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[1] It is important to investigate the small-scale dynamics of thermospheric neutrals and
ionospheric plasmas at high latitudes since there are local and temporal variations in
energy input and transfer processes associated with auroral activities. To clarify these
ionosphere-thermosphere interactions in the auroral E region, we examined neutral
winds and plasma motions obtained by coordinated Fabry-Perot imager and VHF radar
observations at Syowa Station, Antarctica. From case studies on 11 and 12 September
1996, we found a good correlation between temporal variation (period < 1 hr) of E region
neutral winds measured by the Fabry-Perot imager and the Doppler velocities of
plasmas obtained from the VHF radar echoes. On the other hand, the absolute mean
values of the neutral winds were around zero whereas the plasma Doppler velocities
were 350–400 m/s, showing a significant discrepancy. Considering that the neutral-ion
and ion-neutral momentum transfer collision frequencies in the E region are �10�6 Hz
and �102 Hz, respectively, these good correlations are probably due to ion motions
driven by neutral drag force, suggesting a strong coupling between neutrals and ions in
the E region. The observed correlation and discrepancy between the radar Doppler
velocity and the neutral wind velocity are consistent with the linear theory of E region
irregularities that shows the radar Doppler velocity is the sum of two components; one
is the E � B drift speed, and another is proportional to the neutral wind velocity.
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1. Introduction

[2] At high latitudes, ionosphere-thermosphere (IT) inter-
action processes show complicated behaviors indicating
significant temporal and spatial variations associated with
auroral activities, and neutral-ion (NI) coupling plays a key
role in the IT interactions. The ion motion is mainly
controlled by the ionospheric electric field from the mag-
netosphere, but it is also affected by neutral particles driven
by Joule and particle heatings, and an ion drag force [e.g.,
Fujii et al., 1998a]. These driving forces of ions and neutrals
are dramatically enhanced during auroral substorms and
produce a strong and complicated NI coupling [Deng et al.,
1991]. Since local (�tens of km) and temporal (less than ten
min) variations of the ionospheric electric field and auroral
particle precipitations exist during substorms [e.g., Conde et
al., 2001], the NI coupling essentially shows such local and
temporal behaviors. Thus it is necessary to investigate the

small-scale variations in neutral and ionmotion in association
with auroral activities in order to gain an understanding of
the response of auroral inputs to the thermosphere and the
ionosphere and its energy transfer.
[3] There have been a number of studies on the high-

latitude NI coupling have using ground-based, satellite and
rocket measurements, and computer simulations. In partic-
ular, DE-2 satellite measurement data have contributed to
reveal the large-scale interaction between neutrals and ions
in the high-latitude thermosphere along the satellite track
[e.g.,Killeen et al., 1985;Killeen and Roble, 1988]. The global
aspects of high-latitude thermospheric dynamics have also
been examined by using general circulationmodels [e.g.,Deng
et al., 1993; Fuller-Rowell et al., 1994; Ridley et al., 2003;
Wang et al., 2006]. Ground-based observations have proved
useful for examines the local and temporal variations of the NI
coupling. The horizontal distributions of neutral winds and
temperatures at the altitudes of the auroral emission layers
have been measured by an all-sky Fabry-Perot interferometer
(FPI), and they showed temporal variations associated with
auroral variations [e.g., Rees et al., 1991; Conde and Smith,
1998, Ishii et al., 1999; Cierpka et al., 2000; Kosch et al.,
2001; Aruliah et al., 2005]. Incoherent scatter radar data have
yielded precise vertical profiles of plasma and neutral param-
eters. In particular,Fujii et al. [1998b] used EISCAT radar data
to estimate the energy transfer in the NI coupling system
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quantitatively. Despite the above studies, the local and tempo-
ral NI couplings are still not well understood since few
simultaneous measurements of neutrals and ions have been
carried out in the auroral region. Recently, Sakanoi et al. [2002]
used FPI and HF radar measurements to obtain temporal
relationship between neutral winds and ion drifts in the auroral
F region. Nevertheless, the NI coupling in the E region is
expected to be quite different from the one in the F region
since the ion-neutral momentum transfer collision frequency
in the E region is much (�102 times) greater than that in the
F region [Schunk and Nagy, 1980, 2000; Thayer, 1998].
[4] In this study, we focused on the local interaction

between neutrals and ions in the auroral E region, as ascer-
tained from spatially resolved neutral wind and plasma drift
data measured by a Fabry-Perot Doppler imaging system
(hereafter, FPDIS) and auroral VHF radar at Syowa Station,
Antarctica (69.0� S and 39.6� E in geographic coordinates
and 66.4� in magnetic latitude). These imaging measure-
ments of neutral winds and plasma drifts provided us with a
unique opportunity to examine the local ITcoupling processes
in the auroral E region. Since the typical spatial resolutions of
neutral and plasma drift measurements were made at tens of
km, these data can contribute to evaluating the effects of
small-scale variations on the parameters of the global ther-
mosphere ionosphere general circulation models.

2. Instrumentation and Data Analysis

2.1. Fabry-Perot Doppler Imaging System

[5] The FPDIS measured the Doppler shift and width of
auroral OI 557.7 emissions by using an interference filter

whose center wavelength and full width half maximum
were 558.1 nm and 0.9 nm, respectively. The peak altitude
of the OI 557.7-nm emission was assumed to be 120 km,
and the validity of this assumption is discussed later in
section 4.1. The field-of-view (FOV) of the FPDIS was set
to be 42�by using a combination of a wide-angle objective
lens and a slant mirror in the front of the objective lens
in order to observe neutral winds and temperatures in the
E regions covered by the VHF radar. Figure 1 is a map of
the observation geometry showing the FOVs of the FPDIS
and VHF radar.
[6] Since the detailed instrumentation of the FPDIS and

the method of data analysis are described by Sakanoi et al.
[2002] and Nakajima et al. [1995], only a brief description
of them will be given here. Incident auroral light interferes
at the 116-mm aperture Fabry-Perot etalon, and over two
orders of interference fringes are finally focused on the
imaging sensor. A fringe image is transformed into 48 sliced
fringe profiles (24 for each of the inner and outer fringes).
A Gaussian fitting is performed on each fringe profile to
estimate the Doppler shift of the auroral emissions, while a
numerical technique based on a truncated Fourier series is
used to estimate the Doppler broadening. Thus the line-of-
sight (LOS) velocities and temperatures of neutrals can be
estimated at 48 points on the sky since the fringe image is
conjugate with the field-of-view on the sky. The time res-
olution of the OI 557.7-nm data was dependent on auroral
intensity and was in the range of 30 s to 10 min. He-Ne
(632.8 nm) laser fringe data are routinely obtained every 1-h to
calibrate the FPDIS’s instrumental functions, such as etalon
spacing drift. Furthermore, the reference fringe position for the

Figure 1. Geographical map showing the FOVs of the FPDIS and VHF radar. Fan-shaped solid lines
show the FOVof the VHF radar, and the E region echoes are mostly obtained in the hatched region where
the raypaths transmitted from the radar are almost perpendicular to the geomagnetic field. Inner and outer
fringes of the FPDIS are mapped, and fringe directions are indicated at the side of the fringes. Invariant
latitudes are drawn as solid curves.
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wind-zero velocity was determined from a ‘‘cloudy’’ fringe
image. The cloudy data were obtained during several nights in
1996 when the sky was uniformly cloudy and auroral activity
was low. The uniformity of cloudwasmonitored by the auroral
all-sky camera at Syowa. To validate the cloudy data, we
produced wind-zero fringe data for each cloudy night, and
compared them. Since these cloudy data were found to be
comparable, it is suggested that the light is scattered suffi-
ciently by clouds and these data are not affected by local and
temporal variations. Finally, the most representative (median)
cloudy fringe data was chosen to be the wind-zero fringe.
Errors in the relative variations of neutral winds and tempera-
tures are estimated to be better than 15 m/s and 80 K, respec-
tively, although significant offsets (�200 K) seem to be
involved in the absolute values of temperature. We excluded
the data obtained during periods when the auroral intensity
distribution showed a steep gradient in the FOVof the FPIDS,
since the steep intensity gradient would produce the apparent
shift of fringe peak position, that is, errors in wind velocity. In
addition, we only used the data for periods when room
temperature remained stable since a complicated etalon drift
tended to occur when room temperature varied by more than
5 K/hour.

2.2. Auroral VHF Radar

[7] Observations of radio auroral echoes generated by
E region irregularities in the altitude range of �110 km have
been carried out using the auroral VHF radar at Syowa station
since 1966 [Igarashi et al., 1995; Ogawa, 1996]. In 1995, a
50-MHz scanning-beam VHF auroral radar with two sets of
array antennas was installed in order to cover the whole echo
region. The Syowa VHF radar scans a wide area in the range
from 120 to 1000 km with a FOV of �170� centered on
geomagnetic south, of which the azimuthal angle from
geographic north is 131.2�. In the normal operation mode,
one full scan is performed in 4 minutes. The azimuthal beam
width of each radar beam is �5� and the scan area is divided
into 35 azimuthal sectors. The radar transmits a 100-ms pulse
(range resolution of 15 km) with a pulse repetition fre-
quency of 667 Hz (maximum unaliasing Doppler velocity
of ±500m/s). E region echoes mainly come from the hatched
region in Figure 1, where the aspect angle is almost zero,
namely, where raypaths transmitted from the radar are almost
perpendicular to the geomagnetic field.
[8] One of the important functions of the Syowa VHF

radar is to regularly observe the Doppler velocity and echo
patterns in the E region by using the double-pulse technique.
The observed Doppler velocity is almost equal to the electron
E � B drift velocity when the E � B drift speed is less than
the ion acoustic speed, while the observed Doppler velocity
saturates at the ion acoustic speed when theE�B drift speed
exceeds the ion acoustic speed of �400 m/s [Nielsen and
Schlegel, 1985;Nielsen et al., 1988;TanakaandVenkateswaran,
1982a, 1982b; Haldoupis and Nielsen, 1989; Schlegel, 1996].
Hereafter, we simply refer to the Doppler velocity obtained
from the VHF radar data as ‘‘the radar Doppler velocity.’’

3. Observations

[9] The FPDIS and VHF radar were simultaneously
operated on six nights in September 1996. We made detailed
case studies of the neutral wind, temperature, and radar

Doppler velocity on two of these nights, in which strong
echoes were obtained for several hours under clear sky
conditions. We also determined the IMF conditions from
WIND or IMP8 data in which the time was corrected to take
into account solar wind velocities and the distance between
the spacecraft and the Earth.
[10] In this paper, we will deal with LOS velocity maps of

neutral winds and radar Doppler velocities, since the FPDIS
and VHF radar observed in the LOS direction, and therefore
we can compare neutral winds with plasma drifts without
having to make any further assumptions. Here the horizontal
neutral wind was obtained as ULOS/sin(q), where ULOS is the
line-of-sight component to of the neutral winds, and q is the
zenith angle, assuming that the vertical wind velocity is
negligibly small.

3.1. 12 September 1996 Case

[11] Auroral activities were the intense on the night of 12
September. The Kp values were in the range between 3 and
5. As shown in Figure 2, the WIND satellite data showed
mostly negative variations in the IMF Bz component (0 to
�4 nT) throughout the night, while the solar wind speeds Vx
were relatively high (�600 to �700 km/s). Figure 3 summa-
rize the FPDIS, VHF radar, auroral, and geomagnetic data
gathered on this night. Auroral keograms obtained with
meridional scanning photometers (MSP) indicated that stable
630-nm and 557.7-nm auroral emissions existed in the
poleward direction before 1900 UT, and these moved equa-
torward from 1900 to 2000 UT. Note that UT is almost the
same as magnetic local time (MLT) at Syowa Station. A
negative bay of the geomagnetic H component occurred
around 1940 UT. The first auroral breakup occurred at
�2110 UT, as identified by the auroral poleward expansion
and the steep negative excursion of the geomagnetic H com-
ponent. It was followed by the appearance of a pulsating
aurora from �2145 to 2310 UT. The second breakup
occurred at �0007 UT on 13 September, followed by the
appearance of a pulsating aurora after �0020 UT.
[12] As seen in Figure 3 (bottom), the observation room’s

temperature variations were rather small (maximum of
2.1 K/hour from �1900 to 2000 UT). Thus the effect of
etalon spacing drift on neutral wind measurements could
be satisfactorily corrected. The third and fourth panels in
Figure 3 plot the time variations of the neutral winds and
radar Doppler velocities, and neutral temperature at the
selected locations. (These selected locations are shown in
the legends.) Hereafter, to plot the time series of radar
Doppler velocity, we show the average of radar Doppler
velocities at 9 data points (�45 � 60 km) centered on the
location closest to the FPDIS data point. This averaging is
needed since the echo area of the VHF radar was some-
times limited. Figure 4 summarizes neutral winds and radar
Doppler velocities superposed on the 557.7-nm auroral
images. Note that only selected plots are displayed in
Figure 4. The neutral wind data in Figures 3 and 4 indicate
that the LOS velocities of horizontal winds were away from
Syowa Station before�1900 UT. Considering that the FOV
of the FPDIS was directed magnetic south-westward and
that the MLT was in the premidnight sector, the LOS
velocities of horizontal winds away from Syowa represent
sunward winds. The Doppler velocities obtained from VHF
radar data showed a similar tendency before �1900 UT. In
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particular, the velocity distribution map at 1838:02 UT in
Figure 4 is consistent with a sunward flow pattern. Since the
MSP data show that the FOVs of the FPDIS and VHF radar
covered the equatorward region of the auroral oval, the
directions of the neutral winds and radar Doppler velocities
are consistent with the two-cell pattern of global iono-
spheric plasma convection. Furthermore, corresponding
to the equatorward movement of the aurora from �1900
to 2000 UT, the neutral winds away from Syowa (�200 to
�400 m/s) decelerated, and subsequently attained mostly
positive values (less than �100 m/s). During the same
period, the radar Doppler velocities changed direction from
about �200 m/s (away from Syowa) to +200 m/s (toward
Syowa). The changes in direction of radar Doppler veloc-
ities and neutral winds are clearly seen in Figure 4, if we
compare the velocity distribution maps at 1836 UT and at
1943 UT, although the neutral wind velocities in the region
close to Syowa were still directed away from Syowa as
indicated by the red arrows. Thus the plasma convection
reversal probably took place during this period, and the
neutral winds might have been driven by the ion drag force.
[13] Figures 3 and 4 show that there were oscillations in

the neutral winds and temperatures with a typical period of
30 min from �2015 to 2105 UT. These variations were
typically less than �200 m/s and less than �170 K. Further-
more, during the period from the first breakup to the end of the

observation, the absolute values of LOS velocities of hori-
zontal neutral winds and radar Doppler velocities showed a
significant discrepancy; the baseline of the neutral wind
variations was almost zero, whereas the baseline of the radar
Doppler velocity variations was in the range of 100–300m/s.
However, the temporal variation of the neutral winds
matched that of the radar Doppler velocities. For example,
around 2330 UT before the second break up, the temporal
negative excursion of neutral winds was similar to that of
the radar Doppler velocities. Also, a significant increase in
neutral temperature occurred around 2345 UT before the
second breakup. Furthermore, from �0000 to 0100 UT, the
variations in neutral winds and radar Doppler velocities were
associated with active auroras. In particular, from 2300 to
0100 UT, there were small-scale structures in the wind
velocity distribution (indicated with red and blue colors).
These complicated structures suggest the existence of local
shear winds caused by Joule and particle heating.
[14] We applied the high-pass filter on the neutral winds

and radar Doppler velocities to examine their relationship
in detail. Figure 5 (top) is the same data as the third panel
of Figure 3. The high-pass filtered temporal variations
with frequencies less than one hour are shown in Figure 5
(bottom). Note that the temporal variation in neutral winds,
usually less than 100 m/s, matched the variation in radar
Doppler velocities from �2130 to 0100 UT, even though

Figure 2. Solar wind conditions measured by the WIND satellite on 12–13 September of 1996.
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their absolute values were different during this period. The
temporal variations were similar over a wide area of the
FOVs. However, discrepancies appeared in the distant
region around �74�S in latitude and 35�E in longitude.
These similarities and differences will be discussed in
section 4.2.

3.2. 11 September 1996 Case

[15] Auroral and geomagnetic conditions were also active
on the night of 11 September. TheKp values were in the range
between 3 and 5. For this event, the IMP8 satellite data was
used for monitoring solar wind conditions since the WIND
satellite was located in the magnetosphere. As shown in

Figure 6, the IMF Bz was positive before �2200 UT, and
turned negative around 2230 UT. The negative Bz condition
probably persisted until �0020 UT, although there was no
data from �2300 to 0010 UT. Figure 7 summarizes the
FPDIS, VHF radar, auroral, and geomagnetic observations
on this night. Auroral keograms obtained by MSP show
stable auroral emissions from 1800 to 1900 UT. Unfortu-
nately, MSP observed these emissions only in the zenith
direction from �1910 to 2215 UT because of an operational
problem. Panchromatic all-sky camera data (not shown)
indicate that the equatorward motion of the auroral arc started
at �2030 UT and that the first auroral breakup occurred
around 2145 UT. This breakup also appears in the fluxgate

Figure 3. Summary plot of FPDIS, VHF radar, MSP, and geomagnetic observation data on 12–
13 September 1996. The top two panels show MSP data of the OI 630-nm and OI 557.7-nm emissions.
The third panel shows time variations of the LOS components of the horizontal neural wind and Doppler
velocity in the E region at selected locations. The selected location of neutral wind data corresponds to
the location of the Doppler velocity data. The fourth panel shows the time variation of neutral tem-
peratures. The fifth and sixth panels show geomagnetic variations measured by fluxgate and searchcoil
magnetometers, respectively. The seventh panel shows cosmic noise absorption data measured by a
riometer. The bottom panel shows time variations of the peak position of the laser fringe and room
temperature for monitoring the etalon spacing drift.
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magnetometer data in Figure 7. Pulsating auroras subse-
quently appeared from �2230 to 2340 UT, and the second
auroral breakup occurred at �0020 UT, as can be seen in

MSP and fluxgate magnetometer data. Active auroral con-
ditions continued till the end of the observation.
[16] Since the temperature of the observation room was

rather stable on this night (see the plot at the bottom of

Figure 4. Summary plots of LOS components of horizontal neutral winds (arrows) and radar Doppler
velocities (diamonds) superposed on the 557.7-nm auroral images obtained on 12–13 September 1996 in
the geographical coordinate system. The location of Syowa is indicated by the cross. The LOS neutral
wind velocities are indicated by the length of the arrow assuming an emission altitude of 120 km. Red
indicates the wind direction is way from Syowa, and blue indicates it is toward Syowa. The radar Doppler
velocity data are plotted in the area between �75� and�67� in latitude, 30� and 55� in east longitude with
warm and cold colors representing the LOS drift directions away from and toward Syowa, respectively. The
intensity of the 557.7 nm aurora image is arbitrary.
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Figure 7), the etalon spacing drift could be corrected well.
The temporal variations of the neutral winds, temperatures
and radar Doppler velocities were similar to those obtained
on 12–13 September, although echoes were not obtained by
the VHF radar before �2140 UT. When there were stable
aurora emissions poleward of Syowa from �1800 to
2000 UT, the LOS velocities of the neutral winds were
away from Syowa at �50 and �140 m/s (negative). After
the first breakup, the radar Doppler velocities were 200–
400 m/s (positive), while the baseline the of neutral winds
was almost zero. After the first breakup till the end of the
observation, LOS velocities of the neutral winds and radar
Doppler velocities had temporal variations with a period of
less than �1 hour. Figure 8 summarizes the neutral winds
and radar Doppler velocity superposed on the 557.7-nm
auroral images. The time variations of the neutral winds and
radar Doppler velocities were similar over a wide area; from
�2258 to 0010 UT, the radar Doppler velocities in the

poleward region were directed toward Syowa (cold colors),
while in the eastward region, the radar Doppler velocities
were away from Syowa (warm colors). After �0030 UT, the
region where the radar Doppler velocities were away from
Syowa extended to south-eastward. The large-scale pattern
of the radar Doppler velocities was consistent with the
global two-cell convection pattern. In addition, Figure 8
reveals that neutral winds showed variations in time and
space associated with auroral activity.
[17] To examine the relationship between the neutral

winds and radar Doppler velocities in detail, we plotted
the high-pass filtered temporal variations of the LOS
components of horizontal neutral winds and radar Doppler
velocities (Figure 9). Similar to the previous case, the
temporal variation of the neutral winds with a period less
than one hour showed very good agreement with that of the
radar Doppler velocities from �2200 to 0100 UT for
variations with amplitudes less than �100 m/s. Similar to

Figure 5. Relationship between LOS components of horizontal neutral wind velocities and radar
Doppler velocities obtained on 12–13 September 1996. The top panel is the same as the third panel of
Figure 3. The bottom panel shows the temporal variations of neutral winds and radar Doppler velocity
processed with a high-pass filter (<1 hour). Plotted values are averages of the data for the selected
locations indicated above the figure.
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the case of 12–13 September, the temporal variations
occurred over a wide area of FOVs.

4. Discussion

[18] The two case studies revealed similar neutral wind
and radar Doppler velocity variations with amplitudes less
than 100 m/s and periods less than 1 hour. In section 4.1, we
shall consider the error caused by the changes in emission
peak altitude. In section 4.2, we shall quantitatively examine
the relationship between the neutral wind and radar Doppler
velocity. Finally, in section 4.3, we will discuss the mech-
anism that leads to their similarity.

4.1. Apparent Variations in Neutral Wind
and Temperature due to Changes
in OI 557.7-nm Emission Peak Altitude

[19] The peak altitude of the auroral OI 557.7-nm emis-
sion changes in the range of �105–140 km, depending on
the energy of precipitating electrons [e.g., Holmes et al.,
2005]. Since FPDIS observes neutral winds and temperatures
around the emission peak altitude, apparent variations would
occur if wind shear and temperature gradients existed in the
vertical direction and the altitude of the emission peak
changed. From previous observations and analyses of ther-
mospheric models such as MSISE-90, these wind shears and
temperature gradients generally exist in the E region [e.g.,
Schunk and Nagy, 2000]. Therefore the height variation of
emission layer can introduce artifacts into their wind and
temperature. Here we performed a careful analysis to dis-
criminate between real and apparent variations in neutral
wind and temperature as follows.
[20] First, we checked the negative excursion of the CNA

intensity data since the negative excursion is caused by
precipitation of high-energy electrons (E > �20 keV) which
causes a decrease in the altitude of the OI 557.7-nm emission.
For example, typical negative excursions of CNA intensities
occurred during�2110–2120UTon 12 September,�0010–

0025 UTon 13 September, 2145–2150 UTon 11 September,
and 0020–0040 UTon 12 September. Though the FOVof the
FPDIS was different from that of the riometer, which was
pointed in the direction of the zenith, we can infer that the
decrease in the peak altitude of the emission roughly corre-
sponds to the decrease in the CNA intensity. Second, we
examined the temporal variation of neutral temperatures.
Since neutral temperatures generally decrease with decreas-
ing altitude in the E region, a temporal and negative
excursion would indicate a decrease in the peak altitude
of the OI 557.7-nm emission. We found significant
decreases in neutral temperatures (DTemp. = ��100 to
�200 K) at �2105 UT and 2350 UT on 12 September and
at 2150 UT on 11 September.
[21] The clear negative excursions of CNA intensities and

neutral temperatures suggest that the emission peak altitude
decreased, and therefore the apparent variation of neutral
winds would be involved during these periods. However,
these negative excursions occurred during rather few periods,
e.g., �2110 UT on 12 September and �0010 UT on 13
September; most periods showed only a few negative excur-
sions. The important point is that the similarity between
neutral winds and the radar Doppler velocities cannot be
explained by the apparent variations of neutral winds dis-
cussed here. Thus we conclude that the similarity between the
neutral wind and radar Doppler velocity cannot be attributed
to the changes in the emission altitude. Thus another mech-
anism would be needed to explain such a similarity.

4.2. Properties of the Variations of Neutral Wind
and Radar Doppler Velocity Variation

[22] Here we examine the quantitative relationship be-
tween temporal variations in neutral winds and those in radar
Doppler velocities whose timescale is less than 1 hour. First,
the characteristics of the observed echo power are presented.
Figure 10 shows the distributions of echo power on the nights
of 12 and 11 September. Comparing the distributions of echo
power shown in Figure 10 with the geometry of observation

Figure 6. Solar wind conditions measured by the IMP8 satellite on 11–12 September of 1996.
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shown in Figure 1, we found that strong echoes were obtained
mainly in two regions. One is the region where the raypath
emitted from the radar is almost perpendicular to the geo-
magnetic field in the E region, that is, the aspect angle is
almost zero, corresponding to the hatched area shown in
Figure 1. Note that the hatched area extends toward both
edges of the FOV because of the perpendicular conditions.
Coherent radar echoes usually occur in this region [Kustov et
al., 2001]. Thus these echoes appeared across the middle of
fringe positions and at the left edge of Figure 10 and are
consistent with those in previous studies. Another region is
the island-shaped echo region centered around �74�S in
latitude and 43�E in longitude. The origin of these echoes is
interesting, since the aspect angle is not zero at the altitude of
E region [Kustov et al., 2001]. A candidate for this island
echo region is the reflection of the radar beam in the F region
(T. Ogawa, private communication, 2002). To check for the
possibility of the F region echoes, we calculated the relation-
ship between aspect angles and altitudes in the FOV of the
radar by assuming straight-line raypaths with the IGRF 95
geomagnetic model. Figure 11 shows the relationship be-

tween the FOV of FPDIS and the aspect angle of the VHF
radar for assumed echo altitudes of 150 km, 175 km and
200 km. From these maps, we found that the zero-aspect
angle condition is satisfied in the island echo region when the
echo altitude is 175 km, which is lower than the altitude of the
F region peak. The discrepancy between the estimated
altitude of the echo region and that of the F region might
be due to the low elevation angle of the radar transmission
beam. In this case, since the elevation angle corresponding to
the island echo region is�5�, the refraction of the transmitted
beam would not be negligible, and it might cause an error in
the estimation of the echo altitude. From the echo distribu-
tions in Figure 10, we also found that in the echoes in the zero-
aspect angle region were more intense in the 11 September
case, whereas the echoes in the island region were more
intense in the 12 September case.
[23] Next, let us discuss the relationship between the

neutral winds and radar Doppler velocities quantitatively.
In each time series of neutral winds and radar Doppler
velocities, only the temporal component whose period is less
than 1 hour is used to make a scatterplot between temporal

Figure 7. Summary plot of FPDIS, VHF radar, MSP, and geomagnetic observations on 11–12 September
1996. The format is the same as in Figure 3.
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variations of neutral winds and those of the radar Doppler
velocities at the same location. Figures 12a and 12b are
examples of scatterplots with good and rather bad correla-
tions, respectively. The least squares method is used to fit a
linear function to the scatterplot. The fitted function is Vd =
aUn + b, where Vd is the radar Doppler velocity, Un is the
neutral wind velocity, a is the inclination, and b is the
intercept.

[24] From this fitting analysis, we obtained the values of
the inclination, the correlation coefficient, and the covari-
ance between the neutral wind and radar Doppler velocity at
each data point on the inner and outer fringes of the FPDIS
data. Figures 13 and 14 summarize these parameters for the
11–12 and 12–13 September cases. In both cases, the inner
fringe data indicate that inclinations, correlation coefficients,
and covariances have a double-peak structure, and that peaks

Figure 8. Summary plots of LOS components of horizontal neutral wind (arrows) and radar Doppler
velocity (diamonds) superposed on the 557.7-nm auroral images obtained on 11–12 September 1996.
The format is the same as in Figure 4.
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appear at data points of 10 and 14. Comparing these values
with the echo power distributions shown in Figure 10 makes
it clear that the inclination, correlation coefficient, and
covariance increases exactly correspond to the region where
strong echoes occurred. Since the strong echo region appears
across the FOV of the FPDIS, we obtained double-peak
structures along the data points on the inner fringe, as shown
in Figures 13a and 14a. In addition, the correlations at data
points 9 and 10 on the inner fringe in the 11–12 September
case were better than those in the 12–13 September case.
The reason could be the difference in echo power shown in
Figure 10, since the echo power in this region was more
intense in the 11–12 September case.
[25] The correlations between the neutral wind and radar

Doppler velocity were worse for the outer fringe data; the
double-peak structure was not as clear as in the inner fringe
data. It is noteworthy that the correlations were not good in
the island echo region around �74�S in latitude and 43�E in
longitude, even though the echo power was intense, espe-
cially for the 12–13 September case. The echo mechanism
in the island region might be different from the normal echo

mechanism in which the aspect angle is zero, and such a
difference would be consistent with the interpretation that
the echo from the island occurs in the F region. It would be
interesting for a future experiment to investigate the possi-
bility of F region echo by comparing VHF radar data with
HF radar data.

4.3. Strong Coupling Between Neutrals and Ions
in the E Region

[26] We showed that the temporal variations of neutral
winds whose magnitudes were less than 100 m/s and whose
periods were less than 1 hourmatched the temporal variations
of radar Doppler velocities in the region where strong echoes
occurred except for the island-shaped echo region. These
results suggest that it might be possible to estimate the
distributions of neutral wind velocities from the VHF radar
data. This would be advantageous since the VHF radar has a
wider FOV than that of the FPDIS.
[27] The similarity between the neutral wind and radar

Doppler velocity are probably caused by frequent collisions
between neutrals and ions in the E region. The MSISE-90

Figure 9. Relationship between LOS components of horizontal neutral wind velocities and radar
Doppler velocities obtained on 11–12 September 1996. The format is the same as in Figure 5 except for
the observation period.
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and IRI-95 models give estimates of ion-neutral and neutral-
ion momentum transfer frequencies at an altitude of 120 km
to be 350 Hz for the neutral drag force, and 1.2 � 10�6 Hz
for the ion drag force, respectively [Schunk and Nagy,
1980]. When we consider the collision between ions and
neutrals, we obtain the momentum equation for ions as
follows [Nozawa and Brekke, 1995]

mini
dVi

dt
¼ �mininin Vi � Uð Þ ð1Þ

where mi is the ion mass, ni is the number density of ions, Vi

and U are the ion and neutral velocities, respectively, nin is
the ion-neutral momentum transfer frequency. The solution
of above can be given by

Vi ¼ V0 exp �nintð Þ þ U 1� exp �nintð Þ½ 	: ð2Þ

For a neutral wind velocity, similarly,

U ¼ U0 exp �nnitð Þ þ V 1� exp �nnitð Þ½ 	 ð3Þ

Figure 10. Geographical maps showing the distribution of average echo power during the periods of
(a) 2200–0030 UT on 12–13 September 1996 and (b) 2200–0030 UT on 11–12 September 1996. Data
points and data numbers for neutral winds are indicated by white diamonds and numerals, respectively.

Figure 11. Relationship between the FOVof the FPDIS and the aspect angle of the VHF radar obtained
by assuming straight line raypaths with the IGRF 95 geomagnetic model. Assumed echo altitudes are
(a) 150 km, (b) 175 km, and (c) 200 km.
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where V0 and U0 are the ion and neutral velocities at t = 0.
We therefore notice that the ion motion will approach a
neutral wind velocity with a time constant given by

tin ¼ 1=nin: ð4Þ

For neutral winds approaching a ion velocity, similarly,

tni ¼ 1=nni: ð5Þ

These time constants tin and tni are estimated to be 2.9 �
10�3 s and 8.3� 105 s (�230 hr) from the collision frequencies
described above.
[28] During a magnetically disturbed period, the electron

number density and temperature show significant enhance-
ments in the auroral E region. These enhancements can
contribute to reduce the time constants between neutrals
and ions. Since the data were obtained during the magneti-
cally disturbed period, there is a possibility that the actual
time constant of neutral winds driven by ions tni is smaller
than that estimated from the models. Based on EISCAT radar
measurements during moderate to disturbed periods,Nozawa
and Brekke [1995] showed the shorter time constants tni in
the range of 104–105 s (2.8–28 hr) in the E region. These
time constants are likely still too large for the explanation of
the temporal correlation between neutrals and ions (less than
1 hour) seen in this study. However, it is necessary to estimate
quantitatively the neutral winds driven by ion drag force since
the ion velocity is very large (e.g., �1000 m/s).
[29] Here we estimate the neutral wind driven by ion drag

force by using equation (3). Assuming that the initial ion
and neutral velocities are 1000 m/s and 0 m/s, respectively,
and that the neutral-ion collision frequency is 1.2� 10�6 Hz,
the neutral wind driven by ions for 30 min is 2.2 m/s.

However, the time constant should be shorter than that
calculated from the models during the magnetically disturbed
period as described above. In the shorter time constant case
(104 s), that is, the neutral-ion collision frequency of 1 �
10�4 Hz [Nozawa and Brekke, 1995], the neutral wind
driven by ions is 165 m/s after 30 min. Considering that
1000 m/s variation of ion velocity commonly occurs in the
auroral ionosphere during a disturbed period, significant
neutral winds can be driven by ion drag force with a period
less than 1 hour with the shorter time constant. However, as
seen in the data during the disturbed periods (see Figures 5
and 9), there are negative excursions in the absolute neutral
winds, while the absolute rater Doppler velocities are
always positive. It is impossible to generate the negative
excursion of neutral winds by the positive ion velocities. In
addition, the temporal variations of neutral winds would be
different from those of ion velocities since the neutral
velocity changes exponentially when the time constant is
larger than the time variation seen in this study.
[30] Next we consider the ion motion driven by the

neutral drag force. Since the time constant tin is small
(2.9 � 10�3 s), the temporal variation of ions is expected to
be almost identical to that of neutral for the period of 30 min
to 1 hr. Therefore the similarity of temporal variation between
neutrals and ions is easily produced by the neutral drag force.
The amplitude of the temporal variation is less than 100 m/s.
This fact is also consistent with the interpretation that the
temporal ion motion is generated by the neutral drag force
since the horizontal neutral winds with amplitude less than
100m/s can be observed in the auroral E region. As discussed
above, there is a possibility that the positive excursion of
neutral winds is driven by the ion drag force. However, the
negative excursion of neutral winds cannot be generated by
the ion drag force, and the neutral velocity would change
exponentially when the time constant is large. From above

Figure 12. Examples of the scatterplots between neutral winds and the radar Doppler velocities
measured at the same location when the correlations are (a) good and (b) bad.
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reason, it is probably reasonable to consider that the temporal
variation between ions and neutrals is mainly caused by the
neutral drag force for the cases measured in the disturbed
periods. Another candidate for the cause might be the neutral
dynamo, that is, the neutral-driven electric field. However,
the neutral-driven electric field should be generated by
neutral winds over the whole altitude range of the thermo-
sphere whereas the FPDIS measures neutral winds in the
certain altitude range, namely, the OI 557.7-nm emission
layer.
[31] In this study, the neutral drag force probably generates

concurrent variations with a quick response in the E region

neutral wind and radar Doppler velocity. Therefore the
neutral-ion coupling in the E region clearly contrasts with
that in the F region where the ion drag force sometimes plays
a role [Thayer et al., 1995; Sakanoi et al., 2002]. Regarding
the driving force of neutral winds, their temporal variation
may be driven by the pressure gradient force caused by local
Joule heating, advection or thermospheric gravity waves
associated with auroral substorms. However, the driving
force of neutral winds will not be discussed here since it is
rather difficult to estimate the effects of Joule heating and
advection from observations at Syowa. In the following, we
will explain similar variations in neutral wind and radar

Figure 13. Histograms of inclination, correlation coefficient, and covariance of the relationship
between neutral winds and radar Doppler velocities obtained on 11–12 September 1996 at (a) inner
fringe data points and (b) outer fringe data points. Parameters cannot be estimated for data from 1 to 7
and from 19 to 23 because of the absence of radar echoes.
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Doppler velocity by using the theory of field-aligned irreg-
ularities in the E region.
[32] There are many studies on the generation of field-

aligned irregularities in the E region and their relationship to
VHF radar measurement data [e.g., Fejer and Kelly, 1980].
Many researchers have reported that gradient drift instability
occurs if the E � B drift speed is less than the ion acoustic
speed of 300–450 m/s [e.g., Nielsen and Schlegel, 1983,
1985]. In this case, the linear theory of electrostatic waves can
be applied to the irregularity, and the phase velocity of the
irregularity is almost equal to theE�B drift speed. The radar
Doppler velocity is determined from a type-2 echo. Accord-
ingly, the radar Doppler velocities correspond to the line-of-

sight component of the E � B drift speed. If the E � B drift
speed exceeds the ion acoustic speed, nonlinear instabilities
such as the two-stream instability and/or Farley-Bunneman
instability are dominant and in most cases, the phase velocity
of the irregularity does not correspond to the E � B drift
speed. The VHF radar would observe a type 1 echo, and the
radar Doppler velocities would saturate around the ion
acoustic speed.
[33] Thus the interpretation of variations in radar Doppler

velocities depends on the magnitude of the E�B drift speed.
However, unfortunately, the E � B drift data were not
available during the period of the present study. The absolute
values of observed radar Doppler velocities were in the range

Figure 14. Same as Figure 13, but for the case of 12–13 September 1996. Parameters cannot be
estimated for data from 1 to 7 and from 20 to 23 because of the absence of radar echoes.
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of�300–400 m/s when the temporal variation of the neutral
winds was similar to that of the radar Doppler velocities, as
shown in Figures 5 and 9. Since these velocities are close
to the ion acoustic speed (�420 m/s) estimated from the
MSISE-90 and IRI-95 models, we speculate that the ob-
served radar Doppler velocities saturated at the ion acoustic
speed because of the Farley-Bunemann/two stream instabil-
ity, and that the actual E � B drift speeds exceeded the local
ion acoustic speed. If this interpretation is correct, we cannot
discuss the observed radar Doppler velocities by using the
linear theory of inospheric irregularities. However, as the first
step, we shall interpret the good correlation between the
neural winds and radar Doppler velocities on the basis of the
linear theory. Afterward, we will briefly discuss the case in
which the E� B drift speeds are greater than the ion acoustic
speed.
[34] From the momentum equations of electrons and ions,

and the their continuity equation, the frequency wr and the
growth rate G of fluctuations are given by [Fejer and Kelly,
1980; Tanaka and Venkateswaran, 1982a, 1982b]

wr ¼ k 
 Ve þYVið Þ½ 	= 1þYð Þ ð6Þ

G ¼ 1þYð Þ�1 Y
nin

wr � k 
 Við Þ2�k2C2
S

h i�

þ 1

LN
wr � k 
 Við Þ ninky=Wi

� �� ��
� 2aN0 ð7Þ

where k is the wave number vector, Ve and Vi are
the velocities of electrons and ions, respectively, Y =
Y0(k?

2 /k2 + We
2kk

2/nek
2), where Y0 = neni/WeWi, CS is the ion

acoustic speed, nin is the ion-neutral collision frequency,
LN = N(@N/@z)�1 is the vertical electron density gradient
length, a is the recombination coefficient (�3� 107 cm3/s),
and N0 is the background electron density. Here we assume
that the E� B drift speed is less than the ion acoustic speed.
In this case, the following relation can be applied.

k 
 Ve � Við Þ < CS 1þYð Þ  300� 500m=s ð8Þ

[35] In this way, we obtain a linear theory of the irregu-
larity. Considering the strong coupling between neutrals and
ions in the E region, the phase velocity of the irregularity
can be derived as

Vd ¼ 1

1þY
E� B

B2
0

þ Y
1þY

U? þ Uk

¼ 1

1þY
E� B

B2
0

þ Y
1þY

sin qþ cos q
	 


U ð9Þ

where U is the neutral wind velocity, and q is the inclination
of the geomagnetic field. Considering that Y is estimated to
be 3 � 10�3 using the MSISE-90 model, and q is 63.5�at
Syowa, equation (9) simplifies to

Vd  E� B

B2
0

þ 0:45U ¼ Ve þ 0:45U ð10Þ

and, therefore the relation in the LOS direction is given by

VdLOS  VeLOS þ 0:45ULOS ð11Þ

where the subscript LOS indicates the component in the
LOS direction.
[36] On the other hand, as seen from the time variations

of absolute values of neutral winds and radar Doppler
velocities during the periods from 2130 on 12 September to
0100 UT on 13 September, and from 2130 on 11 September
to 0100 UT on 12 September shown in the top panels of
Figures 5 and 9, the observed relationship between neutral
winds and radar Doppler velocities would be expressed as

VdLOS  b þ aULOS ð12Þ

where a and b are constants. There is a linear relationship
between the temporal variations between the neutral wind
and radar Doppler velocity, (see Figure 12a), and the incli-
nation is estimated (see Figures 13 and 14). For the data
during the period mentioned above, it is likely that a
practically equals the inclination. We found that the observed
inclinations a are in the range of 0.3–0.8 when the correla-
tion coefficients are greater than 0.5. As seen from Figures 5
and 9, there are significant offset between the absolute values
of the neutral winds and those of the radar Doppler velocities
(350–400 m/s), and this would correspond to the constant b.
The theoretical formula (equation (11)) is similar to the
observed relation (equation (12)). Therefore it seems that
the observed similarity between neutral wind and radar
Doppler velocity is consistent with the linear theory.
[37] However, there are unsolved problems as follows.

Firstly, the values of observed inclinations a were some-
times rather greater than the theoretical inclination 0.45. As
shown in Figures 13 and 14, the maximum value of observed
inclination reached 0.8 on the outer fringe data for the 12
September case. In addition, the inclinations were more than
0.6 at two data points in the inner fringe data. Secondly, the
values of bwere almost constant in the range of 350–400m/s
from observation data during the period from 2130 on 12
September to 0100 UT on 13 September, and from 2130 on
11 September to 0100 UTon 12 September. This fact implies
that the electron E � B drift velocities were almost constant
even though significant substorms occurred during these
periods since b corresponds to that of the LOS component
of the electron E � B drift velocity, from equations (11) and
(12). However, the E � B drift velocities generally show
large variations during substorms. Thirdly, it is likely that the
E � B drift speed exceeded the ion acoustic speed since the
absolute values of the radar Doppler velocities were almost
constant (350–400 m/s) during the periods when the similar
variations of neutral winds and radar Doppler velocities
occurred. These values are close to the ion acoustic speed
of 420 m/s. If the E � B drift speeds exceeded the ion
acoustic speed in the two cases used in this study, we cannot
apply the linear theory of instabilities as discussed above.
[38] In the case that the E � B drift speed exceeds the ion

acoustic speed, a numerical analysis would be needed to
examine the nonlinear characteristics of the instabilities and
their relation to neutral winds [Fejer and Kelly, 1980].
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However, such an investigation is beyond the scope of the
present study. To clarify the problems discussed above, an
independent E � B drift observation would be needed; in
particular, simultaneous measurements using SuperDARN
HF radars, auroral VHF radar, and Fabry-Perot imager would
be useful for gaining an understanding of the precise neutral-
ion coupling processes in the E region.

5. Conclusions

[39] We examined the precise relationship between neu-
tral wind and the radar Doppler velocity in the E region on
11–12 and 12–13 September 1997 by using data obtained
by a Fabry-Perot Doppler imaging system and auroral VHF
radar at Syowa Station, Antarctica. Our findings are summa-
rized as follows.
[40] 1. From the FPDIS 557.7 nm data and the VHF radar

Doppler velocity data obtained on 11 and 12 September
1996, we found that the temporal variations of neutral winds
in the E region agree well with those of radar Doppler
velocities. The magnitudes of temporal components in neu-
tral winds and radar Doppler velocities are less than 100 m/s,
and the periods are less than one hour. On the other hand, the
absolute values of line-of-sight velocities are around zero for
the neutral winds are about 350–400 m/s for the radar
Doppler velocities.
[41] 2. The correlation coefficients, covariances and incli-

nations of temporal variation in the neutral wind and radar
Doppler velocity were estimated by using a linear function
fitting on scatterplots. The parameters had maximum values
in the region where strong echoes (> 20 dB) occurred. Thus
it might be possible to estimate practically temporal varia-
tions of neutral winds from VHF radar data obtained with
the strong echoes. It is necessary to verify this possibility
theoretically and observationally in the future studies. The
correlations are not good in the island-shaped echo region
around �74�S in latitude and 43�E in longitude, suggesting
that these echoes occur in the lower F region.
[42] 3. Considering that the typical periods of the velocity

variations are less than one hour, and that the neutral-ion
and ion-neutral momentum transfer collision frequencies in
the E region are �10�6 Hz and �102 Hz, respectively, we
suggest that the neutral drag force produces the good
correlation between the temporal variations in neutral winds
and those in radar Doppler velocities.
[43] 4. The linear theory of E region irregularities predicts

a linear relationship between the radar Doppler velocity and
the neutral wind velocity, and the observed relationship is
consistent with the linear theory. However, there is a pos-
sibility that the E � B drift speed exceeds the ion acoustic
speed (�420 m/s) since the absolute values of radar Doppler
velocities are almost constant (350–400 m/s) during the
periods of correlated variations. In this case, nonlinear pro-
cesses such as the Farley-Bunneman instability would be-
come dominant in the E region, and we cannot apply the
linear theory to the observed temporal variations. The inves-
tigation on the nonlinear characteristics of instabilities is
beyond the scope of the present study. To resolve these
problems, an independent E � B drift observation should
be undertaken; in particular, simultaneous measurements
using SuperDARN HF radars, auroral VHF radar, and
Fabry-Perot imager would be useful for gaining an under-

standing of the precise neutral-ion coupling processes in the
E region.
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