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Abstract Gravity wave (GW) activities in the upper mesosphere (80-100 km) and their potential
sources are investigated using meteor radar observations at King Sejong Station, Antarctica (KSS; 62.22°S,
58.78°W) during recent 14 years (2007-2020). GW activities are estimated by horizontal wind variances
of small-scale GWs (periods <2 h, horizontal wavelength <400 km, or vertical wavelength <3-5 km). The
wind variances show clear semiannual variations with maxima at solstices, and annual variations are also
seen above z = 90 km. The deseasonalized wind variances at z = 96.8 km have a statistically significant
periodicity of ~11 years that can be associated with solar cycle variations. Three major potential GW
sources in the lower atmosphere are examined. Orography is a potential source of GWs in winter and
autumn, when the basic-state wind is westerly from the surface up to the mesosphere. The residual of the
nonlinear balance equation (RNBE) at 5 hPa, a diagnostic of the GWs associated with jet stream, is the
largest in winter and has a secondary maximum in spring. The correlation between the observed GWs
and RNBE is significant in equinoxes, while correlation is low in winter. Deep convection in storm tracks
is a potential source in autumn and winter. Secondary GWs generated in the mesosphere can also be
observed in the upper mesosphere. Ray-tracing analysis for airglow images observed at KSS indicates that
secondary GWs are mostly generated in winter mesosphere, which may be associated with the breaking of
orographic GWs.

1. Introduction

Atmospheric gravity waves (GWs) can be generated from various tropospheric sources such as orography,
jet stream, and convection, and these waves play a major role in determining the spatiotemporal structure
of the middle atmosphere wind and temperature by transferring momentum and energy to high altitudes
(Lindzen, 1981). In the mesosphere, GW breaking is frequently observed (Nappo, 2013), and momentum
and energy transfer accompanied by GW breaking is essential in accounting for the thermal and wind struc-
ture of the mesosphere (Andrews et al., 1987; Fritts & Alexander, 2003; Kim et al., 2003).

Observations of mesospheric GWs have been made using various ground-based instruments: Medium-fre-
quency (MF) and high-frequency radars (Fritts & Vincent, 1987; Vincent, 1984, 1994; Vincent & Fritts, 1987;
Vincent & Reid, 1983), lidars (Beatty et al., 1992; Chanin & Hauchecorne, 1981; Lu, Chen, et al., 2015; Lu
et al., 2017; Wilson et al., 1991), all-sky airglow imagers (Brown et al., 2004; Fritts et al., 2002), satellites
(Ern et al., 2011; Kalisch et al., 2016), and meteor radars (Beldon & Mitchell, 2009; Hocking, 2005; Lee
et al., 2013; Liu et al., 2013; Mitchell & Beldon, 2009; Song et al., 2017). Many of these observations have
been conducted in high-latitude regions (i.e., the Arctic and Antarctic areas) where mesospheric effects of
GWs are significant.

The Southern Hemisphere (SH) high-latitude region around the Antarctic Peninsula is one of the greatest
GW activity areas, so-called a GW hot spot. Ern et al. (2004) estimated GW momentum fluxes (GWMFs)
from temperature perturbations using the Cryogenic Infrared Spectrometers and Telescopes for the Atmos-
phere (CRISTA) data and showed that their maximum values are observed around Antarctic Peninsula.
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Using the High Resolution Dynamics Limb Sounder (HIRDLS) data, Alexander et al. (2008) showed that
GWMFs are substantially large at SH high latitudes in May 2006, and the Andes are the primary source of
the observed GWs in the mesosphere. Jia et al. (2014) found that GWMFs in the SH stratosphere have large
values in high-latitude regions in winter based on the Sounding of the Atmosphere using Broadband Emis-
sion Radiometry (SABER) and HIRDLS observations. Hindley et al. (2015) also reported the GW hot spot
based on GWMF observations by Global Positioning System radio occultation (GPS-RO). In addition to the
satellite observations, Plougonven et al. (2013) showed from super-pressure balloon experiments that GW-
MFs have local maxima around the Antarctic Peninsula and relatively large values over the southern Andes
and Drake Passage. Results from climate models (e.g., Geller et al., 2013), global weather forecast models
(e.g., Preusse et al., 2014), and mesoscale models (e.g., Plougonven et al., 2013) have also demonstrated large
GWMFs in SH high-latitude regions, especially near the Antarctic Peninsula during winter.

King Sejong Station (KSS), operated by the Korea Polar Research Institute, is located near the Antarctic
Peninsula in the GW hot spot areas. Upper mesospheric winds and GW activities at KSS have been observed
using a very high frequency (VHF) meteor radar since March 2007 (Lee et al., 2013; Song et al., 2017). Lee
et al. (2013) estimated GW activities near the mesopause region during 2007-2009, based on the meteor-var-
iance technique proposed by Mitchell and Beldon (2009) and compared them with the Aura Microwave
Limb Sounder (MLS) observations. Song et al. (2017) retrieved low-frequency inertia-GWs (IGWs) during
the whole year of 2014 with intrinsic frequencies of ’ f ’ - 3’ f ’ where f is the Coriolis parameter, and found
that most IGWs propagate in the N-S direction in summer and the NE-SW direction in winter.

Understanding the impacts of GWs in the large-scale circulation in polar regions requires knowledge of
GW sources and their propagation processes. Orography has long been considered to be an important GW
source in the polar regions. Yoshiki and Sato (2000) showed that GWs in the Arctic stratosphere observed by
radiosondes for 10 years (1987-1996) are mainly generated by orography. Plougonven et al. (2008) reported
large-amplitude mountain waves over the Antarctic Peninsula from super-pressure balloon observations
and mesoscale simulations. Yamashita et al. (2009) showed that orography is the main source of enhanced
GWs in winter through the analysis of GW potential energy densities observed with lidar at Rothera station
(67.34°S, 68.07°W). Events of intense stratospheric GWs generated by the orography of the Andes and Ant-
arctic Peninsula have also been observed from satellite data (Jiang et al., 2002; Preusse et al., 2002).

The jet stream in the troposphere can be another GW source (Fritts & Nastrom, 1992; Plougonven, 2003;
Sato, 1994; Uccellini & Koch, 1987), which has been demonstrated by numerical modeling studies (Kim
et al., 2016; O’sullivan & Dunkerton, 1995; Plougonven & Snyder, 2007; Reeder & Griffiths, 1996; Wang &
Zhang, 2007; Zhang, 2004). Generation of GWs from the jet stream can be related to the imbalance of the
large-scale flow associated with the tropospheric jet stream. In order to diagnose the imbalance, the residual
of the nonlinear balance equation (RNBE) has been employed (Hertzog et al., 2001; Moore & Abeling, 1988;
Yoo et al., 2020; Zhang et al., 2000, 2001). In addition to tropospheric jets accompanied by frontal systems,
the polar night jet in the stratosphere has also been considered to be an important source for GWs. Several
observational studies have revealed enhanced GW activities near the stratospheric polar night jet using lidar
(Whiteway et al., 1997), radiosonde (Sato & Yoshiki, 2008; Yoo et al., 2020, 2018; Yoshiki et al., 2004; Yoshiki
& Sato, 2000), and satellite (Ern et al., 2011; Schroeder et al., 2009; Wu & Zhang, 2004), and strong GW activ-
ities have been observed mainly at the edge of the polar vortex (Whiteway et al., 1997; Yoshiki et al., 2004).
Given that the edge of the vortex is often located near KSS, the polar night jet in the stratosphere could be
an important source of GWs in the upper mesosphere over KSS.

Several studies have demonstrated the importance of convection as a source of GWs in the upper meso-
sphere. For example, Ern et al. (2011) showed that convective GWs in subtropical monsoon regions can
propagate toward mid- and high latitudes in the middle atmosphere and contribute to the summertime
wind reversal in the mesosphere using HIRDLS and SABER observations. Some previous studies (e.g., Choi
& Chun, 2011, 2013; Kang et al., 2017, 2020; Song & Chun, 2005) have reported that large amplitude cloud
top momentum fluxes of convective GWs are often found in winter hemisphere storm track regions (30°-
50°N and 30°-50°S). Considering that KSS is located at ~62°S (i.e., the boundary between mid- and high lat-
itudes), deep convection in storm-track regions can be a possible source of GWs observed in the mesosphere
at KSS. Choi and Chun (2011) showed that convective GWs transfer westward momentum fluxes poleward
as they propagate upward. Choi and Chun (2013) demonstrated that the systematic bias such as excessively
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strong SH polar night jet and cold polar temperature in general circulation models (GCMs) can actually be
alleviated by including the source-dependent convective GW drag (CGWD) parameterization proposed by
Choi and Chun (2011) in the Whole Atmosphere Community Climate Model (WACCM).

Secondary GWs are generated in association with breaking of primary waves due to some tropospher-
ic sources such as orography (Satomura & Sato, 1999; Vadas & Becker, 2018) and convection (Chun &
Kim, 2008; Kim & Chun, 2009; Snively & Pasko, 2003). As Heale et al. (2020) categorized, generation of
secondary (or called nonprimary) GWs can be accounted for by the GW packet-scale body force mechanism
(Vadas et al., 2003, 2018) or the nonlinear cascading mechanism (Bacmeister & Schoeberl, 1989; Chun
& Kim, 2008; Kim & Chun, 2009; Snively & Pasko, 2003). Besides those numerical modeling studies to
understand the generation mechanisms, various observational studies have been carried out to prove the
existence of secondary GWs and to analyze their spectral characteristics in the real atmosphere. Wrasse
et al. (2006) and Kim et al. (2010) demonstrated that about 70% of the observed GWs originated from the
lower mesosphere by using ray-tracing analysis with all-sky camera (ASC) observations at Brazil (23°S) and
South Korea (36°N), respectively. As for the secondary GWs in Antarctica, Matsuda et al. (2017) reported the
possibility of the secondary wave generation over Davis station (68.57°S, 77.97°E) from ASC observations.
Chu et al. (2018) showed, using lidar observations at McMurdo station (77.83°S, 166.67°E), the existence of
secondary GWs by comparing different characteristics of the observed GWs in the mesosphere and lower
thermosphere (MLT) and the stratosphere, which are reported previously in Chen et al. (2016) and Zhao
et al. (2017), respectively.

In this study, we investigate GW activities in the upper mesosphere observed from the meteor radar at KSS
for 14 years (2007-2020) and the possible sources of the observed GWs. The GW activities are estimated by
extracting small-scale wind variances from the observed meteor echoes, and their long-term variabilities
are investigated. The possibility for orography to be a potential source of observed GWs is examined based
on the vertical profile of wind at KSS and upstream surface wind impinging on local topography near KSS.
The potential nonorographic sources of observed GWs in the upper mesosphere at KSS are examined by
calculating the correlation coefficients between the observed wind variance at KSS at z = 96.8 km and two
diagnostics for (i) the jet-induced GWs (RNBE at 5 hPa) and (ii) convective GWs (convective GWs’ momen-
tum flux [CGWMFs] at 1 hPa) poleward of 30°S. In addition, the possibility of generation of the secondary
GWs is examined by ray-tracing analysis with the ASC observations over KSS.

The structure of this paper is as follows: Section 2 describes the meteor radar observations and methodology
used to extract GWs from meteor echoes. The airglow observations and backward ray-tracing analysis with
the observed airglow images are also described. In Section 3, we investigate the characteristics of upper
mesospheric GWs observed from the meteor radar. Differences in the magnitudes and seasonal variations
in GW variances between the current study and several previous studies using meteor radar observations
from Antarctic stations are discussed. The long-term (~14 years) variation of GW activities over KSS is also
examined. Then, three major potential sources in the lower atmosphere (i.e., orography, polar night jet, and
convection) are investigated by examining their relationships with observed GWs in the upper mesosphere.
The generation of secondary GWs is discussed as another potential source of the observed GWs. Summary
and discussion are given in Section 4.

2. Data and Methodology
2.1. VHF Meteor Radar Data

As meteors enter the Earth’s atmosphere, plasma trails are formed by the friction of meteors with air. The
decay times, radial velocities, and spatial information (e.g., azimuth angle, zenith angle, and radial distance)
of meteor echoes are obtained by the five receiving antennas of a meteor radar system when the meteor
echo signals backscattered from the meteor trail are perpendicularly aligned with the line-of-sight of the
radar. The meteor radar at KSS can detect ~15,000-28,000 meteor echoes each day regardless of weather
conditions (Lee et al., 2013).

Figure 1 shows the horizontal distribution of meteor echoes observed by the meteor radar at KSS during 00-
01 UTC on January 15, 2014. KSS, marked by a red star (Figure 1a), is located on King George Island (KGI)
north of the Antarctic Peninsula. Altitudes of observed echoes range from 80 to 100 km, as is indicated
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Figure 1. (a) Maps of the Antarctic Peninsula region. The colored dots indicate the positions of the meteor echoes detected by the meteor radar at King Sejong
Station (KSS) from 00 to 01 UTC on January 15, 2014. The red star denotes the location of KSS (62.22°S, 58.78°W). (b) Horizontal distribution of all meteor
echoes during the one hour projected onto the x-y plane. The color of each dot represents the altitude range where each echo is observed, and the altitude
range corresponding to each color is shown in the legend. The black solid (dashed) inner and outer circles represent zenith angles of 15° and 75° for a height of
100 km (80 km), respectively.

by the colors of the dots used to represent echo positions in Figure 1. Most of echo positions are enclosed
by the solid and dashed circles for the zenith angles of 15° and 75° at altitudes of 80 and 100 km, and this
result indicate that most of meteor echoes are observed within the zenith angles of 15° and 75° (a radius of
300 km) in the altitude range between 80 and 100 km. Large-scale horizontal winds and GW variances are
estimated using meteor echoes within the two zenith angles.

In mid-2007, early 2008, late 2009, early 2010, and mid-2018, the observations were suspended due to repair
work, but the meteor radar observations at KSS have generally been uninterrupted since 2011. In the pres-
ent study, monthly averages are computed only for months when more than 15 days of observations were
conducted. In addition, data in March 2007, August 2009, and January 2016 were not used in the analysis
because they included errors due to software or equipment problems (Lee et al., 2013).

The hourly zonal and meridional components of horizontal winds are estimated from radial velocities in
a time-height bin of 2-h (incremented by 1-h intervals) and 3 or 5 km using the method in Hocking and
Thayaparan (1997). Based on Mitchell and Beldon (2009), the following six height gates are used for binning
observed echoes: (78-83), (83-86), (86-89), (89-92), (92-95), and (95-100) km. Representative heights for
each height gate are 81.1, 84.6, 87.5, 90.5, 93.3, and 96.8 km, respectively, as in Mitchell & Beldon (2009)
and Mitchell et al., (2002). At each time-height bin, the bin-averaged horizontal wind (U, V) is computed by
solving the linear equation written as

py IF+v Zlim; = LV, ) i ¢!
N N N
UXlm +V X m,2 =2 Vr(uh\,)im,-. @)
i=1 i=1 i= )

i=

Here, [, and m;, are direction cosines. N represents the number of detected meteor echoes within each time-
height bin, and Vr(abs),i represents the observed radial velocity from the i-th meteor echo. In this study, the
vertical wind velocity is ignored as magnitude of the vertical wind is much smaller than that of the horizon-
tal winds (Mitchell & Beldon, 2009).
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Figure 2. Seasonal climatologies of the vertical profiles of the zonal winds (blue solid lines) at King Sejong Station (KSS) obtained from the empirical
Horizontal Wind Model (HWM14). Seasonally averaged zonal winds observed by the meteor radar (MR) at KSS during 2007-2020 (red dotted lines), with

the 14-year mean value (red solid lines), are overlaid on each profile. Zonal winds of the Modern-Era Retrospective Analysis for Research and Applications,
Version 2 (MERRA-2) on model levels at a grid point closest to KSS (green solid and dotted lines) are additionally used for comparison of the zonal winds below
0.01 hPa (~80.6 km). The three consecutive months used for the monthly average calculations are used to calculate the seasonal averages.

This linear equation set is obtained by minimizing the squared difference, in a least squares sense with at
least six echoes, between the observed radial velocity and the radial component of the winds to be estimat-
ed. The squared difference is defined by

&= g(vr(mnd),i - Vr(nhs),i)z' 3

Figure 2 shows seasonal climatologies of the vertical profiles of zonal winds observed by the meteor radar
at KSS, zonal winds obtained from the empirical Horizontal Wind Model (HWM14; Drob et al., 2015) at the
location of KSS, and zonal winds from the Modern-Era Retrospective Analysis for Research and Applica-
tion, Version 2 (MERRA-2; Gelaro et al., 2017) at a grid point closest to KSS. The seasonal average for each
year is calculated only when there are sufficient observational data during three months for each season.
As a result, 10, 10, 9, and 11 profiles of the seasonal-mean zonal winds are obtained in summer, autumn,
winter, and spring for the 14 years, respectively. In summer and spring, the winds from the HWM14 and
meteor radar are quite similar to each other in terms of both magnitude and wind shear, while in winter and
autumn, discrepancies between the two are large. In the observational database employed by the HWM14
(see Drob et al., 2008, 2015), MF Radar data at the Davis station are the only Antarctic mesosphere observa-
tions (Douglas Drob, personal communication, 2021). Therefore, winds in the upper mesosphere over KSS
may not be properly represented by planetary-scale spherical harmonics (used in the HWM) that are only
constrained by observations at Davis station in the East Antarctica far from KSS. Besides, the HWM14 wind
profile is similar to the zonal-mean profile obtained from the Committee on Space Research (COSPAR)
International Reference Atmosphere (CIRA-86) data (Fleming et al., 1990). As a result, the large discrepan-
cies between meteor radar and HWM14 in winter and autumn compared with summer and spring may be
related to significant planetary-scale variations of the horizontal winds in the Southern upper mesosphere
in winter and autumn that are not yet properly represented by the HWM14. It is also found in winter and
autumn that the zonal winds obtained from the MERRA-2 reanalysis around z = 80 km are quite different
from meteor radar observations. This difference may also be attributed to underestimated planetary-scale
variations of the large-scale horizontal winds in the reanalysis. The reliability of the MERRA-2 reanalysis
can be reduced in the upper mesosphere near the top boundary of the model (NASA Goddard Earth Ob-
serving System, Version 6; GEOS-6) used in the production of the reanalysis because of uncertainties of GW
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Figure 3. Azimuthal distributions of (a) the total line-of-sight horizontal winds observed at an altitude range of 83-86 km during 00-06 UTC on January 15,
2014 over King Sejong Station (KSS), (b) the line-of-sight components of the large-scale winds interpolated at each meteor echo positions, and (c) the difference
(total minus large-scale winds) between panels (a) and (b). The differences shown in panel (c) are considered to be the small-scale gravity wave (GW) wind
components. The different markers represent the different observation times with 1-h intervals. The variances of the observed and GW line-of-sight horizontal
winds are shown in the bottom right of panels (a) and (c), respectively.

drag parameterization and artificial damping processes (Fujiwara et al., 2017), although the MLS data are
assimilated into the GEOS-6 model (Gelaro et al., 2017).

2.2. Estimating GW Activities

In order to estimate small-scale GW activities in the upper mesosphere, the horizontal wind variance is
calculated from the simple meteor-variance technique proposed by Mitchell and Beldon (2009). The GW
wind variance represents the total level of wind perturbations by small-scale GWs within each time-space
bin. The calculation process of the GW wind variance consists of three steps: (i) observation of radial veloc-
ities at each meteor echo position and converting to total line-of-sight horizontal velocities, (ii) estimation
of large-scale horizontal winds (see Section 2.1) and their interpolation into each echo position, and (iii)
calculation of the GW wind variance after removing the interpolated large-scale winds from the observed
total winds. Figure 3 shows an example of the GW wind variance calculation for a specific time period
(00-06 UTC on January 15, 2014) at z = 83-86 km. The horizontal GW wind variance is computed using
the perturbations of line-of-sight horizontal winds (Figure 3c) after removing the line-of-sight components
of the interpolated large-scale winds (Figure 3b) from the observed total line-of-sight horizontal winds
(Figure 3a) at individual echo positions. The wind perturbations collected within 6-h intervals are used to
calculate GW variances (i.e., 6-hourly variances) at each of six height gates from 81.1 to 96.8 km ([81.1-83],
[83-86], [86-89], [89-92], [92-95], and [95-96.8] km). Here, the 6-h interval is chosen to increase the num-
ber of meteor echoes within each time-height bin for accurate wind variance calculations following Bel-
don (2008) and Mithcell and Beldon (2009). We examined the sensitivity of calculated GW wind variance
according to the length of the time interval of collecting the wind perturbation, using the time intervals of 4
and 8 h, respectively. It is found (not shown) that the time interval does not significantly affect the estimated
GW variance. Considering that the depths (1.8-3 km) of the six height gates are smaller than a scale height
(H ~ 5-7 km), the effect of the GW amplitude growth (eAZ/(ZH) < 1.2-1.4, where Az = 1.8-3 km) due to the
exponential density decrease on the GW wind variance may be small. Given that the size of the time-height
bins and the field of view of the meteor radar determine the scales of detected waves, GWs obtained from
this methodology have periods less than 2 h, horizontal wavelengths up to 400 km, or vertical wavelengths
less than 3-5 km. Therefore, IGWs with relatively long periods (3-10 h) and long horizontal wavelengths (a
few thousands of km) observed by the lidar at McMurdo station (Chen et al., 2013, 2016) are hardly detected
in this study.

To obtain reliable GW activities, following two checks are carried out in the horizontal wind variance cal-
culation: (i) sufficiency of meteor echo counts and (ii) errors in the observed radial velocities. First, to avoid
unreliable mean winds and wind variances due to insufficient echo counts (Hocking & Thayaparan, 1997;
Mitchell & Beldon, 2009), wind variances are calculated only when at least 30 meteors were detected in the
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time interval of 6 h. The diurnal cycle in the meteor echo counts does not affect seriously daily variations of
the wind variances, as reported by Beldon and Mitchell (2010). As for seasonal variation of meteor counts,
the monthly mean meteor echoes have little correlation with the monthly mean GW wind variances in
most of height gates except for the lowest gate (not shown). In fact, the coefficient of determination (R?,
where R is the correlation coefficient) between monthly mean meteor echo counts and GW wind variances
is close to zero (R* = 0.03) for the entire observation period (Figure S1), implying that the effect of seasonal
variation of meteor counts is negligible as well. Second, errors in the observed line-of-sight horizontal wind
velocities for individual meteor echoes are considered. More than half of the meteor echoes have errors of
less than 0.5 m s™', and 99% of them have errors of less than 3.5 m s (Figure S2a). Consequently, errors in
the horizontal GW wind variances, defined by the average of the squared individual errors (see Beldon, 2008
for details), are less than 1.5 m? s™* (Figure S2b), which are negligibly small compared to the mean value
of the GW wind variances (less than 0.25%). For temporal averaging, a geometric mean is used, given that
the horizontal GW wind variances follow a log-normal distribution as discussed in Baumgaertner and Mc-
Donard (2007) and Mitchell and Beldon (2009).

2.3. Airglow Images Observed by an ASC and Backward Ray-Tracing Analysis

GW activities estimated by the wind variances can represent the total level of perturbations of winds due to
multiple GWs within a given collecting volume of the meteor radar, but individual GWs cannot be resolved
in the collecting volume. Therefore, it is difficult to distinguish the effects of GWs with different wave spec-
tra on the GW wind variances observed from the meteor radar. As discussed in several previous studies,
secondary GWs can be generated by the breaking of primary GWs and have different wave spectra from the
primary GWs. In order to examine the secondary GWs observed in the MLT over KSS and their generation
in the lower atmosphere, a backward ray-tracing analysis with airglow observations from the ASC at KSS
is conducted.

The wave parameters estimated from ASC airglow observations are horizontal wavelengths, periods, and
phase speeds. It is noteworthy that vertical wavelengths can also be estimated by using the airglow imager
and lidar together (Lu, Chu, et al., 2015). The ASC observes GWs at ~z = 87 km through the OH Meinel
band and at z = 96 km through the OI 557.7 nm airglow, respectively. The GWs observed through the ASC
generally have horizontal wavelengths of 10-50 km and period of less than 1 h that can be included in the
spectral ranges of the GWs observed using the meteor radar (Mitchell & Beldon, 2009). More details about
the ASC and the GWs observed using the ASC at KSS can be found in Kam et al. (2017). In this study, we use
8-year (March 2008-October 2015) GW parameters estimated from the ASC observations at KSS as input
parameters for the reverse ray tracing. It is noted that the ASC observations at KSS have been carried out
from March to October to avoid the period of the midnight sun. For the ray tracing, the GW Regional Or
Global Ray Tracer (GROGRAT) model (Marks & Eckermann, 1995) is employed, and for the background
winds and temperature, the ground-to-space (G2S) data (Song et al., 2018) made by fitting spline curves
to reanalyzes (ERA-Interim and MERRA) in the lower atmosphere and empirical model results (HWM14
and NRLMSISE-00) above the stratopause. Rays in the GROGRAT are terminated when (i) GWs become
evanescent (m* < 0; m is the vertical wavenumber), (ii) the intrinsic frequencies are close to zero or become
negative, (iii) the WKB approximation is violated, and (iv) rays reach domain boundaries.

3. Results
3.1. GW Activities

Figure 4 shows the time series of the daily averaged GW wind variances for 2007-2020 along with the 14-
year climatology of monthly averaged GW wind variances and the time series of the monthly averaged wind
variances during the entire observation period in the last two panels. As discussed in Section 2.2, the GW
wind variances represent the activities of GWs with periods (<2 h), horizontal wavelength (<~400 km) or
vertical wavelength (<3-5 km). GW activity in the upper mesosphere shows semiannual variations espe-
cially below z = 90 km, with a primary peak in winter, secondary peak in summer, and two minima during
the equinoxes. The seasonal variations in GW activities at KSS are quite similar to those at other Antarctic
stations. Vincent (1994) observed the semiannual variations in GW activities using MF radar, with maxima
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Figure 4. Time-height cross sections of the daily averaged horizontal gravity wave (GW) wind variances observed from the meteor radar at King Sejong Station
(KSS) during 2007-2020. The 14-year mean monthly averaged horizontal GW wind variances and time series of the monthly averaged wind variances during

the entire observation period are shown in the last two panels.
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occurring during the solstices at Mawson station (67.60°S, 62.87°E). Similar results are also shown at the
Davis and Syowa stations (Dowdy et al., 2007) and Rothera station (Mitchell & Beldon, 2009). The semian-
nual variations in GW activities have been explained by the saturation-limit amplitude of GWs (Connor &
Avery, 1996; Dowdy et al., 2007; Isler & Fritts, 1996; Lindzen, 1981; Mitchell & Beldon, 2009). According to
the linear saturation theory of internal GWs by Lindzen (1981), the amplitude of GWs cannot be increased
above the wave-breaking level because turbulence induced by wave breaking exactly cancels the amplifi-
cation via the decrease in density above the wave-breaking level. That is, the amplitude of 4’ is limited by

u' , where ¢ represents the intrinsic phase speed, ¢ represents the ground-relative phase speed,

S’é’zlcfﬁ

and u represents the background wind. For stationary waves, the GW amplitude becomes the magnitude
of the background wind when it is saturated. Because the background wind speed at high latitudes in the
SH has semiannual variations, with the strongest in the solstices and the weakest in the equinoxes, GW
activities can also have semiannual variations in the upper mesosphere. In the stratosphere and lower mes-
osphere at KSS, the amplitudes of zonal wind from the MERRA-2 data have a clear annual periodicity, with
a strong westerly (easterly) jet in winter (summer) (see Figure 2). These results support the linear saturation
theory, which explains the semiannual variations in GW variances below z = 90 and is likely applicable to
non-stationary GWs with relatively small ¢ than i as well. Above z = 90 km, however, the annual variations
in GW activities are pronounced in addition to the semiannual variations. These annual variations are likely
due to the decreased GW activities near the summer mesopause (~90 km) and the strong GW activities in
winter. The decreased wind variances at the mesopause during summer are also observed at Rothera station
(Beldon & Mitchell, 2010). In addition, the annual variation may also be attributed to the critical-level filter-
ing by the mean winds, which will be discussed in following section.

During the same observation period (2011-2014), GW wind variances at KSS are about 1.1-1.3 times smaller
than those at Rothera station (Figure S3). Given that Rothera station is located more than 700 km from KSS
toward Antarctic continent, different GW activities in the two stations can be attributed to different GW
sources. In particular, the relative position of the edge of the polar night jet over SH polar regions may have
affected the different GW activities at the two stations. Further research on the comparison of GW wind var-
iances between the two stations may be needed in the future to understand the differences in GW activities
with respect to geographical locations and GW sources, once sufficient meteor radar data observed at the
two stations during the same period are available.

In order to investigate the long-term variability of the GW activities over KSS, the monthly averaged hori-
zontal wind variance at each height gate during 2007-2020 are shown in Figure 5a, after deseasonalizing
by subtracting the 14-year averaged values of each month and linear detrending. The red lines indicate the
3-month running averaged values. The green curves represent the second-order least squares polynomial
fitted values. Above z = 90 km, GW activities tend to decrease until 2014-2015 and increase since 2015,
while there are no clear long-term trends on GW activities below z = 90 km. The long-term variation of the
GW activities above z = 90 km (especially at z = 96.8 km) seems to relate to the 11-year solar cycle. A statis-
tically significant peak at approximately 11-year is shown in the Lomb-Scargle periodogram (Lomb, 1976;
Scargle, 1982) of the horizontal wind variance at z = 96.8 km (Figure S4). There are no other statistically
significant interannual and long-term variation of the GW activities in the MLT over KSS.

Monthly averaged F,,; index, a proxy of solar activity (Tapping, 2013), is used to compare with the observed
GW activity in the upper mesosphere at KSS (Figure 5b). The Fj,; have maximum value during 2014-2015
while minimum values exist in 2008-2009 and 2019-2020, showing negative correlation with the long-term
variations of the GW activities above z = 90 km. The negative correlation, however, is not found below
z =90 km. Ern et al. (2011) showed that GWMFs in the stratosphere and mesosphere observed by satel-
lite instruments have time variations negatively correlated with 11-year solar cycle. Park et al. (2014) also
found, using the Challenging Minisatellite Payload (CHAMP) satellite, the negative correlation between the
solar activity and GW activity in the thermosphere. However, it is noteworthy that the correlation between
the GW activities in the MLT and solar activities is somewhat controversial and likely depends on observa-
tion location. For example, Gavrilov et al. (1999) and Jacobi et al. (2006) showed that positive correlations
appeared between the solar activity and GW activity over Japan and Germany, respectively. Therefore, as
pointed out in Ern et al. (2011), a longer period of data collection is required to clearly show the relationship
between the solar cycles and the GW activities in the MLT over KSS.
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Figure 5. (a) Time series of monthly averaged values of deseasonalized and linearly detrended horizontal gravity
wave (GW) wind variances (blue asterisks) calculated in six height gates with representative heights of 81.1, 84.6, 87.5,
90.5, 93.3, and 96.8 km, respectively. The red lines indicate the 3-month running-mean GW wind variances. The green
lines indicate the second-order polynomials least squares fit to GW wind variances. Note the ranges of the ordinate
are different depending on the representative heights. (b) Time series of monthly averaged the 10.7 cm solar radio flux
(F107) expressed in solar flux units (sfu; 1 sfu = 107> W m™> Hz ).

It is noteworthy that the deseasonalized and linearly detrended GW wind variances are maximum in most
altitudes in December 2011 (Figure 5a). We found that (not shown), there were no significant changes in
the wave sources and/or propagating conditions in December 2011. One possible mechanism for the growth
of GW activities in the MLT region is the GW modulation by the diurnal tides (DTs). Using Doppler radar
observations over Australia, Fritts and Vincent (1987) demonstrated that the GWs in the MLT region can
be modulated by the DT components. Similar results were obtained from the meteor radar observations at
Rothera station by Beldon and Mitchell (2010) as well. The amplitude of the DT at KSS calculated using the
present data is quite strong in December 2011, but exclusively below z = 90 km (Figure S5). The possibility
of GW enhancement by the GW-DT interaction in December 2011 is beyond the scope of this paper, which
remains for the future research topic.

3.2. Potential Sources of GWs
3.2.1. Orography

As mentioned earlier, the strong wind variances in winter shown in Figure 4 can be related to stationary
orographic GWs. We examine the possibility of the generation of orographic GWs and their propagation
into the MLT region in each season. Figure 6a shows the map of KGI and seasonally averaged wind vectors
at 925 hPa (~0.55 km) for 8 years (2012-2019). The wind vectors are obtained from the MERRA-2 data at
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Table 1

Seasonally Averaged Percentages of Mountain Wave Propagation Days

(a) (b) Cross-mountain wind velocities at 925 hPa
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Figure 6. (a) Seasonally averaged horizontal wind vectors at 925 hPa (~0.55 km) over King George Island (KGI) during
2012-2019. For horizontal wind data, the MERRA-2 reanalysis data at the grid point closest to the northwest side of
KGI (62.0°S, 58.75°W) are used. The red dashed line indicates the direction along the mountain range near King Sejong
Station (KSS). The pink star denotes the location of KSS (62.22°S, 58.78°W). (b) Seasonal histograms of daily averaged
cross-mountain wind velocities at 925 hPa over KGI during 2012-2019. The y-axes are offset by 30 for clarity. The
percentages of days with weak orographic forcing conditions (0-10 m s™") during each season are shown in the upper
left corner of panel.

the grid point (62.0°S, 58.75°W) northwest of the KGI and closest to KSS. KSS is located on KGI with steep
mountains and orographic GWs can be generated by cross-mountain flows near KSS (i.e., southeastward
flows). The southeastward winds mainly occur in winter (JJA) and autumn (MAM). In addition to the wind
direction, the strength of the cross-mountain wind (i.e., orographic forcing) is another factor in determin-
ing the generation of orographic GWs that can reach the MLT region. Indeed, orographic GWs generated
by relatively weak orographic forcing propagate readily into the MLT region, while large-amplitude GWs
generated by strong orographic forcing can be broken in the upper stratosphere and lower mesosphere gen-
erating secondary GWs (Bossert et al., 2017; Fritts et al., 2019; Taylor et al., 2019). Figure 6b shows the sea-
sonal histograms of daily averaged cross-mountain wind velocities at 925 hPa during 2012-2019. There are
no distinct seasonal differences in the percentages of days satisfying the weak orographic forcing condition

When the Horizontal Wind Vector Rotates Less Than 90° from the

Direction of the Mountain Range Northwest of the KGI With Heights

Between 925 hPa and 0.01 hPa.

DIF MAM JJA SON (%)
2012 8.8 48.9 58.7 34.1
2013 25.6 66.3 64.1 34.1
2014 41.1 52.2 64.1 27.5
2015 14.4 71.7 81.5 41.8
2016 - 63.0 80.4 42.9
2017 38.9 72.8 75.0 29.7
2018 12.2 - - 29.7
2019 20.0 65.2 60.9 =
Average 23.0 62.9 69.2 34.3

(0-10 m s7"). Therefore, orographic GWs can be generated and propagate
into the MLT region in any season under the weak orographic forcing
condition without wave breaking.

However, a critical-level filtering effect should also be considered in order
to assess the possibility of propagation of orographic GWs into the MLT
region. Following Yamashita et al. (2009), we calculate the percentages
of days when the rotation of the horizontal wind vector is less than 90°
at an altitude range of 925-0.01 hPa, under the assumption that GWs are
filtered if the rotation exceeds 90°, and the results are shown in Table 1.
The 8-year averaged percentage is the highest in winter (69.2%), and the
next highest (62.9%) occurs in autumn. The percentages in summer and
spring are 23.0% and 34.3%, respectively. These results are consistent with
steadfast westerlies throughout the troposphere and middle atmosphere
in autumn and winter (see Figure 2). Hence, orography can be consid-
ered to be a highly potential source of observed waves in the upper mes-
osphere over KSS during autumn and winter. Some recent works during
the Deep Propagating GW Experiment (DEEPWAVE) campaign (Fritts
et al., 2016) also showed that orographic GWs can easily propagate into
the winter mesosphere.
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3.2.2. Polar Night Jet

Besides stationary GWs due to weak orographic forcing, the jet stream in the lower atmosphere can be a
source of non-stationary GWs observed in the upper mesosphere. Yoshiki et al. (2004) demonstrated that
GW activities can be enhanced in the polar lower stratosphere in autumn or spring when the Antarctic
vortex is strengthened (autumn) or weakened (spring). In the present study, we use the RNBE as a diag-
nostic for the generation of GWs induced by jet stream as in previous studies (e.g., Ki & Chun, 2011; Song
et al., 2017; Yoo et al., 2020; Zhang, 2004). The RNBE represents the imbalance of the large-scale flow
associated with the jet stream. The RNBE in the spherical coordinate system (Chun et al., 2019) can be
written as

RNBE=2J(u,v)+fg—v2®—ﬁu—02—2—vo€w+x, 4)
P
D=VoV = L o + ! i(VC()S(]S), ©)
acosp OL  acosp Op
1 0 |: ) 2\ . :|
X=- — + v |sing |. 6
a*cosp 09 ( ) ©

Here, u and v denote the zonal and meridional winds, respectively; J (u,v) is the Jacobian, @ is the geopo-
tential, f (2Qsing, where Q represents the angular speed of rotation of the Earth) is the Coriolis parameter,
,b’(: 2Qcos¢ / a) is the latitudinal derivative of f, ¢ is the vertical component of relative vorticity, o
represents the pressure (p) velocity (= Dp / Dr); D is the divergence; A and ¢ denote the longitude, and
latitude, respectively; ¢ is the mean radius of the Earth. The RNBE is calculated using the 6-hourly
European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis (ERA) Interim data set (Dee
et al., 2011). To exclude the resolved IGW components from the ERA-Interim data set, a low-pass filtering
in the zonal direction is applied to the variables in Equations 4-6, with zonal wavenumbers less than 23
(Sato et al., 2009).

Figure 7a shows the polar stereographic projection maps of the seasonally averaged IRNBEI and horizontal
wind vectors at 5 hPa (~37 km) averaged over 8 years (2012-2019). Here, 5 hPa is chosen to represent the
altitude of the polar night jet in the upper stratosphere. In winter (JJA), the IRNBE] is large along the axis
of the strong polar vortex centered around Antarctica, and it is particularly large east of the southern tip of
the South America and in the Eastern Hemisphere. The IRNBEI is larger in spring (SON) than in autumn
(MAM), although the stratospheric jet is slightly stronger in autumn than in spring (see Figure 2). The
intensity of the stratospheric jet and the IRNBEI are the smallest in summer (DJF).

Figure 7b shows the correlation coefficients between the daily mean GW horizontal wind variance at
z = 96.8 km obtained from the meteor radar observations at KSS and the daily mean IRNBE| at 5 hPa for
regions south of 30°S. Correlation coefficients are averaged over 8 years (2012-2019) for each season. The
thick and thin black solid lines indicate areal boundaries of statistical significance at the 90% and 80%
confidence level for the Student’s t-test (Wilks, 2011), respectively. In summer (DJF), there is no significant
correlation in most areas because of the weak polar night jet. In spring (SON) and autumn (MAM), there
are significant positive correlations near the stratospheric jet. Interestingly, the correlations in winter are
much smaller than those in autumn or spring, even though the largest IRNBE| appears along the winter
stratospheric jet (Figure 7a).

To understand the discrepancy between the IRNBE| and the magnitude of the correlation coefficients
shown in Figure 7b, we examine the possible ranges of the phase speeds of GWs associated with jet stream
and their propagation and the dissipation processes in the stratosphere and mesosphere. It might be use-
ful if there were available reports of modeling results about the phase speeds of GWs induced by the
stratospheric jet stream, but, to the best of author’s knowledge, there have been no systematic numerical
modeling studies on the phase speed spectra of GWs generated by the stratospheric jet stream, although
the generation of IGWs around the stratospheric jet stream has been revealed by some numerical simu-
lations (e.g., Fairlie et al., 1990; Sato et al., 1999). Meanwhile, there have been some observational studies
on the phase speed spectra of GWs associated with the stratospheric jet stream. Yamanaka et al. (1989)
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Figure 7. (a) Polar stereographic projection maps of seasonal mean IRNBEI (shading) superimposed onto the horizontal wind vectors at 5 hPa in the SH. The

RNBE is computed using the 6-hourly ERA-Interim reanalysis and then averaged over 2012-2019. The longitudinal (latitudinal) grid lines are drawn every
30° (15° starting from 30°S) with dotted lines. (b) Correlation coefficients between the daily mean IRNBEI at 5 hPa and the daily mean horizontal GW wind

variance at z = 96.8 km above King Sejong Station (KSS). The thick (thin) black solid lines denote statistical significance at the 90% (80%) confidence level. The

pink star denotes the location of KSS (62.22°S, 58.78°W).

showed that the horizontal phase velocities of GWs above the jet stream observed from mesosphere-strato-
sphere-troposphere (MST) radars have a broad range (approximately —10 to 60 m s™*) at the altitude range
of 10-23 km. Murphy et al. (2014) observed the horizontal phase speed distribution of downward-propa-
gating GWs in the height range of 15-31-km using a radiosonde launched at Davis station and showed that
most GWs generated from the stratospheric jet have phase speeds with ranges of about 20 m s~ around
the mean flow speed.

In case that the horizontal winds have strong negative vertical shear throughout the mesosphere, a great
deal of jet-induced GWs propagating westward relative to the mean flow may be filtered out at their critical
levels before they reach the upper mesosphere. As shown in Figure 2, the change in zonal wind throughout
the mesosphere is largest in winter (about 70-10 m s™"), and it is generally small in autumn (45-15 m s™")
and spring (20 to —10 m s™"). Therefore, only a small part of the westward (relative to the jet stream) prop-
agating GWs induced by the substantially large RNBE east of KSS may survive the filtering and thus may
possibly be observed at the mesopause height over KSS (see relatively large correlation between 30°-60°W
in JJA shown in Figure 7b). In addition to the critical-level filtering, Doppler shifting via strong mean flow
can explain the low winter-time correlation for the eastward propagating GWs relative to the mean flow.
In winter, the polar night jet is the strongest, and the absolute value of intrinsic frequencies of jet-induced
GWs propagating eastward relative to the mean flow become large when they propagate upward (i.e., ups-
hear direction) in the mesosphere where the mean flow is smaller than the stratospheric polar night jet.
GWs with those high intrinsic frequencies and long vertical wavelengths can reach the MLT region quickly
(Baumgaertner & McDonald, 2007; Whiteway et al., 1997) without long horizontal propagation from the
source region. Therefore, eastward (relative to the jet stream) propagating GWs generated by the strato-
spheric jet stream east of KSS with strong RNBE are unlikely to be observed at KSS at 96.8 km altitude. GWs
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generated by weak RNBE on the far upstream (i.e., 120°-150°W) from KSS would not be observed either in
the mesopause height over KSS because they can propagate quickly to the MLT region before they reach the
horizontal location of KSS. Rather, GWs generated by relatively weak RNBE on the upstream close to KSS
(i.e., 60°-100°W) that propagate eastward (relative to the jet stream) and upward can reach KSS in the upper
mesosphere, which is evident from relatively strong correlation (Figure 7b). In spring and autumn when the
wind shear is weak or moderate compared with winter, flow imbalance associated with the polar night jet
in the upper stratosphere can be an important source of observed GWs in the upper mesosphere over KSS
because jet-induced GW activities can increase in spring and autumn when the polar vortex starts breaking
or recovering (Moffat-Griffin et al., 2011; Yoshiki et al., 2004).

3.2.3. Convection in Storm Tracks

Deep convection is another potential source of observed GWs in the upper mesosphere. There are only a few
observational (e.g., Ern et al., 2011) and modeling (e.g., Choi & Chun, 2011) studies that have focused on
convection as a source of GWs in the SH polar stratosphere and mesosphere. Here, we examine the possi-
bility of convection as a potential source of observed GWs in the upper mesosphere over KSS using the CG-
WMF calculated through an offline CGWD parameterization described by Kang et al. (2017). To compute
the CGWMEF, the hourly wind, temperature, deep convective heating (DCH) rate, and cloud top and -bot-
tom height information obtained from the National Centers for Environmental Prediction (NCEP) Climate
Forecast System Reanalysis (CFSR) (Saha et al., 2010) are employed (see Kang et al., 2018, for details). The
absolute value of the CGWMF is obtained by adding the magnitudes of the components of the CGWMF in
the four Cardinal directions. The daily average absolute CGWMFs in four selected months (February 2009,
April 2009, July 2010, and October 2010), when there were no missing meteor radar observations on a daily
basis, are examined.

Figure 8a shows the polar stereographic projection map of the monthly mean of column-maxima of the
DCH obtained from the CFSR data. The DCH shown in Figure 8a represents convective activities in the
mid-to high latitudes (see the latitudinal grid lines drawn from 30°S). In autumn and winter, the large-scale
aggregates of large DCH are found along the midlatitude storm-track regions surrounding Antarctica, but
in spring and summer, weak DCH is scattered throughout the midlatitude regions. These spatial and sea-
sonal structure of the DCH is also consistently found in a long-term data for 32 years (1979-2010) shown in
Kang et al. (2017). In autumn and winter, the CGWMF at 1 hPa (~48 km) shown in Figure 8b is large in the
high latitudes as well as in the storm-track regions where the DCH is large. The spatial difference between
the DCH and CGWMF is because the CGWMF is determined not only by DCH but also by wave filtering
and resonance. The wave filtering is affected by background wind structure, and the resonance is deter-
mined by the natural mode related to the vertical structure of convective heating (Kang et al., 2017; Song &
Chun, 2005). The spatial structure of the CGWMF at 1 hPa in July 2010 is generally similar to the observed
from SABER in July 2006 (see Figures 9b and 9d in Ern et al., 2011) in that large CGWMF is found above
major southern storm-track regions (around the southern tip of the South America, south of the Africa, and
around the Australia) as shown in Ern et al. (2011). However, the maximum magnitude of the CGWMF
at 1 hPa in July 2010 is 2-3 times larger than that observed from SABER (Ern et al., 2011). This difference
can be attributed to the fact that the range of horizontal wavelengths observed by the limb sounders like
SABER or HIRDLS is longer than 100-200 km (Alexander, 2015; Ern et al., 2011; Trinh et al., 2016), while
the predominant horizontal wavelengths of convective GWs considered in the CGWMF are smaller than
100-200 km. Because of this substantial spectral discrepancy, it is difficult to compare parameterization re-
sults with the limb sounder observations, even if the observational filters associated with the limb sounder
observations are applied to parameterization results.

Figure 8c shows the correlation coefficients between the horizontal wind variance at z = 96.8 km and the
absolute CGWMF at 1 hPa south of 30°S. In spring and summer, correlation coefficients are overall small
and statistically insignificant. Meanwhile, in autumn and winter, significant positive correlations are ev-
ident in several regions where large CGWMFs exist. Although the high correlation regions are not very
close to KSS, convective GWs in those regions at 1 hPa relatively close to KSS can possibly reach the upper
mesosphere over KSS in that GWs in general can propagate toward the axis of the polar vortex that usually
passes the location of KSS in autumn and winter (Kalisch et al., 2014; Sato et al., 2009; Song et al., 2020).
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Figure 8. Polar stereographic projection maps of the monthly mean (a) column-maximum deep convective heating rate (DCH) and (b) absolute convective
gravity wave momentum flux (CGWMF) at 1 hPa in February 2009, April 2009, July 2010, and October 2010. (c) Correlation coefficients between the daily mean
absolute CGWMF at 1 hPa and the daily mean horizontal gravity wave (GW) wind variance at z = 96.8 km above King Sejong Station (KSS). The black solid
lines denote statistical significance at the 90% confidence level.

In summary, convective clouds over SH mid-latitude storm track regions can be a possible source of GWs
observed in the upper mesosphere over KSS in autumn and winter.

3.2.4. Secondary Gravity Waves Generated in the Mesosphere

Apart from relatively weak potential wave sources in the lower atmosphere described above (Sections 3.2.1-
3.2.3), in-situ generation in the mesosphere can be an additional potential source of the observed meso-
spheric GWs. To check whether the sources of observed mesospheric GWs are located in the mesosphere
or in the lower atmosphere, the reverse ray-tracing analysis is carried out using wave parameters observed
using the ASC operating at KSS.

Figure 9 shows reverse trajectories of the rays for the GWs observed using the ASC at KSS during the
8 years. Among 131 traceable wave events (76 from OH and 55 from OI), 44, 12, and 75 events are termi-
nated in the mesosphere (z > 60 km; Figure 9a), stratosphere (z = 15-60 km; Figure 9b), and troposphere
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Figure 9. Reverse ray trajectories of the gravity waves (GWs) observed by an all-sky camera for OH and OI 557.7 nm airglows at KSS from March 2008 to
October 2015. Wave source regions are classified into the three layers based on the ray termination heights: (a) mesosphere (z > 60 km), (b) stratosphere
(z = 15-60 km), and (c) troposphere (z < 15 km). The percentages of wave events that terminated in each layer among the total wave events during (left)

March-May, (middle) June-August, and (right) September-October are shown in the upper right corner of each panel.

(z < 15 km; Figure 9c), respectively. Out of 59 (MAM), 57 (JJA), and 15 (SO) traceable wave events, 18
(30.5%), 25 (43.9%), and 1 (6.7%) events are terminated in the mesosphere, respectively. This implies that
a large portion of the observed GWs in the mesospheric over KSS is the secondary GWs. In particular,
orographic GWs reaching the mesosphere without experiencing critical-level filtering during winter (see
Table 1) can contribute to the secondary GWs generation. Some recent studies investigated the secondary
GWs associated with orography in wintertime from observations (e.g., Bossert et al., 2017) and numerical
modelings (e.g., Becker & Vadas, 2018). Bossert et al. (2017) observed secondary GWs over New Zealand
in winter during the DEEPWAVE campaign and demonstrated that the observed GWs are the secondary
GWs associated with the mountain waves. Becker and Vadas (2018) showed the secondary GWs by breaking
of orographic GWs during winter using the Kiihlungsborn Mechanistic GCM (KMCM). The significant
proportion of secondary GWs generated in winter mesosphere may also contribute to the low correlations
between the GW activities in the mesosphere and IRNBE| at 5 hPa during winter as shown in Figure 7b.

4. Summary and Discussion

GW activities in the upper mesosphere are investigated using meteor radar observations at KSS (62.22°S,
58.78°W) in the Antarctic Peninsula for 14 years (2007-2020). The observed horizontal winds and their
seasonal variabilities are consistent with the well-established climatology at SH high latitudes. GW activi-
ties in the upper mesosphere are estimated by the wind variance, which is calculated using a simple mete-
or-variance technique. The wind variances are sensitive to GWs with relatively short periods (<2 h), short
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horizontal wavelength (<~400 km) or short vertical wavelength (<3-5 km). GW variances have semiannual
variations (with a primary maximum in winter, weak secondary maximum in summer, and two minima
occurring during the equinoxes) below z = 90 km, while annual variations in GW activities also appear
above z = 90 km. The long-term (~14 years) variability of the observed GW activities is examined by using
the deseasonalized and linearly detrended wind variances. The long-term variations of the wind variances
are negatively correlated with the 11-year solar cycle above z = 90 km, without significant long-term trends
below z = 90 km.

Potential sources of GWs in the upper mesosphere, including orography, jet stream, and deep convection,
are assessed. The steep mountains around KSS can be a source of GWs in autumn and winter, as weak
mountain waves can reach the upper mesosphere without encountering a critical level between the sur-
face and the upper mesosphere. The potential of the polar night jet in the upper stratosphere is examined
through the residual of nonlinear balance equation (RNBE) at 5 hPa, which is calculated using the ERA-In-
terim reanalysis data. A large RNBE occurs along the polar vortex in the winter stratosphere, as expected.
The correlation coefficient between the observed GWs at z = 96.8 km and IRNBE| poleward of 30°S in win-
ter is relatively smaller than that in spring and autumn due to critical-level filtering and Doppler shifting
via strong background wind and wind shear. On the contrary, in spring and autumn, the RNBE near the
polar night jet region at 5 hPa correlates well with the observed GW variances at z = 96.8 km, implying that
the polar night jet is an important source of observed GWs in the upper mesosphere in spring and autumn.
Deep convection poleward of 30°S, which is relatively strong in autumn and winter along storm tracks,
is found to be one possible source of mesospheric GWs. The CGWMF at 1 hPa in Kang et al. (2018) is the
greatest near storm tracks surrounding the Antarctic continent during autumn and winter, with significant
positive correlations with GW variances at z = 96.8 km in several areas of the storm tracks. GWs generated
by deep convection along storm tracks can propagate toward the axis of the polar vortex near KSS in au-
tumn and winter. In addition, secondary GWs generated in the mesosphere is investigated using backward
ray-tracing analysis with wave parameters estimated from 8-year (2008-2015) airglow images observed by
the all-sky camera at KSS. The secondary GWs mainly occur in winter, likely associated with breaking of
orographic GWs that reach the lower mesosphere.

In this study, we have qualitatively investigated the sources of observed GWs in the upper mesosphere based
on a correlation analysis. To understand the sources of GWs more precisely, two approaches may be pursued
as future research topics. First, the backward ray-tracing analysis should be expanded by using more GW
events over KSS, and diagnostic indices for wave sources (such as RNBE for the jet-stream or CGWMEF for
the deep convection) near each ray-termination position should be investigated. Second, high-resolution
numerical simulations that explicitly resolve GWs that are generated by various sources in the lower atmos-
phere and propagate up into the upper mesosphere should be performed (e.g., Chun & Kim, 2008).

GW activities in the Antarctic MLT regions can vary depending on the observation position due to dif-
ferent wave sources and different background atmosphere. Therefore, a comparison study of GW activ-
ities over Antarctica is needed to improve our understanding of wave dynamics and vertical couplings
between the lower and upper atmosphere, which will be studied in the future using meteor radar data
from various Antarctic stations belonging to the Antarctic Gravity Wave Instrument Network (ANGWIN)
(Moffat-Griffin, 2019).

Data Availability Statement

The raw data of the meteor radar and all-sky airglow imager at King Sejong Station are available from
Korea Polar Data Center (KPDC) (https://kpdc.kopri.re.kr/). The meteor radar observational data at Ro-
thera station are available at http://psddb.nerc-bas.ac.uk/data/access/. The MERRA-2 data set was obtained
from https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/data_access/. The ERA-Interim data are available
through http://apps.ecmwf.int. The CIRA data are available at http://data.ceda.ac.uk/badc/cira/data/. The
NCEP CFSR data are available at https://rda.ucar.edu/datasets/ds093.0/. The FORTRAN program for the
HWM14 data is available at https://doi.org/10.1002/2014EA000089.
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