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Abstract

It is well known that atmospheric Rossby waves (RWs) and gravity waves (GWs) excited
mainly in the troposphere, propagate upward, and drive the general circulation in the middle
atmosphere by transporting momentum. The momentum transports by GWs and RWs have
conventionally been investigated separately. However, several studies using a high-resolution general
circulation model (GCM) that explicitly resolves GWs have reported that GWs are radiated from a
distorted RW in the stratosphere. Furthermore, studies using a high-top GCM permitting GWs which
covers from the ground to the upper mesosphere and above have shown that in-situ RW generation in
barotropic and/or baroclinic instability is maintained by the GW forcing in the mesosphere. Thus, we
have glimpsed the interplay between RWs and GWs, which is a part of relations between atmospheric
phenomena having different temporal and spatial scales within a hierarchical structure of the middle
atmosphere including RWs and GWs. A few studies have attempted to elucidate the hierarchical
structure of the atmosphere composed of various phenomena having different scales.

Recent studies that compared satellite observations and GCM simulations suggested that
GWs generated around the Antarctica significantly contribute to the middle-atmosphere general
circulation, but the observation of the Antarctic atmosphere was a challenge due to the harsh
environment. In, 2011, the Program of the Antarctic Syowa (PANSY) radar, which is the first
Mesosphere-Stratosphere-Troposphere/Incoherent Scatter (MST/IS) radar in the Antarctic, was
installed at Syowa Station (69.0°S, 39.6°E) and it enables to examine RWs and GWs in the Antarctic
regions using direct measurements with a fine vertical resolution. The purpose of this study is to
elucidate the hierarchical structure in the Antarctic atmosphere over broad spatial and temporal ranges
from Kelvin-Helmholtz (KH) billows to the polar vortex, based on the observations by the PANSY

radar and radiosondes with high accuracy and resolution at Syowa Station as well as numerical
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simulations using GW-permitting GCMs. In particular, this study focuses on the atmospheric
phenomena observed at Syowa Station during the observational campaigns performed in 2019.

In Chapter 2, we focus on the dynamical relations among relatively small-scale phenomena
from KH billows to synoptic-scale waves. During 14-24 March and 2—12 August 2019, observation
campaigns targeting atmospheric turbulence in the troposphere and lower-stratosphere were
performed using the PANSY radar and radiosondes. The PANSY radar performed the observation
with the frequency radar interferometric imaging technique, which provides the data with high
resolutions in time and range. A total of 73 ‘S-shaped’ structures, which are characteristic of KH
billows, were detected in the time-height section of echo power during the campaigns. Numerical
simulations using the Non-hydrostatic Icosahedral Atmospheric Model (NICAM) were also carried
out in order to investigate the spatial structure of the atmospheric phenomena related to the generation
of the observed KH billows in these periods.

First, a detailed analysis for the observed KH billows was performed. Since the height and
time regions where clear KH billow structures were found were limited, we focused on two
representative examples out of all observed KH billows. The first case is the KH billow with the
longest duration, likely excited by a strong vertical shear associated with orographic GWs according
to the analysis based on the observation as well as the NICAM simulations. The theoretically infinite
wave periods and steadily maintained phase structure of orographic GWs are consistent with the long
duration of this KH billow. The second case is the KH billow with the deepest vertical structure. The
KH instability of this case was likely caused by upper-tropospheric jet associated with a cyclone.
These results indicate that there are at least two excitation mechanisms of KH billows in the Antarctic
region. These two excitation mechanisms reflect the characteristics in the Antarctic: steep coastal
topography and well-developed synoptic-scale cyclones.

We also examined the most unstable modes expected from a two-dimensional linear
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stability theory applied for the idealized background field of the two cases mentioned above. The
most unstable modes have horizontal wavelengths and depths that roughly match those of observed
KH billows. These results suggests that the observed KH billows are consistent with the maximum
growth mode expected from linear stability theory.

This study also showed the dynamical statistical characteristics of KH billows in the
Antarctic for the first time. The mean and probability density function of the horizontal wavelength,
thickness, and aspect ratio of all 73 observed KH billows waves are almost the same as those
estimated by the mid-latitude observations. It means that the dynamical properties of KH billows in
the Antarctic are found to be similar to those in mid-latitudes. On the other hand, the magnitude of
vertical shear of the background wind is about 60 % of that estimated at mid-latitudes. Moreover, the
wave period of the KH billows is about twice as long as that at mid-latitudes. This result probably
likely reflects that the tropospheric jets over the Syowa Station are not as strong as those over Japan.

In Chapter 3, we focused on the dynamical relations among relatively large-scale
phenomena from GWs to the polar vortex. Specifically, we examined the time evolution of the
dynamical properties of GWs and RWs during the Southern Hemisphere stratospheric sudden
warming in September 2019 (SSW-SH 2019). Simultaneous measurements using the PANSY radar
and radiosondes were made from 26 August to 2 October 2019, targeting disturbances in the lower
stratosphere during the SSW-SH 2019. In addition, short numerical simulations using a high-
resolution (T639L340) Japanese Atmospheric General circulation model for Upper Atmosphere
Research (JAGUAR) were performed to investigate the dynamical properties of GWs and RWs
especially quasi-6-day waves (Q6DWSs) below the lower thermosphere. Some previous studies
reported that Q6DWs in the mesosphere and above were enhanced during the SSW-SH 2019.

First, using the PANSY radar and radiosonde observation data, the high-resolution

JAGUAR simulations were verified. It was shown that the high-resolution JAGUAR reproduced
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GWs in the lower stratosphere well, but the amplitude of the simulated vertical wind disturbances
associated with the GWs was about one-fifth of that observed.

Next, we examined the spatial distribution and time variation of GWs during the SSW-SH
2019. We found large negative momentum fluxes associated with GWs in the stratosphere above the
Andean Mountains and the Antarctic Peninsula before the SSW onset (7 September) and above and
leeward of the Ross Sea after the onset. On the other hand, in the mesosphere (especially above z =
75 km), largely negative momentum flux was observed to the south of 40°S before 3 September.
During 3-10 September when the polar vortex became obscure, positive momentum flux was seen
around 60°S. After 10 September when the polar vortex reappeared, negative momentum flux was
observed again to the south of 40°S, although its magnitude was smaller than that before 3 September.

We also investigated the dynamical characteristics of Q6DWs using the JAGUAR-Data
Assimilation System (JAGUAR-DAS) analysis data and high-resolution JAGUAR simulations for
SSW-SH 2019. The JAGUAR-DAS analysis data which can be used for analysis of waves with low
wavenumbers enable us to analyze RWs for longer time periods. There were two types of Q6DWs,
one with eastward phase velocity (Q6DW-E) and the other with westward phase velocity (Q6DW-
W). It was found that Q6DW-Es were dominant to the south of 50°S before 10 September, and
Q6DW-Ws were dominant in both hemispheres after that in the mesosphere. The Q6DW-E and
Q6DW-W have a baroclinic structure in the vertical, which is different from a barotropic structure of
normal mode 5-day Rossby wave.

Excitation mechanisms of the Q6DW-E and Q6DW-W were investigated in terms of
Eliassen-Palm fluxes (EP fluxes) and modified potential vorticity (MPV). It was suggested that the
Q6DW-E is an unstable wave due to baroclinic-instability, which is conditioned by a pair of the
meridional gradient of MPV: a negative gradient in high-latitude mesosphere and a positive gradient

in the stratosphere. This inference is supported by the fact that the QDW-E was no longer observed
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after the negative MPV gradient in the mesosphere disappeared. On the other hand, the Q6DW-W is
likely to be an internal RW generated from barotropic/baroclinic instability in the upper stratosphere
over 60°-80°S. This dynamical instability was associated with the MPV maximum due to the
maximum of the static stability broadly existing over 40°-70°S in the upper stratosphere. We showed
that the static stability maximum was caused by a downward residual flow from z = 50 km at 80°S
to z = 70 km at 40°S. This downward residual flow was partly driven by a combination of the positive
RW forcing (eastward acceleration) expanding from z = 50—80 km at 80°S to z = 70 km at 40°S due
to the Q6DW-E and the negative wave forcing (westward acceleration) in the region from z < 50 km
at 80°S to z < 60 km at 40°S due to the convergence of RWs propagating from the mid- and high-
latitudes troposphere. In addition, a pair of the positive GW forcing in the polar mesosphere and the
negative GW forcing in the stratosphere contribute similarly to the downward residual flow at almost
the same magnitude. It was also suggested that the Q6DW-W originated from the Southern
Hemisphere and spread the Northern Hemisphere. We suggested that the positive GW forcing in the
region where the polar vortex shifted to the lower latitudes due to the SSW play an important role in
the excitation of Q6DW-W in September 2019. This is consistent with the most obvious dominance
of Q6DW-W in September 2019 during 2015 and 2020.

In this thesis, we examine the relations between phenomena with different scales in the
atmospheric hierarchy structure. In the first half, we suggested that orographic GWs and cyclones
having the enhanced upper-tropospheric jets likely excited KH billows in the Antarctic coastal region.
They are characteristic phenomena in the Antarctic coastal region. In the second half, we confirmed
that RW and GW forcings weakened the polar vortex and eventually led to the SSW-SH 2019. We
also showed how the GW distribution varies with the shift of the polar vortex during the SSW-SH
2019. For Q6DWs, we indicated that the mesospheric RW and GW forcings contribute to the

excitation of Q6DW-E and that the Q6DW-E forcing and the GW forcing distribution associated with
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the shifted polar vortex likely contributed to the excitation of internal RWs, namely Q6DW-W, from
the barotropic and/or baroclinic instability. However, the relations among atmospheric phenomena
with different temporal and spatial scales shown in this study are only a part of the hierarchical
structure in the Antarctic atmosphere. More studies based on both high-resolution observations and
numerical simulations utilizing GW-permitting GCMs are necessary to understand the hierarchical
structure further. By extending the analysis period longer, it will be possible to examine seasonal and
year-to-year variations in the relationships within the hierarchical structure.

In particular, an accumulation of case studies is essential for elucidating whether there are
other new excitation mechanisms of KH billows and for statistical significance for the mean values
and probability density function of characteristics of KH billows in the Antarctic. It is also interesting
to confirm the robustness of the excitation mechanism of Q6DW shown in this study. The examination
of the interannual variation of Q6DW is necessary in terms of the Q6DW-E and GW forcing, which
are a key for the excitation mechanism of Q6DW-W. The investigation what determines the time lag
between the appearance of the barotropic/baroclinic instability and the onset of QDW-W dominance

is also future work.

vi



140

145

150

155

®HE

FICNTRE T T e v X e —R L EPEIE. WHE D & s A E O E R
[OKRAAMEREWH L CHWE e BHONT WS, TNET, AT —LDORRLZENHK
& a A — P oEEREE N AL ICGERI NG 2 &% o7z, L L, EHEERET
2 REKIEERE T N V72— O X, EIJEARJEE O WA 721 2 e —Kh bIK
HINHTEREL T\, Tz, TEHEEZ CHET 24 by ThOoRBRERK
SATEERE T V2 72058 1E, EHEBTER L 2 h BB O AL E RS2 O v A v —H
FETDLILRRLTWS, TOXIIC, B AL —REENEBXAF 1y 7 ITHENER
T rREmEOFErHE R b hTwb, —J5, FEBLIH & Afke 7 LV EERH b EIJKD
R T 7 v 7 RORESA KL 201520 5. hERKARIEER IC B 5 g o ®E )
WOKRENIMDTRENZ ERTFHINTVWS, LA L, A7 —LDHRL 23 KABRE D
AR Z &D 7. RAOREMEZ FEICEEL X5 LI 2RI P 7w, I HIC,
FARRIE 13 Z M 2 BRI OSB3 L Ch W I EN T 5, RS0 HIVIZ,
MRIAAI L (69.0°S, 39.6°F) IC#%iE X 4172 PANSY L — X — D EEE - B fRae Bl & |
BN % GG T 2 SRERERIERT 7 VO BBFEE O M /715D \v T, Kelvin-
Helmholtz (KH) 2> & #ii# £ COIRWKFER R 7 —VICH 5, MK DR ERE % E 8
PICHRfRES 2 2 & TH 5, FRICARGSCTIE, 2019 F BRI TITb N2 8Ll v v~
—VICTIZ ONEREHRICERT %,

92 ECld, KH A o B BIRENIC B 2 MR O BERED 5 . HilRm
INAT = OBIRBI DI FHIBIRICER L7z, 2019 3 H 14 H2 5 24 H, 8 H2H2 5
12 HiCcx e & TEREE o KRGl E 2 —7 v F & L7z PANSY L —X—& V4 Vv

T R [FHIL 228U v v — v & 20 HIEIZEME L 72, FFIC PANSY L — X — o J BEH I

vil



160

165

170

175

180

THEHE (FII) € — F 2 H 280 % T KT & @7 I SRR R shiE e & =
2—REDOT — 2R HUF L, Z oW, = o — S o REE S W 2 & . KH ISR
W7 S RIS HE T 3 il S iz, £, KHEEE DO L2 EZ b5 KA
RROEMEE TR 2 72012, FEFFIE 20 HAE KK E T (NICAM) % v 72 F
BB b 2 CHEME L 72,

T3 REH O CRICRHEITN A HE % R o T\ 7z 2 DD KH KIS D W CHpIfE
W& AT o7, fd MR A R 2> o 72 KH 3% (Case A) (3R E 131 5 BV ERTE > 7
IC X o TR X Nz ATREME DS E W & & 2390 A o5 72, Case A DREEIFEI 2SR v 2 & i3, HJE
WE o i FRRTh 5 2 & L HIBHE R OREMEME S ER b L L
LEENTDH D, —T. OIMETAICERCGEZ A L T/ KH K (Case B) 1, F&EL
TARSUEICRE 9 EEHRE O 2 = v M X o TS & n 7zl HEME DS E v & & 28 NICAM
REBOER DO h o7z, Ubd b, RO KHKICIZAR LD 2 20 A H =
RLDBH 2T LB DI I8 57z, HITGTEE I & FHE L 7R KUE 1L FRIEIC 35\ CREE
MR RGIHRTH L LRHMLNTWS,

Ric, MEREWEGRD? O RO ONTZROALERE— FEHR7ZL A, F:fl
AT A L2 KHBE e X B ERRk bz, £72. A5z, MBSO KH D
JIZERIR I 12 U TIEEHIICR L 7o, BERHIENT 2> b1k, KH D IRR. A, fitkito
flid. PRECET2EHEL IZIEALCTH I LB Dok, —H. BREDHE Y
T OIS X THREEBII O 60 % 2T, KH o I HEEICE T 280 2f5TH -
Too T, WBRIEM E2ZOXRE Y = v FAHALEZEONREY = v b &R THW
TE ML MREEEZLNS,

%3 TR, BEAOM» OMIICE S, KA DREEMED 5 b IR R 7 —

viil



185

190

195

200

NOBIRBOBRICEH L7z, FrIC, 2019 4F 9 HICFAE L 22 P BRI B 22 A i b o
T e v 2 =KD N HFRRHEDO R ZAICEH L7z, A RF D 2019 4F 8 A 26 H A
510 H2 Hic2F <, A< ix, 8B ZER AR o T REEESL 2 Bl 2 — 7 >
P& L7z, PANSY L—X =t 794 v T ORBBEIF vy v _—vE2FEMBLZ, 7z,
HEAWKE v 2=, BRI 6 HIE (Q6DW) D M o R Z{L 2~ 2 70 ic, &
RS JAGUAR (T639L340) % F\»7-#uFK 2> & T EEE % CfR R 3 2 BUEFIRSEER b fF
HCERML 72,

PANSY L — X —t V%V VT OBHIT — 2 2 H\wC, SfE&E JAGUAR O
WEBREMGEEL 72 & & 5. ERE JAGUAR 1ZE ik & B b 5 T Hl e B o 3 R &
X ACHBELTWE 22 0h o7, —T7T. @R JAGUAR @ 7 D §E JEEEL
DRI IZ, HERROENHED /S BETH L LRSIk, $72. B EE0E
THEVEPEERIC > 7 b L 72 M 0 g oS AR 22 IS BRI L 7 RRICTE RIS 72 B & & 0¥ A
277,

PRI O BE I DN HICE R Lt 2T o7z & C A, BUEBZRAFRATICIET
¥ 7 AR & BB B B2, BUE B A ARSI X EEE O o R R4 L Z OJE T T,
R OB\ IIEENDERTH 5 2 B 0T, —T7, BE 75 km BTk, KEE%E
SAFRATRGE (358 < . RERAOHRFEESREINE 7 7 v 7 A0 40 LR IS L T
WD LT, 9 H 3 H2S 10 Hicid, MiEIZiHA LIEOHEBIE 7 Z v 7 203 60
BEABE I, Z OB/ NS 2072, 9 A 11 HURE, U@ Eh, A oER R
T v 7 AD M40 LR ICHN 2 A3, £ OKE IFERFARME Y /NS 2o 72,

K12, JAGUAR-Data Assimilation System (JAGUAR-DAS) f##fr 7 — & & &R

JAGUAR 7 —2 ZH T, # 6 HiE (Q6DW) D S #IFH % 7=, JAGUAR-DAS f#HT

1X



205

210

215

220

T =2k, v A= OMNTICIIERTRERBERIE LA L T3, SR QeDW
% N7 % 72 91T JAGUAR-DAS fi#liT 7 — X L 72, 22987 M D Q6DW I I3 B A
M A5 (Q6DW-E) & Ph A & (i AHSE A 7 (Q6DW-E) Dl /57 23 FE L T\ 72 & & 2397 >
o7z, oo ZEARFURATIZ QDW-E 25, 2R X Q6DW-W 23 gt o HrfEjfE LA |-C
HEL Tw/z, ¥ 512, Q6DW-E & Q6DW-W EEN AfE&EAZFHLTBY, / —<LE
— F o 5 HEDIEER G & 138 7r > Tz,

] QEDW DIt A H =X LI b HEHLZE 25, QoDW-E1Z9H 1H2H 6 HD
R D L 80 km 2> & FifE 40 FE D EE 60km IS N3 & ORILIBAL AL & . FfE 40 2>
b 80 FEDEIE 30 km T ICTEYE S % IE D RO A AL D W & RHIE 3 2 A% 9%
THBHAREMEDEm N &g h o7z, T, QDW-E R b k>72 9 H 10 HXU
B, B O & OFILIRM A sSHIE L T2l L AT S, —F Q6DW-W X, 9 H
10 H2>5 15 HICBiféE 50 FE 2> & Fafi 70 L. i 40-60 km \ICHFTE L 72 L - A LIE 2>
LRELENTH R A —KTH L AREESE G EBG o7z, TOMEE - HERLE I,
[FIREHA O = BE 40-50 km D A% 40 FE 20> & B 70 BEIC D 72 o TIA K 704 LT 7o i &8
DIERICTHE D B OMBARIC X > TERE LT\, RELREE AKX, 9H 7H2S 12
H O F#E 80 FED L 50 km 2> & FAfE 40 £ O L 70km ICH - TIEET 5 Tl & DA
Bh7zbLTwhkeEZLNS, O TR EDOERERIZ. Q6DW-E I 5 1E D @] & |
XL D> DARIE L 72 1 2 v — D IR HE 5 & D PRHIAEE L Twiz, 5T, AR
Tk, WEmNE U 72 i 80 FE O @ 50 km B2 & FAfE 40 £ D B EE 70 km 1S 21 THr
9 2 IEQ TN OS] &, MRS = v F 23 ZFEE L T % FEiE 80 & D & 40 km LA
T2 5 R 40 EOFEE 60 km (IS LA 2 BOEFEOWRESR D, v 2 e —HKoHim

HlEFREDORE T 2FRb, THEOEROIEHICK E &l z Rz LT\ 2 &p3nd



225

230

235

240

245

272,

KFFE TN 2D AT =L D5 2 RABIRMOMAERFREZ R L /-, =
Tld. KH MR LERRE Y = v b 2085 BB oK RIE I X - Tl
INB T EERFLE, HIPHEE PO El L MK ICERE 3 2SIl S b s iz
Yy MIFEBAEECREINABRTH L LML N T WS, FEFETIE, B AL —
W& B omEI SR AL, BEBERARRE D O L L BMER L 2, E 7k,
fE DM ~D > 7 Mgt o T, BRI ERREESZA L, EBEY 7y 7 2D
RESETTHRAFEDIZMT 2L DAL IC L, T2, MMRPRIEO v 2 v -k
EEIIE O W EEFIA, Q6DW-E D Ic EE A RE* BT B R LT, EHIC,
Q6DW-W D2 IC iZ, Q6DW-E ICff: 5 Pt D IE & & o il & . - = o ik
2 OARTE T 2 0 R — DB HE S B O PRE Ofhic . RIS E E 0 B o 5 )RR ]
LA D IE QB R H S EETH B 2 L BN L,

RWFFEAIR L 72 A7 — A DE 75 2 KABERB O ABIRIE, BRSO b & 1 it
D—FITEE v, TR IEBAKOBEMEDHEED -0t BIllL =7 VEBE
BROWM T % V7% AN A2 MAERZLERH 5, & bic, BEESEORHAE P
A E RIS 21013, & O I %2 L T 72 e AL ETH B,

W7z 72 KH JEOIEE A 1 = X L ORI, X Y #EFHICH B 7 KH K0 12 E 1R
DERM R E, BHIEITOBAERLAAIRTH S5, 72, PANSY L — % —&ll
2> HHEE T N7 ELIR O S EIEBURE & KAKRTEERE T VN DELIL- ¥ 7 A — X D22/ D
iz, RRKEBRET VN0 HRHASH OELIRA ¥ — 20 FREICKE CEHRT 2 L F 2
bhd, Ebic, KIFFETREINT Q6DW DJilie * /1 = X L DIREFICIZ. Q6DW D4 %

EEHOMB AL ETH D EEZ D, FFiC, QEDW-W DijfLicEETH L E 2615

x1



Q6DW-E (5 il & . 551L U 7o i i< A 5 Adsi e ] B8l o 1k o0 B s I o v T
FAEES ED XV L WERNRIET S5 RKD 5N b, HMEAMENLE? T L

T2 5 QDW-W DEBT 2FETDOLA LT 7DODRIICOVTORIRD SHOFETH 5,

250

xi1



255

260

265

270

275

280

Contents

AADSETACE «evevevererererereeeeeeeeeeeeeeererereresesesesesesesesesssssssssesasssesssssssssssnsnsssssssssssnsesasesnsnsssnsnsssnsnsnsnsnsnnnne i
L0} <Y o L1 xiii
Chapter 1. General INtrodUCHION ....ccciceveieiereiereiereiieeerccereeeseereeesesereeesesseeesessrnsesessnsesssssnsanes 1
1.1 General circulation in the middle atmosphere.........ccccoviiriieniiniiiiie e, 1
1.2 Hierarchical structures in the Antarctic atmoSphere .......c.ccevvveeecieeeceieiiie e, 3
1.3 The PANSY radar 0D SEIVAtION . ueeeeeeeeeeeeee e e e e e e e e e e e e e eeeeeeeeeeeeeeeeeeeeeeeeeeeeeens 7
1.4 General circulation models permitting gravity Waves ......ccceeccveeeeeeeesieeenieeeeneeeseeeeneeeennns 12
1.5 OVEIVIEW Of ThiS TRESIS tevnnneeeeeeeiiieeee ettt e e et eeeeeeeeee e eeeeeeeeeenanaees 17
Chapter 2. Kelvin-Helmholtz billows detected by the PANSY radar using a frequency domain
interferometry (FII) teCAIMEQUE. ......ccciivuuiiiiiiiiiiiiiiieiiitiniciiitietce e sarstec e e s s s sasasesessessenes 19
2.1 TNtrOAUCHION ceeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaeans II9— Ty I/ — U BRERINTVERA,
2.2 Data and methodology........ccceeeverueruerenuennnn II— Ty Ir/e— U BRERINTVERA,
2.2.1 The PANSY radar observations......... II7—= Ty I~e—REREINTIRA,
2.2.2 Radiosonde observations................... I Ty I=—0RBEBBINTVIERA,
2.2.3 NICAM simulations.......cc.ceeeeeeunn.. I Ty I=—0RBEBBINTVIERA,
2.3 RESUILS eeeeeeeeeeeee et e e e e eeeeeeeeeeeeeeeeaaaas Io—! Ty re—0REREINTVIHA,
2.3.1 Case StudiesS ....cccevueeeeeeeeeeeeeaeenennn. II7—= Ty I~e—REREINTIRA,
2.3.2 Statistical characteristics ...........oeunu.. I Ty I=—0RBEBBINTVIERA,
2.4 DISCUSSION «vveeeeeeeeeeeeeeeeeeeeeeeeeeeseeeeeeaeessaaaaens II9— Ty Ir/e— I BRERINTVIERA,

2.4.1 The most unstable mode expected from the linear theory.. T 7 —! 7'y 7<= — 7 B3 E R
INTwERA,

2.4.2 Development process of the cyclone associating strong shear .. T —! 7'y 7<= — 7 33

EFINTHWERA,

2.5 Summary and concluding remarks.................. T Ty I—RERINTHIEA,
Chapter 3. Dynamical analysis of gravity waves and Rossby waves in the neutral atmosphere during
the stratospheric sudden warming in the Southern Hemisphere in 2019...........c.ccccceiiiiiiiinnninnne. 20

3.1 INEEOQUCTION e eiiiiteeee ettt ettt ettt e e e e ettt e e e s e s snsrrre e e e e e e e ssnnnrnneeees 20

3.2 Data and methodology........ccceevvereenuereenueenne. II9— Ty Ir/e— I BRERINTVIERA,

3.2.1 The PANSY radar observations......... I Ty Ir=—0BERINTERA,
3.2.2 Radiosonde observations................... I Ty Irw—IBRERINTERA,

xiil



3.2.3 The JAGUAR simulations................. I Ty Ir~=—UBERINTVERA,

3.3 Dynamical characteristics of the SSW-SH 2019 and momentum budget during the SSW-SH 2019
I3 Ty r=—IREREINhTIEA,

285 3.4 Gravity WAVES...c.eeeeieererererereseneeseesesesesenas Il T Y I=—IBRERINTVIRA,
3.4.1 Gravity waves observed over Syowa Station.. T 7 —! 7y /< — 7 BEREIN T E
A

3.4.2 Spatial distribution of gravity waves in the Antarctic. T 7 —! 7'v 7<= — 7 BREE I 1

TWEHA,

290 3.5 Quasi-6-day waves (QODW).......ccerverueueruenene I3l T Y I=—IBRERINTVIRA,

3.5.1 Dynamical characteristics of QDWs. L 7 —1 7'y 7<= — 7 BEBEI N T I HA,

3.5.2 Excitation mechanism of Q6DWs..... T 7 —! 7'y 7= — 7 BREZRI N T I A,

3.6 Summary and concluding remarks.................. Io—! Ty re—REREINTVIHA,
Chapter 4. Summary and conclusion remarks .......cccceeieeerereeeieiieeeiersrereeereereeeresreeeseseseeeeesanns 21
295 ACKNOWIEAZEIMENLS .....veeeieeiereieieiieeeieicrereeeeeiereeessrreessesesereeesesaseessssnsesesesesnsesessnsessssssnnesasnns 32
RELEIEIICES .....nuuieiiiiiiieeeeeieiiiee et e eeeeee i teteeeeeeeee e satataaeeasasasasnsasasasasasasasnsnsntasasesasasasnsnsnsassassanas 34

Xiv



300

305

Chapter 1. General Introduction

1.1 General circulation in the middle atmosphere

It is well known that synoptic-scale Rossby waves (RWs), planetary-scale RWs, and gravity
waves (GWs) propagating upward from the lower atmosphere, having different spatial and temporal
scales, deposit momentum in the mean field at various height and latitude regions through their
dissipation and breaking processes. The wave forcing drives the material circulation in the middle
atmosphere. Figure 1.1 shows a schematic illustration of each dominant wave forcing and the residual
mean circulation, which is a good approximate of Lagrangian mean circulation, in the middle

atmosphere (Plumb, 2002).

MESOSPHERE

STRATOSPHERE

TROPOSPHERE

SUMMER WINTER
POLE POLE

Figure 1.1: A schematic illustration of the prevailing wave forcing (shade) and the residual mean
meridional circulation (arrow) in the atmosphere. The heavy ellipse denotes the thermally-
driven Hadley circulation of the troposphere. Synoptic-scale Rossby waves, planetary-scale

Rossby waves, and Gravity waves are labeled as “S”, “P", and “G", respectively. This figure is
adapted from Plumb (2002).
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The global atmospheric circulation pattern of tropical tropospheric air rising into the
stratosphere and then moving poleward and downward is referred to as Brewer—Dobson circulation
(BDC). The synoptic-scale RWs have negative wave forcing just above the subtropical jet (Lin & Fu,
2013) and are not able to propagate deep into the stratosphere (Charney & Drazin, 1961). Thus, the
synoptic-scale RW forcing drives poleward circulation in the subtropical upper troposphere and lower
stratosphere in the summer and winter hemispheres. This circulation is called shallow branches of the
BDC (e.g., Birner & Bonisch, 2011; Butchart, 2014). On the other hand, planetary-scale RWs break
in the middle stratosphere and drive a single poleward flow in the winter hemisphere, extending to
the middle and upper stratosphere. This circulation is called the deep branch of the BDC (e.g., Birner
& Bonisch, 2011). Because the stationary RWs cannot propagate into the summer stratosphere where
the zonal mean zonal wind is easterly (Charney & Drazin, 1961), the deep branch is not present in
the summer season. In the upper mesosphere, small-scale GWs from the troposphere break and
deposit the momentum. The GW forcing deaccelerates the upper part of the winter westerly jet and
the summer easterly jet and maintain a weak wind layer around a height (z) of 90 km. The GW forcing
also drives the residual mean meridional circulation from the summer pole to the winter pole in the
mesosphere (e.g., Holton, 1983).

Adiabatic heating (cooling) induced by the downward (upward) residual mean flow
provides the warm winter pole in the stratosphere and mesosphere (the cold summer pole around the
mesopause). The temperature fields maintained by the adiabatic heating and cooling much differ from
those expected from the radiative equilibrium. Moreover, planetary-scale RWs propagating up from
the troposphere with large amplitude often give a strong westward wave forcing in the winter middle
stratosphere. The wave forcing drives a strong poleward residual mean flow, and causes a strong

downward residual mean flow in the polar region associating with a sudden increase in temperature.
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The events with particularly drastic temperature increases (usually > 30—40 K in a matter of days)
and deceleration of westerly jet through the thermal wind balance can be classified as a stratospheric
sudden warming (SSW). Details of the SSW, including the definition of the SSW, are given in Chapter
3.1.

RWs owe their existence to a horizontal gradient of potential vorticity (PV) in the fluid. A
common PV gradient is the S-effect (e.g., Grose & Hoskins, 1979). Large-scale orography, thermal
forcing, and anomalous sea surface temperature are known to be primary sources of planetary-scale
low-frequency waves (e.g., Hoskins & Karoly, 1981). They are ubiquitous in the atmosphere (Vallis,
2017). On the other hand, GWs have sources in flow over small-scale topography, convection, and
jet imbalance (e.g., Alexander et al., 2010). A linear theory indicates that the intrinsic frequencies of
GWs are higher than the inertial frequency, which depends on the latitude where the waves are located.
The horizontal scales of GWs widely range from a few kilometers to more than a thousand kilometers
(e.g., Fritts & Alexander, 2003). In the real atmosphere, many studies have reported that the excitation
of GWs does not occur continuously or uniformly (intermittently). The intermittency of GWs
predominantly affects the vertical profiles of GW momentum flux convergence (i.e., wave forcing to
the mean wind) (Plougonven et al., 2013; Alexander et al., 2016; Hertzog et al., 2012; Minamihara et
al., 2020). For example, sporadic GWs with large amplitudes tend to break and deposit the momentum
on the background flow at lower heights than continuous GWs with smaller amplitudes even though

they are associated with the same mean momentum fluxes (e.g., Andrews et al., 1987).

1.2 Hierarchical structures in the Antarctic atmosphere
GWs and RWs do not act independently but also interact with each other. Sato & Nomoto

(2015) showed the interplay of GWs and RWs in the middle atmosphere. They indicated in-situ RW



355  generation from the barotropic or/and baroclinic instability. This instability is caused by a PV
maximum generated by GW forcing. This RW generation causes positive and negative forcing in

order to eliminate the PV maximum.

Hierarchical structure

Chapter 3

Kelvin-Helmholtz Gravity waves Synoptic-scale Rossby waves
billows waves Polar Vortex
(10 m - 10 km) (10 - 2000 km) (3000 - 5000 km) (2000 — 10000 km)

Chapter 2

Interplay between GWs and RWs
(Sato and Nomoto, 2015)

Figure 1.2: A schematic diagram of the hierarchical structures of the atmosphere. Each block
shows the name and horizontal scale of each phenomenon. The black arrow indicates the
interplay between GWs and RWs suggested by Sato & Nomoto (2015). The orange and blue
boxes indicate the parts of the hierarchical structure that we will focus on in Chapter 2 and
Chapter 3, respectively.

Previous studies also indicated that GW forcing affects the summer hemispheric part of the
360  winter deep branch and the low-latitude part of shallow branches of the BDC (e.g., Okamoto et al.,
2011; Seviour et al., 2012). Moreover, Sato & Hirano (2019) showed that GW's contribute to a higher-
latitude extension of the deep branch of the BDC in all seasons except for summer using modern data-
assimilation systems. This GW contribution is essential to determine the location of the turn-around
latitude of the BDC. These results imply that not only RWs but also GWs form and determine the

365  BDC in the stratosphere.
As mentioned above, there is a glimpse of the existence of a relationship within the
hierarchical structure where GWs and RWs with different scales interact dynamically. In addition, the

atmospheric hierarchy structure includes not only GWs and RWs but also atmospheric phenomena
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with broader spatial and temporal scales, such as KH billows, synoptic-scale waves, polar vortexes,
and the BDC. The relationships among atmospheric phenomena with different scales within the
hierarchical structure have not been fully understood (Figure 1.2).

KH billows are generated by a shear instability called the Kelvin-Helmholtz instability
(KHI) and eventually converted to turbulence (e.g., Browning & Watkins, 1970). KHI in the
atmosphere is characterized as the instability that occurs in a stratified fluid having strong vertical
shear of horizontal winds. From the previous observational studies, it is shown that the KH billows
in the mid-latitude are provided by a variety of atmospheric phenomena, such as cumulonimbus anvils
(Petre & Verlinde, 2004), GWs (e.g., Fritts, 1979; Luce et al., 2008), air flows over mountainous
terrain (Geerts et al., 2010; Mahalov et al., 2007; Medina & Houze, 2016), density currents associated
with a sea breeze (Sha et al., 1991), tropospheric jets (Chilson et al., 1997; Klostermeyer & Riister,
1980), cold fronts (Chapman & Browning, 1999; Geerts et al., 2006; Hardy et al., 1973; Samelson &
Skyllingstad, 2016; Takayabu, 1992), and mid-latitude cyclones (Trier et al., 2020; Wakimoto et al.,
1992). Nevertheless, there was no study of KH billows in the Antarctic based on direct observations.
In addition, there are not many studies that refer to the excitation mechanisms of the KH billows
observed by the remote sensing technique, not only in the polar regions but also in the mid-latitudes.

On the other hand, RWs have been examined by previous studies particularly for the
stratosphere. However, studies of RWs in the mesosphere are limited because not many general
circulation models cover the whole mesosphere, and observations of the mesosphere are difficult
compared with those of the stratosphere. Garcia et al. (2005) reported that fast traveling planetary-
scale waves are observed in the mesosphere and lower thermosphere (MLT) region by the
observations of the Sounding of the Atmosphere using Broadband Emission Radiometry (SABER)
instruments on board NASA’s Thermosphere—lonosphere—Mesosphere Energetics and Dynamics

(TIMED) satellite. They showed quasi-2-day waves with zonal wavenumbers (s) of 2—4 are observed
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during summer. Plumb (1983) also suggested that the quasi-2-day waves are generated from
baroclinic instability of the summertime jet. Sato et al. (2018) revisited and examined the mechanisms
of the dynamical instability from a PV viewpoint using simulation data over ~11 years from the
Ground-to-Topside Model of Atmosphere and Ionosphere for Aeronomy (GAIA) (Jin et al., 2011).
The model is nudged toward the JRA-25/JMA Climate Data Assimilation System (JCDAS) data
(Onogi et al., 2007) for the altitude range from the surface to ~30km (12 hPa) in order to realistically
simulate the quasi-biennial oscillation (QBO) in the equatorial stratosphere and planetary waves
originating from the troposphere. The dynamical instability condition is characterized as the
appearance of a PV maximum at middle latitudes. Poleward of it, the latitude gradient of PV becomes
negative. It was shown that parameterized GW forcings, which mimic the forcings due to GWs
originating from the troposphere in the GAIA, act to form the PV maximum in both the winter and
summer mesospheres. Strong RWs propagating energy upward are generated slightly poleward of the
PV maximum, which eliminate the PV maximum. SABER observations also reveal that waves with
a zonal wavenumber (s) of 1 having a period of 4-5-day are dominant in the mesosphere, albeit only
at certain times of the year. Lawrence & Randel (1996) pointed out that the 4-day wave appears in
association with the instability of the polar night jet in the winter hemisphere. It is also shown that
RWs with a 5-day wave period are observed by satellites and considered to be the gravest s = 1 normal
mode RW of the Earth atmosphere having symmetric structure around the equator (Salby, 1981;
Hirota et al., 1983; Hirooka & Hirota, 1985).

Yamazaki et al. (2020) reported that quasi-6-day oscillations in the equatorial electrojet
having an s = 1 westward-moving wave-like structure were enhanced in the mesosphere during the
SSW in the Southern Hemisphere in 2019. Several different excitation mechanisms have been
proposed: Doppler-shift of 5-day normal mode waves (Wu et al., 1994), excitation from baroclinic

and/or barotropic instability in the middle atmosphere (Lieberman et al., 2003; Liu et al., 2004; Meyer
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& Forbes, 1997), and propagating from the troposphere to the mesopause (Talaat et al., 2002). Thus,
the dynamical characteristics of waves with quasi-6-day wave periods observed in the mesosphere
are not fully understood.

The Antarctic region is one of the essential regions for the middle atmosphere, because the
start and end parts of the general material circulation are located in the stratosphere and mesosphere,
as shown in Figure 1.1. It is important to elucidate the dynamics of the hierarchical structure in the
Antarctic atmosphere, including GWs and RWs, which fundamentally contribute to understand the
material circulation further. Due to the harsh environment, however, observations in the Antarctic

were limited. In addition, high-resolution GCM simulations are still challenging for the MLT region.

1.3 The PANSY radar observation

The Program of the Antarctic Syowa (PANSY) radar was installed at Syowa Station (69.0°S,
39.6°E) in early 2011. This radar is the first Mesosphere-Stratosphere-Troposphere/Incoherent Scatter
(MST/IS) radar in the Antarctic (Sato et al., 2014). The PANSY radar is a monostatic pulse VHF
Doppler radar operated at 47 MHz in which an active phased array system consisting of 1,045
crossed-Yagi antennas is employed. Because MST radars receive scattering echoes from atmospheric
turbulence, the PANSY radar is able to obtain wind measurements under any weather conditions. As
the PANSY radar was successfully designed to save energy and can be operated with the total power
consumption less than 70 kW, continuous operation over years is possible even in the Antarctic where
the power supply is significantly limited.

A continuous full-system observation by the PANSY radar started on 1 October 2015. The
observations provide vertical profiles of three-dimensional wind data, including vertical wind

components. The time resolution is approximately 90 s, as an observation for the troposphere and
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lower stratosphere and that for the mesosphere are alternately performed. The time interval for the
one observation cycle is approximately 220 s. The range resolution (i.e., the vertical resolution of the
vertical beam) is 150 m along its beam direction for the observations of the troposphere and lower
stratosphere.

For the PANSY radar observations, five beams pointing to the vertical direction and to the
north, east, south, and west at the same zenith angle (6) of 10° are used. The accuracy of the line-of-
sight velocity is about 0.1 m s~1. The beam width of the PANSY radar observation is about 1.0 degree,
corresponding to a horizontal resolution is about 26 m at 1.5 km, 150 m at 10 km, and 350 m at 20
km, for examples.

The data is processed in the digital signal processing unit for pulse decompression, coherent
integration, and fast Fourier transform (FFT) operations to obtain the radio frequency spectra of back-
scattering echo power. Line-of-sight velocities are estimated from the Doppler shift of the frequency
spectra of echo scattered from the turbulences at each height using a least-square fit to a theoretically
expected Gaussian function. Vertical wind velocities are directly estimated from the vertical beam,
and zonal (meridional) wind components are obtained by combining a pair of line-of-sight velocities
of the east (V) and west (/) beams (the north (Vi) and south (Vs) beams). It is a great advantage of
MST radars that vertical winds can be directly observed. The radial velocities, Vg and Vyy (Vy and V),
are related to zonal (u) (meridional (v)) and vertical (w) components of winds as follows:

Vg = ugsinf + wgcos 8,
(1-1)
Vw = —uwsin6 + wy, cos @,
where ug ) and wg ) are zonal and vertical component of wind in the target volume of the oblique

beam pointing to the east (west). Assuming that the wind field is homogeneous between the beams at
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each height (i.e., ug = uyw = U, Wg = wy = W), we can estimate u as follows.

Ve —Vw
=—, 1-2
U 2sin@ (1-2)

In addition, by assuming that the flux and variance fields are homogeneous (i.e., upwg =

Uywiy = ww',u = ujz2 = u’2, and w2 = wjz = w'2) the vertical flux of zonal momentum
(u’'w") is estimated using variances of radial wind fluctuations (Vincent & Reid, 1983):
VE = uE sin? @ + ugwy sin 6 cos 6 +W cos? 0
(1-3)
and V2 = w{? sin® 6 — ujywyy sin 6 cos 6 + wyz cos2 6 .
The u'w’ is obtained from the difference of the variances of radial wind fluctuations from the east

and west beams (V_}é2 and V_‘;& :

2sin20 ’

(1-4)

u'w’ =
where the prime and overline represent GW components and a time average, respectively. The
meridional component (v'w’) can be calculated in the same way. It is worth noting that the
assumption used for estimating the momentum fluxes is less strict than that for the horizontal winds.

Continuous observation data with a fine time resolution over ~26 hours allows us to analyze
almost the entire frequency range of GWs. The frequency of GWs ranges from the inertial frequency
(f) of ~2m/(13 h) at Syowa Station to the buoyancy frequency (N) of ~27/(10 min) in the
troposphere and of ~2m /(5 min) in the stratosphere, when the Doppler shift by the background wind
is negligible. The buoyancy frequency is also called the Brunt-Viiséld frequency.

Using observation data from the PANSY radar over a year from October 2015 to September
2016, Minamihara et al. (2018) showed that frequency power spectra of u’ and v’ have an isolated

peak near the inertial period at Syowa Station (2/f, ~13 h) This maximum is quite remarkable in
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the lower stratosphere in the height region of z > 11 km. They also showed statistical characteristics
of the GWs having near-inertial frequencies. Throughout the year, GWs with upward group velocities
are dominant in the middle and lower troposphere. On the other hand, a considerable proportion of
the GWs propagates energy downward in the upper troposphere during all seasons and above a height
of 15 km in winter. The presence of the GWs propagating energy downward in the stratosphere is a
characteristic feature in the Antarctic (Yoshiki & Sato, 2000). These results suggest that plausible
candidates of the GW sources over Syowa Station are topography (Minamihara et al., 2016), the
tropospheric jet, and the polar night jet.

Furthermore, Minamihara et al. (2020) examined the intermittency of GWs having near-
inertial frequencies observed by the PANSY radar in the troposphere and lower stratosphere. They
showed that the intermittency is large in the troposphere and small in the lower stratosphere. They
suggested that the generation and the partial reflection of GWs play an important role in determining
the vertical profile of GW intermittency. It was also shown that the intermittency is large even in the
stratosphere a few times a year when quite strong tropospheric disturbances penetrating the
stratosphere are observed.

Yoshiki & Sato (2000) examined GWs in the Antarctic lower stratosphere using operational
radiosonde observation data taken at 21 stations located at high latitudes of the Southern Hemisphere.
They showed that the GWs over Syowa Station have typical characteristics as those in the coastal
region of the Antarctic continent. In the Antarctic, the potential and kinetic energies of GWs vary
annually and are maximized in spring, and GW energy in the lower stratosphere showed a high
correlation with the stratospheric mean wind speed. Furthermore, they indicated that the GW energy
maximum in spring corresponds well to the enhancement of N2.

Radiosondes and satellites are also used to observe GWs. Satellite observations allow us to

estimate the global distribution of GW properties and momentum fluxes mainly in the stratosphere.

10
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From temperature data obtained by the Cryogenic Infrared Spectrometers and Telescopes for the
Atmosphere (CRISTA), localized and intense wave packets emitted from the topography are often
observed (Ern et al., 2004; Preusse et al., 2002). Nevertheless, it is worth noting that satellite
instruments cannot resolve the whole wavelength range of all the propagating GWs in the middle
atmosphere (observational filter) (Alexander, 1998). For example, nadir sounding has an advantage
in observing GWs with large horizontal wavenumbers, while they cannot adequately capture GWs
having large vertical wavenumbers. Limb sounding, on the other hand, can observe GWs with large
vertical wavenumbers, whereas they are not able to capture GWs with large horizontal wavenumbers
(Preusse et al., 2008).

Super-pressure balloon observations performed such as Vorcore (Hertzog et al., 2007) and
Concordiasi (Rabier et al., 2010) campaigns also provide unique data for GWs in the lower
stratosphere over Antarctica and the Southern Ocean. The data from the super-pressure balloon
observations were limited to the duration and trajectory of the flight. However, the observation can
detect GW frequencies relative to the mean wind, namely, intrinsic frequencies. This means that we
can make analysis free from the Doppler shift by the mean wind. Using these data, Hertzog et al.
(2012) analyzed orographic and non-orographic waves separately. They reported significantly high
intermittency above the Antarctica and the Southern Ocean. They also indicated that the magnitude
of horizontal pseudo-momentum flux was about 100 mPa.

Radiosonde observations provide horizontal wind and temperature data with high
resolution in the vertical. Yoshiki et al. (2004) used radiosonde data at Syowa Station and indicated
that the GW energy is enhanced when the edge of the polar vortex approaches Syowa Station and the
polar vortex tends to break. Sato & Yoshiki (2008) performed three-hourly radiosonde observation
campaigns over 10 days in each month of March, June, October, and December 2002 at Syowa Station.

They examined the characteristics of the inertia GWs in the lower stratosphere and indicated that

11



530

535

540

545

some of these GWs were likely emitted upward and downward through a spontaneous adjustment

around an imbalance of the polar night jet located at a slightly lower latitude than Syowa Station.

1.4 General circulation models permitting gravity waves

Most GCMs used for weather prediction and climate projection include GW
parameterizations because GWs are usually sub-grid-scale phenomena in the models. However, a
recent development in supercomputer technology allows us to simulate a significant part of GWs
explicitly in high-resolution GCMs (e.g., Hamilton et al., 1999; Sato et al., 1999; Shibuya et al., 2017;
Watanabe et al., 2008; Watanabe & Miyahara, 2009). Although the full spectral range of GWs is not
fully resolved, it was indicated that large-scale wind and temperature fields could be realistically
simulated by such high-resolution GCMs without GW parameterizations. This fact suggests that
behaviors of the resolved GWs are simulated well in terms of propagation and dissipation.

A few GW-permitting GCMs were achieved to raise the model top higher up to the MLT
region. A GW-permitting GCM of the KANTO project (hereafter called the KANTO model) was
developed for studying middle atmosphere dynamics including the role of GWs in the global
atmosphere (Watanabe et al., 2008). The KANTO model has a spatial resolution of a triangular
spectral truncation at a total horizontal wavenumber of 213 (T213) and 256 vertical levels (L256)
extending from the surface to a height of 85 km with a uniform vertical spacing of 300 m. The
minimum resolvable horizontal wavelength of the model is 180 km. A simulation was performed over
three model years and output averaged over 1 hour were saved. The outputs are used for the dynamical
analysis as a surrogate of the real atmosphere. All GWs are spontancously generated by convection,
topography, instability, and adjustment processes in the model. The model could reproduce realistic

zonal mean zonal wind and temperature in the middle atmosphere. This model was only model in the
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world that could simulate the quasi-biennial oscillation (QBO)-like phenomenon in the equatorial
stratosphere without using GW parameterizations, although the oscillation period was short compared
with the real atmosphere. Watanabe et al. (2008) examined the wave forcing due to planetary waves
and GWs. They showed that the GW forcing causes deceleration of the wintertime polar night jet and
the summertime easterly jet in the mesosphere. In contrast, extratropical planetary waves primarily
cause deceleration of the polar night jet below a height of approximately 60 km. They also indicated
that the meridional distribution and propagation of small-scale GWs affect the shape of the upper part
of mesospheric jets. Sato et al. (2009) examined a global view of GW sources and propagation in the
mesosphere using the KANTO model. They showed that GWs propagating from the subtropics in
summer and those from the middle to high latitudes in winter tend to focus on the mesospheric jets
of respective hemisphere, causing effective deceleration of the jet. By analyzing the horizontal
distribution of the momentum fluxes, they also indicated that the dominant sources of GWs are steep
mountains, and jet-front system in winter, and vigorous monsoon convection in summer. Watanabe
et al. (2009) investigated the eastward-propagating 4-day wave with s = 14 in the Antarctic winter
mesosphere using the KANTO model data. They showed that the simulated 4-day waves develop due
to the baroclinic and barotropic instability in the mesosphere originally caused by GW forcing.
Tomikawa et al. (2012) examined recovery formation and processes of a major SSW including
appearance of an elevated stratopause and reformation of the strong polar-night jet using the KANTO
model simulation. The major SSW spontaneously occurred in the KANTO model bears a strong
resemblance to the real major SSWs in January 2006 and January 2009. They showed that there are
two stages in the recovery phase of the SSW. In the first stage during about five days just after the
SSW, a large positive wave forcing associated with the growth of planetary waves contributes to a
quick recovery of eastward wind above 2 hPa (about 42 km). In the second stage over subsequent

three weeks, a prolonged westward wind in the lower stratosphere blocked the upward propagation
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of GWs having westward intrinsic phase velocities by critical level filtering. It reduces the
deceleration of eastward wind in the upper mesosphere and raises the breaking height of GWs. The
polar stratopause is maintained by meridional circulation mainly driven by GW forcings. Thus, the
polar stratopause is reformed at an elevated height (~ 75 km) compared to that before the SSW (55—
65 km).

Kiihlungsborn Mechanistic Circulation Model (KMCM) (Becker, 2009) has a spatial
resolution of T120, corresponding to a minimum horizontal wavelength of 350 km. There are 190
full-hybrid levels in the vertical grids from 990 hPa to 2 X 107> hPa with grids spacing of ~ 600 m
between the boundary layer and 3 X 10~* hPa (~ 105 km). There is no parameterization of GWs.
Hoffmann et al. (2010) investigated the seasonal variation of the GW activity in the MLT region using
wind observations by the meteor radars and a numerical simulation by the KMCM. The observed
strong easterly winds had a peak around z = 75 km in summer. This easterly jet strengthened abruptly
from spring to summer. The KMCM also reproduced characteristics of the annual cycle of the zonal
winds and the strongest GW energy during winter and summer. A new version of the KMCM with
T240L190 represents primary GWs generated by fronts and nonlinear dynamics of RWs in the
troposphere (Plougonven & Zhang, 2014), as well as by topography. They reasonably simulated the
medium-scale orographic GWs in the middle atmosphere from the most prominent hotspots. In
addition, Secondary GWs excited by a body force due to orographic GWs during winter were also
simulated. Yasui et al. (2018) and Yasui & Sato (2021) also suggested that the forcing by GWs
originating from the lower atmosphere causes the shear instabilities that generate secondary GWs as
well as the barotropic/baroclinic in the mesosphere using simulation data from the GAIA model.

Liu et al. (2014) examined simulation results from the Whole Atmosphere Community
Climate Model version 5 (WACCMY) extending from the surface to z = ~145 km with a horizontal

resolution of ~0.25° and a vertical resolution of 0.1 scale height. They examined the resolved GWs,

14


https://www.sciencedirect.com/topics/physics-and-astronomy/gravity-waves

600

605

610

615

620

including their horizontal and vertical structures, spectral structures, and the wave forcing on the
mean flow. It was shown that concentric GWs spreading almost a third of the globe in the MLT region
were seen in the low to middle latitudes. The GWs were likely excited by deep convection. In the
middle to high latitudes in the winter hemisphere, they also indicated the strong wave perturbations
above the stratosphere, probably excited by the spontaneous adjustment of the jet. The distribution of
the wave activities in the WACCMS5 was in good agreement with those deduced from the Sounding
of the SABER observations.

Shibuya et al. (2017) examined the dynamical characteristics and excitation mechanism of
GWs in the mesosphere observed by the PANSY radar using the Nonhydrostatic Icosahedral
Atmospheric Model (NICAM) (Satoh et al., 2008; 2014) simulations. The NICAM in this study had
the vertical grid spacing of ~400m (L217) and the horizontal icosahedral grids with g-level 7
(corresponding to Ax ~ 56 km). They showed that quasi-12 h disturbances with horizontal
wavelengths longer than 1400 km are dominant in the mesosphere over Syowa Station by the NICAM
simulation. The parameters of the simulated waves are consistent with the inertia GW observed by
the PANSY radar. They also indicated that the inertia GWs are likely generated by the spontaneous
radiation mechanism of the mid-latitude tropospheric jet and polar night jet. Shibuya & Sato (2019)
also showed that the power spectrum of the wind fluctuations at z = 70 km has an isolated and broad
peak at frequencies slightly lower than the inertial frequency at each latitude of 30°S—-75°S in
consecutive numerical simulations by NICAM. It is also shown that the isolated peak is composed of
GWs having horizontal wavelengths of more than 1000 km. They noted that the existence of the
isolated peak in high latitudes is likely explained by the poleward propagation of quasi-inertia GWs
and by the accumulation of wave energies near the inertial frequency at each latitude.

Watanabe & Miyahara (2009) examined the interaction of GWs and the migrating diurnal

tide in two simulations for 15-day time periods in the perpetual equinoctial and solstice by the
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Japanese Atmospheric General circulation model for Upper Atmosphere Research (JAGUAR) high-
resolution GCM. They simulated the amplitudes of the migrating diurnal tide successfully during both
seasons. They showed that the tidal winds affected the altitudes of GW dissipation associated with
GW forcing. Watanabe et al. (2015) also showed that GW momentum fluxes are not heavily
dependent on model vertical spacing in the middle atmosphere for Az < 400 m.

As Shibuya & Sato (2019) reported that quasi-inertia GWs with wavelengths of more than
1000 km are dominant in the mesosphere, a major part of GWs inherently distributed over a wide
horizontal wavelength range can be resolved in the GW-permitting models even in the mesosphere.
Furthermore, Sato et al. (2017) examined GW momentum fluxes in the summer mesosphere using
continuous mesospheric wind observation over 50 days by the PANSY radar. They showed that GWs
with long periods of several hours to a day are dominant in the summer mesosphere. In the
stratosphere, Minamihara et al. (2018) showed that dominant nearly-inertia GWs have horizontal
wavelengths of 200-300 km based on the 1-year continuous observations by the PANSY radar. Ern
et al. (2018) also showed dominant GWs in the middle atmosphere on average have horizontal
wavelengths greater than 1,000 km and vertical wavelengths longer than 10 km by the satellite
observation data. However, it should be emphasized that the observational filter problem remains.

In this thesis, we performed numerical simulations using GW-permitting GCMs to elucidate
the dynamical structure of GWs captured by the PANSY radar and radiosondes. These models have
sufficient resolution to resolve the GWs that are considered to be dominant in the mesosphere. The
vertical resolution also satisfies the requirement to represent the momentum fluxes of GWs (Watanabe
et al., 2015). In Chapter 2, we carried out the NICAM simulations to examine the spatial structure of
GWs in the troposphere and lower stratosphere and a cyclone approaching Syowa Station. They likely
caused the KH instability captured by the PANSY radar. In Chapter 3, we conducted the simulations

using the JAGUAR to investigate the spatial structure of the characteristic wave-like structures
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observed above Syowa Station during the SSW in the Southern Hemisphere in September 2019. The
JAGUAR simulation data are also used to analyze the spatial distributions and time variation of RWs
and GWs from the troposphere to the MLT region during the SSW event in the Southern Hemisphere

in September 2019.

1.5 Overview of this thesis

Various atmospheric disturbances over a wide-scale range, from atmospheric turbulence to
the polar vortex, constitute the atmospheric hierarchical structure (Figure 1.2). So far, only a part of
the hierarchical structure, such as the interplay of GWs and RWs (Sato and Nomoto, 2015), has been
shown, and other dynamical relations among phenomena with different scales remain poorly
understood. In particular, the understanding of the hierarchical structure in the Antarctic atmosphere
was limited due to the shortage of observations. In this thesis, we will elucidate the dynamical
structure of each atmospheric phenomenon and its role in the hierarchical structure using the
observations and numerical model simulations. In particular, we will focus on the role and relations
including GWs captured by the PANSY radar and simulated by high-resolution GCMs.

The author participated in the 60th Japanese Antarctic Research Expedition from October
2018 to March 2020 and carried out two observational campaigns at Syowa Station in the Antarctic.
One is a synchronized observation with the PANSY radar and radiosondes for 20 days focusing on
the atmospheric turbulence in the troposphere and lower stratosphere. In Chapter 2, we will focus on
the hierarchical structure for relatively small scales, from atmospheric turbulences to cyclones,
including GWs (Figure 1.2). Specifically, we will examine how KH billows in the Antarctic region
are excited, and what atmospheric phenomena in the Antarctic excite KH billows. The other is a

simultaneous observation by the PANSY radar and radiosondes focusing on the wave-like
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disturbances in the lower stratosphere associated with the SSW in August and September 2019. In
Chapter 3, we will address the hierarchical structure for relatively large scales from GWs to the polar
vortex during the SSW event (Figure 1.2). In particular, it is not fully understood how the distribution
of GWs from the troposphere to the lower thermosphere temporally varied during the SSW in the
Southern Hemisphere in 2019, and how the quasi-6-day waves in the mesosphere were excited.

This thesis is organized as follows. Chapter 2 shows the study on Kelvin-Helmholtz billows
detected by the PANSY radar using a frequency domain interferometry technique. Chapter 3 shows
the study on the dynamical characteristic of GWs and RWs during the SSW in the southern

hemisphere in 2019. Summary of this thesis and concluding remarks are given in Chapter 4.
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Chapter 4. Summary and conclusion remarks

This study analyzed the relations among atmospheric phenomena included in the in the
hierarchical structure of the Antarctic atmosphere. We used the PANSY radar and radiosonde
observations with high accuracy and high resolution, and the numerical simulations by the GW-
permitting GCMs. In particular, we focused on the KH billows, GWs, and the polar vortex during the
SSW-SH 2019 seen in the observational campaigns performed at Syowa Station in 2019.

In Chapter 2, we examined on the relations among relatively small-scale disturbances, from
KH billows to synoptic-scale waves (Figure 4.1). During 14-24 March and 2—12 August 2019, the
observational campaigns targeting atmospheric turbulence in the troposphere and lower-atmosphere
were performed with the PANSY radar and radiosondes. A total of 73 S-shaped structures, which are
characteristic of KH billows, were detected by the PANSY radar with the FII technique during the
campaigns. Numerical simulations using NICAM were also performed in order to investigate the
spatial structure of the GWs and cyclone related to the excitation of the observed KH billows.

First, a detailed study for two representative cases out of all observed KH billows was
performed. The first case is the KH billows with the longest duration (Case A). The horizontal wind
disturbance with a vertical wavelength of ~1.5 km was dominant in the height region where the KH
billow of Case A was observed. This horizontal wind disturbance was amplified below the weak wind
layer. Assuming that this horizontal wind disturbance was an inertia GW, we performed hodograph
analysis on the horizontal disturbance. It was shown that the wave had an upward group velocity, a
horizontal wavelength of ~145 km, a vertical wavelength of ~1.6 km, and a ground-based horizontal
phase velocity of ~2.3 m s~ 1. These features were consistent with the dynamical characteristics of an
orographic GW. According to the NICAM simulations, a cyclone was located about 500 km to the
north-northwest of Syowa Station during Case A. Around Syowa Station, the north-easterly wind of

~25 m s™! blew up the coast slope of the Antarctic continent. The wave-like structure over Syowa
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Station had a phase line tilted upwind with altitude. These results strongly support that the KH billow
in Case A was caused by the strong vertical shear associated with the orographic GW.

The second case is the KH billow having the deepest vertical structure (Case B). In the
height region where the KH billow of Case B was observed, wave-like structures were not found over
Syowa Station unlike Case A, but there was strong vertical shear in the bottom of the northerly jet in
the upper troposphere. The upper tropospheric jet was associated with a cyclone located about 500
km to the northwest of Syowa Station. This cyclone was most developed around 55°S about two days
before Case B. The baroclinic instability likely developed this cyclone and formed peaks of
meridional wind disturbances around the surface and the tropopause. It was also shown that the
cyclone entrained and stretched high-temperature air mass from low latitudes. This air mass with high
temperature was cut off from low latitudes and advected over Syowa Station. The localized thermal
wind balance associated with this air mass likely strengthened the upper tropospheric jet over Syowa
Station. These results indicate that the KH billow in Case B was caused by the strong vertical shear
associated with the enhanced upper-tropospheric jet.

This study revealed that there are at least two kinds of generation mechanisms of KHI in
the Antarctic region: orographic GWs and a tropospheric jet localized in the upper troposphere
associated with a cyclone. It is known that orographic GWs are dominant in the troposphere and lower
stratosphere above the Antarctic coastal region with steep topography. In addition, it was reported
that cyclones approaching the Antarctic continent have a shrunken meridional scale and an enhanced
westerly jet associated with a strong meridional gradient of potential vorticity due to radiative cooling
on the slope of the Antarctic continent (M. Mizukoshi’s master thesis). Thus, these two excitation
mechanisms of KH billows well reflect the characteristics of the Antarctic coastal region: the steep
coastal topography and the well-developed synoptic-scale cyclones.

Comparisons with the most unstable modes expected from a two-dimensional linear
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stability theory were made for Case A and Case B. The expected most unstable modes were generally
consistent with the dynamical characteristics of the observed KH billows, although the horizontal
wavelength and the depth expected from the theory were slightly shorter than those of the observed
billows. In addition, a statistical analysis of all 73 captured KH billows was performed. This study
also shows the dynamical characteristics of KH billows in the Antarctic region statistically for the
first time. The mean and probability density function of the horizontal wavelength, thickness, and
aspect ratio of all 73 observed KH billows waves are almost the same as those estimated by the mid-
latitude observations. Furthermore, there was no distinct difference between the statistic values in
March and August. On the other hand, the magnitude of vertical shear of the background wind is
about 60 % of that estimated at the mid-latitude. Moreover, the wave period of the KH billows is
about twice as long as that of the KH billows observed at the mid-latitude. These differences likely

reflect the fact that the tropospheric jet in the Antarctic is not as strong as the jet over Japan.

Chapter 2 Hierarchical structure

Kelvin-Helmholtz Gravity waves Synoptic-scale Rossby waves
billows waves Polar Vortex
(10 m =10 km) (10 — 2000 km) (3000 - 5000 km) (2000 — 10000 km)
t t |t

(a) Case A (a) Case A

(b) Case B

Figure 4.1: A schematic illustration of the relations in the hierarchical structure shown in Chapter
2. (a) Strong winds around the surface associated with a synoptic-scale cyclone generate
orographic GWs. The continuous injection of GW energy by the strong winds maintains the
shear instability for a long time (Case A). (b) Shear instability was formed by the upper
tropospheric jet associated with a synoptic-scale cyclone. This shear instability is vertically
thicker than that associated with orographic GWs, and the generated KH billows have a deeper
structure (Case B).
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Figure 4.2: A schematic illustration of the relations in the hierarchical structure shown in
Chapter 3. (a) Ordinary conditions before the SSW. The shape and strength of the polar vortex,
which is formed by latitudinal difference of radiative heating, is maintained by RWs and GWs
propagating from the troposphere. (b) Strong RWs propagate into the stratosphere, break, and
cause the SSW. During the SSW, the polar vortex shifts to lower latitudes and the upper part of
the polar vortex disappears. (c) Weakening and shift of the polar vortex modify the distribution
of GWSs. Negative RW and GW forcing in the mesosphere contribute to the excitation of the
Q6DW-E. (d) GWs, RWs propagating from the mid- and high-latitude troposphere, and the
Q6DW-E provide barotropic/baroclinic instability in which the Q6DW-W is excited.
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In Chapter 3, we investigated the relations among relatively large-scale atmospheric
phenomena from GWs to the polar vortex (Figure 4.2). In particular, we focused on the dynamical
characteristics of GWs and RWs during the SSW-SH 2019. Simultaneous observations with the
PANSY radar and radiosondes were performed in order to examine the wind and temperature
disturbances in the lower stratosphere during the SSW-SH 2019. In addition, numerical simulations
using the high-resolution JAGUAR (T639L340) from the surface to the MLT region were also made
to investigate the spatial distribution and momentum budget GWs and RWs, especially Q6DWs,
during the SSW-SH 2019.

First, we confirmed that the high-resolution JAGUAR reproduces the appearance and
distribution of wave-like structures in the lower stratosphere, which is considered to be GWs,
observed by the PANSY radar and radiosondes. On the other hand, it was suggested that the
magnitude of GW momentum fluxes in the high-resolution JAGUAR simulations is about one-fifth
of that in the real atmosphere. It may be due to the fact that GWs with large horizontal wavenumbers
and/or high frequencies are not sufficiently reproduced in the high-resolution JAGUAR simulations.

We also examined the wave forcing associated with RWs and GWs and residual circulations
(Section 3.3). The RW forcing in the height region of z = 30-60 km and at 50°S-70°S are dominant
before 7 September. The negative RW forcing weakened the polar vortex and eventually led to the
SSW-SH 2019 (Figure 4.2b).

Next, we examine the dynamical structures of the GWs over Syowa Station using the high-
resolution JAGUAR simulations. It was found that GWs with large amplitude were observed in the
stratosphere when the polar vortex shifted to the Western Hemisphere and the edge of the vortex
approached Syowa Station. In addition, the V-shaped increase in temperature observed in the lower
stratosphere corresponded to the region with high temperature in the poleward side of the polar vortex

displaced to the Western Hemisphere. For the distribution of GWs, we found that the largely negative
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GW momentum fluxes (u'w’) in the stratosphere were observed over the Andean Mountains and the
Antarctic Peninsula before 7 September (the SSW onset) and above and leeward of the Ross Sea after
785  the onset. On the other hand, above z = 75 km, largely negative u’'w’ and GW energy were observed
to the south of 40°S before 3 September. During 3—10 September when the polar vortex became
obscure, positive u’'w’ was seen around 60°S. When the polar vortex reappeared after 10 September,
negative u’w’ was observed to the south of 40°S again, although its magnitude was smaller than that

before 3 September (Figure 4.2c¢).

(a) QB6DW-E (25-30 Aug.) (b) Q6DW-E (22-26 Aug.)
100 - 100 .
80 | 80 .
§ ;E: AT >0
= 60 = 60
< ey
o) =)
(] )]
T 40 . T 40 .
20 - 20 -
1 1 1 1 1 1 | |
SP 80 60 40 20 SP 80 60 40 20
Latitude (deg) Latitude (deg)

Figure 4.3: Schematic illustrations of excitation mechanisms of Q6DW-E on (a) 25-30 August
and (b) 22-26 August.

790
We also investigated the spatial structures of Q6DW using the JAGUAR-DAS analysis data
and high-resolution JAGUAR simulations. The peaks of the frequency spectra are seen in both the
westward and eastward phase velocity components with a period of about six days. The Q6DW-Es

were dominant to the south of 40°S before 10 September, and Q6DW-Ws were dominant in both
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hemispheres centered at 40° latitude after 10 September. Moreover, the Q6DW-E had the phase of
GPH disturbances tilted eastward with altitude above z = 50 km, and the Q6DW-W had the phase of
GPH disturbances tilted westward with altitude above z = 60 km. These baroclinic structures are
different from the normal mode 5-day Rossby wave which is an external wave having a barotropic
structure.

Next, we investigated the excitation mechanisms of Q6DW-E and Q6DW-W. It was
suggested that the Q6DW-E is an unstable wave due to the baroclinic-instability characterized as a
pair of the negative MPV meridional gradient (dMPV /dy < 0) in the mesosphere in the high latitude
and the positive MPV gradient (AMPV /dy > 0) in the stratosphere (Figure 4.3a). This inference is
supported by the fact that the region with dMPV /dy < 0 in the mesosphere disappear when the
Q6DW-E was no longer observed. The negative and positive dMPV /dy were associated with the
minimum and maximum of MPV located slightly equatorward of them. The MPV minimum in the
mesosphere was maintained by the N? maximum and the { minimum (Figure 4.3a). The { minimum
was corresponded to the westerly jet tilted poleward with height in the mesosphere. In the formation
of the N? maximum, the negative RWs and GWs forcing extending from z = 90 km at 80°S to z =
80 km at 40°S played an important role (Figure 4.2¢). This downward residual circulation driven by
the negative forcings provided positive temperature anomaly through the adiabatic heating in the
same region (Figure 4.3b), which leads to the N2 maximum in the lower part of the region. Sato et
al. (2018) reported that the region with dMPV /dy < 0 in the mesosphere is also found in the
climatology.

On the other hand, Q6DW-W is likely to be an internal RW generated from
barotropic/baroclinic instability in the upper stratosphere over 60°S—80°S. This dynamic instability
was associated with the MPV local minimum corresponding to the broad N2 maximum at 40°S—70°S

and z = 40-50 km (Figure 4.4a). We also indicated that the N? maximum was caused by a downward
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residual flow spreading from z = 50 km at 80°S to z = 60 km at 40°S on 7—12 September (Figure
4.4b). This downward residual circulation was partly driven by the positive RW forcing associated
with the Q6DW-E spreading from z = 50—80 km at 80°S to z = 70 km at 40°S and negative wave
forcing due to Q6DW-E and the convergence of RW propagating from the troposphere from z < 40
km at 80°S to z < 60 km at 40°S. In addition, the positive GW forcing in the region from z = 50-80
km at 80°S to z = 70 km at 40°S, where the polar vortex displaced with the SSW, and the negative
GW forcing in the region from z < 40 km at 80°S to z < 60 km at 40°S, where the polar night jet
still existed, had almost the same magnitude as the RW forcing and played a significant role in the
formation of the circulation (Figure 4.2d). The excitation mechanisms of the Q6DW-E and Q6DW-
W were consistent with the fact that Q6DW-E appears every winter in both hemispheres in the high
latitudes and Q6DW-W does not appear obviously except in September 2019 when an SSW occurred
in the Southern Hemisphere. The positive GW forcing in the mesosphere associated with the shifted
polar vortex during the SSW is a unique feature in September 2019. On the other hand, Q6DW-W
dominance in both hemispheres was observed only in September 2019 and nor clearly found in
February 2018 or January 2019, when the SSW occurred in the Northern Hemisphere (Figure 3.24a).
It suggests that other mechanisms other than the occurrence of the SSW can also contribute to the
generation of the Q6DW-W.

In addition, it was shown that the E-P fluxes associated with the Q6DW-W crossed the
equator at z = 85-100 km on 10-15 September. This result suggested that the Q6DW-W originated
from the Southern Hemisphere and spread to the Northern Hemisphere. Furthermore, the Q6DW-W
propagating from the Southern Hemisphere may cause the barotropic and/or baroclinic instability in
the region of dAMPV /dy < 0 in the Northern Hemisphere (Figure 3.33), and internal RWs generated
in the Northern Hemisphere as well as the Southern Hemisphere. However, this mechanism cannot

explain the phase coincidence of Q6DW-W between the Northern and Southern Hemispheres. It is
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also possible that Q6DW-W excited in the Southern Hemisphere led to a situation where QeDW-W
is generated from the region of dMPV /dy < 0 in the Northern Hemisphere through the normal mode

5-day waves with a coordinate phase structure in both hemispheres, which is similar to the Q6D W-

W.
(@) QeDW-W (10-15 Sep.) (b)  Q6DW-W (7-12 Sep))
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Figure 4.4: Schematic illustrations of excitation mechanisms of Q6DW-W (a) on 10-15
September and (b) 7-12 September.

Focusing on the relations within the hierarchical structure, we suggested that the orographic
GWs and cyclones having the enhanced upper-tropospheric jets excite KH billows in the Antarctic coastal
region in Chapter 2. They are characteristic phenomena in the Antarctic coastal region. In Chapter 3, we
confirmed that RW and GW forcings weakened the polar vortex and eventually led to the SSW-SH 2019.
We also showed how the GW distribution varies with the shift of the polar vortex during the SSW-SH
2019. For Q6DWs, we indicated that the mesospheric RW and GW forcings contribute to the excitation of

Q6DW-E. We also suggested that the Q6DW-E forcing and the positive GW forcing associated with the
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shifted polar vortex likely contributed to the excitation of internal RWs, namely Q6DW-W, from the
barotropic and/or baroclinic instability (Figure 4.2d). However, the relations among atmospheric
phenomena with different temporal and spatial scales shown in this study are only a part of the hierarchical
structure in the Antarctic atmosphere. More studies using both high resolution observations and numerical
simulations utilizing GW-permitting GCMs are necessary to understand the hierarchical structure further.
In particular, an accumulation of case studies is essential for elucidating where there are other new
excitation mechanisms of KH billows and for estimate of statistical significance for the mean values and
probability density function of KH billows characteristics. The PANSY radar observation provides vertical
profiles of turbulent kinetic energy dissipation rate, although they were not used for the analysis. This
information must be valuable to verify the temporal and spatial distribution of the parameters describing
the turbulence in the GCMs such as vertical diffusivity for the development of turbulence schemes in the
free atmosphere.

It is also interesting to confirm the robustness of the excitation mechanism of QDW shown
in this study. The examination of the interannual variation of Q6DW is necessary in terms of the
Q6DW-E forcing and GW forcing, which is a key for the excitation mechanism of Q6DW-W. The
investigation what determines the time lag between the appearance of the barotropic/baroclinic
instability and the onset of Q6DW-W dominance is also future work.

Finally, the PANSY radar started meteor wind observations from the end of February 2021.
The meteor wind observation enables us to continuously observe three-dimensional wind in the
mesosphere with lower temporal and range resolutions compared with the standard observations. In
the standard observation, three-dimensional winds are sparse in the weak solar radiation condition in
winter. The continuous observational data of the three-dimensional mesospheric wind will contribute
to further understanding of the hierarchical structure especially in the mesosphere. Additionally, it

will enable the validation of simulations in the mesosphere and contribute to the development of high-
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top GCMs permitting GWs.
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