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[1] In this paper, the Challenging Minisatellite Payload (CHAMP) and Gravity Recovery
and Climate Experiment (GRACE) observations during 2002–2010 are utilized to study
the variation of the annual asymmetry in thermospheric density at 400 km under low solar
activity condition (F10.7 = 80) based on the method of empirical orthogonal functions
(EOFs). The derived asymmetry index (AI) in thermospheric density from the EOF
analysis shows a strong latitudinal variation at night but varies a little with latitudes in
daytime. Moreover, it exhibits a terdiurnal tidal signature at low to middle latitudes. The
global mean value of the AI is 0.191, indicating that a 47% difference in thermosphere
between the December and June solstices in the global average. In addition, the NCAR
Thermosphere-Ionosphere Electrodynamics Global Circulation Model (TIEGCM) is used
to explore the possible mechanisms responsible for the observed annual asymmetry in
thermospheric density. It is found that the standard simulations give a lower AI and also a
weaker day-to-night difference. The simulated AI shows a semidiurnal pattern in the
equatorial and low-latitude regions in contrast with the terdiurnal tide signature seen in the
observed AI. The daily mean AI obtained from the simulation is 0.125, corresponding to a
29% December-to-June difference in thermospheric density at 400 km. Further sensitivity
simulations demonstrated that the effect of the varying Sun-Earth distance between the
December and June solstices is the main process responsible for the annual asymmetry in
thermospheric density, while the magnetic field configuration and tides from the lower
atmosphere contribute to the temporal and spatial variations of the AI. Specifically, the
simulations show that the Sun-Earth distance effect explains 93% of the difference in
thermospheric density between December and June, which is mainly associated with the
corresponding changes in neutral temperature. However, our calculation from the density
observations reveals that the varying Sun-Earth distance effect only accounts for ~67% of
the December-to-June difference in thermosphere density, indicating that the TIEGCM
might significantly underestimate the forcing originating from the lower atmosphere.
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1. Introduction

[2] The ionospheric annual asymmetry, which is charac-
terized by the larger electron density near the December
solstice than that near the June solstice, was first reported

in the 1930s [Berkner and Wells, 1938]. Since then,
different kinds of ionospheric observations have been
analyzed, including from pairing ionosonde measurements
[e.g., Yonezawa and Arima, 1959; Yonezawa, 1971;
Rishbeth and Müller-Wodarg, 2006], the total electron
content (TEC) data [e.g., Titheridge and Buonsanto,
1983; Mendillo et al., 2005], and satellite in situ observa-
tions for topside plasma density [e.g., Su et al., 1998;
Zhao et al., 2005; Liu et al., 2007b]. All of these studies
pointed into a key puzzle that the December-to-June dif-
ference in electron density (or TEC) is typically 30% or
even greater on global average, which greatly exceeds
the 7% asymmetry in ion production due to the annual
variation of the Sun-Earth distance.
[3] Rishbeth and Müller-Wodarg [2006] used the Coupled

Thermosphere-Ionosphere-Plasmasphere (CTIP) model to
investigate the annual asymmetry in electron density. How-
ever, they found that the CTIP simulations give a much
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smaller ionospheric annual asymmetry index to compare
with the ionosonde data and also found that the effect of
varying Sun-Earth distance (0.983 astronomical unit (AU)
for December, 1.017 AU for June) and tides from the lower
atmosphere cannot explain the annual asymmetry. More
recently, Zeng et al. [2008] have obtained the global features
of the annual asymmetry of electron density using global
ionospheric radio occultation observations and demonstrated
that the annual asymmetry in F2 peak electron density
has significant latitudinal/longitudinal and local time
(LT) variations, which are reproduced by the NCAR
Thermosphere-Ionosphere Electrodynamics Global Circu-
lation Model (TIEGCM). Meanwhile, their TIEGCM
sensitivity simulations revealed that the changes in solar
irradiation due to the varying Sun-Earth distance between
the December and June solstices and the displacement of
the geomagnetic axis from the geographic axis are two
primary processes in producing the electron density annual
asymmetry, with minor contributions from the tidal forcing
originating from the lower atmosphere. However, the
fundamental physical processes responsible for the annual
asymmetry in electron density have not been fully
addressed yet.
[4] The annual asymmetry in the thermosphere has been

even less studied. Mendillo et al. [2005] analyzed the
integrated neutral atomic oxygen/molecular nitrogen con-
centration ratio O/N2 from Thermosphere Ionosphere Meso-
sphere Energetics and Dynamics/Global Ultraviolet Imager

(GUVI) measurements to explore the possible relationship
of annual asymmetry between TEC and O/N2. It is found
that GUVI O/N2 gives a similar but smaller asymmetry. Be-
sides neutral composition, Paetzild and Zschörner [1961]
reported the seasonal thermospheric density variation from
satellite drag data and found that neutral density has a pri-
mary minimum occurring between May and August and a
secondary minimum near January, which implies a possible
annual asymmetry in thermospheric density. Recently, Liu
et al., 2007a, Qian et al. [2009], and Lei et al. [2012] have
briefly touched upon the annual asymmetry of thermo-
spheric density in their studies, but there is no systematic
investigation of the annual asymmetry in thermosphere due
to sparse observations.
[5] In this study, the Challenging Minisatellite Payload

(CHAMP) and Gravity Recovery and Climate Experiment
(GRACE) observations during 2002–2010 are used to cal-
culate the annual asymmetry in thermospheric density.
Since CHAMP and GRACE are in near-polar orbits, it
takes about 130 days to have a 24 h local time converge
for each of the satellites. Thus, the local time variation
of thermospheric density from CHAMP and GRACE mea-
surements is mixed up with its seasonal variation and its
dependence on solar and geomagnetic activity as well.
Lei et al. [2012] developed a thermospheric density model
by characterizing the dominant modes of thermospheric
density variability at 400 km with empirical orthogonal
functions (EOFs). In this way, the seasonal variations, so-
lar, and geomagnetic activity dependence in thermospheric
density can be somewhat isolated from the latitudinal and
local time variations. To our best knowledge, this follow-
up study of Lei et al. [2012] is the first attempt to address
the annual asymmetry of thermospheric density in a sys-
tematic manner using a comprehensive data set. Mean-
while, we also compare the annual asymmetry of
thermosphere from TIEGCM simulations with results from
the CHAMP and GRACE observations. In this way, the
state-of-the-art TIEGCM can be tested, validated, and im-
proved. More importantly, the combined observations with
modeling studies bring a better understanding of the phys-
ical mechanisms that produce the annual asymmetry in the
thermosphere and ionosphere as well.

2. Annual Asymmetry From Thermospheric
Density Observations

[6] The asymmetry index (AI), which is usually applied to
describe the December-to-June annual asymmetry, is
defined as [Rishbeth and Müller-Wodarg, 2006]

AI θ; lð Þ ¼ cNS Dec θ; lð Þ � cNS Jun θ; lð Þ
cNS Dec θ; lð Þ þ cNS Jun θ; lð Þ (1)

[7] where θ is the geographic latitude, which runs from
0� at the equator and 90� at the pole; l is the longitude;
and cNS(θ,l) = 1/2(c(θ,l) +c(�θ, l)), with subscripts Dec
and Jun denoting the December and June solstices,
represents the mean of north and south hemisphere values
of variable c(θ,l) at a given latitude θ. In this study, the
variable c(θ,l) mainly represents thermospheric density
r at 400 km. From equation (1), it is obvious that the AI
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Figure 1. Local time variation of thermospheric density at
400 km in (top) June (DOY= 173) and (middle) December
(DOY= 356) obtained from the CHAMP and GRACE data,
and the corresponding annual asymmetry index under the
same solar EUV flux condition (F10.7 = 80) at 1 AU.
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index has a nonlinear relationship with the December/June

ratio cNS Dec θ;lð Þ
cNS Jun θ;lð Þ . For instance, the December/June density

ratio is 1.5 when AI is equal to 0.2; however, it increases
from 1.8 to 2.3 if AI changes from 0.3 to 0.4.
[8] Figures 1a and 1b show the zonal mean variations

of mass density at 400 km from the EOF model in June
and December solstices under the same solar flux condition,
i.e., F10.7 = 80, at 1 AU for low geomagnetic activity (Ap=4).
In this way, solar flux at the Earth in two solstices is different
due to the varying Sun-Earth distance. Note that in the present
study, we only consider the solar minimum condition given
that more observations from CHAMP and GRACE at low
solar activity become available in our EOF analysis [Lei
et al., 2012]. In both June and December, thermospheric
density is higher in the local summer hemisphere, where solar
heating is stronger. It is also evident that thermospheric
density is much larger in December than in June globally if
the densities in the same local season are compared. That is,
the annual anomaly (or December anomaly) seen in electron
density is also present in the thermospheric density at 400
km from the CHAMP and GRACE measurements.
[9] The zonal mean annual asymmetry index AI, which is

calculated from the density in Figures 1a and 1b, is
displayed in Figure 1c. To distinguish the difference of the
AI index from the EOF technique and the following
TIEGCM simulations, the AI index in Figure 1c is referred
to as observations. It is also obvious that the nighttime AI
is generally higher than that in daytime. The maximum AI
index occurs in the latitudinal range of 30�–70� and at ~4
LT. A secondary peak takes place in the equatorial region
at ~7 LT. The daytime AI is about 0.15 with the exception
around 18–19 LT when the AI is relatively small at low to
middle latitudes. Additionally, the AI seems to have an
evident short–time scale variation at low latitudes, where it
shows a terdiurnal tidal feature. It should be mentioned that
the diurnal mean AI decreases slightly from high to low
latitudes. Specifically, it reaches about 0.198 in the polar
region and 0.18 at the equator. The global mean value of the
AI is 0.191, which indicates that the density in the December
season is higher by about ~47% than that in the June season.
In the following sections, a series of TIEGCM simulations
are conducted to explore possible mechanisms responsible
for the observed annual asymmetry in thermospheric density.

3. Data and Model Comparison

[10] The NCAR TIEGCM is a time-dependent, three-
dimensional model that solves the fully coupled, nonlinear,
hydrodynamic, thermodynamics, and continuity equations

of the neutral gas self-consistently with the ion continuity,
momentum, and energy equations [Richmond et al., 1992].
In addition, the TIEGCM self-consistently solves for the neu-
tral wind dynamo field at low to middle latitudes [Richmond
et al., 1992], whereas at high latitudes, the Heelis model
[Heelis et al., 1982] is used to provide the electric field–
induced convection. The diurnal and semidiurnal tides from
the global scale wave model [Hagan and Forbes, 2002] are
used to specify the tidal forcing at the model lower boundary
at 97 km. The cross-polar cap potential and hemispheric
power used for this study are 1 kV and 1 GW, respectively,
which represents quiet geomagnetic conditions. The horizon-
tal resolution of the TIEGCM is 5� � 5�, and the vertical
resolution is one-half scale height; the time step of the model
simulation is 2 min. In this study, we conduct simulations for
both June and December solstices to examine the annual
asymmetry in thermospheric density, and the day of year
(DOY) is 173 and 356, respectively. In our standard simula-
tion, which is referred to as Case 1 (see Table 1), the solar
activity index F10.7 is 80 solar flux units at 1 AU. In the
model, the solar fluxes at 1 AU are multiplied by a factor
obtained from the formula 1.000110 + 0.034221 cos θ+

Table 1. Basic Parameter Settings for Model Sensitivity Studies (Column 1): Geomagnetic Field Configuration (Column 2), Sun-Earth
Distance (Column 3), and Tidal Forcing on the Lower Boundary (Column 4), Along With the Global Mean Annual Asymmetry Index AI
in Thermospheric Density at 400 km and the Corresponding December-to-June Difference (Column 5)a

Case
Magnetic Field
Configuration

Sun-Earth
Distance Tides

Mean AI
(December-to-June Difference)

EOF AI
(December-to-June Difference)

1 IGRF Varying √ 0.125 (29%) 0.191 (47%)
2 Aligned Dipole Varying √ 0.123 (28%)
3 Aligned Dipole Fixed √ 0.007 (1.6%)
4 Aligned Dipole Fixed � ~0 (0%)
5 IGRF Fixed √ 0.01 (2%) 0.07 (15%)

aThe derived mean AI and December-to-June difference from CHAMP and GRACE data are provided in the last column.
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Figure 2. Comparison of annual asymmetry index in
thermospheric density at 400 km from (top) the TIEGCM
simulation (Case 1) and (bottom) the CHAMP and GRACE
data as a function of local time and latitude under low solar
activity condition (F10.7 = 80 at 1AU). Note that the color
bars between the data and the simulation are different for
better visualization.
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0.001280 sin θ+ 0.000719 cos(2θ) + 0.000077 sin(2θ),where
θ is equal to 2p�DOY/365, to account for the Earth’s orbital
eccentricity effect on the Sun-Earth distance. Furthermore, a
realistic geomagnetic field model specified by International
Geomagnetic Reference Field 2000 (IGRF) is used in this
standard TIEGCM run.
[11] Figure 2a displays the latitudinal and diurnal

variations of the AI from the Case 1 simulation. The
observed AI in Figure 1c is also depicted in the bottom panel
of this figure for better comparison. As shown in Figure 2a,
the simulated AI peaks at around 65� and at 3 LT with a
maximum of 0.135. Obviously, the location of peak AI is
consistent with that of the observation. The secondary max-
imum occurs in the low-latitude region at about 2 LT and in
the middle latitudes around 20 LT. The lowest AI is seen
around 60� at 17 LT and at low latitudes at 7 LT. Overall,
the day-to-night difference of AI from the simulation is
much weaker as compared with that from the observations
(Figure 2b). Interestingly, the simulated AI shows a semidi-
urnal pattern in the equatorial and low-latitude regions in
contrast with the terdiurnal tide features in the observed
AI. This could be due to the fact that there is no terdiurnal
tide forcing at the model boundary, given that Miyoshi
et al. [2011] demonstrated that terdiurnal tides can affect
the thermospheric density at low and middle latitudes. In
addition, the daily mean AI obtained from the simulation is
0.125, which represents a 29% difference between the
December and June thermospheric density. It is apparent
that the simulated AI is smaller than the observed one, and
the possible reasons are given later.

4. Control Simulations

[12] Zeng et al. [2008] analyzed the global feature of the
annual asymmetry from the COSMIC electron density

measurements, and they also examined the physical pro-
cesses which cause the annual asymmetry in electron density
through the TIEGCM control simulations. In this study, we
carried out a similar series of TIEGCM control simulations
to explore the possible mechanisms responsible for the
annual asymmetry in thermospheric density (see Table 1).
In order to investigate the possible effects of the displaced
geomagnetic and geographic poles, we conducted a similar
TIEGCM simulation to Case 1 but under the aligned dipole
magnetic field configuration, in which the geomagnetic axis
is aligned with the geographic axis. We refer to this simulation
as Case 2. Compared with the result in Case 1 (Figure 3a), the
simulated AI from Case 2 in Figure 3b decreases at high
latitudes, especially at nighttime when the peak occurred in
Case 1 around 3 LT and at 65� disappears. However, the
simulated AI in Case 2 enhances slightly at latitudes below
20� around 2 and 14 LT. Therefore, the comparisons of the
simulations between Case 1 and Case 2 demonstrate that the
displacement of the geomagnetic axis from the geographic
axis is not the main contributor for the annual asymmetry in
thermospheric density at low and middle latitudes.
[13] The changes in solar irradiation between the December

and June solstices due to the varying Sun-Earth distance can
be also the possible cause for the annual asymmetry in thermo-
spheric density. To assess this effect, in Case 3, the TIEGCM
runwas conducted by using a fixed Sun-Earth distance, but other
parameters are the same as in Case 2. In this way, the changes of
solar irradiation associated with the difference of the Sun-Earth
distance can be removed. Compared with the result in Case 2,
the simulated AI in Figure 3c is much smaller. Specifically, the
global mean AI in Case 3 is about 0.007, which is lower by
94% from the corresponding values in Case 2. However, the
semidiurnal pattern of AI is still persistent in Case 3. To further
understand the cause for this local time variation of AI, we
conducted another control TIEGCM simulation referred to as
Case 4, in which the parameters are the same as Case 3 except
that the tidal forcing at the model lower boundary is switched
off. As shown in Figure 3d, the AI is virtually zero. Also, it is
immediately apparent that the tides originating from the lower
atmosphere are the cause for the semidiurnal features of the
simulated AI in Figures 3a–3c.
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Figure 3. Variations of zonal mean annual asymmetry index
in thermospheric density at 400 km for four case-controlled
TIEGCM simulations (see text).
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[14] Figure 4 gives the zonal and diurnal mean AI of
thermospheric density from the TIEGCM simulations for
Cases 1–4. The zonal and diurnal mean AI from the standard
simulation Case 1 is 0.122 at the equator and increases
slightly with latitudes. For Case 2, the zonal and diurnal
mean AI is very similar to that of Case 1 except that it is a
little higher in the equatorial region and lower in the pole
region as a result of the effect of the displacement of the
geomagnetic axis from the geographic axis. However, when
the Sun-Earth distance in the December and June solstices is
set to be the same, the mean value of AI in Case 3 decreases
greatly, and it is only 0.008. Moreover, as the tidal forcing at
the model lower boundary is further removed, the annual
asymmetry of thermospheric density becomes invisible from
the equator to the pole. Our results in Figures 3–4 clearly
revealed that the changes in solar irradiation associated with
the Sun-Earth difference between the December and June
solstices are the main process to cause the annual asymmetry
in thermospheric density, with the magnetic field configura-
tion and tides from the lower atmosphere also contributing to
this annual asymmetry, especially its temporal and spatial
variations.
[15] To further address the impact of the changes in solar

irradiation due to the Sun-Earth distance difference between
the December and June solstices on the annual asymmetry,
we also run the TIEGCM simulations under realistic
geomagnetic field configuration IGRF in both December
and June solstices (Case 5), but for the same Sun-Earth
distance in these two solstices. As shown in Figure 5, the
AI calculated from Case 5 simulation also decreases signifi-
cantly at all local times and latitudes with the same Sun-
Earth distance in the December and June solstices. A
residual AI in Case 5 can be only seen at around 3 LT at
low latitudes, at 17 LT in the low- to middle-latitude zone,
and at 3 LT around 65�. This is mainly related to the

displacement of the geomagnetic axis from the geographic
axis and tidal forcing from the lower atmosphere, as
mentioned before. The mean AIs are 0.125 and 0.01 for
Case 1 and Case 5 respectively; the corresponding percent-
age differences in thermospheric density between December
and June are 29% and 2%, respectively. Therefore, our
control simulations under the IGRF configuration demon-
strate again that the Sun-Earth distance effect plays an im-
portant role in causing the annual asymmetry in
thermospheric density. It should be pointed out that the fol-
lowing discussion of causes is mainly applied to the model
runs, since the TIEGCM, as it is currently configured, is
not capturing all the annual asymmetry in neutral density
seen in the CHAMP and GRACE observations.

5. Discussion

[16] Our simulations suggest that the Sun-Earth distance
effect is the main contributor for the annual asymmetry in
thermospheric density in the TIEGCM runs. Why does a
7% difference in solar EUV flux due to the Sun-Earth
distance effect cause a 27% difference in thermospheric
density between December and June? Lei et al. [2010]
showed that thermospheric density at a fixed height is
mainly caused by an accumulative effect of neutral tempera-
ture changes. Figure 6 gives the zonal mean annual asymme-
try in neutral temperature at 400 km for four case-controlled
TIEGCM simulations. The variation of the AI in neutral
temperature is generally in agreement with that of thermo-
spheric density in Figure 3. From the comparison of
Figures 3 and 6, we can conclude that a ~3.7% change in
neutral temperature (i.e., AI = 0.018) between December
and June due to the Sun-Earth distance effect causes the
27% difference in thermospheric density under this solar
minimum condition. Note that, in Case 1, the AI of thermo-
spheric temperature shows a minimum at 3 LT around 65�,
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where the AI of thermospheric density has a maximum.
Meanwhile, this minimum of the temperature AI in Case 1
disappears in Case 2. Therefore, as the IGRF is changed to
an aligned dipole configuration in the simulations, the differ-
ent thermospheric circulation between the December and
June solstices causes a corresponding change in thermo-
sphere density, given that Lei et al. [2010] showed that the
variation of thermospheric density at a fixed height is also
modulated by neutral composition associated with thermo-
spheric circulation.
[17] Next, we estimate the Sun-Earth distance effect from

the CHAMP and GRACE data. As mentioned in section 2,
we calculated the AI from the EOF model by using solar flux
proxy F10.7 at 1 AU to fit the EOF coefficients instead of
F10.7 at the Sun-Earth distance in Lei et al. [2012]. Figure 7
shows thermospheric density at 400 km in the June and
December solstices and the corresponding AI from the
EOF model for the same flux (F10.7 = 80) at the Sun-Earth
distance. It is clear that in Figure 7, the variation patterns
of thermospheric density in either June or December resem-
ble those in Figure 1 for the same season. However, for
F10.7 = 80 at the Sun-Earth distance, thermospheric density
becomes larger in June but smaller in December as com-
pared with that for F10.7 = 80 at 1 AU. Consequently, the
calculated AI under this condition decreases remarkably.
Daytime mean AI is 0.056; large AI is only present at high
latitudes around 4 LT and low latitudes at 7 and 23 LT.
The mean AI in Figure 7c is 0.07, indicating that the
December-to-June difference is about 15% after the Sun-
Earth distance effect is eliminated. According to our
simulations, this residual AI might be associated with the

displacement between the magnetic and geographic poles
and the forcing from the lower atmosphere.
[18] As estimated from Figures 1c and 7c, the Sun-Earth

distance effect accounts for ~67% of the December-to-June
difference in the observed thermospheric density. However,
our simulations indicate that 93% of the December-to-June
difference in the TIEGCM density is attributed to the Sun-
Earth distance effect. In addition, the TIEGCM predicts a
lower AI as compared with the CHAMP and GRACE
results, as discussed before. One of the possible reasons for
the discrepancies is that the default TIEGCM simulations
underestimate the forcing from the lower atmosphere. Qian
et al. [2009] suggested that, besides the thermospheric spoon
effect [Fuller-Rowell, 1998], larger eddy diffusivity in June
than in December, which is associated with lower atmo-
spheric activity, is the likely cause for the seasonal variation
of thermospheric density. In this study, we used the same
eddy diffusion coefficient, KE(Z) = 5� 10�6 exp(�7�Z),
where Z is the model vertical coordinate in our TIEGCM
simulations. According to Qian et al. [2009], we double
the eddy diffusivity in June with other parameters to be the
same as Case 1 and rerun the TIEGCM simulation in the June
solstice. In this case, the averaged AIs from the simulations are
0.26 and 0.25 for thermospheric density and electron density,
respectively. Their corresponding December-to-June differ-
ences are 70% and 67%. Obviously, too strong annual
asymmetry for both thermosphere and ionosphere densities
are produced for this increased eddy diffusivity in June.
Further research is required, including comprehensive data
analysis and modeling efforts to fully address this issue.
[19] It is also interesting to compare the similarities and

differences of the annual asymmetry between thermospheric
density and ionospheric electron density. Figure 8 shows the
zonal averaged AI of F2 peak electron density from the
TIEGCM control simulations. For the standard simulations
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Figure 7. Same as Figure 1 but under the same solar flux
condition F10.7 = 80 at the Sun-Earth distance.
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Figure 8. Same as Figure 3 but for zonal mean annual
asymmetry index in the F2 peak electron density.
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(Case 1), the daytime AI peaks around the latitude of 25� at
13 LT, while the midnight peak occurs at the equator. In ad-
dition, a moderate peak is also seen around the latitude of
75� at 6 LT. When the magnetic axis is aligned with the geo-
graphic axis, as shown in Figure 8b, the AI evidently
decreases, especially at night. However, as the Sun-Earth
distance effect is removed in the simulations, the annual
asymmetry in electron density is not apparent anymore
(Figure 8c). Our results of the simulated AI for electron
density are consistent with those of Zeng et al. [2008], albeit
in this study the AIs for electron density are organized in the
geographic latitude for a better comparison between
Figures 3 and 8.
[20] Mikhailov and Perrone [2011] proposed that a strong

accumulation of atomic oxygen in the thermosphere around
the December solstice, which is associated with a 7%
increase in the O2 dissociated rate due to the Sun-Earth
distance changes between December and June, results in
the observed annual asymmetry in electron density of the
F2 region. As expected, thermospheric density at 400 km
during solar minimum is mainly constituted by atomic
oxygen. If Mikhailov and Perrone’s hypothesis is valid, the
simulated AIs of electron density would be similar to those
of thermospheric density, at least in daytime. However, this
is not the case from the comparison between Figures 3 and 8.
One may argue that the annual asymmetry for themospheric
density is considered at a fixed altitude rather than on a
constant pressure surface. As indicated in Figure 6, neutral
temperature at 400 km is higher in December than in June
(Figure 6a). Thus, the annual asymmetry index for thermo-
spheric density on a constant pressure surface would become
negative at all latitudes. We further checked other parame-
ters from the TIEGCM simulations, such as O/N2, neutral
wind, and electric field, to explain the annual asymmetry
in electron density. It is found that O/N2 changes at the F2

peak height (hmF2) caused by the Sun-Earth distance effect
and the magnetic field configuration play a major role,
whereas the changes of neutral wind and electric field are
also important in producing the annual asymmetry of
electron density (not shown). The detailed analysis of the
results is beyond of the scope of this study.

6. Summary

[21] In this study, the CHAMP and GRACE observations
during 2002–2010 are used to calculate the annual asymme-
try in thermospheric density at 400 km under low solar activ-
ity condition using an EOF analysis. The derived AI in
thermospheric density varies with both latitude and local
time. It shows some change with latitude in the daytime
but has a stronger latitudinal variation at night. In addition,
the AI displays a terdiurnal tidal feature at low to middle lat-
itudes. The zonally and diurnally averaged AI is about 0.198
in the polar region and 0.18 at the equator. The global mean
value of the AI is 0.191, indicating that the density in the
December solstice is higher by about ~47% than that in the
June solstice.
[22] Meanwhile, the annual asymmetry of thermosphere

from the TIEGCM simulations under low solar activity is
compared with that obtained from the CHAMP and GRACE
observations. The standard TIEGCM simulations also show
that the annual asymmetry in thermospheric density varies

with latitude and local time. However, compared with that
from the observation, the day-to-night difference of the
simulated AI is much weaker. The simulated AI shows a
semidiurnal pattern in the equatorial and low-latitude
regions instead of the terdiurnal tide features in the observed
AI. The daily mean AI obtained from the simulation is
0.125, which represents a 29% difference in density at 400
km between the December and June solstices.
[23] Our sensitivity simulations demonstrated that the

effect of the varying Sun-Earth difference between the
December and June solstices is the main process responsible
for the annual asymmetry in thermospheric density in the
TIEGCM. The magnetic field configuration and tides from
the lower atmosphere also contribute to the annual asymme-
try, especially its temporal and spatial variations. Specifi-
cally, the Sun-Earth distance effect introduces a 27%
difference in thermospheric density between December and
June, while the other 2% difference is associated with the
influence of the magnetic field configuration and tides from
the lower atmosphere. However, our rough estimation from
the observation revealed that the Sun-Earth distance effect
explains ~67% of the December-to-June difference in
thermosphere density. This indicates that the default
TIEGCM simulations might underestimate the forcing from
the lower atmosphere.
[24] Finally, our simulations show that there is little

common feature of the AI pattern between thermospheric
density at 400 km and the peak electron density in the F2

region. The 27% difference in thermospheric density
between December and June associated with the Sun-Earth
distance effect is attributed to a ~3.7% change in neutral
temperature at 400 km under solar minimum, albeit it has
influence on the modulation of neutral composition due to
the corresponding changes in the thermospheric circulation.
For the annual asymmetry in F2 peak electron density, it is
mainly explained by the dynamic difference itself caused
by the Sun-Earth distance effect and magnetic field configu-
ration and the resultant O/N2 changes.
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