


geographic locations of the geomagnetic poles in the
northern and southern hemispheres, which causes relatively
different geographic locations of sunward and anti-sunward
winds around the auroral region in both hemispheres (see
Figure 4b).
[22] Changing the ion density produced significant effects

on the neutral temperature and composition (O/N2) during
disturbed times and they are displayed in Figure 5. This
figure shows the temperatures (left) and O/N2 ratio (right)
from the two model runs and their differences in the bottom
panels. The neutral temperatures are quite significantly
enhanced, up to 200�K, in the northern hemisphere, but
the changes are relatively small in the southern hemisphere.
These temperature changes are most probably related to
the Joule heating changes that are shown in Figure 6. In
this figure, electron density differences (top) and the
corresponding temperature changes (bottom) are also dis-

played in polar coordinates (greater than ±45�) in addition
to the relevant Joule heating changes (middle). The northern
and southern hemispheres are displayed in the left and right
columns, respectively. The electron density differences are
the same differences at high latitudes as shown in Figure 2,
but only in different coordinates. It is evident in Figure 6
that the changes in electron densities, Joule heating rates,
and the neutral temperature are closely correlated with each
other.
[23] Finally, the O/N2 ratio in Figure 5 also shows

noticeable changes in the both hemispheres. In the differ-
ence map presented as percentage changes of O/N2 between
the G-TING model and the S-TING model, there are mostly
negative changes at high latitudes, particularly strong (up to
30%) in the northern hemisphere, but the low-latitude
region shows very small changes. Note that there are also

Figure 6. The electron density differences (top), corresponding Joule heating (middle) and temperature
(bottom) changes are presented only at high latitudes greater than ±45� in the polar coordinates. The
northern and southern hemispheres are displayed in the left and right panels, respectively. The differences
are [G-TING�S-TING].
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quite noticeable positive changes in the southern hemi-
sphere, mostly during nighttime.

5. Discussion

5.1. Quiet Periods

[24] The main consequence of changing the ionospheric
plasma densities during quiet geomagnetic conditions is to
change ion drag effects on the thermosphere. Since the ion-
neutral collision frequency is approximately proportional to
the ion density [Rishbeth, 1979], ion density changes in the
TING model affect the ion drag force on the neutrals,
primarily causing the changes of the neutral winds that
are seen in Figure 3. The overall effects appear to be more
distinctive in the zonal wind than in the meridional wind. At
low latitudes, the magnetic field is nearly horizontal and it
tends to be in the meridional direction in the horizontal
plane (i.e., the declination angle is relatively small at low
latitudes). Therefore the zonal wind is in a nearly perpen-
dicular direction to the magnetic field and experiences
stronger ion drag than the meridional wind. It should also
be noted that the ion drag effect on the meridional wind
becomes even smaller due to the relatively small meridional
wind compared with the corresponding zonal winds at low
latitudes (Figure 3a). The nighttime differences in the zonal
wind show a remarkable correlation with the corresponding
electron density differences. This correlation seems to be a
direct consequence of the ion drag effect; that is, increased
ion density reduced the wind by increasing ion drag and
vice versa. However, the daytime zonal wind at low
latitudes shows little change in spite of large ion density
changes because the magnitude of daytime winds is very
small compared with the nighttime winds.
[25] At high latitudes, ion drag still has a strong influence

on the neutral winds during quiet times, but in a way opposite
from the lower-latitude effects. As shown in Figure 3b, the
decreased ion densities in the southern hemisphere (Figure 2)
reduced the ion drag, which weakened the resulting neutral
winds. The strong and rather complex changes of the
meridional and zonal winds at southern high latitudes are
mainly the result of the changes not only in the magnitude
of the winds, but also in their direction, due to the weakened
neutral winds in the G-TING model.

5.2. Disturbed Periods

[26] Compared to quiet periods, much larger changes are
observed in the thermosphere during disturbed geomagnetic
conditions. The effects on the neutral winds are quite large
and, unlike the quiet time effects, they are much more
noticeable at high latitudes than at low latitudes (Figure 4a).
In the auroral region, plasma convection is significantly
enhanced due to the increased magnetospheric electric field
during disturbed periods. The resulting, strongly convecting
plasma interacts with neutrals, producing much larger Joule
heating and stronger neutral winds, compared with the quiet
time conditions, which makes the auroral thermosphere
much more sensitive to the ionospheric plasma density
changes. In the northern hemisphere, the auroral neutral
winds from the G-TING model show significantly stronger
anti-sunward winds across the polar cap than those from the
S-TING model. Quite noticeable differences also occur in
the morning sectors. Here the influence of the sunward

plasma convection on the neutral motion is noticeable in the
G-TING model while it is negligible in the S-TING model.
These changes of the neutral winds are mainly caused by
the stronger interaction of the ionospheric plasma with
neutrals due to the increased plasma densities in the auroral
region in the G-TING model. In the southern hemisphere,
however, the changes to the neutral winds are minimal.
Note that the interpretation of the changes in the neutral
winds, particularly in the auroral region, should also con-
sider temperature changes. The temperature shows large
changes in the northern hemisphere, producing significant
pressure gradient changes, but negligible effects in the
southern hemisphere in our simulation study.
[27] The large increases of neutral temperature in the

northern hemisphere in the G-TING model can be explained
by the enhanced Joule heating rate due to the increased
auroral electron densities (Figure 6). In general, the en-
hanced electron densities increase Joule heating by increas-
ing the Pedersen conductivity while reduced electron
densities decrease Joule heating by decreasing the conduc-
tivity (see equation (2)). In the northern hemisphere, the
enhanced Joule heating in the G-TING model significantly
increased the temperature by up to about 200 �K in most
parts of the polar region. In the southern hemisphere,
however, the Joule heating decreased on the nightside while
it mostly increased on the dayside, which results in only
small net temperature changes over the auroral region.
[28] In this study the electron density changes have not

been applied to E-region altitudes, but only to the F-region
and above. Hence our results of the neutral temperature
changes at the z = 2 pressure level in Figure 6 are not
directly influenced by heating changes in the E-region.
Figure 7 shows the altitude profiles of the Joule heating
rates per unit volume (in the unit of erg�sec�1�cm�3: left
panel) and per unit mass or particle (in the unit of �K�s�1:
right panel) from the S-TING model at the time and location
indicated in the figure. The dashed and solid lines represent
the heating rates for the quiet (0000UT) and disturbed
(2300UT) times, respectively. The altitude profiles of the
heating rates show that, although the energy transferred
from the magnetosphere is mostly deposited into the
E-region (left panel), the energy received by individual
neutral particles can peak in the F-region (right panel),
particularly for the quiet time (0000UT), because of
decreasing neutral density with altitude [Thayer and
Semeter, 2004]. This indicates that the energy transfer
between the magnetosphere and IT system that occurs in
the F-region can also be critical in determining the thermal
(and therefore dynamical) structure of the upper atmo-
sphere, although the total energy transfer is much smaller
than in the E-region.
[29] One interesting aspect of this thermal transfer is the

diminished role that energetic particle precipitation plays in
it. Rodger et al. [1992] demonstrated that a clear signature
of the ion convection pattern was seen in the high-latitude
electron densities at the F2 peak. This indicated that the
majority of the ions that were seen at high latitudes had
been advected from elsewhere. A plausible mechanism for
this is that the electrons that are swept across the pole from
the day side by the ion convection pattern form boundary
blobs [Schunk and Nagy, 2000]. Thus the potential pattern
plays two roles in producing the thermal input at the F2
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peak. First, it provides a significant portion of the ions
through advection, and second, it provides the momentum
for collisions with the neutrals. As a consequence of this
behavior, the ion convection pattern is relatively more
important compared to the particle precipitation near the
F2 peak than it is at lower altitudes.
[30] During disturbed periods, the neutral composition

(O/N2 ratio) is relatively small in the high-latitude regions
compared with the lower-latitude regions (which is called
neutral composition bulge; Prölss, 1981), since the upwell-
ing of the neutral atmosphere occurs in the high-latitude
region as a result of auroral heating. In our results, the
composition bulge is relatively stronger in the G-TING
model than the S-TING model, particularly in the northern
hemisphere, as a consequence of large temperature
increases. However, the observed increases of the nighttime
O/N2 ratio in the southern hemisphere cannot be explained
by simply considering temperature changes alone and it will
require further detailed analysis of the governing physical
parameters in the model, which is beyond the scope of the
present work.

6. Conclusions

[31] In order to study the effects of the ionospheric
plasma density changes on the thermosphere in the coupled
thermosphere-ionosphere model, we have replaced the plas-
ma densities in the TING model with the electron densities
from the GAIM model above the z = 0 pressure level
(�230 km) during 1–4 April 2004 period and observed
how the thermosphere reacts to these changed plasma
densities.
[32] During quiet times there were noticeable effects on

the neutral winds both at low and high latitudes (Figure 3).
From this result of our study, it was confirmed that the
ionospheric plasma imposes a fairly noticeable drag force

on the neutral motion at low latitudes, which was quite clear
in the changes of the zonal wind component due to the
changed plasma densities (Figure 3a). Auroral plasma
density is also a critical factor in determining how neutral
motion responds to the ionospheric plasma convection
(Figure 3b). However, other thermospheric parameters, such
as the neutral temperature and composition, are hardly
affected by the changed plasma densities.
[33] During disturbed times the ionosphere-thermosphere

interactions in the F-region get stronger as the ionospheric
plasma convection is enhanced with increasing geomagnetic
activity and the interactions become more sensitive to
plasma density changes. In addition to the ion drag effects,
compared with the quiet conditions, the Joule heating
significantly responds to the plasma density changes, which
affects not only the neutral winds, but also the neutral
temperature and composition (Figures 4, 5, and 6). In
particular, considering that the ionospheric plasma density
changes were applied only in the F-region and above, our
results indicate that the magnetospheric energy deposited
into the F-region can also be important for the upper
atmospheric thermal and dynamical structures, despite the
fact that the total energy deposited into this region is
much smaller than the energy deposited into the E-region
(Figure 7). We also indicate that the morphology of this
energy input can be different from that at lower altitudes
because of the importance of plasma transport near the F2

peak.
[34] Finally, it is well recognized that the thermospheric

parameters, such as neutral winds, composition, and tem-
perature, are crucial to the calculation of ionospheric
parameters in ionospheric modeling studies. Since the iono-
spheric parameters are also vital to the determination of
thermospheric parameters, as shown partially in our results,
the importance of the ionosphere should be re-emphasized
in thermospheric modeling studies.

Figure 7. The altitude profiles of the Joule heating rates per unit volume (in the unit of erg�sec�1�cm�1:
left panel) and per unit mass or particle (in the unit of �K�sec�1: right panel) at the spatial and temporal
conditions indicated in the figure. The dashed and solid lines represent the heating rates for the quiet
(0000UT) and disturbed (2300UT) times, respectively.
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