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Abstract Potential sources of inertia‐gravity waves (IGWs) in the lower stratosphere (z = 15–22 km) at
Jang Bogo Station, Antarctica (74°37′S, 164°13′E) are investigated using 3‐year (December 2014 to
November 2017) radiosonde data, including the 25‐month result (December 2014 to December 2016)
analyzed in Yoo et al. (2018, https://doi.org/10.1029/2018JD029164, Part 1). For this investigation,
three‐dimensional backward ray tracing calculations are conducted using the Gravity wave Regional Or
Global RAy Tracer. Among 248 IGWs, 112, 68, and 68 waves are generated in the troposphere (z < 8 km),
tropopause (z = 8–15 km), and lower stratosphere (z = 15–18.5 km), respectively. These waves mainly
propagate from the northwestern and southwestern regions of Jang Bogo Station dominated by the
prevailing westerlies between the upper troposphere and lower stratosphere. Potential sources of IGWs are
categorized into orography, fronts, convection, and the flow imbalance including the upper‐tropospheric jet
stream. In the troposphere, relatively large numbers of waves are associated with fronts (37) and orography
(35) compared with convection (28). In the tropopause (stratosphere), 36 (42) waves, including 11 cases
associated with the upper‐tropospheric jet stream, are excited by the flow imbalance. Waves related to the
flow imbalance are characterized by low intrinsic frequency (1–2f), short vertical wavelength (1–2 km), and
longer horizontal wavelength (50–1000 km), whereas the waves induced by the tropospheric sources have
wider ranges of intrinsic frequency (1–20f) and vertical wavelengths (1–15 km) with relatively shorter
horizontal wavelengths (less than 500 km).

1. Introduction

The crucial roles of gravity waves (GWs) in shaping the dynamic and thermal structures of the middle atmo-
sphere have long been recognized (Lindzen, 1981). Momentum fluxes (MFs) that GWs transport are depos-
ited when they are dissipated, and GW drag (GWD) acts as a body force that induces the middle atmospheric
circulation. Due to the short spatial scales of GWs that range from a few kilometers to several hundreds of
kilometers, GWs cannot be fully resolved in the atmospheric general circulation models (GCMs), and thus,
their impacts need to be represented through parameterizations (Kim et al., 2003). Recently, as GCMs gen-
erally extend into the middle atmosphere, accurate parameterizations of the GW effects have become more
necessary (Plougonven et al., 2013). Over the last few decades, considerable progress has been made in the
GWD parameterizations. However, inaccuracies in parameterized gravity wave momentum flux still cause
uncertainties in large‐scale atmospheric circulations in models (Geller et al., 2013). The cold‐pole problem
and excessively strong polar vortex in the Southern Hemisphere (SH) polar stratosphere in most GCMs
are likely attributed to the lack of GWD, namely, the missing GWD in the SH polar latitudes (Garcia
et al., 2017; McLandress et al., 2012), which is significantly important in inducing considerable downward
control in the temperature from the mesosphere to the lower stratosphere (Garcia & Boville, 1994). This
raises the importance of correcting inaccuracies in current parameterizations in a way that is tied to realistic
physical constraints based on comprehensive observations and sophisticated simulations of GWs in the SH
polar regions (Plougonven et al., 2017).

One of the main challenges in improving parameterizations of GWs concerns the different physical proper-
ties of GWs depending on the various wave sources. These parameterizations require not only detailed
knowledge of the distribution and intermittency of the wave sources but also characteristics of GWs

©2020. American Geophysical Union.
All Rights Reserved.

RESEARCH ARTICLE
10.1029/2019JD032260

Key Points:
• Propagation and sources of

inertia‐gravity waves (IGWs) are
investigated using the Gravity wave
Regional Or Global RAy Tracer
(GROGRAT)

• Orography, fronts, convection, and
the flow imbalance including the jet
stream are suggested as potential
sources for the observed IGWs

• Relationships between the observed
IGWs and their sources are
examined

Supporting Information:
• Supporting Information S1

Correspondence to:
H.‐Y. Chun,
chunhy@yonsei.ac.kr

Citation:
Yoo, J.‐H., Song, I.‐S., Chun, H.‐Y., &
Song, B.‐G. (2020). Inertia‐gravity
waves revealed in radiosonde data at
Jang Bogo Station, Antarctica (74°37′S,
164°13′E): 2. Potential sources and their
relation to inertia‐gravity waves.
Journal of Geophysical Research:
Atmospheres, 125, e2019JD032260.
https://doi.org/10.1029/2019JD032260

Received 16 DEC 2019
Accepted 17 MAR 2020
Accepted article online 18 MAR 2020

YOO ET AL. 1 of 31

https://orcid.org/0000-0002-3335-6826
https://orcid.org/0000-0001-7211-6035
https://orcid.org/0000-0002-2014-4728
https://orcid.org/0000-0003-1252-3231
https://doi.org/10.1029/2018JD029164
https://doi.org/10.1029/2019JD032260
https://doi.org/10.1029/2019JD032260
http://dx.doi.org/10.1029/2019JD032260
http://dx.doi.org/10.1029/2019JD032260
http://dx.doi.org/10.1029/2019JD032260
mailto:chunhy@yonsei.ac.kr
https://doi.org/10.1029/2019JD032260
http://publications.agu.org/journals/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2019JD032260&domain=pdf&date_stamp=2020-04-08


depending on their sources. In general, GWs are generated by orography, frontal activities, convection, the
jet stream, etc. (Fritts & Alexander, 2003; Kim et al., 2003, and references therein). In the SH, the Antarctic
Peninsula, southern Andes, and Transantarctic Mountains play major roles in generating strong orographic
GWs, as evidenced by aircraft, balloon‐borne and satellite observations (Alexander & Teitelbaum, 2011;
Baumgaertner & McDonald, 2007; Ern et al., 2004; Hertzog et al., 2008; Hoffmann et al., 2013;
McLandress et al., 2000; Preusse et al., 2002; Vincent et al., 2007). In addition, the small mountainous islands
scattered in the Southern Oceans (Alexander et al., 2009; Alexander & Grimsdell, 2013; Wu et al., 2006) and
steep topography along the coastal lines of Antarctica (Watanabe et al., 2006; Wu & Jiang, 2002) have also
been recognized as important sources of the orographic GWs. As the SH is largely covered by oceans, the
importance of the nonorographic GW sources (including fronts, convection, and the jet stream) has also
been emphasized in several previous studies (Ern et al., 2011; Hertzog et al., 2008; Plougonven et al., 2013;
Vincent et al., 2007; Yan et al., 2010). Hendricks et al. (2014) elucidated that the nonorographic GWs contri-
bute to the belt of large MFs in the stratosphere extending across the Southern Ocean from east of the Andes
to south of New Zealand. More specifically, Eckermann and Vincent (1993) reported that enhancement of
GW activity occurs in the vicinity of the surface front over southern Australia based on radar measurements.
Yoshiki et al. (2004) suggested that the tropospheric disturbances in the upper troposphere enhance GW
activities during early spring at Syowa station. Guest et al. (2000) identified inertia‐gravity wave (IGW) pro-
duction by the jet stream over Macquarie Island from radiosonde data and ray tracing analysis. Although
cumulus convection is mainly active in the tropics, Choi and Chun (2013) showed that GWs generated by
cumulus convection in SH storm tracks during winter can propagate poleward and significantly impact
on the SH polar winter stratosphere.

In order to understand GW characteristics depending on the sources, it is important to correlate GWs with
their sources. Ray tracing is a widely used method for tracking the propagation and evolution of GW char-
acteristics and amplitude (Marks & Eckermann, 1995). Backward ray tracing allows for identifying GW
sources and correlating the properties of GWs (e.g., wavelengths and phase velocities) with their potential
sources, which is crucial for constraining GW parameterizations in models. Several studies have conducted
ray tracing analyses to identify the sources of GWs observed in the stratosphere using radiosonde and lidar
data (Chun et al., 2007a; Guest et al., 2000; Hertzog et al., 2001; Ki & Chun, 2010; Ki & Chun, 2011;
Pramitha et al., 2015, 2016).

Recently, Yoo et al. (2018, hereafter Part 1) analyzed IGWs in the troposphere and lower stratosphere
revealed in radiosonde observations at Jang Bogo Station (JBS; 74°37′S, 164°13′E) for 25 months
(December 2014 to December 2016). In Part 1, characteristics, energy, and MF of IGWs have been
obtained using the Stokes parameter and rotary spectrum methods. Given that near‐inertial frequency
waves, which are mainly detected from radiosondes, can propagate long horizontal distances from their
source regions for a long duration, the ray tracing approach is particularly important for IGWs to identify
their sources (Ki & Chun, 2011). Several previous studies have analyzed the characteristics of GWs using
radiosonde observations in the SH polar regions (Part 1, and references therein); however, there are little
studies that correlate the observed GWs and their potential sources using the ray tracing method in
that region.

Therefore, as a continuing work of the companion study (Part 1), we investigate the potential sources of
IGWs in the lower stratosphere over JBS in Antarctica using 3‐year (December 2014 to November 2017)
radiosonde data, including the 25‐month (December 2014 to December 2016) result analyzed in Part 1.
With the IGW characteristics extracted from radiosonde data, ray tracing analyses are carried out using a
three‐dimensional ray tracing model, Gravity Wave Regional Or Global RAy Tracer (GROGRAT) (Mark &
Eckermann, 1995; Eckermann & Marks, 1997), to investigate the propagation properties and to identify
the location of the potential sources. Based on the ray tracing analysis, we categorize the potential sources
of the observed IGWs as orography, fronts, convection, and the flow imbalance including the
upper‐tropospheric jet stream. In addition, the fifth‐generation reanalysis data released from the
European Centre for Medium Range Weather Forecasts (ECMWF) ERA5 reanalysis data are employed to
examine GWs associated with the aforementioned sources. By classifying the observed IGWs into the poten-
tial sources, we examine relationships between the GW characteristics and their sources in detail, including
the intermittency, intrinsic frequency, wavelengths, and phase velocities.
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The paper is organized as follows: characteristics of IGWs obtained from 3‐year radiosonde data are briefly
described, and the backward ray tracing analysis method is introduced in section 2. In section 3, the identi-
fication methods for each source are discussed, and the representative GW cases associated with each source
revealed in the high‐resolution ERA5 data are presented. In section 4, the observed IGWs are categorized
into potential sources, and relationships between GWs and their sources are examined. A summary and con-
clusions are given in section 5.

2. Data and Analysis Methods

In the present study, we use the radiosonde data collected at JBS during a 3‐year period from December 2014
to November 2017: 11‐month radiosonde data (from January 2017 to November 2017) are added following
the 25‐month radiosonde observations analyzed in Part 1 (from December 2014 to December 2016).
Details of radiosonde data are provided in Part 1, but some brief information will be given here.
Observations were made once a day using a Vaisala RS92G radiosonde. Temperature and wind speed were
recorded every 2 s, corresponding to a vertical resolution of 10–12 m, given that the ascending speed of the
balloon was approximately 5–6 m s−1. Due to the irregular vertical spacing of the temperature and wind
speed, the original profiles are uniformly interpolated with an interval of 20 m using the cubic spline
method. Additionally, a 200‐mmoving average is applied to the interpolated data to reduce the observational
errors (Part 1).

2.1. Characteristics of IGWs

In this study, we focus on IGWs observed in the lower stratosphere in the altitudinal region of 15–22 km, as
in Part 1. Hence, among a total of 1,006 profiles launched at JBS for 3 years, 806 (80%) soundings, which
ascended to the height of 22 km, are used.

Following the methods described in Part 1, the GW components are defined as the wind and temperature

perturbations (u′, v′, and T′), which are obtained by subtracting the basic‐state profiles (u, v, and T) from
the observed profiles. The basic‐state profile is determined as the third‐order polynomial fit of the original
profile in the altitudinal region of 15–22 km. In the present study, only the coherent perturbations that
satisfy the following two conditions are analyzed: (i) the degree of polarization (dp) is greater than 0.5 and
(ii) the intrinsic frequency (bω) is in a range of 1.1–10f, where f is the magnitude of Coriolis parameter. Out
of 806 profiles, 547 (67%) soundings are identified as coherent IGWs and used for the analysis.

Characteristics of IGWs, including the vertical wavenumber (m), intrinsic frequency (bω), horizontal wave-
number (kh), and phase and group velocities, are examined from each sounding. The vertical wavenumber
m is calculated using the vertical Fourier components of the perturbations of zonal and meridional winds.
The intrinsic frequency divided by the Coriolis parameter (bω=f ) can be obtained from the axial ratio of the
horizontal wind perturbation hodograph (u′ and v′) using the Stokes parameter method. For given m andbω, the horizontal wavenumber kh is obtained from the dispersion relationship of IGWs. The intrinsic phase
velocity (bc), ground‐based phase velocity (c), and ground‐based group velocity (cg) are calculated using bω, kh,
and the vertically averaged basic‐state horizontal wind vector over the stratospheric analysis layer. Kinetic
energy (EK) and potential energy (EP) of GWs are obtained using the perturbations of horizontal wind velo-
city and temperature, respectively. Details of calculations of the wave parameters are described in Part 1.

Figure 1a shows the intrinsic frequency divided by the Coriolis parameter bω=f , vertical wavelength λz, hor-
izontal wavelength λh, kinetic energy EK, and potential energy EP of the observed IGWs. The numbers writ-
ten in the upper‐right corner of each panel denote the average values regardless of the vertical propagation
direction (black), for the up‐going IGWs (red), and for the down‐going IGWs (blue). The gray vertical line
represents the initial date of the additional observations extending the data used in Part 1. Figure S1 in
the supporting information presents the zonal and meridional winds and Brunt‐Väisälä frequency averaged
in the stratospheric analysis layer used for the calculation of IGW parameters. Note that the number of the
observed IGWs during the winter months (June, July, and August, JJA) is much smaller than that in other
seasons (Table 2 in Part 1), as the balloons burst before they reach the upper limit (22 km) of the strato-
spheric analysis layer due to the reduced elasticity by the extremely low temperature in winter (Figure 3
in Part 1).
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As identified in Part 1 (Figure 8 therein), up‐going IGWs are predominant, while down‐going IGWs appear
in wintertime, primarily from May to October. For the down‐going IGWs, the polar night jet in the winter
stratosphere has been suggested as a potential source (Figure 9 in Part 1, and references therein). The seaso-
nal preference in the down‐going IGWs becomes more obvious over the extended period (January 2017 to
December 2017) considered in the present study, as the number of the observed IGWs increases during
the wintertime. The average intrinsic frequency for all waves is 2.04f corresponding to a period of 6.11 hr.
Typical short vertical wavelengths appear with an average value of 1.47 km. The horizontal wavelengths

Figure 1. (a) Scatter plots of the intrinsic frequency divided by the Coriolis parameter (first row), vertical wavelength (sec-
ond row), horizontal wavelength (third row), kinetic energy per unit mass (fourth row), and potential energy per unit mass
(fifth row) calculated for each wave in the stratosphere. The black lines across the graphs represent the averages for
each value regardless of the vertical propagation direction. The red and blue circles denote upward and downward pro-
pagating waves, respectively. Average values for all, upward, and downward propagating waves are written in black, red,
and blue, respectively, on the upper right side of each panel. The gray vertical line represents the initial date of the
additional observations that extend the data used in Part 1. (b) Distributions of the intrinsic phase velocity (first row),
ground‐based phase velocity (second row), and ground‐based group velocity (third row) for each wave in the stratosphere.
Right and upward directions indicate eastward and northward directions, respectively.
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of each wave calculated from the dispersion relation are less than 1,000 km, with an average of 217 km. In
the extended period, the intrinsic frequencies exhibit somewhat higher values, but vertical wavelengths are
similar to those in the previous period. As a result, the horizontal wavelengths have relatively lower values in
the extended period. The average kinetic and potential energies are 3.28 and 1.11 J kg−1, respectively. The
kinetic energies somewhat increase in the extended period, while the potential energies are similar to those
in the previous period. The intrinsic frequencies and vertical wavelengths exhibit seasonal variations that
increase from autumn (March, April, and May, MAM) to spring (September, October, and November,
SON) with a few exceptionally higher values. The corresponding horizontal wavelengths decrease (increase)
significantly from March to September (October to February).

Figure 1b shows the distributions of the intrinsic phase velocity, ground‐based phase velocity, and
ground‐based group velocity. Both up‐going and down‐going IGWs generally have westward intrinsic phase
velocities with a speed range of 4–8 m s−1, whereas the ground‐based phase and group velocities are predo-
minantly eastward with a maximum speed of 80 m s−1 in September. As the background winds become large
in winter (JJA) and spring (SON) (Figure S1), strong seasonal variations are observed in the ground‐based
phase and group velocities (Figure S2). In summer (December, January, and February, DJF), the
ground‐based phase velocities show a nearly isotropic distribution with speeds less than 25 m s−1, whereas
those in autumn (MAM) are directed more southeastward with increase in speeds. In winter (JJA) and
spring (SON), both ground‐based phase and group velocities are mostly directed northeast and southeast-
ward with a maximum speed of nearly 70 m s−1 (50 m s−1) for down‐going (up‐going) IGWs.

2.2. Backward Ray Tracing Analysis

To investigate the propagation and sources of the up‐going IGWs, a backward ray tracing analysis is con-
ducted using a version of GROGRAT that includes the Earth's curvature effect (Hasha et al., 2008; Kalisch
et al., 2014). Details on the ray tracing equations are described in Appendix A. In the present study, the
basic‐state wind, stability, and scale‐height required for ray tracing calculations are obtained using the
6‐hourly ECMWF Interim reanalysis (ERA‐Interim) data (Dee et al., 2011) with a horizontal resolution of
1.5° × 1.5° in longitude and latitude and 37 pressure levels from 1,000 to 1 hPa. Considering that the back-
ground atmosphere should exhibit all synoptic‐scale structures without finer‐scale GWs (Preusse et al., 2014),
the backgroundwind and temperature are interpolated to a coarser grid with a resolution of 2.5° latitude and
3.75° longitude on 22 pressure levels corresponding to an altitude spacing of 2.5 km. In this study, we use
snapshots of the background atmospheres when the IGWs were observed, ignoring the temporal variations
in the background wind, stability, and scale‐height in the ray tracing calculation. Consequently, the
ground‐based frequency ω is invariant following the rays.

The wave parameters k; l; bωð Þ estimated from the radiosonde soundings (section 2.1) andm calculated from
the dispersion relationship for the estimated k,l, and bω are used as the initial parameters for the ray tracing
calculation. Criteria for terminating the ray calculation are discussed as follows: (1) When a ray passes
through the physical domain ranges from 87.5°S to 87.5°N or reaches the ground, (2) when the vertical
WKB condition is violated with the value of a parameter, defined as δ = (1/m2)|∂m/∂z|, sufficiently greater
than 1 (here, δ = 2 is used, which occurs as m2 → 0), (3) when IGWs become evanescent (m2 ≤ 0), and (4)
when the vertical group velocity cgz falls below 0.001 m s−1, which means that the wave is approaching a cri-
tical level. Regarding the threshold value of cgz, Lin and Zhang (2008) and Evan et al. (2012) used
0.0001 m s−1, whereas Ki and Chun (2011) and Chun et al. (2007) used 0.001 and 0.01 m s−1, respectively.
The result of backward ray tracing with the threshold of 0.001 m s−1 is not significantly different from that
with the threshold of 0.0001 m s−1, whereas in the case of 0.01 m s−1, rays tend to be terminated more
quickly. Hence, following Ki and Chun (2011), the threshold of cgz is determined as 0.001 m s−1. Because
some rays propagate for an unrealistically long time, we additionally force the rays to be terminated (5) when
the total integration time exceeds 120 hr.

Because the radiosonde data have observational errors, the wave parameters estimated from the soundings
could contain inherent uncertainties. Given that the ray tracing calculation is sensitive to the initial values of
each ray, we perform a sensitivity test to evaluate whether the uncertainties in each parameter significantly
influence the calculation result. Following Ki and Chun (2011), we construct a set of 125 rays for each
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sounding containing all possible combinations of initial wave parameters (k0; l0; bω0), calculated by adding
uncertainties of ±1% and ±3% to the wave parameters k; l; bωð Þ estimated from radiosonde observations:

k0 ¼ k ± 0:01k × n; n ¼ 0; 1; 3 (1)

l0 ¼ l ± 0:01l × n; n ¼ 0; 1; 3 (2)

bω0 ¼ bω ± 0:01bω × n: n ¼ 0; 1; 3 (3)

The initial vertical wavenumber m0 is calculated using the dispersion relation of IGWs in equation A3 for
given k0,l0, and bω0.

There are also some uncertainties related to the initial position of the ray tracing. As seen in Figure 2 of Part
1, balloons drift horizontally with the background winds during their ascents, implying that the horizontal
location at which the wave is observed in the lower stratosphere is different from that of the station.
However, it was found that changes in the initial horizontal positions, taking into account the horizontal
drift of the balloons during their ascent in the stratospheric analysis layer, do not significantly change the
trajectories of rays (not shown). On the other hand, variations in the initial launching altitude tend to cause
some differences in the ray trajectories. However, for simplicity, we determine the initial altitude as 18.5 km,
which is the center of the stratospheric analysis layer (15–22 km). Therefore, a set of 125 rays containing the
arbitrary errors given by equations 1–3 on the observed wave parameters are integrated backward simulta-
neously with a time interval of 0.2 hr from the horizontal location of JBS and an altitude of 18.5 km. Then, we
select the “convergence cases”, which are defined as follows: More than 70% of 125 rays (87 rays) should be
terminated within (1) a given horizontal area (the spherical area corresponding to the area of a circle with
radius R of the distance of 3° in latitude) and (2) a vertical range (z = ±2 km) from the termination position
of the ray with the original wave parameters k; l; bωð Þ. In the present study, only 248 waves among the 480
observed IGWs satisfy the convergence criteria and they are used to investigate the propagation properties
and potential sources.

Figure 2 presents the geographical locations of the termination positions and backward trajectories of each
ray, categorized by the cases traced down to the troposphere (z < 8 km), tropopause (z = 8–15 km), and stra-
tosphere (z = 15–18.5 km). The altitude ranges of the three analysis layers are determined considering the
seasonal variations in the tropopause height at JBS, which varies from 8 km in summer to 12 km in winter
(Figure 6 in Part 1). Different colors of the ray back trajectories represent the corresponding altitude at the
horizontal locations of each ray.

Out of 248 total waves, approximately 45% (112 waves) of the IGWs are traceable to the troposphere, whereas
27.5% (68 waves) and 27.5% of the waves are traced down to the tropopause and stratosphere, respectively.
The majority of rays propagate roughly westward until they are terminated, implying that the propagations
of the observed IGWs are affected by the prevailing westerlies from the upper troposphere to the lower stra-
tosphere. Most of the termination positions (Figure 2a) in the troposphere (red crosses) are located in the
longitudinal region of 90°E to 180° over the Southern Indian Ocean (70–45°S) as well as above the
Antarctic continent and Ross Sea. On the other hand, the termination positions in the tropopause (green
crosses) and stratosphere (blue crosses) are widely distributed across all longitudinal regions in the southern
latitudes poleward of 50°S. Many of the termination locations above the Southern Indian Ocean coincide
with a broad band of significantly elevated wave variances associated with the nonorographic GW sources
in Figure 1 of Hendricks et al. (2014). As inferred from the termination positions in Figure 2a, most of the
rays that penetrate the troposphere propagate relatively shorter horizontal distances (Figure 2b), whereas
many of the rays terminated in the tropopause and stratosphere propagate long horizontal distances from
their potential source regions to the observation station (Figures 2c and 2d). It is also noticeable that many
of the rays traced down to the troposphere predominantly travel horizontally in between the tropopause and
stratosphere after a rapid vertical propagation from their termination altitude to the tropopause (Figure 2b).
Enhancement (reduction) in the upward propagation from the troposphere to the tropopause (from the tro-
popause to the stratosphere) occurs as the vertical group velocity increases (decreases) through an increase
(decrease) in the vertical wavenumber. This is explained by both the decrease (increase) in the Brunt‐Väisälä
frequency and increase (decrease) in the background wind projected to the wavenumber vector (will be dis-
cussed in detail in section 4).
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3. Identification Methods for the Potential Sources

The observed IGWs can be generated by various sources, such as flows over mountains, fronts, convection,
and the jet stream. It is of importance to distinguish the GW sources to determine the respective roles of GWs
in depositing the momentum in the middle atmosphere (Hertzog et al., 2008). Therefore, we categorize the
potential sources of IGWs using the reverse ray tracing approach. In this study, the termination position is
considered to be the wave generation location, although the waves could have been emitted anywhere along
the raypath as well as the termination position. In this section, we will introduce the method to categorize
the potential sources of IGWs in detail, including the diagnostic layers, indices, and their threshold values.

Figure 3 represents the decomposition of the analysis layer (from the surface to the ray start altitude) into the
potential source regions of IGWs. We decompose the atmosphere into three vertical layers, the troposphere
(0–8 km), tropopause (8–15 km), and stratosphere (15–18.5 km) and suggest the probable GW sources in
each layer as follows: orography, fronts, convection, and the flow imbalance including the tropopause jet
stream. In the troposphere, severe Transantarctic Mountains and steep slopes in mainland Antarctica can
excite mountain waves. Considering that the maximum terrain height of Antarctica reaches 4 km

Figure 2. (a) Geographical distribution of the termination positions of the rays traced down to the troposphere (red cross), tropopause (green cross), and strato-
sphere (blue cross). Back trajectories of the rays terminated in the (b) troposphere, (c) tropopause, and (d) stratosphere. The numbers in brackets are the number
of rays terminated in each layer. The colors of each line represent the corresponding altitude of the rays at the horizontal location.
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(Figure S3), the diagnostic layer for orographic GWs is determined as 0–
6 km, allowing the possibility that GWs can emerge somewhat above
the topography. The altitudinal region for examining the generation of
GWs by fronts is determined the same as that of orographic GWs, because
we mainly consider the lower‐tropospheric fronts. For convective GWs,
their generation is diagnosed in the whole tropospheric layer (0–8 km),
allowing the possibility that convection can reach the tropopause height,
although the 30‐year climatology of the convective cloud top pressure
from the Climate Forecast System Version 2 (Saha et al., 2014) reanalysis
data exhibits a maximum frequency at approximately 600 hPa in the lati-
tudes of 45–70°S (not shown). In the tropopause and stratospheric layer
(8–18.5 km), we focus on the generation of GWs associated with the flow
imbalance. In the tropopause layer, we further examine whether the flow
imbalance is associated with the upper‐tropospheric jet stream.
Considering the inherent uncertainties in the location and time of ray ter-
mination, the potential sources are investigated within the same horizon-
tal and vertical area (hereafter referred to as the diagnostic area) where
the sensitivity tests in section 2.1 are conducted, within 3 hr around the
termination time. The diagnostic method for each source is written in
Table 1. Detailed explanations will be given below with the five represen-
tative source cases.

In addition, we briefly assess whether the GWs associated with the parti-
cular sources actually appear for the representative cases. Several previous
studies have conducted mesoscale numerical simulations not only to esti-

mate characteristics of GWs in support of observations but also to more precisely understand the generation
mechanisms of GWs associated with larger spatial‐scale atmospheric phenomena. Spiga et al. (2008) per-
formed mesoscale simulations using the Weather Research Forecast model to reproduce the GWs observed
from radiosonde and remote satellite above the Andes Cordillera region and suggested four likely sources
(the upper‐tropospheric jet stream, lower‐tropospheric fronts, convection, and topography) for the observed
GWs with probable emission processes. ERA5 is the fifth‐generation reanalysis released from the ECMWF
(Hersbach & Dee, 2016), which is significantly improved upon the ERA‐Interim data as they have much
higher spatial and temporal resolutions. ERA5 analyses are produced using the ECMWF Integrated
Forecast System with a horizontal resolution of ~31 km (TL639 spectral grid) on 137 hybrid
sigma‐pressure levels in the vertical direction, with a top level of 0.01 hPa (~80‐km altitude). This allows
for a better representation of small‐scale GWs, as reported in Hoffmann et al. (2019), without performing
mesoscale numerical simulations. Therefore, in this study, we employ ERA5 to examine the existence of
GW signals associated with the potential sources for some representative cases.

In the analysis of ERA5 data, GWs are determined as the vertical wind perturbations, which are obtained by
subtracting the large‐scale background field from the original vertical
wind. The background field is defined at each grid point and time by cal-
culating the running average over the spherical area bounded by the dis-
tance of 3° in latitude (approximately 333 km) from each grid point, which
is comparable to the area of the 300 km radius used in the previous study
Kim et al. (2016). Because ERA5 data provided by ECMWF have a hori-
zontal resolution of 0.25° on the vertical resolution of 37 levels (1,000–
1 hPa), the minimum resolvable horizontal and vertical wavelengths of
GWs are approximately limited to 120 and 1–3 km, respectively.

3.1. Identification of the Orographic Source
3.1.1. Diagnostic Method
Orography is known as an important GW source, given that orographi-
cally induced GWs have a typical characteristic that a ground‐based phase
speed is 0, and thus, their dissipation acts as a significant force

Figure 3. Vertical locations of the potential sources of IGWs.

Table 1
Diagnostic Methods Used to Identify the Potential Sources of the IGWsWithin
a Given Horizontal (the Spherical Area Corresponding to the Area of a Circle
With Radius R Equivalent to a Distance of 3° in Latitude) and Vertical Area
(z = ±2 km) From the Termination Position at the Nearest Time

Source Diagnostic method

i Orography i Slope of the topography > 5 m km−1

ii Gravity wave phase velocity < 10 m s−1

ii Surface front FF ≥ 0.1 K2 (100 km)−2 hr−1

iii Convection Hourly precipitation ≥ 2.5 mm hr−1

iv Flow imbalance |RNBE| ≥ 1.5 × 10−9 s−2

v Jet stream i |RNBE| ≥ 1.5 × 10−9 s−2

ii Wind speed > 20 m s−1
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decelerating the winter tropospheric and stratospheric jets. As mentioned in the introduction, along
with mountainous regions including the Antarctic Peninsula and Transantarctic Mountains, intense GW
activities are also identified along the coastal areas of the Antarctic Continent from the high‐resolution
GCM simulation (Watanabe et al., 2006) as well as Upper Atmosphere Research Satellite Microwave Limb
Sounder observations (Wu & Jiang, 2002).

Based on these previous studies, Vincent et al. (2007) decomposed the SH regions into orographic and non-
orographic GW fields using the topography gradient calculated from the NOAA 5′× 5′ gridded elevation
data. In their study, 5° × 20° longitude‐latitude bins for which the mean of the upper 10% of the topographic
gradients exceeds a threshold value of 15 m km−1 were flagged as orographic source regions. Following
Vincent et al. (2007), we set criteria to examine the excitation of orographic GWs: Among the waves of which
ray is terminated in the layer of 0–6 km (Figure 3), when (i) the slope of the topographic elevation calculated
from the 1‐arc‐min global relief model (ETOPO1) elevation data (Amante & Eakins, 2009) exceeds a thresh-
old value of 5 m km−1 within the diagnostic area and (ii) the ground‐based horizontal phase velocity of GWs
at the termination location is less than 10 m s−1, the GW is classified as the wave generated by the orography
(Table 1, i). Reduction of the threshold value from 15 to 5 m km−1 is determined from the visual comparison
of our elevation slope (Figure S3b) with the orographic source region defined in the previous study (see
Figure 3 of Vincent et al., 2007). Note that the direction of the surface wind with respect to mountains
can be an important fact to diagnose mountain waves (e.g., Alexander et al., 2013). For all the mountain
wave cases selected in the current study by the conditions of ground‐based phase velocity and orographic
slopes, there were no cases of which the directions of the horizontal surface winds blew parallel to the sig-
nificant orographic slopes inside the diagnostic area. Accordingly, we did not include a criterion of surface
wind direction for the orographic GWs.
3.1.2. A Case of the Orographic Source
Figure 4 presents a case categorized into the orographic GW. Figure 4a describes the ray back trajectory and
the information of the location and time of observation and generation of the wave. This IGW was observed
in the radiosonde sounding launched at 00 UTC on 16 January 2016. Backward ray tracing of the wave is
terminated at 2.16‐km altitude at 76.04°S and 164.72°E near JBS. The total integration time is approximately
116 hr, indicating that the wave emanated at approximately 04 UTC on 11 January 2016. Figure 4b shows the
orographic slope and near surface horizontal wind vector at 850 hPa from the ERA‐Interim reanalysis data at
04 UTC on 11 January 2016 in the zoomed map of the fan‐shaped area in Figure 4a. Within the diagnostic
areamarked by black circles, there are intense gradients of orography greater than 15m km−1 along the west
coast of the Ross Sea. In addition, the near‐surface wind flows nearly perpendicular to the steep orography
on the west coast of the Ross Sea at a speed of approximately 15 m s−1, which is favorable for generating oro-
graphic GWs. The ground‐based phase velocity of this IGW at the termination position was 3.5 m s−1. Note
that a front is not suggested as the potential source, as we rule out the existence of frontal activities above a
significant elevation slope greater than 15 m km−1 (will be discussed in section 3.2). In addition, no pro-
nounced convective activity is identified in this region (not shown).

Asmentioned previously in section 2, the vertical wind perturbations are used to investigate the possible oro-
graphic GW generation taking place within the diagnostic area. Figure 4c illustrates the perturbation of ver-
tical wind with the horizontal wind vectors fromERA5 at 600 hPa (just above themaximum terrain height in
the diagnostic area) at 04 UTC on 11 January 2016. Inside the diagnostic areamarked by a black circle, a clear
wave signature is identified in the downstream region (72–74°S and 160–170°E) of the dominant easterlies,
which travel up the intense gradient of orography. This supports the diagnostic result in Figure 4b that the
flow over the steep orography is responsible for the GW emission. Finally, we check the consistency of the
GW property identified both in ERA5 and GROGRAT. For the comparison, the ensemble spread of the char-
acteristics of GWs converged in the diagnostic area are considered, and the results are presented in Figure S6.
First, the horizontal wavelength estimated from the vertical wind perturbation is approximately 100–125 km,
which is somewhat longer than the horizontal wavelengths of 25–65 km calculated from GROGRAT
(Figure S6a). However, the agreement betweenGROGRAT and ERA5 analysis does not extend to the vertical
wavelength as the vertical resolution of the ERA5 is too coarse, and therefore, the vertical wavelength of the
wave revealed in ERA5 is overestimated by a factor 4 compared to that of the wave from GROGRAT (not
shown). The vertical wind perturbations in ERA 5 reveal dominant northwestward wave vector, which is dif-
ferent to the southwestward and southeastward wave vectors estimated from GROGRAT (Figure S6a). In
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conclusion, ERA5 seems to well represent the GW emission associated with orography, although it cannot
precisely reproduce all the detailed quantitative properties of GWs. Nevertheless, it is thought to be a useful
complementary tool to obtain insights into the generation and characteristics of GWs.

3.2. Identification of a Front Source
3.2.1. Diagnostic Method
Given that frontal activities frequently occur in the latitudinal belt of 40–60°S (polar front; Simmonds
et al., 2012) over the Southern Ocean, the frontal system can be a plausible source for the observed GWs.
Through high‐resolution numerical simulations and ray tracing analysis, Griffiths and Reeder (1996) and
Reeder and Griffiths (1996) showed that the cross‐front ageostrophic circulation accompanying

Figure 4. (a) Ray back trajectory of the IGW observed on 16 January 2016. The start and termination positions of the ray are marked with black double circles and
asterisks, respectively. (b) Zoomed map of the black fan‐shaped area in (a). The ray back trajectory (red line) of the IGW is superimposed on the topography ele-
vation (brown line), slope (shading), and 850‐hPa wind (arrow) at 06 UTC on 11 January 2016. The black circle represents the spherical diagnostic area corre-
sponding to the area of a circle with the radius R of 3° latitude from the termination position. (c) Vertical wind velocity perturbation (shading) at 600 hPa with the
horizontal wind vector (arrow) at 04 UTC on 11 January 2016.
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frontogenesis is responsible for the generation of the stratospheric IGW. Charron and Manzini (2002) estab-
lished the frontal GW parameterization by linking the emission of GWs to the condition of tropospheric flow
that is favorable for frontogenesis using the frontogenesis function (FF; Miller, 1948; Hoskins, 1982) defined
as follows:

FF ¼ 1
2
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Here, θ is the potential temperature, u and v are zonal andmeridional winds, respectively, and λ, ϕ, and a are
the longitude, latitude, and mean radius of the Earth, respectively. Following the previous studies, we adopt
FF as an indicator for diagnosing the frontal GWs. Diagnosis of the frontal GWs can be performed at a single
level or layer. Charron and Manzini (2002) and Richter et al. (2010) chose a single level of 600 hPa (approxi-
mately 4.5‐km altitude) as the diagnostic level of the frontal regions in GCM to parameterize the frontal
GWs, given that the typical steering level of a front is located at approximately 600 hPa. On the other hand,
Kim et al. (2016) calculated FF at all levels where GWs appeared to assess the ability of FF to diagnose the
generation of frontal GWs. For the present study, an FF calculated at a single level is not sufficient to diag-
nose the wave generation by a front due to the deep analysis layer of 0–6 km. Therefore, we use FF calculated
at all pressure levels within 2 km from the termination altitude to identify the frontal GWs.

Regarding the threshold value of FF, Charron and Manzini (2002) used 0.1 K2 (100 km)−2 hr−1, whereas
slightly lower values are used in other previous studies (e.g., 0.045 K2 (100 km)−2 hr−1 in Choi et al., 2018;
Chun et al., 2019; Richter et al., 2010; 0.07 K2 (100 km)−2 hr−1 in Griffiths & Reeder, 1996) for the purpose
of frontal GW parameterizations. To determine the threshold value, we visually compare maps of frontal
regions at 850 hPa identified by the various thresholds (0.045, 0.07, and 0.1 K2 (100 km)−2 hr−1) for FF
and the 850‐hPa sea level pressure in Figure S4 using ERA‐Interim data gridded at 0.75° × 0.75° (lat. ×
lon.). As the threshold varies from 0.045 to 0.1 K2 (100 km)−2 hr−1, many areas that are not considered coher-
ent fronts disappear, and the threshold of 0.1 K2 (100 km)−2 hr−1 most closely matches the hand‐analyzed
surface maps made by the Australian government bureau of meteorology (Figure S4d). Based on this result,
0.1 K2 (100 km)−2 hr−1 is chosen as the threshold for FF.

In summary, among the waves of which ray is terminated in the layer of 0–6 km (Figure 3), if any of the FF
calculated at pressure levels within 2 km from the ray termination altitude using 6‐hourly ERA‐Interim data
gridded at 0.75° × 0.75° (lat. × lon.) is greater than a threshold value of 0.1 K2 (100 km)−2 hr−1 in the diagnos-
tic area within 3 hr (Table 1, ii), a front is suggested as a potential source. Note that the presence of a front has
not been considered poleward of 75°S because of the high sensitivity to anomalies in the data assimilation
process at these latitudes, which can render the analysis data not trustworthy (Charron & Manzini, 2002).
In addition, anomalous small‐scale frontal regions along the coastal lines of the Antarctic continent affected
by the strong temperature gradient are not considered to be coherent frontal activities (Figure S4). Therefore,
the region with a topographic slope greater than 15 m km−1 is excluded from the frontal region.
3.2.2. A Case of a Front Source
Figure 5 describes a case of wave generation accompanying frontogenesis. The corresponding IGW was
observed at JBS on 15 February 2017. The ray was traced down to 0.16‐km altitude at the horizontal location
of 46.51°S and 136.23°E. The total integration time of 95.05 hr indicates that the wave originated at approxi-
mately 00 UTC on 11 February 2017 (Figure 5a). Figure 5b illustrates the potential temperature and FF cal-
culated at 850 hPa at the time of probable GW generation in the fan‐shaped area in Figure 5a. Significant
latitudinal variations in the potential temperature (from 286 K to 306 K) and coincident strong frontogenesis
appear with an FF approaching 3 K2 (100 km)−2 hr−1 between 40°S and 48°S. This wave is unlikely to be the
orographic origin because the termination position is far from the significant terrain. Furthermore, there
was no pronounced convective activity (not shown). Thus, the only possible source of the IGW event in
the troposphere is the frontal activity.

To examine the existence of waves forced by frontal activities, the vertical wind perturbation and potential
temperature at 800 hPa (above the frontogenesis level of 850 hPa) at 00 UTC on 11 February 2017 are plotted
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in Figure 5c. Pronounced oscillations occur above the active frontogenesis region, accompanying the
significant gradient of isothermal lines. Although convection is not detected based on the criterion for
selecting convection of the current study (hourly precipitation inside the diagnostic area is larger than
2.5 mm hr−1), weak convective activities are identified from the infrared (IR) brightness temperature of
250–255 K inside the diagnostic area (not shown). This suggests that the frontal GWs shown in Figure 5c
could be enhanced due to the moist process, which has been reported by Wei and Zhang (2014). Those
waves have phase lines parallel to the along‐front direction and strong amplitudes of vertical wind
fluctuations of approximately 0.3 m s−1. This feature is quite similar to the result of the idealized
baroclinic instability simulations of Kim et al. (2016), where the frontal GWs generated by the low‐level
baroclinic waves have phase lines parallel to the isentropic lines (see Figure 2 therein). Thus, GW events
identified in ERA5 seem to be triggered by the frontal activities. The horizontal wavelength deduced from

Figure 5. (a) Ray back trajectory of the IGW observed on 15 February 2017. The start and termination positions of the ray
are marked with black double circles and asterisks, respectively. (b) Zoomed map of the black fan‐shaped area in (a). The
ray back trajectory (blue line) of the IGW is superimposed on the FF (shading) and potential temperature (cyan line)
at 800 hPa at 00 UTC on 11 February 2017. The black circle represents the diagnostic area. (c) Vertical velocity pertur-
bation (shading) at 650 hPa with potential temperature (black line) at 800 hPa at 00 UTC on 11 February 2017.
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the vertical wind perturbations is approximately 170–190 km, which is somewhat longer than those of 80–
150 km obtained from GROGRAT (Figure S6b). The phase lines aligned parallel to the cross‐front lines in
the vertical wind perturbations are consistent with the dominant southwestward wave vectors estimated
from GROGRAT (Figure S6b).

3.3. Identification of the Convection Source
3.3.1. Diagnostic Method
Extremely cold and dry atmosphere around JBS inhibit the development of convection near the station.
However, the possibility of convection as a source for the observed IGWs cannot be completely ruled out
because the observed IGWs can propagate long horizontal distances from their source regions. Ern
et al. (2011) showed that GWs generated by deep convections in the tropics and subtropics can travel to
the midlatitudes and even polar regions according to satellite observations.

To identify GWs associated with convection sources, we first estimate the occurrence of convection at the
termination locations. Chun et al. (2007), Ki and Chun (2010), and Ki and Chun (2011) adopted the deep
convective activity obtained using the brightness temperature in the infrared band as a proxy for the con-
vection in the subtropical region. Similarly, Pramitha et al. (2015, 2016) used satellite data of outgoing long-
wave radiation to obtain information on synoptic‐scale convection in the tropics. However, there are
apparent latitudinal variations in the cloud top height estimated by outgoing longwave radiation and the
IR brightness temperature, which decrease from the tropics to the polar regions. This makes it difficult
to apply the abovementioned diagnostics in this study to determine the existence of convective clouds in
the middle to higher latitudes. One alternative indicator for the presence of convection is precipitation.
Chun et al. (2006, 2007) also investigated the characteristics of GWs associated with convective activity
using hourly accumulated precipitation data. However, it is true that convection does not necessarily
accompany precipitation and the convective cells producing precipitation are highly intermittent and loca-
lized (Chun et al., 2006). Nevertheless, given that precipitation rates are closely related to the depth and
strength of moist convection, which is an important generation mechanism of GWs (Holt et al., 2017), pre-
cipitation rates are thought of as providing valuable information on the occurrence of convection without
significant latitudinal dependence. Therefore, in the present study, precipitation is used as a proxy to esti-
mate the presence of convection using the hourly precipitation data sourced from the Level 3 Integrated
Multi‐satellitE Retrievals for Global Precipitation Measurement precipitation Version 5 (V05) product at
0.1° latitude and longitude (Huffman et al., 2017). The use of hourly accumulated precipitation data with
a high spatial resolution allows for analyzing the localized and short‐lived convective precipitation events
with high rainfall intensities.

There is no specific threshold of precipitation rate indicating the presence of convection. Therefore, we
assume that moderate precipitation and heavy precipitation are associated with convective clouds. While
heavy precipitation is mostly triggered by deep convective clouds, moderate precipitation is likely caused
by stratiform clouds as well as shallow convection. Nevertheless, the minimum precipitation defining con-
vective activity is employed as the threshold of moderate rainfall intensity to include the dominant shallow
convective clouds in the higher southern latitudes. According to the classification of convective rainfall
intensity by the United Kingdom Meteorological Office (UKMO, 2007), the threshold value of the rain rate
representing the occurrence of convective clouds is set to 2.5 mm hr−1. Therefore, among the waves of which
ray terminated in the layer of 0–8 km (Figure 3), if any of the hourly Integrated Multi‐satellitE Retrievals for
Global PrecipitationMeasurement precipitation within 3 hr from the time of wave generation is greater than
a threshold value of 2.5 mm hr−1 inside the diagnostic area, convection is regarded as a possible source
(Table 1, iii).
3.3.2. A Case of the Convective Source
A case of the convective IGWs is examined in Figure 6. The corresponding wave was observed at JBS on 31
October 2017. As shown in the ray trajectory in Figure 6a, the wave is traced down to 3.14‐km altitude at the
horizontal location of 50.33°S and 95.35°E. Given that the ray propagated for 49.18 hr, we can deduce that
wave generation occurred at approximately 22 UTC on 28 October 2017. The presence of convection is exam-
ined in Figure 6b, which shows the hourly accumulated precipitation amount at 22 UTC on 28 October 2017
in the fan‐shaped area of Figure 6a. At the time of wave generation, an intense rainfall area appears with the
maximum precipitation amount approaching 10 mm hr−1 centered on the wave generation location. This
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heavy precipitation greater than the threshold indicates that the convective cloud exists within and around
the diagnostic area. As shown in Figure 6a, the termination position lies over the Southern Ocean far away
from the mountainous regions. Furthermore, no pronounced frontal activity was detected in the region
based on the analysis of FF. Thus, the most plausible source for the observed IGW is convective clouds
accompanying the strong precipitation.

We analyze the vertical wind perturbation obtained from ERA5 to examine the GW associated with the con-
vective activity in Figure 6c. Investigation of the vertical wind perturbation is carried out at 500 hPa (approxi-
mately 4.5 km), which is somewhat above the altitude of wave emission, at 22 UTC on 28 October 2017.
Within the diagnostic area, complex wave signatures with large amplitudes are identified due to the overlap
of the two prominent waves: the wave packet having phase lines in the southwest‐northeast direction in the
eastern side of the diagnostic area, and the other wave packet having phase lines aligned in the
southeast‐northwest direction in the western side of the diagnostic area. Considering that the horizontal
wavenumber vectors estimated from GROGRAT direct eastward dominantly, the first wave packet seems
to have similar characteristics to those from GROGRAT. The horizontal wavelengths of the wave obtained
from GROGRAT (55–85 km) are, however, shorter than that estimated from ERA5 (180 km) (Figure S6c).

Figure 6. (a) Ray back trajectory of the IGW observed on 31 October 2017. The start and termination positions of the ray
are marked with black double circles and asterisks, respectively. (b) Zoomed map of the black fan‐shaped area in (a).
The ray back trajectory (blue line) of the IGW is superimposed on the IMERG hourly precipitation at 22 UTC on 28
October 2017. The black circle represents the diagnostic area. (c) Vertical velocity perturbation at 500 hPa at 22 UTC on 28
October 2017.
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3.4. Flow Imbalance Source Associated With the Jet Stream
3.4.1. Diagnostic Method
The upper‐tropospheric jet/front system has long been recognized as a major source of GWs. Numerous
observational (e.g., Fritts & Nastrom, 1992; Guest et al., 2000; Plougonven & Teitelbaum, 2003) and mod-
eling studies (e.g., Plougonven & Snyder, 2007; Sato et al., 2012; Wang & Zhang, 2007; Zhang, 2004)
have investigated the configuration of specific flow and possible mechanisms for the emission of GWs
associated with the jet/front system. Typically, these waves have low intrinsic frequency, short vertical
wavelengths, and relatively longer horizontal wavelengths and appear predominantly in the jet exit
region and often upstream of a ridge in the geopotential field. Regarding the mechanisms responsible
for GW emission by the upper level jet/front system, classical geostrophic adjustment, Lighthill radia-
tion, unbalanced instabilities, transient generation, and shear instability have been proposed
(Plougonven & Zhang, 2014). We mainly investigate the GW generation induced by the flow imbalance
in the present study.

Various diagnostics of the flow imbalance have been used to diagnose the emission of GWs, including the
Lagrangian Rossby number, which represents the departure from the geostrophic balance (e.g., O'Sullivan
& Dunkerton, 1995; Spiga et al., 2008). As a more sophisticated indicator of the flow imbalance, Zhang
et al. (2000) introduced the residual of the nonlinear balanced equation (hereafter RNBE), which has been
widely used in many studies (e.g., Chun et al., 2019; Ki & Chun, 2011; Kim et al., 2011; Limpasuvan
et al., 2011; Murphy et al., 2014; Part 1; Sato & Yoshiki, 2008; Sharman et al., 2006; Song et al., 2017). In
the present study, the flow imbalance is evaluated using the global formulation of RNBE (Chun et al., 2019)
as in Part 1 with 6‐hourly ERA‐Interim data gridded at 0.75°. In order to exclude the contribution of
grid‐resolved GWs in RNBE (Zhang, 2004), a low‐pass filter with cutoff zonal Wavenumber 22 is applied
to the reanalysis data in the calculation of RNBE, as in Part 1.

To determine the diagnostic altitude and threshold value for RNBE, we investigated the occurrence rate of
the RNBEmagnitude (hereafter |RNBE|) for each pressure level in the tropopause and stratospheric analysis
layer (450–70 hPa) in each season compiled at all longitudes in the three latitudinal bands (45–55°S, 55–65°S,
and 65–75°S) (Figure S5). Within the analysis layer, the distribution of |RNBE| does not have obvious latitu-
dinal or height dependency, except for the tropopause layer (450–300 hPa), in which the values have a wider
distribution with higher values. This implies that the imbalance could occur anywhere throughout the ana-
lysis layer. Hence, the diagnostic level for identifying the flow imbalance is not determined as a single level,
but every pressure level within 2 km of the termination altitude. Meanwhile, the values of |RNBE| are dom-
inantly less than 1 × 10−9 s−2, with a pronounced maximum frequency at approximately 0.4 × 10−9 s−2.
However, |RNBE| itself represents the degree of imbalance, not the occurrence of GW generation by the flow
imbalance. Therefore, we need to select a certain threshold value for |RNBE|, indicating the excitation of GW
associated with the imbalance. Based on the occurrence rate in Figure S5, the threshold value is set to 1.5 ×
10−9 s−2 corresponding to the upper 10% of the distribution that is considered to be imbalance strong enough
to produce GWs. In summary, among the waves of which ray terminated in the layer of 8–18.5 km (Figure 3),
if any of the |RNBE| calculated at the pressure levels within 2 km from the ray termination altitude exceeds a
threshold value of 1.5 × 10−9 s−2 in the diagnostic area within 3 hr, the flow imbalance is suggested as a pos-
sible source (Table 1, iv). In addition, in the tropopause region, if the wind velocity is greater than 20 m s−1

(Table 1, v), we further specify that the flow imbalance exciting GWs is associated with the
upper‐tropospheric jet stream. As with the same aforementioned reasons in FF (section 3.2.1), the presence
of flow imbalance is not considered poleward of 75°S (Chun et al., 2019).
3.4.2. A Case of the Flow Imbalance Source Induced by the Jet Stream in the Tropopause
Figure 7 presents a case of GWs induced by the flow imbalance. This IGW was detected at JBS on 26 March
2016. The ray back trajectory in Figure 7a shows that the wave is traced down to an altitude of 13.17 km at
55.53°S and 16.14°E, which is horizontally far from the station. Given that the ray propagated for approxi-
mately 5 days, the generation is likely to occur at 00 UTC on 21 March 2016. As the termination position
is located in the tropopause layer, we investigate |RNBE| and zonal wind distribution at 175 hPa (approxi-
mately 12.6 km) in Figure 7b to examine the possibility of wave generation by the flow imbalance. A signif-
icantly imbalanced flow with a pronounced maximum in |RNBE| of greater than 3 × 10−9 s−2 is identified
across a wide area of 57–63°S and 5–20°E. Given that the imbalanced flow is located in the exit region of
the jet streak having the maximum wind speed of 45 m s−1, we can infer that this imbalance flow is
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associated with the jet stream. Therefore, the observed IGW is thought to be associated with the significantly
imbalanced flow at the jet exit region, which has been identified as a favorable location of GW generation
(Uccellini & Koch, 1987).

Using the vertical wind perturbations obtained from ERA5, we investigate whether the GWs induced by the
imbalanced flow appear. Figure 7c shows the vertical wind perturbation with the zonal wind speed at
150 hPa (approximately 13.6‐km altitude; just above the altitude of possible wave generation). Within and
around the diagnostic area, the vertical wind perturbations exhibit distinct but complex patterns of alternat-
ing positive and negative signs with a maximum magnitude of approximately 0.05 m s−1 directly down-
stream of the imbalanced flow. Furthermore, the wave has phase lines that are mostly parallel to the lines
of constant wind speed, which is similar to the waves spontaneously emitted by the localized jet in the exit
region in Wang et al. (2009). This result suggests that the generation of the identified GW is associated with

Figure 7. (a) Ray back trajectory of the IGW (red line) observed on 26March 2016. The starting and termination positions
of the ray are marked with black double circles and asterisks, respectively. (b) Zoomed map of the black fan‐shaped
area in (a). The ray back trajectory (red line) of the IGW is superimposed on the |RNBE| (shading) and horizontal wind
speed at 175 hPa at 00 UTC on 21 March 2016. The black circle represents the diagnostic area. (c) Vertical velocity per-
turbation (shading) with the horizontal wind speed (black line) at 150 hPa at 00 UTC on 21 March 2016.
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the flow imbalance appearing in the immediate exit region of the jet core. The horizontal wavelength of GWs
derived from the vertical perturbation is approximately 206 km, which is somewhat shorter than those of
270–400 km obtained from GROGRAT (Figure S6d). The wave vectors from GROGRAT mostly direct east
and southeastwards (Figure S6d), which is somewhat different from the northeastward vector of the predo-
minantly identified GW in ERA5.
3.4.3. A Case of the Flow Imbalance Source in the Stratosphere
The GW generation by the flow imbalance in the stratosphere is examined in Figure 8. The diagnostic
method is the same as that described in section 3.4.2. This wave is detected in the radiosonde sounding
launched at 00 UTC on 23 November 2015. As seen in the backward ray trajectory illustrated in
Figure 8a, the ray mostly propagates horizontally for 105 hr from JBS to the location of 68.23°S and 28.01°
E at a 16.68‐km altitude. According to the propagation time, we can infer that GW generation occurred

Figure 8. (a) Ray back trajectory of the IGWobserved on 23 November 2015. The start and termination positions of the ray
are marked with black double circles and asterisks, respectively. (b) Zoomed map of the black fan‐shaped area in (a).
The ray back trajectory (red line) of the IGW is superimposed on the |RNBE| (shading) and horizontal wind speed at
100 hPa at 12 UTC on 18 November 2015. The black circle represents the diagnostic area. (c) Vertical velocity perturbation
(shading) with the horizontal wind speed (black line) at 100 hPa at 14 UTC on 18 November 2015.
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near 14 UTC on 18 November 2015. Figure 8b represents the horizontal wind speeds superimposed on |
RNBE| at 100 hPa (approximately 16.1‐km altitude) at 12 UTC on 18 November 2015. On the northeast
side of the diagnostic area marked by the black circle in Figure 8b, significant horizontal wind shear from
the region of maximum wind speed attaining 45 m s−1 and |RNBE| approaching 2.4 × 10−9 s−2 is
identified, implying that the flow is considerably unbalanced in that region.

Figure 8c shows the vertical wind perturbation with the horizontal wind speed at 14 UTC on 18 November
2015 at 100 hPa. The most significant fluctuations exceeding 0.05 m s−1 are shown in the maximum wind
speed region (60–65°S and 10–20°E). Relatively weak fluctuations extending from the strongest fluctuations
appear predominantly in the northwest side of the diagnostic area, which corresponds to the |RNBE| exceed-
ing the threshold value in Figure 8b. This structure suggests that the GW signals inside the diagnostic area
are obviously associated with the imbalanced flow. However, we cannot entirely rule out the possibility that
those GW signatures may originate and propagate from the higher RNBE regions located at 60–65°S and 10–
20°E. The horizontal wavelength of GWs inferred from the vertical wind perturbation is approximately 200–
300 km, which is somewhat longer than those of 100–145 km obtained from GROGRAT (Figure S6e). The
wave vectors derived from GROGRAT direct southwestwards (Figure S6e), which is also different from
the dominant southeastward wave vector of GWs in ERA5.

4. GWs With Respect to the Potential Sources

Based on the methods for identifying the potential sources of GWs introduced in section 3, we categorized
the observed IGWs into the probable sources and examine their statistical characteristics. Table 2 lists the
number of IGW cases classified into the potential sources. Note that multiple sources can be simultaneously
suggested for each wave event. Out of 112 waves that originate in the troposphere, 37 (33%), 35 (31%), and 28
(25%) IGW events are categorized into the frontal activity, orography, and convection, respectively. For 11
(9%) cases, both a front and convection are simultaneously selected as potential sources, whereas 5 (4%)
and 6 (5%) cases are classified into both orographic and frontal GWs and both orographic and convective
GWs, respectively. Among the 68 waves generated in the stratosphere, 42 (61%) waves are related to the flow
imbalance, while in the tropopause a relatively small portion (52%; 36/68) of the waves are associated with
the flow imbalance. Of the 36 waves induced by the imbalanced flow in the tropopause region, 11 waves
(30%) are associated with the tropopause jet stream.

Unfortunately, a large number of waves generated in the troposphere (35/68; 31%) cannot be classified as
any of the proposed tropospheric origins. Similarly, for a large portion of the waves produced in the tropo-
pause (47%; 32/68) and in the stratosphere (38%; 26/68), the likely source is not specified. Most of the rays
of these waves are terminated poleward of 75°S (not shown) on the Antarctic Plateau, which is characterized
by a flat surface that could hardly generate orographic GWs. Also, convection and fronts are rarely developed
in this high latitude region due to the extremely cold and stable atmosphere. This implies that other potential
GW sources that we did not consider in this study may exist in this region. It is noteworthy that the number
of IGW cases varies depending on the threshold values used for the identificationmethod.When we changed
the threshold values in the range of ±10% from their original values for each source (not shown), the number
of frontal GWs is nearly the same, whereas the numbers of GWs associated with other sources (orography,
convection, and the flow imbalance) vary within 15%.

Table 2
The Number of Rays Categorized in Each Potential Source

Termination layer Potential source The number of GWs Uncategorized

Stratosphere
(68)

Flow imbalance 42 26

Tropopause
(68)

Flow imbalance/Jet stream 36/11 32

Troposphere
(112)

Orography 35 35
Surface front 37
Convection 28
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4.1. Geographic Distributions of Wave Generation

Figure 9 illustrates the ray trajectories of each wave assorted by the potential sources. To investigate the sea-
sonal characteristics of the propagation and source regions, the ray trajectories are plotted in different colors
with respect to the season when each wave is observed.

Depending on the sources, the locations of wave generation and the raypaths to JBS are clearly distin-
guished. Orographic GWs mostly originate above the significant orographic slopes located west of the
Ross Sea (Figure 9a), whereas convective GWs are mainly generated above the ocean (Figure 9c).
Approximately 30% (8 out of 28 waves) of the convective GWs propagate from the low latitudes equator-
ward of 60°S, which is consistent with the significant lateral propagation of convectively induced GWs
toward southern polar regions from SH storm track regions, as reported in Choi and Chun (2013). The
frontal GWs are generated across wide regions from the midlatitude Southern Ocean to mainland
Antarctica (Figure 9b). The Southern Indian Ocean, over which a lot of convective and frontal GWs
are generated, is consistent to the active region of nonorographic GWs (Hendricks et al., 2014). While
most of the waves induced by the tropospheric sources propagate from the eastern hemisphere (0–
180°), many of the waves associated with the imbalanced flow in the tropopause and stratosphere are
generated along all longitudes in the higher southern latitudes poleward of 50°S (Figures 9d and 9e).
Accordingly, those waves predominantly travel horizontally rather than vertically from their source
regions to JBS, spending a relatively long time compared to the time spent by the waves of tropospheric
origins. Although details in the propagation properties vary depending on their sources, significant hor-
izontal propagations of the GWs, especially those of nonorographic origins, indicate that GWD parame-
terization based on ray theory is required in GCMs for better representation of GWs (Choi & Chun, 2013;
Senf & Achatz, 2011; Song & Chun, 2008).

4.2. Seasonal Variations in the Occurrence of GWs

As shown in Figure 9, remarkable seasonal variations appear not only in the occurrence frequency with
respect to each source but also in the generation locations and corresponding propagations of GWs.
Table 3 lists the occurrence frequency of GWs with respect to each source in each season. Note that the num-
ber of observed IGWs used for the ray tracing analysis during wintertime (20) is considerably less than that
in other seasons (87, 77, and 65 waves in summer, autumn, and spring, respectively) due to the small number
of the observed IGWs during wintertime (mentioned in section 2). Therefore, some caution is required to
analyze the seasonal variations in the GW generation for this study.

Most of the orographic GWs (65%; 23/35) are generated in summer, whereas only one orographic GW (2%)
is found to be excited in winter. Similarly, convective GWs are dominantly excited during summer (60%;
17/28), while in winter, convectively induced GWs are not identified. In comparison to the orographic
and convective GWs, the frontal GWs have comparable occurrence frequencies in all seasons without
obvious differences, except for the small number of GWs during wintertime. In the tropopause, GWs asso-
ciated with the flow imbalance do not exhibit pronounced seasonal variations. On the other hand, interest-
ingly, the occurrence frequency of GWs generated by the imbalanced flow associated with the jet stream
reveals obvious seasonal variations with significantly lower probability (8%; 1/12) during summer in com-
parison to those (28%, 50%, and 62% in autumn, winter, and spring, respectively) in other seasons, although
the total case during winter is already small. In the stratosphere, GWs induced by the flow imbalance
appear most frequently in spring (40%; 17/42). It is also noticeable that 55% (11/20) of the waves observed
in winter are generated in the stratosphere, and most of them (81%; 9/11) are associated with the
flow imbalance.

There are twomajor factors that result in the seasonal variations in the occurrence frequency of GWs: (i) var-
iations in the GW source itself and (ii) wave propagation conditions from the source to the observation alti-
tude (i.e., impact of background wind and stability) (Kang et al., 2017). For a stationary mountain source,
seasonal variation of orographic GWs is due mainly to (ii) depending on the transient background atmo-
sphere around the mountain. As an example, Watanabe et al. (2006) have shown that the orographic GW
generation and its vertical propagation mostly occur during winter and spring in the western coastal region
of the Ross Sea due to an enhanced katabatic wind when the upper‐tropospheric jet stream approaches the
Ross Sea. While the locations of the orographic GW excitations identified in Figure 9a is similar to that in
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Figure 9. Back trajectories of the rays associated with the (a) orography, (b) front, (c) convection, (d) the flow imbalance
in the tropopause, and (e) the flow imbalance in the stratosphere. The colors of each ray trajectory represent the season in
which the wave is observed.
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Watanabe et al. (2006), the observed mountain waves are mostly generated in summer, which is somewhat
unexpected. The small number of observations during the wintertime can reduce the opportunity for
detecting the orographic GWs. There are some other potential explanations for the seasonal variations.
First, critical levels for the orographic waves may exist, inhibiting their propagation to the lower
stratosphere. Hertzog et al. (2008) reported that the lack of GW enhancement at the border of Antarctica
is possibly due to the critical level filtering of orographic GWs by the veering wind from the dominant south
or south‐southeastward katabatic wind to the prevailing eastward stratospheric flow (at least 90°). However,
it is not enough to explain the seasonality given that this kind of filtering can also take place during other
seasons. More feasible reason for the lack of observed orographic GW during wintertime is likely the
Doppler shifting of GWs out of the observational window. The vertical wavelength for the hydrostatic GW
dispersion relation is as follows:

λz ¼ 2π C − Ucos ϕð Þ
N

(5)

whereN is the background buoyancy frequency,C is the ground‐based horizontal phase speed,U is the back-
ground wind speed, and ϕ is the angle between the horizontal wavenumber vector and the wind vector.
Given that the orographic GWs have near‐zero phase speed, strong background winds during austral winter-
time can significantly refract the orographic GWs to long vertical wavelengths as well as enhance their ver-
tical propagation. Considering that the radiosonde can mainly detect low‐frequency GWs, the orographic
GWs refracted to a long vertical wavelength and a higher intrinsic frequency cannot be observed from the
radiosonde. Additionally, the mountain waves, which are generated horizontally far away from the station,
can hardly reach JBS due to the enhancement in the vertical propagation rather than horizontal propaga-
tion. Therefore, those waves also cannot be detected from the radiosonde observations in wintertime
launched from JBS. Finally, the dominant eastward drift of the balloons away from the steep coasts of the
Antarctic continent during winter and early spring (Figure 2 of Part 1) can also reduce the likelihood of
observing orographic GWs.

As shown in Figure 9c, convective GWs are mostly excited above the Antarctic polar frontal zone. In this
region, precipitation, which is used for diagnosing the presence of convection in this study, varies signifi-
cantly with season: It increases (decreases) from January to April (from May to December) (Yuan &
Miller, 2002). Hence, we can infer that the more frequent occurrence of precipitation in summer is reflected
in the dominant generation of convective GWs during the summertime. Similarly, the excitation of the fron-
tal GWs occurs frequently above the Southern Indian Ocean during summertime (Figure 9b). All six waves,
for which convection and fronts are simultaneously suggested as potential sources, are excited above the
Southern Ocean during summer and autumn (not shown). This implies that there is a close link between
the frontal system and convection on the SH storm track regions and they simultaneously trigger GWs.
This behavior has also been recognized from the high‐resolution GCM simulation in Holt et al. (2017)

Table 3
The Number of Rays Categorized in Each Potential Source in Each Season

Termination layer Potential source Summer (DJF) Autumn (MAM) Winter (JJA) Spring (SON)

Troposphere Orography 23 6 1 5
Surface front 13 12 4 8
Convection 17 8 0 3
Total including
uncategorized

49 29 5 29

Tropopause Flow imbalance/
jet stream

12/1 14/4 2/1 8/5

Total including
uncategorized

23 28 4 13

Stratosphere Flow imbalance 6 10 9 17
Total including
uncategorized

15 20 11 23
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that gravity wave momentum flux induced by the fronts and precipitation are closely correlated at latitudes
of 30–80°S, although the study focuses on the wintertime.

Comparable occurrence frequencies of GWs associated with the flow imbalance in the tropopause in all sea-
sons (Table 3) reflect the continuous generation of the flow imbalance representing large RNBEs for all sea-
sons in the tropopause region (Figure S5). This is different from the GWs associated with the jet stream,
which exhibit obvious seasonal variations with the highest (lowest) probability in spring (summer) as the
position of the southern polar front jet moves to middle and higher southern latitudes from late autumn
to spring (Gallego et al., 2005). This implies that there are other mechanisms triggering the flow imbalance
near the tropopause, in addition to the tropopause jet stream. The synoptic‐scale tropospheric disturbances,
which are responsible for the enhanced stratospheric GW activity above Antarctica reported by Hertzog
et al. (2008) and Yoshiki et al. (2004), can be a candidate. Additionally, the terrain‐induced baroclinic wave
development identified in Hoskins and Hodges (2005) also can be a source for the flow imbalance. In the
stratospheric analysis layer, RNBE greater than the threshold value appears more frequently in winter
(JJA) and spring (SON) than autumn (MAM) and summer (DJF) (Figure S5) as the horizontal wind speed
as well as their horizontal shear increases. This variability results in seasonality in the occurrence frequency
of GWs associated with the flow imbalance in the stratosphere, which is higher in winter and spring than
in summer.

4.3. Spectral Properties of GW With Respect to the Source
4.3.1. Intrinsic Frequency and Wavelengths
Figure 10 shows the scatterplots of intrinsic frequency, vertical wavelength, and horizontal wavelengths of
GWs with respect to the potential sources in each season when those waves are generated (left column)
and observed from the radiosonde (right column). GWs induced by the tropospheric sources (orography,
fronts, and convection are represented by purple, blue, and green circles, respectively) have a wide range

Figure 10. Intrinsic frequency divided by Coriolis parameter (first row), vertical wavelength (second row), and horizontal
wavelength (third row) for each wave associated with orography (purple circle), front (blue circle), convection (green
circle), and flow imbalance (red circle) at the time of (a) generation and (b) observation.
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of intrinsic frequencies and vertical wavelengths of 1–20f and 0.5–10 km, respectively. On the other hand,
the waves induced by the flow imbalance (red circles) exhibit pronounced low intrinsic frequencies and
short vertical wavelengths of less than 2f and 3 km, respectively. Based on the dispersion relation, the hor-
izontal wavelengths of the tropospheric GWs have narrower range (≤ 200 km) than the range (≤ 400 km)
of the GWs associated with the flow imbalance. Characteristics of GWs related to the flow imbalance
agree remarkably well with the dominant properties (low intrinsic frequency of ~1–3f, short vertical wave-
length of ~1–4 km, and long horizontal wavelength 50–500 km) of GWs associated with the upper‐level
jet/front system in previous numerical modeling studies (e.g., Plougonven & Snyder, 2007; Zhang, 2004)
and observational studies (e.g., Guest et al., 2000; Plougonven & Teitelbaum, 2003). In contrast, the intrin-
sic frequency and wavelengths of GWs generated by the tropospheric sources are not largely different
from each other.

As shown in the characteristics of GWs at the time when they are observed from the radiosonde
(Figure 10b), the widely distributed properties of the tropospheric GWs at the source level as well as
those of GWs associated with flow imbalance converge to similar characteristics: a low frequency of
mostly less than 4f and a shorter vertical wavelength of less than 3 km. The vertical wavelength of
GWs detected from the radiosonde data is generally influenced by the observational filtering effect
(Alexander, 1998), including a depth of the stratospheric analysis layer (7 km in the present study).
However, the prevalent vertical wavelengths of less than 3 km are identified in both an additional calcu-
lation under deeper stratospheric layer calculation using the present data and some of previous studies in
the Antarctica with much deeper layers (details in section 4.2 of Part 1). This implies that the observa-
tional filtering is not the only factor for the relatively short vertical wavelength GWs observed in the pre-
sent study. The wave properties also seem to vary with season rather than with the sources, although the
numbers of waves in each season are different. This implies that the background atmosphere signifi-
cantly affects the characteristics of GWs during their propagation to observed altitude. This is confirmed
from Figure 11, which describes the vertical profiles of background wind projected to the horizontal

wavenumber vector (Vproj ¼ V
→
· kh
→
= kh

→
���� ����, where kh is the horizontal wavenumber vector), square of buoy-

ancy frequency, vertical wavelength, and horizontal wavelength following the rays of the observed waves
from different sources. The horizontal wavelengths mostly do not vary following rays, whereas the ver-
tical wavelengths of the tropospheric GWs change significantly during their propagation
(Figures 11a–11c). Those behaviors have also been identified from the ray tracing analysis in Ki and
Chun (2011). They inferred that the horizontal wavenumber (kh = 2π/λh) of the waves tends to be deter-
mined predominantly by the source, while the vertical wavenumber (m = 2π/λz) changes significantly
during propagation because the vertical wavenumber is mainly determined by Vproj and the buoyancy
frequency for a given horizontal wavenumber following the dispersion relationship of the IGWs. The ver-
tical wavelength of the GWs originated in the troposphere tended to have the maximum with the smal-
lest static stability and the largest magnitude of negative Vproj and then decreased with height due to the
increasing stability and decreasing magnitude of negative Vproj in the stratosphere. Therefore, the seaso-
nal variations revealed in the properties of GWs at the time of observation are attributed to the seasonal
variabilities in Vproj and the stability of the background atmosphere in the stratosphere.
4.3.2. Phase Velocities and their Relation to the Background Wind
Figure 12 illustrates the ground‐based phase velocities of the GWs generated by individual sources in each
season when those waves are excited (upper panel) and observed from the radiosonde (lower panel).
Orographic GWs exhibit an isotropic distribution of phase velocity with speeds of less than 10 m s−1 at
the time of generation, reflecting the criterion used for identifying the orographic GWs (Figure 12a). On
the other hand, GWs associated with fronts and convection propagate more eastward at a speed of less than
30 m s−1 (Figures 12b and 12c). GWs generated by the flow imbalance have dominant eastward phase velo-
cities with wider speed ranges of up to 60 m s−1 (Figure 12d). The horizontal phase velocities of the GWs at
the time of observation exhibit similar speed ranges to those of the GWs at the time of generation. Obvious
seasonal variations appear in the phase velocities when they are generated as well as when they are
observed: higher speeds from autumn to spring in comparison to lower speeds in summer. This feature
resembles the seasonal variations in the background wind, which are enhanced from late autumn to early
spring and weakened during summer.
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5. Summary and Conclusion

In the present study, the potential sources of the IGWs in the lower stratosphere (z = 15–22 km) revealed in
the radiosonde observations at Jang Bogo Station (JBS; 74°37′S, 164°13′E) are investigated. Analyses are per-
formed using the characteristics of IGWs extracted from 3 years of radiosonde data (December 2014 to
November 2017), including the 25‐month (from December 2014 to December 2016) data used in Yoo
et al. (2018; Part 1). Wave parameters obtained from the 3‐year period radiosonde data exhibit similar values
to those reported in Part 1: The average values of the intrinsic frequency, vertical wavelength, and horizontal
wavelength are 2.04f, 1.47 km, and 217 km, respectively, and those of kinetic and potential energies are 3.28
and 1.11 J kg−1, respectively. Pronounced northeast and southeastward phase velocities and group velocities
with a maximum speed of 80 m s−1 also agree with the result in Part 1. Potential effects of the observational
filter and analysis methods on the characteristics of IGWs are discussed in more detail in Part 1.

Using the wave parameters estimated from the radiosonde data, the three‐dimensional backward ray tracing
calculation is conducted by applying the GROGRAT model to locate the source regions for the observed
IGWs. Of the 248 IGWs, the largest number of waves (112; 45%) are traced down to the troposphere
(z < 8 km), whereas 68 (27.5%) and 68 (27.5%) waves are traceable to the tropopause (z = 8–15 km) and stra-
tosphere (z = 15–18.5 km), respectively. Here, we assume that the wave generation occurs in a certain hor-
izontal (the spherical area corresponding to the area of a circle with radius R corresponding to a distance of
3° in latitude) and vertical area (z = ±2 km) from the termination position of the ray, within 3 hr around the
wave generation time inferred from the backward ray tracing time. Most of IGWs generated in the tropo-
sphere have their sources along the longitudinal region of 90°E to 180° over the Southern Indian Ocean

Figure 11. Profiles of background wind projected to the horizontal wavenumber vector (first column), square of buoyancy frequency (second column), vertical
wavelength (third column), and horizontal wavelength (fourth column) following the rays of observed waves that originate from (a) orography, (b) surface
front, (c) convection, and (d) flow imbalance. The colors of the lines represent the seasons in which each wave is observed. Cyan, purple, red, and orange correspond
to summer, autumn, winter, and spring, respectively.
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Figure 12. Distribution of the phase velocities for each wave associated with (a) orography, (b) surface front, (c) convection, and (d) flow imbalance at the time of
generation (upper panel) and observation (lower panel). The colors of the circles represent the seasons in which each wave is observed. Blue, green, orange, and red
correspond to summer, autumn, winter, and spring, respectively. Right and upward directions indicate eastward and northward directions, respectively.
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(70–45°S) as well as above the Antarctic continent and Ross Sea. In the tropopause and stratosphere, waves
are mostly excited in the higher southern latitudes (poleward of 50°S) and over all longitudes. These waves
mainly propagate from the northwestern and southwestern regions of JBS affected by the prevailing wester-
lies between the upper troposphere and the lower stratosphere.

Based on the ray tracing analysis, we made attempt to identify the potential sources of the IGWs: orogra-
phy, fronts, convection, and the flow imbalance including upper‐tropospheric jet stream. To diagnose
wave generation by the proposed sources, appropriate indicators (the topographic slope and
ground‐based phase velocity for the orographic GWs, FF for the frontal GWs, hourly precipitation for
the convective GWs, and |RNBE| for the GWs associated with the imbalanced flow) and their threshold
values are determined. In addition, we briefly assess whether GWs associated with these sources actually
appear in the high‐resolution ERA5 reanalysis data. In ERA 5, GWs associated with the probable sources
are represented well, but all the detailed quantitative properties of GW estimated from GROGRAT can-
not be precisely reproduced.

Applying the diagnostic methods, we categorize the observed IGWs into the waves generated by the
aforementioned sources. Among the 112 waves generated in the troposphere, 37 (33%), 35 (31%), and
28 (25%) waves are categorized as the waves induced by the fronts, orography, and convection, respec-
tively. The number of waves induced by the flow imbalance in the tropopause and stratosphere are 42
(61%) and 36 (52%) out of the total 68 and 68 waves, respectively. Of the 36 waves generated by the flow
imbalance in the tropopause region, 11 waves (30%) are associated with the tropopause jet stream.
However, the probable source is not identified for a large number of waves (35, 32, and 28 waves in
the troposphere, tropopause, and stratosphere, respectively), suggesting that other potential sources
may exist in addition to the four major sources. It is also possible that GW generation by the given four
sources could have occurred somewhere in the ray path before they are terminated. It is noteworthy that
the temporal variations in the mean flow and resultant frequency change following rays had not been
considered in the GROGRAT used for the present study. As time limitation of ray tracing calculation
set to 5 days in the present study, changes in the mean flow may influence on the ray termination posi-
tion and consequent source categorization. The impacts of the time‐dependent mean flow to the ray tra-
cing calculation of the current study remain for the future research.

The locations of wave generation and corresponding propagations of the waves toward JBS are remark-
ably different depending on the sources. Most of the orographic GWs originate from the western coastal
regions of the Ross Sea, where steep terrain slopes exist. On the other hand, many of the convective GWs
and frontal GWs are generated from the Southern Indian Ocean (50–60°S), which has been recognized as
the active nonorographic GW region (Hendricks et al., 2014). These waves propagate long horizontal dis-
tances to JBS at higher southern latitudes, which is similar to the lateral propagation of GWs excited in
the SH storm track regions in Choi and Chun (2013). The waves associated with the flow imbalance in
the tropopause and stratosphere mainly originate in the entire longitudes at the higher southern latitudes
(poleward of 50°S) and predominantly travel horizontally rather than vertically. Pronounced horizontal
propagations of the nonorographic GWs elucidates the need for ray theory in the GWD parameteriza-
tions in GCM to better represent the GW effect. Meanwhile, most of the orographic GWs and convective
GWs are generated during summertime, whereas the GWs associated with fronts and the flow imbalance
are excited without obvious seasonal variations. For the lack of orographic GWs during wintertime,
which is different from the predominant wave generation in wintertime in Watanabe et al. (2006), the
observational filtering of the long vertical wavelength of GWs by the Doppler shifting effect is suggested
as the main factor, in addition to too small number of radiosonde profiles (7) available in the lower stra-
tosphere in the wintertime due to the extremely cold temperature at JBS. On the other hand, the seaso-
nal and geographical variations in the emission of nonorographic GWs are found to be closely related to
those variabilities in the nonorographic source itself.

Finally, we investigate characteristics of IGWswith respect to their potential sources at the time of wave gen-
eration estimated from GROGRAT and the time of observation. At the time of wave generation, the waves of
tropospheric origins have wider ranges of intrinsic frequency (1–20f) and vertical wavelength (0.5–10 km),
whereas the waves induced by the imbalanced flow exhibit a predominantly low intrinsic frequency (less
than 2f) and short vertical wavelength (less than 3 km). However, the waves generated by the
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tropospheric sources as well as by the flow imbalance in the tropopause and stratosphere have similar char-
acteristics at the observation altitude that are low intrinsic frequency (less than 4f), short vertical wavelength
(less than 3 km), and relatively longer horizontal wavelength (less than 1,000 km). This implies that GWs
experience significant modifications by the background atmosphere during their propagation. The
ground‐based phase velocities between the time of generation and observation exhibit similar distributions:
Orographic GWs have isotropic distributions with speeds of less than 10 m s−1, whereas GWs generated by
fronts and convection exhibit more eastward phase velocities than westward GWs with speeds of up to
30 m s−1. GWs induced by the flow imbalance have predominantly eastward phase velocities with a maxi-
mum wind speed of up to 60 m s−1. Not only when they are observed but also when they are generated,
obvious seasonal variations in the phase velocities are identified, which resemble the variations in the back-
ground wind that are enhanced (reduced) between late autumn and early spring (during summer).

Appendix A: Ray Tracing Equations
The governing equations of the GROGRAT ray tracer are as follows (Lighthill, 1978):

dxi
dt

¼ Cgxi ¼
∂ω
∂ki

i ¼ 1; 2; 3ð Þ; (A1)

dki
dt

¼ −
∂ω
∂xi

i ¼ 1; 2; 3ð Þ; (A2)

where (x1, x2, x3) = (x,y,z) are the wave packet position and (k1, k2, k3) = (k,l,m) are the zonal, meridional, and

vertical wavenumbers;ω is the ground‐based frequency, and Cgx;Cgy;Cgz
� � ¼ ∂ω

∂k ;
∂ω
∂l ;

∂ω
∂m

� �
are the zonal, mer-

idional, and vertical components of the ground‐based group velocity, respectively. The model is based on the
dispersion relation for nonhydrostatic IGWs on a slowly varying basic flow:

bω2 ¼ ω−Uk−Vlð Þ2 ¼ N2 k2 þ l2
� �þ f 2 m2 þ α2ð Þ
k2 þ l2 þm2 þ α2

: (A3)

Here,U and V are the zonal andmeridional basic‐state winds, respectively,N is the buoyancy frequency, and
α2 = 1/(2H)2, where H is the density scale‐height. Using A3, the governing equations A1 and A2 are
expressed as

dx
dt

¼ Cgx ¼ ∂ω
∂k

¼ U þ k N2 − bω2ð Þbωσ2 ; (A4)

dy
dt

¼ Cgy ¼ ∂ω
∂l

¼ V þ l N2 − bω2ð Þbωσ2 ; (A5)

dz
dt

¼ Cgz ¼ ∂ω
∂m

¼ −
m bω2 − f 2
� �
bωσ2 ; (A6)

dk
dt

¼ −
∂ω
∂x

¼ −k
∂U
∂x

− l
∂V
∂x

−
1

2bωσ2 ∂N2

∂x
k2 þ l2
	 


−
∂α2

∂x
bω2 − f 2
	 
� �

; (A7)

dl
dt

¼ −
∂ω
∂y

¼ −k
∂U
∂y

− l
∂V
∂y

−
1

2bωσ2 ∂N2

∂y
k2 þ l2
	 


−
∂α2

∂y
bω2 − f 2
	 
þ ∂f 2

∂y
m2 þ α2
	 
� �

; (A8)

dm
dt

¼ −
∂ω
∂z

¼ −k
∂U
∂z

− l
∂V
∂z

−
1

2bωσ2 ∂N2

∂z
k2 þ l2
	 


−
∂α2

∂z
bω2 − f 2
	 
� �

; (A9)

where σ2 = k2+l2+m2+α2.

The standard version of GROGRAT uses the Cartesian coordinate system. In the spherical coordinates,
the evolution of wave number components is determined not only by the changes in the wave number
vector but also the spatial variation of the coordinate frame. Therefore, as proposed by Hasha et al. (2008),
the standard version was extended to the spherical geometry by correcting the refraction of the wave
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vector (Kalisch et al., 2014). Given the wave number vector denoted as k
!¼ kbλþ lbθþmbr, where bλ; bθ; andbr are zonal, meridional, and radial unit vectors, respectively, the spatial variations of the coordinate frame

are

dλ
dt

¼ 1
rcosθ

U þ k N2 − bω2½ �bωσ2

� �
; (A10)

dy
dt

¼ 1
r

V þ l N2 − bω2½ �bωσ2
� �

; (A11)

dr
dt

¼ −
m bω2 − f 2
� �
bωσ2 : (A12)

Then, the refraction of the wave vector in the spherical coordinate system can be rewritten as

dk
dt

¼ −
k

rcosθ
∂U
∂λ

−
l

rcosθ
∂V
∂λ

−
1

2bωσ2 k2 þ l2

rcosθ
∂N2

∂λ
−

bω2 − f 2
	 

rcosθ

∂α2

∂x

" #
−

k
r
dr
dt

þ ktanθ
dθ
dt

; (A13)

dl
dt

¼ −
k
r
∂U
∂y

−
l
r
∂V
∂y

−
1

2bωσ2

k2 þ l2
� �

r
∂N2

∂θ
−

bω2 − f 2
� �

r
∂α2

∂θ
−

m2 þ α2ð Þ
r

∂f 2

∂θ

" #
−

l
r
dr
dt

− ksinθ
dλ
dt

; (A14)

dm
dt

¼ −k
∂U
∂r

− l
∂V
∂r

−
1

2bωσ2 k2 þ l2
� � ∂N2

∂r
− bω2 − f 2
� � ∂α2

∂r

� �
þ l

dθ
dt

þ kcosθ
dλ
dt

: (A15)
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