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Abstract. In order to illustrate morphological features and
variations of temperature in the upper thermosphere, we per-
formed numerical simulations with a whole atmosphere gen-
eral circulation model (GCM) for the solar minimum and
geomagnetically quiet conditions in March, June, Septem-
ber, and December. In previous GCMs, tidal effects were
imposed at the lower boundaries assuming dominant diur-
nal and semi-diurnal tidal modes. Since the GCM used in
the present study covers all the atmospheric regions, the at-
mospheric tides with various modes are generated within
the GCM. The global temperature distributions obtained
from the GCM are in agreement with ones obtained from
NRLMSISE-00. In addition, the GCM also represents lo-
calised temperature structures which are superimposed on
the global day-night distributions. These localised structures,
which vary from hour to hour, would be observed as varia-
tions with periods of about 2–3 h at a single site. The ampli-
tudes of the 2–3 h variations are significant at high-latitude,
while the amplitudes are small at low-latitude. The diur-
nal temperature variation is more clearly identified at low-
latitude than at high-latitude. When we assume the same
high-latitude convection electric field in each month, the tem-
perature calculated in the polar cap region shows diurnal
variation more clearly in winter than in summer. The mid-
night temperature maximum (MTM), which is one of the
typical low-latitude temperature structures, is also seen in
the GCM results. The MTMs in the GCM results show sig-
nificant day-to-day variation with amplitudes of several 10s
to about 150 K. The wind convergence and stream of warm
air are found around the MTM. The GCM also represent
the meridional wind reversals and/or abatements which are
caused due to local time variations of airflow pattern in the
low-latitude region.
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1 Introduction

From the statistical analysis of the Dynamics Explorer 2
(DE-2) satellite observations, Innis and Conde (2001)
showed vertical wind perturbations probably caused by the
atmospheric gravity waves in the polar cap region of the up-
per thermosphere. Their results indicate that the polar cap
thermosphere would be filled with disturbances. However,
characteristics of the disturbances, e.g., temporal variations,
are not known because of sparse thermospheric observations
in the region. On the other hand, high speed ion flows and
their fluctuations have been observed in the vicinity of the
cusp region in the polar F region (e.g., Shepherd et al., 2003).
Some studies also suggested significant heat sources (e.g.,
Lühr et al., 2004; Fujiwara et al., 2007) which would cause
temperature, wind, and composition variations in the region.
These suggest that there would be various types of distur-
bances, e.g., waves, localised high temperature, and localised
flow, in the polar cap region of the upper thermosphere.

Recently, Miyoshi and Fujiwara (2008) investigated char-
acteristics of the gravity waves in the thermosphere from nu-
merical simulations with a whole atmosphere general circu-
lation model (GCM) which covered all the atmospheric re-
gions, namely, from the ground to the exobase (e.g., Miyoshi
and Fujiwara, 2003, 2006; Fujiwara and Miyoshi, 2006). The
atmospheric gravity waves were found in the GCM results
in the entire thermosphere. The dominant wavelength and
frequency of the waves depended on altitude. In addition,
they also showed significant activities of the gravity waves
in the polar region of the upper thermosphere. Their GCM
simulations suggested that the origin of the thermospheric
gravity waves would be gravity waves generated in the trop-
ical troposphere and/or secondary gravity waves caused by
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breaking of gravity waves in the mesosphere. The small-
scale and short period variations in the thermosphere as sim-
ulated by Miyoshi and Fujiwara (2008) were also observed
with a high-resolution Fabry-Perot Interferometer (FPI) by
Ford et al. (2008).

In the upper thermosphere, the large-scale temperature
structure has been characterised by high temperature regions
at the dayside low-latitude due to absorption of the solar ex-
treme ultraviolet (EUV) radiation and at the auroral high-
latitude due to Joule heating, which can be seen in an em-
pirical model of NRLMSISE-00 (Picone et al., 2002). How-
ever, as shown by Innis and Conde (2001), localised (small-
scale) structures are also expected to be generated and main-
tained at any time in the polar cap region of the upper ther-
mosphere. In addition to the high-latitude region, there
are some characteristic structures in the low-latitude ther-
mosphere. The midnight temperature maximum (MTM) is
the well-known low-latitude thermospheric phenomena (e.g.,
Colerico and Mendillo, 2002; Meriwether et al., 2008). The
MTM would produce characteristic temperature structures,
associated pressure bulge, and the neutral wind perturba-
tions. Recent satellite observations also found variations
and/or disturbances in the low-latitude upper thermosphere
(e.g., Forbes et al., 2008; Oberheide and Forbes, 2008).

Although significant changes in the thermospheric dynam-
ics and composition during/after large energy inputs from the
magnetosphere into the polar region have been one of the
main research targets, other thermospheric variations, e.g.,
day-to-day variations and disturbances caused by lower at-
mospheric effects have not been investigated well. In order
to understand morphological features and variations of tem-
perature with localised structures in the upper thermosphere,
we perform numerical simulations with a whole atmosphere
GCM developed by Miyoshi and Fujiwara (2003) for the
solar minimum and geomagnetically quiet conditions. We
show the temperature and horizontal wind variations in the
upper thermosphere affected by the lower atmosphere (the
atmospheric regions below the thermosphere) depending on
seasons and latitudes. In particular, localised temperature
structures in the polar and low-latitude regions are discussed
in the present study.

2 Model and simulations

In the present study, we use a general circulation model
(GCM) which has been developed as an extension of the
middle atmosphere GCM developed at Kyushu University
(Miyahara et al., 1993; Miyoshi, 1999). The present ver-
sion of the GCM was also used by Fujiwara and Miyoshi
(2006, 2009). Since the previous works (Miyoshi and Fuji-
wara, 2003, 2006; Fujiwara and Miyoshi, 2006; and refer-
ences therein) already described the GCM, the description of
the upper atmosphere is briefly mentioned here.

The GCM is a global spectral model with a triangular
truncation of T21 (the maximum horizontal wave number is
equal to 21 with spatial scale of about 5.6◦ in latitude and
longitude). The GCM includes 75 vertical levels and covers
the regions from the ground surface to the exobase (about
500 km height for the solar minimum and geomagnetically
quiet conditions) with a vertical resolution of 0.4 scale height
above the tropopause. In addition to the energy and momen-
tum equations, the continuity equation for the major species
(O, O2, and N2) is solved in the thermosphere. The time step
for integrating the equations is 100 s. The magnetospheric
convection electric field modelled by Volland (1975) and em-
pirical ionosphere based on Chiu (1975), Fuller-Rowell and
Evans (1987), and Roble and Ridley (1987) are used to cal-
culate the Joule heating rate, auroral particle heating rate, and
ion-drag force during geomagnetically quiet periods. The
tilted offset magnetic dipole field is assumed in the GCM.

In order to investigate seasonal temperature variations for
the solar minimum and geomagnetically quiet conditions, we
perform numerical simulations in cases of a) 1–5 March,
b) 1–5 June, c) 1–5 September, and d) 1–5 December, as-
suming that the cross polar cap potential drop is 30 kV and
the F10.7 index is 70×10−22 W m−2/Hz in all the cases.

3 Results

Figure 1 shows temperature and horizontal wind distributions
at 01:00 UT on a) 1 March, b) 1 September, c) 1 June, and
d) 1 December on a constant-pressure surface of about 302–
312 km altitude. Note that the strength of the maximum wind
vector is different in each panel. The winds in the mid and
low-latitude regions are not so clear in Fig. 1 because the
vector scale of the wind is chosen to represent the global
wind pattern (particularly strong winds at high-latitudes) and
the solar-driven wind is in itself small in the solar minimum
condition. These seem to be good examples which represent
typical features of global temperature and wind distributions
calculated with the whole atmosphere GCM. The global tem-
perature and wind distributions presented here are in agree-
ment with those shown by previous studies (e.g., Rishbeth et
al., 2000). On the other hand, localised temperature struc-
tures are superimposed on the large-scale ones as seen in
Fig. 1a–d. These localised structures result from the lower at-
mospheric effects (Fujiwara and Miyoshi, 2009). High tem-
perature in the dayside low-latitude and low temperature in
the night side are clearly seen in Fig. 1a and b. High tem-
perature regions are prominent in the high-latitude and day-
side low-latitude in the summer hemisphere, while low tem-
perature regions appear in the night side high-latitude in the
winter hemisphere (Fig. 1c and d). Wavy structures in the
vicinity of the solar terminator pointed out by previous stud-
ies (Fujiwara and Miyoshi, 2006; Forbes et al., 2008) are
seen in the temperatures in Fig. 1c and d (low-latitude re-
gions over Southeast Asia and Africa). In Fig. 1a–d, the
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Fig. 1. The global distributions of temperature and horizontal wind on a constant-pressure surface (∼302–312 km altitude) at 01:00 UT in
(a) 1 March,(b) 1 September,(c) 1 June, and(d) 1 December. Note that the strength of the maximum wind vector is different in each panel.

maximum/minimum temperature and maximum wind veloc-
ity are 899/570 K and 415 m s−1 (in March), 983/599 K and
385 m s−1 (in June), 898/566 K and 410 m s−1 (in Septem-
ber), and 1010/592 K and 383 m s−1 (in December), respec-
tively.

Figure 2 shows temperature and horizontal wind distribu-
tions calculated with the whole atmosphere GCM and empir-
ical models. Figure 2a is the same as Fig. 1d which presents
temperature and horizontal wind on a constant-pressure sur-
face of about 310 km altitude at 01:00 UT on 1 December.
Figure 2b is the same as Fig. 2a except for 5-day aver-
ages of the temperature and wind at 01:00 UT. Figure 2c
shows temperature and horizontal wind at 310 km altitude at
01:00 UT on 1 December derived from empirical models of
NRLMSISE-00 and HWM-93 (Hedin et al., 1996). Note that
the strength of the maximum wind vector is different in each
panel. The large-scale temperature distributions and wind
patterns in Fig. 2a–c are quite similar to each other; high tem-
perature regions are clearly seen at high-latitudes in summer
(Southern) hemisphere and at dayside low-latitudes, while
low temperature regions appear at high-latitudes in winter

(Northern) hemisphere. Some of the localised structures seen
in Fig. 2a are smoothed out in Fig. 2b. The more smoothed
structures are presented in Fig. 2c than those in Fig. 2b. In
the GCM results (Fig. 2a), high temperature regions are seen
in the midnight low-latitude region, particularly over Africa
in the Southern Hemisphere. In this case, the GCM calcu-
lates a higher maximum temperature than that obtained from
NRLMSISE-00 by 90 K (see Fig. 2a and c), while the mini-
mum temperatures are almost the same (592 K by GCM and
593 K by NRLMSISE-00). In addition, the global mean tem-
perature is calculated to be 788 K and 755 K by the GCM and
NRLMSISE-00, respectively. The maximum wind velocity
calculated by the GCM is also larger than that by HWM-93
by 139 m s−1. On the other hand, the maximum temperature
and wind velocity shown in Fig. 2b (967 K and 318 m s−1)
are closer to those shown in Fig. 2c.

Figure 3a and b is the same as Fig. 2a and c, respec-
tively, except for the temperature distribution and the dis-
play range: 50◦–90◦ latitudes in the winter (Northern)
hemisphere. The temperature distribution obtained from
NRLMSISE-00 shows clear diurnal variation (Fig. 3b). On
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Fig. 2. The global distributions of temperature and horizontal wind
obtained from(a) GCM calculations on a constant-pressure surface
(∼310 km altitude) at 01:00 UT on 1 December,(b) 5-day averages
of GCM calculations at 01:00 UT, and(c) the NRLMSISE-00 and
HWM-93 empirical models. Note that the strength of the maximum
wind vector is different in each panel.

the other hand, localised (small-scale) temperature structures
are superimposed on the diurnal variation in the GCM results
(Fig. 3a). These localised structures (high- and low-pressure
areas in the thermosphere) vary from hour to hour in the

Fig. 3. Panels(a) and(b) are the same as Fig. 2a and c, respectively,
except for temperature distributions in the 50◦–90◦ latitude range in
the Northern (winter) Hemisphere.

Fig. 4. Temperature variations at a constant-pressure surface
(∼302–312 km) at 76◦ N latitude and 17◦ E longitude during(a) 1–
5 March (black line),(b) 1–5 June (red line),(c) 1–5 September
(blue line), and(d) 1–5 December (green line). The calculated val-
ues are plotted every 10 min. The values on the abscissa axis indi-
cate hours from 00:00 UT on the 1st day of each month.

GCM simulations (not shown here). The localised structures
seen in Figs. 1 and 3 seem to extend in about 20◦ latitude and
30◦–60◦ longitude ranges.
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Fig. 5. Same as Fig. 4 except for(a) meridional wind and(b) zonal wind. The positive values indicate northward and eastward winds.

Figure 4 shows temporal variations of the thermospheric
temperature calculated by the GCM for 1–5 March (black
line), 1–5 June (red line), 1–5 September (blue line), and
1–5 December (green line). The values at a single point
(76◦ N latitude and 17◦ E longitude) on a constant-pressure
surface of about 302–312 km are plotted every 10 min. For
future comparisons of simulation results with observations,
we choose the location at 76◦ N latitude and 17◦ E longitude,
which is the nearest point to the European incoherent scatter
Svalbard radar site. The values on the abscissa axis indicate
hours from 00:00 UT on the 1st day of each month. The tem-
perature in summer (June) shows the highest value among
the four months while the temperature in winter (December)
shows the lowest. The values in March and September are
intermediates although features seen in winter and summer
still remain in March and September, respectively. All the
temperature variations include fluctuation components with
periods of 2–3 h. The diurnal temperature variation is in-
distinct in summer (June) since amplitudes of the fluctuation
components are quite large, while temperature in winter (De-
cember) shows diurnal variations more clearly.

Figure 5 is the same as Fig. 4 except for the meridional
(Fig. 5a) and zonal (Fig. 5b) winds. The meridional and
zonal winds show significant diurnal variations because the
ion drag force, which shows diurnal variation, accelerates the
winds as well as the pressure gradient force. The fluctuation
components with periods of 2–3 h are also seen both in the
meridional and zonal winds. The amplitude of the diurnal
variation in June (red line) is the largest, while that in De-
cember (green line) is the smallest. The strength of the anti-
sunward flow (large negative values of the meridional winds)
seems to be one of the characteristics of the seasonal wind
variations.

Figure 6 shows temperature variations in the Northern
(winter) Hemisphere during 1–5 December at 135◦ E longi-
tude and 82◦ N, 70◦ N, 59◦ N, 48◦ N, 37◦ N, 25◦ N, 14◦ N,

Fig. 6. Temperature variations at a constant-pressure surface
(∼310 km) during 1–5 December in the Northern (winter) Hemi-
sphere at 135◦ E longitude and 82◦ N, 70◦ N, 59◦ N, 48◦ N, 37◦ N,
25◦ N, 14◦ N, and 2.8◦ N latitudes from the top to bottom, respec-
tively. The values on the abscissa axis indicate hours from 00:00 UT
on 1 December. The five arrows at the top of the figure denote the
times corresponding to midnight (00:00 LT).

and 2.8◦ N latitudes from the top to bottom, respectively, in
the same height region as Figs. 4 and 5. The values on the
abscissa axis indicate time (hours) from 00:00 UT on 1 De-
cember. The five arrows at the top of Fig. 6 denote the times
corresponding to midnight (00:00 LT). The output data from
the GCM simulations are plotted every 10 min. The diurnal
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Fig. 7. Same as Fig. 6 except for the Southern (summer) Hemi-
sphere.

temperature variation is not so clear at 82◦ N latitude. In the
high-latitude region, fluctuations with periods of 2–3 h have
large amplitudes, while the amplitudes of the fluctuations are
small and the diurnal variations are clearly seen at mid- and
low-latitudes. The temperature variations due to the midnight
temperature maximum (MTM) appear after midnight in the
low-latitude region. In particular, the MTMs with large am-
plitudes are seen at 14◦ N, 25◦ N and 37◦ N latitudes during
about 87–93 h; the amplitude is about 100 K at 25◦ N lati-
tude. In the present simulations, the MTMs are clearly seen
at the longitudes of Japan and Southeast Asia where tidal and
gravity wave activities would be significant.

Figure 7 is the same as Fig. 6 except for the Southern (sum-
mer) Hemisphere. The diurnal temperature variation is indis-
tinct at 82◦ S latitude because of large fluctuations with peri-
ods of 2–3 h. The amplitudes of the fluctuations in summer
are much larger than those in winter. The diurnal tempera-
ture variation is also more indistinct in summer than in win-
ter. The MTMs or similar structures with large amplitudes
are seen at 2.8◦ S, 14◦ S, 25◦ S, 37◦ S, and 48◦ S latitudes
during about 15–21, 39–42, 63–69, and 87–93 h; the ampli-
tudes are several 10s to about 150 K. It is difficult to identify
the MTMs in the mid- and high-latitude regions because the
temperature fluctuations with periods of about 2–3 h are sig-
nificant. In the present case, the MTMs in summer appear
more frequently (almost every day) with larger amplitudes
than in winter. In addition, the MTMs seem to appear earlier
at night for summer than for winter.

Fig. 8. Temperature and horizontal wind variations at a constant-
pressure surface (∼310 km) during 1–5 December in the Southern
(summer) Hemisphere at 141◦ E longitude and 37◦ S (green line),
25◦ S (blue line), 14◦ S (red line), and 2.8◦ S (black line) latitudes.
The values on the abscissa axis indicate hours from 00:00 UT on 1
December. The vertical dashed lines denote the times correspond-
ing to local noon (12:00 LT).

In order to capture the MTMs more clearly, the temper-
ature and horizontal wind variations during 1–5 December
at 141◦ E longitude and 37◦ S (green line), 25◦ S (blue line),
14◦ S (red line), and 2.8◦ S (black line) latitudes are shown in
Fig. 8. The arrows in the top panel indicate the MTMs. The
amplitudes of the MTMs are∼10s–100 K in this case. The
direction of the zonal wind changes from positive value to
negative one when the MTM appears. The meridional winds
are larger at the higher latitudes during the MTM appear-
ance. These indicate the convergence of the horizontal winds
which would have contributions to formation of the MTM.
Although the meridional wind shows the local time variation
with small-scale fluctuations, the direction of the meridional
wind does not change in association with the MTM appear-
ance in this case.

Figure 9 shows temperature and horizontal wind distribu-
tions at 16:00 UT on 1 December on a constant-pressure sur-
face of about 311 km altitude: the same as Fig. 1d except for
UT and the colour scale of the contour map. The MTM is
clearly seen in the low-latitude region between about 140◦–
170◦ longitude (∼01:00–03:00 LT) in the Southern (summer)
Hemisphere. The MTM shown in Fig. 8 (∼14–20 h) is a part
of the MTM seen in Fig. 9. The convergent winds are seen
around the MTM. In addition, strong anti-sunward wind (or
equatorward wind) forms a stream of warm air from high to
low-latitude region. Both the wind convergence and stream
of warm air would have contributions to formation of the
MTM.
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Fig. 9. Same as Fig. 1d except for 16:00 UT on 1 December and the
colour scale of the contour map.

4 Discussion

As seen in Figs. 1 and 2, the GCM results represent well
the characteristics of the global (large-scale) temperature
and horizontal wind patterns at each season. In addition,
the GCM describes localised temperature structures while
an empirical model of NRLMSISE-00 shows the smoothed
temperature structure which comes from statistical averages
of data obtained from various observations (Picone et al.,
2002). Since the GCM includes all the atmospheric regions,
the lower atmospheric effects can reproduce the localised
high and low temperature areas in the upper atmosphere.
These localised temperature structures produce large pres-
sure gradients, which drive strong winds, in the GCM results.
Fujiwara and Miyoshi (2009) investigated the lower atmo-
spheric effects on producing the disturbances in the upper
thermosphere from the GCM simulations. They compared
usual simulation results with results from simulations with-
out the lower atmospheric effects by setting zero-wind and
global mean temporally-invariant temperature below about
80 km. The more smoothed temperature structure, which was
similar to one from an empirical model shown in Fig. 2c,
was obtained in the case of simulations without the lower
atmospheric effects. Some of the localised structures are
also smoothed out by averaging the GCM data as shown
in Fig. 2b. This suggests that day-to-day variations of the
temperature and wind, which are caused by the lower atmo-
spheric effects, would be essential for localised temperature
and wind structures in the upper atmosphere.

The origins of the disturbances, which show day-to-day
variations, should be investigated more in detail in the future
works. The gravity waves are the candidate for one of the
origins. Some of the gravity waves originated from the lower
atmosphere should be largely prevented from propagating
to the upper atmosphere. On the other hand, as suggested

by Vadas and Fritts (2006), the short-period, long vertical-
wavelength portions of gravity waves generated by tropo-
spheric convection would propagate into the thermosphere.
From numerical simulations with the higher resolution ver-
sion of the whole atmosphere GCM, Miyoshi and Fujiwara
(2008) showed the similar feature of the gravity waves to
Vadas and Fritts (2006). In addition, Miyoshi and Fujiwara
(2008) also suggested two main source regions for the short-
period gravity waves; the gravity waves would be generated
in the tropical troposphere and/or secondary gravity waves
would be generated due to breaking of gravity waves in the
mesosphere. The GCM simulations by Miyoshi and Fujiwara
(2008) showed significant fluctuations with periods of 1–3 h
above 120 km. In the present study, fluctuations with peri-
ods of 2–3 h, which would originate from the gravity waves,
are superimposed on the large-scale temperature structure in
the polar upper thermosphere. In addition to the day-night
(diurnal) temperature structure, some tidal components, e.g.,
semidiurnal and terdiurnal tides, would have contributions to
formation of the large-scale temperature structure which is
different from that obtained from NRLMSISE-00. The tem-
perature fluctuations, which vary from hour to hour, would
be observed as temporal variations with periods of 2–3 h at
a single station as shown in Fig. 4. In the low-latitude re-
gions, the midnight temperature maximum (MTM) is clearly
seen as a result from the tidal effects. The morphological
features of the temperature in the upper thermosphere are
characterised by fluctuations with periods of 2–3 h (gravity
wave effecs) at high-latitudes and the MTM (tidal effects) at
low-latitudes in the present study. Although we have checked
for obvious possible numerical mistakes, e.g., steep artificial
variations, by using both high and coarse resolution versions
of the GCM, the GCM simulations would have limitations
for representing actual phenomena depending on parameteri-
sations and/or assumptions in the model. Since we would cut
away a portion of some phenomena, we should make com-
parisons between observations and the GCM results.

Killeen et al. (1995) observed the polar cap tempera-
ture and winds in the upper thermosphere (∼240 km) with
the Fabry-Perot interferometer (FPI) at Thule, Greenland
(76.5◦ N latitude, 69.0◦ W longitude) during the solar min-
imum and maximum winter periods. They showed temporal
temperature variations with periods of 2–3 h. The diurnal
temperature variation was more clearly seen during the solar
maximum than the solar minimum periods because the day-
night heat advection, which was more significant during the
solar maximum period, would be a dominant heat source in
the winter polar cap region of the upper thermosphere. In
the present GCM simulations, the heat advection is impor-
tant for causing the diurnal temperature variation in winter
while the solar EUV heating, which has less local time de-
pendence, is the dominant heat source in the summer polar
cap region. This would cause the seasonal dependence of the
diurnal temperature variation as shown in Fig. 4.
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The FPI observations by Killeen et al. (1995) showed
that the typical averaged anti-solar wind speeds over Thule
during the early solar minimum period were∼200 m s−1.
The present GCM results shown in Fig. 5a are almost in
agreement with the FPI wind observations. However, the
averaged temperature obtained from the FPI observations
showed higher values than the GCM results although the
GCM results seem to be within the range of the observa-
tions. The temperature obtained from the FPI observations
was also higher than that by an empirical model which pro-
vides higher temperature than the GCM results. The dis-
crepancies between temperatures from the FPI observations,
empirical model, and GCM may be caused by local heat
sources, e.g., localised Joule heating and/or particle precipi-
tation which are not included in the GCM and whose effects
are smoothed out in the empirical model. Recently, Ander-
son et al. (2009) showed thermospheric winds and temper-
atures observed at Mawson, Antarctica in 2007 (low solar
activity). They compared the observations with results from
the Coupled Thermosphere/Ionosphere Plasmasphere model
(CTIP) and NRLMSISE-00. Although the observed tem-
peratures were well modelled during geomagnetically quiet
periods, the observed temperatures were consistently higher
than NRLMSISE-00 predicted, by up to 100 K. CTIP tem-
peratures better matched observations later in the night; how-
ever, the modelled ones seem to be smaller than the observed
ones by several 10s K on average. The examples of temper-
ature observations in the polar thermosphere are still few. In
addition, the FPI temperature observations have uncertainty
by several 10s K. We should continue more observations in
the polar cap thermosphere, modelling studies, and compari-
son of them.

Although the Joule heating can be an important heat
source which causes temporal temperature variations, we as-
sume the same geomagnetic activity for each simulation to
investigate fundamental features (or basic states) of temporal
temperature variations during geomagnetically quiet periods
as mentioned above. Recently, Griffin et al. (2008) obtained
the thermospheric winds and temperatures on 15 March 2007
(low solar activity) from the oxygen 630-nm emisson obser-
vations with a Scanning Doppler Imager (SCANDI). They
showed mesoscale thermospheric structures which would
result from particle precipitation, Joule heating, and other
effects. In order to interpret such mesoscale temperature
variations through ion-neutral coupling, we should also un-
derstand fundamental features of thermospheric temperature
variation caused by the lower atmospheric effects in the first
instance.

Our GCM simulations show that the amplitudes of fluc-
tuation components with 2–3 h periods are smaller in low-
latitude than in high-latitude, which contributes to signif-
icant day-night temperature variation in low-latitude. The
fluctuations with large amplitudes in high-latitude, particu-
larly in the polar cap region, seen in the GCM results seem
to be consistent with results from observations by Innis and

Conde (2001) although Innis and Conde (2001) focused on
fluctuations with smaller spatio-temporal scales than those
in the GCM results. The spatio-temporal variations of tem-
perature in the polar cap region should be investigated more
from radar and optical observations and GCM simulations in
various cases. In particular, the upper thermosphere temper-
ature data in the summer polar region are very poor because
the main sources of observations come from optical instru-
ments which are restricted to nighttime measurements. The
ion temperature observations with incoherent scatter radar,
e.g., European Incoherent Scatter radar (EISCAT radar), will
be effective for inferring the neutral temperature and/or mon-
itoring the activities of the atmospheric gravity waves from
below (e.g., Shibata and Schlegel, 1993).

The midnight temperature maximum (MTM) is one of
the typical temperature structures in the low-latitude upper
thermosphere. The present GCM simulations clearly show
the MTM with significant day-to-day variations (see Figs. 6
and 7). The calculated temperature oscillates with high fre-
quencies, suggesting the superposition of the semidiurnal
and higher order tidal modes as pointed by early studies
(e.g., Herrero and Spencer, 1982). The latitudinally-extended
MTMs are clearly seen particularly during 87–93 h in Fig. 6,
which is also in agreement with observations presented by
Herrero and Spencer (1982).

The amplitudes of the MTM simulated with previous
GCMs were much smaller than those observed (e.g., Co-
lerico and Mendillo, 2002). In the present study, the am-
plitudes of the MTM are calculated to be several 10s–150 K,
which are almost consistent with the MTM amplitudes ob-
tained from observations (e.g., Faivre et al., 2006; Meri-
wether et al., 2008). The previous upper atmosphere GCMs
set the lower boundaries in the altitude range of about 30–
100 km. In the previous GCMs, tidal effects were imposed at
the lower boundaries assuming dominant diurnal and semi-
diurnal tidal modes. Since the GCM used in the present study
covers all the atmospheric regions, the atmospheric tides with
various modes are generated in the GCM. These tides seem to
contribute to formation of the MTMs with large amplitudes.

The GCM simulations show wind convergence around the
MTM region. In particular, the meridional wind would have
significant contributions to formation of the MTM through
adiabatic compression heating and advection of warm air
from higher latitudes. The flow channel from high to low-
latitude region and wind convergence are clearly seen in
the vicinity of the MTM region in Fig. 9. The pressure
bulge in association with the MTM does not cause abate-
ment of the equatorward wind. Maruyama et al. (2008) in-
ferred the thermospheric meridional winds from ionospheric
height variations observed with the equatorial ionosonde net-
work (Southeast Asia Low-latitude Ionospheric Network:
SEALION). They found the wind variations with a period
of 6–8 h and clear correlation between the convergent wind
and the MTM. They also mentioned that they did not find
any evidence showing abatement/reversal of the equatorward
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Fig. 10. Meridional wind variations at a constant-pressure surface
(∼310 km) during 1–5 December in the Northern (winter) Hemi-
sphere at 141◦ E longitude and 14◦ N (blue line), and 2.8◦ N (black
line) latitudes. The five circle dots in the panel indicate the times of
midnight. Positive values indicate northward winds.

wind associated with the pressure bulge cause by the MTM.
The present GCM results are in agreement with Maruyama et
al. (2008) although some previous studies ascribed the wind
variations to the pressure bulge associated with the MTM
(see references in Maruyama et al., 2008).

Figure 10 shows the meridional wind variations at a
constant-pressure surface (∼310 km) during 1–5 December
in the Northern (winter) Hemisphere at 141◦ E longitude and
14◦ N (blue line), and 2.8◦ N (black line) latitudes. The cir-
cle dots in the panel denote the times of midnight. The
meridional wind reversals/abatements are seen at around
midnight. For example, the northward wind abated after
11:00–12:00 UT (20:00–21:00 LT) and reversed to south-
ward at 13:00–14:00 UT (22:00–23:00 LT). After about mid-
night, the wind direction again reversed. The similar wind
variation to the above is seen at 2.8◦ S (shown in Fig. 8) al-
though the southward reversal is very small. These are con-
sistent with observations by Maruyama et al. (2008). These
wind reversals/abatements seen in the GCM results are ex-
plained by local time variations of airflow pattern in the low-
latitude region. As seen in Fig. 9, some airstreams converge
on the MTM region. In the summer hemisphere (Southern
Hemisphere in Fig. 9), the wind reversal can hardly occur
since the meridional wind due to e.g., day-to-night flow or
tidal flow directs almost always equatorward (northward) in
the nighttime (see Figs. 8 and 9). On the other hand, although
the tidal flow directs poleward (northward) in the evening
hours, the meridional flow directs equatorward (southward)
at around midnight in the winter (Northern) hemisphere (see
Figs. 9 and 10). We will show more details of the MTM and
wind variations simulated by the GCM in our future papers.

5 Conclusions

We investigated temperature and wind variations in the up-
per thermosphere by using a whole atmosphere GCM which
includes all the atmospheric regions from the ground to the

exobase. This GCM enables us to simulate temperature,
wind, and composition variations, which originate from the
lower atmosphere, from hour to hour in the upper thermo-
sphere.

The large-scale temperature distributions simulated by the
GCM are consistent with those obtained from an empirical
model of NRLMSISE-00. The GCM results also represent
localised temperature structures superimposed on the large-
scale day-night temperature structure. These temperature
structures seem to enlarge and/or lower the maximum and
minimum temperatures. In addition, the localised tempera-
ture structures produce large pressure gradients which derive
strong neutral winds.

In the polar cap region of the upper thermosphere, the day-
night temperature variation is not clearly seen in the GCM re-
sults because of modulation by localised temperature struc-
tures which vary from hour to hour, while the winds show
significant diurnal variations. The spatio-temporal variations
of these localised structures would be observed as tempo-
ral variations with periods of 2–3 h at a single station. The
amplitudes of the localised temperature structures (or tem-
poral variations with periods of 2–3 h) are smaller in the
middle- and low-latitude regions than in the high-latitude re-
gion. The day-night temperature difference (or diurnal tem-
perature variation) is more significant in the middle- and low-
latitude regions than in the high-latitude region. The diurnal
temperature variation in the high-latitude region is more sig-
nificant in winter than in summer if the high-latitude convec-
tion electric field is the same in both cases.

The midnight temperature maximum (MTM) is clearly
seen in the GCM results. The MTMs calculated here show
significant day-to-day variations. The MTMs shown by the
present GCM simulations have large amplitudes of several
10s to about 150 K. These seem to depend on the tidal waves
in the GCM simulations; the tidal waves with various modes
are generated in the GCM which covers all the atmospheric
regions rather than being generated by an imposed lower
boundary. The MTMs in summer appear more frequently
(almost every day) with larger amplitudes than in winter in
the present cases. In addition, the MTM appearance seems
to occur earlier at night for summer than for winter.

The GCM simulations show wind convergence around the
MTM region. In particular, the meridional wind would have
significant contributions to formation of the MTM through
adiabatic compression heating and advection of warm air
from higher latitudes. The flow channel from the high-
latitude to the MTM region is found as well as wind con-
vergence due to tidal effects. The meridional wind rever-
sals/abatements in association with the pressure bulge due to
the MTM are not found in the GCM results. The wind rever-
sals/abatements seen in the winter hemisphere are explained
by local time variation of airflow pattern in the low-latitude
region.
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