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AR 7 iR b2 i 2 I I & o TR S B NEEE T (W) &, &
WCEERUE L 72k A2 EICH S W ZIRE S 2 L TP EOREREZ{E L, 23RkE
B OMHEER P AL E), ERROMIFICER 2LEHEZR-LTws, LirL, JAREME
DR THERIY 3L 2T, £S5 o TIKDOREZLIZEI LT 200 dRE T
fRxhTwiv, ZoOMEDRRD I, AKEEE 100 km DL S AR O
FNVEX =D, NZRT = IVOEGRANEHDRT = FF T LT LA ZAS I $ 2 03
BB, AT, PREECE TN IERLTCZ AV AR T —FEb 5
I NI o LB HISR parametric subharmonic instability (PSI) lcowT, Z DL
i L EHDPEY A TEHEGRIELE SRS 5, PSI DX A =X L OWERN A IR
% b, WEREEER TP Floquet #iGm, ZWHEERTOBMES S a2l —varvinotk
Biicfin, #no2T L CHWS I & CHEERAESTBA CoMER 2RI Too
c—HOBRE TR T 5, ATROREO T, HIEGCEBIEERICE T 2 IFEOW5EE) N

LSBRDOBEEE
DT —= I DWW T—HFENT 5,

F—T—F st NEENE, WEFAAEN, SRR,

I. EU®IC

DR IREICE T 2 SEALIRIR S X, BRI,
1000 ML Lo BRI Z 7 — L% b2 L 3N 5 FEE KGR
DBRTZ OEEWDTRSND & D1k o T, MET
L E N miz K BOHKEBRUOERBEBANEE E2358 2
7oL, VRIS D O IIRESBETH D, Wil
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am§ 5 & & BT, PMEYHEAAICARSE S N CEEDTFHED T B HR A

Hhae 7V

BLIRIB IR I S ShE A S Z O HZ S L wHFiT
Hb, HEROWERE LT, Munk (1966) 1ZiEENZD
SE RS & $hE— XL O BIRIERE 7V TER L, HE
fER OB AR LKL BEYEORETMH 5 WE L
T, FEIN R RER R SR 1.3X 10 'm?/s & REED -
7eo L2 L, ELREEENCE SN 5 HiEEOSRE L
BB NER DL T 1x10 " mY/sETH b, ki
OFEIIERT IS L, BAEOEBEERZHHT 2
ZEIFTER Y, TOHEHEIZ TMissing Mixing; OR#E
E LT E n, SIROMBRMZRBRT 29 0 LBRE
N7z (Munk and Wunsch, 1998), Zh%3\F, D
EIpICREMO NRERY FARY b DPEETHDT
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FR v Ew S HESEE b, KRz 1990 R
S 7 REELIRAT R S EB T L & a0 T,

EFiEE R, SHIcES T, 2R o
THRAMICELIREEZERC I X2 V- a v &2 H
VIR EGR R O HEE ASHED 51T E 72 (] - Water-
house et al., 2014; Kunze, 2017), Zh &iifrL T, K
MEERE TV OBSREL b HERE L% (Oka and Niwa,
2013; Zemskova et al., 2015; de Lavergne ef al., 2020;
Kawasaki et al., 2021), RIEIESRO & & GLITHE AR
DA—HOREIZAN I >oH 5 (MacKinnon et al.,
2017), TOZ kX, BREENLIZRAICKRS 2 0IEE
RO NF R BRI EALL D —RIZET N3

(Toggweiler and Samuels, 1998; Marshall and Speer,
2012), —J5, BRICH - Tid, WPEELIRIT R I R E T
EMmcHELRVWEEE LTS, HLREAPD 6
T R 75 Bk W IN T O EIEER Y, RIEEH)IP
R OMER L AR 2 EEZEEC TV ET
B % HSE T, FreaaisiEamist (2015-2019 4REE) g
HRAT ORI  WHEIEER - Kfe - LR OMER L R
ZB O 1B W T, PR T KRG 2
FRZRPREND 25 THELR DL, LROVEH
DI Db &, Y - AL - EY O3 IR 2 WF5E 03
BHINCEDFERICH L, L LE2 5, HIkER
B2 AT L OERE KT ENEOELITRE & O R 22 RS &
Hed DY ERBOPRIIMA L LTRRLTED, Z0
BUEmA R 2SR O BERE I EM T 5 hTw

(MacKinnon et al., 2017; Fox-Kemper et al., 2019),

ST, WOTLRESEZYENES CiEm T A%, £
RIZ7 2 DRFEMO T2V F—JHTH 5, —MIC, Wit
DAL F OV X — 13 Z DKRERTHIE & T 70 5 fikife S
No25, ZnoD 5 bEEREE XD & T CEHE
BOHY TH B, RISEENC & 2RI E2Z T AL
% 2RIk OEE), $ b bIEEMY X, [k
IR B A @A T B BRI NEE A () %
FAESE D, NEEY ZRBOWEBRT 2 ETDs, 7
THIZRNX —DFLGHRE VIEMKE — F RS IR
KT 100km M EoAPFEEEZ S5, BT kn 25b %

(Zhao et al., 2016), 9 L7z KA 7 — L OWNEREY
Dk & AR, NI e Bl € 7V & e Tilin
B2 HAETH 5 (Niwa and Hibiya, 2011; 2014),

T

LL, OERORAELZNERS D, EZTEIPoS
THOR L CELRIBS 2B SR T o2 HAR E L v,
INEREE I D BORICIE, TSI 72 Bl € 7V T IR AR R
e, ZBOWUNR T — v D IR 75 Py B R 23 B
54 2%7-9T®H% (Whalen et al., 2020), ZD—>33
AW THRET D THIBALE, Th 5,

2. AERES DHIBARTE

2.1, EESOESRELY AR b

AAPIRICHEAE T 2 2 H A EANER Y o 323 72 R
DU ZRGRE L, 2000 FEARDIKE, HECREDOWIGET L —
TN K o THFEPFERICEB T 2 SR TEHR R E O M fn R
DEEI NI, ZOHT, i35 KD 5 55 HIfIET
DZREWUFELT Y o — > v IR, b 25 B
5 30 FERRE DT A g5 E —/ N FOEEE OVTI T,
EENTE IR OV IEE N E s b O S T k- T
FRWERTEINDSEC T B 2 L5 E o7 (Fig.
Hibiya and Nagasawa, 2004; Hibiya et al., 2006;
2007), T, BN HET - THEIES 2GR
OFfER2HEMNIT LD TH S (Hibiya et al., 2002), %
DEHITIE, NEBEITEO LB ARLZETRO—ETH %
parametric subharmonic instability (PSI) »3E85-L T
WwWa eI,

TZTw) PSI L, WAEDIERELS G SR § =
WILIBHAEHO—fTH b, WEIFD7E Tl tri-
adic resonant instability (TRI) & $FE(EH % (Dauxois
et al., 2018), ZORHEL LT, & 2Bk OIETLHED
ERGELCHEET D LE, RERETED 2HIEO 7
BfRw (k) >0 2 U ¢, HEMHEERSZMH

k=k +k, wk)=wk)+ wl) (2-1)

i e T DMK D (ki ky) DPALEEILE LT
it sh 3, HIRAE L LEREREL ZRIC AN, &
AT L% e U 72 PRI PR B i o 4 BB R I o <
L, JAMA 12.42 KE T H 5 M, 91 PRI ok L
TiE, PSIIEAbifE / FEfé 28.8 FE X b & FR M o fé 5 5
TOR, (2-1) OEMEREMTHENSPEET 2,

HEEDNEBE DA PSIZE B2 2 LidH 25
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Fig 1.

Estimated value of diapycnal diffusivity averaged over a depth range of 950-1450 m at each location

of field observation. Colors denote model-predicted energy of semidiurnal internal tide vertically-integrated
at each location of field observation [Niwa and Hibiya, 2001a, 2001b]. Reproduced from Hibiya and Nagasa-
wa (2004). Used with permission. The caption has not been modified from the original.

Ham S Tz, NI o BRI L ¢ EE AR &E
ZHRLLTW» S w5 HHET Lo MARERI c R0 THA
L tlsolz, THNIGEREL TEE L OB & Ol
WFZED 7 S, HRFiC M, Wiy o THEFAEE ) &R
N3 288 EAHET, PSIOFKEDNEETH B & W
& 57z (MacKinnon and Winters, 2005; MacKin-
non et al., 2013a, b; Ansong et al., 2018), T D&
HTlk, PSLICk 0L 2BEIE O F S w k) B LT
w ) X M, Y OREBEBOL x5 EXn kb, 20
LoOBMRERIc—8T 5, 51T, ZOWEBUINERH
WICHRTT o L Bl %5 |k, |k|>|kl, 2% D,

PSI iz & o TRIEE O NI (X F R OB ERE ~ &
Eish s, iz, PSIOK/ICE NS “sub-
harmonic” & 1%, & 2 A wicxf L Cw/n [n 3% ]
TEREIND, £oT, BELERTO PSLIZRS N7
RUTOHRFEST 2, L VIEVCEKEZEAZ TRIOA

MDFARII LTI END DIEZ DD TH %,
2.2. PSI OFEMRIFHEA

ZHR (2-1) B2 EL 2 7 D ICHEE L
BT T REFRER LTS, Tb o,
PSI 2K 2 b DL LTHEATH 5728, WEL M
BOFGMIEZ O F & CRHERNZIBIHL v, I51
1%, B ZAE D A HED K PSI TR, TRy —
WV ORET BN NEEY L BIERS)2S, CokoiclT
IANVF—DROEO 2T 200 ? 1& 0w EDES,
% Z¢, Onuki and Hibiya (2015) %, ftIED&%
PIERZERICIE S 2 TR RN %R L 7z,

T, Bk > THEL 2 RO s (k, k,)
WWHEHT 2, 26O k|, k| > k| ORRERIC
BWT, Fig. 212RT & 912, HWICIZIENE S 0%
(kix—ky) E7%%, S5ic, EWHENEO DRI
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Fig 2. Wave vectors composing a resonant triad
specified by Equation (2-1), which characterizes
the parametric subharmonic instability of the inter-
nal gravity waves. Here, k and m indicate horizon-
tal and vertical wavenumbers.

BOFEEHIIHN L Cw(—k)=w k) ERNHFHTH S
2, ZHORBEBEEMA—ET 5 wk)w k),
N6l L kb, PSICHES N ZEELL, 12X
MG T 2, WHROKRE S L REE I L - o
FEEORERGEDE EARE D,

KT, BN VDb i EELOREEIC £ O
EIHET bR R B0, ZABKOMBEARICE
DU TOEERZE2EZ 5,

sin (k- x — w (k) t)+sin(k,- x — w (k) t)

.Ch+b%x%wwo+mb»q
=2 sin >
Envelope
X COS (kl _kz)'X_((; (kl) - (U(kz))[)

Carrier wave

CoROELITBEWT, BB EFX (2-1) &b
W E R BZFNFNEk/2BE 0w (k)2 7kb,
IR IE, Wk (ky—k,) /2~k, k75 o THEEELI & —3%
T20IHL, AERE | wk)—wk)|/2<0Th

T

5L oREMICZIZEER LD B, Thbb,
PSI ¢l & 2 BELO RE22 MRS (X, &1 7o Wk

(carrier wave) 235 < % aifg# (envelope) 75, K&
HREEER S CREIT2b0 L LTHEMRTES, ZO&
S0z, WHOFEELEZ2o0EE2ERSLESL I LT
REBEEORBERASEC 2 L1, —MBicix TH %
D) LLTELHONDEHRTH D,

SC, EELE O UREIROWE L HEE I ThER
WHSDE &5 ELGTH 50, TDTEIZ, iR
HiOMBEIERFEORREE —KTHLE2ERT S, &
51T, WM TR EORMHETEE, 2E£TR2
FLiZ,

w (k) + w (k)

e kit k)
1 2

LRSh, BREOMHEE~Z o KK/ k|7 L —
MT 2, 2o L&D, PSI&E#MAT 2EFRA (2-1)
g, AL K 2 EAEHR O R 22 IHEE A Sk & I
L THBAZR T -DDEMETHZ LBIRTE S

(Fig. 3), %%, I TEHRL UG MM THE
i, KHONAEREEOMS L 3R 5, FREEIE
W, A A AAET T 2B OEE L 220D I1E
iR ERD C & TEL D AR ORERE & L THIR
TE %%, PSIClitd & 2 a0 37 sl 5
FEoRERAbETER SN D, 4K WEHEEOFHR
FEAEME BB B8NS B8, ZFEOUTE
MNEE DO ERADETEL 7 S % b ORHETSE
FEix, 20 eRERT 2084 OO MHEESLREEE X b
BT o ERELSBVAES,

Kz, PSI OFFFHEE I 5 CHEREY S E RS &
RS 2RI EME L, Z OMEER AR % ZEIC
HT& %, Fig. 413 PSI THIE & h 2 BELAS & D AKFH
A7 MOV OSRERNIC IR - G EEAWITR L T
%o WFIENCAIAEST T 2 B DU L 7 2 D o E
IREPEELLE R D SV, FOROHPN S & FdLir D 2
NEND S s OFEEEE LR, X7 FILoR
T2 70 EAEIR BN D AR IR A ERIRERE 2 2 L
%, TOUMEREREE &b IcBERATHEEE Uk
D5, HEEGOWNEEW Y & —EDNHBIRE R,
e Fig. 51T, WHEBEIY B DR &, NLEMR X
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Fig 3. Spatial patterns of sinusoidal waves whose wave vectors satisfy the condition of the triad interaction k
=k, + k,. When the resonant condition for the frequencies w (k) = w (k,) + w(k,) is also satisfied, the phases
in the background wave (right-lower one) and the envelope of the superimposed disturbances (middle-lower
one) are continuously locked.
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Fig 4. Vertical profiles of the horizontal velocity vector associated with inertial oscillations amplified by the para-
metric subharmonic instability. The linear superposition of two monochromatic waves with slightly different
wave vectors and opposite rotational directions results in a large-scale envelope with a double-helix structure.
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Fig 5. Schematic of the velocity field of an internal tide oscillating with a 12-h period (blue allows) and the

envelope of the inertial-oscillation velocity with a 24-h period (green arrows). The inertial oscillation is am-
plified through the interaction with the internal tide, as shown by the signs of its energy production terms

displayed in each panel.

¥ — 2RI AEHAZRD & S ICHRETE 3,
&, B ORES /S wET 2 L, 2ok
FB AL & 1172 Boussinesq ¥ /TR,

oU+U-Vu+u-VU+zXu=—Vp'+bz (2-2a)

b +U-Vb' +u' - VB+Nw =0

(2-2b)

B L OREMSAV-0'=0124E> (Kitks X CIRBIHIZ

BWEL, EHp i REEECHBILLTYS), 22T,
U=(U,V, W)t Blixx HAEHT 5 (v i Z4
Lizw) EETH2NMEIY RS OW®E EFS, u=
(', v/, w) & DRy O 1% H, N iEkiRiET
OIFHIREEL, FIZaVF V85 2 —%, z 1 ZE LR
DHALRY VT H 5, NEBEHY DIRIRS T3/ NS WA,
LR —IGE R E U TR A R E) & A e B,
BRSNS ShEES 2 b T, EAAREHIZ2 VAV
DTN TS W, HEETFRER O AR 1Z

ou+U-Vu'=—(d,0)u"+1V+R, (2-3a)

ov'+U-VvV'=—(0, V) u'—fu'+R, (2-3b)

EETT, RORLEBEHOPELEHTE 2, W
CBWT, B TIHONERIC & 2R & A5 1H
D) F ) HFTNDHERLD 2L F—Z1LiCiX

Lsw, GE—HOER

EI=1=A
H

T DAL % & e T AL
RIEDO BRI ENICEFESG T 5, oDl i, E#

TRV X —HEORHZA (2-3) kD

(0, +U-V)

=—(0,0)u?— @V )uv'+u’R,+ V'R,

LEFB VWL TH S, LT ILXF—T
% &UHIC Fig. 5 2Bk % &, £FEEZIOh & 12hic
BWT (24) RoGUEEHPIETHD L0905, X
1% 3h, 9h, 15h, 2lhicB W T (2-4) KoL UE
%] 6h & 18h Iz BT, (2-4)
ROAUE—HEE HIwThb 043, D%,
BEEREO—FMIic BT, BELKS 3SR Z%EmY

TIEDIETH BRI

u/Z + V/Z)

Bl D8 % =2\ ) Tt iIC IR 3 % LT & %,

Lzac, HBER (2-3) tBWwTig,
VLT 5 ERMEHTHBZEILNRY W,v) ZEE
Bl 2n/f2bb, —HTHRRORETHS (U, V)

T RITE A/
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B/ CIREIT 5, 20k ST, AEICOWTERK
LRBUC 2:1 ORERDIENET B LD T A b
Uy IAREE, HD5VIERIACART 852 Y v o
Ry EMFIEN B BRORETH B, %5k, Fig.5 & H
W 7B T IR EMEIRED A L Y RS x5 L 21 &
7 BRMAE LD, ki, f#x oL FE
RO 2 5 5T Tzt LT, PSITHE
T 3 EELIE O SR OIRB A INICE H S 2 oK E
AR DRSS 5 (7272 L 2 DA I ERTEFOHE & 7%
b T FNF—THCHEET 5), &o T, HHREEX
D b ARER ORI WHHBIC B W, BRA BT OB
B389 X b Yy 2 REEDOSM R, PSI 2SHHE
IR R L, RS 2RI A 3 2 Bl
IZDOWTIE, X W BARAAREEZPBREL 55,

3. PSIDEEMEREICHITT

WEREE I D A AAFRIR 85 A R U v 2 RLEIC
B9 2 WD ER IZ RV, %hTY, PSIZERNICHR
5 HERDTEICIRNIE, TR 2 @0 IcaES
ns, —oHIZ, H—0RERE S ONITENZE R
BELT, ZZCERLNEILOREREFHARZD D
TdH3 (Mied, 1976; Klostermeyer, 1982; Lombard
and Riley, 1996; Sonmor and Klaassen, 1997; Yau et
al., 2004; Young et al., 2008), Z O, —#kic
Floquet i@ & WX 2 A TFICEST 5, Z2HIZ,
TR 2 BB A R 7 v E b O NERE IS, 550
R I & - CTIRFRZEL T 2 @R 2 eI~ 2 b
DTdHb (Olbers, 1983; Miiller et al., 1986; Polzin
and Lvov, 2011), 59IE#IEELIR (weak turbulence)
H B WVIFIEHFELF (wave turbulence) & WEIEH 3RS
TEF RIS B (Zakharov et al., 1992; Nazarenko,
2011), WIFNOIRICEB T H, PSLIFNEESHE O
TANVF =% /NAT — VG L2 B UL Y PEE
RELTHADLHIONTE

3.1. EmMAR EBAMROT—

Dk, K EE-STPSLICET2ELkD 5
L, FEhaEZLLT TR, 2000 FRoHAZ V—T
DOWZE % ©, #d NEY I /EH$ % PSI o EMEICR

DD oTOn 2?2 L0 SRRPEL, NEEY O
IR PR SN D XS Ick oDk, BiEET
IVES LB E T — & OUEEDER L 72 1990 FER D
BeTd 2, REES D SEH SN BB O 3L ¥ —
D5 b, HYOEIGHNEY IcEmINDETHAS
L1 1970 ST IZBRICI 520 & 7 o Tz (Wunsch,
1975), &oTC, ZOWGHRAH=ALELT, PSI%2ET
WERER I O IEFIEMH B IC L, do LR 25
HZMIToNTHBP L B o723 Th 5,

COEMAND—DODEZ LD DN, Olbers and
Pomphrey (1981) Th 3, HT 2 3 R=IY THELIN
72 DT, HELIE, WEEIYICERT 5 ER
MAERZEENTEAFE O AN F =T v 2B
T % F7- &z (“play no role”) & &7z, %
ORHLE L7-Did, BRI EA TH -7z, 55IEHIY
ALRICB LTI 2L X — 27 MVOREFE % Gl
2 B E B 5 2 (wave kinetic equation : WKE)
DEMERE D TH 5, SHEEKE — F RS ONEHEY L
FENHOEAERN 2T 2V F =227 FLTH B Gar-
rettMunk (GM) 22 FUASHHEMEHT 2 C L 2 H5%E
UCRME LG R, SRIESE—T — F oYW 2 2 v
¥—%KS FCICFHBREECHEHEE ORI %2 24
BEHE L, TORRIZ, ZD#KICiTh Nz Navi-
er-Stokes HREROEMEMNT (#1 : Hibiya et al., 2002)
PBHPTZEDFIRICK L T 5,

Rzl 7z WKE 120 < 1980 R o %8 T 13 INEB
WY OWERF P IEREICHEE CE o B E LT,
FTEZ LN D DIFYRFOFHREEEREOMETH Z, —
fikic, WKE DFHRICIZERICO BB R NI B » Tt
WSS % i 72 3 AL A B b B I D W T D 22 B 4
DAEL T2 %, BUERZZ A T 2V ¥ — ik E % i
ERARKD 270103, HYROFELINETHD,
WIRFIEIE U < BB O FHli 25 C & T e o 7o Al REME
Wb, zhicxl, kKbiEFEOf%tE LT, Eden
and Olbers (2014) 3 WKE @%fERE 51 & b P
WO NVF—HMEEEFORBb 2%, LaL, #5
DFFEREE TR, WEREY OERIIFED SN B I
> CHIRICEAE L TR Y, BllTHEI»O 6L
75 W S C O BEZE e WY O IR 2 FHEHTE Tk
Vv, NEREI IC/E 3 PSTICO W T O & BlHloAR
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—FE, 2010 SER DB > THRRE L TR
BRENTORD > I,

3.2. YRBOKEEERLGIEXICEDCEHE

M Eof#E%521F, Onuki and Hibiya (2018) &
WKE i & 8% 2 BB L, EEEMEAERIC X
3N OERIC O W THER LB O X v v 72
OB LEEEL T, WITEDBEICN S 2 HHEHERm
‘X ZE2H A EOW T, HEKE»OTEBED
—RREEHIR E L =007 — U &8 & 5 e bh
HELTHYENTE R, LirL, BEFEFRCBITE
HREONTEY %5 2 5B%1ci%, ETER L RERKET
RE 2 INEREF € — F oG c IRz R 2 C
LY THhB EEZ NS, E— FIEREMICH DS
WKE (%, <% Hasselmann (1966) < Pomphrey ef
al. (1980) TEHRHENTWw 325, U IEEFNKE TR
R0 E ATl ER ISR BT & > TS
B 728, ML BUEREE ISR T 5 SRS O BB RT3 5K
HWIZAWHETH 5, £F SO TIE, Lvov and
Tabak (2004) 2VERH L 7ok ER o E#EGERIC &
L EAME TR O NBREEICINET 2 2 LT, WY
XS % PSI %G9 % DI d i L 72 D WKE,

on
a[l = TCZ‘I‘“/]ZS‘Z(HZHB_nznl —n,n,)
./‘Z,.’i

X 0 (k,—k,—k3) 0 (w, — wszs)dkz,s

_271'2[‘1/213‘2(171113_171172_112173)
Jos

X 0 (k,— k) — k3) 0 (w, — w, — w,) dk,5

(3-1)
ZEM L7, 22T, n(k,)) BARFES Kk $hiEE—F)
>1 DFSTH3H > wave action HETH D, T F—EE
ZEA AR CRLZDDEERT, FEBULFEKETLIC
B BELEE OB w (k,j) = /F*+gD, | k|* T
EDHND, THEIRICE N 5 KE0TE T — F DA
D, OfEid, BikT 2EEHEEAZETREND, Kl
o#e b, n=nlk,j) Lvorzkdc, IRAFCHES
OB AEXIIL T b, B OIERRTZRE R Vg
=V(ky, ko Ko fuojorJs) V& BT — F OMEREEBIE fAF
T B5E T E KB & OB 0B I V=R

(jl’j27j3) V(klvkzyka wla wzy ws) kﬁ%ﬁf\g, ﬁﬁﬁéggﬁ
RO RKFEE D L LT

R(j1s jon Js) =‘[D<D,,(Z)<Dj2(2)®,‘(2)dz

LEIrND, TIT, MEMEEK O ZEE T 7 7 A
Wolz) ERFEE p ok L CERS N 3 EA RN

Eazﬂﬁju@&%M+f%&Q®&%ﬁ
O -D z  Pc
DL LTHEBMED L b THIESN D,

FHEER (3-1) &, ZIHIE O LM% 5 3B
OHENEH D A% ERICANTHNEEIEARZ FLD
BRI L E SR %, TV & BRI &t e i BRE 4y
2600, ZoRBEAEERORMICE > R T L
BHY R 12 ET 508, 2S5 —E L ko 5 L,
AL OMEEAEREZ 0 Hfl T 2HHE 2 5 ThWwIHIK
T oh, Eic

on,

o -7 [n,,n,ln,+Gln,n,]

LELZENTED, ZTTERELL YN, N X, A
ERE TP AR P VORI T & o TRE O W% D Xt
b6, WERMHAERIC X 5 nlk,j,) B9 OWER
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Decay rates of M, internal tides
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Fig. 6 Numerically estimated decay rates v for the lowest five modes of the principal lunar semidiurnal con-
stituent (M, tide) interacting with the background wave spectrum. The numbers below the color bar indicate
the e-folding times of the wave energy. Reproduced from Onuki and Hibiya (2018). ©American Meteorologi-

cal Society. Used with permission.
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Fig. 7 Vertical cross sections of interaction intensity v” depicted along (left) 179.5°W and (right) 28.5°N for
the lowest three modes of M, internal tides. Note that ¥” is either positive or negative, and only positive val-
ues are displayed. The black curves show the isopycnal surfaces with an interval of 0.5 kg m™”. Reproduced
from Onuki and Hibiya (2018). ©American Meteorological Society. Used with permission.
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Fig. 8 Growth rates of the expectation value of the energy density for the model equation versus (a) the ampli-
tude of the background wave ¢ with a fixed spectrum width @, = 0.02 and (b) u, with a fixed ¢ = 0.05. The
gray squares indicate the empirical values obtained from numerical experiments. The solid black curves show
A= (*5-0#k+~/(5-ouk)2+ 1.732¢° )/2, which corresponds to Equation (3-4), whereas the broken curves
correspond to the two asymptotic limits. Reproduced from Onuki and Hibiya (2019). Used with permission.
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Fig. 9 Contours of turbulence kinetic energy dissipation rate ¢ during the first along-ridge section. Ticks at the
top mark advanced microstructure profiler (AMP) drops, and white contour lines denote constant potential
density o, at intervals of 0.1 kg m™*. The thicker white lines are ¢, = 26.1 and 26.6 kg m™°. The ray path
of the M, internal tide emanating from the shelf break was calculated using an averaged vertical profile of
buoyancy frequency N (thick solid black curve) (equation (1)). The M, characteristics including the effect of a
horizontal stratification N, = 10 * s™' and a horizontal velocity gradient 49,V = 10 ° s ' (equation (2)) are
identical to the solid curve. The dashed black line denotes the M, characteristics including the effect of
mean vertical shear of a magnitude of 0.001 s~ (equation (3)). Black arrows represent acoustic Doppler cur-
rent profiler (ADCP) horizontal velocity vectors. We have rotated the velocity vector so that the positive x
component of velocity denotes the along-ridge onshore velocity and the positive y component velocity de-
notes the northwestward across-ridge velocity. The red arrows at the top mark locations of the profiles
shown in Figure 2. Reproduced from Lien and Gregg (2001). Used with permission. The caption has not
been modified from the original.
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Disturbance 4

Beam wave

Beam period T’

time ¢

Fig. 10

(a) Model geometry. A beam wave propagates in a rotating stratified fluid at an angle 6 to the hori-

zontal. The coordinates (x, y, z) correspond to the lengthways, vertical transverse, and horizontal transverse
directions of the beam, respectively. The beam structure is specified by a temporally varying velocity func-
tion U(z, t) with a characteristic width d. The infinitesimal disturbance wave is amplified via interaction with
the background beam and radiated away until it reaches the damping zones located near the boundaries. (b)
Real and imaginary parts of the beam structure function U(z). (c) Concept behind Floquet theory. The evolu-
tion of the disturbance over one period of beam oscillation 7" is regarded as a linear transform represented
by M, the monodromy matrix. Reproduced from Onuki and Tanaka (2019). Used with permission.
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Fig. 11 Growth rate of the fastest growing mode plotted against /o for each combination of N/o and beam
amplitude A. All data are scaled with a beam frequency ¢. Reproduced from Onuki and Tanaka (2019) with

some modifications. Used with permission.
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Fig. 12 Frequency spectra of the fastest-growing mode for beam amplitude A = 0.05, 0.25, 0.4 and 1/ 0 = 0,
0.3, 0.5, 0.7 with N/o = 10. The corresponding wavenumbers are also shown in each panel. The horizontal
axis is scaled with the beam frequency ¢, and the total energy is normalized to unity. One panel is shown as
a continuous plot for visibility, but all of the spectra are inherently discrete with an interval ¢. In the top
panels, the black broken lines indicate the subharmonics of the beam frequency, =0.5¢. Reproduced from
Onuki and Tanaka (2019) with modification. Used with permission.
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Fig. 13

(a) Internal gravity wave obliquely propagating in a stratified fluid. The thick black curves represent

the isopycnal surfaces, and the arrows indicate the direction of the flow velocity. A Cartesian coordinate sys-
tem (x,, x,, X3) is arranged such that x, points to the direction of the flow velocity, x; to the velocity gradient,
and x, perpendicular to them. (b) We cut out a small domain from the internal wave field, in which the ve-
locity U is linear in x; and oscillates in time. A time-dependent coordinate system (&,, &, &) that follows
the background flow velocity is introduced. The shape of the model domain (thick parallelogram) is fixed in
the £ frame and hence periodically distorted. (c) The wavenumber coordinates (k,, k,, k;), which are defined
by taking the Fourier transform with respect to (&), £, &), also vary with time. Reproduced from Onuki et

al. (2021). Used with permission.
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Fig. 14 Results of the experiment with Fr = 0.4. (a) Time series of the kinetic energy (red), available potential
energy (blue), and their sum (black). The data are normalized such that the total energy becomes 1 at the
end of the experiment. The vertical green lines indicate ¢ = 157, 187, and 257, the times to which the subse-
quent panels correspond. (b)-(d) Buoyancy perturbation b” on the surface of the calculation domain at ¢ =
15T (b), 18T (c), and 25T (d). Red and blue regions indicate positive and negative values. (e)-(g) Energy spec-
tra in the horizontal and vertical wavenumber space, E(k;, k), at t = 15T (e), 18T (), and 25T (g). Here, k;
indicates the wavenumber against the horizontal directions X, and X,, and k, indicates that of the vertical di-
rection X;. The spectra are integrated over the azimuthal angle and normalized such that [ E(k,, k) dk,, dk,
= 1. The black dotted lines indicate N sin ¢ =w and N sin ¢ = w/2, where ¢ is the angle of the wave vec-
tor with respect to the vertical axis. Reproduced from Onuki et al. (2021). Used with permission.
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(a) Mixing coefficient I" = ¢,/c as a function of the (external) Froude number Fr. The color represents

the buoyancy Reynolds number Re, = ¢/( ¥N?). (b) Mixing coefficient I" as a function of the turbulent Froude
number Fr, = ¢/(Ney). The color represents Fr. Here, the energy dissipation rates € and ¢, and the kinetic en-
ergy density & are obtained by averaging each over ¢,,,—7<t<t,.,;. Reproduced from Onuki et al. (2021).

Used with permission.
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% (Perfect et al., 2020; Mashayek et al., 2024), it
IR AT I @2 UGl C 2 RA IR IRA IR TR
TAZ VL= a v OEEPEATE ST, SHBOKRE
BB LEE R B,

AHGCIEEICHHEDO NEFISIC B 1 2 RG22 E L T
Z w5 2 ENROMAMEM 2w CE 7, —7
PR O EIRBORIE S < O T 2R 2 i K HE O 1
WCHEFT 2 LB EOBREITHE AL B> TED,
Munk 5 23808 U 7z $hE—XTC DMLY 7 » R Ic Kk
DK B E LD, BEOEFANTICE S LRAD D 72
5TH LLIEREPIRE SN T w2 (Ferrari et al.,
2016), Zzhicknid, WBEMNE L CTRVGIEAESD Y
&, WD S BRI A h 5 TRRA 4L
— 7 CESUEN TIEHIZ ISR © 7B AR L 5,
295 LA B = X LIRS D 5 2IRANIEH 5 K8
KOZEIZBEWTEHELRKEHZR T LEEZLND
(de Lavergne ef al., 2016), 7-72 L, HEETHEL %
WIS LMD T AV XF—DH 5, ENEITHEHN A& E
JEKDBHIEDON D DPIEEDPTIE RV, KSHVLS
NTWBRF AP Y= ar T, MEELED
L 3HD R E LR A R L, Z O BRI H
5500m D AT — ) TIHREWICHHET 5 L LTwa,
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ChoDHEFIFLIELIZEEICET S, FlAIEREARE
TIHEES 5 1000 m ML EOE S & Tl REI R E
CTwa I ERMEINTED (Sasaki et al., 2024),
BORFE DI A 7 — )L OIRERREIC D W TSR KD
T EE DR MER LT\ 3 (#l : He and Hibi-
va, 2024), #&U T, MBEEROFEM BRI, BE
HFOMERPNRTIAI VY= avE Ty 77— LT,
SHIBEORVET VOMEE HIE LK) 5 2 L5k
DHND,

6. BBHWIC

AfECIFFEBEOEIRIES 28 U QBERR 8L 5
Z B NEFE K O HIBRLERRICO VT, KEHES) R
% Floquet ¥, Z2THEALRIC X 2EEREY S 2L —
varvibkwol, A4 OMERINTIELIER L LK
RIZOWTHENZELTERL, ThoDFEE, wihd
WEREE 1 D LIS A ERICEE £ 6 3 A% & R-EIC N L
TIGHDAIRETH 5, ASCTIRIEEREE R TR0
REWOBHETFHE T VICHO SN T WS Z L 2B
N7z, MZT, Floquet B & BEER 2 M AAHDE
Te BUEMNT I, WFEELR O AU b 5 A 7 — VB A
TER ORI B W TREOAE»BEIh 5, HlAE,
Onuki et al. (2023) Z¥ 7 AV 27— Vg2 EEL T
WA o e B R Z ER L, INAT —VONHE
TIEDS 2> 6 T 20V ¥ — % Z2 T Blo T - i L T
VBRI 2 % IR 2 BRI T~ 7z, B OWREE T LT
IREESHEE 2, TRIA W R T — VO T 5L ¥ — i
KRG BELRBISR T, MO & LT D il
TED, ZOMRIAT TERRZHG CTatEEE R
BRICTE & 2 BUERHTE A OBIF DS H OHFETH 5,

ATROFERE LT, YRR U 7 EABE IR 05V
FRRTHRENC OV TR L TBE v, ERZ22
&, WBEYEFOERERRICOWT, BEIERC N ER
E v o Totr D FEBE 22 H 4 1% 1980 AR F Tl dalifE T
STz (Gill, 1982; Pedlosky, 1987), Z#u Z 75,
WA OWBIEY IR H - T, HEHEE 2 I FFE LD
ST =P NANLBEE T VICE 2 TFHEIE wo 7z
ICHIZEDSHEDRHTH B, —J7, ik YR8
R TOPEYEZICBEL T, B R—LVRERD

Ll Ray Ay (Thouless et al., 1982), w5
EOEBICAR S N 2 BN R IEV-HHEE /17 (Evans
et al, 1993), ®5w3dETL = —FETH¥ (Bender
and Boettcher, 1998) D723 1980 FLIREICHES: L
Twol, IhbivTnd, VHEORAFEIE,IES
nThghizoTidi L, BFEOMmAERICR LT T
A DI ETHLWERIEAI N, Sh s MH
HBrRESNTwo kb w) JAET 5, FillkEomE
WITEERE, ZREERD L T A AL % 5D
Tw3, il LT rRuoorvhttkoniciz, BT o
BEPREICH L CERINSIEARL PR e U h VS
ZEWIFICOEAT 5 2 LT, BEZMAGEREZ M
KTEDTEPFKRAEINS%E (Haldane and Raghu,
2008), #WHHOET K — VRO ARTIE TR S 27
Do e FMTEH DI 2 EH L Tw5, Ldhil, i
FHACBOTHRADIC Tohoob b OBERIC
FLORAEEZ5Z LT, FHNRARP 63N
LHREED D B, EEHEAE, 5 LcWifFzEigic, BHMAR
OYEYIELE D b E A T, Wigner Z5Ha & 80455 1F
3R % [ 7o HUER G AR I B) D Jey it 43 BIE AT B Ak oD Bl 7
(Onuki, 2020), W5 & O EMZ G U 7z HiEki R
B2z ANF—h 27— KO (Onuki, 2022),
KimZEEH IS O EhEB R TR B 2R 0%
D85 Ky 2 ZADN (Onuki et al., 2024a), [Al#zEk=E
MR ZEDL 2 WED F R PV LGk Kelvin 3o
BEfRME DR (Onuki ef al., 2024b) &\ 72HL b HlA
ZLT&E, SHICEFEDOHIZ LI AT, BFT LT
U R LI & BWHEEBR O BRI 25 E T ko R (Mat-
suta and Furue, 2024) <, [E@E1FOBRD S 7
B & 2 ¥ v aERo AR O (Yasuda and Ko-
hyama, 2025) &\ o7z, R THRENIY R T — < IC PRI
THEFMEENENIC S, WODRRTH-TH,
4 Z OBEDH L W MTHIS ORI cH 5 LA, [
W74 74 7 2 WLINIEBWRD 5 2 LA, Y
DOREMNIEEZ S 76 THREIIC %5139 TH 5,

DY, LD HAEEYFEMHEEZZETE X
ERBICHRDRTHYET, THEERVELEEEL
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CEBEEEBDO 4, IhE TOME#HZ2 LA TP
got%M%%®ﬁ¢ 72 5 T B ORI K

#EHL BT, ZEEBICH D TR, FEED
IR AR R RN REBe4d: - JSPS Re Bl

ZEEE UL M, 7 5 IS MR AIEH S22
FITRKIFE RGN v —ICEF L Th b D 44
MlCEMEZ U E L7z, RKEBETTREH B o H it 2 Sk,
Wes RO NHER A I EERCELVESH D £
T, 5% 4 HiOHIE I BTAAT IR RS O AR
YEGER - K - RREROMERE L RIEIIZES ORI, &
BEfFge (MEXT BHf 2 JP18H04918) & L CTHEMi% L
F L7, Fo6ffichinz—HoWoR, JSPS B
JP20K 14556, 7 & BT UM KIS 71502 o 2 [
IR E 2 % & & bz, JSPS ¥4V 2%
B L LTV a v EEmEe ey B AR I U 72

MERATEmELE Lz, WTIhORBICEBEELT
b, BRO F FICREHEOLEEZEDOMER S A VI G
~L, AHTH 2 L2F LT D ABD T4 DL
BhHolerblZ, RZEICEDLIENTERLEERT
Bh 3, SBLMETEFO THHVRE) 2 /o0 CiF
JEwhL2 EHBELTED 2L, BffEAVEVEETH
VT,
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Theoretical and numerical study of internal wave resonance causing
vertical mixing in the pelagic ocean

Yohei Onuki*

Abstract

Internal gravity waves generated by tidal flows passing over steep seafloor topography, known
as internal tides, promote the vertical mixing of seawater by generating microscale turbulence.
This process significantly influences global ocean circulation, climate change, and marine eco-
systems. However, where and how internal tides induce turbulent mixing in the ocean remain
poorly understood. To tackle this issue, it is essential to clarify the mechanism by which the en-
ergy of internal tides, with horizontal wavelengths exceeding 100 km, cascades down to smaller
scales. This paper reviews the historical background and the author’s theoretical contributions
to the study of parametric subharmonic instability (PSI)-a resonant interaction between internal
waves that facilitates the energy cascade from internal tides in mid-latitude regions. Beginning
with an elementary explanation of the PSI mechanism, the paper introduces techniques such as
the wave kinetic equation, Floquet theory, and direct numerical simulations in transformed co-
ordinate systems. These methods are utilized to address and overcome the challenges faced in
previous studies attempting to quantify PSI. In conclusion, the paper discusses recent advances
in turbulent mixing and deep ocean circulation and suggests future directions. Additionally, it
provides an overview of the author’s latest research endeavors, which were inspired by con-
cepts from condensed matter physics.

Key words: Ocean dynamics, Internal gravity waves, Wave-wave interactions, Turbulent mixing,
Numerical model
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