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a b s t r a c t

We analyzed the neutral wind data at altitudes of 80–100 km obtained from a VHF meteor radar at King
Sejong Station (KSS, 62.221S, 58.781W), a key location to study wave activities above the stratospheric
vortex near the Antarctic Peninsula. The seasonal behavior of the semidiurnal tides is generally
consistent with the prediction of Global Scale Wave Model (GSWM02) except in the altitude region
above �96 km. Gravity wave (GW) activities inferred from the neutral wind variances show a seasonal
variation very similar to the semidiurnal tide amplitudes, suggesting a strong interaction between gravity
waves and the tide. Despite the consistent seasonal variations of the GW wind variances observed at the
adjacent Rothera station, the magnitudes of the wind variance obtained at KSS are much larger than
those at Rothera, especially during May–September. The enhanced GW activity at KSS is also observed by
Aura Microwave Limb Sounder (MLS) from space in its temperature variance. The observed large wind
variances at KSS imply that the Antarctic vortex in the stratosphere may act as an effective filter and
source for the GWs in the upper atmosphere.

& 2013 Published by Elsevier Ltd.
1. Introduction

Gravity waves (GW) and tides are ubiquitous in the Earth's
atmosphere and very important factors in determining the dynamics
and energetics of the mesospheric and lower thermospheric (MLT)
region (Holton, 1983; Fritts and Alexander, 2003). They mostly
originate from the lower atmosphere and propagate upward, hence
efficiently transfer energy and momentum to the upper atmosphere,
especially to the MLT region. GWs and tides have been studied
extensively over several decades because of their significant impacts
on the global atmospheric circulation and temperature structure in
the upper atmosphere. While satellite observations made it possible
to carry out the global structures of GW activity in the stratosphere
(e.g., Wu and Jiang, 2002; Alexander et al., 2008; Wu and Eckermann,
2008), the climatology on GW activities in the local MLT region have
long been studied by traditional ground-based observations such as
radars (e.g., Dowdy et al., 2007; Hibbins et al., 2007; Beldon and
Mitchell, 2009; Placke et al., 2010), lidars (e.g., Gardner and Liu, 2007)
and optical instruments (e.g., Taylor et al., 1993; Gavrilov et al., 2002;
Cho et al., 2010; Kim et al., 2010b).
lsevier Ltd.
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In particular, meteor radars have been extensively utilized for
studies of a wide range of wave spectrum from high frequency GWs
to planetary waves since they can provide neutral winds and
temperature data with good temporal coverage but with minimum
maintenance effort: a meteor radar system is relatively simple and
runs 24 h per day regardless of the weather conditions with a low
power consumption. The meteor radar measurements of neutral
winds and temperature near the mesopause region are also of great
importance in complementing and validating satellite observations
because it is difficult to probe from other techniques/sensors. Kumar
and Hocking (2010) studied mean winds and tides in mesosphere
using meteor radars at two different locations in the Arctic region.
Recently, Beldon and Mitchell (2009, 2010) reported GW activities
from meteor radar data with a simple technique and presented
observational evidences for GW–tidal interactions at Rothera station
(681S, 681W), Antarctica. The technique used in their study is
appropriate for probing high frequency GWs with horizontal wave-
lengths of up to about 400 km, which can transfer considerable
amounts of momentum to the upper atmosphere as they penetrate
through high altitude regions.

King Sejong Station (hereafter KSS, 62.221S, 58.781W), located
near the tip of Antarctic Peninsula, is often exposed to the boundary
of the Antarctic winter stratospheric vortex where a great deal
of GW activities occur (Baumgaertner and McDonald, 2007;
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Table 2
Total observation days of meteor radar at King Sejong Station.

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

2007 31 30 31 3 – – – – 25 31
2008 10 – – – 8 6 13 31 29 28 28 17
2009 18 28 31 30 31 30 31 31

Numbers in boldface represent numbers of days used in the analysis.
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Vincent et al., 2007). There have been a number of studies on the
upper atmospheric phenomena such as Polar Mesospheric Summer
Echo (PMSE) and Polar Stratospheric Cloud (PSC) in this unique
region (Höpfner et al., 2006), but the efforts have been limited to
the studies on climatology of GW and tidal activities. Here, we
utilize the new neutral wind measurements from the meteor radar
installed at KSS to better characterize the wave activities above the
Antarctic vortex boundary. This paper presents some characteristics
of the mean neutral winds in the MLT region as well as wave
activities (GWs and tides) derived from the wind variability.
2. Meteor radar observations

As a meteor enters the Earth's upper atmosphere, it ablates due
to friction with atmospheric particles and produces a plasma trail
that contains an abundance of free electrons. These free electrons
within the trail can produce the backscatter of a radar signal
propagating perpendicular to the trail. By observing this back-
scattered meteor echo, one can measure meteor decay time, radial
drift velocity, and the spatial information of meteor (e.g., range
and angle of arrivals). At KSS Antarctica, a VHF meteor radar has
been operating since its installation on March 2007 for the
purpose of studying the upper atmospheric dynamics and tem-
perature structure near the mesopause region (e.g., Kim et al.,
2010a, 2012). The KSS radar consists of 1 transmitter, 5 receivers,
data acquisition systems, and radar control/analysis software. The
KSS meteor radar is similar to the radar system at Davis Station,
Antarctica, in terms of the operating parameters and antenna
configuration: it operates at 33.2 MHz, using a solid state trans-
mitter with a peak power of 8 kW and a maximum duty cycle of
8.4%. The operational parameters of the KSS meteor radar are
summarized in Table 1. Details about the meteor radars have been
described in Holdsworth et al. (2004, 2008), including the analysis
technique such as 16 criteria for selecting reliable echoes.

The KSS meteor radar detects about 15,000–28,000 meteors
per day, which varies with season as well as with local time. Radar
data used in this study span a period of March 2007 to July 2009.
In order to investigate seasonal features of neutral winds and wave
activities, we only include the months with more than 15 effective
observational days during the observation period. Numbers of
operating days each month are listed in Table 2. Numbers in
boldface indicate the number of days used in our analysis. Meteor
echo data collected in March 2007 and August 2009 are excluded
despite sufficient numbers of observing days since they were
corrupted by software and hardware problems, respectively,
resulting in uncertain spatial information.
Table 1
Operating parameters of the King Sejong meteor radar.

Parameter Value

Frequency (MHz) 33.2
Frequency agility (kHz) 7100
Transmit power (kW) 8
Transmit polarization Circular
EPW (m/ms) 7200/47.95
PRF (Hz) 440
Duty cycle (%) 8.4%
Receiver-filter width (kHz) 18.1
Pulse code type 4-bit complementary
Pulse shape Gaussian
Range (km) 80–307
Range sampling resolution (km) 1.8
Coherent integrations 4
Effective sampling time (s) 0.009
Number of samples 12650
Acquisition length (s) 115
3. Data analysis

3.1. Analysis of meteor radar data

The horizontal winds are determined from radial velocities of
meteor echoes within a height–time sector of 2 km and 1 h from
78 km to 100 km. The radial velocity is determined from at least
six echoes in each height–time sector by using the least squares
method and the meteor echoes used for this analysis were selected
only when the absolute difference between observed and pro-
jected radial velocities is less than 25 ms�1 (Holdsworth et al.,
2004). However, these height–time averaged winds represent only
the large-scale atmospheric motions such as tides, planetary
waves, and mean winds. For an investigation of small-scale GWs,
it is required to introduce an alternative way of wind velocity
estimation whose time resolution is short enough to resolve small-
scale waves. Previous studies support the interpretation that
small-scale variations of the neutral winds in the MLT region are
mainly due to GWs with horizontal scales significantly smaller
than the typical coverage of meteor radar observations (Clark
et al., 1999; Mitchell and Beldon, 2009). Since the radial drift of an
individual meteor echo is directly affected by horizontal compo-
nents of instantaneous wind, the variance of horizontal winds
from each meteor echo within an averaging period may reflect
wind fluctuation induced by GWs.

The wind variance technique, which was explained in detail in
Mitchell and Beldon (2009), can be applied to study the small-
scale GW effects on the horizontal wind fluctuation. The difference
between the hourly average winds of a height–time sector and the
estimated horizontal winds from radial velocities of individual
meteor echoes within the sector can be considered to be the
fluctuations of horizontal winds that respond mainly to the
passage of high-frequency GWs. In this study, we used a simple
assumption that large-scale atmospheric motions in the meteor
observation region, which is a radius of about 250 km, are
homogeneous and stay constant within a relatively short time
(�1 h). Therefore, the large-scale motions can be filtered out by
subtracting hourly averaged wind from the horizontal wind
velocity derived from individual meteor echoes. Once we removed
the contribution of the large-scale motions such as mean winds
and tides, the resulting variances of horizontal winds can be used
as an indicator of the total GW activity within the specific height–
time sector.

The all-sky interferometric meteor radar like the one at KSS
collects meteor echoes over the full range of zenith angle. How-
ever, the data used in this study are limited to the range of zenith
angle between 151 and 751 in order to minimize uncertainties in
the data. Meteor echoes with large zenith angles are reflected from
near the horizon and may experience significant atmospheric
effects including water vapor, ions and electrons along the passage
of signal, which may cause errors in the determination of the
range. The echoes with small zenith angles, on the other hand,
could cause large errors in the determination of the horizontal
winds from their radial velocities. Furthermore, the echoes near
the zenith suffer from azimuthal uncertainties, adding errors to
the estimated direction of the horizontal winds.
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The wind data contain prevailing winds and several compo-
nents of tide. The tidal components can be separated from the
hourly mean winds at each height by using the least square
harmonic analysis of the time series,

u; v¼ u0v0 þ ∑
3

t ¼ 1
Ai sin

2π
24

ti þ φi

� �
;

where u0 and v0 are the zonal (positive to east) and meridional
(positive to north) components of the prevailing winds, respec-
tively, and Ai and φi are the amplitude and phase at the time of
maximum amplitude, respectively. The index i indicates diurnal
(i¼1), semidiurnal (i¼2), and terdiurnal (i¼3) components of
tide. A four-day window was used for each time series of the
hourly mean winds. The least-square fitting process was per-
formed only if there were at least 48 h continuous data in a given
window. Once the tidal parameters were determined for a specific
time–height sector, the four-day window was shifted forward by
1 day and the fitting process was repeated. A vector average of
tidal components was used to investigate monthly mean tidal
features. The number of meteor echoes in a height–time sector is
also an important statistical factor for this technique to check
whether the results are reliable. A running median with 8 h-width
and 4 h-shift window has been used to smooth out extreme values
of wind variances in a given height time sector on a daily basis.
Meteors above 100 km and below 80 km are not included since
the meteor count rates in those regions are not large enough to
obtain reliable wind variance. The height width of 4 km has been
used to collect sufficient meteor echoes at each height sector. In
order to obtain the continuous wave field, a given height sector
moves upward by 2 km and shares 2 km overlapped height region
with adjacent one. Wind variances are thus obtained in nine
height sectors with median heights of 82–98 km.

3.2. Analysis of MLS data

In order to validate and compare with the GW activities
obtained from meteor radar data at KSS we analyzed 118 GHz O2

saturated radiance data measured by Microwave Limb Sounder
(MLS) onboard the Aura satellite. The MLS limb radiances are very
sensitive to the temperature fluctuation induced by GWs with
short (100–200 km) horizontal wavelengths and long (45 km)
vertical wavelengths in the lower height ranges from about 20–
55 km. The 25 channels are symmetrically distributed around the
Fig. 1. Monthly mean zonal (top) and meridional (bottom) winds observed from King Se
presented at the median altitude. Thick lines represent zero wind speed. Westward/sou
center line (channel 13) over wing line emissions, and a pair of
channels effectively probes an atmospheric layer between 22 and
55 km. Following the technique of estimating GW activity devel-
oped by Wu and Eckermann (2008), we utilized at least 40
saturated radiance measurements at the bottom of each scan in
order to guarantee a quality of the GW-induced temperature
variances. Linear fitting procedure should be carried out to isolate
perturbations by removing a linear trend and tangent height
dependence since the radiance measurements can be affected by
viewing angle of the instrument. The variance of the radiance can
be derived from following equation:

s2 ¼ 1
4 ∑

40

t ¼ 1
ðyi�ymÞ2

where yi and ym denote, respectively, measured radiances of the
channel and a linear fitting function. This function can be deter-
mined from the least square fit to the 40 measurements. The
variance of radiance is mainly due to atmospheric temperature
fluctuations, instrument noise and non-linear terms of the pres-
sure variations (Wu and Waters, 1996). The GW-induced variances
can be estimated by subtracting instrument noise variance (s2e )
and non-linear terms from the initially calculated variances. A
monthly mean within a 51�101 latitude–longitude region has
been applied to extend the minimum detectable variance of
channel 1(or 25) to 2.3�10�3 K2. The uncertainty of the variance
can be reduced to 023s2e=

ffiffiffiffi
N

p
when N independent variance

measurements are averaged.
4. Results and discussions

4.1. Mean winds

Monthly mean winds for each month are computed from daily
mean winds in whole observational period, and are presented as
contour plots of Fig. 1. Monthly mean zonal winds (top panel)
show dominant eastward wind over all observation heights during
a whole year except summer when there exist the strongest
westward winds below the mesopause. The zonal wind observed
at KSS follows the typical characteristics of the wind in the
southern high latitude regions; strong eastward wind appears
at around 95 km and 80 km altitudes in late summer and mid
winter, respectively, but there is no significant feature in autumn
jong Station (KSS). Winds are averaged over two adjacent 2 km height sectors, and
thward are indicated by negative signs.
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(Dowdy et al., 2007; Sandford et al., 2010). Note that the zonal
wind shows the strong vertical wind shear during the period of
November through February. The maximum wind shear occurs at
around 90 km altitude in the early summer (November–Decem-
ber). As summer progresses the strong westward wind at lower
altitudes below about 90 km becomes weak but at higher altitudes
the weak eastward wind increases gradually up to about 30 ms�1

in February.
Although the meridional wind is more variable in its direction

and weaker in its strength compared with the zonal wind, it also
shows evident seasonal features such as equinox minima and
solstice maxima (bottom panel in Fig. 1). While the weak poleward
wind is dominant in autumn, the weak equatorward wind
(�5 ms�1) appears in spring. Relatively large equatorward wind
occurs in summer at all observation heights, with the maximum
reaching up to 20 ms�1 at 90 km in December. It is worth noting
that the height of peak equatorward wind in summer coincides
with the region of the maximum zonal wind shear and may be
attributed to the breakdown of gravity waves. Similar coincidence
has been noted in Arctic mesosphere (Mitchell et al., 2002). It has
been well known that momentum deposition associated with
wave dissipation near the mesopause region causes zonal wind
drag, which in turn drives meridional circulation (e.g., Shepherd,
2000). In winter, however, the wind pattern seems to show large
year-to-year variability in particular at the lower heights below
about 90 km (not shown in figure). Note that, in their analysis of
mean winds at Rothera station, Antarctica, Sandford et al. (2010)
observed large year-to-year variation of the meridional wind at
the upper heights (above 94 km) in winter during the periods of
2005–2009. In order to confirm this variability of the meridional
]

Fig. 2. Height profiles of the amplitudes and phases of the zonal component of the semi
over two adjacent 2 km height sectors, and presented at the median altitude. Data show
values are also presented for comparison.
wind at KSS, it is required to continue our observation to collect
wind data for longer periods than the current study.

4.2. Tides

Figs. 2 and 3 show the height profiles of amplitudes (left panels)
and phases (right panels) of the semidiurnal tides at KSS for the
zonal and meridional components, respectively. Corresponding
height profiles obtained from GSWM02 at 601S latitude and 601W
longitude (nearest available) are also presented for comparison with
the data. The measured amplitudes tend to increase with height,
reach their maxima at around 96 km and reverse the growth above
this height for most periods. the output from GSWM02 does not
show the peak height of tidal waves; rather, the model amplitudes
keep increasing with height continuously all the way up to the upper
limit. In general, the observed semidiurnal amplitudes agree with the
GSWM02 in their seasonal variations: the amplitudes are mostly
larger in winter than in summer. However, the observed maximum
amplitude occurs in May while the model shows the maximum
amplitude in August. In addition, our observation shows relatively
larger amplitudes than the GSWM02 for most periods. Both the zonal
andmeridional tidal components show all these characteristics of the
amplitude in a similar fashion.

The phases in Figs. 2 and 3 are defined as the time for the zonal
and meridional winds to reach their first maximum values measured
in universal time. This piece of information can provide the impor-
tant properties of tidal winds such as their vertical propagation. The
height profiles of the phases show the evident downward progres-
sion of the phase, implying that tidal wave energy transports to the
higher altitude as the semidiurnal tide propagates upward. Note that
diurnal tide during all observation period. The amplitudes and phases are averaged
n are for the years 2007 (diamond), 2008 (triangle), and 2009 (plus sign). GSWM02
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Fig. 3. Same as in Fig. 2, but for the meridional component.

Fig. 4. Height–month contour plot of the seasonal variation of the amplitude of the zonal (upper) and meridional (lower) semidiurnal tide over King Sejong Station.
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the semidiurnal tidal component shows quadrature phase: that is,
the zonal component precedes the meridional component by �3 h
at all heights and in all months. This phase difference between the
two components indicates that the tidal wind vector rotates antic-
lockwise in an approximately circularly polarized manner. The
vertical wavelength of semidiurnal tides can be derived from the
gradient of phase with respect to the height. The calculated vertical
wavelength ranges between 50 and 90 km, except for summer
(November and December) when it tends to reach infinity; that is,
the phase does not change much with height during summer at KSS.
In order to further investigate the seasonal features of the
semidiurnal tide, we present height–month contour plots of the
monthly mean tidal amplitudes over the period of 2007–2009 in
Fig. 4. The amplitudes of the zonal and meridional components are
very similar to each other during the whole observation period.
Maximum amplitude of the semidiurnal tide appears in around
May at higher altitudes and tends to continue throughout the
whole winter until the amplitudes are diminished considerably
(about 20 ms�1 at 100 km) in November. It is noted that there is a
sudden increase in the amplitude across entire height range in
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March and the enhanced amplitude remains through June. The
seasonal variations of semidiurnal tidal amplitude observed at KSS
are consistent with results from Rothera (Beldon and Mitchell,
2010) in its magnitude and height profile except that the ampli-
tudes at KSS are weaker at higher altitude regions (above �94 km)
in summer. In the Arctic MLT region observed by a meteor radar at
Esrange, largest amplitudes of semidiurnal tide were reported
both in the late summer months and in winter (Mitchell et al.,
2002). Kumar and Hocking (2010) also observed tides in the Arctic
region with meteor radars. Semidiurnal tidal vectors in the Arctic
region, however, rotate clockwise, opposite direction to ours in the
Antarctic region.

4.3. Gravity wave activity

Contour plots for monthly means of median wind variances are
presented in Fig. 5. Notice that the lowest altitude of Fig. 5 is 82 km
due to data lower limit of 80 km, instead of 78 km used for mean
wind and tide analyses. Wind variances in Fig. 5 shows a remarkable
similarity in their morphology to the monthly mean tidal amplitudes
in Fig. 4 except for the enhancement of the wind variances at lower
heights at the beginning of summer. For most seasons, the variances
increase with height except for November and December, during
which the variances decrease with height below about 90 km. A clear
seasonal variation is seen in both the zonal and meridional winds
with maxima at higher altitudes in May and around September. In
particular, just as in the tidal amplitude in Fig. 4, the sudden and
large enhancements occur in May, which may indicate that the
gravity wave activity suddenly increases at lower atmosphere around
in May near the KSS. It has been known that there is the formation
and breakdown of Antarctic vortex in the lower atmosphere (from
the upper troposphere through the stratosphere) in autumn and
spring, respectively, which may partially contribute to the enhance-
ment of GW activity (Yoshiki et al., 2004).

A direct comparison between semidiurnal tidal amplitudes and
wind variances clearly shows a remarkable agreement in their
seasonal variations across the entire height range. This result can
be an important clue attributing the cause of the similarity to the
interactions between GWs and tides. Several numerical studies
have demonstrated that GWs and tides become amplified through
interaction with each other (e.g., Mayr et al., 2005a, 2005b; Liu
et al., 2008). There are also a number of observational evidences of
tidal modulation of GWs from optical and radar measurements
Fig. 5. Height–month contour plots of the monthly mean of me
(e.g., Espy et al., 2004; Beldon andMitchell, 2010). They concluded that
at high latitudes the upward momentum carried by GWs is modulated
by the semidiurnal tide and the resulting momentum significantly
contributes to the observed variations of the semidiurnal tide.

As pointed out earlier in this section, however, the height
profiles of the amplitudes of the semidiurnal tides and the wind
variances show significantly different behaviors in early summer
(i.e., November and December) as presented in Figs. 4 and 5,
respectively. In general, GWs can propagate upward with slower
phase velocities and they are strongly affected by the background
wind, primarily the zonal wind, unlike tides (Smith, 2004). The
strong westward wind between 80 km and 90 km altitudes during
early summer (see Fig. 1) may cause the GW amplitudes to break
significantly as they propagate through the background wind as
seen in Fig. 5, but to reduce tidal amplitudes only to the small
degree as seen in Fig. 4.

The similar height profiles of wind variances seen in our study
during early summer have been reported in a number of studies by
using radar observations at middle and high latitudes (e.g., Vincent
and Fritts, 1987; Dowdy et al., 2007; Beldon and Mitchell, 2009; Placke
et al. 2010). This behavior of wind variances in summer has been
related to the corresponding background winds, especially the zonal
wind. It has been known that the zonal wind has more significant
seasonal variation and much larger magnitude than the meridional
wind (Sandford et al., 2010). Thus the zonal wind tends to have greater
effects on the propagation of GWs, which was studied in terms of the
critical-level filtering by Taylor et al. (1993) and Dowdy et al. (2007).
Beldon and Mitchell (2009), on the other hand, concluded that the
critical-level filtering can only explain the observed wind variances
below 80 km and presumed the steeper temperature gradients around
the mesopause region in summer being more likely to induce GW
breaking. As the GWs reach above 80 km, they may dissipate through
the convective and dynamic instability of the background air. The
dissipation of GWs can deposit the energy and momentum to the
background atmosphere, which then results in strong deceleration of
the westward wind above the 80-km altitude and eventually reverses
it to eastward near 90 km. The wind variances observed at KSS show
rapid decrease of the amplitude with height as shown in Fig. 5, which
implies the significant dissipation of GWs in summer. It should be
noted that the zonal wind also shows a very rapid decrease with
height in summer (Fig. 1).

Although the seasonal and height dependences of wind var-
iances are consistent with previous studies in different southern
dian zonal (upper) and meridional (lower) wind variances.
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high latitude regions, the wind variances over KSS are larger than
those observed at Rothera station which is located in the middle of
the Antarctic Peninsula (see Fig. 6, Mitchell and Beldon, 2009). In
particular, this difference becomes significant above 88 km with a
ratio as large as �1.5 at 98 km during the winter season. These
discrepancies imply that the generation and progression of GWs
can be significantly affected by spatially localized sources and
background environments such as local GW breakings and wind
fields (Fritts et al., 2006). Whiteway et al. (1997) and
Baumgaertner and McDonald (2007) reported a strong enhance-
ment of wave energy at the boundary of the polar vortex and
concluded that the large zonal winds near the polar vortex lead to
20

30

40

50

60

Jan Feb

20

30

40

50

60

May Jun

200 400 600
20

30

40

50

60

Sep

200 400 600

Oct

0 2000
T var (10-3 K2)

H
ei

gh
t (

km
)

Temperature variance (Des

Fig. 6. Height profiles of the monthly mean descending temperature variance fro
the Doppler shift of the vertical wavelength of GWs with relatively
small phase velocity to larger wavelength. This large vertical
wavelength allows GWs to grow to larger amplitudes before they
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Furthermore, from the global scale observations of GW activity
in the lower atmosphere by satellites such as Challenging Minis-
atellite Payload (CHAMP) and Constellation Observing System for
Meteorology, Ionosphere and Climate (COSMIC), it was found that
the maximum values of temperature variance and momentum flux
due to GW occur over the tips of the Antarctic Peninsula and South
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America during winter from June through August (Baumgaertner
and McDonald, 2007; Alexander et al., 2009). In addition, Duck
et al. (2001) demonstrated that the zonal wind strength in the
lower stratosphere is an important factor to determine wave
propagation condition by showing a close link between the GW
activity and geographic location relative to the vortex.

Fig. 6 shows the monthly mean temperature variances for the
descending mode of the Aura satellite observation over KSS (solid
lines) and Rothera (dotted lines), respectively, during the periods of
KSS meteor radar observations. Since temperature variances for the
ascending mode have identical features on both height profile and
seasonal variation, only descending mode or nighttime data are used
in this study. The amplitudes of the temperature variance generally
increase with height throughout the year except in the lower
stratosphere during summer (November–February). Although the
seasonal dependence of temperature variance over KSS tends to be
analogous to that over Rothera, there is a difference in the magnitude
between two regions, being larger at KSS than at Rothera in general.
This difference in temperature variances is clearly visible from April
through September and the maximum difference is observed in
August and September. The result is very similar to the difference in
wind variances obtained from meteor radars at the two stations that
becomes significant above 88 km with a maximum ratio of �1.5 at
98 km during the winter season. Gimeno et al. (2007) reported that
the Antarctic vortex in the southern hemisphere is strongest during
this period and the maximum zonal wind occurs at about 601S. Since
the larger wind variance at KSS implies that the GW activity is larger
at KSS than at Rothera, the large temperature variances in the
stratosphere over the KSS from winter to early spring may support
the idea that the upward propagation of GWs is strengthened by
reduced filtering effect and Doppler shift due to the large zonal wind
at the boundary of the vortex during this season (Yoshiki et al., 2004).
The results described above also support previous studies suggesting
that stronger GWactivity occurs near the edge of the Antarctic vortex
in winter and spring (e.g., Jiang et al., 2002; Jiang et al., 2005;
Baumgaertner and McDonald, 2007).
5. Summary and conclusions

The mesospheric wind data from the KSS VHF meteor radar were
analyzed for the period of April 2007� July 2009 to investigate the
gravity wave activity in the mesopause region over KSS, Antarctica.
The mean zonal wind generally shows the dominant eastward flow
at 80–100 kmwith a large annual variation. It reverses to a westward
flow during summer (November and December) at �80 km altitude,
showing the strongest jet as high as �55 ms�1. During summer, the
westward wind shows conspicuous features such as strong vertical
wind shear in the altitude region of 80–95 km and wind reversal
from the westward to the eastward above the mesopause region. For
the meridional winds, there is a relatively large equatorward wind at
80–100 km during summer, which can reach as large as 20 ms�1 at
90 km in December. Likely due to the interaction between GWs and
zonal winds, the peak of equatorward winds occurs at about 90 km
altitude where the zonal wind shear is strongest. The seasonal
behaviors of mean winds over KSS agree well with the meteor radar
observation at Rothera (a nearby station in the Antarctic peninsula).

The semidiurnal tide is found to be the strongest among all the
tidal components near the mesopause region over KSS. The proper-
ties of monthly averaged semidiurnal tides are generally in good
agreement with the prediction of GSWM02 except for the ampli-
tudes at higher altitudes than 95 km. Strong semidiurnal-tidal
activity occurs during March to October. There is a clear 3-h phase
difference between the zonal and meridional components, implying
that the tide propagates upward with a circular polarized structure at
all heights and in all seasons. The seasonal variation of semidiurnal
tide generally resembles that of the wind variance, which supports
the inter-relationship between the tide and GWs as reported in
previous observations and theoretical predictions (Fritts and Vincent,
1987; Espy et al., 2004; Mayr et al., 2005a, 2005b; Beldon and
Mitchell, 2010).

The vertical profiles of the estimated wind variances show an
increasing trend with height in all seasons, except for summer
when the variance decreases with height especially at lower
altitudes (82–90 km). The strength of wind variances at KSS is
significantly larger than that in the Rothera station above the
mesopause regions (�88 km) from May through September. Aura
MLS satellite observations show significantly larger stratospheric
temperature variances over KSS than over Rothera station during
August and September. The global scale satellite observations of
GW activity in the lower atmosphere, for example, from CHAMP
and COSMIC satellites also indicate that the maximum tempera-
ture variance and momentum flux due to GW occur over the tips
of Antarctic Peninsula and South America during winter. Therefore
we conclude that the observed large wind variances at KSS are
caused by the very effective atmospheric condition near the
Antarctic vortex.
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