JGR Atmospheres

RESEARCH ARTICLE
10.1029/2023JD039425

Key Points:

e Numerical simulations of gravity
waves (GWs) over Syowa Station,
Antarctic, successfully reproduce their
amplitudes and momentum fluxes

e Ship-wave responses along the coastal
terrain and wave filtering in the
vertical structure of background winds
are observed

e GWs are radiated from the lift of an
airmass along an isentropic surface
hump associated with a near-surface a
hydraulic jump

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

M. Kohma,
kohmasa@eps.s.u-tokyo.ac.jp

Citation:

Kohma, M., Sato, K., Fritts, D. C., &
Lund, T. S. (2024). Numerical simulation
of orographic gravity waves observed
over Syowa Station: Wave propagation
and breaking in the troposphere

and lower stratosphere. Journal of
Geophysical Research: Atmospheres,
129, €2023JD039425. https://doi.
0rg/10.1029/2023JD039425

Received 8 JUN 2023
Accepted 13 JAN 2024

© 2024. The Authors.

This is an open access article under

the terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

'i'} Check for updates

A ’ I l ADVANCING
nu EARTH AND

= SPACE SCIENCES

ik

Numerical Simulation of Orographic Gravity Waves Observed
Over Syowa Station: Wave Propagation and Breaking in the
Troposphere and Lower Stratosphere

M. Kohma' (Z, K. Sato!

, D. C. Fritts? 2, and T. S. Lund?

'Department of Earth and Planetary Science, Graduate School of Science, The University of Tokyo, Tokyo, Japan, 2GATS,
Boulder, CO, USA

Abstract A high-resolution model in conjunction with realistic background wind and temperature profiles
has been used to simulate gravity waves (GWs) that were observed by an atmospheric radar at Syowa Station,
Antarctica on 18 May 2021. The simulation successfully reproduces the observed features of the GWs,
including the amplitude of vertical wind disturbances in the troposphere and vertical fluxes of northward
momentum in the lower stratosphere. In the troposphere, ship-wave responses are seen along the coastal
topography, while in the stratosphere, critical-level filtering due to the directional shear causes significant
change of the wave pattern. The simulation shows the multi-layer structure of small-scale turbulent vorticity
around the critical level, where turbulent energy dissipation rates estimated from the radar spectral widths
were large, indicative of GW breaking. Another interesting feature of the simulation is a wave pattern with

a horizontal wavelength of about 25 km, whose phase lines are aligned with the front of turbulent wake
downwind of a hydraulic jump that occurs over steep terrain near the coastline. It is suggested that the GW's are
likely radiated from the adiabatic lift of an airmass along an isentropic surface hump near the ground, which
explains certain features of the observed GWs in the lower stratosphere.

Plain Language Summary In this study, a high-resolution computer model was used to simulate
atmospheric gravity waves (GWs) that were observed by an atmospheric radar in Antarctica. The simulation
successfully reproduced the characteristics of the observed GWs, such as the strength of vertical wind
disturbances observed from the ground to 8 km altitude. The simulation showed ship-wave-like responses
along the Antarctic coast, while, at higher altitudes, the wave pattern changed significantly due to the vertical
structure of the background wind. Another interesting finding from the simulation is the presence of a wave
pattern with a horizontal wavelength of approximately 25 km. The wavefronts of these waves align with the
turbulent region formed downwind of a steep terrain along the coastline. The GWs are likely generated by the
uplift of air along a particular type of atmospheric feature near the ground, which explain the upward transport
of momentum observed by the radar.

1. Introduction

Gravity waves (GWs) play a critical role in transporting momentum from the troposphere to higher altitudes
where it is often deposited by turbulent or viscous mechanisms and driving meridional circulations in the middle
atmosphere. Additionally, turbulence associated with GW breaking play a role in mixing of heat, momentum,
and minor constituents (Fritts & Alexander, 2003). However, obtaining the global characteristics of GWs is
challenging due to their small scales, short periods, and highly intermittent nature. GWs can arise from various
sources, including flow lifting along mountains (R. B. Smith, 2019; and references therein) as well as other
non-orographic processes such as convection and jet imbalance (e.g., Fovell et al., 1992; Grimsdell et al., 2010;
O’Sullivan & Dunkerton, 1995; Plougonven & Snyder, 2007; Yasuda et al., 2015). Previous studies have iden-
tified GW generation near the ground, notably in association with undulations above the convective boundary
layer (e.g., Kuettner et al., 1987), the leading edge of a GW current (e.g., Ralph et al., 1993), cold fronts (e.g.,
Plougonven & Snyder, 2007; Ralph et al., 1999), and sea surface temperature fronts (Kilpatrick et al., 2014). Such
phenomena are characterized by humps of an isentropic surface, which act as atmospheric obstacles. They can
induce uplift in the airflow, facilitating GW generation (Plougonven & Zhang, 2014).

In general circulation models (GCM) and numerical weather predictions, GW parameterizations are used to
calculate momentum deposition due to subgrid-scale (unresolved) GWs from explicitly resolved fields. To
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increase computational efficiency, most GW parameterizations are based on several simplifications of GWs
including vertical-only propagation (namely, no lateral propagation), instantaneous response at higher alti-
tudes, and linear/slowly varying GW amplitudes (M. J. Alexander et al., 2010; Kim et al., 2003). Recent studies
using ground-based, airborne, satellite observations as well as high-resolution numerical simulations, however,
suggest that such simplifications are not always valid. For example, lateral propagation of GW packets over
great distances is ubiquitously observed in satellite observations (e.g., Hindley et al., 2019; Wright et al., 2017)
and high-resolution numerical simulations (e.g., Kruse et al., 2022; Sato et al., 2009, 2012). Several observa-
tional studies suggest secondary GW generation in the stratosphere, mesosphere, and thermosphere (e.g., Bossert
et al., 2015; Dong et al., 2021; Fritts et al., 2016, 2018; S. M. Smith et al., 2013).

Lund et al. (2020) and Fritts et al. (2021) conducted high-resolution numerical simulations of mountain wave
(MW) generation and responses that extended into the mesosphere and lower thermosphere (MLT). They demon-
strated the nonlinear dynamics of MW over the southern Andes, including strong wave breaking in the strato-
sphere and mesosphere, excitation of secondary GWs and acoustic waves, and filtering and modulation of GW's
in background vertical shear. Fritts et al. (2022a, 2022b) examined their model's ability to capture MW responses
based on the horizontal resolution. They showed that reducing horizontal resolution from 1 to 2 km resulted in
significant differences including wave breaking altitudes and strength of responses in the MLT region. Further
reductions caused suppression of instability and wave-mean flow interaction, as suggested by previous studies
(Fritts et al., 2018; Vosper, 2015; Vosper et al., 2016). These studies suggest that the numerical simulations with
horizontal grid spacing of 1 km or less are necessary to capture realistic MW responses.

The present study focuses on a simulation of MWs observed over Syowa Station, Antarctic (69.0°S, 40.5°E)
on 18 May 2021 using a high-resolution numerical model. Although there were limited number of studies of
GWs in the Antarctic region due to the harsh environment, there has been a growing interest in recent years.
This surge in interest is evidenced by studies employing balloon-borne observations (e.g., Hertzog et al., 2008;
Jewtoukoff et al., 2015; Li et al., 2009; Murphy et al., 2014; Pfenninger et al., 1999; Sato & Yoshiki, 2008; Yoo
et al., 2018), remote-sensing techniques (e.g., M. J. Alexander & Teitelbaum, 2007; Arnault & Kirkwood, 2012;
Kaifler et al., 2015; Kogure et al., 2017; Yamashita et al., 2009), and numerical models (e.g., S. P. Alexander
et al., 2017; Kruse et al., 2022; Sato et al., 2012; Vadas & Becker, 2018; Vignon et al., 2020). Furthermore, GWs
in the Antarctic region are known to play significant roles not only in the momentum deposition in the middle
atmosphere (McLandress et al., 2012; Sato et al., 2009) but also in the production and compositions of polar
stratospheric clouds (S. P. Alexander et al., 2011, 2013; Kohma & Sato, 2011; Noel & Pitts, 2012; Watanabe
et al., 2006). Recent studies based on observations from a Mesosphere-Stratosphere-Troposphere (MST) radar
at Syowa Station provide new insights into GWs in the Antarctic region, including their momentum fluxes (Sato
et al., 2014, 2017; Shibuya et al., 2017), wave parameters (Minamihara et al., 2018), and their intermittency
(Minamihara et al., 2020). The estimated turbulent energy dissipation rate is also used to examine the rela-
tion between GWs and turbulence (Kohma et al., 2019, 2021; Minamihara et al., 2023). Although there have
been several studies based on numerical simulations of GWs observed over Syowa Station (e.g., Minamihara
etal., 2023; Shibuya et al., 2017), they are based on calculations with horizontal grid spacings of 2.8 km or larger.

Our goal in this paper is to simulate Antarctic MWs with horizontal resolution of 250 m in order to accurately
depict their responses in the troposphere and stratosphere, and to compare these results with the radar observa-
tions at Syowa Station. The present paper is organized as follows: The radar observations at Syowa Station are
introduced in Section 2. Model description and specification of numerical experiments are described in Section 3.
In Section 4, winds and momentum fluxes associated with GWs observed on 18 May 2021 over Syowa Station are
described. Turbulent energy dissipation rates estimated from radar Doppler spectral widths are also shown. Wave
characteristics seen in the numerical experiments including vertical propagation with directional shear, breaking
around the critical level, and momentum fluxes are described in Section 5. Section 6 discusses an interesting
feature seen in the simulation, which is the wave generation from the isentropic surface hump near the ground.
Finally, Section 7 provides a summary and concluding remarks.

2. Observational Data Over Syowa Station
2.1. VHF Radar Observations

The present study used observations from the Program of Antarctic Syowa MST/Incoherent Scatter radar (PANSY
radar). The radar parameters are summarized in Table 1, and a detailed specification of the radar is described in
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Table 1 Sato et al. (2014). The PANSY radar has provided near continuous obser-

Parameters of the Program of Antarctic Syowa MST/Incoherent Scatter
Radar

Title Value

Location Syowa Station, Antarctic (69.00°S, 39.35°E)
Operating central frequency 47.0 MHz

Inter-pulse period 320 ps

Peak power output 520 kW

Coherent integration 64 times

Incoherent integration 7 times

Nyquist velocity +15.6 m/s

Spectral resolution 0.244 m/s

Range resolution 150 m

Number of beams 5 (vertical + 10° oblique to N. S. E. and W.)

vations since 30 April 2012. Since late September 2015, the system was
brought to its current capabilities. The wind estimation method is described
in Sato et al. (1997) and Fukao et al. (2014).

Turbulent energy dissipation rates (&) are estimated from widths of the radar
Doppler spectra following Kohma et al. (2019) and Nishimura et al. (2020).
We estimated ¢ using measurements by four oblique (northward, eastward,
southward, and westward) beams with a zenith angle of 10° in order to elim-
inate specular reflection that affects the spectrum for the vertical beam (e.g.,
Tsuda et al., 1986). For calculating the spectral widths due to turbulent wind
fluctuations, non-turbulent broadening effects need to be removed. Since the
two-way beam pattern was not axially symmetric due to the irregular antenna
distribution of the PANSY radar, the conventional formula for beam broad-
ening effect for a symmetric antenna distribution (Hocking, 1985) is ques-
tionable for the radar. In the present study, we extracted the turbulent velocity
variance considering the antenna distribution following an algorithm devel-
oped by Nishimura et al. (2020), in which the beam broadening component is
subtracted with deconvolution operation for the measured radar spectra. The

velocity variance due to turbulence in a stably stratified flow is related to € = k2N, where 0”2 and N is velocity

variance and buoyancy frequency, respectively (Hocking, 1983; Weinstock, 1981). In the present study, ¢, was set
to 0.45 while a value of 0.45-0.5 for ¢y is typically used in previous studies (e.g., Hocking, 1999; Wilson, 2004).
Temperature profiles from operational radiosonde observations are used for calculation of N? = g/000/0z,
where 0 and g are potential temperature and gravitational acceleration. The present study shows the average e
value from the four oblique beams.

2.2. Reanalysis Data

The present study used the fifth major global reanalysis produced by ECMWF (ERAS5; Hersbach et al., 2020)
with a 0.5° X 0.5° regular latitude-longitude grid to calculate the height of the dynamical tropopause (Hoskins
et al., 1985). Here, the dynamical tropopause height is defined as the height with a potential vorticity (PV) of
—2x 107 Km? kg~! s~1. The PV values over Syowa Station were obtained by linear interpolation.

3. Numerical Model and Simulation Set-Up

3.1. Model and Computational Domain

For the numerical experiment, we used the Complex Geometry Compressible Atmospheric Model, which is a
finite-volume code for compressible Navier-Stokes equations (Fritts et al., 2021; Lund et al., 2020). The govern-

ing equation is as follows:

dp  Opu;
—+ =0,
Jt  0x; M
Oopu;  Opu;u; op doj;
— +t——=—-=——pgnt+—,
o T ox, ox, PP T 5%, 2
dpE O(pE + p)u; Juioi; 0q;
PE | (p P)Jz_ 0 /_ﬁ’ 3)
ot 0xj an an
p=pRT, C))

where p is density, pu, is momentum per unit volume, pE = p(c,T + u,u,/2) is total energy per unit volume, p is

pressure, 7 is temperature, R is gas constant for dry atmosphere, 6;; = u [(au,-/ax,- + du;/0x;) — %(auk/an)aij:I,

and g; = —xdT /0x;. Here, c, is specific heat for constant volume and &;; is the Kronecker delta. y and « are the
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Figure 1. Terrain heights around Syowa Station in the Complex Geometry Compressible Atmospheric Model domain.
Syowa Station is located on a small island at the center of the model domain. The contour interval is 150 m. The thick white
contours indicate the coastline. A gray open rectangle indicates the central domain with a constant grid spacing of 250 m. The
gray shaded area along the edge of the panel indicates the sponge layer.

dynamic viscosity and thermal conductivity, respectively. To include the influence of subgrid-scale turbulent
processes, we employed the dynamic Smagorinsky subgrid-scale model (Germano et al., 1991; Moin et al., 1991).
Thus both x and « consist of molecular and subgrid-scale components. The equations for the eddy viscosity, eddy
conductivity, and turbulent kinetic energy coefficients are averaged over the horizontal planes, which is a stand-
ard treatment to obtain well-conditioned equations (Lund et al., 2020).

The computational horizontal domain is a square with a width of 560 km centered on Syowa Station (Figure 1).
The horizontal grid spacing is 250 m within a central square with a width of 100 km (a gray rectangle in Figure 1)
while outside of the central region, it increases gradually up to ~4.8 km at the horizontal boundary. The vertical
domain extends from the ground to 96 km. The vertical grid spacing is 60 m below 48 km and is stretched up to
about 500 m at the model top. The total computational mesh is 696 X 696 x 960 in the zonal, meridional, vertical
directions, respectively. Although the model domain includes the mesosphere as well as troposphere and strato-
sphere, this paper focuses on MWs and their responses observed below 30 km, and the GW responses at higher
altitudes will be explored in another paper.

Another numerical simulation with a horizontal grid spacing of 125 m in the central region was also performed.
The difference of the GW structure between 250 m-resolution and 125 m-resolution results is so small that the
250 m grid spacing is likely sufficient to capture the GW dynamics in the present case.

The model uses the low-storage, third-order Runge-Kutta time integration, and At is set to 0.2 s in the present
experiment. The total integration time is 12 hr. Although the integration time is shorter than the spin-up time
used in previous studies (e.g., Plougonven et al., 2013), the numerical simulation confirms that the primary wave
patterns below an altitude of 10 km become approximately steady after 10 hr, while small-scale turbulent motion
retains its transient nature.

3.2. Terrain

For the terrain around Syowa Station, we used the Radarsat Antarctic Mapping project v2 (RAMPv2) data set
with a horizontal resolution of 200 m (Liu et al., 2015). The terrain is shown in Figure 1. Note that in the model
domain, +x and +y directions are approximately eastward and northward, respectively. There is a steep terrain
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Figure 2. (a) Vertical profiles of U, (red) and V| (blue) over Syowa Station up to an altitude of 100 km. The broken curves
indicate initial vertical profiles of U, and V. Panels (b, c) same as panel (a) but for (b) 7, and (c) Ng. (d) The prescribed time
variation of ramping f(r) for low-level U and V,,.

about 5 km east of Syowa Station, which is approximately aligned to the N-S direction. While Syowa Station is
~30 m above sea level, the terrain elevation is higher than 900 m at 50 km east of Syowa Station. The vertical
mesh is distorted in the lower portion of the model domain to match the terrain. The distortion decreases gradu-
ally with height, and above 15 km, the distortion disappears completely.

3.3. Initial Conditions and Forcing

The background condition for the numerical experiment was given by a single vertical profile composed of
two kinds of reanalysis data: the Modern-Era Retrospective Analysis for Research and Applications, version 2
(MERRA-2, Gelaro et al., 2017) and Japanese Atmospheric GCM for Upper Atmosphere Research-Data Assim-
ilation System (JAGUAR-DAS; Koshin et al., 2020, 2022) data sets. Note that the top of MERRA-2 data set
(0.1 hPa) is lower than the model top of the present numerical experiment, whereas the JAGUAR-DAS is not
capable of realistically reproducing phenomena smaller than the synoptic scale ones in the troposphere due to its
low horizontal resolution (T42). Vertical profiles from MERRA-2 and JAGUAR-DAS were smoothly connected
around an altitude of 45 km; for example, the background zonal wind U is given by

Uo(z) = W (2)Umerra2(2) + [1 = W (2)]Uj—pas(2), 5)

where Uypprar and U, ¢ are zonal wind vertical profiles at the grid point nearest to Syowa Station averaged
over 18 May 2021 from the MERRA-2 and JAGUAR-DAS, respectively. Here, W(z) = (1 + tanh[(z — 45 km)/4
km])/2. Background meridional wind V/,(z) and temperature T,(z) were calculated similarly. Background vertical
profiles are shown in Figure 2a—2c. The surface wind is from the ENE direction and its magnitude is 20.2 m s~
The background zonal wind is westward below 10 km while strong westerly jet is observed above z = 20 km. The
meridional wind is southward from the ground to 65 km altitude. The tropopause height is approximately 9 km,
where the buoyancy frequency squared, N g = g/600060/0z, has a local maximum (~0.47 x 10~* s72). Note also
that N g has another local maximum (~4 X 107* s72) at the ground. There is no altitude range where the Richard-
son number (Ng / [(d Up/dz)* + (dVo/d z)z]) is less than unity (not shown), indicating that local instability from
the background fields is unlikely to occur.

Following Lund et al. (2020), non-physical starting transients are minimized by initially damping the mean back-
ground horizontal winds toward zero in the lower portion of the model domain. The background winds U(z, ) and
V(z, t) near the surface are then increased gradually in time according to:

U(z,1) = Uo(2){d(z) + [1 - d(2]f (D)}, 6

1+tanh<—z_z">], @)
ZLU

where

d(z) = %
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Figure 3. (a—c) Time-height sections of (a) u, (b) v, and (c) w on 16-20 May 2021. Black curves indicate isolines of potential vorticity of =2 X 107® K m? kg~! s~!
from ERAS, which indicate the dynamical tropopause height. Panels (d—f) same as panels (a—c) but for wind fluctuations (d) «’, (e) v/, and (f) w'.

_ 1 t—ty
f@ = mm{ 5 [1 +tanh< 73 >/tanh(3)],1}, ®)

and where t, =4 hr, z, = 8 km, and z,, = 4 km. The background meridional wind V(z, t) is given similarly. The verti-
cal profiles of the background winds at the initial time step are shown by the broken curves in Figure 2a. The ramp
function f(t) gradually increases to unity by # = 8 hr (Figure 2d), and [U(z,1),V(z.t)] = [Uy(2),V,(z)] after t = 8 hr.

3.4. Boundary Conditions

A characteristic boundary condition with numerical sponge layers was used at the upper and horizontal bounda-
ries to prevent reflection of GWs and acoustic waves at the boundaries. The implementation of the sponge layer
is described in Lund et al. (2020). The sponge layer has the hyperbolic-tangent shape with a width of 80 km
(4 km) at the lateral (upper) boundaries. The time constants for damping are 128 and 4 s for the lateral and upper
boundaries, respectively. At the lower boundary, free-slip and adiabatic boundary conditions were employed.
This neglects the strong radiative cooling over the surface of the Antarctic continent, which is known to the main
driver of katabatic winds observed along the coast of Antarctica (e.g., Parish & Bromwich, 1987).

4. Observations From the PANSY Radar
4.1. Winds and Momentum Fluxes

Figures 3a—3c show time-height sections of zonal, meridional, and vertical winds (u, v, w) from the PANSY
radar on 16-20 May 2021. Southward winds dominate from the lowest level up to 25 km altitude, while the
zonal winds are predominantly westward at 1.5-10 km altitudes, and eastward above 12 km. Strong vertical
wind disturbances with amplitudes greater than 0.8 m/s were observed below 8 km altitudes on 18-19 May. The
upper limit of the disturbances corresponds largely to the tropopause height (black curves). The time evolution
of wind fluctuations v’ = (¢’, v/, w’) is shown in Figure 3d-3f. Here, the background wind is defined as the wind
components with a vertical wavelength longer than 6 km. On 18 May, a wave-like pattern was observed for u’, v/,
and w' at z = 10-15 km, and the phase of the wave was steady for about a day. The amplitude of v’ is 5-6 m s~!
at z = 11-14 km, which is larger than that of u’ (<1.5 m s~!). The negative maximum of v’ are observed at alti-
tudes of 10 and 13 km, which suggests the vertical wavelength is approximately 3 km. The steadiness of the wave
phase indicates that the wave pattern is attributable to orographic GW. Hodograph analysis (e.g., Minamihara
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Figure 4. Time-height sections of (a) «’w’ and (b) v'w’ on 16-20 May 2021. Black curves indicate isolines of potential
vorticity of 2 x 107* K m? kg~! s~! from ERAS5. Colors are almost logarithmic scale.

et al., 2018; Yoshiki & Sato, 2000) in the height range of 10-15 km shows (a) that the hodograph depicts coun-
terclockwise rotation with height, indicative of upward group velocity, (b) that the horizontal wavenumber vector
is oriented in the N-S direction, and (c) that the vertical wavelength of the wind pattern is approximately 2-3 km
(not shown).

In the troposphere, the wave pattern is not clear on 18 May. This is likely due to longer vertical wavelength in the
troposphere that the GW has owing to smaller background N? compared to the stratosphere. According to the linear
wave theory, when the background field is both steady and horizontally uniform, ground-based frequency, w, and
horizontal wavenumber, k, remain constant along the ray, namely path of wave packet propagation (e.g., Andrews
et al., 1987). For internal hydrostatic GWs, the (local) dispersion relation is given by (w — Uk)* = (k/mN)*, where
U = U(z) is the background horizontal wind oriented to the horizontal wavenumber vector (N-S direction). The
buoyancy frequency N are 1.0 X 1072 s~ and 2.1 x 1072 s~! at altitudes of 4 and 11 km, respectively, while the back-
ground meridional winds do not exhibit significant variation across the tropopause height (Figure 2). For upward
propagating wave packets to maintain constant @ and k, the vertical wavelength in the lower stratosphere should be
approximately a half of that in the troposphere. There are local minima for the unfiltered meridional winds (v) at 2
and 8.5 km on 18 May (Figure 3b), suggesting that the GW wavelength in the troposphere is about 6.5 km. Since
the background winds can also vary with a similar vertical scale, it is difficult to distinguish long-period waves with
such a large vertical wavelength from the background using radar observations at a single location. Note that another
wave pattern was observed in the lower stratosphere on 19 May. The wave pattern is presumably linked to strong
upward motion below an altitude of 8 km and the associated vertical displacement of the tropopause. Since the phase
of the wave pattern descends with time, further examination may be necessary in order to determine the wave source.

Figure 4 shows time-height sections of zonal and meridional momentum fluxes. The estimation method proposed
by Vincent and Reid (1983) has been used, and smoothing with a width of 6 hr and 6 km was applied for clear

2572 is observed at altitudes of 8—15 km,

visualization. On 18 May, strong positive v/w’ with a maximum of 1.0 m
while u’w’ is wake and does not show a systematic pattern in the lower stratosphere. Since the background merid-

ional wind is southward, the sign of v’w’ is consistent with the linear theory of the orographic GW.

4.2. Turbulent Energy Dissipation Rates

Figure 5 shows a vertical profile of the daily-averaged € on 18 May 2021. Below z = 3 km, a strong turbulent layer
of & larger than 103 m? s~ was observed, which is an order of magnitude larger than the annual mean (Kohma
et al., 2019). While ¢ is small in an altitude range of 5-8 km compared to that in the low-level turbulent layer,
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Figure 5. A vertical profile of log,(¢) averaged over 18 May 2021. A vertical
broken line indicates 5 X 107 m%s~3.

several peaks of ¢ are observed in the lower stratosphere, namely at 9.2, 10.8,
and 13 km, indicating a multi-layer structure of strong turbulence.

5. Numerical Simulations

Figures 6a and 6b shows horizontal maps of w at an altitude of 7.5 km at
t =9 and 12 hr. Movies of the time evolution of w in the horizontal plane are
included for reference in the accompanying Supporting Information S1. On
the continental coast northeast of Syowa Station, ship wave patterns with an
amplitude of ~0.5 m s~! are present at 9 and 12 hr. The phase and amplitude
of the wave pattern for both plots are quite similar. The results suggest gener-
ation of MW from small-scale uneven terrain along the coast of the continent
under the background surface winds from the ENE. To the south of Syowa
Station, there are vertical wind disturbances with an amplitude greater than
1 m s~!. The wave phase lines are approximately aligned with the coast of
steep terrain. Furthermore, small-scale turbulent disturbances are prominent
in the region southeast to the west of Syowa Station, particularly at t = 12 hr.
Note that the magnitude of the vertical wind over Syowa Station is approx-
imately 2 m s~!, which is slightly larger than or comparable to observation
from the radar on 18 May (Figure 3c).

Horizontal maps of w at z = 15 km are shown in Figures 6¢ and 6d. Although
wave patterns are observed northeast of Syowa Station at an altitude of 15 km,

they are significantly different from those at 7.5 km. For example, wave structures with wavenumber vectors
pointing to the E-W direction are not evident at 15 km. It is interesting to note that, while the large-amplitude
disturbances with horizontal wavelengths shorter than ~15 km are observed southwest of Syowa Station at 9 hr,

wave patterns with a horizontal wavelength of ~30 km and a wavenumber vector directed to the N-S direction are
evident in the regions west of Syowa Station at 12 hr.

100+ (a) t=9 h (b) t=12 h

Figure 6. (a, b) Horizontal maps of w at an altitude of 7.5 km at (a) r =9 hr
and (b) 12 hr. A black arrow at the upper-right corner of each panel indicates
the direction of surface wind. Gray contour indicates the terrain height with an
interval of 150 m. Panels (c, d) same as panels (a, b) but for w at an altitude of
15 km.

To examine the temporal change in horizontal structure of the MW with
altitude, horizontal maps of w at 5, 8, 12, 16, 20, and 24 km at 12 hr are
shown in the left column of Figure 7. The right column of Figure 7 shows
two-dimensional horizontal power spectra P, (k, [) calculated from w in the
100 km X 100 km horizontal domain at 12 hr, where k and [ are zonal and
meridional wavenumbers, respectively. The power spectra are calculated from
w fields vertically interpolated with an interval of 60 m, and then averaged
over a vertical width of about 4 km. Below 10 km, waves with horizontal
wavelengths longer than 5 km are dominant, and the orientation of horizontal
wavenumber vector k, = (k, [) with the N-S, NNE-SSW, NE-SW, ENE-WSW,
and E-W directions are observed. It is interesting to note that reduction of
P, for k, oriented to the E-W and ENE-WSW directions is observed in the
altitude range of 10-14 km. Furthermore, above 14 km, amplitudes of waves
with k; oriented to the NE-SW direction are small compared to those below
14 km. In other words, prevailing waves have NNW-SSE oriented k, above
14 km, despite P, for k, oriented to NNW-SSE being smaller in the altitude
range of 3—7 km than those with other directions.

According to linear GW theory, the propagation characteristics of MWs are
dictated by the vertical wavenumber m = 2x/A,, where m? is given by the
dispersion relation as

2_N2_thz+ th k2 1

"TU T U TnHE Y A ®)

where U, is the component of background horizontal winds in the direction
of k,, k, is horizontal wavenumber, and H is density scale height (e.g., Lund
et al., 2020). Linear theory indicates that large m? leads to small upward
group velocity and that m? becomes infinite at the critical level. Figure 8a
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Figure 7. (a—f) Horizontal maps of w at altitudes of (a) 5 km, (b) 8 km, (c) 12 km, (d) 16 km, (e) 20 km, and (f) 24 km
att =12 hr. Arrows at the upper-left corner indicate the directions of background wind at each height. (g—1) Horizontal

power spectrum of w at altitude ranges of (g) 3—7 km, (h) 6-10 km, (i) 1014 km, (j) 14-18 km, (k) 18-22 km, and (1)

22-26 km. The white broken lines serve as reference lines indicating the orientations of ENE-WSW, NE-SW, NNE-SSW N-S,
SSE-NNW, SE-NW, and ESE-WNW.
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and NE-SW orientations, respectively.

shows the vertical profiles of m? calculated from the background wind profile (Figure 2) with k, = 30 km for
k, oriented to N-Sand NE-SW. While there is a critical level for MW with k, oriented to the NE-SW direction
in the altitude range of 15-18 km, for waves directed to N-S, m? have finite positive values in the altitude range
of 1-30 km. Figure 8b shows the m? values calculated every 7/48 rad. It is found that there is no critical level
for waves directed to NS and SSENNW up to an altitude of 30 km. Thus, the altitudinal variation of P, namely
predominant horizontal structure of GW, is likely attributable to the critical-level filtering effect in the directional
shear.

Figure 9a-9¢ shows y-z sections of w along x = 0 km at 8, 9, and 12 hr. Above Syowa Station (black vertical lines),
at t = 12 hr, positive values of w are observed at altitudes of 2.0, 8.5, 11.5, and 14.5 km. This suggests that a wave
pattern with a vertical wavelength of ~3 km is observed at altitudes higher than 9 km whereas the vertical wavelength
is longer than 6 km in the troposphere. The wave pattern of w in the lower stratosphere looks like those observed on
18 May 2021 from the radar observations (Figure 3). For y < 0 km, strong vertical wind disturbances are observed
in the troposphere all the time. Interestingly, above an altitude of 10 km, the small-scale disturbances of w appear in
y < 0km at # = 12 hr. To examine the turbulence generation at these altitudes, the same sections but for the vorticity
magnitude I¢l are shown in Figures 9d-9f. Movies of the time evolution of &l in the same section are included for
reference in the accompanying Supporting Information S1. A strong turbulent layer is observed near the surface south
of Syowa Station (i.e., y < 0 km), which has been continuously observed after 7 hr. The depth of surface turbulent
layer is about 1.5 km. Above Syowa Station, there are layers of large I¢l at altitudes of 11-12 km and around 13 km,
indicative of MW breaking. It should be noted that the multi-layer structure of strong € in the lower stratosphere is
also seen in the radar observations (Figure 5) although the heights of the turbulent layers are not exactly the same as
those seen in the numerical simulation. For y < —20 km, z = 8-11 km, patches of large I&1 are observed. Figures 9g-9i
shows I¢1 along x = +50 km, which is upwind of x = 0 km for the lower stratosphere. At 7 =9 hr, the turbulent billows
tend to develop along the high-shear region associated with the GW phase in the altitude range of 9-11 km. The
turbulent billows are advected westward and result in patches of large I¢l in the section along x = 0 km (Figures 9b
and 9c). It is worth noting that the altitude range of 9—13 km includes the critical levels for stationary GWs like MWs
with k, oriented to the E-W, ENE-WSW, and NE-SW directions (Figure 8), which should lead to GW breaking for
these modes.

The three-dimensional structure of Il above Syowa Station at 9-12 km altitudes is shown as isovalue surface where
I¢&1is 10~* s~! in Figure 10. Note that the background wind in this altitude range is largely from the +y direction.
There are many horseshoe-shaped or hairpin-shaped vorticity tubes for y < 0 km, indicating streamwise-aligned
counter-rotating rolls. The horseshoe-shaped vorticity tubes are known to be a typical characteristic of the early
stage of GW instabilities (e.g., Andreassen et al., 1998; Fritts et al., 1998, 2009).
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Figure 9. (a—c) w(y, z) along x = 0 km at altitudes of 0-15 km at (a) # = 8 hr, (b) 9 hr, and (c) 12 hr. Vertical lines show the location of Syowa Station ((x, y) = (0 km,
0 km)). Panels (d-f) same as panels (a—c) but for I¢I(y, z) along x = 0 km. Gray rectangles indicate the height ranges of ¢ estimated from the radar greater than
5 x 10~* m? s73, which is highlighted in Figure 5. Panels (g-i) same as panels (d—f) but for |£|(y, z) along x = +50 km.

Figures 11b—11g shows isentropic (potential temperature) surfaces for 260 and 300 K at ¢ = 8, 10, and 12 hr.
Movies depicting the evolutions of the isentropic surfaces are included for reference in the accompanying Support-
ing Information S1. At 300 K, turbulent disturbances on a small scale are observed along the phase line extending
southward, indicating GW breaking around the critical level (Figure 9). GWs with N-S phase lines can be attributed
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Figure 10. (a) Isovalue surfaces where |¢] is 107 s™! at # = 12 hr at altitudes of 9—12 km for the central domain with a width of 20 km shown from +x direction. Panels
(b—d) same as panel (a) but for surface rotated clockwise around the z-axis by 30° each.
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to downslope winds from the ENE along the coastal terrain that extends in the N-S direction (Figure 11a). After
t = 8 hr, a drastic rise in the isentropic surface of 260 K near the coast by 0.5-0.8 km suggests the presence of
a hydraulic jump downwind of the steep slope. Figure 12 shows x-z sections of @ and u along y = —20 km. A
sharp rise in the isentropic surfaces is observed on the downslope of the continent after + = 8 hr. East of the
jump, strong downslope winds are observed, whereas west of the jump, the magnitude of u near the ground is
quite small. These features are typical characteristics of a hydraulic jump (e.g., Durran, 1986, 1990). Additionally,
at t = 8 hr, a low-level turbulent wake is observed, spreading downwind of the hydraulic jump (Figure 11b). At
later times the turbulent wake front progress in the +y direction (northward), resembling a bore (e.g., Rottman &
Simpson, 1989). Atz = 12 hr, the front appears steady, and the resultant phase lines are largely straight and extends
in the E-W direction. Interestingly, the E-W extending turbulent wake front produces a structure similar to that of
the 300-K isentropic surface with a horizontal wavelength of ~30 km to the west of Syowa Station.

To investigate the relation between the low-level turbulent wake and upper-level wave structure, vertical sections
of potential temperature 6 and meridional wind disturbances v’ along x = —50 km are presented in Figure 13.
Here, v’ is defined as a departure from the large-scale fields with a meridional wavelength longer than 60 km.
Near the surface, the northward progression of the isentropic surface hump is observed at t = 7—10 hr. The vertical
gradient of @ is small below the elevated isentropic surfaces, indicating strong vertical mixing within the bottom
layer. Since sharp changes in 0 across the front are evident near the surface, the propagation of the front of the
turbulent wake is considered to be associated with a gravity current (or density current). Above the turbulent wake
front, a wave structure for v’ is observed, with vertical wavelength of ~8 km in the troposphere but reducing to
~3 km in the lower stratosphere. It should be noted that another wave pattern is observed on the windward side
of the hump, which is associated with GWs generated along the Antarctic coast northeast of Syowa Station and
advected by the background winds (Figure 11).

Figure 14 shows the same vertical sections but for meridional momentum fluxes v'w’. Positive v'w’ are also
prominent above the turbulent wake front. Notably, the lower ends of the v’ wave structure of and positive v'w’
move following northward progression of the turbulent wake front. Since the background wind is from ENE, it
stands to reason that the adiabatic lift of an airmass along the isentropic surface hump results in GW generation.

Figure 15 displays zonal and meridional momentum fluxes associated with GWs. Here, GW components are
defined as departures from large-scale fields with zonal and meridional wavelengths longer than 60 km. Spatial
averaging is applied to the momentum fluxes in the zonal and meridional directions using a low-pass filter with
a cutoff length of 60 km. While u/w’ shows positive values of ~0.2 m? s=2 at 12 km and small negative values at
18 km over Syowa Station, v/’ exhibits large positive values at both altitudes. The height variation of the sign
of w'w' is consistent to power spectra of w and the wave filtering effect of background winds (Figures 7 and 8).
At 12 km, the magnitude of positive v'w’ is up to 1.0 m? s~2, which is as large as that observed by the radar
(Figure 4b). The positive v/’ extends to the west of Syowa Station, which is roughly aligned to the front of
the isentropic surface hump near the ground (Figure 11d). These results indicate that the significant northward
momentum fluxes observed over Syowa Station are likely due to GW generated from the gravity current front.

6. Discussion

In the present simulation, GWs with a horizontal wavelength of ~30 km are seen west of Syowa Station in the lower
stratosphere, which explains the positive meridional momentum fluxes observed over Syowa Station. The merid-
ional wavelength A, can be estimated from the radar observations. Using the continuity equation, 4, is given by:

2 — —
Ay & ’f‘xﬂv’z/w’z, (10)

where a term related to the density scale height is ignored, and the horizontal wavenumber vector is assumed to
be oriented to the N-S direction. The radar observations showed wave structure in v’ and w’ with a vertical wave-
length of 2-3 km and amplitudes of 5-6 m s~! and 0.2-0.3 m s~', respectively, at 11-14 km altitudes (Figures 3¢
and 3f). Thus, the meridional wavelength is estimated to be 38—69 km, which is slightly larger but comparable to
the wavelength seen in the numerical simulation.

One of the interesting characteristics of the GWs radiated from the turbulent wake front is that the horizontal
wavenumber vector is not aligned with the terrain slope east of Syowa Station, but aligned with the isentropic
surface hump near the surface. Figure 16 shows a horizontal map of 8 at an altitude of 0.5 km at r = 12 hr with
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Figure 11. (a) Elevation of terrain around Syowa Station. A white arrow shows the direction of surface background wind
(U((0),V(0)). (b—d) Isentropic surface for 260 K at (b) # = 8 hr (c) 10 hr, and (d) 12 hr. The color indicates the height of the
isentropic surface. Panels (e—g) same as panels (b—d) but for isentropic surface for 300 K.

streamlines of surface horizontal winds. It is found that the isentropic surface front extends almost straight in
E-W direction (indicated by a white broken line) and that the surface wind (a thick black arrow) crosses the front
with a finite angle @ (=41°-50° as shown in Figure 16), indicating adiabatic lift of an airmass across the front.
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Figure 12. Vertical sections of € (contour) and u (color) at altitudes of 05 km along y = —20 km at ¢ = 8, 10, and 12 hr. The
contour interval is 2 K. The gray region indicates terrain.

If the elevated isentropic surface, caused by the hydraulic jump occurring at the steep terrain, were advected
passively, the front should be aligned to the surface wind vector (i.e., a = 0°). In that case, the uplift of airmass,
and thus GW radiation, at the front would not occur. Therefore, it is interesting to consider the mechanism that
determines a.

To continue the discussion, we assume that the propagation speed of the front relative to the background wind is
determined by the propagation speed of the gravity current. Since the front does not move much after # = 10 hr
(Figure 13), the ground-based speed of the front can be regarded as zero, and thus the steady state of the front is
satisfied, while the turbulent wake downwind of the front shows a transient nature. From the analogy to shock
waves,  can be regarded as a Mach angle, , which is the half angle of the shock cone radiating from the edge of
an object under the flow moving at a velocity V greater than the speed of sound c, (e.g., Landau & Lifshitz, 1987).
Since the Mach angle is given by a, = asin(c/V), a is estimated by the following equation:

@ = asin(cge/Usurr )5 (11

where ¢, is the propagation speed of gravity current, and U, is the horizontal surface wind upwind of the
front. Following the layer theories of downslope winds (R. B. Smith, 2019), ¢, is related to reduced gravity

¢ = g%o"m) (Benjamin, 1968), and thus,
up

Coc = \/zg/Hng 12)

where 6,,, (6,,,) denotes potential temperature upwind (downwind) of the front, and H,_ is the depth of the grav-
ity current (see Figure 17a). Figure 17b shows vertical profiles of 6 at t = 12 hr at points A and B in Figure 16.
Note that points A and B correspond to upwind and downwind of the front, respectively. It is found that the
difference between 6, and @y is larger than 1 K below an altitude of 1.0 km while the vertical profiles are almost
coincident in the altitude range of 1.1-2.5 km. Here, 8 _ and 6, __are calculated as follows:

> Yup down

Hye Hye

1 1

Oup = 0adz, Ogown = Opdz, 13

p HgC/AZd ch/Bz (13)
0 0

where H, is set to 1.0 km. From Equation 12, the propagation speed of the gravity current is given by 12 m s7L
The speed of horizontal surface wind is 18 m s~! at point A, and thus, from Equation 11, @ = 43°, which is
consistent with the value observed in Figure 16 (o = 41°-50°). We also found that the change in H,, from 0.8
to 2.0 km leads to that of a with a range of 40°-55°. Therefore, the angle of the surface wind across the front is
determined by both the surface wind speed and propagation speed of gravity current.

One interesting implication can be obtained regarding the component of background wind perpendicular to
the front U, which is generally a key factor in determining wave characteristics for orographic GWs. Since
U, = Ugys X sin a = Ugys X % = ¢y and cgc = /28’ Hye, U, does not explicitly depend on the total back-

ground wind U,

surt leads to a decrease in a, and consequently, the resultant

This implies that an increase in U,
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Figure 13. Vertical sections of € (contour) and v’ (color) at altitudes of 0-12 km along x = —50 km at r = 7-12 hr. The

contour interval is 2 K (5 K) for 8 = 250-300 K (300-350 K).

U, does not change. Nonetheless, the total background wind U, plays a significant role in determining wave

characteristics because the depth of the hydraulic jump occurring at the steep terrain of the continent, and thus

depth of gravity current H,, will depend on U, .

In summary, the present simulation suggests the occurrence of GW radiation downwind of a hydraulic jump,

which will be classified as a type of GW radiation processes resulting from the interaction between surface fron-

tal structures and cross-front winds (Kilpatrick et al., 2014; Plougonven & Snyder, 2007; Ralph et al., 1999). As
indicated in Figure 16, three-dimensional simulations, rather than two-dimensional simulations, are necessary to
reproduce such a GW radiation process. The following remarks can be made about this GW radiation:

e Supercritical downslope flow (Froude number greater than 1) is in general associated with hydraulic jump
occurrence. The steep topography and frequent occurrence of strong surface winds on the coast of Antarctica
(Parish & Bromwich, 1987) make it a potential hot spot of this type of GW radiation while the shock-like
structure along the coastal region has been reported in the midlatitudes (Burk & Thompson, 2004).

¢ The horizontal wavelength of the GWs is longer than that of small-scale (turbulent) disturbances and should
depend on the horizontal scale of the isentropic surface hump.
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Figure 14. Same as Figure 13 but for @ (contour) and v'w’ (color).
e The phase lines of the GWs are aligned with the isentropic surface hump near the surface, meaning that the
horizontal wavenumber vector is not parallel to the coastal slope, as is typically observed for orographic GWs.
e Numerical models aiming to simulate the GW radiation downwind of a hydraulic jump should explicitly
resolve small-scale (turbulent) eddies or use boundary-layer parameterizations to capture small-scale (turbu-
lent) disturbances near the surface.
7. Concluding Remarks
A numerical simulation of GWs observed by a radar at Syowa Station, Antarctic on 18 May 2021 was conducted
using a high-resolution model. The horizontal grid spacing is 250 m in the central domain and vertical grid spac-
ing is 60 m, both of which are much higher than those used in the previous GW modeling studies over Syowa
Station. The simulation successfully reproduced the observed features of the GWs, including the amplitude of
vertical wind disturbances in the troposphere and vertical fluxes of northward momentum in the lower strato-
sphere. The modeling results include the following:
KOHMA ET AL. 16 of 22
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Figure 15. (a, b) Horizontal maps of (a) ’w’ and (b) v'w’ at an altitude of 12 km at 7 = 12 hr. Black contours indicate terrain
elevation with an interval of 150 m. Colors are almost logarithmic scale. Panels (c, d) same as panels (a, b) but for an altitude
of 18 km.

In the troposphere, ship-wave responses are observed along the small coastal topography northeast of Syowa
Station, while in the stratosphere, wave filtering in the directional vertical shear of background winds causes
a significant change in the wave pattern.

A multi-layer structure of small-scale turbulent vorticity was simulated over Syowa Station in the lower
stratosphere as is consistent with radar observations, and the simulated volume rendering of vorticity shows
horseshoe-shaped vortex tubes, indicative of GW breaking.

The simulation shows another wave pattern with a horizontal wavelength of about 25 km is seen in the lower
stratosphere west of Syowa Station, whose phase line is aligned with the turbulent wake front downwind of a
hydraulic jump that occurs over the steep terrain.

The observed GWs are likely radiated from the adiabatic lift of an airmass along the isentropic surface
hump near the ground, which explains the northward momentum fluxes observed by the radar in the lower
stratosphere.

The height variation of GW amplitude and phase correlates with background wind direction profile, as predicted

by

the linear theory (e.g., Shutts, 1998) and other numerical simulations (e.g., Eckermann et al., 2007; Guarino

et al., 2018). Eckermann et al. (2007) examined changes in wave patterns with altitude as observed from space
and concluded that it strongly related with the variation of background winds with height. While the present
simulation shows a similar change in the wave pattern with altitude, it also reveals turbulent small-scale vortex
tubes around the critical level, which are indicative of GW breaking. A comparison between high-resolution
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Figure 16. A horizontal map of € (color) at an altitude of 0.5 km at # = 12 hr with the elevation of terrain (thin gray
contours). The contour interval is 50 m. Blue curves with arrows indicate directions of surface winds at # = 12 hr. A broken
white line indicates the isentropic surface hump. A black arrow indicates the direction of the surface wind leeward of
gravity current. The points for the reference of upwind and downwind of the front is denoted by A and B (gray open circles),
respectively.
simulations and vertical profiles of turbulent energy dissipation rates from the radar is promising for further case
studies.
Finally, although the present study focused on the MWs and their responses in the troposphere and lower strato-
sphere, the simulation covers from the troposphere to mesosphere, and we are currently analyzing GW dynamics
in the upper stratosphere and mesosphere. We will report the results in the literature elsewhere.
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Figure 17. (a) A schematic of gravity current with a depth of H,. 8, and 6, indicates potential temperature upwind and
downwind of the front, respectively. (b) Vertical profiles of € at # = 12 hr at points A (red) and B (blue) shown in Figure 16.
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