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Distance (km)

Motivation : SST variance budgets

~50km
400""'__.. VQ _ 62 _ ng submesoscale SST variance
; _ Stirring ..
[ ; Jimenez et al (2001) Mixing
300 F 7 =
L g 1]
] =
i 9 ¥ <
: 0 8tV9:T+P—Dm—Df
200 F : =
r -
]
: 3 T Variance transport
100? P Variance production
- Dm Destruction by small scale mixing
0t B :
0 100 200 300 400 Df Destruction by air-sea fluxes

Distance (km)
(IR satellite SST from Klein and Lapeyre 2009)

What is the mean balance ? locally vs globally ?

What is the rate controlling process in this mean balance ? (cf Garret 2001)

What can be learn about Pwith the existing satellite observing system ?



Outline

1. Motivation : submesoscale SST variance budgets
2. Tracer variance production by mesoscale stirring
3. Modeling stirring by mesoscale flows

4. Diagnosing submesoscale SST variance production



e production by mesoscale stirring

(1/2)
RANS
Stepping backward, consider that variance budget build
wrt a time average (e.g.>18month) see e.g. Garrett
2001
T+ V- (ur) = ... > atm+...:2u’7"-VF

If in addition we assume a mixing length theory to hold,

u'th o2 =R VT P ~2V7 - (kV7T)

=> Eddy-stirring is producing tracer variance

For stirring to be balanced by irreversible mixing, i.e. < P >~< D,, >

=> Tracer variance must be cascaded forward to
smaller scales



~~
@\
S~
@\
~—

LES

T e B =
u._....,....,lql._.,rf.?.l...ﬂ..;f\u%h,__.h:_ﬂu__ff.m_. .8
u...l..,.._.__...__..,rf._,.:._.-.._.._.....;:J....___...._...—._._._m -m_..a.___.q
f;.e..,.__.m.,r,.pf,. EI#,._“.,J La__Jm.A___
ﬂsf;..:HL;i f..,, e g o
7 Y S a é;ﬁﬂ;,‘
e i},_,
J.—_.,-.,.___..l Hullunfﬁ SR e v
HH_..J.__ I..._.I-_ gf r
-r._l.-.n...uu..__”J_J. _._._...l.|1_1 I*Ir.f.-./ﬁ. —
Hfﬁxr;ﬂfff ;Eﬂffﬁf ﬂ+“
|.I..I._T..1._,..r..rl,.,.._,r,.¢r£ll I-}r...,u. ,r... ____-_
+JraIL|:rT|r.rf.q.Q,up].h..1 - .

_.n..u..l.r..rrl.llr?un..l..n..l_-l.

o
c
-
-
=
7
0
©
O
)
o)
)
)
=
>~
a
c
o
2
O
=
.
O
-
Q
)

ﬂrr..ul..—n_ul.-..lr.rll_..‘- ..n.

._“_.r._.___ﬁ._.._qhu...-;l e
._‘_..r.__.l.! ._._. 5

n_”.._.._.-nq.n_..-l. ___._u.__.. JJ_JJ h-r_'._

AT ey i
_.|L._‘._.._.._..a.... }H:#Fflﬂﬁﬂ_ﬂr#ﬁ#rffu\ktl

] N et
v _T,___ixur/rf R
_

* _m;.pﬂ._“u.uw.lff. r_,.p .Hh:.,...r._.14.nl11_._”
__n...._.._,,_.f.ﬂ,.._......_____...__._r. er.,.P.I_-_-.....v_.___.,_......._.,.._J.._.,.._-
AR R ”_K TS G WA
, ___....,F,,lfllrfrdnxﬂfﬁ)fr..r.., , “__..”_.jﬁ Ve ..nx...ﬂar... e M
TSR T r”_,..e._.........:a.r.,.rs;__.-

ih..a-—.;_.-_uH 4.___...1._._.___._._ .,I.u.l...-llll_._.ln...l...r.r.—u.rﬂ

. R S L U B

1
1
5

?.5

55

= ) e L o) L -
= P 5 o ) - L]
) i ]

day 1

Mesoscale stirring drive a forward tracer cascade toward submesoscales



o
c
-
-
=
7
0
©
O
)
o)
)
)
=
>~
a
c
o
2
O
=
.
O
-
Q
)

~~
@\
S~
@\
~—

day 2

~ = 1T = -1 - 1

" __w____.____q.n~1

EN
- Jldf...,fh..m.wh__.__.hf;.xf.n/..__.-l
hhg.q.__h_.n...r,.:.r.._.-,_._.rpl.__xh... ..._—“-H._ma_._
H.J..:_;L_.._.._ﬂ.,.J,u,.-__u.r.,.r.ﬁ..,~...r1.u__._:m.__.-
\..._.pr.r.,.....,-..__.__._.LJr+.!1xv.fa|rf...rJl.l.-.__q_m__.__._._
R LN AR I P T & W

[

d
i
b
:

I

L T

o

e :;»aaalf/; ?.r...mwaxqg;.?wf

|....|..I|-..l..-.....-.r.¢|1.-,|..m|1

= 1 " . drr.auwf.

[ e
- W

_.h L g et
nh._‘__l-_...

._.‘_\.....11..-|
..__.r_._...
m........un\_..lh..|1r.rs.|l|t.;ﬂij.zrrfl

. a&&&#ﬁjﬁi,
P A

o
EE TR N
:._ii,-;

| ]
L
Y
!

S " Hﬂ.ufﬁﬁ/kf.w
r.I.._.ul..._qu r.—..1..\u__|-_.1.._.;.\“u..\\‘w ....
[~ e ..r._,,...__.,-,_.\_.mk/v. \ﬁﬂﬂ#ﬁfﬁ/}/ﬁn ﬂ_
= ._,...,..n,,_.w.,,..a_r.r._..u,.r
..T.T..Ia.,._rfl,.-nr._..rlnlr.”k......_h\_l..

A
ST
R

W
A .
,JJJJHF .

P I

s J.1+__..~,rl4¢rlluuﬁ-_;
um—71x_x1 Sy .rm._m_.__.q..~ .
I.Iirrr.r/.-_xu_f,.w
ffﬁd.ﬁfﬂ,_..q_.__._:r..ﬁn T -

..4&._“.!?};##ij|-”-.«;__.(_~.#..:.. .EJ,.-.._._.-.__.....-_._-

LR
AL . R _w.rfffrﬂarl. R

-
-

J.......Jrr:-..._.h.1_.

o Fcna.ﬂruylx!l‘.rr.ﬂrrrf.r r....f-... - .__....I..:u..,.rl.r-mn f I—J..df IIIIII 8
n......r...i.;__.._. H-_._____..._.._._.._—_..lul..____..__..r...,.r.rﬂl
.rln...-_.mu._.m__&-ﬂ_m__...i.__._.___._._|l.1....l|v.|m-|—-|-.|l......1mr...ﬂ
= L™ [np] L™ [un] L= [---
" v 4]

B8.5

75

B5S

55

Mesoscale stirring drive a forward tracer cascade toward submesoscales



o
c
-
-
=
7
0
©
O
)
o)
)
)
=
>~
a
c
o
2
O
=
.
O
-
Q
)

~~
@\
S~
@\
~—

day 3

e -

ra.kxf.;_m.__"....z__—f
EARINATN umualff B

— T~ T T .
n..-.....m.!...t.f...fouuffduﬁln..mm.n__“._..ﬁ.._.. _..J.-m_.—.q_-l
T T Ul ____.Hdﬂ____
uu.li;.._.,-._,.-_,._._._.lusr.rf. | I W \-.._.._lh..m_‘_m_n.m_...
.___.I-J...z._.f._._m.._...-l_,.____iir.f{l..n._..:Jr.l.u—__._ﬂ._...._m._.._
ﬂ_ﬁ.;ffa.umax.#;::.\--‘,_HLJ?.... ERRREE
1q._.._..:-_.-5.....‘._._..\u.l.;._..u.F _.._.l..l!frlh.\..uq .r..r#_,ﬂ.

srr- .,smlwwq%&ﬂw: ;L

My
R NIIIMES
T e N S .f..._——. M _m
R L ¥ W
H___..I......rruu 1_._‘___.|u..|rd.._.f_).. /F.f.rx.‘_l
__.____J....,..,...tr..l..q._m.._._.!.xx.._ JA«:P.I..H-_\...._
:_.ﬂ__‘..,.,,._._:h.___/a/ AR
TR N AL e
DT R R AL L SN
L-.__;._u.-..\llfrjl.nﬂlmlwrﬁ.uﬂ.zﬁxﬁrﬂﬂ__ q_.ardlqnlriqjl-].l.l..u -
.._r._m___.m__J__-._.-.-. I.nh..f-j.rr-...r._m-#....u.r.-.l...r.-.
x__r.:,Tu.__hJJ._.Ifff,,..:., LLLLLL I
|_..______,.;___......,__ fn_.f N T N R

- v m 1 - i
-_ﬂh__lm.sl.._l_.lj..d.jrrt’f; -.jf./fuﬁ.ua .i..-..l....._._lm_.-J_J-hJ..-_..._-

,._.fjf.l.lf;ﬁﬂ/fm .t ,..,F H
;.?..fsf._.).m,..,_, ___f_;.._r

:,.r.n_,..,,r I
P PNE L ey =

| DR
u.._...-.ﬁ.._.‘“‘ J-_._“x......_.._.tnuu,...l_..x.r.ffl.r__..nl
P | L _.-._.-_._u.ﬂﬁ_m_m... TN .1_-..1.1|i.r..mlll U e J‘
= L™ L [an} L& -
" Lor ] m

B8.5

?.5

B5S

55

Mesoscale stirring drive a forward tracer cascade toward submesoscales



o
c
-
-
=
7
0
©
O
)
o)
)
)
=
>~
a
c
o
2
O
=
.
O
-
Q
)

~~
@\
S~
@\
~—

day 4

T

r

.-.I-..J__..F.__r 4 g T - il L r
£ o= ..__._...__...-.Jif._,._lur._,.?!..i.,..r..lx....-L.—.._..J._ﬂ..J.._u

T = "+ = T Tyt

[
ra . T T [ I __q._m__*d_m._.._

.y ! - - NI

e _f ow e r o om _.__..n..mx.___

—T 7 T T Lol L e e Lo
- .....i..l.ﬁffxffk-_“v__h. _.-1___.1-‘..__.I

B

ﬂk.m.-.ll.f__-..a-...)-.*.‘u.wﬁ.ﬂql!ra_h__-.l.l.lm [ _-k.-ullu.lul..-.lz..n_.r”,.,r-_.nl
Fea = hrrf._.u‘ .;..Mll-..i.f.ﬂ\.qlﬂ..wﬂ.rL__ -

k.

R RS
rn._“._..r.__‘.m._‘f..i_rh.t..__..._...\u..

L5 \k____-n._.

r

4t

- g T

\
y

b

n.._w._m_.____.hlrvfprﬁr.ffx.f.r. b a—p gL
ﬁ et

'

.:“:HJJJIHJJJJ;LJ} L
[} ._uu. .-.Jn.ur.r.rrFf:'.J.rﬂ..,f.P.rrrE-fr.F J. -
...-.._.-. H_._...ﬂ-‘.-ul-..rrfru..rr.r.f“p/.f..r_ﬂ-ar.i__ l,..r,..-_n.l...-..-_......
1.&.1q.-| J)..a...l'.l-..._;.i.-f_r..n.-__-.-_..r.‘n+.-_.t._.-.ll
—mJ-fJ.ﬂJ-mLI.tLI.-._I_Ju.f fa._-_r bl _._l-.._.,_r._f”..w._r..._-k.._._.frf...r._- DR R i |
ﬂ.«rf.r.lu..l...l.__,ﬂ_.ﬂ.n._.__. Vot -y _.,___fn.-..m.f.l.,r PR
UL EETEAY B o

Wb e e o om - e

.\.._._lp_“_.._"_._m_._.‘_m-_.._..,_ ._...f..._.. IR R T L

=
s

! .._.-rll...f-.....
rn_-q~HMHﬁn1J;u_a“_.F.._._-;l.....-n_-r_ﬂ,.....;_ﬂ__
Lup] u] [Iy! -
[a] [ [ap]
Ay

L L
o o o
by o

B8.5

75

B5S

55

Mesoscale stirring drive a forward tracer cascade toward submesoscales



~~
@\
S~
@\
~—

R B B VLY N IVl AELARARALE U
ﬂ._..-.l._.lu._..f.......I.L.ﬂr;-m..af._‘._.khhq__.“u1-_._1_-l_unm
nJJ_-._p..hur,..._..-.._._.m.n;....‘_._.—.___ﬂJ..__m_ﬂ._
_-|I.rI..F.__n.I..p1q.-.-.lrffj.lq.-l__pll..lq.mj_h_*;_-...'-_m_-.L
wu;fﬁl;u.::,,,i.,fir,f.xl.}fﬂ,,..“ Y
hhlfﬁfl«-.,_...\.ulml;.__._‘.k.{rﬁ1._‘-x~__..1__...-..;_a_,. i o]
LA |!..|u..\l.a..l. lﬁn..._l-{ |__.an_,

Ve e Iw,._.,:_.1_____. L __
Cega |\.N....m_. .J..._— .___. ..q.i.l....r.:u.\..u.._._.
..u.i.c..__m- -
|.1.__..+|.L..r_.

P

o
c
-
-
=
7
0
©
O
)
o)
)
)
=
>~
a
c
o
2
O
=
.
O
-
Q
)

_._.ll.._..r—m_.i-_... _.n‘__.-l.
,.,._._.f_.lxr.::.‘}af
T_,Z.M__.._wa#f;f:_,,f
m.kwu__xnff,,pi.,.ﬁ.; i S i
e P LI
_.lh.._a._.——m.hffirﬁfﬁﬂ.fﬂfrﬁf_;xrﬁtr___...,. ;;;;;
.._n_.-_...ﬂq...l-_-_l.rla-m-Ju _—-a..?—.-.l -

~ et '
I.‘-‘“nﬁ_ukluff-ﬂ/.—?rrlfa_. .rfr. \._.L_..Fﬂ—mq_-,.a.fn-.lll_ulﬂ_

-y N

_n____.,_..ﬂu-._.] Ju.,,.__._u.ﬂ..._m,..f.J_._.. 1 ¢ - J_J._;.._._F _.J.....J.....J_..... [ |
- SO

SRS AL AR _i,__.i.:_,_t.fi:-i

.,.,.J-._.___.mu__:_.._._m, e Ih

) L
u..,.__h.,_._..._m.__..__._ﬂ_m_“.“..._..__....mrf..“{.lui,.rl...._.sr!rr;___“lﬂ
.rl.___—..._.‘.._“._m-.ﬁ.q.k..u.malr_h__.._l.-._.,...xln.uml.l—.!rl.rrr-_..__._m
= L™ [ap] L [an} L& -
" Lor ] m

day 5

Mesoscale stirring drive a forward tracer cascade toward submesoscales



o
c
-
-
=
7
0
©
O
)
o
)
)
=
>~
a
c
o
2
O
=
.
O
-
Q
)

~—~
@\
S~
@\
~—

day 6

T B B B | =
R L ....____-__r,,__-m....ﬁ ._..“.ﬁ__mm-a
", - mu.‘_m._.u.
I T T T .r.n._.._.r.__w i ___HJ. I oae
w....;.rha.r..n1HJJ,..‘H_.,.:r___..._”_. ﬂu___ ___n
“..-..L.IF.,.H._.(.... SR ._._....q.l._.,.-.r..J-..u.-,.:........w...._-u.-. poa ! Fier ﬂ.—ﬂ.,__. ...I
.-I.Ii.l-..:lsz..r.r Ili.l.\-u-...._‘u...lliur..;.-.rr._- __ r LA | f __ e A oy _m‘ rl ....lr-r._{ -
u......,rikﬁ.._...\.ﬂ%a J 5
J

LA .._
DR __ :
T ;H
= NIy ij,f
o Tt
e - - .~ J}..JF.T.,
._‘..,..-.-.r*m_-m. _.._“1._11- .__.-.Jimgl ._ﬁ-‘
__._....._.__..____x.m._..__.f._._..__n._rr.__...f Hﬁu

._‘-.‘_.‘..h. B .r.Iﬂ Jr.—;ff ..l.l.r ....L._‘H
L :_?Jrfu.xﬂ LA .m_.xe.w.h., -
e S
__.“uxi.m_._.__m__ufwrf#fpffinffpix .m,:._....f..._.__ et
'S xl.IF.rrIFr:fr-Prr:H.r,.rIP.fJI..}._ﬂ.fr.\ - L .
\-._.n.....u__.l.-.qfﬁfﬂ_...f - = .-..__ by ) -

._w/ i Sttt R
l“:aﬁfﬁff;fffrbf,,flqu,--
j;.-n{df...h.h\....l.ﬁ _,..,..ﬂ. LR Jr..lf..._;pwl...... -..r-._,....,...r,,_... - e hod
f..rFtL_.xn__ HJ.J.._._n;.___. __:....__,.__.-._,.f;..rl...._,;,_._.
AN S LN ,._:T.;L_L..,.:,I VY
_...:..:_..L‘wh_._...:.:. ._..____-,.JLILL._,,?rrr.,_,__.u
...x‘_______._k.‘..\ﬁaxnmw__ “.____. D L
= 5 _u_u_ L -~
=t ..l..l__ ..-.l._ .H- [an [ [}

" Lor ] m

EE.E

?.5

E.E

55

Mesoscale stirring drive a forward tracer cascade toward submesoscales

10



e production by mesoscale stirring

(2/2)
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~ stirring by mesoscale flows is a intrinsically anisotropic mechanism
~ mesoscale velocity fields carry some information about the submesoscales
~ several methods exist for extracting this information, including

» Effective diffusivity diagnostics

* Finite-size Lyapunov exponents (see e.g. the new CTOH product)

(mesoscale stirring is obviously not the only process contributing to forming i1
submesoscale features...)



Outline

1. Motivation : submesoscale SST variance budgets
2. Tracer variance production by mesoscale stirring
3. Modeling stirring by mesoscale flows

4. Diagnosing submesoscale SST variance production
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ing by mesoscale flows (1/3)

LES

For diagnosing P we need to model M(u,7) =V - (4T — u7)

Two-dimensional sketch flow
a)% :r' e |
Close to stagnation points : N B -
V- (@7) ~ 0 N
But: M(u, 1) #0 ®

One-dimensional sketch flow:
9
U=7T7T2c T/(:I:Jr)l/ggdl
",

Here we get  OfT + U
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ng by mesoscale flows (2/3)
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Strain difoSiVity operator Proposed by Leonard and Winckelmans, 1999 ...

o~

\E ({;5 — ’u‘@) ~V - (k;;V0) Rij X hQSz'j

Compression : production of submesoscale variance
Rij = K TR Sij = §(Vu + Vul)

Stretching : destruction of submesoscale variance

Related to the LOM parameterization which retains only the stretching

: 14
effect for use in OGCMs (Le Sommer, d'Ovidio and Madec 2010)



latitude

6 Reynolds OI SST

ng by mesoscale flows (3/3)

U  Ssalto/Duacs

Missing term with grid size ratio = 3.0

- G N~ e P, 5_

longitude

1.00 - P
0.75 v ) (ug o u )
0.50 o

10.25 u 9

10.00 Interpolated fields
s Lon a hi-res grid
-0.50 ag

e . From lo-res fields
s (on a hi-res grid)
1.2 -
V- (k;;V0)

0.6

™ LOM parameterization
1°° on the lo-res grid

-0.3

-0.6

-0.9

-1.2
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Outline

1. Motivation : submesoscale SST variance budgets
2. Tracer variance production by mesoscale stirring
3. Modeling stirring by mesoscale flows

4. Diagnosing submesoscale SST variance production
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Datasets and methods

Data

Surface velocities :
from Ssalto/Duacs MADT (upd) distributed by AVISO
Global 1/3° mercator grid, 7 days

Sea surface temperature :
OI AMSR+AVHRR distributed by NOAA  (Reynolds et al. 2007)
Global 1/4°, daily

Period

Jan 2003- Dec 2005 : optimal quality of the two blended products

SSH : 4 satellites : T/P, Envisat, GFO, Jason-
1 SST : AMSR-E available since 2002

Processing

* Strain diffusivity is computed every 7 days on AVISO grid
* Variance production computed every day on AVISO grid

P=2Vt- (I{,EijT)

17
* Time average over Jan 2003 - Dec 2005



latitude

norm of strain diffusivity (m?.s-1)
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ng variance production (2/3)

P =2VT1-(k;;VT)

Time-averaged submesoscale variance production rate
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ing variance production (3/3)
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Conclusions

Take home messages :

= Stirring by mesoscale flows forms submesoscale structures in SST field

* This mechanism can be diagnosed with satellite data (SSH + SST)

= Variance production due to mesoscale stirring is highly inhomogeneous

= Strain due to persistent mesoscale jets contribute to variance production
= On average, variance production is positive but there exists large regions

where mesoscale stirring is destroying submesoscale SST variance

21
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