic equatorial region. The zonal wind variations associated with the superrotation are better
correlated with the nighttime eastward wind (correlation coefficient R of annual average is about 0.8) than
with the westward wind during the daytime (R is about 0.6). The superrotation velocity is larger around
December than at the June solstice, and higher around March equinox than at September equinox. Wave-
4 longitudinal variations are observed in March, wave-3 variations in September, and wave-2 variations
around the solstices. It is also evident that the longitudinal dependence of the viscous force has a supporting
effect on superrotation and that the interaction between the wind and the geomagnetic field configuration
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Figure 4. The effects of main acceleration terms on the zonal wind, such as pressure gradient, ion drag, Coriolis and Viscous forces (represented by different
colors), have been simulated for the case with IGRF but without tides, separately for all four seasons.
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plays a more important role for the actual superrotation of the terrestrial thermosphere than the F-region
electron density.
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The CHAMP thermospheric zonal wind data are from the website http://thermosphere.tudelft.nl/, and the
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GCM simulation data are archived in the Zenodo website (https://zenodo.org/record/4915443#.YMATvV9U-
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