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Characteristics and sources of atmospheric gravity

waves in the Antarctic middle atmosphere
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[ Title

Characteristics and sources of atmospheric gravity waves in the

Antarctic middle atmosphere

[l. Purpose and Necessity of R&D

Vertically propagating atmospheric gravity waves play a major role in
the dynamic linkage between the lower and upper atmospheres by
transferring energy and momentum forcing. As gravity waves cannot be
fully resolved in the current general circulation models (GCMs), their
effects need to be parameterized in the models. However, there exist
uncertainties in the parameterized gravity wave drag. Particularly in
the southern hemisphere (SH) polar stratosphere, reported systematic
GCM biases such as an excessive polar night jet and associated cold
temperature are likely related to the parameterized gravity wave drag.
This study aims to improve the understanding of gravity waves in the
SH polar regions based on the Antarctic gravity waves observed from
radiosonde and meteo-radar at Jang Bogo and King Sejong Station,

respectively.

IIl. Contents and Extent of R&D

1. Analysis of the characteristics of gravity waves in the mesosphere
observed by the meteor radar at King Sejong Station

2. High resolution general circulation model simulation for the
mesospheric gravity waves observed by the meteor radar at King

Sejong Station



3. Investigation of the characteristics of gravity waves in the
troposphere and stratosphere using the radiosonde observation at
Jang Bogo Station

4. Identification of the potential sources for the stratospheric gravity
waves observed by the radiosonde at Jang Bogo Station using a
3-dimensional ray tracing model

IV. R&D Results

* A paper, “Inertia-Gravity Waves Revealed in Radiosonde Data at
Jang Bogo Station, Antarctica (74° 37" S, 164° 13" E): 1.
Characteristics, Energy, and Momentum Flux” is published in a

Journal of Geophysical Research: Atmospheres.

* A paper, “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” is submitted to
Journal of Geophysical Research: Atmospheres and under review
(minor revision).

* A paper, “Gravity wave activities in the upper mesosphere observed
at King Sejong Station, Antarctica (62.22°S, 58.78°W) and their
potential sources in the lower atmosphere” will be submitted to
Journal of Geophysical Research: Atmosphere.

V. Application Plans of R&D Results

The results of this study will improve our understanding on gravity
waves in Antarctica, given that radiosonde and meteor radar
observations are used to investigate the characteristics, sources, and
propagation of gravity waves from the troposphere to the mesosphere.
Also, improvement of the gravity wave drag parameterization based on
these findings can lead to the development of the more realistic
climate model.
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Table Caption

Table 1.1. Number of observation days for the meteor radar at KSS each month
during 2007—2014. The numbers in bold indicate those used for the
monthly average calculations.

Table 1.2. Percentage of days when the rotation of the horizontal wind vector
along the northeast side of the KGI is less than 90° at altitudes ranging
between 925 hPa and 1 hPa, which are averaged over each season for
three years (2012—2014).

Table 2.1. Information on the radiosonde data observed at Jang Bogo Station,
Antarctica used in this study.

Table 2.2. The number of available radiosonde soundings launched each month,
those passing through the tropospheric and stratospheric analysis layers,
and those satisfying IGW conditions in each layer. The superscript =*
denotes the months when data obtained from the Mario Zucchelli Station
(MZS) are included.

Table 2.3. Information on the reanalysis datasets (CFSv2, MERRA, MERRAZ2,
ERA-Interim, and NCEP/DOE R2) used in this study.

Table 2.4. The monthly averaged wave characteristics (intrinsic frequency and
wavelengths) and wave energy density (kinetic and potential energy
densities) in the lower stratosphere observed using radiosonde data from
Antarctic research stations.

Table 2.5. Diagnostic methods used to identify the potential sources of the IGWs
within 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 ranges (z = = 2 km) from the termination position at the nearest
time.

Table 2.6. The number of rays categorized in each possible source.

Table 2.7. The number of rays categorized in each possible source in each

Season.

Figure Caption

Figure 1.1. Time series of (a) wind averaged over a time—height space of 1 hour
and 4 km (near a 94—km altitude) and (b) large—scale wind (red) using
low—pass filtering superimposed onto the original wind (black) over 8—day
time windows centered at 00 UTC on 19 January 2014. (c) Power

spectral densities (PSDs) of the hourly zonal wind represented in (a). The



red dotted line denotes the upper bounds for the Markov red noise
spectrum at the 95% confidence level. (d) Amplitudes of the large—scale

wind components as a function of the wave period.

Figure 1.2. Monthly averaged amplitudes of large—scale zonal winds with periods

longer than 5.5 hours observed at KSS during 2007—2014.

Figure 1.3. (a) The same as in Figure 1(b) except that only the echoes observed

Figure

Figure

Figure

Figure

Figure

at an altitude range of 96—100 km are shown. (b) Line—of—sight
horizontal velocities (red arrows) for all meteor echoes and large—scale
winds (including prevailing winds, the four tidal components, and PWs)
interpolated into each meteor echo position (blue arrows). The
bottom—right legend represents the time—height bin—averaged values. (c)
Green arrows indicate the large—scale wind projected toward the
line—of—sight direction. (d) Purple arrows indicate the differences between
the red arrows and green arrows in (c). These differences are considered
as the small—scale gravity wave (GW) winds. The horizontal wind
variance calculated by using all meteor echoes in the altitude range are
shown in the bottom right.

1.4. Time—height cross section of the daily average horizontal wind
variances observed from the meteor radar at KSS.

1.5. (a) Polar stereographic projection maps of seasonal mean |RNBE].
The pink arrows indicate seasonal mean horizontal wind at 5 hPa. The
longitudinal (latitudinal) grid lines are drawn every 30° (10° ) in dotted
line. (b) One—point correlation maps of daily mean |RNBE| at 5 hPa with
respect to the daily mean horizontal wind variance at 98 km above KSS.
The black solid lines in (b) denote statistical significance at 50%
confidence level. The pink star denotes the location of KSS (62.22° S,
58.78° W).

1.6. Polar stereographic projection maps of monthly mean (a)
column—maximum deep convective heating rate (DCH), (b) absolute
convective gravity wave momentum flux (CGWMF) at 1 hPa in the SH.
The purple arrows indicate seasonal mean horizontal wind at 1Pa. (c)
One—point correlation maps of daily mean absolute CGWMF at 1 hPa with
respect to the daily mean horizontal wind variance at 98 km above KSS.
The black solid lines in (c) denote statistical significance at 95%
confidence level.

1.7. Time—height cross section of the daily average horizontal wind
variances observed from the meteor radar at Rothera station.

1.8. (a) September 2014 monthly mean zonal and meridional winds, (b)
diurnal (24h), and (c) semidiurnal (12h) tide amplitudes. Hourly zonal and
meridional (blue and red) (d) diurnal and (e) semidiurnal tide amplitudes

at altitudes from 82 km to 94 km at 3 km intervals. Hourly mean (f)
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Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

zonal and (g) meridional winds for a composite day at altitudes from 82
km to 94 km, and hourly mean (h) zonal and (i) meridional GW
momentum fluxes for a composite day at 91 km. Offsets of successive
altitudes are 50 m s™! in frames f—k.

1.9. September 2014 monthly mean (a) terdiurnal (8h), and (b) quardiurnal
(6h) tide amplitudes. Hourly zonal and meridional (blue and red) (c)
terdiurnal and (d) quardiurnal tide amplitudes at altitudes from 82 km to
94 km at 3 km intervals. Overlay of Hourly mean (h) zonal and @)
meridional GW momentum fluxes for a composite day at 91 km.

1.10. Time—height cross sections of monthly averaged zonal (upper) and
meridional (lower) momentum fluxes from 2014 to 2016.

1.11. Latitude—height cross section of (a) mean zonal wind, (b) mean
meridional wind, (c) zonal wind perturbation, and (d) meridional wind
perturbation at 58" W on 06 UTC, June 26, 2010. The perturbation is
obtained after subtracting the mean field that is defined as the 300 km
radius area—averaged value.

2.1. Map of Antarctica. Meteorological stations conducting radiosonde
observations in Antarctica are indicated by red circles. The zoomed map
shows the geographical locations of Jang Bogo Station and Mario Zucchelli
Station.

2.2. Trajectories of the soundings each month from 2015 to 2016. The
trajectories are plotted in different colors depending on the altitude of the
balloons.

2.3. Time—height cross sections of the (a) zonal wind (U), (b) meridional
wind (V), (c) temperature (T), and (d) Brunt—VU0isOlO frequency (N) at
Jang Bogo Station.

2.4. Time—height cross sections of the zonal wind (U; first column),
meridional wind (V; second column), and temperature (T; third column)
revealed in the (a) radiosonde observations and the four reanalysis data
sets at Jang Bogo Station: (b) Climate Forecast System version 2, (c)
Modern Era Retrospective Analysis for Research and Applications, (d)
European Centre for Medium—Range Weather Forecasts Interim
Reanalysis, and (e) National Centers for Environmental
Prediction/Department of Energy Reanalysis 2. The dotted line represents
100 hPa for an easier comparison.

2.5. Differences in the zonal wind (U; first column), meridional wind (V;
second column), and temperature (T; third column) between the
radiosonde observations and the four reanalysis data sets at (a) 50, (b)
100, (c) 500, and (d) 700 hPa. The red, blue, cyan, and orange lines
represent the CFSv2, MERRA, ERA—Interim, and NCEP/DOE R2 data sets,
respectively. CESv2 = C(Climate Forecast System version 2; MERRA =

_'I'I_



Figure

Figure

Figure

Figure

Figure

Figure

Modern Era Retrospective Analysis for Research and Applications;
ERA—-Interim = European Centre for Medium—Range Weather Forecasts
Interim Reanalysis; NCEP/DOE R2 = National Centers for Environmental
Prediction/Department of Energy Reanalysis 2.

2.6. Tropopause height above Jang Bogo Station from December 2014 to
December 2016, which is calculated using model—level European Centre
for Medium—Range Weather Forecasts Interim Reanalysis data.

2.7. Sample (a) zonal wind (first row), meridional wind (second row), and
temperature (third row) profiles displaying the interpolated data (black line)
and background profiles (red line). (b) Differences (the red, blue, and gray
lines denote the perturbations in the zonal wind, meridional wind, and
normalized temperature, respectively) between the interpolated profiles and
background profiles. (¢) Hodograph of the wind perturbations in the
stratosphere on 1 February 2015.

2.8. Time series of the rotary ratio (R) of the anticlockwise rotating
component to the total rotating components (anticlockwise + clockwise)
for each observed wave in the (a) stratosphere and (b) troposphere. The
black lines across the graphs represent the 0.5 value. The red (blue)
circles denote upward (downward) propagating waves with R values
greater (less) than 0.5.

2.9. (a) Time-height cross section of |RNBE| above JBS during the data
period. (b) Polar stereographic projection maps of the horizontal wind
vector superimposed on |RNBE| (shading) at 3 hPa on 15 October 2016.
Yellow circle denotes the location of JBS. JBS = Jang Bogo Station.

2.10. Distributions of the intrinsic phase velocity (first column),
ground—based phase velocity (second column), and ground—based group
velocity (third column) for each wave observed in the (a) stratosphere
and (b) troposphere. The red and blue circles denote the upward and
downward propagating waves, respectively.

2.11. Scatter plots (left) and histograms (right) of the intrinsic frequency
divided by the Coriolis parameter (upper), vertical wavelength (middle), and
horizontal wavelength (lower) calculated for each wave observed in the
troposphere. The red and blue circles denote upward and downward
propagating waves, respectively. The black lines across the graphs
represent the averages for each value regardless of the vertical
propagation direction.

Figure 2.12. The same as Figure 2.11 but in the stratosphere.

Figure

2.13. Scatter plots of kinetic energy (first row), potential energy (second
row), total energy (third row) per unit mass, and the energy ratio (fourth
row) for each wave observed in the (a) troposphere and (b) stratosphere.

The black lines across the graphs represent the average for each value.

_12_



The red and blue circles denote upward and downward propagating waves,
respectively.

Figure 2.14. Scatter plots of the zonal (left) and meridional (right) momentum
fluxes per unit mass averaged in the stratosphere (upper) and troposphere
(lower) for each observed wave. The red and blue circles denote upward
and downward propagating waves, respectively.

Figure 2.15. (a) Scatter plots of the intrinsic frequency divided by the Coriolis
parameter (first row), vertical wavelength (second 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 propagating 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. (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.

Figure 2.16. (a) Geographical distribution of the termination positions of the rays
traced down to the troposphere (red cross), tropopause (green cross),
and stratosphere (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.

Figure 2.17. Vertical locations of the potential sources of IGWs.

Figure 2.18. (a) Ray back—trajectory of the IGW (red line) 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 elevation (brown line), slope
(shading), and 850 hPa wind (arrow) at 06 UTC on 11 January 2016. The
black circle represents the spherical diagnostic area corresponding to the
area of a circle with the radius R of 3° latitude from the termination
position. (¢) Vertical wind velocity perturbation (shading) at 600 hPa with
the horizontal wind vector (arrow) at 04 UTC on 11 January 2016.

Figure 2.19. (a) Ray back—trajectory of the IGW (blue line) 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

_13_



Figure

the black fan—shaped area in (a). The ray back—trajectory (blue line) of
the IGW are 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 perturbation (shading)
at 650 hPa with potential temperature (purple line) at 800 hPa at 00 UTC
on 11 February 2017.

2.20. (a) Ray back—trajectory of the IGW (blue line) 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 are 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.

Figure 2.21. (a) Ray back—trajectory of the IGW (red line) observed on 26 March

Figure

Figure

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 are 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 perturbation (shading)
with the horizontal wind speed (purple line) at 150 hPa at 00 UTC on 21
March 2016.

2.22. (a) Ray back—trajectory of the IGW (red line) observed 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 are 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 (purple line) at 100
hPa at 14 UTC on 18 November 2015.

2.23. Back—trajectories of the rays associated with (a) orography, (b)
surface front, (c) convection, (d) flow imbalance in the tropopause, and
(e) flow imbalance in the stratosphere. The colors of each ray—trajectory
represent the season in which the wave is observed. Blue, green, orange,

and red represent summer, autumn, winter, and spring, respectively.

Figure 2.24. 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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Figure 2.25. 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.

Figure 2.26. 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 1is
observed. Blue, green, orange, and red correspond to summer, autumn,

winter, and spring, respectively.
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714 54 doldE Fd #5E @2 vte $0E AR T Y

b B S
o, TAYE AT FARY ARE Frw 245

CAFAA 4 delteld #5839

ek

g5 B4

1.1 AFE71A 74 deoly As

R0l FFAANE AT N FoleH, R4 th7] Abele] phEE Aste] E
ghzul w7k GARch B Al FagtEue TR f4 doltE o getu
Z 13

A4 mERE 849 B2 AREAZ, 287, FALE) 9 AASE (radial
velocity) & 243 4 glom, o7 F73 Aol wighe 4T 5 ok A

714 A4 dolgE ExR e BAIGe] 5ol 15,00070014 28,000712 A4

FE oF 2% AR #5T F QU

i

Table 1.1& & QoM 2143 Aﬂ%ﬂ/ﬂ 179 doldel €1 A= I 5 4
gt doltt 2007EFE 201497HA4 F 8d A57F AFEEHSISH, 2007d 3
23 20099 8€ Azt 747t EEAM% st=dlo] FAR Qe oY E LI}
L Q7] wEoll Aol AFSEA] kTt (Lee et al., 2013).

1.2 8er varianceE £33 83 &% E4

4 deldE ol&s THI &S £4et7] fad d5E vrEe E4k(wind

variance) & T 83 &5 S YERY = A2 AFESE Y Wind varianceE AAF
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Table 1.1. Number of observation days for the meteor radar at KSS each month
during 2007—2014. The numbers in bold indicate those used for the monthly

average calculations.

Jan. Feb. Mar. Apr. May. Jun Jul.  Aug. Sep. Oct. Nov. Dec.

2007 31 30 31 4 - - - = 24 31
2008 10 - - - 16 7 17 3 30 31 30 19
2009 19 28 31 30 31 30 3 31 30 29 3 -
2010 - 13 19 2 3 18 31 27 22 31 30 24
2011 31 28 19 30 31 30 31 30 30 31 29 31
2012 31 29 29 30 31 30 3 31 30 3 30 3
2013 26 28 31 30 31 30 31 ] | 30 31 30 31

2014 |1 31 28 31 30 31 30 31 31 30 31 30 31

Zles wEbA, F717F 5.5 ARE o]l Aws dirE vbE ARo® Aosta, #
% A 3 viEoA o5 AATOZHN AR FTEHY FFS FFsG. #
=¥ 73 vt A7) AR B flste], vlg AAtE 3 nke ARl
8 A(192 AI7H 9 AIZF windowE H3stal, 9 window WellAl Fourier WM&
Este] 5.5 AR o]l AREENkE FE d F, windowe] FAlel siEskes Al
Zko] thatE wbe AR e ® Aokl o]Plst Fourier #4128 o AJRF
windowE 1 AIZHH o]FstHAl AAl #5 7|3 W #F %A wbE FaES)
th A window WellA+ A9 FHAA T8 BS5E= 24 AL, 12 AR
8 Al 4 6 A 7718 AT (tide) AR ol 2¢d, 49 F7]9 AT}
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Figure 1.1 #5%¥ % vl o254 E A7) R vkgt Aws 55t &

& UEtdE dAEM, Figure 1.1a%t 1.1bv 20144 1€ 199 00 UTCE

A AlZF window? T4 Ao ®E sFo] 94 km LA

AEGEA A3 dE vke AR (ES A AAdE e
o] 7] 24 A3, Figure 1.1cg o] 8 Alzk, 12 AIgF 2 2

ojmlgt F714do] FRE It Figure 1.1de ald A2 @5 11k ofA

TE A AwEe] A71E dERdTh o714 12 ARE F719] 24

12 m s7'2 A7E 7HA 47HA A3 AR E SolA M 2 e Below,

= AdgAFE9o 24y #5 dyelE dA At (Riggin et al.,, 2003; Hibbins

2 &2 odo db U oo

)

et al., 2007; Beldon and Mitchell, 2009). s, 2 F7]9 i A& F7|+=
225 m sT'E U9tE vt AEE FolA M 2 e Bilod, 49 7] WA
o g A71% 5 m s oo R BlwA & g Btk 29 W 49 7] P4
3 &5 FA49Y A5 ALH A Aetrte AHS 2Y AdAdTES

oA gsx wl o} (Phillips, 1989; Nozawa et al., 2003; Manson et al.,
2004; Murphy et al., 2007; Baumgaertner et al., 2008; Sandford et al.,
2008; Tunbridge and Mitchell, 2009).

Figure 1.2+ AA #5 713 &<t €9 & t+tE &4 vkgt A2 2718 v
Ebd}, 7h 2 diarE vbE AR 12 AIZE 719 243 AReEA, AdY
dHglo] AA #=5 oA =

719 A= 59 94 km o)de] aEelA HUAE Bl ol Hibbins
et al. (2007) 3 Lee et al. (2013)9] #5 Ay} A gt} shH, 1do= 2
T71 @A Aiol 96 km ofef MM HHYHgs BAom, ¢ A
AFHIN A&He 9= Holal 383 7ol H53ks Hole= Al WEA
F35A vErgH ol AlETI A TRl f1AE 4= Rothera 71A¢] = A
o} A X]$t}(Baumgaertner et al.,, 2008).

Figure 1.3 $lellAl Folst it vigtr J2E5e A visd #53kelA AAsg
H vk BARS o RN FHEs S5 F4% WHe vehd Zojth WA, &
A ALY 1% WY (Fol o= 20149 1€ 159 00-01 UTC 96—-100
km 11%) oA #=5H {4 odZs2 Al - 33 ARE gtk (Figure 1.3a).
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Figure 1.1. Time series of (a) wind averaged over a time—height space of 1 hour

and 4 km (near a 94—km altitude) and (b) large—scale wind (red) using low—pass

filtering superimposed onto the original wind (black) over 8—day time windows
centered at 00 UTC on 19 January 2014. (c) Power spectral densities (PSDs) of

the hourly zonal wind represented in (a). The red dotted line denotes the upper

bounds for the Markov red noise spectrum at the 95%

confidence level. (d)

Amplitudes of the large—scale wind components as a function of the wave period.
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Figure 1.2. Monthly averaged amplitudes of large—scale zonal winds with periods
longer than 5.5 hours observed at KSS during 2007—2014.
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Figure 1.3. (a) The same as in Figure 1(b) except that only the echoes observed
at an altitude range of 96—100 km are shown. (b) Line—of—sight horizontal
velocities (red arrows) for all meteor echoes and large—scale winds (including
the four tidal components, and PWs)

meteor echo position (blue arrows). The bottom—right

prevailing winds, interpolated into each
legend represents the
time—height bin—averaged values. (c) Green arrows indicate the large—scale wind
projected toward the line—of—sight direction. (d) Purple arrows indicate the
differences between the red arrows and green arrows in (c). These differences
are considered as the small—scale gravity wave (GW) winds. The horizontal wind
variance calculated by using all meteor echoes in the altitude range are shown in

the bottom right.
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7t FA oI EAM BEHE AXEE (Figure 1.3b9 7 o375 99 &2 H2 3}
) E ol &3te] 3l binelA Har @ FH utEE AAFSE H (Figure 1.3b shdt
of & FHZ AR, oA FoF WHES Wt bin Bt diytE vbE AES
AArget (Figure 1.3b shehe] & wtgk 3}4FE). 2 km 1H4 9 & 117 53 1 A
AL F 2 AZE Fetel AR bin Bt iR vkgt AREH dlF bin ARl
ol #ASH F4 oZEY A ARES ol&d U AHFE Fotol, 7 o=
=9 #= A - FRtel UsHE Uit v 8-S F4 v (Figure 1.3b9] 2
75 9 Z& It A4kx). olgA AAtE diatE vig Ads SR WEF
o7 ARgeto] (Figure 1.3c8] %5 3HatE) AA #58 AAEE gheld AAF
© 22X (Figure 1.3d9] Xz} 3hax), T8I 9%k wind variance #= AAFSH

© A 8d w<F 1% 80-100 kmollAl #=5¥ 3 wind variance ]
AZb-1% g Eo|th & AFtelA Jide W EC®E ALtEl wind variance?
FHAgke 8ol 100 km ZLEollA oF 409 m® sT?&, AF7IA A 587 9L
98 km EolA ¢k 700 m® s?9 HUPHS H Lee et al. (2013)°]4 =
W= Rothera 71A oA 693 1290l oF 850 m* s729 HHAgS ¥<Sl Mitchell
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Figure 1.4. Time—height cross section of the daily average horizontal wind

variances observed from the meteor radar at KSS.
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Held 4 delds &8 #=8 s 37F Aot g FREHEIS Hee &
Attt Aol AF9 ThsAde TAKSHY] 918t A EHel 77k 925 hPa 1=
o] ERA-Interim® 3 w3y AEFEH 1% 100 km7HA]  Akels}e
critical—level filtering 7Fs & ARt} Yamashita et al. (2009) |4l A|A|
g s wet, 925 hPa H8 1 hPa 7H4] 3% vhgh WE7F 90% o]

= gl = ypotstoe] zF AlA %<t critical—level filtering?] 7FsAS AAMITH

Table 1.2% 7z} AldH=E Aot} critical—level filtering®] WA = #] 92 715

AS R el Zolt 1 A3 sEREH SFUUI7A EEd AFo] B
7Med AEd setel Abelubrb critical-level filtering A & &Eo] 717}
67.4%F 77.2%= AA YEeERG dido], BH 3} o5 Ho= 27.1%9 32.6%2 #

& BEe uglth gaha, AEIA FH ek 712w Agel BSE Feu

FTast Aoz yzs & 9l

Table 1.2. Percentage of days when the rotation of the horizontal wind vector
along the northeast side of the KGI is less than 90° at altitudes ranging between

925 hPa and 1 hPa, which are averaged over each season for three years
(2012-2014).

DIJF MAM ITA SON (%)
2012 17.6 58.7 78.3 253
2013 28.6 79.3 80.4 27.5
2014 51.6 64.1 72.8 28.6
Average 32.6 67.4 T2 273

1.3.2 3o} AE

=oF A E= Ately) vz x 2 oA FHuE A

etx]oj gkt A Eef o3t 8y A JhsAS 7] E59 248 AEE ER

= 88" 78 WAAS o8 (The residual of the nonlinear balanced
A

equation; RNBE) & AAtgro 24 H71= o (Chun et al., 2019).

N
rir
N
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Figure 1.5ax= 201258 2014 Aol ZF 71d® 5 hPaclM e |RNBE| ¢} <
3 vk WEE Yely, Figure 1.5b 5 hPaolA ] A3+ |RNBE| &} A&7
2] 98 km AEA % wind variance®] d#AGoltt. RNBES] Z7] 9 43
H SEe SoF AEZE 7P Sdst Aol HUgs Holw, oFole AR
Btk 7Y RNBES 1% 98 kme 4% wind variance? Aa#AL 7L
ZA vebst o, 53 Tkl AEF AAE webd fFovletA vEbeH ol =
ofF AEZ} 2tz e H 1 FAEE w3 Theol AEel e wAst 9 F3b
A} sk 4d (Mesosphere and lower thermosphere; MLT) A7k 14
ZH S 7FeAel Ass dAskE Aot} st Agel #5E MLT

A9 FEu FEo]l Sof AEe g8 B HAs ThsAdo]l wHE Ao REE,

o

AeE& T ASH A A AFT7EA] AdekAl EAleE A& vlsE shearel
o

_

o

°)3l critical—level filtering &35 AZ& & 4 Qty. 73t A2 nvbgd shear?}
AT A AE o8] AAAE FHI7F MLT7HA] d3bstA] Xskal a5 di7] el
A HEE filtering 2 %1‘:} wot, At vl wlgel o3& F=¥€ 37} Doppler

ek, kst
shifting gel wel AE] & F28 Tt A ago] v dojx g, <
Hulrl #3goz W AgS Ausly] Ao g% Aoz AusiA FHo] Ww
AANA DAL BA AAEE S Sl

O{N

1.3.3 &

e

Ao Kang et al. (2017) A offline W5 583} Z43tE o] g3te] A
ME S F8Hya %<5 (convective  gravity  wave momentum  flux;
CGWMF) & ol&ste], dit n9% S tfol o3 ¢ 7hsAds A
SFt}. Figure 1.6a+ deep convective heating rate@, &&= T2 A S oA
g &sol AA YEAITH(EeA dF), Tt AgHdds TR
storm—track A geA tfF &Fo] s dojFs & 5 Stk Figure 1.6b+
1 hPacld AAtdl CGWMFS =Z7|¢t £ wgd ¥golty, 53] ALHo|
storm—track A4 & CGWMF$ o7 &&= 3 nfghd gst 4= 9lo
o, o] & Fal A% A9 dFeld Frd FHAE SA MLTZ A3 7hs
d& 1938 & 4 vk Figure 1.6ci= 98 km %A 43 wind variance®}

1 hPa°lA 9 CGWMFJ AAAFE ERATE 95 % oA AR EE TR = (A

™
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= ading 2 ]
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Figure 1.5. (a) Polar stereographic projection maps of seasonal mean |RNBE].
The pink arrows indicate seasonal mean horizontal wind at 5 hPa. The longitudinal
(latitudinal) grid lines are drawn every 30° (10° ) in dotted line. (b) One—point
correlation maps of daily mean |RNBE| at 5 hPa with respect to the daily mean
horizontal wind variance at 98 km above KSS. The black solid lines in (b) denote
statistical significance at 50% confidence level. The pink star denotes the location
of KSS (62.22° S, 58.78° W).
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Figure 1.6. Polar stereographic projection maps of monthly mean (a)
column—maximum deep convective heating rate (DCH), (b) absolute convective
gravity wave momentum flux (CGWMF) at 1 hPa in the SH. The purple arrows
indicate seasonal mean horizontal wind at 1Pa. (c) One—point correlation maps of
daily mean absolute CGWMF at 1 hPa with respect to the daily mean horizontal
wind variance at 98 km above KSS. The black solid lines in (c) denote statistical

significance at 95% confidence level.
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SA) =& oo Aol e Ao Y S storm—track XA F=2 L}E}
3 &4 & Q) o]E storm—track A oA thiFel & v T st =
2 o]lFsto] ME71A MLTOA #F5HNES 7FeAdS dAIsH gEo, 53 &

“
8, ol A71e A 2

o
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w AfAow fFojugh FAAATE EAE= A
AlzEl Al Fad FEd dide] E F ss st

1.4 Rothera 71A 4 dloltield #38 &% 8F B4

Rothera 71X+ $1% 67.34° S, A% 68.07° Wel x5 =9 F= 387]x
=4, 2005 2€9FE FA doldE olge T nviE #5& Fdsta Qlth
AE71 A el AA8 ATRADAS] 74 dloltehi= 22 Rothera 7]+
Interferometric Meteor Radar (SKiYMET) 4 d#olgE &3t o,
SKiYMET 4 #lold e 7] #5 2452 Beldon (2008)° gl = ojqich, &
Ao E 2005 2€5E 2017 9€7kA 2 74 Hely #F ARE AMES)
o, TE I} AJF2 EAS BAsta, AlF7IA A #5 ARl vlwstsit.

T

Figure 1.7 Figure 1.49F 5Y3% A]l7]9] Rothera 7]AeA #FH 3 uis
variance?] A|Ft—-11% W To]m, H}X]”L IHL 2007-2014d Foteo] EHAf
s UERATE Rothera 7)Ao A] 3 4 dZ5 = skel 3,000-7,00071 =
(Mitchell and Beldon, 2009), 15,000—28,00071¢] &4 75 #Z3E AlE7]
ARt AA 27] "ol #58 oF 57t 538 42> 80 kmet 100 km -
T e B AFE-5FA] ¢kt Rothera 7]A oA #=5¥H T3 &5 A #H
AL AF7IA 9} AvrA o R veeh A3 Bk ALHT oA FH| FHgto]
Uetdgar, EE v 7hs el F5%ke] YERYE semi—annual WA o] FEEHA Y
b=, 53] 90 km o] LEANE AgHo] ofFHET 2 o] UErWa,
90 km ©]3} LEA = oAFH ALHRY o & T FFo] AFHUGL ¢
vk AIE7A e B5 Aol ApolE Holi: AL Rothera 71A= 8-9€o] ofig}
5o Hugto]l YetthE ol

Rothera 7]A= AF71A1 8k o] &= Wiko $JAstas IARE, E=Rte &
A

i=]
’:LT
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Figure 1.7. Time—height cross section of the daily average horizontal wind

variances observed from the meteor radar at Rothera station.
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Figure 1.8. (a) September 2014 monthly mean zonal and meridional winds, (b)
(12h) tide amplitudes. Hourly zonal and

diurnal (24h), and (c) semidiurnal
meridional (blue and red) (d) diurnal and (e) semidiurnal
altitudes from 82 km to 94 km at 3 km intervals. Hourly mean (f) zonal and (g)
meridional winds for a composite day at altitudes from 82 km to 94 km, and

hourly mean (h) zonal and (i) meridional GW momentum fluxes for a composite
in frames f—k.

tide amplitudes at

day at 91 km. Offsets of successive altitudes are 50 m s~
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Figure 1.10. Time—height cross sections of monthly averaged zonal (upper) and
meridional (lower) momentum fluxes from 2014 to 2016.
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Long. = 58°W [Avg radius = 300 km, 06 UT, June 26, 2010]

(@) U (< u>, Area—averaged Eward wInd) (b) V (< v >, Area-averaged Nward wind)
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Figure 1.11. Latitude—height cross section of (a) mean zonal wind, (b) mean
meridional wind, (c) zonal wind perturbation, and (d) meridional wind perturbation
at 58" W on 06 UTC, June 26, 2010. The perturbation is obtained after
subtracting the mean field that is defined as the 300 km radius area—averaged
value.
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Table 2.1. Information on the radiosonde data observed at Jang Bogo Station,

Antarctica used in this study.

Vaisala RS92G

Variables Resolution Accuracy
Temperature (¢ C) 0.1 0.5
1
Observation Pressure (hPa) 0.1 (1.080-100)
0.6 (100-3)
Wind direction (deg) 1 2
Wind speed (m s™1) 0.1 0.15
Launch frequency Once a day (between 23 and 01 UTC)
) Temporal (s) 2
Resolution Vertical (m) ~10
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Figure 2.1. Map of Antarctica. Meteorological stations conducting radiosonde

observations in Antarctica are indicated by red circles. The zoomed map shows

the geographical locations of Jang Bogo Station and Mario Zucchelli Station.
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Figure 2.2. Trajectories of the soundings each month from 2015 to 2016. The
trajectories are plotted in different colors depending on the altitude of the

balloons.
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Table 2.2. The number of available radiosonde soundings launched each month,
those passing through the tropospheric and stratospheric analysis layers, and
those satisfying IGW conditions in each layer. The superscript * denotes the

months when data obtained from the Mario Zucchelli Station (MZS) are included.

Troposphere Stratosphere
(2—7 km) (15—22 km)
Year Month Total No. of No. of No. of No. of
profiles  available %}Offée\;] available %}Offée\%
profiles analysis profiles analysis
2014  Decembers* 28 28 11 25 19
January#* 18 18 5 15 15
February 27 27 14 27 27
March 31 31 13 31 26
April 30 30 16 28 24
May 30 30 14 24 8
0015 June 29 29 15 1
July 31 31 12 0 0
August 31 31 8 1
September 30 30 14 23 12
October 31 31 15 28 21
November 30 30 11 30 18
Decembers* 31 31 16 24 14
January#* 29 29 13 22 22
February 29 29 17 28 26
March 29 29 14 27 25
April 30 30 12 30 26
May 27 27 14 26 9
2016 June 30 30 16 8 2
July 29 28 10 15 7
August 31 31 13 22 9
September 29 29 16 29 10
October 31 31 14 31 16
November 30 29 16 29 27
Decembers* 28 28 15 25 22
Total 729 727 334 554 387
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Figure 2.3. Time—height cross sections of the (a) zonal wind (U), (b) meridional

wind (V), (c) temperature (T), and (d) Brunt—V0OisOlO frequency (N) at Jang Bogo

Station.
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e 2 HoM = g #5 ARE oldd ' tEe VS V15 A
of d2] ARRHIL Q= o AEAE A=7F drid AR VA V& Z uE
U=A F7eh 2 Aol 4709 AEA o] AFEE AT National Centers
for Environmental Prediction (NCEP)$¢] Climate Forecast System version 2
(CFSv2; Saha et al, 2010, 2014), National Aeronautics and Space
Administration (NASA)$¢] Modern Era Retrospective Analysis for Research
and Applications (MERRA; Rienecker et al., 2011), European Centre for
Medium—Range  Weather Forecasts (ECMWF) Interim  Reanalysis
(ERA—Interim; Dee et al.,, 2011), NCEP/Department of Energy Reanalysis
2 (NCEP R2; Kanamitsu et al., 2002). MERRA Al&47o] 2016 2¥€=
T8 et 2 AT 2016 3E€HE 5 A4 MERRA-2 (Gelaro
et al., 2017) #=7} AREH U 7 QARG AR A Table 2.3 7]&H
o] At

Figure 2.4+ 2t <4 (Figure 2.3a—2.3c2} F4) 9 4719 XHT']:_L}HX]'(CFSVZ,

MERRA, MERRA—2, ERA—Interim, NCEP R2)°|A Zalyd ZAulzh(U), &
V), €5 (T) 9 At—31% g Toltt HluE g ARG 5= %*iﬂ

NANM 748 7k A AR ghe 1A Y SIAR 23F A9 B

Table 2.3. Information on the reanalysis datasets (CFSv2, MERRA, MERRAZ2,
ERA-Interim, and NCEP/DOE R2) used in this study.

B . NCEP/

Dataset CFSv2 MERRA MERRA 2 ERA-Interim DOE R2
Variable Zonal wind (U), meridional wind (V), and temperature (T)

Period 14 December 2014 - 31 December 2016 (25 months)
1:[(;%%11?1?{(?111 Four times a day (6 hour)

Model T382 0.5°%X0.667°  0.5°%0.625° T255 T62
resolution 64 levels 72 levels 72 levels 60 levels 28 levels
Available -] o o o (-] (-] (-] (-] -] o
horizontal 0.5°%X0.5 1.25X1.25 0.5X0.625 1.5X1.5 2.5X2.5
resolution
A\;:';itl{aéglle 37 levels 47 levels 472 levels 37 levels 17 levels
resolution (1 hPa) (0.1 hPa) (0.1 hPa) (1 hPa) (10 hPa)

Data

assimilation 3DVAR GEOS 1AU 3DVAR 4DVAR 3DVAR
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Figure 2.4. Time—height cross sections of

meridional wind (V; second column), and temperature (T; third column) revealed

in the (a) radiosonde observations and the four reanalysis data sets at Jang Bogo

Station: (b) Climate Forecast System versio

Analysis for Research and Applications, (d) European Centre for Medium—Range
Weather Forecasts Interim Reanalysis, and (e) National Centers for Environmental

Prediction/Department of Energy Reanalysis 2. The dotted line represents 100 hPa

for an easier comparison.
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Figure 2.5. Differences in the zonal wind (U; first column), meridional wind (V;
second column), and temperature (T; third column) between the radiosonde
observations and the four reanalysis data sets at (a) 50, (b) 100, (¢) 500, and
(d) 700 hPa. The red, blue, cyan, and orange lines represent the CFSv2, MERRA,
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Environmental Prediction/Department of Energy Reanalysis 2.
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Figure 2.6. Tropopause height above Jang Bogo Station from December 2014 to
December 2016, which is -calculated using model—=level European Centre for

Medium—Range Weather Forecasts Interim Reanalysis data.
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Figure 2.7. Sample (a) zonal wind (first row), meridional wind (second row), and

temperature (third row) profiles displaying the interpolated data (black line) and

background profiles (red line). (b) Differences (the red, blue, and gray lines denote

the perturbations in the zonal wind, meridional wind, and normalized temperature,

respectively)

between the

interpolated profiles and background profiles.

(c)

Hodograph of the wind perturbations in the stratosphere on 1 February 2015.
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(1996) 9] Stokes parameter spectra WHES o] &3 H529 HF Hx (degree

of polarization; dp)E 7AAFeF3t}. Stokes parameter I, D, P, Q= o9} #t}.

I=fm|zl<m>|2+lz?(m)|2, @2.1)
D= /m ulm) | [om)|?, (2.2)
p= fmzzze[m*(m)a(mﬂ], (2.3)
Q= fmzfm[lﬁ*(m)é(m)H. (2.4)

o] 714, I+ throughput parameter, D+ throughput anisotropy parameter, P

T—

= linear polarization parameter, ) += circular polarization parameter©]il,
W v 247 FAuEY G582 Fourier coefficient, YA *&= Ad B2
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£ YEtdth Stokes parameter® o8l dp= thad 2ol ojEH,
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Figure 2.8. Time series of the rotary ratio (R) of the anticlockwise rotating
component to the total rotating components (anticlockwise + clockwise) for each
observed wave in the (a) stratosphere and (b) troposphere. The black lines
across the graphs represent the 0.5 value. The red (blue) circles denote upward

(downward) propagating waves with R values greater (less) than 0.5.
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Figure 2.9. (a) Time-height cross section of |RNBE| above JBS during the data
period. (b) Polar stereographic projection maps of the horizontal wind vector
superimposed on |RNBE| (shading) at 3 hPa on 15 October 2016. Yellow circle
denotes the location of JBS. ]BS = Jang Bogo Station.
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(a) Stratosphere

80 -

Figure 2.10. Distributions of the intrinsic phase velocity (first column),
ground—based phase velocity (second column), and ground—based group velocity
(third column) for each wave observed in the (a) stratosphere and (b)
troposphere. The red and blue circles denote the upward and downward

propagating waves, respectively.
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(a) Troposphere (b) Stratosphere
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Figure 2.13. Scatter plots of kinetic energy (first row), potential energy (second

row), total energy (third row) per unit mass, and the energy ratio (fourth row) for

each wave observed in the (a) troposphere and (b) stratosphere. The black lines

across the graphs represent the average for each value. The red and blue circles

denote upward and downward propagating waves, respectively.
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Table 2.3 2} 7|Aollq T35 £4% o7 733 B9 959 Fd L
Aer, 94 34, 38 34, sbw duAE debd Folth #4931 Zlolg F
Hus FE5E WHE v dFor2RE R 7Med 9E59 A A7 3%
o) 1 01 i ]qx] N Apol7} WAstE R, Mokl Hlwe] 9l

ol

B AN BER FERE Fr 94 FRRQ-20E A, A4 93
el

& 1-2 km, 7% & 1000 km o e] 22 EE KT o= TE 7|A

A #E5E FETe] ST oiA®E dAITh A1k Zlol7F 16 kmE 7HE

Z ™ Murphy et al. (2014)oAE #58 T A4 > 2 A2 %9

Aol dAETE 1 ol UA AFP ROl wavelet +4 WHoRE FEHIE F

3ol et Fal shesh dE e A7 o] #AF e 1/6% AldE 7] wiol

o}, 3, Yoshiki and Sato (2000)2 A2z 3S AAsk= do 2—-8 km9
w

band pass filterE 2-§3to], FERI7|A A #59 ZRTE & 72 (4 kme <
A 9kg 3 2000 kmol’de] FH3) 9] o] #AZH

oM #=E WA FTEIY] 1RAEFe AAFAD) e 152 HE/
Hits B3low, A7 3 £ 4509l 1.1
7 km=z HYge B3Av SAHRAE S8 At

km=z FHE@ks, 7F= @)= 1

9 79 94e 190 240 kmZ HAS, 690 120 kmZ HEHS 7HE (R
o|x] ¢r5). o9k e AE WEES Innis et al. (2004), Moffat-Griffin and
Colwell (2017)9] A¥te} AA3Th Ao B5E vso] ¢ 71 44 3439} =&

AFETE A= olfr= WA wbdol Azl AA F7hgel wel Doppler

AR uNA N ASFH SFAUAE 2-5 ] kgloly, AAjHAE 0.5-1.5 ]
kg! o|t}. o]= Innis et al. (2004) 9} Pfenninger et al. (1999)c|x Hojx =
gt o2 A7) 2} vl skARE, Moffat—Griffin et al. (2011), Moffat—Griffin
and Colwell (2017), Murphy et al. (2014)°4 Loz oA H}y & Zholt)
olAH Attt YT} AUX|7F thE olfre Y I AES A oske W o

_72_



Table 2.4. The monthly averaged wave characteristics (intrinsic frequency and
wavelengths) and wave energy density (kinetic and potential energy densities) in

the lower stratosphere observed using radiosonde data from Antarctic research

stations.
Analysis trini Wavelength Wave energy
ntrinsic -1
Reference Station altitude ; (km) U ke )
requenc
range d Y >\z >‘h EK EP
50- 0.5-
Yoo et al. [2018] (712%8 ]f’gf%) 15-22 km 1.5-3.5¢ 2| oo 2-5 e
Moffat-Griffin 50- 0.6- 0.04-0.
and Colwell (75%6‘“% W) 15-22 km 1-2f 1-2
[2017] 150 1.9 2
Casey |
(66°S, 110°E) 1.5¢f
Innis et al. Davis _ (summer) _ 80- _ _
(68°S. 77°E) 13-20 km af 1-2 120 2-6 0-1
Mawson (winter)
(67°S, 62°E)
Yoshiki and Sato Syowa,_ B _ 200-2 0.1- 0.2-
[2000] (69°S. 39°F) 15-20 km 10/9-2f 4 000 0.8 05
Murphy et al. Davis _ B B 100-6 _ 0.1-0.1
[2014] (68°S. 77°E) 15-31 km 1-2f 1-2 00 0.3-0.4 3
. Amundsen-
Pfenninger et al. Scott 15-25 km X X 1-11 | 05-3
[1999] (90°S)
Moffat-Griffin et Rothera _ _
al. [2011] (67°S. 68°W) 15-22 km X X 0.2-0.6 | 0.2-0.6
g7 wEolth o & YA #xE B A '§C5_%L(Pfenninger et al.,, 1999;
Innis et al.,, 2004; Yoo et al., 2018) &< =83 Aol w43 7] A+

oA wiE 7] AEE W Ao Fow ‘%}‘?i(\/incent et al., 1997), #2
UAZS He Al A7 (Moffat—Griffin et al.,, 2011; Murphy et al., 2014;
Moffat—Griffin and Colwell, 2017)+= wavelet &4 WS 283t wet A%
% spectral energy? peak’} YEI}E= wavelet?S FE&Y] gy AHEC
ZA7ek3l7] otk Yoshiki and Sato (2000) HE3$t band—pass filterg 2 &%
of whet A7} iAo ® AA vERsT

FERUZA A #5E FE I BT FolUA, FAAUA, FAuA] AH
HEAdS Aurd, 9do HUghS, 5€els 7 ¥Al Hugs Btk o= ¥

=

To] 9% Rothera 7]|A oA YeEbG 283 oyxe AA WEAy Axs=
" (Moffat-Criffin et al., 2011), 2 9€o] 3t M| peakE Hol: tfE 71X 9}
o] Axol= vr=A vERth Moffat-Griffin et al. (2011)& =FoF A E7} 535
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Figure 2.15. (a) Scatter plots of the intrinsic frequency divided by the Coriolis
parameter (first row), vertical wavelength (second 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
propagating 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. (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.
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Figure 2.16. (a) Geographical distribution of the termination positions of the rays

traced down to the troposphere (red cross), tropopause (green cross),

and

stratosphere (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 2.17. Vertical locations of the potential sources of IGWs.
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Table 2.5. Diagnostic methods used to identify the potential sources of the IGWs
within 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 ranges (z

= * 2 km) from the termination position at the nearest time.

Source Diagnostic method

. i) Slope of the topography

! Orography i) Gravity wave phase velocity < 10
ii Surface front FF > 0.1 K? (100 km) ?h !

iii Convection hourly < ipitation = 2.5 mm hour '
iv  Flow imbalance |ANBE| > 15x10 ° s 2

A Jet stream .. . i)

ii) Wind speed > 20

2 &2 ZoEdrt. ECMWFAA Al 3%+ ERAS AHE+ 0.25° 9 3 a4
T2 7}x¥ 1000—1 hPaztA] 37719 7 =< 7}x]ﬂj:: e 75 Hx 2
o g 2 A7 AL 120 km$ 1-3 kmoll st}

£ 7|¥FO 2 Vincent et al. (2007) NOAA 5" X5 A=} A
Az AP AAIEE AArs] g@HbE Akety) njatel Ty ul A X
p=a

joog
B3k np 9t} 2 Ao A= Vincent et al. (2007) 9] HPHES A &3 Aol =g
ko] wAS Hdsls 218 v o]l dAskt. dol7l 0-6 kme 1%
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Observation . 2016-01-16-00UTC
Termination : 2016-01-11-04UTC | 164.72°E, 76.04°S, 2.16 km

(b) 2016-01-11 06 UTC 850 hPa (C) 2016-01-11 04 UTC 600 hPa
80"3/\

170° 160°E —

Slope (mkm ™) Vertical wind (m s™)

BEEN- "NEEN I BEEEeas
t 3 &5 7 9 11 13 15

-1 -07-05-02-01 0 0.1 02 05 07 1

Figure 2.18. (a) Ray back—trajectory of the IGW (red line) 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 elevation (brown line), slope (shading), and 850
hPa wind (arrow) at 06 UTC on 11 January 2016. The black circle represents the
spherical diagnostic area corresponding 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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F=ael 400 S-60° S YEFHA A FFo] s dojutii= FHellA,

A B=" Zgao 7153 ddo®E AT v E £ A f’}%J
A=A BAS Eg Griffiths and Reeder (1996) % Reeder and Griffiths
(1996) = A ¥ (frontogenesis) = W IS 7FE X 2= Wake] B X+
3ol AEaA A FTHIe Fyot dxolel A<ksk wlh v}y, Charron and

o 8= (frontogenesis function: FF) S o] &3&] z 4
o3t T WA VeSS st AAd FHEHI 24sE e bk gk A4
W k= ol ol ol (Miller, 1948; Hoskins, 1982):

FFZLDWW:_( 1 ﬁ)Q( 1 ou_ wvtang _(ia_e)[1 av]
2 Dt acosg oA \acosp oA a a 0¢) |l a d¢p
1 a0 \[1 60 1 1 ou  wutane
(aCOSgb 8)\)(a 8¢)X(acos¢ 6)\+ a 8¢+ (2.40)

AZ1N, 0= &9, ush v FANER ERE A% g AR A%, e AT

w ATAE FFE ol&al A4 T3 #4s Adsts 201E va3 2o

A7 3tk (Charron and Manzini, 2002). X < oAl #olo 4 T8 A

HozKE 3N olue] +4 FE IEEHEH 2 km U BE nZdA

olgt Axt®l FF 7} 9AIAQ 0.1K*(100km) *h ' A%, AXg w5 4

O AFsirh & ATl 757 S B QXM= AR §F
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Observation : 2017-02-15-00UTC
Termination : 2017-02-11-00UTC | 136.23°E, 45.51°S, 0.16 km

(b) 2017-02-11 00 UTC (C) 2017-02-11 00 UTC

140°E 135

Frontogenesis function (K? (100 km)? h™) Vertical wind (m s™)
[ [ N | [ [
3 2 -1-07-05-03-01 0 01030507 1 2 3 -0.2 -0.1 0 0.1 0.2

Figure 2.19. (a) Ray back—trajectory of the IGW (blue line) 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 are
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 perturbation (shading) at 650 hPa with potential
temperature (purple line) at 800 hPa at 00 UTC on 11 February 2017.
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Observation : 2017-10-31-00UTC
Termination : 2017-10-28-23UTC | 95.35°E, 50.33°S, 3.14 km

(b) 2017-10-28 22 UTC (C) 2017-10-28 22 UTC 500 hPa

55°g,

/

100°E 95°E 100°E 95°E

Precipitation rate (mm hour™) Vertical wind (m s™)

0305 1 15 2 25 3 &5 7 -1 -05-03-02-01 0 0.1 02 03 05 1

Figure 2.20. (a) Ray back—trajectory of the IGW (blue line) 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 are
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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180
Observation : 2016-03-26-00UTC
Termination : 2016-03-21-01UTC | 16.14°E, 55.53°S, 13.17 km

(b) (c)

2016-03-21 00 UTC 175 hPa 2016-03-21 00 UTC 150 hPa

RNBE (10 s?) Vertical wind (m s™)

1.5 1.8 21 24 27 3

0 0.02 0.04

Figure 2.21. (a) Ray back—trajectory of the IGW (red line) observed on 26 March
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 are
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 perturbation (shading) with the horizontal wind speed (purple
line) at 150 hPa at 00 UTC on 21 March 2016.
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Observation : 2015-11-23-00UTC
Termination : 2015-11-18-14UTC | 28.01°E, 68.23°S, 16.68 km

(b) (c)

2015-11-18 12 UTC 100 hPa 2015-11-18 14 UTC 100 hPa

RNBE (107 s Vertical wind (m s™)

T [ T T T BT ) [ [
27 3

1.5 1.8 21 24 -0.035  -0.01 0 0.01 0.035

Figure 2.22. (a) Ray back—trajectory of the IGW (red line) observed 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 are
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 (purple
line) at 100 hPa at 14 UTC on 18 November 2015.
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Table 2.6. The number of rays categorized in each possible source.

Terlrgsi,rg;tion Possible source The rélvr%;;) er of Uncategorized
Stfat[%%%here Flow imbalance 42 26
Tropopause Flow imbalance 36 / 39
[68] / Jet stream 11
Orography 35
TFOI[)&SIZJ%IGI”G Surface front 37 35
Convection 28

5 T 31%(35/68) 2 dHo] wotwx] ¢k, thFdAA A}
Aol 22 47%(32/68)2F 38%(26/68) 2 &2 Axo]
|

spobel e WE F RS G 1 9ol 43 FR A7)

AT F 1A BYH ARR Aot FuL A At i, W 2
ioerde o7lE diFe A BEo] A weslA sk Aol o] ¥ ol
oA meeA e FEve w gE 99 feA S AE w9, S A
g it FEshe] 97 ster wel A Qo] 9FS WE sl
2.3.1 %% 979 Bx
Figure 2.23& Ae] wel BR® 359 954 A2 vehd Zolth 359
A73 A% SAol AUE Ad WMEAS 248 S8, ol BSE AL

el BE Mo wEel of

dgo] B fIA el BRIV AR L] AL Ao wEk v gEA e
Aot T FR 24 A% Ax AAEZE v =2 A fleA] e

kA (Figure 2.23a), & =83 dlk oA F2 AT (Figure 2.23¢).
60° SHTF AYEolA HAIst 30%(8/28)2 dWliF THI+= A3A+F Choi and
Chun (2013)°lA B 1% v} A= ¥ storm—track Ao ZHE 2HAISE o F
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90W | -

Figure 2.23. Back—trajectories of the rays associated with (a) orography, (b)
surface front, (c) convection, (d) flow imbalance in the tropopause, and (e) flow
imbalance in the stratosphere. The colors of each ray—trajectory represent the
season in which the wave is observed. Blue, green, orange, and red represent

summer, autumn, winter, and spring, respectively.
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o A FHu7E BT IR e vjaker Ik g Ao S
}(Hendricks et al., 2014). i+ !

TolA Aus 9, i FAAEY AsHd 55 B el o)
55500 S By moERe A AEoA ubys) duts)
< g e =R FEerl R0 w Hel dust =
el o] o]Zel Vwts = T FH B AA T o8 EYA F
= 9 2 257 A&l Z5-49S ¢ 5 Ao (Song and Chun, 2008; Senf and

Achatz, 2011; Choi and Chun, 2013).

32

2.3.2 T3 2B A2 HFA

Figure 2.23°]4 Holx nle} o] 7z} AFof whal vk w2l ol 24 9
29} 1o wE #F AJG7R 9 Ao AE HFA o] YELSTE Table 2.7 7+
AAT} AAe] wel G St MEFE UERA ot vE e o4 B4
7

of Ab&E o] 7t vE AL (A5, 7h=, =l A4z 8770, 7778, 6570) o H]

Table 2.7. The number of rays categorized in each possible source in each

sSeason.
Termination . Summer Autumn Winter Spring
layer Possible source |~y ) (MAM) (WJA) (SON)
Orography 23 6 1 5
Surface front 13 12 4 8
Troposphere
Convection 17 8 0 3
Total including
uncategorized 49 29 5 29
Flow imbalance/
jet stream 12 /1 14 / 4 2 /1 8/5
Tropopause Total includi
otal including
uncategorized 23 28 4 13
Flow imbalance 6 10 9 17
Stratosphere Total includi
otal including
uncategorized 15 20 1 23
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Figure 2.24. Intrinsic frequency divided by Coriolis parameter (first row), vertical
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associated with orography (purple circle), front (blue circle), convection (green
circle), and flow imbalance (red circle) at the time of (a) generation and (b)
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Figure 2.25. 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 1is observed. Cyan, purple, red, and orange

correspond to summer, autumn, winter, and spring, respectively.
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Figure 2.26. Distribution of the phase velocities for each wave associated with (a)
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generation (upper panel) and observation (lower panel). The colors of the circles
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Figure 2.27. Scatter plots showing the linear relations between the background
wind and phase velocity of the waves associated with (a) orography, (b) surface
front, (c) convection, and (d) flow imbalance at the time of generation. The colors

of each mark are the same as those in Figure 2.25.
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