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FDEPS started in 1999.
e Fluid Dynamics in Earth and Planetary Sciences (FDEPS)
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FDEPS 1999 (1st)
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1999 12H6H(A)~10H(%)

M.Mclntyre (DAMTP, Cambridge)
Atmosphere-Ocean Dynamics: Some
Fundamentals

P.H.Haynes (DAMTP, Cambridge)

Stirring and mixing in the stratosphere
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P.H.Haynes (DAMTP, Cambridge)
Waves, turbulence and mean-flow generation
in geophysical flows



FDEPS 1999 (from lecture by P. H. Haynes)

The total mean force exerted on the critical
layer is

+ +
/ (—u'v")ydy = —[u’v’r]_l_ = f D — Aydy < O

The negative (westward) force exerted on the
mean flow in the critical layer region corre-
sponds to a convergence of pseudomomens-
tum flux into that region.



- 52[E 2000.12.04(A) ~08 (&)

FDEPS 2000

- W.R.Young, (Scripps Inst. Oceanography)
Biological tracers
- P.Cessi (Scripps Inst. Oceanography)
1. Simple models of ocean/atmosphere
low-frequency variability
2. Dissipation selection of low-frequency
basin modes
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Solution of ¢, + (1=7%)cp = (8 x 1074)V2e.

- $3[E 2001.12.03-07

- R.Lindzen (RIRZHETOBHFICEYAHIL) (from lecture by W.R.Young)



FDEPS history in Kyoto 1
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FDEPS 2002

- 4[] 2002.11.11-15
I.M.Held (Princeton GFDL/NOAA)
Atmospheric poleward energy fluxes,
turbulent cascades, and the efficiency

of the atmospheric heat engine.

The Zonal Mean Climate of the
‘Troposphere

Isaac M. Held

(from lecture by I.M.Held)




FDEPS 2003

gE5E 2003.11.17-21
(CHDEHI S FTEEATEE I F—/7 X TR
R. Salmon (UCSD)
Introduction to Hamiltonian Fluid Dynamics

Mean flows and disturbances

Lagrangian for a one-dimensional fluid:

L{x(a)]= [fdz da{%(%}z B E[%)}
Hamilton’s principle:

fdr L[x(a,r]]=ﬂ for arbitrary ﬁx[a.t]

(from lecture by R. Salmon)



FDEPS 2005

g 7[E 2005.11.08-11
G.K.Vallis (GFDL/Princeton Univ.)
Geostrophic Turbulence and the General
Circulation of the Ocean and Atmosphere
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Fig. 3.1 The time-averaged zonal wind at 1 50°W {in the mid Pacific) in December-January February
(DF), left), March-April-May (MAM, right). The contour interval is 5ms”'. Note the double jetin
each hemisphere, one in the subtropics and one in midlatitudes. The subtropical jets is associ

ated with strong meridional temperature gradient, whereas the midlatitude jets have a stronger
barotropic component and are associated with westerly winds at the surface.

(from lecture by G.K.Vallis)




FDEPS 2006 Spring Special

- 558[[ 2006.03.27-31
(ZoE7EFIMBEHE)IERR, FDEPS2001 O Y R P)
R.S. Lindzen (MIT)
Is there really a basis for global warming alarm?

Wave Overreflection and Shear Instability

E. 8 Lmpzex axo K, K, Tung
Cemier for Earth ond Plontiory Physits, Harvard University, Combridpe, MA 02138
{Manuscript recelved 1 Febreary 1978, in final form 25 May 1978)

(from lecture by R.S.Lindzen)




FDEPS 2007

- 5510[E 2007.11.5-8
Peter B. Rhines (Univ. of Washington)
“How do waves and eddies shape the general
circulation, gyres and jet streams?” and ---

(from lecture by P.B.Rhines)



FDEPS 2010

- 513[E 2010.11.16-19
Raymond Alan Plumb (MIT)
Waves and their role in the general circulation

of the atmosphere

breaking favored here
(i — | small)
FeOfore—a=<0

¥ — negative acceleration

x T u breaking favored here
(7 — ¢ smally
Fz0forc—id=0
— positive acceleration

e mm breaking suppresse,
ke — il large

-

c=0 2

- Internal gravity wave breaking can reinforce zonal flow
(we'll see importance of this later)

(from lecture by R.A.Plumb)



FDEPS 2012

- 15[EF 2012.11.18-21
Theodore G. Shepherd (Univ. of Reading)

Fluid dynamics of atmospheric circulation

The classical picture of two-dimensional turbulence
(after Kraichnan 1967 Phys. Fluids)
— Argued to be relevant to the atmosphere by
Charney (1971 JAS)
Energy and (potential)
23513 enstrophy injection is by

baroclinic instability

Energy

Wavenumber Vallis (2006)

(from FDEPS lecture by T.G.Shepherd)




FDEPS 2013

- 5160 2013.12.03-06
Adam Sobel (Columbia Univ.)
Moist convection and tropical atmosphere dynamics

Super Typhoon Haiyan
Image: NASA Wy

N . _ ,
(Prof. Sobel and Prof. Tatsumi) (from FDEPS lecture by A.Sobel)



FDEPS 2014

-« 817 2014.12.02-05
William Randel (NCAR)
Circulation, transport and chemical variability

derived from satellite observations

polar vortex

near 30 kim potential vorticity

(from FDEPS lecture by R.Randel)



FDEPS 2015

-« 51 8[E 2015.12.01-04
Glenn Flierl (MIT)
Dynamics of geophysical vortices and jets

(from FDEPS lecture by G.Flierl)
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FDEPS 2004

« 6[E 2004.12.06-09
H.E.Huppert (Cambridge)
Geophysical Fluid Dynamics
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H"-'Skn'l po+pwgz
p=p+p,gH ~2%x10° Pa

Total mass fraction (exsolved & dissofved)N
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volume fraction X — density 2

(from FDEPS lecture by H.E.Huppert)



FDEPS 2006

-« 9 2006.11.28-12.1
Ulrich Christensen (Max Planck Institut)
Fluid dynamics of earth and planetary interiors

| Journey to the centre
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Ulrich R. Christensen §

(From FDEPS lecture by U.Christensen)



FDEPS 2008

-« $£11[F 2008.11.4-7
Andrew Ingersol (Caltech)
“Venus, Mars, lo, Triton, Titan, Jupiter, Saturn

and other giant planets”

(from FDEPS lecture by A.Ingersol)



FDEPS 2009

« 51 2[A 2009.11.3-6
Peter Goldreich (IAS, Princeton)
A tour through astrophysical fluid dynamics

Figure 4.8: Aurora borealis on Jupiter. Three bright dots are created by magnetic flux tubes that connect to
the Jovian moons Io (on the left), Ganymede (on the bottom) and Europa {also on the bottom). In addition,
the very bright almest circular region, called the main oval, and the fainter polar aurors can be seen. Credit:
John T. Clarke (U, Michigan), NASA image in UV, Hubble Space Telescope

(from FDEPS lecture by P.Goldreich)



FDEPS 2011

- 814[E 2011.11.29-12.02
Gordon Ogilvie (Cambridge Univ.)

Dynamics of astrophysical discs

Dynamics of astrophysical discs Lecture 1

FDEPS, Kyoto 29.11.11

Gordon Ogilvie giolOQcam.ac.uk

DAMTP, University of Cambridge

(from FDEPS lecture by G.Ogilvie)



FDEPS 2016

- 8519 2016.11.29-12.02
Adam Showman (Univ. of Arizona)
Large-scale Dynamics of Planetary and
Exoplanetary Atmospheres

Hot Jupiter circulation models typically predict severa
broad, fast jets including equatorial superrotation

(from FDEPS lecture by A.Showman)



FDEPS 2017

-« 520[E 2017.11.28-12.02
Chris A. Jones (Univ. of Leeds)
Planetary interiors: Magnetic fields,

convection and dynamo theory

e -20

Jupiter’s B, at the surface Jupiter's B, at r = 0.85R;,;,

The solid line is Juno’s fly-by path. New model constructed by
superimposing the new data on the old Jupiter model.

Only the field close to the Juno path can be reliably estimated.

Revised field has intense flux spots, some near the equator, some
near the poles.

(from FDEPS lecture by C.A.Jones)



FDEPS 2018

« 2 1[E 2018.11.27-11.30
Henri-Claude Nataf (Univ. Grenoble Alpes)
Geophysical Fluid Dynamics:

from the Lab, up and down!

Torsional Alfvén waves in the Laboratory...

e rotation
s

magnet Nataf et al, 2008
03T Brito et al, 2011




- 522[E 2019.11.26-11.29

FDEPS 2019

Stephane Labrosse (ENS Lyon)

Convection in planetary interiors and

implications for their evolution

v I/Il | \l\\\\\ \-
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(Tivey, 2004)

(from FDEPS lecture by S.Labrosse)



FDEPS 2023

« 52 3[[ 2023.11.28-12.01
Peter L. Read (Univ. of Oxford)
Fast and Slow: Super-rotation Phenomena

in Palnetary Atmosphere

Where do we observe super-rotation |
(and how strong)?

* Venus's atmosphere

» Earth-sized planet (a ~ 60 \\——'-_«L_____r__ UV cloud tops
0.9ag,,.) and rotates very e85 km)
slowly (1, = 243 days ) i
retrograde)

* Strong (>100 m s!) eastward
flow at cloud tops (~60 km
altitude)

+ Local super-rotation at cloud
tops peaks at around +52.2 20
at the equator

+ Decreasing towards the
surface

(from FDEPS lecture by P.L.Read)
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Vallis: “Atmospheric and Oceanic Fluid Dynamics” (24 ed., Cambridge)
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Fig. 12.3 Evolution of the energy spectrum in a freely evolving two-dimensional simulation on the f-
plane. The panels show contours of energy in wavenumber (k_, k) space at successive times. The initial
spectrum is isotropic. The energy ‘implodes, but its passage to large scales is impeded by the f3-effect,
and the second and third panels show the spectrum at later times, illustrating the dumbbell predicted by

(12.14) and Fig. 12.2.7
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Fig. 12.2 The anisotropic wave—turbulence
boundary k,, in wave-vector space calculated
by equating the turbulent eddy transfer rate,
proportional to k*? in a k=*/* spectrum, to the
Rossby wave frequency Bk*/k?, as in (12.14).The
wavenumbers are scaled such that /e = 1.

Within the dumbbell Rossby waves dominate
and energy transfer is inhibited. The inverse
cascade plus Rossby waves thus leads to a
generation of zonal flow.
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 Violet line: CHM F L d full simulation
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Beyond weakly nonlinear theory -+

 Dynamics of two-dimensional fluid motion on rotating sphere.
« Zonal flow formation

« Theories based on
 Energy inverse cascade
Critical layer of Rossby waves
Wave-mean flow interaction
« Weakly nonlinear theory
(quasi) conserved quantities

e How is the nonlinear interaction?



Rotating sphere

> 2D non-rotating system (2D N-S eqgn.)
—> large-scale homogeneous and isotropic vortex
» 2D rotating system
- rotating sphere
—> large-scale zonal flow formation
(inhomogeneous and anisotropic flow)




Zonal flow formation

> Unforced: westward circumpolar jets (Yoden and MY 1993)

longitudinal-

: temporal development of . :
velocit
y Zonal flows westward circumpolar jets

w
(=) o

latitude

|
(4}
(=]

latitude

0 1 2 3 4

o4 by by ey
3 6 7 8 9 10 -1.5 -1.0 -0.5 0.0
time “
-1.38 -0.75 ] 0.75 1.38

> Forced: multiple zonal band structure — a few large zonal flows
(Nozawa and Yoden 1997, Obuse et al. 2010 )

longitudinal-
velocity




Inviscid dynamics

¢ O
01‘+J( C)JrQQdA

v(V242)¢

](f g) — a)\fap,-g — a)\ga,u-f
)\ : longititude, © : latitude, [t : sin(latitude),
(A, pu, t): stream function,

V(1 =22) 9y . 1 o

Uy = —
a o’ ay/(1— A2) 0A

CN, p,t) = V(N pu, t): vorticity,
()=10000 : rotation rate of the sphere,



Nonlinear interaction coefficients

Time derivative of stream function spectrum / N D
P . Lw A=) D YR YW
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necessary [ g=n—1,n—3,n—"5+*1or0
conditions .
f — n+k+s= odd integer (Hull 1951)
Or nonzero
Hfﬂ:i In — s|<k<n+s < Silberman, 1954)



Nonzero triad interaction of Rossby waves

Triad interaction of three Rossby waves Y/ xY' — Y’

has to satisfy a Rosshy waves N\
YA, w) exp(iwt),
Necessary conditions for three-wave interaction ] n (4 1) exp( )
~ N —2m()
N = ( r, W =
b= : nn+1)
E—m| <n<k+m, /

n+ k+m = odd,
n,k.m >0, k#m, n#k, n#m, / \
_ triad
)

Additional condition for resonant interaction three-wave

P q r nonlinear

nin+1) k(k+1) " m(m + 1) interaction




Parity
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Subspaces

- ex: E o= [E MMEE, MmAFED Y, 2EHR B R ZEM]
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Invariant spaces

* 5 invariant spaces
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Energy goes to Oe.

Sum of energy of zonal modes Y v0ad Ed (1) Y p.open E7 (4, 1)

;: energy ofzonal modes with odd [ —

;M "energy of zonal modes with even | - temporal development

0.3;5 ) of zonal flows

£ : odd integer - .

0.25 _ S

0.2 .4(_:(5_5

0.1 . | ¢ ! 34tiﬁ']es7agm

4 : even integer e,

T 2 e © T »  Energy is only accumulated to zonal modes
Fig. 3. (Color online) Temporal variation of the ¥ ., and ¥ modes With Odd ‘e y Y2=Odd . (Obuse and MY 2020)

from t = 0 to 10 in v, = 0.0 case.



Time variation of dE} /dt by nonlinear interaction

t=0-3.0

dE) /dt(overplotted)

| o ' LI ' I

7 { ] At low £,
! dE}_ .44 - "y
P — s almost always positive

dE_ .
. {’C—l;’”e" is small but nonzero

dEQ/dt

Total wave number( £)



Coefficients of nonlinear interactions H
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Time variation of dE} /dt

Number distribution of dE7/dt at t €[0,0.8] (400 data, 100 bins)
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Three wave interaction and resonance

Nonlinear interaction of three Rossby waves Y/ xY" — Y” is resonant interaction when

They satisty

pD=q-+r,

P - q r /
nn+1) k(k+1) " m(m -+ 1) \ ﬂROSSby Waves
" (4, w) exp(iwt),

|k —m| <n < k+m,
i —2mi)

n+ k+m = odd. W =
1
n,k,m >0, k#£m, n#k, n#+m. NG n(n+1) /

p#0, g#£0, r=£0.

In fact,
Y, .4 can be a member of resonant triads (resonant waves)

0
Y,—.pendfe not resonant waves

No energy is transferred to zonal waves by resonant interactions
(Reznik et.al. 1993, Obuse et al. 2019)




To zonal modes by near resonant interaction?

dEy,
(:dt)tn/nearresonantandrunwresonantlnuwachons (lJwe — (wy + wp)| -'11Ro)

X Solid line : non-resonant, Dashed line: near-resonant
dEQ /dt dEO/dt
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Near-resonant interaction is predominant
in the low wavenumber region.
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Nonlinear interaction on a rotating sphere

 Energy accumulates on odd total wavenumber modes, which
constitutes an invariant set of the nonlinear interaction.

« Further, the energy is concentrated in zonal flow modes through near-
resonant interaction. The zonal flow modes are energetically
isolated from non-zonal flow modes.

« The effective energy transfer is nonlocal in the wavenumber space.

« Reference
Yusuke Hagimori, Kiori Obuse and Michio Yamada:

Effect of non-local near-resonant interactions of Rossby waves on formation
of large-scale zonal flows in unforced two-dimensional turbulence on
rotating sphere. (2024, to appear in Physics of Fluids)



Fin
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