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Abstract. The first observations made by a complete PANSY
radar system (Program of the Antarctic Syowa MST/IS
Radar) installed at Syowa Station (39.6◦ E, 69.0◦ S) were
successfully performed from 16 to 24 March 2015. Over this
period, quasi-half-day period (12 h) disturbances in the lower
mesosphere at heights of 70 to 80 km were observed. Esti-
mated vertical wavelengths, wave periods and vertical phase
velocities of the disturbances were approximately 13.7 km,
12.3 h and −0.3 m s−1, respectively. Under the working hy-
pothesis that such disturbances are attributable to inertia–
gravity waves, wave parameters are estimated using a hodo-
graph analysis. The estimated horizontal wavelengths are
longer than 1100 km, and the wavenumber vectors tend to
point northeastward or southwestward. Using the nonhydro-
static numerical model with a model top of 87 km, quasi-
12 h disturbances in the mesosphere were successfully simu-
lated. We show that quasi-12 h disturbances are due to wave-
like disturbances with horizontal wavelengths longer than
1400 km and are not due to semidiurnal migrating tides.
Wave parameters, such as horizontal wavelengths, vertical
wavelengths and wave periods, simulated by the model agree
well with those estimated by the PANSY radar observations
under the abovementioned assumption. The parameters of
the simulated waves are consistent with the dispersion re-
lationship of the inertia–gravity wave. These results indi-
cate that the quasi-12 h disturbances observed by the PANSY
radar are attributable to large-scale inertia–gravity waves. By
examining a residual of the nonlinear balance equation, it is
inferred that the inertia–gravity waves are likely generated

by the spontaneous radiation mechanism of two different jet
streams. One is the midlatitude tropospheric jet around the
tropopause while the other is the polar night jet. Large ver-
tical fluxes of zonal and meridional momentum associated
with large-scale inertia–gravity waves are distributed across a
slanted region from the midlatitude lower stratosphere to the
polar mesosphere in the meridional cross section. Moreover,
the vertical flux of the zonal momentum has a strong nega-
tive peak in the mesosphere, suggesting that some large-scale
inertia–gravity waves originate in the upper stratosphere.

1 Introduction

Gravity waves are atmospheric waves with a restoring force
of buoyancy that can transport momentum upward from
the troposphere to the middle atmosphere (e.g., Fritts and
Alexander, 2003). Momentum deposition by gravity waves
in the mesosphere is a major driving force for the summer-
to-winter pole material circulation in the mesosphere (e.g.,
Plumb, 2002). Adiabatic heating and cooling associated with
vertical flow branches of the circulation maintain the thermal
structure, which is considerably different from the radiative
equilibrium state. Gravity waves also play an essential role in
driving the quasi-biennial oscillation (QBO) and semiannual
oscillation in the equatorial stratosphere (Sato and Dunker-
ton, 1997; Haynes, 1998; Baldwin et al., 2003). In addition,
it has been shown that gravity wave forcing is essential to the
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summer hemispheric low-latitude part of winter stratospheric
circulation (Okamoto et al., 2011).

Many observational studies have closely examined char-
acteristics of gravity waves in the troposphere, stratosphere
and mesosphere (e.g., Sato, 1994; Sato and Yamada, 1994;
Pavelin et al., 2001; Lane et al., 2004; Nastrom and Eaton
2006; Vaughan and Worthington, 2007; Nakamura et al.,
1993; Li et al., 2007; Lu et al., 2009; Nicolls et al., 2010;
Chen et al., 2013). It is well known that gravity waves have
wide spectral ranges of horizontal wavelength from several
kilometers to several thousand kilometers and of observed
period from several minutes to several hours. Recently, sev-
eral numerical models directly resolve large parts of grav-
ity wave spectra (the KANTO model, Watanabe et al., 2008;
WACCM, Liu et al., 2014; KMCM, Becker, 2009). However,
due to their short horizontal wavelengths, many climate mod-
els utilize parameterization methods to calculate momentum
deposition by unresolved gravity waves (e.g., McFarlane,
1987; Scinocca, 2003; Richter et al., 2009). As parameter-
ization methods involve several tuning parameters related to
characteristics of gravity waves, observational constraints on
tuning parameters are inevitably required (e.g., Alexander et
al., 2010).

Geller et al. (2013) showed that parameterized gravity
waves in climate models are not realistic in several aspects in
comparison to high-resolution observational data (satellites,
isopycnic balloon observations and radiosondes) and gravity-
wave-permitting general circulation models. In particular,
they showed that gravity wave sources in the parameteriza-
tion can be poorly specified in high-latitude regions. Such
an improper specification of gravity wave sources in south-
ern high-latitude regions is considered to lead several seri-
ous problems. One of these problems is the so-called cold-
pole bias, present in most climate models in the polar winter
stratosphere (Eyring et al., 2010; McLandress et al., 2012).
This bias is closely related to significant delays in the break-
down of the stratospheric polar vortex in the Antarctic (Sto-
larski et al., 2006). Gravity waves in the southern polar re-
gion modify formations of polar stratospheric clouds (PSCs),
which can enhance ozone depletion in the polar lower strato-
sphere (Shibata et al., 2003; Watanabe et al., 2006; McDon-
ald et al., 2009; Kohma and Sato, 2011). Moreover, Chu et
al. (2011) reported that inertia–gravity waves in the polar
mesosphere also affect the formation of polar mesospheric
clouds (PMCs). Thus, observational studies of gravity waves
around the southern high-latitude region are quite important
(e.g., Hertzog et al., 2008).

Recently, a mesosphere–stratosphere–troposphere (MST)
radar (or VHF clear-air Doppler radar) system was installed
in the Antarctic. The system has completed continuous ob-
servations since 30 April 2012 at Syowa Station (69.0◦ S,
39.6◦ E) (PANSY (Program of the Antarctic Syowa MST/IS
radar) radar; Sato et al., 2014). The radar system provides
vertical profiles of three-dimensional winds at high time and
height resolutions. The PANSY radar system is a powerful

tool for examining gravity waves in the high-latitude region
and many other scientific issues related to the polar atmo-
sphere.

One interesting phenomenon observed in the polar meso-
sphere is a large-amplitude wave-like disturbance with near-
inertial frequency (approximately 12 h) that many previous
studies have examined (e.g., Murphy et al., 2006; Akmaev
et al., 2016). There are several explanations for the exis-
tence of such oscillations; Fraser and Khan (1990) and Fisher
et al. (2002) posited that these oscillations are attributable
to a semidiurnal migrating tide. Waterscheid et al. (1986)
and Collins et al. (1992) attributed these oscillations to a
“pseudo-tide” mechanism related to gravity-wave momen-
tum deposition modulated by a semidiurnal migrating tide.
Hagan and Forbes (2003) investigated the atmospheric re-
sponse to forcing by zonally asymmetric latent heat release
in the troposphere. Talaat and Mayr (2011) found that in-
ternal oscillations may be caused by parameterized gravity
waves in the model. Other studies (Hernandez et al., 1993;
Forbes et al., 1995, 1999; Fritts et al., 1998; Portnyagin
et al., 1998; Yamashita et al., 2002; Wu et al., 2003; Aso,
2007; Murphy et al., 2009) suggest that these oscillations are
due to semidiurnal non-migrating tides with zonal wavenum-
ber s = 1 generated by nonlinear interactions between s = 1
stationary planetary waves and semidiurnal migrating tides.
Mayr et al. (2005a, b) emphasized the importance of grav-
ity wave filtering effects on nonlinear interactions. Riggin et
al. (1999) showed that the zonal wavenumber of the 12 h
wave is close to 2 in the winter and is 1 in the summer
based on radar observations conducted at McMurdo (77.8◦ S)
and Halley (75.8◦ S). Wu et al. (2002) suggested that s = 1
semidiurnal non-migrating tides are significant at latitudes of
higher than 78◦ and that a mixture of semidiurnal migrating
tides and s = 1 semidiurnal non-migrating tides appears at
between 68◦ and 78◦.

The first successful observation with a complete system of
the PANSY radar was performed for 16–24 March 2015. In
this study, we used this observational dataset. During this ob-
servation period, strong wave-like disturbances with a wave
period of about 12 h were found in the lower mesosphere. Us-
ing PANSY radar data and a gravity-wave-resolving model,
generation and propagation mechanisms of such distur-
bances were examined. It is suggested that wave-like dis-
turbances with a wave period of about 12 h are attributable
to large-scale inertia–gravity waves with horizontal wave-
lengths of larger than 1100 km.

The present article is organized as follows. The method-
ology used is described in Sect. 2. Observational results are
presented in Sect. 3. The results of the model simulations are
given and compared with radar observations in Sect. 4. Prop-
agation characteristics and the wave generation mechanism
are also examined. A discussion is presented in Sect. 5, and
Sect. 6 summarizes the results and provides concluding re-
marks.
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2 Methodology

2.1 The PANSY radar observations

The PANSY radar system is the first MST/IS radar system in-
stalled at Syowa Station (39.6◦ E, 69.0◦ S) for observing the
Antarctic atmosphere in a height region from 1.5 to 500 km.
It should be noted that an observation gap exists at a height
region from 30 to 60 km due to the lack of the atmospheric
radar backscattering in this height region (Sato et al., 2014).
The PANSY radar system employs a pulse-modulated mono-
static Doppler radar system with an active phased mechanism
consisting of 1045 crossed-Yagi antennas. The PANSY radar
system is designed to observe three-dimensional winds at a
high time resolution and vertical resolution along beam di-
rections of 1t =∼ 1 min and 1z= 150 m in the troposphere
and lower stratosphere, respectively, and of1t =∼ 1 min and
1z= 600 m in the mesosphere. The accuracy of line-of-sight
wind velocity is about 0.1 m s−1. As the target of MST radars
is atmospheric turbulence, wind measurements can be made
under all weather conditions. Continuous observations have
been made by the PANSY radar through a partial system
since 30 April 2012. The first observation with the complete
system of the PANSY radar observation was successfully
performed for 16–24 March 2015. See Sato et al. (2014) for
further information on the PANSY radar system and for a list
of future studies to be conducted based on this system. For
the 16–24 March 2015 period, strong polar mesosphere win-
ter echoes, which likely resulted from the largest magnetic
storm event occurring during the solar cycle 24 (“St. Patrick’s
Day storm”; Kataoka et al., 2015; Jacobsen and Andalsvik,
2016; Cherniak and Zakharenkova, 2016), were observed by
the PANSY radar system.

The PANSY radar data that we used are line-of-sight wind
velocities of five vertical beams tilted east, west, north and
south at a zenith angle of θ = 10◦. Vertical wind compo-
nents are directly estimated from the vertical beam. Zonal
(meridional) wind components are obtained using a pair of
line-of-sight velocities of the east and west beams (the north
and south beams). For example, line-of-sight velocities of the
east and west beams, V±θ , are composed of zonal and verti-
cal components of the wind velocity vectors (u±θ , w±θ ) in
the targeted volume ranges:

V±θ =±u±θ sinθ +w±θ cosθ.

By assuming that the wind field is homogeneous at each
height, i.e., u+θ = u−θ ≡ u and w+θ = w−θ ≡ w, we can es-
timate zonal wind components as

u=
V+θ −V−θ

2sinθ
.

The vertical flux of zonal momentum is directly estimated
from variances of line-of-sight wind fluctuations (Vincent
and Reid, 1983):

V ′2
±θ = u

′2
±θ sin2θ +w′2

±θcos2θ ± u′
±θw

′
±θ sin2θ.

By assuming that the flux and variance fields are homoge-
neous (u′2

+θ = u
′2
−θ ≡ u

′2, w′2
+θ = w

′2
−θ ≡ w

′2 and u′
+θw

′
+θ =

u′
−θw

′
−θ ≡ u

′w′), we obtain

u′w′ =
V ′2
+θ −V

′2
−θ

2sin2θ
.

This assumption is less strict than that used for the u and w
estimates. Thus, the method based on MST radars provides
quite accurate estimates of momentum fluxes. The merid-
ional wind component and the vertical flux of meridional
momentum can be estimated in a similar manner. Reid and
Vincent (1987) examined horizontal wavelengths by using
the cross-correlation techniques and the sensitivities of the
estimation with several observational periods. In this study,
wave parameters are estimated by a hodograph analysis de-
scribed in Sect. 3.

2.2 Numerical setup for nonhydrostatic model
simulation

The simulation was performed using the Nonhydrostatic
Icosahedral Atmospheric Model (NICAM), which is a global
cloud-resolving model (Satoh et al., 2008, 2014). A nonhy-
drostatic dynamical core of the NICAM was developed from
icosahedral grids modified by the spring dynamics method
(Tomita et al., 2002). The NICAM is unique in its use of
a flux-form nonhydrostatic equation system that assures the
conservation of total mass, momentum and energy over the
domain.

2.2.1 Horizontal and vertical coordinate system

Resolutions of horizontal icosahedral grids are represented
by glevel n (grid division level n). Glevel 0 denotes the orig-
inal icosahedron. By dividing each triangle into four small
triangles recursively, one-higher resolution is obtained. The
total number of grid points isNg = 10·4n+2 for glevel n. The
actual resolution corresponds to the square root of the av-

eraged control volume area, 1x ≡
√

4πR2
E
/
Ng, where RE

is the Earth’s radius. A glevel-7 grid is used in this study
(1x ∼ 56 km).

Recently, Shibuya et al. (2016) developed a new grid
configuration for quasi-uniform and regionally fine meshes
within a circular region with icosahedral grids using spring
dynamics. This method clusters grid points over the sphere
into the circular region (the targeted region) and realizes finer
meshes than original icosahedral grids. By introducing sets
of mathematical constraints, it has been shown that the mini-
mum resolution within the targeted region is uniquely deter-
mined by the area of the targeted region alone. In this study,
the targeted region for a given glevel is a region south of
30◦ S centered at the South Pole. Figure 1a shows an illus-
tration of the stretched grid which is roughened up to glevel
3. Figure 1b shows a horizontal map of a normalized grid
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Figure 1. (a) An illustration of the stretched grid (roughened up to glevel 3). (b) A horizontal map of a normalized grid interval defined as
d/1x, where d denotes grid intervals and 1x denotes the grid interval of the original icosahedral grid.

interval defined as d(λφ)/1x, where d denotes grid inter-
vals as a function of the longitude, λ, and the latitude, φ. In
this case, the horizontal resolution in the targeted region is
roughly 36 km.

To simulate structures of disturbances from the strato-
sphere to the mesosphere, the vertical grid spacing is 400 m
at heights from 2.4 to 80 km. It should be noted that accord-
ing to Watanabe et al. (2015), gravity wave momentum flux is
not heavily dependent on model vertical spacing in the mid-
dle atmosphere when 1z < 400 m. The number of vertical
grids is 217. To prevent unphysical waves reflection at the
top of the boundary, a 7 km thick sponge layer is set above
z= 80 km. The second-order Laplacian horizontal hypervis-
cosity diffusion and Rayleigh damping for the vertical veloc-
ity are used for the sponge layer. An e-folding time of the ∇2

horizontal diffusion for the 21x wave at the top of the model
is 4 s, and an e-folding time of the Rayleigh damping for the
vertical velocity for the top of the model is 216 s. The diffu-
sivity level gradually increases from the bottom to the top of
the sponge layer. We confirm that little wave reflection near
the sponge layer occurs under this setting (not shown).

2.2.2 Initial condition and other physical schemes

MERRA reanalysis data based on the Goddard Earth Ob-
serving System Data Analysis System, Version 5 (GEOS-5
DAS; Rienecker et al., 2011), are used as the initial condi-
tion. In the MERRA reanalysis data, the following two types
of 3-D fields are provided: one set is produced through the
corrector segment of the Incremental Analysis Update (IAU;
Bloom et al., 1996) cycle (1.25◦× 1.25◦ and 42 vertical lev-
els whose top is 0.1 hPa) and the other pertains to fields re-
sulting from Gridpoint Statistical Interpolation analyses (GSI
analysis; e.g., Wu et al., 2002) on the native horizontal grid
and on native model vertical levels (0.75◦× 0.75◦ and 72 ver-
tical levels whose top is 0.01 hPa). We use the former 3-D
assimilated fields for 1000 to 0.1 hPa and the latter 3-D an-

alyzed fields for 0.1 to 0.01 hPa for the initial condition of
the NICAM simulation to prepare realistic atmospheric fields
in the mesosphere for 00:00 UTC on 17 March 2015. The
latter 3-D analyzed fields were only used at above 0.1 hPa,
as variables of vertical pressure velocity, cloud liquid wa-
ter and ice mixing ratios are not included. Vertical pressure
velocities, cloud liquid water and ice mixing ratios above
0.1 hPa are set to zero. A time integration was performed un-
til 00:00 UTC on 24 March. The time step was 15 s. As part
of the boundary layer scheme, MYNN level 2 (Nakanishi and
Niino, 2004) was used. No cumulous or gravity wave param-
eterization was employed. The model output was recorded
every 1 h. It should be noted that this model does not use the
nudging method as an external forcing for the atmospheric
component.

3 Observational results

Figure 2a shows the time–height section of the line-of-sight
wind velocity observed by the east beam of the PANSY radar
system. In the lower stratosphere, wavy structures with short
vertical wavelengths are shown. Shibuya et al. (2015) showed
that such a structure observed in May of 2013 at Syowa Sta-
tion was due to inertia–gravity waves with a vertical wave-
length of about 2 km. In the mesosphere, strong echoes were
detected at heights of 60 to 80 km over this time period.
These polar mesosphere winter echoes (PMWEs) are likely
initiated by increased ionization during the solar flare event
occurring on 17–18 March 2015 (Kataoka et al., 2015; Ja-
cobsen and Andalsvik, 2016; Cherniak and Zakharenkova,
2016). In this period, the polar night jet was in the phase
of formation around Syowa Station at the stratopause (at the
height of about 55 km; not shown). As is shown in Fig. 2a,
strong wave-like disturbances were observed in the meso-
sphere. Figure 2b and c show line-of-sight wind velocities of
the east and west beams, respectively, at heights of 65–80 km

Atmos. Chem. Phys., 17, 6455–6476, 2017 www.atmos-chem-phys.net/17/6455/2017/



R. Shibuya et al.: Quasi-12 h inertia–gravity waves 6459

Figure 2. Time–altitude cross sections of eastward line-of-sight velocity components observed by the PANSY radar at Syowa Station (a)
for the period from 17 to 23 March 2015, (b) for the period from 21 to 23 March 2015 and (c) opposite of westward line-of-sight velocity
components observed by the PANSY radar for the period from 21 to 23 March 2015. The dashed line in (b) and (c) denotes phase lines with
the downward phase velocity of 0.3 m s−1. The green arrows in (c) denotes the wave period of the disturbance. The contour intervals are
2 m s−1.

for 00:00 UTC on 21 March to 00:00 UTC on 24 March. In
Fig. 2b and c, it is clear that phases of dominant disturbances
propagate downward; a vertical phase velocity (broken line)
and an observed period (a green arrow) are about−0.3 m s−1

and 12.3 h, respectively. This indicates that the vertical wave-
length is about 13.8 km.

As the zenith angle of tilted beams of the PANSY radar
system is θ = 10◦, locations of the observation points by op-
posite beams in the mesosphere are separated by approxi-
mately 25 km at a height of 70 km. Figure 3a and b show
time–height sections of estimated zonal and meridional wind
components.

Based on the working hypothesis that wind disturbances
in the mesosphere are due to inertia–gravity waves, wave pa-
rameters are estimated using a hodograph analysis. A hodo-
graph analysis (e.g., Hirota and Niki, 1986; Sato, 1994) is ap-
plied to wind fluctuations at heights of 73.2, 73.8 and 74.4 km
for 22 March and at the heights of 70.8, 71.4 and 72.0 km for
23 March. In this analysis, hodographs are made in the time
direction.

First, wave zonal (u′) and meridional (v′) wind fluctua-
tions were fitted to sinusoidal functions as follows:

u′ = ûsin(ωt + θu)+ uo

v′ = v̂ sin(ωt + θv)+ vo, (1)

where û and v̂ are the amplitudes of u′ and v′, respectively,
ω is the observed wave frequency, t is time, θu and θv are
phases of zonal and meridional wind fluctuations, and uo
and vo are offsets of zonal and meridional wind fluctua-
tions, respectively. Parameters (û, v̂, ω, θu, θv , uo and vo)

Figure 3. Time–altitude cross sections of (a) zonal wind compo-
nents and (b) meridional wind components observed by the PANSY
radar at Syowa Station for the period from 21 to 23 March 2015. The
contour intervals are 12 m s−1.
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Table 1. The wave parameters of fluctuations in the mesosphere observed over Syowa Station (a) obtained by fitting to a sinusoidal function
using a nonlinear least-squares method and (b) estimated on the hypothesis that fluctuations are due to inertia–gravity waves, where α is the
angle of u‖ measured clockwise from the east. The error bar is based on the uncertainty by using a nonlinear least-squares method.

(a) Time and height locations ω (s−1) m (m−1) from u′ Cpz (m s−1) from u′ m (m−1) from v′ Cpz (m s−1) from v′

3/22 73.2 km 1.42× 10−4 (12.3 h) 5.24× 10−4 (12.0 km) −0.26 7.42× 10−4 (8.47 km) −0.19
3/22 73.8 km 1.27× 10−4 (13.7 h)
3/22 74.4 km 1.59× 10−4 (11.0 h)
3/23 70.8 km 1.35× 10−4 (12.9 h) 4.08× 10−4 (15.4 km) −0.34 5.11× 10−4 (12.3 km) −0.28
3/23 71.4 km 1.35× 10−4 (12.9 h)
3/23 72.0 km 1.42× 10−4 (12.3 h)

(b) Time and height locations u′ (m s−1) v′ (m s−1) |2π/kh| (km) α (degree) f
ω̂

3/22 73.2 km 28.5± 2.8 21.3± 2.8 1775 (1207–2797) 12◦ (7–32◦) 0.72 (0.57–0.85)
3/22 73.8 km 30.3± 4.5 27.0± 4.5 3238 (1577–3407) 18◦ (5–77◦) 0.86 (0.63–0.87)
3/22 74.4 km 28.3± 5.9 29.3± 5.9 1790 (1118–1793) 48◦ (17–75◦) 0.76 (0.59–0.76)
3/23 70.8 km 32.2± 4.8 22.8± 4.8 1785 (990–7778) 2◦ (1–52◦) 0.56 (0.41–0.97)
3/23 71.4 km 28.7± 6.1 22.1± 6.1 1454 (870–1523) 14◦ (11–61◦) 0.63 (0.41–0.65)
3/23 72.0 km 39.0± 8.0 23.8± 8.0 1150 (570–1914) 14◦ (10–47◦) 0.70 (0.32–0.74)

are determined using a nonlinear least-squares method so

that the residual
√
(u′obs− u′)

2
+ (v′obs− v′)

2 is smallest.
Figure 4 shows a time series of observed horizontal wind
fluctuations and results of the fitting at 70.8 and 72.0 km
for 23 March. It is clear that the observed wind fluctua-
tions seem to have a sinusoidal form with a period of about
12 h, and the fitting is successful. Moreover, phases of zonal
and meridional wind fluctuations at 72.0 km seem to be ad-
vanced compared to those at 70.8 km. Using these phase dif-
ferences in zonal and meridional wind fluctuations, vertical
wavenumbers for zonal and meridional fluctuations are esti-
mated, respectively. Table 1a summarizes parameters such as
wave frequencies, vertical wavenumbers and vertical phase
velocities estimated from u′ and v′. The estimated period
ranges from 11.0 to 13.8 h, which is quasi-12 h. The esti-
mated vertical wavelengths are 12.0 and 8.5 km for u′ and
v′ for 22 March and are 15.4 and 12.3 km for u′ and v′ for
23 March, respectively. Thus, the vertical phase velocities
are −0.26 and −0.19 m s−1 for u′ and v′ for 22 March and
−0.35 and −0.28 m s−1 for u′ and v′ for 23 March, respec-
tively. Although the estimation based on v′ for 22 March
shows slightly different values, the vertical phase velocities
and observed periods agree well with the rough estimation
denoted by broken lines and the green arrow in Fig. 2b and
c, respectively (approximately −0.3 m s−1 and 12.3 h).

The linear theory of inertia–gravity waves indicates that a
hodograph is ellipse-shaped (e.g., Shibuya et al., 2015). The
lengths of major and minor axes of the hodograph ellipse
correspond to the amplitudes of horizontal wind components,
which are parallel (u‖) and orthogonal (u⊥) to the horizontal
wavenumber vector (kh), respectively. The components of u‖
and u⊥ are written using the zonal (u′) and meridional (v′)

wind fluctuations:

u‖ = u
′ cosα+ v′ sinα

u⊥ =−u
′ sinα+ v′ cosα, (2)

where α is the angle of u‖ measured clockwise from the east.
Based on the polarization relation, the intrinsic frequency ω̂
can be determined from the ratio of the lengths of the major
to minor axes:

ω̂ =

∣∣∣∣ u‖u⊥ f
∣∣∣∣ , (3)

where f denotes the inertial frequency. The intrinsic fre-
quency is taken to be positive without losing generality (e.g.,
Sato et al., 1997).

The direction of the vertical energy propagation can be es-
timated from the rotation of the hodograph in the vertical
direction as follows: in the Southern Hemisphere, a coun-
terclockwise (clockwise) rotation with increasing height de-
notes upward (downward) energy propagation. Hodographs
in the vertical direction for 12:00 UTC on 22 March and
for 12:00 UTC on 23 March show counterclockwise rotation
(not shown), indicating upward energy propagation as also
shown in Fig. 4. This also means that the vertical wavenum-
ber m is negative.

The horizontal wavenumber |kh| can be indirectly esti-
mated using the dispersion relation of inertia–gravity waves,
though an ambiguity for 180◦ remains in the direction of
the horizontal wavenumber vector. For hydrostatic inertia–
gravity waves, the dispersion relation in a uniform back-
ground is written as follows:

|kh| =

√(
ω̂2
− f 2)m2

N2 , (4)

where N is the Brunt–Väisälä frequency. Here, as a typical
value,N2

= 3.0×10−4 s−2 for the mesosphere was used. The
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Figure 4. Zonal and meridional wind components observed by the PANSY radar on 23 March 2015 as a function of time at heights of
(a) 70.8 km and (b) 72.0 km. Zonal and meridional wind components fitted sinusoidal functions using a nonlinear least-squares method at the
height of (c) 70.8 km and (d) 72.0 km. The circles denote the zonal wind components and the star marks denote the meridional components.

Figure 5. A hodograph of the fitted horizontal wind components in
the time region from 00:00 UTC to 13:00 UTC, 23 March, at the
height of (a) 70.8 km and (b) 72.0 km from the PANSY radar obser-
vation. Each mark is plotted at one hour interval.

zonal and meridional wavenumbers (k, l) are determined as
k =±|kh|cosα and l =±|kh|sinα, respectively. The plus–
minus sign here denotes the ambiguity of the wavenumber
vector.

Figure 5 shows hodographs of the fitted sinusoidal fluctua-
tions at heights of 70.8 and 72.0 km for 23 March. The intrin-
sic frequency and zonal and meridional wavenumbers are es-
timated from Eqs. (3) and (4), respectively. Table 1b presents
the fitted amplitude of zonal and meridional wind fluctua-
tion and estimated wave parameters resulting from the hodo-
graph analysis.Wavenumbers are directed eastward (or west-
ward) or northeastward (or southwestward). Parameter f

/
ω̂

ranges from 0.6 to 0.85. Horizontal wavelengths of the best-

fitted parameters are longer than 1100 km, indicating that
these fluctuations are due to relatively large-scale inertia–
gravity waves. Thus, the applied assumption on the homo-
geneity of observed winds by dual beams (Sect. 2.1) is jus-
tified. Uncertainties of estimated wind amplitude and other
related wave parameters are also estimated using residuals of
the nonlinear least-squares fitting and on the assumption that
the uncertainties in the estimates of the zonal and meridional
wind amplitude are the same. It seems that the estimated hor-
izontal wavelength at a height of 70.8 km for 23 March has
a relatively large uncertainty (|2π/kh| = 990 ∼ 7778 km).
However, it should be noted that the case for the largest hor-
izontal wavelength corresponds to a case with ω̂ ∼ f (i.e.,
close to the inertial oscillation) and hence its ambiguity is
large for the wavelength (|kh| ∼ 0).

4 Numerical experiment results

4.1 Simulated wave structures

To examine spatial structures and generation mechanisms of
the inertia–gravity waves, a model simulation based on the
NICAM was performed. Figure 6a shows the time–height
section of the simulated winds (usinθ +w cosθ (where θ =
10◦)) for Syowa Station from 00:00 UTC on 17 March
to 00:00 UTC on 24 March 2015, reflecting the line-of-
sight velocity of the east beam of the PANSY radar sys-
tem. A comparison with the observations (Fig. 2) shows
that the model successfully simulated synoptic-scale dis-
turbances in the troposphere, although phases of these dis-
turbances vary slightly from observations near the end of
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Figure 6. Time–altitude cross sections of eastward line-of-sight velocity components simulated by NICAM at Syowa Station (a) for the
period from 17 to 23 March 2015 and (b) for the period from 21 to 23 March 2015 (contour interval 3 m s−1). (c) Zonal wind components in
eastward line-of-sight velocity components simulated by NICAM for the period from 21 to 23 March 2015 (contour interval 18 m s−1).

the simulation. In the lower stratosphere, a wavy structure
with a small vertical wavelength of less than about 2 km,
which was observed by the radar system from 00:00 UTC
on 17 March to 00:00 UTC on 20 March, is hardly shown in
Fig. 6a. This may be attributable to the large vertical spacing
(1z= 400 m) of the model compared to such a short verti-
cal wavelength. From the middle stratosphere to the meso-
sphere, downward-propagating large-amplitude disturbances
are dominant, which is consistent with the observations. Fig-
ure 6b and c show the line-of-sight velocity of the east beam
and the zonal wind component for the same time and height
sections as those reflected in Fig. 2b and c, respectively. The
amplitude of these disturbances is also comparable to that
of the observations; for example, the amplitude of the zonal
wind component at a height of about 70 km for 12:00 UTC
on 23 March is approximately 30 m s−1, which agrees with
the observations (see Fig. 4a and c).

Figure 7a shows the time–height section of anomalies of
zonal wind components from the time average at each height.
As is shown in Fig. 6b, wave-like structures for the observa-
tion period of about 12 h seem dominant in the mesosphere,
which is consistent with the radar observation (Fig. 2b).
Thus, we first examined diurnal and semidiurnal migrat-
ing tidal components, which are defined as components for
wave period τ = 24 h and zonal wavenumber s = 1 and for
τ = 12 h and s = 2, respectively. Figure 7b shows the time–
height section of diurnal and semidiurnal migrating com-
ponents of zonal winds. Surprisingly, these components are
not dominant even in the mesosphere. Figure 7c shows the
time–height section of zonal wind components of planetary
wave components, which are defined as components with
τ ≥ 42 h. This component does not seem to be dominant

in the mesosphere. Moreover, we examined the amplitude
of small-scale gravity waves, which are defined as compo-
nents with horizontal wavelengths of less than 1000 km, as
occasionally shown by previous studies (e.g., Geller et al.,
2013). In this study, a spatial filter is applied to the x–y
coordinate centered at the South Pole as projected by the
Lambert azimuthal equal-area projection. Figure 7d shows
the time–height section of zonal wind components of the
small-scale gravity waves. Although these small-scale grav-
ity waves sometimes have amplitudes that exceed 20 m s−1

in the mesosphere, the wave structures shown in Fig. 7a are
not fully explained.

The remaining component is shown in Fig. 7e. This com-
ponent has a quite similar structure and amplitude to the un-
filtered anomalies shown in Fig. 7a. These results suggest
that dominant wave structures in the mesosphere did not form
due to migrating tides, planetary waves or small-scale grav-
ity waves but rather due to the remaining component. The
remaining component has a horizontal wavelength of greater
than 1000 km and wave periods of less than 42 h. We further
examined characteristics of the remaining component such
as horizontal and vertical wavenumbers and intrinsic and ob-
served wave frequencies.

Figure 7e shows several large-amplitude wave packets
over Syowa Station. The envelope function of the wave pack-
ets is examined using an extended Hilbert transform method
proposed by Sato et al. (2013). An extended Hilbert trans-
form H [a (x, t)] is a fluctuation field composed of a Fourier
component of a particular fluctuation field a(xt)whose phase
is shifted by −π

/
2 radians. An envelope functionAenv(xt)
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Figure 7. Time–altitude cross sections of (a) anomalies of the zonal
wind components from the time–mean components, (b) the diurnal
and semidiurnal migrating tidal components, (c) the planetary wave
components, (d) small-scale gravity waves and (e) the remaining
components. The contour intervals are 10 m s−1. The data are from
the NICAM simulation.

of a(xt) is obtained using a(xt) as follows:

Aenv (x, t)=

√
a(x, t)2+H [a (x, t)]2. (5)

The extended Hilbert transform must be applied in one
direction in time or space where waves are fluctuating (in-
cluding at least more than two wave crests). In this study,
envelope functions are estimated using the extended Hilbert
transform of the time direction.

Figure 8 shows the envelope functions calculated using the
extended Hilbert transform applied to remaining components
shown in Fig. 7e. Several large-amplitude wave packets are
identified and labeled as (i) to (v) for further wave param-
eter estimation. The observed wave period and the vertical
wavelength of each packet are estimated directly in Fig. 7e.
The zonal wavelengths and phase velocities are directly esti-
mated using Hovmöller diagrams. Figure 9 shows the Hov-
möller diagram at a height of 70 km at 69◦ S. A lot of wave

Figure 8. Time–altitude cross section of the envelope function of
the zonal wind components of the large-scale gravity waves simu-
lated by NICAM (contour interval 10 m s−1). (i) to (v) denote the
labels of the wave packet examined in Sect. 4.

Figure 9. Hovmöller diagram of zonal wind components of the
large-scale inertia–gravity waves simulated by NICAM at the height
of 70 km at 69◦ S (contour interval 10 m s−1). (i), (ii) and (v) indi-
cate the packets labeled in Fig. 5.

packets appear not only over Syowa Station throughout the
simulation period, except for the initial day of the time inte-
gration. It is clear that most waves propagate westward. At a
longitude of roughly 40◦ E (green dashed line) where Syowa
Station is located, some dominant wave packets are found as
is shown in Fig. 8, corresponding to packets (i) for 19 March,
(ii) 20 March and (v) 22 March, respectively.

In addition, to examine horizontal structures of the wave
packets, we created composite maps of zonal wind compo-
nents. The composite is calculated for the time period de-
noted by green rectangles in Fig. 8. For each wave packet,
the locations with the local maxima of the zonal wind com-
ponents near Syowa Station along a latitude of 69◦ S are cho-
sen as reference points for the composite. In other words,
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Figure 10. Composite maps of zonal wind components of the
large-scale inertia–gravity waves simulated by NICAM. The height
where the composites are taken is (a) 70 km, (b) 70 km, (c) 75 km,
(d) 65 km and (e) 72 km. The longitudinal location is depicted as
the relative longitude from Syowa Station. The contour intervals
are 10 m s−1.

horizontal maps of zonal wind wave components are moved
in the zonal direction and are then averaged. Thus, this com-
posite shows an averaged phase structure of zonal wind wave
components near Syowa Station. The results are shown in
Fig. 10a to e for packets (i) to (v), respectively. It seems that
wave structures are evident for all packets near Syowa Sta-
tion. From features observed in the time–height section, the
Hovmöller diagram and the composite maps of zonal wind
components, we directly estimated wave parameters of hori-
zontal wavelengths, vertical wavelengths, observed frequen-
cies, zonal phase speeds, vertical phase speeds and intrinsic
frequencies, which are summarized in Table 2.

The vertical phase speeds, observed wave periods and ver-
tical wavelengths obtained from the model simulation data
agree quite well with those obtained from the PANSY radar
observations. Moreover, directly estimated zonal and merid-
ional wavenumbers from the simulation (Table 2) also agree
quite well with those indirectly estimated from PANSY radar
observations using polarization and dispersion relations of
inertia–gravity waves (Table 1a and b). In addition, it is im-
portant to note that wave parameters (ω, k and m) of packets
(i) to (v) are consistent with the dispersion relation of the
hydrostatic inertia–gravity waves:

ω̂2
= (ω−U × k)2 = f 2

+
N2|k|2

m2 , (6)

where ω is the ground-based frequency, k = (k, l) and m are
horizontal and vertical components for the wavenumber vec-

tor, respectively, and U is the background horizontal wind
vector. Intrinsic frequencies ω̂ obtained from the model sim-
ulation using Eq. (6) also agree with those obtained from the
PANSY radar observation. From these results, we conclude
that dominant half-day wave period fluctuations observed in
the mesosphere are likely attributable to large-scale inertia–
gravity waves. Hereafter, we refer to the remaining compo-
nent as “large-scale inertia–gravity waves”.

4.2 Wave propagation and generation mechanism

In this section, we examine the origins of the large-scale
inertia–gravity waves simulated near Syowa Station. In par-
ticular, we examine disturbances occurring over wave peri-
ods of close to 12 h, which were extracted by applying a
bandpass filter with cutoff wave periods of 6 and 24 h to
large-scale inertia–gravity waves. It is confirmed that this
spectral range of the bandpass filter is narrow enough to ex-
tract the large-scale inertia–gravity waves clearly.

Case studies are conducted for wave packets (i) and (v), as
they show clear wave structures at the height of 70 km, where
the PANSY radar system observed inertia–gravity waves.
The propagation of wave packets identified using the ex-
tended Hilbert transform method is manually traced. Three-
dimensional locations of the wave packets are determined by
the maxima of the envelope function for each time. Hereafter,
we refer to this method as “manual wave packet tracing”. The
advantage of this method is that a specific location of a pos-
sible wave source can be directly examined.

The approach of the manual wave packet tracing for packet
(v) is illustrated in Fig. 11a and b, which show horizontal
maps of zonal wind components of the large-scale inertia–
gravity waves and their envelope functions for 03:00 UTC
on 23 March and a Hovmöller diagram at 69◦ S. Significant
wave disturbances with large amplitudes are observed near
Syowa Station, corresponding to packet (v). The location of
packet (v) (green circles in Fig. 11a and b) is estimated in
the following: first, the time when the envelope function of
packet (v) takes its local maximum in the Hovmöller dia-
gram (Fig. 11b) is determined. Second, the location of packet
(v) at that time is determined to where the envelope function
has its local maximum in the horizontal map (Fig. 11a). Fig-
ure 11c and d show the results for packet (i). By repeating
this procedure at an interval of about 1 km in the vertical di-
rection, temporal and spatial locations for a particular packet
are manually estimated. For this tracing, the Hovmöller dia-
gram is examined at the latitude of the wave packet location
in the former procedure.

Figure 12a–d show the time and the spatial locations of
packet (v) at heights of 60, 40, 25 and 23 km, respectively. It
appears that the location of packet (v) is successfully traced
backward from a height of 70 to 23 km, suggesting that
packet (v) observed over Syowa Station in the mesosphere
propagated from the lower stratosphere at roughly (100◦ E,
40◦ S). At heights of 25 to 23 km, the vertical propagation of
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Table 2. The directly estimated wave parameters of simulated packets.

Wave packets k (m−1) l (m−1) m (m−1) ω (s−1) Cpx
(m s−1)

Cpz
(m s−1)

f
ω̂

|kh| (m−1)

(i) z = 70 km
3/18 12 UTC–3/19
24 UTC

−2.48× 10−6

(2530 km)
∼ 0 3.96× 10−4

(15.8 km)
1.42× 10−4

(12.3 h)
−57.3 −0.36 0.763

2.48× 10−6 (2530 km)

(ii) z= 70 km
3/20 05 UTC–3/21
01 UTC

−3.18× 10−6

(1980 km)
−0.98× 10−6

(6440 km)
4.10× 10−4

(15.3 km)
1.47× 10−4

(11.8 h)
−4.62 −0.36 0.704

3.33× 10−6 (1887 km)

(iii) z= 75 km 3/21
03 UTC–3/22 03 UTC

−2.79× 10−6

(2250 km)
−2.48× 10−6

(2530 km)
3.92× 10−4

(16.0 km)
1.99× 10−4

(8.8 h)
−71.3 −0.51 0.617

3.73× 10−6 (1685 km)

(iv) z= 65 km
3/21 21 UTC–3/22
09 UTC

−3.35× 10−6

(1880 km)
−2.78× 10−6

(2530 km)
4.63× 10−4

(13.57 km)
1.46× 10−4

(11.9 h)
−43.5 −0.32 0.617

4.35× 10−6 (1444 km)

(v) z= 72 km
3/22 02 UTC–3/23
02 UTC

−3.78× 10−6

(1660 km)
−0.82× 10−6

(7660 km)
4.52× 10−4

(13.9 km)
1.59× 10−4

(11.0 h)
−42.1 −0.35 0.653

3.87× 10−6 (1625 km)

packet (v) is quite slow compared to that in the upper strato-
sphere and mesosphere.

Figure 12e to g show the times and spatial locations of
packet (i) at heights of 63, 58, 53 and 48 km, respectively.
At heights of 70, 63 and 58 km, the green circles seem to
trace the same wave structures. However, as we cannot trace
packet (i) below a height of 53 km, the wave structure be-
comes obscured at heights of 53 and 48 km.

To confirm the validity of the manual wave packet trac-
ing results, we conducted a backward ray tracing analysis of
the large-scale inertia–gravity wave (e.g., Marks and Ecker-
mann, 1995). We used the wave parameters of packets (i) and
(v) shown in Table 2 as initial parameters for the ray tracing
analysis. The average of the model output for 17 to 23 March
is used as the background wind for the ray tracing analysis.
Figure 13 and Table 3 summarize the manual packet and ray
tracing results. The times and spatial locations of packet (v)
detected by the manual packet tracing agree with those ob-
tained by idealized ray tracing, although not for the lower
stratosphere. However, the tracing of packet (i) agrees with
those by idealized ray tracing results at above 58 km where
clear wave structures are shown in the horizontal map, al-
though the idealized ray slowly travels at right angles to the
manual ray. These findings support the validity of manual
wave packet tracing based on the extended Hilbert transform
and ray tracing based on inertia–gravity wave theory.

The source of the inertia–gravity waves can be located at
any altitude along the ray above the lowest traceable alti-
tude. Thus, we further examine possible sources of packets
(i) and (v) along the ray shown in Fig. 13. First, we focus
on the ray of packet (v) in the lower stratosphere. Figure 14
shows the longitude–height section of background winds be-
low z= 18 km and of disturbances above z= 19 km at 40◦ S
for 03:00 UTC on 21 March. At roughly 100◦ E longitude,
wave disturbances appear to be captured over the core of the
tropospheric jet stream. This feature is quite similar to the
gravity waves generated by the spontaneous radiation from
the large-scale jet in the tropopause (e.g., O’Sullivan and
Dunkerton, 1995; Plougonven and Synder, 2007; Yasuda et
al., 2015a, b). The long propagation time in the lower strato-
sphere may be related to the wave-capture mechanism (Büh-
ler and McIntyre, 2005; Shibuya et al., 2015).

To explore such a possibility, a horizontal map of the resid-
ual of the nonlinear balance equation (1NBE; Zhang et al.,
2001), which is an index showing the degree of flow imbal-
ance, is examined. Here, 1NBE is defined as follows:

1NBE= 2J (u,v)+ f ς −α∇2P, (7)

where ς , α and P denote the relative vorticity, specific vol-
ume and pressure level, respectively. The Jacobian term is
J (u,v)= ∂u

/
∂x×∂v

/
∂y−∂v

/
∂x×∂u

/
∂y. To exclude

possible contaminations of 1NBE by small-scale gravity
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Figure 11. Snapshots of the zonal wind components and their envelope function of the large-scale inertia–gravity waves (a) at the height
of 70 km at 03:00 UTC, 23 March 2015, corresponding to the packet (v), and (c) at the height of 70 km at 01:00 UTC, 19 March 2015,
corresponding to the packet (i). Hovmöller diagrams of the zonal wind components and their envelope function of the large-scale inertia–
gravity waves at the height of 70 km at 69◦ S for the period (b) from 20 to 23 March and (d) from 17 to 20 March. The green dashed curves
in (a) and (c) denote the cross section taken in (b) and (d), and vice versa. The green circles are locations of traced wave packets by the
method discussed in the text. The contour intervals are 10 m s−1. The data are from the NICAM simulation.

Table 3. The results of the manual wave packet tracing and the ray tracing.

Manual wave packet tracing Ray tracing

Longitude (◦ E) Latitude (◦ S) Altitude (km) Longitude (◦ E) Latitude (◦ S) Altitude (km)

Packet (v) 3/23 03 UTC 40 67 70.0 40.0 67.0 70.0
3/22 23 UTC 68 66 60.0 46.2 65.6 63.9
3/22 16 UTC 75 62 50.0 58.0 62.0 46.8
3/22 08 UTC 63 52 40.0 71.5 57.2 33.1
3/22 03 UTC 84 53 30.0 80.8 55.4 27.0
3/21 16 UTC 80 43 25.0 103.3 51.1 10.3
3/21 03 UTC 95 41 23.0 – – –

Packet (i) 3/19 01 UTC 30 70 70.0 30.0 70.0 70.0
3/18 19 UTC 32 67 63.0 39.7 68.5 63.1
3/18 15 UTC 33 66 58.0 47.0 66.7 56.3
3/18 11 UTC 30 62 53.0 53.5 63.7 49.7
3/18 08 UTC 30 59 48.0 57.7 61.0 44.6

waves, we apply a low-pass filter in the zonal and merid-
ional directions with a cutoff length of 1000 km in advance.
Figure 15 shows horizontal maps of the absolute value of
the horizontal wind and 1NBE at a height of 10 km for
03:00 UTC on 21 March. The absolute value of the horizon-
tal wind is also denoted by thick contours. It is clear that
large values are observed in 1NBE around the tropospheric

jet meandering around (110◦ E, 40◦ S), where packet (v) was
located. This feature suggests not only that the imbalance in
the tropospheric jet was significant but also that packet (v)
may have been generated by the spontaneous radiation mech-
anism.

Next, we examined a possible generation mechanism for
packet (i). The disappearance of the clear wave structure at
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Figure 12. Snapshots of the zonal wind components of the large-scale inertia–gravity waves tracing the packet (v) (a) at the height of 60 km
at 23:00 UTC, 22 March (contour interval 10 m s−1), (b) at the height of 40 km at 08:00 UTC, 22 March (contour interval 5 m s−1), (c) at the
height of 25 km at 16:00 UTC, 21 March (contour interval 3 m s−1), and (d) at the height of 23 km at 03:00 UTC, 21 March (contour interval
2 m s−1). Snapshots for the packet (i) (e) at the height of 63 km at 23:00 UTC, 22 March, (f) at the height of 58 km at 15:00 UTC, 18 March,
(g) at the height of 53 km at 11:00 UTC, 18 March (contour interval 5 m s−1), and (d) at the height of 48 km at 08:00 UTC, 18 March (contour
interval 3 m s−1). The green circles are locations of traced wave packets by the method discussed in the text. The data are from the NICAM
simulation.

a height of 53 km (Fig. 12f and g) may indicate that the
source of packet (i) is found at this height. A plausible gener-
ation mechanism of inertia–gravity waves in the upper strato-
sphere is spontaneous radiation from the polar night jet (e.g.,
Sato and Yoshiki, 2008). It is also worth noting that obser-
vational studies show high percentages of downward grav-
ity wave propagation in the polar stratosphere compared to
those found at low and middle latitudes (e.g., Yoshiki and
Sato, 2000; Guest et al., 2000; Moffat-Griffin et al., 2013;
Murphy et al., 2014; Mihalikova et al., 2016). To confirm
this possibility, we examined fluctuation characteristics and
background zonal winds of the upper stratosphere. Figure 16
shows a longitude–height cross section of fluctuation compo-
nents (

√
ρ0u′) and the background zonal wind at 15:00 UTC

on 18 March at 65◦ S. The background zonal wind is ob-

tained using a low-pass filter with a cutoff zonal wavelength
of approximately 5000 km.

Interestingly, it seems that fluctuations show symmetric
features above and below the core of the polar night jet at
a height of 50 km. The height at which packet (i) becomes
obscured roughly corresponds to the core of the polar night
jet (Fig. 12f and g). These results imply that fluctuations are
generated at a height close to the core of the polar night jet.
To confirm this, we examined the vertical profile of the en-
ergy flux p′w′ (Fig. 16b). The average was calculated for the
longitudinal region spanning from −90 to 60◦ E. The energy
flux is upward above and downward below the core of the po-
lar night jet. This result supports the hypothesis that packet
(i) was generated at a height close to the core of the polar
night jet.
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Figure 13. The ray path of (a, b) the packet (v) simulated by
NICAM and (c, d) the packet (i) using the idealized ray tracing
method (black thick line, colored circles) and the manual wave
packet tracing method (colored star marks) in (a, c) the latitude–
height cross section and (b, d) the horizontal map. The contours in
(a, c) denote background zonal wind components averaged in the
zonal direction and for the period from 17 to 23 March.

This symmetric phase structure observed in Fig. 16a is
similar to the structures from the theoretical studies of spon-
taneous radiation of inertia–gravity waves from a balanced
flow (e.g., Yasuda et al., 2015b, their Fig. 6). Yasuda et
al. (2015a, b) proposed that the quasi-resonance of gravity
waves and a secondary circulation slaved to a balanced jet
flow serves as the spontaneous radiation mechanism. The
study showed that the quasi-resonance occurs when ground-
based wave periods of radiated gravity waves are compara-
ble to the timescale of the slaved motion due to a significant
Doppler shift by the strong and balanced flow. Moreover, a
timescale in which a fluid particle travels over a descent–
ascent couplet structure (i.e., half of an intrinsic period of a
radiated gravity wave; τ̂ ) needs to be shorter than half of the
inertial period. This corresponds to the condition that the La-
grangian Rossby number (RLagr) is greater than unity, which
was discussed in McIntyre (2009). Spontaneously radiating

Figure 14. Snapshots of longitude–height cross sections of zonal
wind components of the large-scale inertia–gravity waves (above
the height of 19 km, the left color bar, contour interval 2 m s−1)
and the absolute values of the horizontal wind components (below
the height of 18 km, the right color bar, contour interval 10 m s−1)
at 03:00 UTC, 21 March, at 40◦ S. The data are from the NICAM
simulation.

Figure 15. Snapshots of horizontal maps of (a) the absolute hor-
izontal wind velocity and (b) the residual of the nonlinear bal-
ance equation (1NBE) at the height of 10 km at 03:00 UTC,
21 March 2015. The vectors in (a) denote the directions and the
magnitude of the horizontal winds. The contour intervals in (a) are
10 m s−1. The data are from the NICAM simulation.

inertia–gravity waves have a shorter wavelength leeward of
the jet streak through the wave-capture mechanism (Bühler
and McIntyre, 2005). Yasuda et al. (2015a, b) also showed
that the source term formula of radiated gravity waves by the
quasi-resonance is equal to 1NBE. However, a large 1NBE
was not observed in the upper stratosphere and mesosphere
for the case examined in the present study. The polar night
jet around an approximate height of 55 km did not have the
strength and/or did not meander enough to cause a large
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Figure 16. (a) A longitude–height cross section of zonal wind com-
ponents of the large-scale inertia–gravity waves

√
ρ0u′ at 65◦ S at

15:00 UTC, 18 March (contour interval 0.1 Pa0.5), and (b) a line
plot of the energy flux p′w′ averaged from the longitude of −90◦ E
to the longitude of 60◦ E denoted by black arrows. The thick black
contours show background zonal wind components extracted by a
low-pass filter with a cutoff wavelength of 4000 km. The thick con-
tours denote 20, 30 and 40 m s−1, respectively. The data are from
the NICAM simulation.

1NBE (not shown). Thus, a different mechanism needs to
be considered to explain the spontaneous radiation of gravity
waves in the upper stratosphere and mesosphere.

Taking into account the fact that the time variation of the
westerly jet around 55 km is mainly caused by migrating
tides, we propose a new mechanism for the spontaneous ra-
diation in the upper stratosphere and mesosphere. Figure 17
shows the schematic illustration. Figure 17a shows anoma-
lies of θ from the zonal mean and vertical wind couplets as-
sociated with a semidiurnal migrating tide at the height of
the core of the polar night jet in the longitudinal direction.
As vertical winds are adiabatically present along the mod-
ulated θ surface, a mountain-wave-like generation that was
discussed in the previous studies may occur. In this case, the
vertical winds oscillate with a period of 12 h due to the time
variation of the θ surface associated with the semidiurnal mi-
grating tide. The deformation of the θ surface is not caused
by the slaved components of the large-scale balanced flow,
and hence 1NBE is not necessarily large. An intrinsic pe-
riod τ̂ for this case is calculated as τ̂ = L/(U+Utide), where
L is a half-length of the latitude circle, U is a speed of the
zonal wind and Utide is a ground-based phase speed of the
semidiurnal tide. Since L/Utide is 12 h, τ̂ is less than a half of
the inertial period in the westerly background wind (U > 0).
Therefore, gravity waves with a period of 12 h are likely ra-
diated around the jet core. In addition, because of the hori-
zontal shear of the background wind, including the migrat-

ing tides, the wave capture can occur to cause the horizontal
wavelength of the radiated gravity waves to be less than that
of the semidiurnal migrating tide, which was observed.

Next, we confirm whether the patterns of θ anomalies
and vertical velocities associated with the migrating tides
are seen in the simulation data. Figure 18a shows the Hov-
möller diagram of θ anomalies and vertical velocities asso-
ciated with the diurnal and semidiurnal migrating tides at a
height of 55 km at 65◦ S. The phase relation of θ and verti-
cal velocities are adiabatic, which is consistent with the sce-
nario shown in Fig. 17a. The θ anomalies associated with the
semidiurnal tide seem modulated and partly amplified by the
presence of the diurnal migrating tide. Figure 18b shows the
Hovmöller diagram of θ and vertical winds of the large-scale
gravity wave components, overlaid by the background zonal
wind. Note that the background zonal wind is largely mod-
ulated by the migrating tides. It is interesting that packet (i)
seems to be generated near 30◦ E at about 12:00 UTC when
the packet is located downstream of the zonal wind maxima,
which is consistent with the source location and generation
timing estimated by the manual packet tracing method. This
fact suggests that the wave-capture mechanism is acting in
association with the migrating tides. This is the most likely
mechanism of packet (i) generation.

We also examined sources of other wave packets (ii), (iii)
and (iv) and of other wave packets that are dominant at dif-
ferent longitudes (Fig. 9). The results suggest that these wave
packets were also generated by spontaneous radiation from
the upper-tropospheric jet stream or from the polar night jet
stream (not shown in detail).

5 Discussion

As is shown in Sect. 4, wave structures with large am-
plitudes in the lower mesosphere (below 80 km) with the
ground-based period of quasi-12 h are likely attributable
to large-scale inertia–gravity waves. The horizontal wave-
lengths of quasi-12 h inertia–gravity waves range from 1500
to 2500 km, as shown in Table 2. This conclusion diverges
from suggestions made in previous studies, which posit that
12 h disturbances can be either migrating semidiurnal tides of
zonal wavenumber two or non-migrating semidiurnal tides of
zonal wavenumber one. This difference can be attributed to
the difference in observed height regions as follows: height
regions examined in this study include the upper stratosphere
and lower mesosphere below 80 km while those examined
in previous studies include the mesosphere located above
85 km.

Large-scale inertia–gravity waves with horizontal wave-
lengths of longer than 1000 km in the mesosphere have al-
ready been reported in several studies (Li et al., 2007; Lu
et al., 2009, Nicolls et al., 2010; Chen et al., 2013). For ex-
ample, Nicolls et al. (2010), using the Poker Flat Incoherent
Scatter Radar system, found large-amplitude coherent wave
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Figure 17. (a) A schematic figure of longitudinal locations of
anomalies of θ (δθ) from the zonal mean due to the semidiurnal
tide and associated vertical wind couplets denoted by large arrows
at a height of the core of the polar night jet. (b) A trajectory of
fluid parcel on a θ surface at the height of polar night jet. The thin
dashed arrow denotes a motion of the fluid parcel, and U denotes
the magnitude of the background zonal wind.

packets with wave periods of roughly 10.5 h and horizontal
wavelengths of 700 to 1600 km in the mesosphere. Nicolls et
al. (2010) cited jet stream adjustment in the tropopause as a
potential source. Chen et al. (2013) also estimated a source
for one inertia–gravity wave with a horizontal wavelength
of 2200 km, a period of 7.7 h and a vertical wavelength of
22 km, which was observed in the Antarctic mesopause re-
gion by combined Fe lidar–MF radar measurements. They
heuristically traced the inertia–gravity wave back to a re-
gion of unbalanced flow in the stratosphere (z∼ 43–46 km).
However, no previous studies have directly examined sources
of these large-scale inertia–gravity waves in the mesosphere
using a numerical model. This study examines the propaga-
tion of such large-scale inertia–gravity waves and generation
by spontaneous radiation from the polar night jet and tropo-
spheric jet, combining the observational data and numerical
simulation outputs.

Recently, Sato et al. (2017) showed that zonal (merid-
ional) momentum flux spectra at the summer mesosphere
over Syowa Station are mainly positive (negative), and an
isolated peak of the momentum fluxes is observed near a
frequency of 12 h, using continuous observations of polar
mesosphere summer echoes at heights from 81 to 93 km
by the PANSY radar. The signs of momentum flux suggest
that gravity waves propagate from low-latitude regions on
the assumption of upward propagation. Yasui et al. (2016)
also suggested that gravity waves in the summer mesosphere
may originate from the tropical convections using the MF
radar observation at Syowa Station. Sato et al. (1999) indi-
cated that such meridional propagation of the inertia–gravity

Figure 18. (a) A Hovmöller diagram of potential temperature
(shade) and the vertical wind components (contour) due to the diur-
nal and semidiurnal migrating tides at the height of 55 km at 65◦ S.
The contour interval is 0.5×10−2 m s−1. (b) A Hovmöller diagram
of potential temperature (shade) and the vertical wind components
(black contour) of the large-scale inertia gravity waves, and the
zonal wind component with s = 1 and s = 2 at the height of 55 km
at 65◦ S. The black contour interval is 2.0×10−2 m s−1, the red
thin contour denotes 30 m s−1 and the red thick contour denotes
35 m s−1. The data are from the NICAM simulation.

waves from the low-latitude region and the critical-level fil-
tering mechanism can explain the isolated energy peak near
the inertia frequency (near a frequency of 12 h at Syowa
Station). Moreover, the tide-induced spontaneous radiation
mechanism proposed in this study implies frequent genera-
tions of quasi-12 h inertia–gravity waves at the polar vortex.
Further studies are needed to clarify physical mechanisms
for the existence of the isolated energy peak near 12 h in the
mesosphere at Syowa Station.

We have further examined vertical fluxes of zonal and
meridional momentum associated with large-scale inertia–
gravity waves ρ0u′w′ and ρ0v′w′. The overbar denotes a
zonal averaging operation. Figure 19a and b show latitude–
height sections of ρ0u′w′ and ρ0v′w′, respectively, which
are averaged for 19 to March 2015. Large negative ρ0u′w′

and ρ0v′w′ values are distributed approximately 40◦ S in
the lower stratosphere and approximately 75◦ S in the meso-
sphere. The signs of ρ0u′w′ and ρ0v′w′ are consistent with
parameter estimations from PANSY radar observations and
from the numerical simulation. The slanted structures seem
quite similar to the propagation path of packet (v) discussed
in Sect. 4.2. Such a slanted structure is likely formed from
the meridional propagation of inertia–gravity waves, which
is numerically shown and theoretically discussed by Sato et
al. (2009, 2012) in terms of refraction and advection by back-
ground wind.

Interestingly, Fig. 19a shows that the value of ρ0u′w′ is
lower in the middle stratosphere, thus showing a peak of neg-
ative ρ0u′w′ in the mesosphere. Small-scale gravity waves do
not follow such a pattern (not shown). This result suggests
that parts of large-scale inertia–gravity waves are generated
in the upper stratosphere as discussed in Sect. 4.2. In contrast,
such a feature is not observed in ρ0v′w′, although a small
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Figure 19. Latitude–height cross sections of (a) the vertical fluxes of zonal momentum ρ0u′w′, (b) the vertical fluxes of zonal momentum
ρ0v′w′, (c) the ratio of the Coriolis parameter to the intrinsic frequency f/ω̂, (d) the kinetic energies of the horizontal wind components and
(e) the potential energies of the large-scale inertia–gravity waves, which are averaged in the zonal direction and for the period from 19 to
21 March 2015. The contour interval is (a, b) 4.0× 10−5 [Pa] and (c) 0.1, respectively. It should be noted that the color bar and the contour
interval in (d) and (e) are log-scaled. The data are from the NICAM simulation.

negative local maximum is present at heights of 50 to 55 km
at approximately 60◦ S. This result implies that wavenum-
ber vectors of inertia–gravity waves in the mesosphere tend
to move eastward, consistent with the parameter estimation
shown in Sect. 4.1.

Next, we examined the energy density of the large-scale
inertia–gravity waves by dividing the total energy density
into the following three components: horizontal wind kinetic
energy (KE), vertical wind kinetic energy (VE) and potential
energy (PE):

KE=
1
2
ρ0

(
u′2+ v′2

)
, (8)

VE=
1
2
ρ0w′

2, (9)

and

PE=
1
2
ρ0
g2

N2

(
T ′

T

)2

. (10)

According to the linear theory of hydrostatic inertia–gravity
waves, the ratio of VE to PE has the following relation (from
the thermodynamic equation) (e.g., Wang et al., 2005; Geller
and Gong 2010; Geller et al., 2013):

VE
PE
=
ω̂2

N2 . (11)

Thus,
∣∣f / ω̂ ∣∣ can be derived as follows:∣∣∣∣fω̂

∣∣∣∣= ∣∣∣∣ fN
∣∣∣∣
√

PE
VE

. (12)

Figure 19c shows the latitude–height section of
∣∣f / ω̂∣∣.

In the mesosphere,
∣∣f / ω̂∣∣ ranges from 0.6 to 0.8 at ap-

proximately 70◦ S, which agrees quite well with estimates
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from the hodograph analysis (Tables 1 and 2). The fact that∣∣f / ω̂∣∣ has higher values than 0.6 indicates that the large-
scale inertia–gravity waves are almost hydrostatic. Note that
the value of

∣∣f / ω̂∣∣ is larger than 1.0 in the lower strato-
sphere, which is inconsistent with the linear theory of inertia–
gravity waves. This implies that the large-scale inertia–
gravity waves defined in Sect. 4.1 include balanced compo-
nents in the lower stratosphere (e.g., baroclinic wave compo-
nents) as well as large-scale inertia–gravity waves.

Figure 19d and e show latitude–height sections of KE
and PE for the large-scale inertia–gravity waves. The slanted
structures in Fig. 19a and b are also shown in Fig. 19d and
e. It should be noted that the ratio of the Coriolis parameter
to the intrinsic frequency

(
f
/
ω̂
)

can also be obtained from
KE and PE as follows:

∣∣∣∣fω̂
∣∣∣∣=

√√√√√ KE
PE
− 1.

KE
PE
+ 1

. (13)

We confirmed that
(
f
/
ω̂
)

values obtained by Eq. (13) are
consistent with the result obtained from Eq. (12) (not shown).

6 Summary

The first observation with a complete system of the PANSY
radar were successfully performed for 16–24 March 2015.
During this period, quasi-12 h disturbances in the meso-
sphere at heights of 70 to 80 km were detected by the PANSY
radar system. Our main results are summarized as follows.

The observed wave period and vertical wavelength are
about 12.3 h and 13.8 km, respectively. The estimated hori-
zontal wavelength is longer than 1100 km. The wavenumber
vectors tend to be directed northeastward or southwestward.
Ratios of the Coriolis parameter to the intrinsic frequency
range from 0.6 to 0.85.

Moreover, using the nonhydrostatic numerical model with
a model top of 87 km, we succeeded in simulating quasi-12 h
disturbances in the mesosphere. Using time and spatial fil-
ters, we found that quasi-12 h disturbances are attributable
not to semidiurnal migrating tides but rather to large-scale
inertia–gravity waves with horizontal wavelengths of longer
than 1400 km. Wavenumber vectors simulated in the NICAM
are directed northeastward. Wave parameters directly esti-
mated using the NICAM agree quite well with those esti-
mated by the PANSY radar observation system.

The detected inertia–gravity waves were likely generated
by the spontaneous radiation mechanism of the midlati-
tude upper-tropospheric jet at the tropopause or the polar
night jet. Inertia–gravity waves generated near the midlati-
tude tropopause propagate laterally and vertically to the polar
mesosphere.

A new spontaneous radiation mechanism associated with
the semidiurnal migrating tides is proposed. This mechanism

explains a radiation of inertia–gravity wave with a period of
12 h in the upper stratosphere and mesosphere. The wave-
capture mechanism is important downstream of a zonal wind
maxima caused by the migrating tides.

Vertical fluxes of the zonal and meridional momentum of
large-scale inertia–gravity waves show a slanted structure
from the midlatitude lower stratosphere to the polar meso-
sphere. Moreover, the vertical flux of the zonal momentum
shows a strong negative peak in the mesosphere, suggesting
the generation of large-scale inertia–gravity waves in the up-
per stratosphere.

The present study offers a quantitative discussion based on
high-resolution observations and numerical models. Statisti-
cal analyses of large-scale inertia–gravity waves in the real
atmosphere will be of interest for future studies using obser-
vations and numerical simulations in the different seasons.
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