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Abstract. Seasonal variation in westward-propagating quasi-10 d waves (Q10DWs) in the mesosphere and
lower thermosphere of the Southern Hemisphere (SH) high-latitude regions is investigated using meteor radar
(MR) observations for the period of 2012–2016 and using the Specified Dynamics (SD) version of the Whole
Atmosphere Community Climate Model (WACCM). The phase difference in meridional winds measured by
two MRs located in Antarctica gives observational estimates of the amplitude and phase of the Q10DW with
zonal wavenumber 1 (W1). The amplitude of the observed Q10DW-W1 is large around equinoxes. In order to
elucidate the variations in the observed Q10DW-W1 and its possible amplification mechanism, we carry out two
SD-WACCM experiments nudged towards the MERRA-2 reanalysis from the surface up to ∼ 60 km (EXP60)
and ∼ 75 km (EXP75). Results of the EXP75 indicate that the observed Q10DW-W1 can be amplified around
regions of barotropic and/or baroclinic instability in the middle mesosphere around 60–70° S. In the EXP60 ex-
periment, it was also found that the Q10DW-W1 is amplified around the regions of instability, but the amplitude
is too large compared to MR observations. The large-scale instability in the EXP60 in the SH summer meso-
sphere is stronger than that in the EXP75 and Microwave Limb Sounder observations. The larger instability in
the EXP60 is related to the large meridional and vertical variations in polar mesospheric zonal winds in associa-
tion with gravity wave parameterization (GWP). Given uncertainties inherent in GWP, these results can suggest
that it is possible for models to spuriously generate traveling planetary waves such as the Q10DW, especially in
summer, due to excessively strong large-scale instability in the SH high-latitude mesosphere.

1 Introduction

A series of Rossby normal modes (free oscillations) is the ho-
mogeneous solution of the governing equations on a sphere
linearized with respect to the isothermal and quiescent ref-
erence atmosphere (e.g., Andrews et al., 1987; Forbes et
al., 1995; Salby, 1984). Traveling normal modes exhibit
clear planetary-scale spatiotemporal oscillations throughout
the whole atmosphere, and for sufficiently large amplitudes,

these traveling planetary waves (PWs) can play an impor-
tant role in momentum and energy transfer to the mean flow
(Salby, 1984). Three gravest traveling normal modes have
been observed: westward-propagating zonal-wavenumber-1
PWs with periods of approximately 5, 10, and 16 d. Classi-
cal wave theory based on the isothermal and quiescent atmo-
sphere gives the theoretical periods of 5, 8.3, and 12.5 d, but
the periods in the real atmosphere can be shifted to values
close to 5, 10, and 16 d, respectively (Salby, 1981a, b), due
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to influences of vertical and meridional variation in the mean
horizontal winds and temperature.

Among the gravest modes, the quasi-5 d wave (Q5DW)
and quasi-16 d wave (Q16DW) have been extensively studied
through observations, modeling, and assimilation products:
ground-based observations (e.g., Day and Mitchell, 2010; He
et al., 2020b; and Mitra et al., 2022), satellite observations
(e.g., Forbes and Zhang, 2017; Huang et al., 2022), reanalysis
data (e.g., Huang et al., 2017), and simulations (e.g., Qin et
al., 2021). Using meteor radars (MRs) located in the northern
and southern polar regions, Day and Mitchell (2010) showed
that PW activity is strong during winter, and the seasonal
variation in PW is similar in both polar regions. Accord-
ing to Qin et al. (2021) and Mitra et al. (2022), barotropic
and baroclinic instabilities are the possible sources of the
Q5DW and Q16DW in that the waves can draw energy from
the mean flow in the region of instability. The disturbance
of zonal-mean flow frequently occurs during large-scale me-
teorological events such as sudden stratospheric warming
(SSW). It has been reported that the amplitude of the Q5DW
or Q16DW increases during SSW events (Eswaraiah et al.,
2016; Lee et al., 2021; Li et al., 2021; Ma et al., 2022). In
addition, the amplified PWs can interact with tidal waves
through the in situ nonlinear interaction, resulting in iono-
spheric disturbances during SSW (e.g., Goncharenko et al.,
2020; Forbes et al., 2021; Liu et al., 2021; and Qin et al.,
2019).

In contrast, the westward-propagating quasi-10 d wave
(Q10DW) with zonal wavenumber 1 (W1) has received lit-
tle attention compared to the other gravest normal modes.
Forbes and Zhang (2015) showed that the Q10DW-W1
has a mean period of 9.8± 0.4 d using the temperature
measurements from the Sounding of the Atmosphere us-
ing Broadband Emission Radiometry (SABER) instrument
mounted on NASA’s TIMED (Thermosphere–Ionosphere–
Mesosphere Energetics Dynamics) satellite in 2002–2013.
They showed that the large amplitude of the Q10DW-W1 is
found in the mid-latitude (40–50° latitude) mesosphere and
lower thermosphere (MLT) region of both hemispheres dur-
ing equinoxes, although their results are limited to the lat-
itude of 50° because of the yaw cycle of the satellite. Hi-
rooka (2000) reported the global structure of the Q10DW-W1
using the Improved Stratosphere and Mesospheric Sounder
(ISAMS) instrument aboard the Upper Atmosphere Research
Satellite (UARS) from November 1991 to May 1992. The
results also showed that the Q10DW-W1 is active during
equinoxes and winter at 0.1 hPa (∼ 65 km). In addition, it was
found that nonuniform and background zonal wind field can
influence the structure of the wave in the mesosphere. The
amplitude of the Q10DW-W1 is uniform or decays in the
vertical near the mesopause, and it does not increase above
the mesosphere even though the critical layer is absent. Us-
ing the assimilated reanalysis airglow intensities simulated
by the global circulation model from the ground to 30 km,
Egito et al. (2017) also found that the 10 d oscillation is dom-

inant from autumn to spring in the mid-latitude MLT region.
More recently, Huang et al. (2021) investigated Q10DW ac-
tivity based on the Modern-Era Retrospective analysis for
Research and Applications version 2 (MERRA-2) reanal-
ysis data. They showed that the dominant components of
the Q10DW are westward-propagating waves with zonal
wavenumber 1 during winter and spring in the stratosphere
and mesosphere and eastward-propagating waves with zonal
wavenumber 1 and 2, which are both excited in the region of
mesospheric instability. Although both westward and east-
ward Q10DW modes are found, they mainly focus on the
eastward-propagating Q10DW.

Several studies have investigated the response of the
Q10DW-W1 to SSWs. Matthias et al. (2012) conducted a
composite analysis of wave activities during major North-
ern Hemisphere (NH) SSWs from 1989 to 1998, reveal-
ing an amplification of the Q10DW-W1 in the NH high-
latitude MLT region following major SSW events. He et
al. (2020a, b) utilized NH MRs to observe the occurrence of
the Q10DW-W1 and Q16DW-W1 during four major winter
SSWs. They found that these waves persisted for approxi-
mately three to five whole cycles during the events. Chan-
dran et al. (2013) examined the forcing of secondary PW-
W1s driven by stratospheric instability on zonal winds as a
response to the 2012 NH minor SSW. Sassi and Liu (2014)
conducted numerical simulations during minor and major
NH SSWs and solar minimum conditions. They found that
PW-W1s with periods between 2 and 10 d originating in
the high-latitude NH were able to propagate equatorward
and influence equatorially trapped tides. This equatorward
propagation of secondary PWs was also reported by Qin et
al. (2022). They suggested that secondary PW-W1s with pe-
riods of 10 to 16 d generated in the high-latitude NH during
sudden stratospheric final warming could impact the South-
ern Hemisphere (SH) stratosphere depending on the phase
of the quasi-biennial oscillation (QBO). In the SH, studies
by Lee et al. (2021) and Wang et al. (2021) using SH MRs
reported that the Q10DW was amplified prior to the 2019
SH SSW. Yamazaki and Matthias (2019) reported that the
Q10DW-W1 is not only intensified during SSWs but also
affected by the seasonal timing of SSWs (i.e., final strato-
spheric warming) in regions of stratospheric instability.

While the amplification mechanism of the Q10DW-W1
generated following SSWs has been addressed in previous
studies (e.g., Qin et al., 2022; Yin et al., 2023), the spe-
cific mechanisms driving its seasonal amplification during
equinoxes remain less explored. In the present study, we
focus on the seasonal variation in the Q10DW-W1 in the
SH high-latitude MLT region using MRs located in Antarc-
tica. In addition, we carry out numerical simulations using
the Specified Dynamics Whole Atmosphere Community Cli-
mate Model (SD-WACCM) nudged towards MERRA-2 re-
analysis data, in order to elucidate the observed Q10DW-
W1 and its amplification mechanism. Section 2 describes two
MRs located at the Davis station (68.6° S, 77.9° E) and King
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Sejong Station (KSS; 62.2° S, 58.8° W) and describes how
we obtained the Q10DW-W1 from the observations. Also,
the SD-WACCM experiments and Microwave Limb Sounder
(MLS) data used for validation are described in Sect. 2. Re-
sults are presented in Sect. 3. In Sect. 3.1, we show seasonal
variation in the observed and modeled Q10DW-W1 in the
SH high-latitude MLT region. The amplification mechanism
of the Q10DW is discussed in Sect. 3.2. Q10DW activities
from SD-WACCM simulations are demonstrated in Sect. 3.3.
In Sect. 4, the results are summarized and their implications
are discussed.

2 Data and methods

2.1 Meteor radars

In this study, we use two MRs located at the Davis station
(68.6° S, 77.9° E) and King Sejong Station (KSS; 62.2° S,
58.8° W), Antarctica, from 2012 to 2016. The operating fre-
quencies of both the Davis and KSS MRs are 33.2 MHz
and the peak powers are 6.8 and 12 kW for each respec-
tive MR. Details of the operation parameters of Davis and
KSS are summarized in Holdsworth et al. (2008) and Lee et
al. (2018), respectively. A large number of studies has been
performed to investigate PW or tidal activities in the MLT re-
gion using single-station measurements of horizontal winds
from an MR (e.g., Eswaraiah et al., 2019; Luo et al., 2021;
Wang et al., 2021; Liu et al., 2022; and Lee et al., 2021).
However, single-station analysis has a limitation in diagnos-
ing the wave propagation direction, and thus most such stud-
ies focused on the timing of occurrence and amplitude varia-
tions in waves with a particular periodicity. For detailed anal-
ysis of PWs based on the Rossby normal modes, propagation
directions and wavenumbers need to be considered. Recently,
He et al. (2018) developed a method of estimating wave prop-
agation direction and wavenumber as well as amplitude by
adopting the phase differencing technique (PDT) to longitu-
dinally separated MR observations based on the method of
Walker et al. (2004). Since the longitudinal difference (λ1)
between Davis and KSS is about 137°, the PDT is appropri-
ate for analyzing PWs with zonal wavenumber 1. In order to
estimate the zonal wavenumber (s), we first make a contin-
uous wavelet transformation from the daily-mean Davis and
KSS MR data

(
WDavis

(f,t) and WKSS
(f,t)

)
, respectively, using the

Morlet wavelet function as a mother wavelet function (Tor-
rence and Compo, 1998). Then, the cross wavelet spectrum
C(f,t) is derived: C(f,t) =W

∗Davis
(f,t) WKSS

(f,t) , where ∗ denotes the
complex conjugate. Using the phase difference (θ1) obtained
from θ1 = Arg(C(f,t)) at a given frequency and time, we es-
timate the zonal wavenumber (s): s = (−θ1/(2π )+C)/λ1.
In this study, we focus on the PW activity with s= 1, and the
number of whole wave cycle (C) between the two stations is
set to zero (see He et al., 2018, for detailed PDT analysis).

Classical wave theory shows that the latitudinal structures
of zonal and meridional wind components for the Q10DW
normal mode from the Laplace tidal equation are antisym-
metric and symmetric with respect to the Equator, respec-
tively (e.g., Fig. 1 in Yamazaki and Matthias, 2019). The
magnitude of the Q10DW-W1 has maxima at a latitude of
25° and the poles for zonal and meridional wind compo-
nents, respectively. Around the latitude of 65° S, close to the
latitudes of the two MR observation sites, the normalized
amplitude of the Q10DW-W1 normal mode for the zonal
wind is nearly zero, but the normalized normal-mode mag-
nitude for the meridional wind is larger than the half of the
maximum magnitude of the meridional wind (Yamazaki and
Matthias, 2019). For this reason, daily-mean meridional wind
data from the MRs are used for the Q10DW analysis.

2.2 SD-WACCM

In this study, for detailed analysis of the observed Q10DW-
W1 activity and of its amplification mechanism, we com-
pare observational results with the Q10DW-W1 simulated
using the Specified Dynamics (SD) version of WACCM4
(Marsh et al., 2013). WACCM4 is a high-top (up to the
lower thermosphere at about 140 km) atmospheric compo-
nent model of the Community Earth System Model de-
veloped by the National Center for Atmospheric Research.
WACCM4 employs the Community Atmospheric Model
(CAM) version 4 physics package. The default horizontal
resolution of WACCM4 is 1.9°× 2.5° (lat.× long.), and it
uses 88 hybrid sigma vertical levels for the SD mode. Since
we focus on PWs such as the Q10DW-W1, daily-mean val-
ues from the SD-WACCM are used. In this study, two SD-
WACCM experiments with two different nudging depths
(EXP60 and EXP75) are performed. In the EXP60 and
EXP75, model variables are nudged towards the MERRA-2
reanalysis data from the surface to about 60 km and 75 km
in altitude, respectively. The MERRA-2 reanalysis is pro-
duced by assimilating various types of observations into the
Goddard Earth Observing System version 6 (GEOS-6) global
model (Gelaro et al., 2017). In addition to conventional me-
teorological observations and operational satellite measure-
ments, Earth Observing System (EOS) Aura MLS temper-
ature and ozone data are included in the assimilation pro-
cedure of MERRA-2 from 5 hPa (∼ 37 km) up to 0.02 hPa
(∼ 75 km) for temperature and from 250 hPa (∼ 10 km) to
0.1 hPa (∼ 65 km) for ozone (Gelaro et al., 2017; McCor-
mack et al., 2021). There is a divergence damping layer
near the top boundary of the GEOS-6 model used for pro-
duction of the MERRA-2 reanalysis (Fujiwara et al., 2017).
Divergence damping is often used to effectively and selec-
tively remove high-frequency (noisy) gravity waves, keep-
ing the large-scale circulation and PW structure less af-
fected (Jablonowski and Williamson, 2011). As a result, the
MERRA-2 reanalysis can reflect large-scale MLT variabili-
ties (e.g., McCormack et al., 2021; Harvey et al., 2021). As
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suggested by Brakebusch et al. (2013), nudging coefficients
for EXP60 and EXP75 below the altitudes of 50 and 65 km,
respectively, are 0.01 s−1, and they decrease linearly and be-
come zero above the altitudes of 60 and 75 km for their re-
spective simulations.

WACCM simulation requires sea surface temperature, sea
ice fraction, solar and geomagnetic index, and ionization rate
by energetic particle precipitation (EPP) data for the time pe-
riod of the simulations. The sea surface temperature and sea
ice fraction data are produced by the NOAA Optimum Inter-
polation (Reynolds et al., 2002). The solar and geomagnetic
indices are obtained from the NASA Goddard Space Flight
Center (GSFC) Space Physics Data Facility (SPDF) OMNI-
Web interface (https://omniweb.gsfc.nasa.gov/ow.html, last
access: March 2024). The EPP ionization rate comes from
the Chemistry–Climate Model Initiative (CCMI) REFC2
data for the period of 1960–2100 (Eyring et al., 2013). Re-
garding MLT dynamics, the effects of gravity wave drag
(GWD) are crucial. WACCM includes a suite of GWD pa-
rameterizations (Richter et al., 2010) for the effects of unre-
solved GW momentum transfer from orography (McFarlane,
1987), deep convection (Beres et al., 2005), and frontal activ-
ity (Charron and Manzini, 2002). SD-WACCM simulations
start from 1 January 2011 and end on 31 December 2016.
The first year of results is discarded as a spin-up, and results
for 2012–2016 are compared with MR observations.

2.3 MLS

To validate the Q10DW-W1 estimates obtained from MR
observations, we derive the geostrophic winds from geopo-
tential height (GPH) data (version 5.1) measured using the
MLS on board NASA’s EOS Aura satellite (Schwartz et al.,
2008). Geostrophic wind components are computed follow-
ing Matthias and Ern (2018). The Aura satellite launched
on July 2004 is in a sun-synchronous orbit with an altitude
of 705 km. Spatial coverage of the MLS instrument is from
82° S to 82° N with a 165 km resolution along the track. The
sun-synchronous orbit of the Aura satellite can provide daily
global coverage data in about 15 orbits. The global cover-
age of GPH is produced using daily mean values in 5°× 5°
(lat× long) grids. In this process, GPH data are filtered on the
basis of the recommended precision, status, quality, and con-
vergence thresholds of Version 5.0x Level 2 and 3 data qual-
ity and description document (https://mls.jpl.nasa.gov/data/
v5-0_data_quality_document.pdf, last access: March 2024).

3 Results and discussion

3.1 Seasonal variation in the Q10DW-W1 in the MLT
region

The meridional wind perturbation for the Q10DW-W1 is
symmetric in latitude around the Equator, as mentioned ear-
lier. Therefore, in order to extract and analyze the Q10DW-

W1, which is potentially related to the Rossby normal mode
in the MLT region, it is necessary to confirm whether the
latitudinal structure of the Q10DW-W1 has hemispheric
symmetry. Although the KSS and Davis MR observations
can provide information about longitudinal propagation of
the Q10DW-W1, it is impossible to estimate the latitudi-
nal structure using these radars alone. In this study, the
meridional geostrophic winds obtained from the MLS geopo-
tential data are used to confirm the hemispheric symmetry
of the Q10DW-W1 estimated from MRs. The amplitudes
of the Q10DW-W1 in the MLS are obtained using a two-
dimensional fast Fourier transform (FFT) of the geostrophic
meridional winds averaged over the height range of 80–
90 km in the time (30 d sliding window) and longitude do-
main. The time–latitude cross section of the amplitude of
the Q10DW-W1 derived from the MLS geostrophic merid-
ional wind averaged over the height range of 80–90 km is
presented in the Supplement (Fig. S1). Hereafter, “Q10DW”
denotes a westward-propagating quasi-10 d normal-mode
wave with zonal wavenumber 1 and hemispheric symmetry,
where “quasi-10 d periodicity” means periods between 9 and
11 d. Unless hemispheric symmetry is satisfied, the analyzed
westward-propagating signals with zonal wavenumber 1 are
referred to as quasi-10 d-like oscillations (Q10DOs).

Figure 1 shows the time–height distributions of the am-
plitudes of Q10DWs and Q10DOs derived from the daily-
mean meridional winds observed at the Davis and KSS MRs
using the PDT method. The regions shaded in gray repre-
sent the time periods when hemispheric symmetry was not
found in the MLS results, as shown in Fig. S1. The time pe-
riods of the hemispheric symmetries are defined by the peri-
ods when the amplitudes of the MLS meridional geostrophic
winds (vertically averaged over 80–90 km) with quasi-10 d
periodicity exceeded 3.5 m s−1 in both 60–80° N and 60–
80° S. MLS results during solstices are generally shaded in
gray (see Fig. S1). This result indicates that normal-mode
Q10DWs are found during equinoxes, which is consistent
with the results from Forbes and Zhang (2015). Using the
periods of hemispheric symmetry of the Q10DW obtained
from the MLS, we identify the normal-mode Q10DW from
the Davis and KSS MR observations.

The 5-year average (the bottommost panel of Fig. 1) be-
tween 2012 and 2016 indicates that Q10DWs are generally
enhanced from late February to April and from late Au-
gust to September in the altitude range of 82–98 km with
a maximum amplitude of 2.6 m s−1. Q10DWs are usually
more amplified in early spring, from late August to Septem-
ber, with the largest amplitudes around the altitudes of 90–
95 km. Large amplitudes are found in winter (July to mid-
August), but they are unlikely to represent normal-mode
Q10DWs as is clear from the gray shading in winter. Ac-
cording to Wang et al. (2021), nonlinear wave–wave interac-
tion can generate Q10DOs in SH winter. Their Q10DOs are
eastward-propagating, interacting with stationary PWs with
zonal wavenumber 1. Meanwhile, the Q10DWs and Q10DOs
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Figure 1. Time–height distributions of the amplitudes of Q10DWs
(unshaded regions) and Q10DOs (shaded regions) derived from
meridional winds observed by MRs at Davis (68.6° S, 77.9° E) and
KSS (62.2° S, 58.8° W) from 2012–2016. The bottommost panel
shows the 5-year average from 2012 to 2016. The gray shading rep-
resents time periods where the hemispheric symmetry is unclear in
the MLS results (see the text for details).

(Fig. 1) obtained from two MRs using the PDT method are
westward-propagating. Understanding of the mechanisms of
the wintertime westward-propagating Q10DOs is beyond the
scope of this study and requires continuing research. It is
important to note that the amplitudes of the Q10DW are
systematically lower in MRs compared to the MLS results.
These discrepancies might be attributed to the accuracy of
estimated geostrophic winds from the MLS data or to the in-
herent limitations of MR analysis, which in our case involves
only two stations located at slightly different latitudes.

For individual years, it was also found that the amplitude
of the Q10DW is generally large during equinoxes (see pan-
els for each year in Fig. 1 and S1). During March–April
(autumn), active Q10DWs are identified, and their ampli-
tudes reach up to ∼ 3 m s−1 in 2014 and 2015. In particular,
the peak in September (spring) is prominent in 2016. These
MR observation results are remarkably consistent with re-
sults obtained using satellite geopotential height in the high-

latitude SH region (Forbes and Zhang, 2015). Occasionally,
large-amplitude Q10DWs are observed near an altitude of
98–100 km during equinoxes (e.g., April 2015), but results
around 100 km can be less reliable because the number of
MR echoes above 96 km is much smaller than those around
90 km (Lee et al., 2022).

Figure 2 demonstrates the time–height distributions of the
amplitudes of Q10DWs and Q10DOs around the latitude of
63° S in the EXP75 SD-WACCM simulation for an altitude
range of 60–110 km in 2012–2016, along with the hemi-
spheric symmetry period obtained from the MLS results. The
bottommost panel in Fig. 2 shows the 5-year average from
2012 to 2016. The amplitudes are obtained by decompos-
ing the meridional winds obtained from the simulation into
westward-propagating Fourier modes with zonal wavenum-
ber 1 using the 2D FFT in time (30 d sliding window) and a
longitudinal domain around 63° S. From Fig. 2, it is clear that
the seasonal variations in the Q10DW amplitudes obtained
from the simulation have year-to-year variations, the same as
in the Q10DW amplitudes derived from the two MRs. How-
ever, the Q10DW activities observed in the MR observations
are much smaller than those in the EXP75 simulation (see
Fig. 1).

The 5-year average in Fig. 2 shows that there are four main
time periods (February, April, September, and November)
when the modeled Q10DWs and Q10DOs are active in the
EXP75 simulation. April and September are consistent with
the MR observations, in terms of Q10DW amplitudes and
hemispheric symmetry obtained from the MLS, but the other
periods are not. The active signals simulated in February and
November do not appear to be normal-mode Q10DWs be-
cause hemispheric symmetry is not seen in the MLS data
during February and November. For a more comprehensive
understanding of the Q10DOs in the EXP75 simulation dur-
ing February and November, we will discuss this in more
detail later in Sect. 3.3 by comparing the EXP75 and EXP60.

Figure 3 shows time series of the normalized amplitudes
of Q10DWs and Q10DOs obtained from the MR observa-
tions (black) and EXP75 simulation (blue). Normalization is
carried out by averaging the amplitudes in the altitude range
between 80 and 100 km and dividing the 5-year averaged val-
ues by the respective maximum values in the same altitude
range. We select the dates when (i) the amplitudes obtained
from both MRs and EXP75 exceed their respective 5-year
mean values, (ii) their correlation is relatively large (> 0.6),
and (iii) hemispheric symmetry occurs in the MLS results.
The correlation coefficients are computed for sliding 7 d win-
dows with a 1 d time step. The dates when the three criteria
are satisfied are represented by yellow boxes on the x axis in
Fig. 3. The total number of dates when the Q10DW was sub-
stantially active in both observations and the model (EXP75)
is 46. Using EXP75 results on the selected dates, amplifica-
tion mechanisms of the observed Q10DW will be discussed.
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Figure 2. Time–height distributions of the amplitudes of Q10DWs
(unshaded regions) and Q10DOs (shaded regions) around 63° S
from 2012–2016 in the EXP75 simulation. The bottommost panel
shows the 5-year average between 2012 and 2016. The gray shaded
areas represent periods where hemispheric symmetry was not ob-
served in the MLS results.

3.2 Amplification mechanisms of the Q10DW

The amplitude of upward-propagating PWs grows with
height when vertical propagation is allowed, but it can de-
crease with height in the evanescent region where the square
of the refractive index (n2) becomes negative. Regions of
negative n2 are often accompanied by regions of negative
latitudinal gradient of zonal-mean potential vorticity (qφ),
where q is the zonal-mean quasi-geostrophic potential vor-
ticity (QGPV), the overbar denotes zonal averaging, φ is the
latitude, and the subscript φ denotes a partial derivative in
the latitudinal direction. In regions of negative qφ , barotropic
and/or baroclinic instabilities can occur (Matsuno, 1970),
and it is known that PWs can be amplified extracting energy
from the mean flow while they pass through the regions of
instability (Meyer and Forbes, 1997; Cohen et al., 2013). If
PWs somehow reach their critical lines within a region of
instability, it is possible for these PWs to tunnel through the
critical lines (Rhodes et al., 2021). In cases where the evanes-
cent region is thin enough, and the PWs can reach their crit-

ical lines, it is also possible for over-reflection to take place,
resulting in amplified PWs and propagation of the amplified
PWs out of the region of over-reflection (Lindzen et al., 1980;
Rhodes et al., 2021).

Another possible way of modulating PWs is excitation by
nonconservative GWD (Song et al., 2020). Nonconservative
GWD forcing (NCGWD; Z′) can generate PWs, as is clearly
seen in the QGPV perturbation equation given in the form
of wave action conservation (Eq. 1) when diabatic forcing is
ignored in Z′ (see Andrews et al., 1987, and Palmer, 1982,
for details):

∂A

∂t
+∇ ·F= ρ0Z′q ′(M)/

(
qφ/a

)
, (1)

where a is the Earth’s mean radius; ρ0 is the reference den-
sity given as an exponentially decreasing function of log-
pressure height z; the prime denotes the perturbation from
the respective zonal mean; A, defined below using q ′(M), is
the wave-activity density in the spherical QG system; q ′(M) is
the perturbation of the modified QGPV, modified to consider
the planetary vorticity advection by the isallobaric merid-
ional wind in spherical geometry (Matsuno, 1970; Palmer,
1982);Z′ is the curl of the horizontal GWD perturbation; and
∇·F is the divergence of Eliassen–Palm (EP) flux (F). Flux F
is considered to be the wave-activity flux given by F= cgA

in the QG framework, where cg is the group velocity in the
latitude–height domain.

In Eq. (1), wave-activity density A and the modified
QGPV perturbation q ′(M) are given in spherical geometry
(Palmer, 1982) as the following equations:

A= a cosφ
1
2
ρ0
q ′2(M)

qφ/a
, (2)

q ′(M) =
v′λ

a cosφ
−

f

a cosφ

(
u′ cosφ
f

)
φ

+
f

ρ0

(
ρ0
θ ′

θz

)
z

, (3)

where u and v are zonal and meridional wind components,
respectively; λ is the longitude; f is the Coriolis parameter;
and θ is the potential temperature. The subscripts λ and z
mean the partial derivatives in longitude and vertical direc-
tion, respectively.

To understand the amplification of PWs around the regions
of instability, the regions of barotropic and baroclinic insta-
bility are determined by the negative sign of qφ (Andrews et
al., 1987) given by

qφ = 2�cosφ−
[

(ucosφ)φ
a cosφ

]
φ

−
a

ρ0

(
ρ0f

2

N2 uz

)
z

, (4)

where � is the Earth’s rotation rate and N is the buoyancy
frequency. The negative sign of qφ is a necessary condition of
barotropic and baroclinic instabilities. The second and third
terms with a negative sign on the right-hand side of Eq. (4)
represent the meridional and vertical curvature of the zonal-
mean zonal wind, respectively. If the second or third term is
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Figure 3. Time series of normalized amplitudes of Q10DWs and Q10DOs from the observations (black line) and EXP75 simulation (blue
line). The dashed lines and shaded areas represent the mean and standard deviation of the normalized amplitude of Q10DWs and Q10DOs
from the observations (black) and EXP75 (blue). Yellow boxes on the x axis indicate the dates when the normalized amplitudes from both
MRs and EXP75 can be considered to be caused by normal-mode Q10DWs.

dominant, qφ can become negative, and instabilities can take
place.

The square of the refractive index n2 is used to analyze the
propagation characteristics of PWs and depends on the mean
QGPV gradient:

n2
=

qφ

a(u− c)
−

s2

a2cos2φ
−

f 2

4N2H 2 , (5)

where c is the zonal phase speed of a single PW (i.e., c =
2πa cosφ/(sτ ); s is the zonal wavenumber, and τ is the wave
period), and the constant scale height H is set to 7 km. Prop-
agation of PWs is possible in regions of positive n2. On the
other hand, PWs can be reflected or be evanescent in regions
where n2 < 0 (Matsuno, 1970).

In order to analyze wave propagation and wave activity for
the selected dates for Q10DWs (or Q10DOs) found in MRs
and model simulations, we use the EP flux as a diagnostic
tool, derived from the transformed Eulerian mean framework
for a spherical QG system (Palmer, 1982; Andrews et al.,
1987). In spherical geometry, the meridional [F (φ)] and ver-
tical [F (z)] components of the EP flux F≡ [0,F (φ),F (z)] are
given by

F (φ)
=−ρ0a cosφu′v′, (6)

F (z)
= ρ0a cosφf v′θ ′/θz. (7)

Figure 4 shows the EP flux F and wave activity density nor-
malized using ρ0a cosφ for Q10DWs in the EXP75. The
propagation inhibition region (n2 < 0) and the contours of
the zonal-mean zonal wind are plotted over the panels. Thick
green and black lines indicate the regions of qφ = 0 and of
critical lines for Q10DWs, respectively. The critical lines
are plotted by computing the zonal phase speed (c) of the
Q10DW: c = 2πa cosφ/(sτ ), where s = 1 and τ = 10 d. The
wave-activity density is shaded in blue or red depending on

its sign [sgn(A)]. For the EP flux vector, F/sgn(A) (= cg|A|),
rather than F itself, (= cgA) is plotted such that the EP flux
can always be parallel to the local group velocity of Q10DWs
regardless of the regions of instability where qφ < 0 and thus
A< 0. To better illustrate the EP flux in the atmosphere
where its density decreases exponentially with height, the
meridional and vertical components of EP flux are scaled by
(ps/p)0.85 [

F (φ)/(aπ ),F (z)/(3× 105)
]

(Edmon et al., 1980;
Gan et al., 2018), where ps and p are surface and atmo-
spheric pressure, respectively.

For Fig. 4, we selected the four dates of (a) 30 April 2012,
(b) 11 April 2013, (c) 6 April 2015, and (d) 29 October
2016 when the three criteria mentioned in Fig. 3 are satis-
fied (see yellow boxes in Fig. 3). That is, the amplitudes ob-
tained from both MRs and EXP75 exceed their respective
5-year mean values, the correlation coefficient is larger than
0.6, and hemispheric symmetry is found in the MLS results.
The 30 April 2012 case (Fig. 4a) shows that the stratospheric
jet is located around 40–60° S (55 km) in the latitude–height
domain and that there is a predominant branch of upward and
equatorward Q10DW EP flux vectors across the center of
the stratospheric jet. In the high-latitude mesosphere, there
are two regions where both large-scale instability (qφ < 0)
and evanescence (n2 < 0) take place, and they are located
at 55–65° S (60–85 km) and 65–80° S (70–110 km), respec-
tively. Along the boundaries of the instability (green lines),
large positive or negative Q10DW activities are found. Diver-
gent EP flux vectors in the meridional direction are clearly
seen around the region of instability located at 53° S (65–
75 km), which implies excitation of Q10DWs in association
with the instability. In the region of MR observations (60–
65° S; 85–100 km), substantially amplified Q10DW activity
appears, and the equatorward Q10DW EP flux towards the
MR sites is found over the amplified Q10DW activity.
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Figure 4. EP flux parallel to local group velocity [F/sgn(A)] and normalized wave activity density (A(ρ0a cosφ)−1 given in units of m s−1)
for the Q10DWs in the EXP75 on (a) 30 April 2012, (b) 11 April 2013, (c) 6 April 2015, and (d) 29 October 2016. The activity density A is
shaded in blue or red depending on its sign. The boundaries of the regions of instability (qφ = 0; green lines), the negative n2 regions (grey
shading), and the red contours for zonal-mean zonal wind are plotted over each panel. For eastward (westward) zonal-mean zonal wind,
contours are plotted in solid (dashed) lines, and the contour interval is 10 m s−1.

Figure 4b demonstrates the case of 11 April 2013. One
major branch of Q10DW EP flux vectors (Fig. 4b) originates
from the stratospheric jet located at 55–60° S (45–60 km). On
the southern and upper side of the stratospheric jet, the re-
gion of instability and evanescence extends from 45 to 70 km
in height at latitudes of 50–75° S. Above the region of in-
stability, a distinct region of strong wave activity is found
around 50–65° S (65–90 km), and this region partially over-
laps with the MR observation region. Around this region, the
Q10DW EP flux is directed downward and poleward inside
of the region of instability (within the green line; Fig. 4b).
The Q10DW EP flux is directed upward and equatorward
outside and above the region of instability. This diverging
pattern of EP flux around the region of instability also shows
the possibility of Q10DW excitation in association with the
instability.

For the 6 April 2015 case (Fig. 4c), the structure of wave-
activity density and regions of instability is similar to the
30 April 2012 case (Fig. 4a). The regions of instability and
evanescence occur around 60–80° S (70–100 km). Along the
boundaries of the instability, there are strong positive and
negative wave-activity densities, and this region of strong
wave activities includes the MR observation region. Again,
divergence of the Q10DW fluxes appears in the upper part of
the region of instability around 60–70° S (80–100 km). The
Q10DW propagates upward and equatorward outside the re-
gion of instability and downward inside the region of insta-
bility, as in the other dates shown in Fig. 4a and b. Unlike
the other events, propagation of the Q10DW is poleward in
the stratosphere (30–60 km altitude). This result is consis-
tent with Qin et al. (2022). They reported that the merid-
ional component of EP flux extends from the NH strato-
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sphere across the Equator to the SH stratosphere during the
westerly phase of QBO in the middle stratosphere and during
the westerly phase of the semi-annual oscillation in the upper
stratosphere.

In the 29 October 2016 case (Fig. 4d), the center of
the stratospheric jet is located around 60–70° S (20–30 km).
Above the stratospheric jet, the eastward wind turns west-
ward around an altitude of 60 km. Within the region of west-
ward wind, regions of instability and evanescence are found.
In addition, critical lines exist inside the region of instability.
The over-reflection or transmission process can take place
near the critical lines, as we mentioned. Notably, the signif-
icantly large positive and negative wave-activity density re-
gions are found around 45–70° S (60–90 km) near the bound-
aries of the instability, and these regions partially overlap
with the MR observation region. This result suggests that the
observed amplification of the Q10DW may be attributed to
the over-reflection process. The EP flux of the Q10DW pre-
dominantly propagates upward and equatorward away from
the strong region of wave-activity around 60° S (60–70 km),
with weak poleward propagation of the Q10DW towards the
region of instability across the critical lines.

For all cases shown in Fig. 4, the results indicate that
a distinct region of strong wave-activity density is located
within the area observed by the MRs (around 60–70° S and
80–100 km in height), which is associated with the region of
large-scale instability. Considering that wave-activity density
A is directly proportional to q ′2 and inversely proportional
to qφ , it can be assumed that the small qφ contributes to the
large magnitude of A near the region of instability. However,
we confirm that the large q ′2 is located around the region of
instability, leading to overall large wave-activity density (not
shown). In addition, the group velocity of the wave is given
as cg = F/A. For the selected cases (Fig. 4), the EP flux F
in the MR observation region is relatively small, while the
magnitude of A is comparatively large. This suggests a small
group velocity in this region. These results agree with the
research of Thorncroft et al. (1993), which states that dur-
ing the amplification of baroclinic waves, the group velocity
tends to be small.

As previously mentioned, Song et al. (2020) proposed that
the NCGWD can generate PWs. In addition, Forbes and
Zhang (2015) suggested that the dissipation of gravity waves
filtered by the Q10DW wind field can generate a secondary
Q10DW by momentum deposition. In this regard, both pa-
rameterized GWs and resolved GWs (s ≥ 20) could also play
a role in generating the Q10DW. To verify the contribution of
the NCGWD, we analyze the linearized disturbance QGPV
equation (Andrews et al., 1987) for the four cases shown in
Fig. 4. Our analysis shows that the contribution of both the
NCGWD and resolved GW for the Q10DW is negligible in
the MLT region (see Fig. S3 in the Supplement).

These results indicate that the large amplitudes of the
Q10DW observed in the SH high-latitude region by the

Davis and KSS MRs can originate from the high-latitude
stratosphere–mesosphere region, where barotropic and/or
baroclinic instability or over-reflection near the critical layer
occurs.

3.3 Comparison of Q10DO between SD-WACCM
simulations

This section compares the Q10DOs around the regions of
mesospheric instability in the two SD-WACCM simulations
(EXP75 and EXP60) for February and November. Febru-
ary and November were chosen because the amplitudes of
modeled Q10DOs are substantial. The magnitude of Q10DO
in the EXP75 is generally smaller than that in the EXP60,
which is more comparable to the MR and MLS observations
in which both Q10DWs and Q10DOs are weak (see Figs. S1
and S2 in the Supplement). Note that more realistic mete-
orological fields are nudged throughout the mesosphere in
the EXP75. In this section, comparison between EXP75 and
EXP60 for February and November is carried out to reveal
the mechanisms behind weak Q10DOs in the EXP75.

Figure 5 demonstrates the properties of the Q10DO and
background atmospheric conditions (as shown in Fig. 4) for
5 February 2013 and 16 November 2016 when Q10DO ac-
tivity was found to be large in both simulations. The left
and right panels of Fig. 5 are the results from the EXP75
and EXP60, respectively. In Fig. 5, it is clear that the strong
wave-activity density for the Q10DO arises in polar regions
above the altitude of 70 km in the EXP60, and the magni-
tude of the EP fluxes in the EXP60 is much larger than that
in EXP75. In addition, on 5 February 2013 in the EXP60
(Fig. 5b), a region of substantially strong wave-activity den-
sity is located in the mid-latitude mesospheric region as well.
Around the regions of strong wave-activity in the polar up-
per mesosphere, it is seen that the EP fluxes of Q10DWs are
divergent. In addition, the distinct wave-activity density of
Q10DO regions in the EXP60 occurs along the regions of in-
stability and critical lines around 50–70° S (70–110 km) and
20–40° S (65–80 km). On the other hand, the wave-activity
density of Q10DO in the EXP75 (Fig. 5a and c) is located at
relatively higher altitudes (80–100 km), and the strength of
Q10DO EP flux and wave-activity density is weaker than in
EXP60. Moreover, the negative EP flux divergence (EPFD)
is much larger in the EXP60 than in the EXP75 above the
altitude of 80 km (not shown).

Our analysis reveals larger wave-activity density and EP
fluxes in the EXP60 along the region of large-scale instabil-
ity in the polar upper mesosphere compared to in the EXP75.
This indicates that the stronger large-scale instability in the
EXP60 can amplify Q10DO activities, which is consistent
with the analysis result that barotropic and baroclinic insta-
bilities can be major sources of the amplification of traveling
PWs (Harvey et al., 2019).

Figure 6 shows the qφ (normalized with �) for 5 Febru-
ary 2013 and 16 November 2016 from the EXP75 (blue),
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Figure 5. Same as Fig. 4 but for (a, b) 5 February 2013 and (c, d) 15 November 2016. Panels (a) and (c) represent the results from EXP75,
while (b) and (d) are from EXP60.

Figure 6. qφ (normalized with �), averaged over 65–85° S for (a) 5 February 2013 and (b) 16 November 2016 from the EXP75 (blue),
EXP60 (red), and MLS (black).
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Figure 7. Contributions of (a–c) the meridional variation in the zonally averaged mean flow and (d–f) its vertical variation to the instability
condition (negative qφ) shown in Eq. (2) for 5 February 2013. Panels in each column present the results from (a, d) the EXP75, (b, e) the
EXP60, and (c, f) the difference between EXP75 and EXP60. Only negative values are plotted, except for panels (c) and (f).

EXP60 (red), and MLS (black). Normalization makes qφ di-
mensionless. The qφ/� from MLS is derived in the quasi-
geostrophic framework (Andrews et al., 1987) and is in-
cluded as a reference for validation. The qφ/� is averaged
between the latitudes of 65–80° S where wave-activity den-
sity is strong and large negative qφ is found (Fig. 5). It is seen
that the vertical profiles of qφ/� from the EXP75 and MLS
have somewhat small negative values, and they are gener-
ally similar below the altitude of 75 km, although the differ-
ence gradually increase above the altitude of 75 km. On the
other hand, large discrepancies are shown between EXP75
and EXP60 in the altitudes between 60–80 km. In the EXP60,
qφ/� has much larger negative values, which suggest a rel-
atively stronger barotropic or baroclinic instability and am-
plification of the Q10DO in the middle–upper mesosphere in
association with the stronger instability.

The negative qφ can be induced by latitudinal and ver-
tical curvatures of zonal-mean zonal wind that correspond
to the second and third terms (with negative signs) on the
right side of Eq. (4), respectively. Figure 7 shows the sec-
ond (top panels) and third (bottom panels) terms for 5 Febru-
ary 2013. The differences shown in Fig. 7c and f indicate
that the larger negative qφ is located at lower altitudes in
the EXP60 than in the EXP75, inducing the larger instabil-
ity at 65–75 km in height around 70–80° S in the EXP60,

which is consistent with Fig. 6. Note that the positive dif-
ferences seen at about 65–75 km in the high-latitude regions
in Fig. 7c and f mean a larger negative qφ in the EXP60.
Also, it is clear that both vertical and horizontal shear con-
tribute to the stronger barotropic and/or baroclinic instability
in the EXP60 in the middle–upper mesosphere, as shown in
Fig. 7a–b and d–e. This analysis demonstrates that the meso-
spheric dynamics specified by the MERRA-2 data up to the
altitude of 75 km reduce large-scale instability in the middle–
upper mesosphere in the EXP75. This is consistent with Sassi
et al. (2021), who proposed that the absence of specifica-
tion of middle atmosphere dynamics induces instability in
the summer mesospheric westward jet, leading to large trav-
eling PWs.

The wind structure in the MLT region is mainly driven
by momentum deposition from PWs and GWs. Harvey et
al. (2019) reported that GWs can change the vertical shears
significantly, leading to enhanced instability and larger trav-
eling PWs in the mesospheric region, based on the satellite
observations and SD-WACCM simulations. GW forcing is
one of the main factors in maintaining the necessary condi-
tions of barotropic and/or baroclinic instability in the mod-
eled mesosphere (Sato et al., 2018). Therefore, in order to
better understand the mechanisms underlying the discrepan-
cies in zonal wind fields and the resulting instability in the
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model, it is important to examine the contribution of resolved
wave forcing (EPFD) and GWD forcing on the zonal wind
structure in the mesosphere.

Figure 8 shows the latitude–height distributions of zonal-
mean zonal wind, the zonal component of GWD, and re-
solved wave forcing (EPFD) on 5 February 2013 for the
EXP75, the EXP60, and the difference between EXP75 and
EXP60 (EXP75–EXP60). The zonal-mean zonal wind, zonal
component of GWD, and resolved wave forcing (EPFD) are
calculated using a 21 d averaging (central date ±10 d). For
GWD, the orographic and non-orographic values are added.
In Fig. 8a–b, zero-wind lines are located around 80 km in
height in the SH mid-latitude region, indicating the reversal
of the zonal-mean zonal wind due to eastward momentum
forcing from the GWs and resolved waves. It is clear that
the zero-wind line in the EXP60 is located about 5 km lower
compared to the EXP75, which means that eastward GWD
and eastward EPFD in the EXP60 can be larger below the
altitude of ∼ 80 km than in the EXP75. Indeed, the differ-
ence field between EXP75 and EXP60 for GWD (Fig. 8f)
shows that the eastward GWD in the EXP60 is larger around
60° S (70 km) than that in EXP75, as indicated by the neg-
ative difference field in those regions. In addition, the re-
solved wave forcing (EP flux divergence) is more eastward
above the altitude of 70 km in the mid- to high-latitude re-
gions in the EXP60 than in the EXP75. This result indicates
that eastward resolved wave forcing also contributes more
in the middle–upper mesosphere in the EXP60, resulting in
zonal-mean zonal wind reversal (westward to eastward wind)
at a lower altitude in the EXP60, as shown around 60° S in
Fig. 8b.

As mentioned before, amplification or modulation of
westward-propagating PWs with zonal wavenumber 1 and a
quasi-10 d period due to NCGWD and resolved GW is negli-
gible (Fig. S3 in Supplement), indicating that amplification
of the Q10DW or Q10DO is mainly related to the baro-
clinic/barotropic instability. The stronger instability in the
EXP60 around the altitude of 70 km indicates that WACCM
simulates a large meridional and vertical variation in zonal
winds compared to the observations in the middle–upper
mesosphere, which is likely due to the stronger eastward
GWD and eastward EPFD forcing near 70 km in altitude in
the EXP60, as shown in Fig. 8. Cohen et al. (2013) reported
that parameterized GWs can generate instability that can gen-
erate resolved waves, of which forcing (i.e., EPFD) can com-
pensate for GWD. Our results show that the increased east-
ward GWD at 70 km in altitude generates instability and
leads to more Q10DOs. The EPFD in the EXP60 gives a
more eastward forcing above 70 km, enhancing the wind re-
versal in the mid-to-high latitudes. However, comparison of
Fig. 8f and i indicates that the structures of GWD and EPFD
are roughly 90–180° shifted in the vertical direction, approx-
imately consistent with the compensation between GWD and
EPFD. Raising the nudging altitude of MERRA-2 reanal-
ysis data to 75 km (from 60 km) reduces the instability in

the middle–upper mesosphere, leading to decreased Q10DO
activity in the EXP75. Therefore, we suggest that strong
eastward GWD in the middle–upper mesosphere in summer
needs to be alleviated, which can generate more instability
in the SH high-latitude mesosphere region that can lead to
differences between observations and simulations.

4 Conclusions

In this paper, the seasonal variation and amplification mech-
anism of the Q10DW during 2012–2016 in the SH high-
latitude regions are investigated using two MRs located in
Antarctica and SD-WACCM simulations. Using the phase
difference in meridional winds measured by two MRs,
we extract the westward-propagating Q10DW with zonal
wavenumber 1. The seasonal variation in the observed
Q10DW shows that the amplitude is strong during equinoxes,
which is consistent with previous studies. In addition, our
study shows that the Q10DWs from the MLS appear to be
consistently overestimated compared to those from MRs.
These discrepancies can be due to both errors in estimating
winds from the MLS and uncertainties in results obtained
from the two MR stations alone. Further investigation is re-
quired to more reliably estimate the amplitude and phase of
Q10DWs from observations.

In order to elucidate the amplification mechanism of
the Q10DW observed by MRs during equinoxes, two SD-
WACCM experiments were carried out using the MERRA-
2 reanalysis data from the surface to ∼ 60 km (EXP60) and
∼ 75 km (EXP75). The temporal variation in the averaged
amplitude of the Q10DW in the EXP75 during 2012–2016
is in better agreement with the MR observations. Mean-
while, the amplitude of the Q10DW in the EXP60 is exces-
sively large compared to the observations. Based on analysis
of the meridional gradient of the QGPV and wave-activity
density, the Q10DW observed in the SH high-latitude re-
gion by the MRs originated in situ around the high-latitude
stratosphere–mesosphere region, where large-scale instabil-
ity or over-reflection near the critical lines occurs. The un-
realistically large magnitude of the Q10DO (quasi-10 d-like
oscillations without satisfying hemispheric symmetry, un-
like the Q10DW) is simulated in the EXP60 during Febru-
ary and November. In order to understand mechanisms of
the large amplitude of the Q10DO in the EXP60 during the
SH summer, we compare the meridional gradient of QGPV
from the EXP75 and the EXP60. The results show that spec-
ified dynamics with MERRA-2 reanalysis data mitigate the
meridional and vertical variation in zonal winds in the polar
middle–upper mesosphere in the EXP75, resulting in a re-
duction in the large-scale instability. On the other hand, the
large amplitude of the Q10DO in the EXP60 is attributed to
the large-scale instability related to the GWD and partially to
the EPFD in the polar middle–upper mesosphere.
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Figure 8. Latitude–height distributions of (a–c) zonal-mean zonal wind, (d–f) the zonal component of GWD, and (g–i) resolved wave forcing
(EP flux divergence) on 5 February 2013 in the (a, d, g) EXP75, (b, e, h) and the EXP60 and (c, f, i) the difference between EXP75 and
EXP60 (EXP75–EXP60).

The polar mesospheric GWD can lead to strong large-scale
instability in the SH high-latitude mesosphere and unrealisti-
cally large amplitude of the Q10DO in summer. The present
study of the amplification mechanism of the Q10DW dur-
ing equinoxes and the unrealistic Q10DO amplitude in sum-
mer shows the potential importance of large-scale instability
for numerical models, which can be to a substantial degree
caused by parameterized GWD during summer in the polar
mesosphere. In this paper, we focus on the Q10DW related
to the large-scale instability and polar mesospheric GWD,
but other normal modes of PW will be considered for future
studies.

The results of SD-WACCM may depend on the extra
damping above the middle mesosphere in the GEOS-6 model
(Fujiwara et al., 2017) used to produce the MERRA-2 data.
The damping may have harmful effects on the results for the
upper mesosphere in the EXP75, where the dynamics is still
specified above the middle mesosphere using MERRA-2, but
comparison with observations shows that the zonal asym-
metric structure of mesospheric temperature in the EXP75
is reasonable for the time periods of our interest (Fig. S5).
However, the activity and variability in mesospheric PWs in
MERRA-2 and SD-WACCM need to be further examined
for longer time periods and evaluated against other obser-
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vations to support the reliability of results obtained in this
study, which should be a topic of continuing research.

Code and data availability. The source code of the Commu-
nity Earth System Model 2 (CESM2) developed at the National
Center for Atmospheric Research (NCAR) is available at https:
//www.cesm.ucar.edu/models/cesm2 (NCAR, 2024; ; Danabasoglu
et al., 2020). The atmospheric forcing data for specified dynam-
ics are available from the NCAR Research Data Archive (RDA) at
https://doi.org/10.5065/XVAQ-2X07 (NCAR/UCAR, 2018).

The Davis station meteor radar data are available from the Aus-
tralian Antarctic Data Centre at https://data.aad.gov.au/metadata/
Davis_33MHz_Meteor_Radar (Murphy, 2017). The King Sejong
Station meteor radar data are available from the Korea Polar Data
Center (KPDC) at https://kpdc.kopri.re.kr (last access: March
2024; 2012: https://doi.org/10.22663/KOPRI-KPDC-00000305.2,
KOPRI, 2013; 2013: https://doi.org/10.22663/KOPRI-KPDC-
00001678.5, KOPRI, 2021; 2014: https://doi.org/10.22663/KOPRI-
KPDC-00000502.2, KOPRI, 2014; 2015: https://doi.org/
10.22663/KOPRI-KPDC-00000567.2, KOPRI, 2015; 2016:
https://doi.org/10.22663/KOPRI-KPDC-00000823.4, KOPRI,
2017). The GPH data from the MLS on board NASA’s EOS
Aura satellite are available from the Goddard Earth Sci-
ence Data and Information Services Center (GES DISC) at
https://doi.org/10.5067/Aura/MLS/DATA2520 (Schwartz et al.,
2020).
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