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Absb‘act

Thi s paper summ撕zes t l l e r ecem devel opment of apor t abl e∞ncont ai ned 8yst em t o un瑚l vel t l I e i nt ri cat e mul t i sca】【e dyn啪 i cal
pr ocesses硒m r eal 0ceani c nows，whi ch眦i n nat ure hi 咖 l y nonl i near 蚰d i nt e硼i t t ent i n space and t ime． of pani cul ar&us
ar e t l l e i nt er ∞t i ons锄ong l ar gescal e，mesosca】【e，锄d submesoscal e pr ocesses．We f i 瑙t i nt mduce me concept of scal e wi ndow，

蛐d粕or dl ogonal subspace dec咖posi t i ∞l ec l l ni gI I e c丑】Jed mul 石scal e稍ndow扛ansf o瑚(MWT)．Es洲i shed伽MWT i s a dg．

omus f 0邶al i smof mul t i scal e咖l spor t，pe彘ct 舰nsfer ，肌d mul t i scal e c∞ve璐i ∞ ，whi ch mkes anew met l l odol ogy，mul t i ．

scal e energy and Vor t i ci t y觚al ysi s(MS—EVA)．A di rect印pl i cat i on of t l l e MS—EVA i s t l l e devel opment of a∞vel l ocal i zed i n．

st abi l i t y蛐al ysi 8，general i zi ng t l l e cl 鹳si cal not i on of hydmdyI l柚 i c i nst abi l 畸t 0 6ni t e锄pl i t I l de pr oces8es on i 邛egI l l arl y var i 8-

bl e domaj ns．The t l l eory i s consi st ent 祈dl t } I e 8nal yt i cal sol ut i on8 of Eady’s model and K∞’s model ，t I l e benchmad(model s of

bar ocl i ni c i nst abi l i t y and b哪Ⅱopi c i n8tabi l i t y；i t i s f ur t her val i dat ed wi t l l a、 ，or tex sheddi ng conn_0l pr obl em．We have pmi t t 0

appl i cat i on wi t l l a V觚et ) r of compl i cat ed r eal oce粕pr obl ems，whi ch woul d be ot l l erwi se ver y d证右cl I l t， i f not i mpossi bl e，t o

协ckl e．Br i eny shown i n t l l i s p印er i ncl ude t l l e dy曲mi cal stI l di es of a hi gl I l y var i abl e open oce粕硒m，锄d acompl ex co鹊 t al o_

ce明ci r cul at i on．hI t he f o珊er， i t i s f ound t hat under l yi ng t l l e硒nt al meander i ng i s a co叫ect i ve i nst abi l 畸f ol l owed by蚰ab静
l ute i nst abi l i t ) r，and con℃spondi ngl y a瑚I pi d spat i 0Uy ampl 迁，i ng mode l ocked i nt o a t empoml l y gmwi ng mode； i n t he l at t er，we

see a r eal oce釉exampl e 0f how upwel l i ng can be dr i Ven by诵nds t l l mugl l nonl i ne甜i nst abi l i t ) r，and howwi nds may exci t e t l l e

ocean“a aJl avenue whi ch i s di st incⅡy d近．er ；em矗_om t 量l e cl assi cal pamdi gms．Thi 8 syst em i s mat hemat i cal l y r i gom岫，physi cal l y

mbust ，and pmct i cal l y stmi gl lⅡ．0r war d．

Key啪r ds：Mul t i scal e即ergy锄d vor t i c畸aI l al ysi s，mul t i scal e wi ndow啪nsf0珊，舢l t i scal e妇∞por t，pe彘ct t r狮8f er ，f i ni te．

砌pl i t ude hydr ody瑚mi c i l l st abi l i ty anal ysi s，me跚 一eddy．t ur bul ence i nt eLact i 伽

1 I nt r oduct i on

Dur i ng t he past f ew years，a sel f - contai ned sys-

t em，mul t i scal e ener gy粕d vor t i ci t y anal ysi s(MS—

EVA)，has been deVel oped f or t he i me印r etat i on of

·C仉陀8p0岫di ng蛐t } I 盯，E—mai l ：s蚴@de酗 ．har d．edu

t he compl ex mul t i scal e dyn枷cal pr ocesses i n t he

oce粕( “ang，2002；“ang and Robi nson，2005；U．

锄g and Robi nson，2007；“ang，2008)．Based on

a new anal ysi s印arat us， mul t i scal e wi ndow t 瑚ms．

f o硼( UaJl g姐d Ander son，200r 7)，i t bear s gener al i t y

and obj ect i Vi t y；i n other wor ds，i t 印pl i es t o pr obl e瞄
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册8 gen甜c basi s，锄d pmvi d髑( I t舢t i 洲Ve l ℃sul t s

rat her 岫qual i t at i ve i —．o朋f l at i 叽．Thi s syst em h舾

be肌ut i l i zed f br real 0ce姐叩啪t i o璐肌d dy枷 cal
st udi es(u肌g粕d Robi 璐伽，2004；u锄g and Rob-

i 鹏∞，2008)¨．I t i s now锄i nt egr at ed compo鹏nt

of t he Har vard Oc哪Pr edi ct i on Syst em( HOPs)

( e．g．b现∞，et a1．1996)．．

The髓毛abh出m圮I 吐0f t l圮syst em i s mai l l l y mot i va-

吲by nl e i n驴枷ve r l eed 0f dy瑚 I nl i cal di ag∞st i cs笛

ocea啷蛳c data脚 鼬 l di I l g up．We hve即 删
肌锄0f daI t a weal t l l ．A I I 坷or t ask 0f t he ne毗萨 I l 啪一
矗on 0f 0(娥m0藿卿hy w砌d be how t o i meI pr吼t l l e鸵

dat a．so缸，∞∞e h朋d，we have静l ph徊cal 帖d
d) j 咖nl i cs(GFD) t heor i 鹤，many 0f t h咖 捌 叩 ed∞
cl 鹄si cal aI l al ysi s t 00l s“I l i ch ar e gI obal i n cha珀ct耐s-

石c；∞dl e o山 er 州 i s t l l e r ed ocean， pl _oc嘲 i n
I l al l l re l ocal l y咖袖l r ed and wi 删 ∞ scal 瞄 ( i ．
e．，oocm五I 唱on a瑚nge 0f ∞ d鹤 )． A卿 ， t 11日 妇 ，
商st s bet ween t I I ese t he砸e8 and re￡ I l pr obl e璐．We

ha他be即甜eI I 科i I l g t o general i 跹t he商st i ng GI Ⅲ

t } l e耐es t o f i U me卿；恤devel 掣mnt 0f ‰M孓
EvA m如such觚砒e呷t ．．11l i s硎ew gi 啷“a
bdef a币嘴 i t o巧i n仃oduct i on．D“ l ed mat hema士i cal

d嘶val i o璐aI e蒯ded．锄d nl ose who f bel i nt erest ed

aIe n矗．ened t o t l l e n矗舀 【℃no瞄c i t ed i n t }l e t ad．

Mul t i scal e phenome眦ar e ubi qui t ous i n t he

oce肌．111i s缸啷f mm t he f i el d，space肌d t i me，

over whi ch ocean sta_te v撕abl es ar．e def i ned．The

e&ct of t he 6el d may be∞en i n t he ma百c f o瑚at i on

of mul t i scal e pat t ems when a chel I l i cal r eact i on(笳-

m—di nl e璐i onal ) i s陀cast on a f i el d( 2D or 3D

space) ，i ．e．，t o al l ow f or spat i al di st ri but i on( e．

g．，t he Bel onsoV—Zhabot i nsky syst em( Vanag et al。，

2001)) ；even t l l ough t he r eact i on i s ver y si mpl e，

t he pat t ems may印pear compl ex．ne MS-EVA is t o

i nVest i gat e how t he mul t i scal e compl exi t y 撕ses，

75

t l l mugh di Ⅱ．er ent 蒯j 跹t i o瑚i n t he o(．ej m．Rel at ed

pr obl ems i ncl ude eddy sheddi ng，j et me趾der i ng，

emer驴nce of coher ent st mct u陀s，hy山Ddy腿mi c i n—

st abi l i t i 鹤， t u} bul ent t r aJl 8i t i 蚰，di spe幅i on of chemi—

cal c伽st i t uent s，t o咖e but a f ew．

Unde-r l yi ng t I l e鸵pmbl e啪t l l e陀i s踟met l l i ng i n

o咖! Il 埘Dn but moI ℃‰da叮屺nt al ．心ch ma：kes wI l at we

a弛i nt erest ed f 南m t he、，i ewpoi m0f mI l l t i scal e dynal n．

i ∞硇a bmch of ∞i ence．Tb i uust 璃t e，鲫ppo∞a

st at e vaI i abl e，l i es i n a Hi l ben space以c厶over

∞n圮d以I l i t i on domai n．2) Under ∞me dynami cs，

池ch we abst瑚吼l y wr i t e嬲a m印多，力i s∞nt t o an—

other space∞，鹅schemat i zed i n Fi g．1．Suppo∞we

I me a decomposi t i on f or以=珐①蜴oB，wl l i ch i s

f hl f i Ued accordi ng t o咖e nl l e研t l l r espect t o scal e，

such t l l at t l l ey cont ai n l argescal e，l 撒j soscal e， 锄d

subme∞scal e pmce嬲es，r espect i vel y．The r esul t i ng

t l l l 傥suspac铭编，蜴，彻d蜴ar e onhogoI l al 0r mutu—

al l y exc l usi ve．，11l ey ar；e br ougl l t t o‰，∞l 伽d吐，r e-

spect i Vel y，鹪西sl ends n t o m．缸we埘U det ai l l at—

er ，*hen咖i s r l omi ne盯，n，o，∞l 肌d n，2 ar e no l on咎 I r

mut岫uy excl usi ve．711l e obj ect i ve of I nul t i scal e oce锄

dyr 痢cs st udy i s，t her ef br e，t o i nvest i gat e how a

pmpeny i s t r ansponed丽t l l i n t hei r i ndi vi dual sub_

sp舵∞，锄d r edi st r i but ed t l l mu曲t he oved印pi ng or

i nt eract i on upIDn appl yi ng t he由manl i cs．The t ra_r I sp嘣
and redi st r i but i on are t he very mul t i scal e t ra璐pcI n

锄d i mer scal e t 砌sf er．w}l i chwe诵U el abomt e soon．

We wi U need t o deci de what pr叩er t y t o choose

f or t he mul t i scal e眺nspof t and redi st r i but i on． As

t l l e essence of t hi s resear ℃h l i es i n t he i nt er act i ons

among砬( i =O，1，⋯)，t he pr oper t y shoul d be

charact er i st i c of t hese subspaces． I n t he如f hme-

work，a f unct i on i s a“vect or " ；one cannot di r ect l y

compar e a Vect or wi th another Vect or．Ther e shoul d

be some met ri c f or t he compar i son t 0 r eal i ze． Thi s

1) An叩pl i ∞t i ∞package i 8钾ai l abl e upon豫胛鳅．

2)AI l 岛( I I ) i s，l o佣el y叩eaki ng，a 8pa∞made 0f f undi omqI 城蛳cal l yi l I t e鼬k ov盯d砌nI L 11I i s concept i sI l ot es唧t i al f ht l l e嘶t m蛐t 0f t l l e

I I l al er i al ．we u∞“he地细咖ej 峭t i 6cal i on l at ％ne麟derl nay si mpl y幽p i t-
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Fi g．1． A∞he眦t i c 0f t he m出s∞k oce蚰由．I l _ami ∞．

met ri c i s n咖( mo孢gener i cal l y i nner pr oduct )，
wl l i ch con．esponds t o ene嘲7 i n physi cs．S0 t 11e nat 一

Ⅲmchoi ce of t I l e pr oper哆i s ener gy．I n t l l e cont ext

of ge叩hysi cal nui d dynami cs we speci f i cauy need

t o deal wi th ki net i c ener gy，avai l abl e pot ent i al ener ．

gy，衄d ens咖phy(“vor t i c畸ener gy”)．．I ' I l at i s

t he r e鹤on why t l l e syst em e锄s i 协n锄e，mul t i —
scal e energ) r粕d voni ci 哆肌al ysi s，3’0r MS—EVA

f ．or short ．

I n t l l e f ou谢 I l g we address t l l e i ssues i n achi e．

vi ng t l l e mul t i scal e decomposi t i on，and t l l er eby t he

船t abl i shment 《a vari et y of f bmal i s麟．We f i rst i n．

删uce t l l 二姒t heI I 】吼t i cal f i 锄ewod【．t hen t l l e deri ．

vat i on of MS-EVA， kd蚰 whi ch a novel l ocal i 弛d

hydmd”aI l l i c i 璐t abi l i t y肌al ysi 8 i s deVel 叩ed．ne
whol e t l l eor y i s val i dat ed诵t h weU kno’吼i deal i 跫d

model s，and put t o印pl i cat i on wi t h弛a1 oce粕pr ob—

l eI 璐．I n t he l 嬲t sect i on。∞me unr esol ved i ssues盯e

di scussed肌d印pl i cat i on pr ospect s suppl i ed．

2 Mul t i scal e wi ndOw t r ansf b咖

Her e we i nt r oduce a newmat hemat i cal 印par a-

t us，mul t i scal e埘ndow t rans f ．oⅢl ，t o f ul fi l l t he de．

composi t i on i l l ust r at ed i n Fi g．1．Al l t l l e t heor et i cal

det ai l s about t he devel 叩ment诵U be dr opped．
’

Those who do not w舳t t o#r et i nt o t l l e mat hem砒 i cal

船pect may ski p t l l i s paI t：I t i s eI l aughj ust t o be f 玉

nl i l i ar wi dl 8咖e of t l l e not at i o鹏．

Di f f erent ∞al e锄al y8髓may yi el d di f f erent st at e

var i abl e decomposi t i ons． I n “ang 锄d Anderson

( 200r 7) 肌d Li 锄g and Robi n∞n(2005)，骶册

gued t l l at t l l e cl a够i cal 印pmach鹤，蛐ch鹪t l l e Fou-

r i er肌al ysi 8锄d t l l e aver age—depam鹏鸵p越at i on，

a弛not 印pl i cabl e i n t l l i s ca跎bec锄∞of t l I e i ncon-

si st ency bet ween decoⅡ岬si t i 叽蛐d ener科kal i 狰
t i on．The r es l l l t i ng mul t i∞al e ener 夥does not b￡脚’

i m啁眦 t i on of 10cal i t ) r i n t l l o眈妇neworks．Modem
t echol ogi 伪，蛐ch嬲wavel et 卸【al ysi s(Hol ∞hnei —

der ，1995) 锄d Hi l ber t -Hu锄g t 瑚I l l sf o咖( Huang et

a1．。1999) ，o能r a舳l ut i 帆t o t hi s pmbl em．％e

Hi l ber t -Huaul g把孤幽咖 i s f矗di 妇f erent us船(see U·

肌g粕d Ander son，2(X) 7 fDr compaJi son)；waVel et

aI l al ys i s al m吣t mak铭a c锄di dat e saVe f矗a r ea∞n

we her eaf t er el uci dat e．

Rec a：U t hat we are deal i ng诫t h energy，t l l e c舳一

di date decor r l IⅪs i t i on shoul d be砷ogonal ， otI l er ．

wi se t 11e删 t i ng eneI j g) r wi n not be c删 ed． Be-
8i des，肌oce粕pr ocess t ends t o occur仰a scal e

wi ndow or a捌1| ge of ∞al es，i mt ead of a si ngl e

scal e．A 900d exampl e i s nubul ence．1t h器an i ner -

t i al 砌ge wl l i ch i s scal e 6陀e，i ．e．，wi t } I out a ch舻

act er i st i c scal e( Chori n，1994) ．We t l l e陀f ore need

t 0 st udy probl eI 璐on diⅡ．erent诵ndows mt her t l l an

i ndi vi dual scal es．For or t hono硼al waVel et anal ysi s，

t he t mI l sf o珊co锄ci ent s锄．e def i ned di scr et el y吼

physi cal space l ocat i ons f 曲di f kr ent scal es，船sche-

mat i zed i n‰2，砒t he mesh砸nt s(Hol schnei der，
1995)．Ther e i s no way t o t ake summat i on of enew
(sqI l are“t he的nsf o珊coe俄ci en协mul t i pl i ed by

some f act or ) at a印eci f i c l ocat i ∞oVer t he scal e i n—

di ces t o make a scal e wi ndow．Thus wavel et anal ysi s

i s not appmpr i at e f or our purpose．

3)We doI l ot cal l i t“mm妇al e啪r gy锄d哪唧hy如al 蛐”bec叫鲫t l I 哦i 8 al l i 雠丽c蛳伽m0f 锄er gy锄d V叫 i c畸肌al y8i 8(EVA) (Spal l ，1989；

Pi mr di 锄d Robi ns∞，1986)．



吾
嚣
吾
岂
棼

蛋
。

鼍
∞

x． san№ 婚 Ac￡ 8‰ o蛔 蛔 si 疏 a 2008，V01．27，Supp．，p．74—92

Ti I I坤

Fi g．2． schema啦0f t he删l l t i r esol I ni 叩0f dme一如ql l 即cy

pl aI Ie deoomp∞i 五叩璐i I l g锄。一k咖ml al 啪Vel et b鸪i 8．ne

’旧veI et 咖幽瑚伽l eI矗ci ent s( hence廿I e蟛船) a弛小 疵ned
砒d把nod髓0f t l 屺b∞rd，wl l i ch a坤di scr et el y l oI’丑ted砒d垂

f 翻t i l ne p(曲t s f br di 珏毛瑚 t 白eq邺i 伪．

We t l l eref ore need o盯own觚al ysi s t001． We

need a t ool 枷ch t hat ener gy i s r epresent ed at di 侬 I r _

ent physi cal l ocat i o璐f br di 虢r ent ∞al e试ndows．

’瞰e a l D f l l nct i on火f ) c厶[ o，1] 船锄ex舢pl e．
(Hi 曲er di mensi onal pr obl ems a弛much more com-

pl i cat ed and t l l e瞅mer i s r ef err谢t o uang，2002)．

Wi t } l out l oss of gener al i t )r， t he d商ni t i on domai n i s

chosen鹤[ O，1]．I f not ，one may al ways chaqge i t

t hr ough a si mpl e vaJi abl e t msfb瑚at i on． Uar I g肌d

Anderson( 2007) j ust i f i ed t hat ，卸y si 印al 以f )

t aken矗Dmobsenrat i ons or exp翻ment s(ei t l l er nu-

眦r i cal or physi cal ) 1i e i n a subspace八‘)whi ch i 8

sp锄ned by a t mnsl at i on i nvar i ant b鹪i s4’

{磁} ={ ∑咖[ 砂( f +z) 一n] } ，
f =一 ∞

，l =O，1，⋯，Z2一l ， ( 1)

f 打su伍ci endy l ar ge but f i ni t e i nt eger五．Her e咖( f )

i s a scal i ng f unct i on or t hon咖al i zed f 而m cubi c

spl i nes(Li ang，2002) ，嬲shown i n Fi g．3．Fmm吃
we may r i gor ousl y i mroduced t he concept of l ar ge—

scal e，mes∞cal e，觚d submeso∞al e wi ndows，char -

∞t er i zed by t l I r ee i meger s or s∞l e i ndi c∞矗，，l 粕d

克．7111e∞稍nd0啊s ar e叭bsp孔船of 吃，cont ai l l i ng

pmces∞s of 眈al 伪mn舀ng舶m2一一1，2_-2～ ，觚d

2％- 2_，r espect i vel y．A r i go"0us t r eatment c锄be

舱en i n KaI l g锄d Ander ∞n( 2007)．F' or conven-

i ence，we may址emat i vel y ref er t l l e跎wi ndows鹄

wi ndows O，1，锄d 2．

1．O

o．5

o．0

—o．5

飚 ． 3． scal i I l g缸 l ct i m∞ 璐 酬 矗 咄 t he cI I bi c蛳 ．

Gi ven，∈吃，t l l er e i s a∞al i I I g t I 孤sf o咖

力：f 1以t ) 以( t ) 山， ( 2)鼻=J以t )以( t )山， ( 2)
JO

f or 0句勘，，I =0，l ，⋯，2J一1．Gi 唧0鼽嘲≤
五，t he∞al i ng位唧迁b珊c锄be used t o co璐t nl ct 山e

f oUo访ng t l l r ∞f unct i o璐：
． 2上～ ．

于柚(t ) =∑一础(t )， ( 3)

砂～．

厂1( t ) =∑以诎( t )一厂o( t )， ( 4)

妒～．

厂2( t ) =以t )一∑∥诎( t )． ( 5)

They are caⅡed， 陀spect i Vel y， 陀const mct i o璐

of 以t )∞wi ndows O，1明d 2，and acco耐i ndy陀一

present t l l e l ar gescal e，mesoscal e，and submesoscal e

pans of 八t )．ne cor r espondi ng mul t i scal e wi ndow

t瑚sf oms(MWr)ar e
． ， l

f 。=J厂。( t )蛾( t )山，f or仃=o，1，2；
，O

n=0，1，⋯，轳一1， ( 6)

4)The ge删c f 缸n k I I岫伽pl 压．脑e we咖8i der∞l y t he 8i mpl e ca∞诵t l I 8弘=I i odi c既 t eI 谪∞鲫he眦f h咖．
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whi ch make t } I r ee t阳ns量-oml —rec叫l s l 【nl ct i on pai 硌珏

get her祈t l l Eqs( 3)一(5)．

’11l e MWTh鹄∞me I l i ce pr oper t i es．Sh佣m be-

l ow are t wo whi ch we wi Ⅱ} I ave a cI l aI l ce t o use l at er

i n t l l i s p町，er ：

Th∞nml I f 矗=0，岫n
．1 一

厂o( t ) =f 八t )出=̂ (7)
，O

，一1( t ) +，。2(￡) =，一 ，=，， (8)

Where t l l e over b缸i $f 矗t l l e ave船ge over 出e def i I l i -

t i on donl ai n．

Th∞I℃m2

厂。(‘)·91( t ) =∑厂■言J- +÷(厂，言，+
n=I _

．

f ≯童r、) =M。U■备■、)，N=2t 。@、)

f 打仃=0，1，2．

I n( 9) ，以i s cal l ed a nl a：r gi I lal i zat i on over t l l e

l ocat i o璐n， 锄d Theor em 2 i s accor出ndy cal l ed

pr oper秒 矽m口哂n毹沈￡如n．Thi s pr opert y al l ows en_

ergy t o be si mpl y r epr esent ed鹪t l l e squar e of MWT

t r 明sf omc( dnci ent s，up t o some co璐t ant f act or d手

pendi ng on t l l e cont e妣．

To end t hi s sect i on，we pr e眈nt t heMWT锄al y—

si s of a t i me∞r i es ext r暑I ct ed h．om锄i sl and wake

si mul at i 仰稍t hi n t l l e ne盯wal 【e(“锄g肌d W趴g．

2004)．We j ust 晡eⅡy t al【 e a l ook砒t l l e r econs咖c—

t i omfor di l kr em稍ndo啪，试t l l out t ouchi ng锄y de—

t ai l s．Cl ear l y，t he l m。gescal e f eat u】孵(Ⅱ加)h弱a

t i 眦dependence，i ．e．，i t i s nonst at i onar y．Mor e i n_

t er est i ng i s t he mesoscal e pI ocess( u“) ．I t i s under

a r 印i d gr0叭h，i I I l pl yi ng t l l at ∞me i 璐t abi l i t y i s oc-

c耐ng． ne r enl aj l l i ng讲ndow cont aj 鹏al l other

process∞丽t h shon scal es，wl l i ch appe缸i n a way

丽t h st ochast i ci ty．The ener 西es《t hese pr ocesse8

al so var y i n t i me，f ol l owi ng r ou曲l y si I I l i l 盯pat t ems

comspo础I I g t o M～，u～，锄d u～，whi ch we do not

show here．卟e aI l al ys i s i s f uml l ed very e能ct i vel y，

usi ng a‰t al gor i t hmdevel oped i n U肌g( 2002) ar I d

“aI l g柚d Ander son(200r 7)．

Fi g．4．La增明cal e，mesoscal e，and subm船o∞al e reco璐tmct i om0f at i me∞r i 髓0fⅡ( t 叩。l ef t ) ．

Bot l I t l l e谢abl e$，u and t a托∞ndi n地nsi onal i zed．[ Adopt ed f 洒u锄g and w锄g( 2004) ] ．
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’r he obj ect i Ve of mul t i scal e oce觚 dynami cs

觚al ysi s， i n ger l eral hn{；I l age，i s t 0 i nVest i gat e how

t l l e i ndi vi d岫l∞al e而ndo髑嬲shown i n Fi g．1

evohr e under t l l e dynaI I l i cs，and how t hey i n“玎act

wi t l l 傀ch ot } l er i n t l l e c叽玛e of evol ut i on．As we ar． ．

gued bef ore，wl l at ch嬲l ct er i 舱t l l e∞wi ndo懈a陀

t l l ei r Despect i ve n明璐i n眦t hemat i cs，or ener gi es i n

phySi cs．Ener留 i s al ∞t l l e metr i c we c龃ut i l i 淝t o

nI d汜c咖par i so璐bet ween t he sI l l )s弘旧陷 (wi Ⅲl ows)

bef ore船d出er t he dynaI I l i cs印pl i 皓．．11l e obj ect i ve

i s，t l l er ef br e，呦sl ated i nt o t he i nv酷t i gat i on of how

ener gy gr ows on a speci f i c埘ndow， Vi a t ranspor t s

舶m wi thi n，衄呱} f er s f 南m wi t h∞ t ，肌d，i f 蚰y，

conve玛i ons bet ween di f f - er ent t ypes of energy．

111e l 删of ener gy growt h on mul t i pl e scal e

wi ndows i s der i ved f 而m t he Navi er—St okes equat i ons

f or t he Bousi nesq oceal l wi th a hydr ost at i c鹊sump．

t i on：

孚 ： 一 v． ( 嘶 ) 一 乃 ^‰ 一 业 +L，言 一 V‘ ( 婴 “ )一 魉 ^孙 一 菁 +■ ，
(10)

(11)

(12)

害 =一 V咖 ) +争 +‘ ， ( 13)
wher e!=( Ⅱ ， t ， ， 埘 ) ， V=!未 +』 击 +皂 壹 ， Ⅳ =

( 一 磐 卜 s出 e吣 呻h删 ％p me

densi t y姐omal y(wi t h po=const 蛐d五=五( ：)ex·
cl uded)，鲫bscr i pt h t he hori zont al component of a

3D vect or．The F t eH璐st and f 缸the di ss i pat i on／di f ．

f usi on pr ocesses whi eh we wi U not expl ore i n t hi s re-

vi ew． Ot her symbol s are convent i onal ．

To st art ，we f i rst need t o peI fonn MW‘T decom-

posi t i on．Thi s may be achi eved ei t her i n t i me or i n

space．111ey a陀ob8er ved eqI l i val ent ．We choo∞t o

pe而珊i n t i呲 i I l orc I er t o avoi d t l l e possi bl e∞al e

aI I l bi gui t ) r when noI l l i ne撕哆 t akes硪bct t o m謦mi 跹

t l l e pr oces嘲i nt o coher ent stmct ures， whi ch may

l I ave di珏er em scal es i n di f krent spat i al di me璐i o璐．

(A s叫al scal e mal【鹤∞n驼oI l l y when t l l e f l ow i s i 一

咖 i c)． Besi d∞，“i s a convent i on i I I GFD睁

能铷mh t l l at scal 酷a弛d面ned i n t i I ne：t he concep岫一

al i 盈 t i on h鹅been usefmi n met∞f ol og) r．

Now肌ppo眈t l l e t i I ne se( I uenc伪haVe a l ength

0f 砂t i 啪耐nt s． ．11l 即t l l e pf obl emc趿be咖di ed

i n K，‰space叩姐ned by{咖(砂t —n}。。z．con-
si der t hr ee scal e硒ndo啪，denot ed sub鸵queml y 0，

1锄d 2 wl l i ch cor r espond t o t I l e l ar gescal e，me-

soscal e，粕d sl l bI nesoscal e process∞i n t he oce锄．

( Mo他wi ndows c柚be decomposed but t h∞ee舭

usua：| l y enough f 打oce肌pr oces∞s．)
Def i ne

《 =砂 (乒 J-� 争 - ) ， ( 14)

《 =砂 (如 ： 。 � 舻 ) ( 15)

鹅t he ki net i c肌d avai l abl e pot ent i al ene晒伪f 打

而ndow口(仃=0，1，2)锄d t i me st ep n，wher e c=

矿／[ p：Ⅳ2] ．Her e五i s t he l argest scal e i ndex admi s．

si bl e f or t he t i眦∞qI l ences．- 11l e f act or Z2 i s needed

t o make cont act 而t h t he ener gy i n t l l e physi cal 眈n∞

(“ar l g锄d Robi r啪n，2005) ，but f or not at i on breV-

i t y，we wi U oI I l i t i t f 南m t he expr essi o璐hencef ort h．

n i s e嬲y t o pr ove，usi ng t he ma嚼nal i zat i on pr oper哆

of t he MWT，t hat t he ener gy t l l 璐def i ned i s con-

served．

111e evol ut i o璐of群，群，f or 面=0，1，2，觚d
a11 t he t i 眦st eps n c孤be 0bt ai ned by t aki ngMWr

on bot h si des of Eqs( 10)锄d( 13)，f ol l owed by a

mul t i pl i cat i on of 刍：。and审，■，r espect i Vel y．’nl e

der i Vat i on i s beyond t he scope of “s玎evi ew． We

j ust show t he resul t s her e．Wi t h t l l e ai d of Eqs(11)

aI l d( 12)，锄d t he r el ated proper t i es of MWT，we

捌Ve at t he f ol l 们dng equat i ons：
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群=△QE+△Q只+％一6：+di ss．，( 16)

钙=△Q̂ - +％+K+di f ￡， ( 17)
where di ss．舳d di 圩．8i 印毋 t l l e di ssi pat i on觚d d承

f usi on pr ocesses we do not consi der he陀． Among

other t en鹏，

螺=知邓J- (18)
po

⋯

i s t王 l e mt e of buoy锄cy conversi on，

地 PV忙 等 ) ㈣，

t l l e p陀ssur e wor ki I l g r at e，锄d

△QP：=一V·[ A刍■·(南。)■] ( 20)

△Q̂ -=一V·[ A审■·(妨)■] ( 21)

t l l e嘶spcI n of KandA on丽ndow屯矿砒st ep n．The

陀mai l l i ng t e加憾are呦sf e璐across di a．er ent 访n-

dows：

％=一A[ 铲) 2 V·％+( 妒) 2 V·％，]

wheI ℃

( 22)

％=一2A钙V。匕， ( 23)

(勘)■
q=_÷一 ( 24)

S■
f or S=H，移，．or p．The var i abl e t ，，has t he di men·

si on of vel oci 哆；we wi l l her eaf t er ref er t o“鹊S—ve-

l oc i t ) r ．I t h硒been proved t hat ( Li ang and Rob·

i nson，2005)

坂∑砰=o ( 25)

f or ei t her丁：=％or 丁：=％，i f and onl y i f t he c伊

emci ent A equal s l ／2．r 11l e t r aTI sf er pr ocesses such

t hat Eq．(25)hol ds are cal l ed肛 ' ， 如 f m， 咖 ．
Per f ect 舰nsf er i s锄 i mponant concept i n mul -

t i scal e ocean dyn锄i cs．I t i s锄eneI | gy r edi st 曲ut i on

process锄ong t he scal e wi ndows， i n t l l 砒no ener gy

i s gener at ed or des昀yed as a whol e． I t i s t hus a

f ai thf ．ul measur e of t he i nt eract i on bet ween scal e wi n．

dows．The conc印tual i zat i on of Eq．( 25) el i mi nat es

t he锄bi gui t y i n quant i f yi ng t 姗sf er pr ocesses by

c船t i ng t he concept 帆a r i gomus f 面t i I l g of mt he—
mat i cs and r obust ground of physi cs．

Transf e璐are gener auy i nt erwoven wi th mms·

pons due t o t l l e nor I l i ne盯nat ur e of t he N—S equa．

t i o璐．ney are sep锄t ed伽t ‰m t l l e coupl i r I g访t h

t he ai d of Eq．( 25)．11l i s t echni qLl e，whi ch i s made

preci se i n t he缸唧ewor k of MWT，h鹪been t e瑚ed

“t r a璐por t —t r aJl sf 矗吲瑚．at i on”by“舳g扑d Rob—

i I l son(2005) ．The Q t enns l i st ed above，△Q，，

△QE，and△Q̂ -are r epr e鸵nt at i o璐of t l l e mul t i scal e

t r a啪pon8．Not e t l l at △Qr．趴d△Qr．i nvol Ve not on·

l y f i el ds f 南m t l l e访ndow面，but al ∞h．om ot l l er

wi ndows．The exp肌ded ver si on i s i n gener al qui t e

compl i cat ed锄d we r ef er t he r eader t o Uang锄d

Robi nson( 2005) f 曲det ai l s．

The ot } l er ener get i c pr ocess i s t l l e conversi on

be附een ki net i c eneEgy觚d avai l abl e pot ent i al eneEg) r

t } I r ou曲buoy卸cy wor k．I t i 8 r epr esent ed by蟛i n

Eqs(16)卸d( 17)．Comp啪d诵t l l i ts t 瑚mspon

and t r ansf er count e叩art s， buoy锄cy conversi on i s

rel at i Vel y si mpl e． I t occu硌on i ndi vi dual 而ndows

oI l l y，诵t h伽t i nVoki I l g ene哟r exchal l ge i n be伽een．

Tb叭mmar i ∞，Fi g．5 presents a chart of t he en．

ergy now f or a啪一而ndow decomposi t i on．卟ese

t wo讲ndows，wi ndows 0肌d 1，may be under st ood

嬲，r espect i vel y，t he l 嘲escal e诵ndow or“mean"

诵ndow，粕d t he mesoscal e or “eddy”讲ndow．

F舢 t he now chan t }l e per f ect 咖sf ers( mar ked鹊
死add砭)act嬲t wo prot ocol s i n phase space be-

附een t量 l e me肌st mct ur e and t he eddy stmct ure，

whi l e t he t r anspons are pr ocesses occur r i ng i n phys i —

cal space wi t hi n each i ndi vi dual wi ndow．The APE

and KE on each wi ndow are si mpl y connect ed

t hI ．ough t he con．espondi ng buoyancy conversi on． En—

erg) ，nows f or decomposi t i ons wi t h t hr ee or mor e诵n—

dows are much mor e compl ex and are r ef br red t o“一

ang锄d Robi nson( 2005)．

4 Hydr odynami c i nst abi l i t y anal ysi s

r I ' I l e concept of hydr odynal I l i c i nst abi l i t y，ba胁
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Fi g．5． A髓hemal i c 0f t he朗erget i cs 6叶a t wo-诵nd啷de一

∞mp∞i t i ∞．The symbol s a陀b习喀 i caⅡy t he龃me船t l l o∞i I l

脚 ( 16)锄 d( 17)， 删 t l l at‰ sI l bsc啦 n(矗 毗 唧 )
i s锄i t t ed f or si mpl i c i t y．- I k Wi ndo啪0如d 1 may be帅一

酬 舳 ， 瑚pect i vel y， me l ar j 睁cal e wi m啷蛐d m一

80∞al e wi nd州( 盯“eddy”wi nd洲) ．

咖pi c i 璐t abi l 毋柏d barocl i I l i c i 璐tabi l 畸i n p越 i cu-

l 盯， i s Very i mpor t ami n刚 ysi cal nui d dynaI I l i cs．

Ⅱke舭l y i I l f i ni t e di mensi onal d)manl i cal pr ocesses

( Tem锄，1997) ，hyd捌yn踟i c i nst abi l i t i es t end t o

be l ocal i zed i n space锄d t i 啪．ni s i s especi auy ap-

par ent i n t he ocean锄d at mospher e，where pr oces∞s

a弛ge∞r al l y hi gI l l y noI l l i ne盯aI l d are of t en or g锄一

i zed i nt o coher emst mct ur∞over f i ni t e， i r r egul ar ，

舳d mobi l e domai 璐 ．’ I ' r adi t i onal l y，however ，st abi l —

i 哆i s a not i on oVer a syst em(e．g．“n，1966；Dm·

zi n锄d Rei d，1982)．11her e i s no way t o di st i ngui sh

t } l ese l ocal i zed coher ent st l l l ct ures．7r o remedv t he

di mcul t y，al t emat i ve concept ual i zat i o璐have been

∞ug} l t b髓ed on di f．f erent 印pr oxi 眦t i o璐wi t hi n t he

cor r espondi ng cont ext s．An ef f or t i s t he par cel st abi l -

i t y anal ysi s，whi ch h鼬been successful l y ut i l i zed t o

i nVest i gat e symmet r i c i nst abi l i t i es i n t he at mospher e

( cf ．Hol t on，1992)．The WKB f oHnal i sm on convec—

t i ve锄d absol ute i ns t abi l i t i es i s another efbrt ( e．

g．，Hue仃e aI l d Monkewi t z，1990；Pi er r ehumbent aI l d

81

sw肌8∞，1995) ．E】【a] mpl es i n ot her di sci pl i n鹤may

be f ound i n t he r esear ch of l ocal i zed st ar I di ng R肌．

ki m—Hugoni ot shocks( Chakr abani ，1989)锄d t l l e

st udi 酷of pI 鹤m i nst abi l i t y( Chu et a1．，1996) ．

111e∞删dy鼢，al bei t l Dcal i zed，are ei t her 岫鲫g-
i 锄or mst 伽t l I e鹊sumpt i 叩of smau per t U曲at i on．
We st i l l l ack粕印pr oach t o t l l ese processes伽a ge-

ner i c b鹊i s，pani cul al l y i nst abi l i t i 髓of f i I l i t e锄pl i —
t I l de．wi t l l i n t he Eul er i 锄￡舢ewor k．I n t l l e f bl l ow-

i ng，we show how t l l e MS—EVA devel 叩ed bef豳

may c0恤e t o hel p t o gi ve t l l i s 01d pr obl em a ul l i f i ed

sdl l “on．

A l oose but i nt ui t i ve印pr oach t owam t l l e f br _

mal i smof a l ocal i zed i 璐t abi l 毋卸al ysi s i s t l l rou出

maki ng卸al ogy wi th t he cl assi cal def i ni t i on i n t e朋 帱

of per t ur bat i Ve ene哟r gr owt l l (“ang蛐d Robi n∞n，

2007)．I I l t l l i s way t l l e t wo i mp叫aI l t GFDconcept s，

bar ot mpi c i nstabi l i t y蛐d bar ocl i ni c i 璐t abi l 时，c趴
be e鹊i l y gene础zed伽t o a gener i c b鹬 i s，鹊we稍Ⅱ

demo璐 眦 i n t l l e f oU删r i ng．A r i gom峭f oml al i smi n

nl e sen∞of Ly印unov i s al ∞possi bl e；r ef er r ed t o

“aI l g et a1．( 2008) f or det ai l s．

Cl 鹊si cal l y，i I l st abi l i t i ∞c哪espond t o龇

gmWth of di st urb锄ces，aI l d t l l er eby，GFD i nst abi l i —

t i es c锄be d胡ned诵t h t l l e l i ne捌zed gr 0叭h eqI l a-

t i on of pen圳r bat i on ener gy．I n t he cont ext of a趵nal

j et st r eam埘t l l a r i 西d l i d，t l l e l i ne盯eddy eneFg) r

层妯grows鼬( Cush腿n·Rosi n，1994；Hol t on，
1992；Pedl osky，1979)：

掣=一<告 万 薯>n+8t ＼o、N。r az／

<一 万 詈 一 面 警 >n＼ ay a石／

兰( 曰c’)D+(曰r+) n， ( 26)

where(·)ni s aI l avemge over t he basi n-f 2cor I f i ned

behyeen t wo l at i t udes：an over bar stands f br an en—

sembl e mean whi ch pract i cal l y i s r epl aced by a t i me

aVer age，a pr i me i s a depanur e f ．r om t he mean，aI l d
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ot l l er not at i ons are conVent i oI l al ． ’I ．he“m pans on

t he r i ght hand si de are denot ed as( 曰c’) n趴d

(曰r。>nf 矗l at er u∞．

1' wo t ypes 0f i n幽 l bi l i t i es may be di st i ngui shed

by t he rel at i ve i mponance of ( Bc’) n ver s鹏

(曰丁+)以t o t l l e gr o叭h of ( E。曲) D．Ⅱt l l e i ncr e黜0f

<E妯) n i s due t o(曰c。) n，t l l en t l l e syst em i s衄．

der goi I l g a barocl i I l i c i 璐t abi l i 哆，ot hen“眈a b盯o-

协叩i c i 鹏t abi l i t y．Not e her e(曰C‘)n锄d( Br’) n

are t wo qI l 粕t i t i e8 aveI I aged bot h i n t i me肌d i n

space．They舡e j ust hmnumbe瑙f ．or t he whol e do．

眦i n over t he whol e dur at i on of concem．I t i s i mpos—

si bl e t o di st i ngui sh l ocal pmc∞s鹤( 鲫ch鹳hur ri -

c龃es or ocean eddi es) f而mor I e l ocat i on t o跚础er．
I n ot l l er wDr ds，ad叩t i ng Eq．(26) t o de6ne i nst abi l ·

时t aci t l y i nVokes t wo鹄sumpt i o璐：homogenei t y舳d

st at i on撕t y．But ，i阳ni cal l y，i nst abi l i t i 伪ar e i n舱-

t ure nei t her honl ogeneous nor stat i onary!

’r he di mcul t y谢t h t l l e cl 勰si cal def i ni t i on l i∞ i n

t l l e avearges i n t he伽o i nst abi l i t y met r i cs，(曰c+) n

锄d(曰丁‘) n．One眦y眦t ur al l y嬲l 【s whet her t hey

c粕be rel i eved．1Ks，of cour∞，c锄not be done di -

r ecdy，or t he r esul t i ng eneEget i cs wi U be physi cal

meani ngl e鹪( energet i cs i n t he cl 硒si cal ∞璐e must

be盯t l l ese aver ages) ．But i t o％r s锄i mpo砌nt
cl ue．Our st r at eg) r her e i s t o l ocal i 跣( BC’)n and

(Br‘)日such t hat t hey become t wo 4Df i el d var i a．

bl 船． r 11l i s way one need肿t be concemed about

whet her t here are a11y 10cal event s t aki ng pl ace i n t l l e

domai n，nor need he wony about whi ch per i od t o

choose i n or der t o c印tur e t he event s i n t i 啪． Be-

si des， i n．e罢；ul ar and mobi l e def i ni t i on do砌i n and

nonst at i onar y backgmund wi l l al so be accomI nodat ed

i n a uni f i ed t I eat ment．

To l ocal i ze．r ecal l t hat i f t he l ow-wi ndowbound

矗=0( and a peri odi c extensi on i s used)，and oI l l y

附o wi ndows are t aken i nt o account 。t he r econst l l l c．

t i ons are t l l en preci sel y t he t i me meaI l and t he depar -

t ure f 而m t he mean．Wi t h t hi s decomposi t i on，i t h鹊

been pr oved t hat ( Bc’) DaI l d(曰r‘>n c卸be ac．

comi ndy r 朗而t t en i n t ems of t l l e mmsf e璐i nt rop

duced i n t he pr ecedi ng sect i on( U锄g卸d Robi nson，

20ar 7)，and pani cul dy，

(曰c’) n=(坂％) n， ( 27)

(曰r‘) n=<以k)n， ( 28)

wher e仃=1 st aI l ds f or t he“eddy wi ndow”．Not i ce

t he Ms—EVA quant i t i es巧：彻d％a陀conce昨i n。
dependent of t he mar gi nal i 翻t i on肘。觚d t l l e domai n

average(·>n，肌d∞ t l l e t wo operat o鸺c觚be陀一

l i eved．Our t ask f or t he next st ep i s t o r el a】【坂锄d

(·) n，t o obt ai n t 啪newi nst abi l 畸met r i cs鹄f unc．
t i o璐of space锄d t i me．We f hⅡi l l t l l e眈one by伽e：

( 1)厶啪比弛t幻n i n印 oce： t r口 ， 埤 加 n-折 咖 s驴
口删汤n．Rel a】【al i on of (·) n con．esponds t o 10cal i za．

t i on i n叩ace．The msul t i ng met r i c i s uni que up t o a

t e珊i n t he di vergence f om． Reca：Ⅱwe have per-

f 油ed a t I ．anspor t—t r ansf br separ at i on t hr．ough i nt “ 卜

duci I l g t he physi cal l y r obust concept of pe彘ct t r a鹏-

f er ．，11l e pe彘ct t msf er i s t hus what we expect ．Re-

l 锻at i on of (·) n el i I I l i nat e8 t he boundary con—

s咖nt s，鹅a resul t t he aI l al ys i s can be appl i ed t o

pr obl ems on domai ns of 抽i t r ar y geomeny．

(2)￡删i 弛￡如n讥￡i ，，l e：i 川田u以幻乃口，m加括．
Rel a)【at i on of t he 唧 nal i zat i 帆 百ves a resul t

uni que up t o a t e彻G。such t hat 坂C。=0，i ．e．，
t he t1．ans f．er s wi thi n t l l e s锄e wi ndow．To el i mi nat e

t hi s undene瑚i ni sm．伽e needs t o remove f 南m t he

ped．ect t r ansf er s t he cont ri but i oI 璩f 南m wi thi n t he

s锄e wi ndow．so as f - or t he t r ansf 毛I l s f bm t l l e back-

ground( 埘ndow0) t o t he eddy耐ndow(诵ndow1)
t o come up f r ont ．“aJl g锄d Robi nson( 2005)used a

t echni que cal l ed i nt e阳ct i on anal ysi s t o achi eve t hi s

el i mi nat i on．Her e we j ust wri t e i t symb01i cal l y鸽a

superscr i pt 0—+1，whi ch si gni f i es an oper { 址or sel ec-

t i ng out t he t r ansf er s f 南mwi ndow0 t o wi ndow 1．Re—

l a)【at i on of肘。pr ohi bi t s t he anal ysi s f 而mmessi ng up

wi t h t emporaUy i r rel ev蛐t pr ocesses．

We t hen obt ai n t wo newmet r i cs．denot ed鹪召C

绷d曰F，f or i nst abi l i t y i dent i f i cat i on：

曰r =它1． ( 29)
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Bc=臂1． ( 30)

ney comspond t 0 t l l e<Br ‘) n锄d(曰c+)n i n

Eq．( 26)，r espect i vel y．I n aI l al ogy t o t }l e cl 酗si cal

i nst abi l i t y def i ni t i on，we have锄easy—t o—use cr i t er i -

on f打 i nst abi l i t y i dent i f i cat i on( Uang and Robi nson，

2004；“ang锄d Robi nson，2007)：

( 1)Anowsyst em i s l ocal l y st abl e i f 曰r +召C<

O，r坨ut raⅡy st abl e i f曰F+日C=0，and un8tabl e ot h-

er wi se：

( 2) For锄unst abl e system，i f 曰r >O aI l d

曰C≤0，the i nst abi l i t y t he syst emundergoes i s bar o—

t mpi c；

( 3)For锄unst abl e syst em，i f BC i s posi t i Ve

but曰 r i s∞t ，t hen t he i nst abi l i 哆i s bar ocl i I l i c；

( 4) Ⅱbot h曰r and曰C are posi t i ve，t he syst em

must be uI l deEgoi ng a I I l i xed i nst abi l i t y．

I n t he f omaHsm。bot h Br and BC are v撕abl es

on t he 4D t i me-space f i el d． Spat i al l y 10cal i zed and

t emporal l y epi sodi c event s are t hus nat 眦ml y eII l ：bed-

ded． Besi des．t he I ．el axed BC and曰r do not have

t he const rai nt 元=0， i ．e．， nonst at i onar y back—

gr ounds are automat i cal l y i nco叩orat ed． I n other

wor ds，t l l e cr i t er i on i s印pl i cabl e t o gener i c oce柚

probl ems．For conveni ence，we may 100sel y ref er t o

BC aJl d BT as“b剐∞l c l i ni c t nmsf ．er ”锄d“bar ot I Dpi c

t mnsf er" ．

4．2 Hor i zont al t I ．eat I nent

As a l ocal i zed t msf om。t he MWT i n t i me may

gi ve r i se t o ph嬲e e11ror i n t he hor i zont al due t o Gal i —

l e锄t r ansf o咖at i on．Thi s i s a probl emsi mi l ar t o t hat

of wavel et anal ysi s as poi nt ed out by“ma and Toh

(1995) f打t I l e wavel et t r ansf o珊．In t hi s case，嬲

shown i n“ang aI l d Robi nson(2005)，i t a艉ct s oI l 王y

t he hi ghest scal e l evel s，粕d so t he en．or c锄be re—

moved f 而m t he cal cul at ed口r锄d曰丁t hmugh a hori 一

∞nt al l ow—p嬲s f i l t er i ng．I n t he r i gorous Ly印unov

f o珊al i sm，t hi s hor i zont al t r eat ment cor r esponds t o a

l ocal i zed spat i al aver age，whi ch i s needed i n f i ndi ng

t he noHn t o me嬲ure l ocal i zed i nst abi l i t y．

4．3 Co肿ect i on t o t he cl aLssi cal 曰r

I t shoul d be noted t l l at，al t hougl l B2’锄d曰c

are der i ved by mal 【i ng锄al og)r t o Eq．( 26)wi dl

日71’and曰C‘．口r ( resp．BC) i s by no me龇 l s a

general i zat i on of Br’( r esp．曰C‘)on a 10cal i zed

b鹪i s．r nl ey afe i n f act mnd砌ent a王l y d蕊r ent met —

r i cs．Taki ng曰r船锄exampl e．One may∞e t he

di f kr ence by舱t t i ng矗=0，and maki ng comp撕son

bet ween日r and曰丁‘．( OI l l y when矗=0衄y t he

t wo be compared，鹪i n t hi s case a t wo—wi ndow

anal ysi s i s陀duced t o t he meaI l —depanure decom—

posi t i on．) I n t he c嬲e of a b髂i c f l ow( H( y)，0，O)，
Br becomes(“al l g and Robi nson，2007)

Br =扣 警 +五 警 一 万 羚 ( 31)
whi l e

Br·：一万驾
酗

( 32)

111e di 能r ence may yi el d qui t e di 舱rem i nsta—

bi l i t y scen赫os f or ‰s锄e pmbl em．We ref er t he

r eader t 0“锄g肌d Robi nson．( 2007) f or det ai l s．

4．4 An al t emat i ve f．omal i sm

Not i ce i n Fi g．5，t l l e per f ect t r ansf er s aIe pr o珏
col s bet ween t wo wi ndows．Thei r st at us i s t wo—

f ol d，dependi ng on where t he obser ver stands t o i n-

t erpret t hem．Look at ％．．Ⅱwe are i nt er est ed i n

t he energy咖sf er f ．r om t he l ar gescal e wi ndow t o t he

eddy诵ndow，鹪 i n t he c鹪e of hydr 0Hdynal I l i c i nsta—

bi l i t y anal ysi s，we may ei t her have东1 or它1 as

t he memcs．T‰e f ormer i s t he 8r i nt r oduced above．

I t r epr esents a t r ansf er pr ocess based on wi ndow 1

( t he eddy wi ndaw)．What i s t he l at t er ?I t i s essen—

t i aUy t he sar ne pr oce褐，but r oot ed i n wi ndow 0． so

we may equal l y def i ne t wo quaI l t i t i es( 【j ang and

Robi nson。2005)

Br=Z}1=一?矿 ( 33)

Bc=盲1=一臂 ( 34)

as r espect i ve met ri cs f or baI ’ocl i ni c i nst abi l i t y and
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bar ot mpi c i nst abi l i t y． I n general ，Eq．( 33) [ resp．

Eq．( 34) ] and Eq．( 29) [ r esp．Eq．(30) ] ar e not

i dent i cal，but when ma蟛nal i zed t hey are t he same

by Eq．( 25)．Eqs( 29)锄d( 30) ar e general l y used

when a pmcess has been pi npoi nt ed，whi l e Eqs( 33)

and( 34)al l ow one t o st and on a l ar gescal e wi ndow

t o、，i ew t he dynaI l l i cal scen秭o．The adv肌t age of t he

l at t er appear s when no口p砌矗knowl edge of t he

pr ocess i s百ven． We wi l l have opport uni t i es l at er t o

see appl i cat i ons of bot h f o珊al i sms．

5 Val i dat i o璐

We have V甜i dat ed our t量 l eor ) r埘t h a Var i et y耐。

cl 鹊si cal benchmark即bl e腿．Pani cul al l y we have

v出dat ed访t h Kuo’s bar ot r opi c i nst abi l i t y model 龃d

Eady’s n10del of ba玎0cl i ni c i nst abi l i t y，bot l l havi ng

( 1i near i zed)锄al yt i cal sol ut i ons．I n∞me眈nse，t he

印pl i cat i on t o wake cont rol whi ch we wi u ment i on

br i eny i n t he next sect i on i s al so a val i dat i on；i n

f 如t， t hat i s a mor e pr onounced val i dat i on．

r I ．} l e Kuo n确el (Kuo，1949；1973) i s about

t he i nst abi l i t y of a 2D j et st re锄．On肌厂pl 踟e wi th

a coor di nat e f ‰e wi t h菇poi nt i ng e酗狮捌，，，nort h—
ward， t he sⅡ．e锄，whi ch i s l i mi t ed wi t hi n l at i t udes

，，=±￡，has a basi c prof i l e(Fi g．6a)

五 ( ) ， ) =五 一 c。 s2( 詈 詈 ) � ( 35)

7111e meri di onal gr adi ent of i ts background po-

t ent i al Vort i ci t y g i s( Fi g．6b)

g，2咄"2一订“一∞s f ，
一 一 订一 霄y

( 36)

g，changes si gn at ，，=±L／2，meet i ng t he necessar y

condi t i on f or i nst abi l i t y by Rayl ei gh’s t heorem．ne

f o瑚ul at i on锄d∞l ut i on of t he probl em are ref bn．ed

t o Kuo’s or i 百nal pape璐and“ang and Robi nson

( 2007)．

We sel ect f 而mt he unstabl e r egi me a represent—

at i Ve mode，and a mode f 而m t he neut r al l y st abl e re-

舀r ne． Ei genf．unct i ons are accordi ndy comput ed and

Fi g．6．CoI l f i gI l l 鲥on 0f‰Kuo model ．a．The b酗i c n洲

p商l e H=H( y)蚰d b．t he h∞k掣 。吼d pot emi al v硼ci t y．
Mar ked a弛t l l e t wo i 棚ect i ∞p豳t 8蚰t l I e pr of i l e cun，e．

t he I ．esul t i ng f i el ds踟．e锄a1) rzed，usi ng a t wo—wi n—

dow decomposi t i on wi t h矗=0．The l ar ge一8cal e

wi ndow bound i s chosen 80 as t o make cont act wi th

t } l e粕al yt i cal sol ut i on．We h孙re f ound：

(1)when t he now is unst abl e，(8r) n>o；

( 2)when t }l e now i 8 neut r al l y st abl e，(日r ) n

=O：

(3)when t he now is st abl e，(Br )n<O．

(Not e t he averages over t he whol e domi n are

necessa巧si nce bot } l t hese benchmark pr obl ems are

f o珊ul at ed wi t hi n t he cl as8i cal 矗锄ework．)These

are j us t one may expect wi th a bamt r opi c i nst abi l i t y．

Our f．onnal i sm i s t heref bre val i dat ed wi t h t he Kuo

model ．

The count e印ar t of t he Kuo model i s t he Eady

model ( Eady，1949) ，whi ch admi t s omy pur e ba-

∞0cl i ni c i nstabi l i ty．We t hus expect：

( 1) when t he now is unst abl e，( 曰c) n>o，

(Br ) n=0；

( 2) when t he now is neut r al l y st abl e，(曰c)以=

(Br )n=o；

(3)when t he now i s st abl e，( 曰c) n<O，
( Bnn=0．

I n t he i nt er est of savi ng space， i t i 8 not our i n．

t ent i on t o show her e how t he眈st at ement s may be

ver i f i ed，but i ndeed t l l ev bot h t umout t o be t 11l e
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( Li ang and Robi nson，2007)． Part i cul ady not ewor —

t hy i s t he consi st ency wi th t he nonl i near resul t of Li u

and Mu( 1996) on t hi s pr obl em．The val i dat i on

wi t h t hP Eady modPl i s al so successf hl ．

6 Appl i cat i ons

The t heoIy has been put t o appl i cat i on wi t h a

var i et y of real wor l d probl ems． I n t hi s sect i on，we

pr esent seVer al exampl es per t ai ni ng t o oceano伊印hy．

6．1 Wake cont rol

The f i rst probl em i s nmf r om t he ocean but has

cl ose rel at i on t o i sl and wakes(pr obabl y has anal ogy

i n t he East Chi na Sea nonh of Tai w肌．Chi na) ．We

br i eny ment i on i t heIe because i t on one hand bri ngs

newhope t o t he f i el d of t urbul ence cont ml i n mechan-

i eal and aer ospace en西neer i ng， on t he other haI l d

provi des a good val i dat i on of our i nst abi l i t y t heor y．

A now passi ng a bl uf r body gener ates a st r eet of

vor t i ces ( Kannan vor t ex st r eet ) i f t he Reynol ds

number l i es wi t hi n a cer t ai n r ange．The vor t ex shed-

di ng exhaust s a si gl l i f i cant por t i on of eneI I gy and印·

pl i es an apparent drag on t he body．To saVe eneI j gy，

a v撕et y of t echni ques have been pr oposed t o sup·

press t he sheddi ng and hence I ．educe t he drag

(Huer r e and Monkewi t e，1990) ．But i t i s st i l l an

unexpl or ed ar ea where t o pl ace t he cont ml f or a most

emci ent suppressi on． Our t heory comes t o hel p at

t hi s poi nt．We ar gued i n Li ang et a1．(2008) and Li —

ang and Wang( 2004) t hat t he叩t i mal l ocat i on f or

cont r ol ， i n t e衄s of ener g) r savi ng， i s where t he ab—

sol ut e i nst abi l i t y t akes pl ace as t he eddi es aI．e shed-

ded． ni s l ocat i on mi ght vary wi th t i me，and i t i s

general l y not i n accor dance t o where penur bat i on en‘

ergy maxi mi zes． But anyhow our l ocal i zed hydrody—

nami c i nst abi l i t y aJ l al ysi s a110ws us t o t race i t，eVen

i n a r eal t i me nl ode，and pl ace t he comml ．The con-

t r ol resul t t ums out t o be most emci ent ：The voni ces

can be compl et el y suppr essed wi t h l ess ener gy i n

85

comp“son t o pr evi ous exper iment s such as t hose i n

Oer t el (1990)．

6．2 V撕abi l i t y of an open ocean f r ont

The devel opment of MS—EVA was or i gi nal l v mo·

t i vat ed by t he compl ex f如nt al v撕abi l i t y obsenr ed i n

t he I cel and．Faer oe r e西on，whi ch i s of f i ni t e ampl i —

t ude，and i nt e咖i t t ent i n space and t i me．The I ce—

l and．Faeore f ront ，or I FF f or short ，i s a sha印t em-

perat ure肌d sal i ni t y gradi emseparat i ng t he t wo ma-

i or wor l d oceaI i s。t he Arct i c and t he Nonh At l ant i c

( Fi g．7) ．I t s i r叩or tance has been r eal i zed not onl y

f 如mt he oceano铲aphi c commuI l i t y，but al so f 而m i n-

dust r 、r and mi l i t ar v． Ahi st or i c account can be f ound

i n Hopki ns( 1 988) ，and some recendy publ i shed pa-

pers such鹊Robi nson et a1．( 1996)，Mi l l er and Le一

珊usi aux(1996) ，and r ef er ences t her ei n．

Fi g．7． Bathj 瑚哪蚰d ge昭砷hy《t he kel a耐一Fae∞∞Tel

gi ∞．FI 邵Il ed i n t he mi ddl e i s出e r { esear ch山啪ai n，and over -

l apped al t l l el aw盱一 r i 出 啪l er i s asat emtei mage 0ft I l e sea

叭如ce t e埘 畔r at umobser ved i n t I l i s d叫1ai n on 22 Au目l gt 1993

[ adopt ed‰nang肌d Robi 嗍 (2004)] ．

The I FF i s obsenr ed hi ghl y var i abl e．I nt msi ons

i n t he f bHn of hammer head叫mushr oom印pear f琵一

quent l y al ong t he f } ont al a】【i s． In t he past t hr ee dec—

ades，a maj or t heme of t he I FF st udy i s t o under．
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st and t he dynami cal pr ocesses underl yi ng t hese i nt nJ—

si ons． Di f f ．er ent f oot pr i nt s on a var i et y of di agnost i c

f i el ds (usuaUy wi th compl i cat ed pat t em) haVe re—

veal ed t hat t he Vadabi l i t y mi ght be due t o some i n—

t r i nsi c r eason，most pr obabl y a bar ocl i ni c i nst abi l i t y

f Mi l l er et a1． 1 995；Mi l l erbrand and Mei nck，

1980)． But i t had not been cl ear how t he dynami cal

pr ocesses wor k t oget her t o dri ve t he i nt msi ons unt i l

t he MS—EVA study by Li ang and Robi nson( 2004)．

Li ang and Robi nson’s st udy i s based on an un—

pr ecedent ed dat aset col l ect ed by Han7ard Uni Versi t y

i n cooper at i on wi th t he NATO SACLANT Undersea

Resear ch Cent er dur i ng t he August 1993 Naval RV

Af f i 口nce c11Ji se(Robi nson et a1．， 1996)．Thi s set

capt ur es a chai n of pr ocesses t owar d t he f omat i on of

a l arge meander i ng as shown i n t he i nser t ed sat el l i t e

i mage of Fi g．7．Wi t h i t Li ang and Robi nson per _

f o珊ed a hi ndcast ￡o r epr oduce t he f而nt al evol ut i on

(Li ang and Robi nson，2004)，t hen had MS—EVA

appl i ed t o comput i ng t he met 打cs BC and曰r The

appl i cat i on i s st mi ght f orwar d，as t he t heor y i s real

probl em—or i ent ed and i s pl at f bnn i ndependent ． One

f i rst needs t o det e瑚i ne t he scal e wi ndows． wi t h

charact er i st i c t i me ser i es ext r act ed f 如m t he dat aset．

t hen send t he wi ndow bounds， t o；ret her wi t h t he

model conf i gurat i on，as i nputs t o t he MS—EVA pack·

age( whi ch has been st andar di zed) f or r esul t s．Re—

f色 r t o Li ang and Robi nson(2004)f or t he scal e wi n·

dow det enni nat i on．

The comput ed met r i cs show t hat t he I FF var i a—

bi l i t y i s mai nl y r econst mct ed on t he mesoscal e wi n-

dow(wi t h scal es bet ween 0．7 day and 2．7 days) ，

and appear s pronounced i n t he deep l ayer ． I n com—

par i son t o BC，t he bar ot ropi c t r ansf er B丁 i s negl i —

gi bl e．Shown i n Fi g．8 i s t he evol ut i on of BC at

dept h 300 m．An obser、rat i on i s t hat t he comput a—

t i onal domai n i s char acter i zed by a cl ear —cut ( al -

most ) sol i t ar y posi t i ve BC cent er．Thi s si mpl e pat—

t em i s i n di st i nct cont rast t o what pr evi ous peopl e

obsen，ed wi t h t hei r di agnost i cs． Cl earl y，under l yi ng

t he compl ex August 1 993 f r ont al var i abi l i t y i s a si m-

pl e bar ocl i ni c i nst abi l i t y． Moreover，t he t r ans{．er r ed

pot ent i al ener gy f r om t he l arge—scal e wi ndow t o t he

mesoscal e wi ndow i s cal cul at ed t o be 1 60 kJ／(m·

s) on 17 August t 0400 kJ／( m·s)on 2l August at

t hi s deDt h．

Fi g．8． At i me sequence of t he 300 m曰Ccomput ed f or t he

I cel and—Faeme r e舀on f南m 17 August 1993 to 22 August

1993． Posi ti ve val ues i ndicat e bamcl i ni c i nst abi l i t y．The

uni t s ar ei n l O一7 m2／s3．Not e 22 August i s t he day when t he

l 甜ge meander i ng mat ur ed．( Recomput ed f而m Li ang and

Robi nson( 20( )4)wi t h t he updat ed mor e accumt e soft ware) ．

’I ．he bar ocl i ni c i nst abi l i t y has l eft l oot pr i nt s on

t he mesoscal e f i el d reconst r uct i ons． Cont our ed i n

Fi g．9 are t he mesoscal e ver t i cal vel oci t y(upper )

and t he mesoscal e densi t y anomal y( 10wer ) on a me—

r i di onal sect i on acr oss t he hammer head i ntmsi on．

The count er t i l t i ng pat t ern of t he f bmer ver sus t he

l at t er i s j ust t he eVi dence of an Eady—l i ke bar ocl i ni c

i nst abi l i t y( see Hol ton，1992)．

More i nf onnat i on about t he baI ．ocl i ni c i nst abi l i t y

can be gl eaned by l ooki ng at t he mot i on of t he口C

hot spot ． I t has been j ust i f i ed t hat t he movement of

BCand／or B丁con．esponds t o convect i ve i nst abi l i t y，

whi l e a st at i onary posi t i Ve BC／曰r cent er i mpl i es ab—

sol ut e i nst abi l i t y．Convect i ve i nst abi l i t y aJ l d absol ut e

i nst abi l i t y are t he t wo basi c f bnns of i nst abi l i t y whi ch

have been studi ed ext ensi vel y． I n t he MS—EVA

f bmework，t hey are nat ur al l y embedded and appear
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Fi g．9． Di st r i but i ons of t he mesoscal e Vert i cal Vel oci t y

(∞。1) 舳d densi t y anomal y( p一) on a mer i di onal sect i on

across山e h啪mer head I FFmeander i ng[adamed f Tomu肌g

肌d Robi nson(2004)] ．r nl e count e卜t i l t i I l g仃end i s an i n‘

di cat i on of bamcl i I l i c i nst abi l i t y(Hol t on，1992)．

t o be si mpl e．I n t hi s I FF st udy，the 8Chot spot 6r st

r esi des near t he west em boundar y，t hen moves i nt o

t he i nt er i or and st ays t here unt i l i t di sappear s． So

t he bar ocl i ni c i nst abi l i t y f i rst appear s i n t he f b咖of a

convect i ve i nst abi l i t v。 t hen swi t ches i nt o a f o珊of

absol ute i nst abi l i t y；accordi ndy t he Var i abi l i t y i s

f i rst i n a spat i al l y gr owi ng f 0咖 ， whi ch i s t hen

swi t ched i nt o a t empor al l y gr owi ng pat t em．The

whol e pr ocess t ums of f on 22 August ，t he day when

t he hammer head meander i n寅mat ur es．

711l e above st udy i s wi th a speci f i c f 而nt ．The

pr ocesses unr avel ed，however，ar e gener i c f 出oceaJl

f 如nt dvnami cs—I n f act ， h锄mer head meander i ngs

or mushroom i nt l l l si ons are ubi qui t ous wi t h ocean

f 如nt s．The i mpor t ance of t hese pmcesses，i ncl udi ng

t he convect i ve i nst abi l i t y， t he absol ut e i nst abi l i t y，

and t he swi t chi ng bet ween t he t wo，has been t est i —

f i ed i n a眦mer i cal exper i ment st udy。We haVe ob—

ser ved t hat．f or a f ai t hf ul si mul at i on of t he meander·

i ng i nt msi on，a coⅡect r eproduct i on of t he conVec—

t i ve i nst abi l i t y and t he absol ut e i nst abi l i t y i n appro—

pr i at e st r en殍h wi t h adequat e t i mi ng i s a must ．

6．3 Dyn咖i cs of t he Mont er ey Bay ci r cul at i on

Anot her appl i cat i on of t he MS—EVA and t he

MS．EVA七ased hydmdynami c i nst abi l i t y aJl al ysi s i s

f or t he Mont er ev Bav ci r cul at i on． We use t he al t er -

nat i ve i nst abi l i t y f omal i sm[ Eqs( 33) and( 34) ] t o

f ul fi l l t hi s st udy．

Mont er ey Bay i s a crescent —shaped embayment

l ocat ed sout hwest of San Fr anci sco，Cal i f omi a( Fi g．

1 0)．Al t hou出on a 1ar ge scal e t he Cal i f omi a coast al

cun．ent va打abi l i t y i s domi nat ed by coast al t r apped

waves and i s rel at i vel y ckar( Br i nk，1991) ，on t he

bay scal e t he now i s ver y compl ex． The cunr ed

coast l i ne，t he i rr egul ar t opo铲aphy，t he hi ghl y Var ia—

bl e f or ci ng，and f ur t he瑚or e， t he l a唱e subm撕ne

val l ey spl i t t i ng t he domai n i nt o t wo hal Ves，pose a

铲eat chaUenge t o t he dynami cs st udy( RoseⅢ色l d et

1 99 1)．Al t hough eH' 0r t s haVe been cont i nui ndy

i nvest ed si nce 1930( Bi gel ow and Lesl i e，1930)，

t he dynami cal pI Dcesses undedyi ng t he compl ex

nows踟- e st i U not cl ear ．

Fi g．10．Resear ch domai n f br AOSN一Ⅱe)畔r i Ⅱ科l t mUI md t he

Mont er ey Bay，Cal i I - or ni a．Mar ked wi t } l i n t he Bay i s‰n啪r ．

i I l g stat i on M1(36．755。N，122．025。W)．1' I l e wi nd me鹊l l r ed

at M1 ar e sho帅 i n t he i nsert ed sti ck p10t at t he nonl l east em

comer． [ Fi gure adapt ed f而mLiaJl g and Robi nson(2008)] ．
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The r ecent work by Li ang and Robi nson( 2008)

makes a br eakt hmugh．They set up an MS—EVA印一

pl i cat i on wi th a dat aset col l ect ed f r om a mul t i i nst i t u．

t i onal mul t i pl at f omcomprehensi ve exper i ment of ob．

ser vat i on and for ecast duri ng August —Sept ember

2003，cal l ed AOSN一Ⅱ ( Aut onomous Ocean Sam．

pl i ng Net wor k一Ⅱ) conduct ed i n t hi s r egi on．The r e．

search domai n i s as marked i n Fi g．1 0，whi ch has di —

mensi ons 123 km×144 km． Here we i ust br i env

present pan of t he resul t s whi ch ar e r el evant t o t hi s

r evi ew；f or t he MS—EVA set up and other det ai l s，t he

r eader i s ref en．ed t o t hei r o五百nal paper．

The compl exi t y of t he Mont er ey Bay ci r cul at i on

i s f ound t o be due t o a mi xed i nstabi l i t v．wi t h t he

bar ocl i ni c and bar ot roDi c t r ansf er s of t he same or der．

Look at t he曰Conl y(Br has a si mi l ar evol ut i onar l i r

pat t em)．Fi gur e 1l presents a sequence of t he BC

spanni ng t he wi nd rel axat i on． Fr om i t t hi s i nst abi l i t v

has a bi modal st mct ure，wi t h one cent er nor t h of t he

Bay，whi l e another cent er si t t i ng out si de Poi nt Sur

near t he sout hwest em comer． For conveni ence．

t hese t wo cent er s wi l l be r ef er red t o as，respect i vel v．

t he Bay mode and t he Poi nt Sur mode． Bot h of t hem

yar y as t i me goes on f r om l l Augus￡t o 23 August ，

but t hei r evol ut i ons are compl ement ar y：One i ncrea—

ses wi t h t i me( Bay mode)；anot her decr eases wi th

t i me(Poi nt Sur mode)． I f one exami nes t he ext emal

f or ci ng Var i at i on oVer t hi s per i od(Fi g．10)， t he f or—

mer i s est abl i shed when t he wi nd r el axes．whi l e t he

l at t er i s di rect l y dr i ven by t he wi nd．Ei t her way， t he

wi nd i nst i Us energy i nt o t he ocean，whi ch i s st ored

wi t hi n t he l ar gescal e wi ndowand t hen r el eased t o f u．

el mesoscal e pr ocesses．The whol e pr ocess i s sum．

mar i zed i n t he canoon i n Fi g．12．

Fi g．11． sur f ke曰c( i n m2／s3)eV。l ut i on dur i ng t he August 2003 A0sN—I I exper i ment pe『 i od[ adapt ed f rom Li ang and

Robi nson( 2008) ]．1' } l e domai n has been mt at ed cl ockwi se by 30。．coor di nat es ar e i n加d poi nt s( 缸=△y=2．5km) ．111e
t舢sf er i s comput ed usi ng t he al t emat i Ve f o肌al i sm[ Eqs． (33) 一( 34)] ，posi t i ve val ues i ndi cat i ng i nst abi l i t y．

As an asi de，t hi s work was or i gi nal l y mot i vat ed

by an abno肺al l y col d wat er pool of t en obser ved over

t he submar i ne val l ey i n t he Bav．The MS．EVA resul t

shows t hat t he pool i n August 2003 i s due t o a sec—

ondar y upweUi ng i nduced by nonl i near i nst abi l i t y．

As schemat i zed i n Fi g．12，t hese col d event s，once
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Fi g．12． A cano曲showi ng t be su如ce pr Dcesses

Cal i f omi a． C7IWst ands f or coast al t rapped waves．

i mpor t锄 t

occu而ng du血g Augl l s t 2003 i n t he re舀叩of Mont erey Bay，

111i s f i gur e i s adapt ed f mmLi ang and Robi ns∞(2008)诵t h

pmce88es enhaI l ced．

f o珊ed，are pr opagat ed no工t hward i n t he f 0珊of

coastal t r印ped waves( CTW)．

7 Di scussi on and concl usi ons

A real probl em—or i ent ed and sencont ai ned sys-

t em h鼬 been deVel oped f or t he i nt e印r et at i on of

ocean and at mospher e pr ocesses f 南m both obser va．

t i on“numer i cal si r rml at i on．whi ch ar e i n nat ur e

hi曲 l y nonl i near， mul t i scal e i nt er I act i ve， and i nt er -

mi t t ent i n space and t i me．Thi s r esear ch i nvol ves

const mct i on of a mat hemat i cal appar at us，mul t i scal e

wi ndow t mnsf bnI l ( MwT)，and a novel met hodol ogy

cal l ed l ocal i zed mul t i scal e ener gy and vor t i ci t y anal ．

ysi s( MS-EVA)． A t heor et i cal 印pl i c“on of t he

MS—EVA i s t he f o咖al i zat i on of a l ocal i zed hydr ody-

I l aI I l i cs i nst abi l i t y肌al ysi s，whi ch makes t he st udy of

bar ot r opi c i nst abi l i t y and bar ocl i ni c i nst abi l i t y

st r ai ght f or war d．The whol e t heory h硒been val i dated

wi th benchmark model s，and put t o印pl i cat i on wi t h

r eaLl ocean aI l d en酉needng pmbl ems．

7r he const mct i on of t he MWT i s t o overcome a

di l emma bet ween mul t i scal e decomDosi t i on and ener-

gy l oeal i zat i on，and t o al l ow f or scal e．f be pr ocesses

t o be f ai t hf hl l y repr esent ed． I t i s an or thogonal sub-

space decomposi t i on wi t h r espect t o scal e wi ndows，

a general i zat i on of t he si mpl e mean—depar tur e sepam—

t i on，but wi t h more scal e r anges and nonst at i onar y

backgrounds． Propeni es have been expl or ed and

comp撕sons made wi t h other l ocal i zed t f ansf o珊s．

7I he M1瞩丌pr ovi des a f hmewor k f or t he devel op—

ment of t he MS—EVA．7r he concept 0f mul t i scal e con—

Ver si on， mul t i scal e t ranspon， and per f ect t ransf er

are nat ur al l y i nt r oduced，wi t h t he ai d of a t echni que

cal l ed t ran叩on—t r ansf er separat i on． A ped' ect t mns．

f er i s a mer e redi st r i but i on of ener gy锄ong scal e

wi ndows，wi t h t he t ot al ener gy consenr ed．The mat h—

emat i cal r i 90r and physi cal r obust ness make t he MS—

EVA appl i cabl e t o pr obl ems of ar bi t 阳q dynami cal

set t i ng and geomet r i c coⅢi gur at i on．

On the basj s of t he MS．EVA we have f o硼a】i zed

a l ocal i zed hydrodynami c i nst abi l i t y anal ysi s t o al l ow

f or t he appl i cat i on of i nst abi l i t y anal ysi s t o real pr ob-

1em dat aset s f 而m obsen，at i ons． numer i cal si mul a．

t i ons，or exper i ment s．The concept s of bar ot r opi c i n-

st abi l i t y and bar ocl i ni c i ns t abi l i t y扣．e r ecast wi t hj n

t he MWTf r amework，and f i el d．1i ke i nst abi l i t v met ．

r i cs obt ai ned．7I ’11e f b锄al i sm i s gener i c，Eul eri an，

and appl i cabl e t o 6ni t e ampl i t ude i ns t abi l i t i es wi t h

var yi ng backgr ounds．I t has been val i dat ed wi t h sev．

eral benchmar k i nst abi l i t v pmcesses．

The power of MS—EVA and t he MS．EVA-based

i nst abi l i t y t heory has been demonst r at ed i n a var i et y

of real pr obl em印pl i cat i ons．We have successful l y
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used i t t o霉r et t he wake behi nd a ci rcul ar cyl i nder un-

der ef f bct i ve contml ．The opt i mal cont ml st r at egy，

whi ch i s pr oposed i n t e瑚s of t he i nst abi l i t y met r i cs，

opens a door t o a pr omi si ng f i el d of t ur bul ence con-

t I Dl i n mechani cal and aer ospace en舀neer i ng．

The power of t he syst em has al so been demon—

st rat ed i n t wo real ocean appl i cat i ons suppl i ed par t i c—

ul ar l y f or oceanography research． The 6rst one i s

about t he var i abi l i t y of an open ocean f 而nt ，t he I ce-

l and．Faer oe f r ont ( I FF)，and part i cul ady t he f oma-

t i on of a hammer head meander i ng i ntmsi on． We

f ound t hat t he meander i ng i s r econst r ucted on a me-

so．scal e wi ndow．The undedyi ng process can be de-

scr i bed as a t wo．st ep mechani sm． I ni t i al l y t he per．

t ur bat i on i s i nt mduced f r om t he west em boundar ) r，

whi ch踟pl i f i es i nt o t he i nt er i or as a conVect i Ve i n—

st abi l i t y． Whenever t he penur bat i on目．ows up t o a

cer t ai n magni t ude， t he spat i al ampl i 6cat i on hal ts，

and swi t ches i nt o an i nst abi I i t v absol ute i n charac·

t er． Accor di ngl y t he spat i al ampl i f i cat i on i s l ocked

i nt o a t empoml l y gr owi ng mode．The whol e pr ocess

l as t s f or about 5 days，di sappear i ng j ust by t he day

when t he meander i ng i nt msi on mat ur es． Thi s re—

search has shedded l i ght on t he compl i cat ed dynam—

i cs of f } ont al meander i ng，and has si nce pr oVi ded a

cl ue t o t he si mul at i on of hi ghl y Var i abl e open ocean

f 而nt s．

Anot her ocean appl i cat i on i s a dynami cal st udy

of t he August 2003 ci r cul at i on ar ound t he Mont er ey

Bay，Cal i f ol l l i a．I t i s f ound t hat t he now pat t em i s

very compl ex，and t he compl exi t y i s due t o t、 Vo i n—

st abi l i t i es 10cat ed I espect i vel y west of Poi nt Sur and

nor t h of t he Bav．The t wo cent er s f o瑚s a bi modal

st ruct ur e， but t hei r underl yi ng dri Vi ng mechani sms

are di st i nct l y di f 玷r ent ． The f ．0n11er appeaI 弓when t he

upwel l i ng f 打orabl e wi nd appl i es，whi l e t he l at t er i s

est abl i shed as t he wi nd r el axes． Bot h of t hese i nsta—

bi l i t i es are of 6ni t e ampl i t ude，and mi xed i n t ype．

皿l e r esul t i ng mesoscal e eddi es pmpagat e nor t hwar d

i n t he f o瑚of coast al t r apped waves． Secondar y up—

weUi ngs are generat ed and t he col d eVents ar e

bI ．ought nor t hwar d al ong t he coast ．

Pot ent i al appl i cat i ons of MS—EVA may be

equal l y sought i n other ar eas． For exampl e， i t has

been suggest ed t hat i t coul d be ut i l i zed f br t he sub—

gri d pr ocess par amet er i zat i on i n l ar ge eddy si mul a。

t i on(Wang M，pr i vat e communi cat i on) ， i n pl ace

of t he convent i onal f 0舢al i sms i n t ems of Reynol ds

st ress；i t may al so be used i n ot her 6el ds of geo—

phvsi cal or envi r onment al nui ds，such as t he mul t i —

scal e t r anspon of chemi cal const i t uents and pol l u—

t ant di spersi on． We have par t i cul ar l y pr oposed a

pr ospect i ve appl i cat i on i n data assi mi l at i on(unpub-

l i shed manuscr i pt )，a growi ng 6el d whi ch i s Ver y

i mport ant i n ocean model i ng and par amet er est i ma—

t i on．I )r esent l y，data assi mi l at i on i s a scheme of op-

t i mi zat i on t o mi ni mi ze t he st at e va“abl e mi smat ch

bet ween obser vat i on and si mul at i on． However，i t i s

not i mpossi bl e t hat t he f undament al dynami cal

pr ocesses may be hun upon t aki ng i n dat a，and ac—

cordi ndy one may cast doubt on t he“opt i mal " pos—

t er i or f i el d t hus obt ai ned．The basi c i dea of our pr o·

posal i s t o assi mi l ate “processes’’ r at her t han

“f i el ds" ，i n or der t hat t he physi cs be kept consi st -

ent ． I n an ocean domi nat ed by mul t i seal e dynami cal

pr ocesses，thi s i s made possi bl e wi t h t he MS- EVA

quant i t i es or met r i cs．The per f ormance f unct i onal i s

t hen t ransl at ed i nt o t he mi smat ch bet ween t he

pmcesses on bot h si des， whi ch i s expr essed i n

t e瑚s of t he f i el d．1i ke pr ocess met ri cs we haVe

shown bef or e． We are t her ef ore ext endi ng t he dat a

assi mi 】at i on t o t hi s f unct i onal ．

Ac忌咒ow跆妇PmP咒据

Thi s paper was pr esent ed at a conf毛r ence meet -

i ng i n cel ebrat i ng Pmf essor Su Ji l an’s 70t h bi r t hday．

The aut hor t hanks Dr．Huang Daj i ，Dr ．Chen Dake，

and many others f br t hei r ef ! Ebns i n maki ng t he cele—

bmt i on a memorabl e exper i ence．
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