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Congraturations!

• 林さん

御定年退職，おめでとうございます．



FDEPS Story



FDEPS started in 1999.
• Fluid Dynamics in Earth and Planetary Sciences (FDEPS)

• 連続講義形式の workshop を始めよう(1999年）
• 年１回，１週間
• 場所は駒場：東京大学数理科学研究科（当時）

• 開催費用は自前（科研費）で
• 紐付きのお金は避ける（制約なしでやりたい）
• 大きな workshop にはしない（参加者40人程度以下にする）

• 世界の leaders の講義を聴きたい
• 講師リストを華やかにする（依頼しやすくなる．最初が肝心）
• 講師も楽しめるように（東京では難しかった）



FDEPS 1999 (1st)

• アドバイザー（所属は当時）
木田重雄（京大・工）
M.McIntyre (DAMTP, Cambridge)
三村昌泰（明治大・理工）
中澤清（東工大・地球惑星）

1999.12.06(月）~07（火）講演会

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

P.H.Haynes (DAMTP, Cambridge)
Stirring and mixing in the stratosphere

岩崎俊樹（東北大・理）
高解像度気象モデルとダイナミクス

木田重雄（核融合研）
  ダイナモ問題と流体力学

小屋口剛博（東大・新領域創成）
火山現象のモデリングと流体力学

星野真弘（東大・理）
宇宙空間での磁気リコネクション

12.08 (水)~10 (金) 連続講義

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



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



• 第２回 2000.12.04(月）~08（金）
• 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

• 羽角博康（東大・気候システム）
海洋大循環モデリングにおける「渦」パラメタリゼーション
の様々な側面

• 吉田茂生（名大・理）
コア・マントル間熱的相互作用

• 草野完也（広大・先端物質科学研究科）
太陽プラズマにおける電磁流体力学

＜対流，ダイナモ，リコネクション＞
• 榎本 剛（東大・理）

 8月に日本上空にできる等価順圧構造を持つ亜熱帯高気圧の成因

• 第３回 2001.12.03-07
• R. Lindzen   （同時多発テロ事件により中止）

FDEPS 2000

(from  lecture by  W.R.Young)



FDEPS history in Kyoto 1

気象海洋分野



• 第４回 2002. 11. 11-15 
 I.M.Held (Princeton GFDL/NOAA)

Atmospheric poleward energy fluxes,
turbulent cascades, and the efficiency
of the atmospheric heat engine.

FDEPS 2002

(from lecture by I.M.Held)



FDEPS 2003
第５回 2003. 11.17-21

（この年から京都関西セミナーハウスで開催）
         R. Salmon (UCSD)

Introduction to Hamiltonian Fluid Dynamics

(from lecture by R. Salmon)



FDEPS 2005

第７回 2005. 11.08-11
G.K.Vallis (GFDL/Princeton Univ.)

Geostrophic Turbulence and the General 
Circulation of the Ocean and Atmosphere

(from lecture by G.K.Vallis)



• 第８回   2006.03.27-31 
(この回だけ小樽朝里川温泉，FDEPS2001 のリベンジ）
R.S. Lindzen (MIT)

Is there really a basis for global warming alarm?

FDEPS 2006 Spring Special

(from lecture by R.S.Lindzen)



• 第１０回   2007.11.5-8
Peter B. Rhines (Univ. of Washington)

“How do waves and eddies shape the general
circulation, gyres and jet streams?” and …

FDEPS 2007

(from lecture by P.B.Rhines)



• 第１３回 2010.11.16-19
Raymond Alan Plumb (MIT)

Waves and their role in the general circulation 
of the atmosphere

FDEPS 2010

(from lecture by R.A.Plumb)



• 第１５回 2012.11.18-21
Theodore G. Shepherd (Univ. of Reading)

Fluid dynamics of atmospheric circulation

FDEPS 2012

(from FDEPS lecture by T.G.Shepherd)



• 第１６回 2013.12.03-06
Adam Sobel (Columbia Univ.)

Moist convection and tropical atmosphere dynamics

FDEPS 2013

(Prof. Durran)

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



• 第１７回 2014.12.02-05
William Randel (NCAR)

Circulation, transport and chemical variability 
derived from satellite observations

FDEPS 2014

(from FDEPS lecture by R.Randel)



• 第１８回 2015.12.01-04
Glenn Flierl (MIT)

Dynamics of geophysical vortices and jets

FDEPS 2015

(from FDEPS lecture by G.Flierl)



FDEPS history in Kyoto 2

固体地球・宇宙惑星分野



• 第６回 2004. 12.06-09
H.E.Huppert (Cambridge)

Geophysical Fluid Dynamics

FDEPS 2004

(from FDEPS lecture by H.E.Huppert)



• 第９回 2006.11.28-12.1
Ulrich Christensen (Max Planck Institut)

Fluid dynamics of earth and planetary interiors

FDEPS 2006

(From FDEPS lecture by U.Christensen)



• 第１1回   2008.11.4-7
Andrew Ingersol (Caltech)

“Venus, Mars, Io, Triton, Titan, Jupiter, Saturn
and other giant planets” 

FDEPS 2008

(from FDEPS lecture by A.Ingersol)



• 第１２回 2009.11.3-6
Peter Goldreich (IAS, Princeton)

A tour through astrophysical fluid dynamics  

FDEPS 2009

(from FDEPS lecture by P.Goldreich)



• 第１４回 2011.11.29-12.02
Gordon Ogilvie (Cambridge Univ.)

Dynamics of astrophysical discs

FDEPS 2011

(from FDEPS lecture by G.Ogilvie)



• 第１９回 2016.11.29-12.02
Adam Showman (Univ. of Arizona)

Large-scale Dynamics of Planetary and 
Exoplanetary Atmospheres

FDEPS 2016

(from FDEPS lecture by A.Showman)



FDEPS 2017
• 第２０回 2017.11.28-12.02

Chris A. Jones (Univ. of Leeds)
Planetary interiors: Magnetic fields, 
convection and dynamo theory

(from FDEPS lecture by C.A.Jones)



FDEPS 2018
• 第２１回 2018.11.27-11.30

Henri-Claude Nataf (Univ. Grenoble Alpes)
Geophysical Fluid Dynamics: 

from the Lab, up and down!

(from FDEPS lecuture by H.C.Nataf)



FDEPS 2019
• 第２２回 2019.11.26-11.29

Stephane Labrosse (ENS Lyon)
Convection in planetary interiors and 
implications for their evolution

(from FDEPS lecture by S.Labrosse)



FDEPS 2023
• 第２３回   2023.11.28-12.01

Peter L. Read (Univ. of Oxford)
              Fast and Slow: Super-rotation Phenomena 

in Palnetary Atmosphere

(from FDEPS lecture by P.L.Read)



FDEPS 運営

• 裏方
• 運営委員(Alphabet順):

• 林 祥介 (神戸大・理) <幹事>
• 石岡 圭一 (京大・理)
• 石渡 正樹 (北大・理)
• 竹広 真一 (京大・数理研)
• 山田 道夫 (京大・数理研) <幹事>

• Web 資料作成統括
• 杉山 耕一朗 (松江高専)

• 実行委員会
• fdeps-staff at gfd-dennou.org

• 運営資金

• Many thanks to colleagues,  students, JSPS and RIMS.



Academic time

共鳴相互作用の効果



Vallis: “Atmospheric and Oceanic Fluid Dynamics” (2nd ed., Cambridge)



β面乱流の dumbbell スペクトル



β面上の非粘性 2 次元流



回転球面上の 2 次元流 （thanks to 竹広さん）



非線形相互作用の特徴



Zonal flow 生成の弱非線形理論



• 理論値と計算値の比較
• Violet line:  CHM 方程式の full simulation
• Blue line: packet の数値計算による |R|, |T| を用いた理論値
• Red line: 固有関数計算による |R|, |T| を用いた理論値

平均流加速の理論値と実験値



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
•  …

• How is the nonlinear interaction?



 2D non-rotating system (2D N-S eqn.) 
large-scale homogeneous and isotropic vortex

 2D rotating system
- rotating sphere 

large-scale zonal flow formation
(inhomogeneous and anisotropic flow)

Rotating sphere



 Unforced:  westward circumpolar jets (Yoden and MY 1993)

temporal development of 
zonal flows westward circumpolar jets

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

longitudinal-
velocity

longitudinal-
velocity

Zonal flow formation



: stream function,  

: rotation rate of the sphere,=10000

: vorticity,  

: longititude,     : latitude,  : sin(latitude),  

Inviscid dynamics 



(Hull 1951)

Time derivative of stream function spectrum:
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( Silberman, 1954)
odd integer

from linear term from nonlinear term

necessary 
conditions 
for nonzero

Nonlinear interaction coefficients 



Triad interaction of three Rossby waves                        
has to satisfy 

p
n

r
m

q
k YYY →×

𝑌𝑌𝑛𝑛𝑚𝑚(𝜆𝜆, μ) exp( 𝑖𝑖𝑖𝑖𝑡𝑡),

𝑖𝑖 =
−2𝑚𝑚𝑚
𝑛𝑛(𝑛𝑛 + 1)

Rossby waves

three-wave
nonlinear
interaction

 triad

Necessary conditions for three-wave interaction

Additional condition for resonant interaction

Nonzero triad interaction of Rossby waves  



Parity



Subspaces

• 分類
• ℓの偶奇 Ｅ，Ｏ
• ｍの偶奇   e,   o
• ex:   E_o = [ℓが偶数，mが奇数の Yℓ

ｍ 全体が張る線形空間]
 

• 非線形項の入る空間
ex:  J( E_o, O_o) ∊ E_e



Invariant spaces

• 5 invariant spaces

Oe ⊂ Oe⨁Ee,  Oe⨁Eo,  Oe⨁Oo
⊂ Oe⨁Ee⨁Eo⨁Oo

Oe⨁Ee Oo⨁Eo

Klein の４元群
（Oe : 単位元)

南北対称流南北対称流の一部

すべての流れ



Energy is only accumulated to zonal modes 
with odd ℓ,  𝒀𝒀ℓ=𝒐𝒐𝒐𝒐𝒐𝒐𝟎𝟎 ．        (Obuse and MY 2020) 

Sum of energy of zonal modes ∑ℓ:𝑜𝑜𝑜𝑜𝑜𝑜 𝐸𝐸ℓ0(𝜆𝜆, 𝜇𝜇) ,∑ℓ:𝑒𝑒𝑒𝑒𝑒𝑒𝑛𝑛 𝐸𝐸ℓ0(𝜆𝜆, 𝜇𝜇)

temporal development 
of zonal flows

time
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ℓ: even integer

ℓ: odd integer

Energy goes to Oe.



t=0-3.0

At low ℓ,
・ 𝑜𝑜𝑑𝑑ℓ=𝑜𝑜𝑜𝑜𝑜𝑜

0

𝑜𝑜𝑑𝑑
is almost always positive

・ 𝑜𝑜𝑑𝑑ℓ=𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
0

𝑜𝑜𝑑𝑑
is small but nonzeroi

𝑑𝑑𝐸𝐸ℓ0/𝑑𝑑𝑡𝑡(overplotted)

𝑑𝑑𝐸𝐸
ℓ0

/𝑑𝑑
𝑡𝑡

Horizontal wave number(n)Total wave number(ℓ)

Time variation of 𝑑𝑑𝐸𝐸ℓ0/𝑑𝑑𝑡𝑡 by nonlinear interaction



n: even integer
non-resonant zonal waves

n: odd integer
resonant zonal waves

Triads including waves with 
n:even take nonzero        values

Coefficients of nonlinear interactions 𝑯𝑯𝒌𝒌𝒏𝒏𝒔𝒔
𝒋𝒋𝟎𝟎−𝒋𝒋 (𝒀𝒀𝒌𝒌

𝒋𝒋 × 𝒀𝒀𝒔𝒔
−𝒋𝒋 → 𝒀𝒀𝒏𝒏𝟎𝟎)



Number distribution of 𝑑𝑑𝐸𝐸ℓ0/𝑑𝑑𝑡𝑡 at 𝑡𝑡 ∈[0,0.8]  (400 data, 100 bins)

ℓ=odd: 
Nonsymmetric distribution 

→ positive energy accumulation

ℓ=even: 
  Symmetric distribution 

                  → cancel out in time

𝑑𝑑𝐸𝐸20/𝑑𝑑𝑡𝑡 𝑑𝑑𝐸𝐸30/𝑑𝑑𝑡𝑡 𝑑𝑑𝐸𝐸40/𝑑𝑑𝑡𝑡 𝑑𝑑𝐸𝐸50/𝑑𝑑𝑡𝑡 

𝑑𝑑𝐸𝐸60/𝑑𝑑𝑡𝑡 𝑑𝑑𝐸𝐸70/𝑑𝑑𝑡𝑡 

5e-4 2e-2 5e-3 4.5e-2

2.5e-4 4.5e-2

Time variation of 𝑑𝑑𝐸𝐸ℓ0/𝑑𝑑𝑡𝑡



Nonlinear interaction of three Rossby waves                      is resonant interaction when
They satisfy

p
n

r
m

q
k YYY →×

In fact, 
𝑌𝑌ℓ=𝑜𝑜𝑜𝑜𝑜𝑜0 can be a member of resonant triads (resonant waves)
𝑌𝑌ℓ=𝑒𝑒𝑒𝑒𝑒𝑒𝑛𝑛0 are not resonant waves

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

𝑌𝑌𝑛𝑛𝑚𝑚(𝜆𝜆, μ) exp( 𝑖𝑖𝑖𝑖𝑡𝑡),

𝑖𝑖 =
−2𝑚𝑚𝑚
𝑛𝑛(𝑛𝑛 + 1)

Rossby waves

Three wave interaction and resonance



t=0.5 t=0.8

|ω𝐶𝐶 − ω𝐴𝐴 + ω𝐵𝐵 | 1.1R𝑜𝑜≤
>

t=0.08 t=0.15

t=0.3

※Solid line : non-resonant, Dashed line: near-resonant
𝑑𝑑𝐸𝐸𝑛𝑛0/𝑑𝑑𝑡𝑡 𝑑𝑑𝐸𝐸𝑛𝑛0/𝑑𝑑𝑡𝑡 𝑑𝑑𝐸𝐸𝑛𝑛0/𝑑𝑑𝑡𝑡

Horizontal wave number(n)
500

Horizontal wave number(n)
500

Horizontal wave number(n)
500

Near-resonant interaction is predominant 
in the low wavenumber region.

by near-resonant and non-resonant interactions
𝑑𝑑𝐸𝐸𝑛𝑛0

𝑑𝑑𝑡𝑡

To zonal modes by near resonant interaction?



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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