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Multidisciplinary study of wave dynamics in rotating stratified fluids
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Quasi-resonance phenomena in geophysical waves

Antoine VENAILLE (ENS de Lyon, France)

HE): #iBkS 27 AP ERRIZH SN D i ARBRIT, WELEICI T 2o B o % i 4 G5 H]
LCHATE 20D, FlE L THa ITEAER, iR E o CAEN AR
DA E R OBEEZ R L, FRERENCRHE R A7 MAREOBRIICR S Lz, Z
DOHERIE, MRy R FEMICAE < 2 & 72 <, dbek & mEEkIc B W TR B AR 23 23
TN e D AR U—EEZ o2 LIS X, IREICHIE SN2 By D AR
7 MAEEOWIE 23T 5 2 L 2 WREICT 5. bR m O — AT IS B LB FIE L L
T, BB L L TERE SN Z MO ERARITHE DT 5 Wigner-Weyl ZHLNH 5. KRG
FABBNEICHNONOMETH LD, —HF TERHFEITEEIO AT M EZED DL HD
Th 5. Winger-Weyl ZHLO HERFRIA ) FZ~DIGHIE, bR v o — T & 13057 LT Onuki
(2020)iC K> THIBBE SNz, For OB BRI, MERFTEHRRICHT D 2 6 #mF
BEOILRDISHTREMEZRD Z LI2d 5.

B OAFSE 1 EAEE TR S IERNERNE & b AN 2 LB o BAR

(Venaille et al., 2023)

AEPE IR EE T LT, ZEEHRAE L2 /N T A —Z O SR I IR S 7o BER 70 )
E—FERFTLILDDHD. b LT A—F Zidftic 2 S & THilt— NOFEE
Ul 2356, ZnooEnd [ haAa U elili] 2525, \mEHHFERY O
WL~ T, D& 72 bR DA NREERZ b ORENT, 2 SO/ 7 25T Chern
BMEMENLIH—O AR P—RERBZFHET 2 2 LICL Y, Moy s B <
TLRLKEHRTE 2 ZEMRENTW D, Bl L7 DR &, K0 M S o
RO XHGCMET, R REECERIZ L > TESLEN D, AWFFTIE, FREkICKIT 5%
KRABRKXRZH & L, EHRBBNEZISH T2 2 & T, OIS L CTHERR 22 IR &
5.2 %. AN Wigner-Weyl Z8#a % IV TALE & EEUIZ DWW T OFEZEIC 31T 5 4 51
L, Z0%, BEFLOFRENSICOEIMERRN DO AT FVOWEEZRGNNIT 5. £
DOMEFET, Chern BN EFLOSMICEURT 22 & 2R,

B SR 2 SREL T IRDAE FIZE T 2T K 2 W D3+

(Onuki and Venaille, Internal wave generation in shear flow: a spectral theoretic perspective, in
preparation)
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DORFEEZEDHIEHZO LY N NEHWDHZ LT, 77T AEROFIEZL-T
BHZENTED, ZOLY RS RRZFLF— ) L AZOWTIEFR & 72550 K
O, fEHFEO AT NAREREND. ZDARY MU, FRENOKERBIZH L, &
EEAE— NS T 2 BEa 2 EAE &, 5SS OFERIT ST 5 #ieay 22 553 12
Lo T SN D, FREIIRENES) U 72 W ISE MO 22 S, 77— Y =f5 O sk
I Z 0, M6+ ICBiN - HSIZBW T, EREREZRD RN SiRb BT — K
e, BRBIZ R VX — 2RI SN2 N SE S 7 28 LT < R Ko TRk S
DT ENREIND. NEERI Ry Dy HREJER Sy ~D = R )L F—ZHER T, A7 hLdD
BERRRR 2y L R TN TN D DOFEORIZ L > TRELEND. Z OfERIT, Bkt —
Ry DI % B LT IERDOFE REZVET 2D TH 5.
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JIEE o Y i g R RIS B VT, ML FAICARZ2 b OB 7TiRICBW TR Sh b
Rossby i OMEE & BlEa 00, BUEMICEER L. EA OmMIEE 2 b olile — &, R
JE 2 D T — ROME 250, ERBBRNEIZ K o T Rossby 3 DRk 2 MGk L7z
R B O JE BB X > THIEE S 415 Rossby I DT R /L — DR B 7IE D BV 27~
TR, EEE— RO OHF TH, WIEOEALAR 0 & 72 2 EF iR & T2 #R I B
B & b s B Tk L TE, = R F— R ORISR RANC R D & ) Bk
RS R & 1572,

GRS
e  Venaille, Onuki, Perez, and Leclerc, 2023, From ray tracing to waves of topological origin in

continuous media, SciPost Physics, in press.

B ERERE

e  Venaille, A., Topological waves, Boulder School 2022: Hydrodynamics Across Scales, 2022.07.

o KE B, Antoine Venaille, > 7 it FIZhiEE S 2 NEBE J1IE D AT R LERAIE SR,
H A2 2022 - ERKFE R R, 2022.09.

e  Onuki, Y. and Venaille, A., Internal tide generation in shear flow, Singularities and Attractors in

rotating and stratified fluids, 2022.12.

W AFSERARA

& : Antoine VENAILLE (ENS de Lyon)
FTNHEREA © KEFGT

#71% : Emile DELEAGE (ENS de Lyon, Student)

13



[EI B FF E 5
2022S1-1C-2 FREMI 1

& B KK EY DERMT

BER AR AR AREZ

ER:)

SEIL. E OB DN ERCE IR E 7 E o R THiEKE L<EITWAT2D, HiIERD
SLE R EMEHEN A, Ll 2O REEEITIHEFICES, 8243 BIcb 25, 20K
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WEEAT 9,
1. H > XBUT — % % AFES-Venus (2[R (A - R - /NSF) 562 & T,
DX TR SN Dbk A RIFFZE A r— L D& R R EN 2 8T 5,
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(i)  Fujisawa, Y., N. Sugimoto(3 #H), fh 10 £ The first assimilation of
Akatsuki single—layer winds and its validation with Venusian atmospheric
waves excited by solar heating, Scientific Reports, Vol.12, (2022), 14577,
11pp, 10.1038/s41598-022-18634-6. 'L AU IJ—X,

(ii) Sugimoto, N., Y. Fujisawa, N. Komori, ffi 34, Akatsuki LIR observing system
simulation experiments evaluated by thermal tides in the Venus atmosphere,
Geoscience Letters, Vol.9, (2022), 44, https://doi.org/10.1186/s40562-022-

00253-8.
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Nonlinear energy transfer within the oceanic internal wave field
Wei YANG (Tianjin University, China)

BEEE: MEE O NERIZ B WO TR 22 BLIEENC L » THI & 2 SN D EE IR G 1T, EH)
B, B\, K, IRFE, HDVIETOMOEHEIEN 2 E Ok &ﬁQWﬁ%ﬁz,ﬂ%
HILOBRE Y AT MIBWTEHEEREE Z L7 LTV D. FRICERB ISRV T, BT
PSYRJE T b 40 it 3 2 BRI I A3 2 WERER I (NS ) 28, BLIIR G O FE /= r L ¥
—HTHDH. LLRnb, MR EREMAr— Vi b D, REHEZ B 5N
MW, EZTEDIICLTEZRAF —Z2 RWELRBORICE 5 00X, REHDICHMR S
TR, B EONFSE CTIE, NE KM O =L HAEH O — Th 5 parametric
subharmonic instability (PSI)7%, PNERIIYY 7> b B & O IEMER By~ Rf L X — 2 52 TS
LT, TR —ER AT D A D = XA STV D, L, PSI I XK > Tib
L S AT ATEPERE Sy D =R X =03, FDB AT MAEMANE ED L D ITf5bho T
S DOMTHA LN STV RV, RIFFEE, S GRE =Rk cHE I 21— 3 Vig ko
T, W AT MIZBE T 2 BRI e =3 L X —HsitE 2 o 0T 5 2 L 2 BiE
7.

B Tk
REBRBEMMAT— V% b OY RN O 280 1L, FEHZET 2 J5aT e 72 il
VT LB E RO A S TR R T DB ELR S A R 2 L — v 3 U TREE LT,
Z O¥AEE T /LI, Onuki et al. 2021)DEF /L ZHLHE L, HIEREEEORNE & FIfE o 55
NERIE DIRIEEDEALEZAANTZ DO TH 5. FHEEHRARFMHE & bICEThsEs 2 &
T, MY A X200 bE RO L OWHE S T O R A EYNCEB L, 7— U = A
7 MVIETHERILT 5 2 & T, AT — VOB A REE R RBE TEL RN DOET
NOFEHLKTH .
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1). FEEYS 720 O =RV — O REIL, BIERZEMMTD RS 51D PSI ORLERK
RRIELST D, =X VF— R OF1% T, BELTHS ORE L@ S LT ~EE L T
B0 (X 2), NEBE WO N 72 b0 LIBIRTE 5. BELE S 2 s L, =
FN X =AY NVORRINEHR L2 L 25, OB CIImEMER s g LTz
TRV — MR &[RRI M o0 B B oy~ S v U, FRICIEMEE B 5 o a1z
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Energy cascade and mixing due to internal wave in stratified fluid
Sylvain JOUBAUD (ENS de Lyon, France)

Objective: Vertical mixing plays a major role in modeling the global circulation in the ocean (or
climate). One of the key mechanisms for such ocean mixing is overturning internal waves. However,
these mechanisms are still poorly understood and modeled on a very crude level (diffusion with an
adjustable coefficient). To get more insights into this phenomenon, we will investigate the complex
dynamics of rotating and stratified systems subject to high energy forcing using laboratory
experiments and numerical simulations. In such cases of strongly-forced regimes, advection and
mixing play essential roles by affecting the dispersion relation and the background stratification. The
project aims to quantify the energy cascade due to nonlinear wave interaction and the local mixing
events to relate the wave-induced mixing intensity to the intensity of the turbulent motions. In the
present project, we aim to combine French and Japanese teams' efforts and benefit from the two-year
visit of Y. Onuki at ENS de Lyon. S. Joubaud will take care of the experimental part while Y. Onuki

will implement the numerical simulations.

B Study 1: Breaking of internal waves parametrically excited by ageostrophic anticyclonic
instability (Onuki et al., 2023, under review)
A gradient-wind balanced flow with an elliptic streamline parametrically excites internal inertia-
gravity waves through ageostrophic anticyclonic instability (AAI). This study numerically investigates
the breaking of internal waves and the following turbulence generation resulting from the AAI. In our
simulation, we periodically distort the calculation domain following the streamlines of an elliptic
vortex and integrate the equations of motion using a Fourier spectral method. This technique enables
us to exclude the overall structure of the large-scale vortex from the computation and concentrate on
resolving the small-scale waves and turbulence. From a series of experiments, we identify two
different scenarios of wave breaking conditioned on the magnitude of the instability growth rate scaled
by the buoyancy frequency, A/N. First, when A/N=0.008, the primary wave amplitude excited by AAI
quickly goes far beyond the overturning threshold and directly breaks. The resulting state is thus
strongly nonlinear turbulence. Second, if A/N<0.008, weak wave-wave interactions begin to
redistribute energy across frequency space before the primary wave reaches a breaking limit. Then,
after a sufficiently long time, the system approaches a Garrett-Munk-like stationary spectrum, in which
wave breaking occurs at finer vertical scales. Throughout the experimental conditions, the growth and
decay time scales of the primary wave energy are well correlated. However, since the primary wave
amplitude reaches a prescribed limit in one scenario but not in the other, the energy dissipation rates

exhibit two types of scaling properties. This scaling classification has similarities and differences with
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D'Asaro and Lien's (2000) wave-turbulence transition model. (extracted from the original paper)

A snapshot of the density field in the numerical simulation. The breaking process of internal gravity

waves excited through elliptic instability is visualized.

B Study 2: Three-dimensional visualization of stratified fluid flow using suspended inertial
particles
This year, we have started a new series of experiments to understand the dynamics of internal gravity
waves and stratified turbulence. Innumerable minute particles are suspended in density-stratified fluid
in a laboratory tank. We make a wavy fluid motion by moving the tank wall while measuring the
locations of the particles using particle tracking velocimetry with four cameras at any instance.
Tracking the trajectory of the particles, we have created a 3D movie of streamlines, which exhibits
oscillatory motion associated with the internal gravity waves and induced mixing. Using this method,
we will investigate the formation of an internal wave attractor, triadic resonant instability, and

turbulence statistics from Lagrangian viewpoints.

B Submitted paper
e  Onuki, Y., Joubaud, S., and Dauxois, T., Breaking of internal waves parametrically excited by

ageostrophic anticyclonic instability, Journal of Physical Oceanography, under review.

B Presentations

e  Onuki. Y., Joubaud, S., Dauxois, T., Breaking of internal waves parametrically excited by
ageostrophic anticyclonic instability, Japan Geoscience Union Meeting 2022, 2022.05.

e  Onuki. Y., Joubaud, S., Dauxois, T., Breaking of internal waves parametrically excited by

ageostrophic anticyclonic instability, 14th European Fluid Mechanics Conference, 2022.09.
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Collaborators: Corentin PACARY, Dheeraj VARMA, Julie DELEUZE (ENS de Lyon)
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