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Context

» Various applications require coupling an oceanic model and an
atmospheric model.
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climate modeling seasonal forecasts short term predictions

» complex interactions

» physical / mathematical / numerical / algorithmic issues
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Context

» Various applications require coupling an oceanic model and an
atmospheric model.
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climate modeling seasonal forecasts short term predictions

ectives

» understand and criticize air-sea interactions modeling
> revisit the coupling strategies presently used in such systems
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Air-sea interactions

a .
Latm U? = fatm  in Qatm % [0, T] Atmosphere s
e

Loce U° = foce in Qoce X [O; T]

. a ula'l 0 u(/?l
with U° = U° =
Ta TO

Interface conditions:

ou? ou?
momentum aga ——h = poK0 Z_h = T on I'x[0, T
Pim g2 m 9z (0. 7]

aT? aTe
heat flux K2 = p°cIKY = @+R on [x][0, T
P AT 0z PRt 0z S [ ) ]
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Air-sea interactions

a .
;Catm U = fatm n Qatm X [0, T] Atmosphere S

Loce U° = foce in Qoce X [O; T]

. a ula'l 0 u(/:
with U° = U° =
Ta TO

Interface conditions:

ou? ouf

momentum PP K3, (9_zh = p°K3 a_zh = T on I'x[0,T]
oT? oT®°

heat flux  pPci KT 5 = P°cy K i Qs+R  on I'x[0,T]

Estimation of OA fluxes: modeling of surface boundary layer
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1D primitive equations for the ocean and the atmosphere

Navier-Stokes in a rotating frame
+ standard approximations (Boussinesq, hydrostaticity, horizontal homogeneity)
_l’_

In Q,, « € {o,a}:

Oru—fv+ O,(w'u) =0
Orv+fu+ 0 (w'Vv) =0
o,w =0
o.p+pg =0
p+poa =p(6,S,p,q)
O+ 0 (W'0) = Fy
HhS+ 9, (WS =0 a=o
g+ B:wq) =0 a=s
unknowns turbulent boundary layer
constants V&n < z/f\
~ ~~
oNIVERSITE molecular  turbulent .
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1D primitive equations for the ocean and the atmosphere

Navier-Stokes in a rotating frame
+ standard approximations (Boussinesq, hydrostaticity, horizontal homogeneity)
+ turbulent closure

In Q,, a € {o,a}:

Oru — fv—0,( 0,u) =0 z
Opv + fu—0,(0,v) =0 5
o,w =0 5 —;
O0:p+pg =0 = s
< S
p+poa =p(0,5,p,q) 2
(9t9 - az( 829) = .FQ 0T SBL
[
atS — 62( 625) =50 a=o0 % E’
—_ >
Org — O4( 9,9) =0 a=a § 3
< S
unknowns turbulent boundary layer 2
constants v < ;/f\
parameterizations ~ ~ >
— molecular  turbulent . @
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Boundary conditions: turbulent parameterizations
Via frictional scales x% = (u}, 0%, q%) et x} = (ul, 0%, s%)

1) Artificial viscosities and 2) Turbulent boundary conditions
diffusivities T
vt = ot (x%2) Atz =2z, : .
Kt =Kt (x, 2) viouy = T1/poa = (u}) er
K5 0020 = uh05 + F§l o
Kt 8 ZUqa+]: ,ext
‘a, 58 S =us;+ gext
up = (u,v) and F2.,, known ext. flux

0(20km)
free
atmosphere atmos BL
0(1000m) 0(10m)
0} 3tmos BL Surface BL
ocean BL NEE |
0(—100m) o(m) (Conzemius & Fedorovich, 2008)
internal
ocean ocean BL
o(—bkm)
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Boundary conditions: turbulent parameterizations
Via frictional scales x% = (u}, 0%, q%) et x} = (ul, 0%, s%)

1) Artificial viscosities and 2) Turbulent boundary conditions
diffusivities T
= Ut (x5 2) Atz =z, : .
Kt =Kt (x4, 2) ViOzun = T/poa = (u3)"er
K’,tx_naze = up0 + ]:Gojext

—t — k% a
}\'a.qazq — uaqa + ]:q,ext
—t — kX (]
’(15625 = Us5, + ]:q,ext

up = (u,v) and F2.,, known ext. flux

0(20km)
free
atmosphere atmos BL
0(1000m) 0(10m)
0} 3tmos BL Surface BL
ocean BL NEE |
0(—100m) o(m) (Conzemius & Fedorovich, 2008)
internal "
. . . ) ) 2
o ocean BL (uaA 05, q5,u;, 05, SO).
o(—bkm)

P4
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; *
Closure equations on (u,

Monin-Obukhov similarity theory (1954

*k
07,

q;,)

~—

* [ 1 1 a,r
1 ul z; z; z;
S = — 1 — UVm m
]| =% () - <L3(xz)> i (Lz)]
1 o [ L ZL o
He]]ig,r == ln ( aa’r) ; ,L/}h ( ¢ : 2 ) + wh < 92 ):|
9 k| z, O(Xa) 2
[[ ]]Z;' q_: ln é 1/} 1 +,¢ ZSJ
L e h ( =) "\ 13

[X12 = X(z2) -
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Closure equations on (u%, 63,

ES
qs)
Monin-Obukhov similarity theory (1954)

1 ut [ z! zL 7L
i | =% [ (Z) - vn (525) + 9255
L u O\ "a (0]
1 0x [ ZL Z1 72!
L (0] [0)
4 _a (2 ) (%
[[q]]oa = : ln za,r 1/)/7 ( ) + ¢h
L q X3

[X12 = X(z2) -

X(z1), = von Karmén constant, (za"

X

) roughness lengths, L"O Obukhov length, 1)y stability fns

z

(m)

Two (universal but hidden) approximations:

>

> X ()

~ X (z = 0) for the jumps

managed by
the model |

2zl ~ 10

parameterized
MOST profi
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Roughness lengths

H P LoSar — ar (i pk P* AF
Parameterizations: z2" = z2" (u, 0%, g%)

— nonlinear system of equations for x% = (u},0% g%) "bulk formulas”

K”[[u—:']]éa —In (z;"’z—é(}xa)) ~Ym (Laz(lx ))

u*
lo]Z 1 z!
o ® (9 (x:)) P (La (xa))

sl (L2 ()

— Resolution via fixed-point iterations

UNIVERSITE,
::: 2{§2§ble E. Blayo et al - Journées Tarantola, P June 2019



Usual practice in coupled OA models

X (zg) — X (07)

X (237) —» X (0%) } — Constant profiles in AVSL and OSL

2(m) }
managed by _g 3z
the model Qzula é g

zl~ 10 =

parameterized : 2

MOST profi 3 <

e)

=

a,r -4, L L

z; ~ 10 L A

0 ; AVSL
constant i

. L

profile i 8

1. -
%o Thanag Q5
the mp: § -é

o

u

u(z2") = u(0) = u(zl) u(z})
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Usual practice in coupled OA models

X (z3) — X(07)

X (227) —s X (01) } — Constant profiles in AVSL and OSL

z(m)
ab 2y .
e 53 Goal: integrate these layers
the model = . . .
21~ 10 5 into the parameterizations:
parameterized : 7
) 2 .
MOST prof 3 > regularity
=
ar . 1n0-4.  Z —
zy" ~ 10 . | AvSL > symmetry
G 1 » justification of
%)
profie 3 X (28) — X (07) and
1, - a,r +
%o Thanag o X (Zu ) X (0 )
the mpdel § -é
° (Charles Pelletier, PhD thesis 2018)
u
u(z2") = u(0) = u(z}) u(z)
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Usual practice in coupled OA models

X (z5) — X(07)
X (z27) — X (0%)

managed by
the model ‘
z1 ~ 10

} — Constant profiles in AVSL and OSL

Goal: integrate these layers
into the parameterizations:

tmospheric
model

1 R
parameterized | 7
MOST profils/ & > regularity
=
a.r -4 o .
z =10 param. AVSL } | AVSL > SymmEtry
297 ~ _10-5param. OVSL Z== == OVSL o
u S ’ » » justification of
barameterize: ol 1 _
MOST profle. | = O X (z5) — X(07) and

ONn-l
2
|
N
|

X(z5") — X(07)

oceanic
model

(Charles Pelletier, PhD thesis 2018)

<
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A full parameterization of OA surface layers

AVSL Atmospheric Viscous Sub-Layer
> introduction of a new viscous coordinate: z — £2(z)
> unified formalism with Monin-Obukhov theory via z — £2(z)

» mathematical regularity + physical parameterization

10!
100
107
1072
21073
! 10 4f===========cpfrzzzzczzzzzzzzzazzzs
107° — CLSA-MOST seule 1079 —
1070 — CLSAavec SCVA 107 — b
107 0 2 4 6 8 10 1010* 107° 1077 107" 10
w;, (ms™h) 29 (m)

Profiles of u and Z"" with AVSL parameterlzatlon Kudryatsev (1974).
[[u}]o" =10 m.s~! and [[9]]0"’ =42 K.
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A full parameterization of OA surface layers

OSL Oceanic Surface Layer
> symmetry with ASL (Monin-Obukhov + oceanic viscous coordinate £2(z))
> x; — x} via equality of turbulent fluxes: p,vi0,un|,i = por/i0unl

» param. OVSL < AVSL

101 — : 10!

107 3 107!

107 3 - U e 7 e LR LT RRE
£ o

105 — CLSA-MOST seule | 105 — CLSA-MOST seule

_10-8 || | — CLSAavec SCVA | 103 ||| — cLsAavecscva

_100 —  CLS entiére 10 —  CLS entiére

0 2 4 6 8 10 298.0 298.5 299.0 299.5 300.0
uy, (ms™h) 0 (K)

. Profiles of u and q
[[u}]ji =10 m.s~! and [[9]]?’{ =42 K
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Impact on closure equations

S
K 1 1
uy - :ln(z (X*) ¢m< aa* )+1 Vet
+A, OVSL  x=v/p0../p0.0
z! —z!
FAln <ﬁ) + At (m) osL
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Impact on closure equations

|| w3 .
=l - (Gg) - v () + AVSL

A, OVSL  x=y/p0.a/p0.0
+A,In <Zf,,27(“l)(1)) + AuUm <ﬁi‘:)> OSL

10! — CLSA-MOST seule — CLSA-MOST seule
—10'f"""|'| — CLS entiere ] 0 / — CLS entiére
103 h :

19().5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 24.12 2.14 2.16 2.18 2.20 2.22 2.24 2.26 2.28

up (ms™h) wy, (ms™h)
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Impact on closure equations

(ms™h)

[u]

UNIVERSITE,

1
o o5 2
o — a
=l - (Gg) - v () + AVSL
+Ay OVSL
1 1
Z() aly 720
+)\ul]l <zf'7(x1)) +Autm <7L%(XD)> OSL
20 1.000 20
0.875
15 0.750 —~ 15
I
0.625 z
10 0,500 Zw
5 0.375 e
0.250
LT — 0 5 10| 0125 LT 0 5 10
1013 (K) 0.000 [01% (K)

Relative difference on Qu

Relative difference on ||
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Impact on closure equations

Z1
o o5 2
o _
T —ln( (x* ) ¢m (La a* ) +1 AVSL
+>\u OVSL Au:\ / pO,a/pO,a
1
Aoln (oo Aythm | 2o~ OSL
Fuln () + Mt I5(5)
20 1.000 20 1.000
0.875 0.875
~ 15 0.750 —~ 15 0.750
| |
z 0.625 z 0.625
=10 0.500 =0 0.500
Z 5 0.375 S 0.375
0.250 0.250
LT — 0 5 10| 0125 LT — 5 10| {0-125
1617 (K) 0.000 1613 (%) 0.000

Relative difference on ||

Relative difference on Qu

— Impact in realistic applications currently being tested

Pelletier C., F. Lemarié, E. Blayo, J.-L. Redelsperger and P.-E. Brilouet, 2019: Comprehensive and coupled
ocean-atmosphere turbulent parameterization schemes. In preparation.
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Remark: approach under location uncertainty
PhD thesis of B. Pinier, with E. Mémin and R. Lewandovski (2019)

ii(x, t) deterministic “large scale” velocity

dX dB
£ = ﬁ(Xt, t)—I—cr(Xt, t) —t with o (x, t) convolution (diffusion) kernel
dt d B Brownian motion function

» derivation of Navier-Stokes equations under location uncertainty

> derivation of a modified wall law expression, with a buffer layer
between the viscous sublayer and the log-layer

20 g
’ / /
;r: / ;r: ®

10 ' /-
i 10 O
. J
/ Drift - 5 Drift
DNS. g DNS
o Classical Law oL Classical Laws
01 1 10 100 1000 1 10 100 1000
V4 z +
) Figure: Re, = 600 Figure: Re, = 2000
NIVERSITE, ,.m /mnm-mm
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Estimation of OA fluxes - In summary

0(20km)
free
atmosphere atmos BL
0(1000m) 0(10m)
oL atmos BL _ | Surface BL ]
ocean BL
0(—100m); o(m) (Conzemius & Fedorovich, 2008)
= ocean BL
o(—5km)
[u]2,[T]2 = jumps of uand T
T=p2Cp ||[u]f,|| [u]f, Cp, CH: exchange coefficients given by
aa R 5 (complicated) bulk formulas
Qs =p?cy Cu |[ul3l [T13 = ([u]3, [T13, [a]3, zatm, Zoce, )

Keywords: Monin-Obukhov theory (wall law + stratified fluid), bulk aerodynamic

formulas...
UNIVERSITE, 4
renoble] , B Informotics g motnematics
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Current modeling issues

> Addition of other effects (< 1 day): gustiness, diurnal warm layers...
(COCOA project)

» Well-posedness issues - coherence of the different parameterizations

Jou 0 oy OU
Sz~ o (vl S

(2, |u(z7)]) %(Zf) Co |u(z7)] u(z7)

u(z®) = ug

f z € (z,z%)

> Validity issues

» Monin-Obukhov theory: ugeean(0) = 0, rigid lid approximation
» connection to z = 0: viscous sublayer
» effect of waves !!

. v d
UNIVERSITE,
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Algorithmic issues

We have to solve:
Latm U? = farm in Qatm X [0, T]
£oce U° = foce in roe X [O, T]

Fatm Ua:}-oce UOZFOA(UaaUOaR) on [ x [Oa T]

UNIVERSITE, 4 Informaties g mathematics.
e 2{:2?ble E. Blayo et al - Journées Tarantola, Paris, June 2019 16 / 32 h7~‘a/‘




Algorithmic issues

We have to solve:
Latm U? = fatm in Qatm X [0, T]
£oce Uo = foce in QOCQ X [O, T]

Fatm Ua:}-oce Uo:FOA(UaaUOaR) on [ x [Oa T]

Two actual approaches:

» Asynchronous coupling by time windows (averaged fluxes)

» Synchronous coupling at the time step (instantaneous fluxes)

UNIVERSITE,
[ —
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Asynchronous coupling (time windows: [0, T] = UM, [t;, ti11])

in Qatm X [t tiy1]

a
Eatm u = fatm
a o a
FatmU = FOA(<U >,—71 s U ,R) onl X [t,', t,'+1]
then
lo] .
LoceU = foce in Qoce X [tia ti+1]
o a
.Foceu = <fath >i on r X [t,', t,+1]
i2 i1 i
» atmosphere
[Fonlbton)s g taml 2] | [Fonlltoce)i s s Foul(toc)i 1, toenl) |
/ g
() . - \ -
\i-2 . / $lica R P
- -
\ 2 \ 2 A
<Fw(<um>,4.u.m,,\,,z>>,,4 Foal(toce); s - Uatnly 1)), \ (Foa((tore) ‘u‘m,.\,»,\
> océan
i2 i i
tio1 t; tiy1

> same mean fluxes over each time window [t;, t; 1]

> ... but synchrony issue

[ —
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Synchronous coupling at the time step

in Qatm X [t,', ti + NAta]

[:atm vt = fatm
FatmU? = Foa(U°(t;), U%(t),R(t)) onT x [ti, t; + N At,]
and

Loce u° = foce in roe X [t,', ti + Ato]
FoceU® = Foa(U°(t;), UP(t:), R(t;)) onT X [t ti + Ato]

atmosphere

> still a (much smaller) synchrony issue

» difficult to implement efficiently

> validity issue

-
18 /32 WHEIGTL I

UNIVERSITE,
s 2{:2?""9 E. Blayo et al - Journées Tarantola, Paris, June 2019




Stability analysis

Model problem: 1-D diffusion

with variable and discontinuous coefficients
0 0 0
L;;m - E (Vatm(z) gjm) = fatm in Qatm X [07 T] o
ou 0 ou,
aotce - 5 (Voce(z) 8ozce) = foce in Qoce X [Oa T]
with interface conditions:
Uatm(oa t) = Uoce(07 t)
Dirichlet-Neumann: P P
Voce(0) 2220, 1) = vam(0) 2 (0, 1)
z 0z
or q
linearized bulk: e
ou ou,
Vatm(o) (‘;;m (07 t) = Voce(o) ac;ce (07 t) = « (Uatm(0+7 t)_Uoce(Oia t))

UNIVERSITE,
; Grenoble|
Ipes
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Stability analysis: synchronous coupling

Consider a natural discretization scheme: Euler 4+ implicit — each
model is unconditionally stable.

UNIVERSITE 4 informaties gFmathematics
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Stability analysis: synchronous coupling

Consider a natural discretization scheme: Euler 4+ implicit — each
model is unconditionally stable.

» Stability analysis shows that the coupled scheme is unstable for
usual configurations of ocean-atmosphere models

Azym K Azoce for Dirichlet-Neumann
stable iff Voce(o) Poce Vatm(o)

)
AZoce patm Azatm

a < min ( ) for linearized bulk

Lemarié F., E. Blayo and L. Debreu, 2015: Analysis of ocean-atmosphere coupling algorithms: consistency
and stability issues. Procedia Computer Science, 51, 2066-2075.

» This does not mean that realistic coupled OA models systematically
blow up, due to other processes (additional diffusion and viscosity).

Beljaars A., E. Dutra, G. Balsamo and F. Lemarié, 2017: On the numerical stability of surface—atmosphere
coupling in weather and climate models. Geosci. Model Dev., 10, 977-989.
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Conclusion on current coupling methods

» Current coupling methods are simple ad-hoc algorithms, which
ensure that fluxes are balanced and are computationally cheap.

» These methods are inadequate from a mathematical point of view.

UNIVERSITE,
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g?\{sg:ble E. Blayo et al - Journées Tarantola, Paris, June 2019 21 /32 LR



Conclusion on current coupling methods

» Current coupling methods are simple ad-hoc algorithms, which
ensure that fluxes are balanced and are computationally cheap.

» These methods are inadequate from a mathematical point of view.

Issues:

» Can we improve the coupling method 7
» Does it improve the physics of the coupled solution ?

» Can this be done for a reasonable CPU cost ?

UNIVERSITE,
s Grenoble|
Alpes
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A convenient framework: Schwarz methods

0, 0,
9Q, et Lim=f Lyw=1f a0,
I7
Biu =g Byu,=g,
L1L11 = f1 Q]_ X [0, T] L2L12 = fz Qz X [0, T]
up given att=0 up given att=0
By =g 099t x[0,T] Bouy =g 005t x[0,T]

+ physical constraints at the interface : F(uy,u2) =0

UNIVERSITE, 4 Informatics g mathematics
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A convenient framework: Schwarz methods

Q, Q,
9O et Liwm=1 Liw=1 Qe
IF
B, u, =g Byu, =g,
L1U1 = f1 Ql X [0, T] L2U2 = f2 Qz X [07 T]
u;  given att=20 up  given att =20

Bin =g o0 x [0, T] By =g Q5 x [0, T]
Clll = C/U2 I x [O7 T] DU2 = D/ul I x [0, T]

with (Cu; = C'uy and Duy = D'up) <= F(u1,u) =0

UNIVERSITE, 4 Informatics g mathematics
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!

A convenient framework: Schwarz methods

Q Q,
Qo= Liwm=f Lyu=1, et
|B1 u =8 i B,u,=g,
Ly uerl =f Q) x [07 T] LguéﬁLl =fH Qb x [07 T]
u‘i“ given att =0 ué“ given att =0
BlLI +1 =g 8Qixt X [07 T] Bzu +1 =g anxt x [07 T]
Cuf™ =Culk Tx0,7] Dust' =D'uf T x[0,T]

with (Cuy = C'uy and Dup = D'up) <= F(u1,up) =0

UNIVERSITE,
Grenoblegy

Blayo et al - Journées Tarantola, Paris, June 2019
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A convenient framework: Schwarz methods

("Qlext

iBz U =8

= f2 Q2 X [07 T]
given att =20
=g 005 x [0, T]

O O,
To Liu=1f Lyu,=f,
r
Biu =g

L™ =f Q x [0, T] Loult!
uf“ given att=20 ué“
B: ui“ =g ANt x [0, T Bgué“
Cuf™ =Culk Tx0,7] Dujs ™

=D'uk T x[0,T]

with (Cu; = C'uy and Duy = D'up) <= F(u1,up) =0

> Present ocean-atmosphere coupling methods correspond to one
single iteration of a Schwarz-like coupling method

UNIVERSITE,

! G;’g;lgble E. Blayo et al - Journées Tarantola, Paris, June 2019
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Toward iterative ocean-atmosphere coupling

Latm v = fatm in Qatm X [t,-, t;+1]
J:atm Ua = FOA(U07 UaaR) on [ x [t,', t,‘+1]
EoceUO = foce in Qoce X [th ti+1]
FoceU® = FatmU? on I x [ti, tit1]

UNIVERSITE, 4 Informaties g mathematics.
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Toward iterative ocean-atmosphere coupling

[terate until convergence

{ LamU%, = fatm in Qatm X [t tiv1]

FatmUi1 = Foa(UR, Ui, Rer1) on T x [ty tiga]

then

{ LoceU? .1 = foce in Qoce X [ti, tit1]
FoceUZ s = FamUiyy on I x [t;, tiy1]

P4
23 /%2 : mgamx’mnxmmﬂm
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Impact on the physics

A major difficulty There is no idealized coupled
ocean-atmosphere testcase with a known reference solution.

UNIVERSITE 4 informatics, s # mathematics
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Impact on the physics

Simulation of the tropical cyclone Erica (2003), by coupling
» ROMS: primitive equation ocean model (Shchepetkin-McWilliams, 2005)

» WRF: non hydrostatic atmospheric model (Skamarock-Klemp, 2007)

Axatm = 35km, Atarm = 180s
exten Axoce = 18km, Atoce = 1800s
15-day simulation

Interface conditions: vertical fluxes for momentum, heat and fresh water

UNIVERSITE,
s Grenoble|
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Impact on the physics (cont'd)

WRF - Vents (m/s) 2003-03-01_07:00:00gmt

WRF Vents iter9 - iter1 (m/s) 2003-03-01_06:00:00

SST iter9 - iter1 (deg C) 2003-03-01_06:00:00

UNIVERSITE,
Grenoble
Alpes

Blayo et al - Journées Tarantola
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10-meter wind (m/s) and sea surface temperature (°C).
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Impact on the physics (cont'd)
To assess the robustness of the coupled solution: ensemble simulations

» Initial conditions
» Length of the time windows: 6h vs 3h

UNIVERSITE,
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Impact on the physics (cont'd)

To assess the robustness of the coupled solution: ensemble simulations

» Initial conditions
» Length of the time windows: 6h vs 3h

Trajectory of the cyclone

1 Schwarz method

Asynchronous coupling

12
—14f —14t 1
—16} ~16 1
() ()
e °
2 —18 2 —18¢ 1
8 g
—20} —20} 1
—22 —22 g
— envelope — envelope
— ensemble mean — ensemble mean
—24 L L —24 L L
150 155 160 165 170 150 155 160 165 170
Longitude Longitude

» The uncertainty on the cyclone trajectory and intensity is decreased
by 30%-40%. (see Lemarié et al, 2014, for further details)

UNIVERSITE,
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Decreasing the cost: absorbing boundary conditions

@ Q,
ooe|  Liwm=t L=t |00
B, u, = " Bruog,
Lut = Qi x[0,T] Lustt =4 Q % [0, T]
uftl given att=0 ustl given att=0
Biuf' =g a0t x [0, T] Bttt =g 89 x [0, T
Cu™ =Cluf Tx[0,T] Duktl = D'uk T x [0, T]
Systems satisfied by the errors ef = uk — u;:
Lieftt =0 Q1 x[0,T] Letlt =0 Qyx[0,T]
ef“ =0 att =0 eg'*'l =0 att =20
Bigr™ =0 997 x[0,T] Byt = a9t x [0, T
Cef™' =Clef Tx[0T] Dey™t  =D'ef Tx[0,T]

UNIVERSITE, 4 Informaties g mathematics.
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Decreasing the cost: absorbing boundary conditions

@ Q,
ooe|  Liwm=t L=t |00
B, u, = " Bruog,
Lut = Qi x[0,T] Lustt =4 Q % [0, T]
uftl given att=0 ustl given att=0
Biuf' =g a0t x [0, T] Bttt =g 89 x [0, T
Cu™ =Cluf Tx[0,T] Duktl = D'uk T x [0, T]
Systems satisfied by the errors ef = uk — u;:
Lieftt =0 Q1 x[0,T] Letlt =0 Qyx[0,T]
ef“ =0 att =0 eg'*'l =0 att =20
Bigr™ =0 997 x[0,T] Byt =0 90t x [0, T]
Cef™' =Clef Tx[0T] Dey™t  =D'ef Tx[0,T]

If one finds C’, D’ such that C'e; = 0 and/or D’e; = 0, then convergence
in 2 iterations. — exact absorbing conditions (Engquist & Majda, 1977)

UNIVERSITE, 4
informotics #Fmothanatics
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Improving the convergence speed

Model problem: coupling of two Ekman layers

OtUatm — f Vatm — O (Vatm(z)azuatm) = F;(tm

O¢Vatm + f Uatm — Oz (Vatm (2)0zvatm) = Fii
Uatm(z,t =0) = wp(2)

Otuoce — f Voce — Oz (Voce(2)0zUoce) = Fiee

Orvoce + f toce — Oz (Voce(2)DzVoce) = Fiee
Uoce(z,t =0) = wup(2)

Vatm Voce Vatm

Difficulties:

» coupling of u and v

» variable-in-space diffusivity + discontinuity at z =0

June 2019

! UNIVERSITE,
¥ Grenoble) =
=8 Alpes E. Blayo et al - Journées Tarantola, P

in Qatm X [0, T]

ze Qatm

in Qoce X [0, T]
z € Qoce

(uatm> — (u°°e> and vatm(0) Gz(uatm> — Voce(0)82<5oce) onx[0, T]

heta]
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Improving the convergence speed
Model problem: coupling of two Ekman layers
Schwarz iteration:

atu FX

k
atm atm — 0z (Vatm(z)aluatm)

atm Rt
Bevk +fuk — 8, (uatm(z)az atm) = F. in Qatm X
ukn(z,t=0) = wu(2) z € Qatm
Cuk(0,8) = C'ul0,6) telo,T]
8tL’gce —f Vé(ce —0; (Voce(z)azué(ce) = Fle
Oevly + F by — 0, (uoce(z)az be) = P in Qoce % [0,
Uhe(z,t=0) = uo(z) 2 € Qoce

haoff====mmm———— -

Dugee(0, t) "ugee(0,8) €0, T]

for a given (10, vd.) on T.

UNIVERSITE,
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Improving the convergence speed (cont'd)

No Coriolis

effect
Steady

state

Coriolis
effect

No Coriolis

effect
Time

dependent

Coriolis
effect

Constant diffusion Space dependent diffusion

Dubois (2007) opt. Schwarz 2-D
adv-diff eq.
Gander-Zhang (2016) opt.

Schwarz Helmholtz eq.

Lions (1990) convergence
Schwarz diffusion eq.

Gander-Halpern (2002) opt.
Schwarz heat eq.
Blayo-Rousseau-Tayachi
(2017) lin. viscous SW eq.
Bennequin-Gander-Gouarin-
Halpern (2004) opt. Schwarz 2-D
diff-reaction

Lemarié-Debreu-Blayo
(2013) opt. Schwarz 1-D diffusion

Martin (2003) opt. Schwarz 2-D SW
Audusse-Dreyfuss-Merlet
(2010) opt. Schwarz 3-D primitive eqgs

v d
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Improving the convergence speed (cont'd)

Constant diffusion Space dependent diffusion

Dubois (2007) opt. Schwarz 2-D Lions (1990) convergence
No Coriolis VAT Schwarz diffusion eq.
effect Gander-Zhang (2016) opt.

Schwarz Helmholtz eq.

Steady
state
Coriolis
effect

Gander-Halpern (2002) opt. Lemarié-Debreu-Blayo

Schwarz heat eq. (2013) opt. Schwarz 1-D diffusion
Blayo-Rousseau-Tayachi

1o Corieli (2017) lin. viscous SW eq.
Time il Bennequin-Gander-Gouarin-
dependent Halpern (2004) opt. Schwarz 2-D
diff-reaction

Martin (2003) opt. Schwarz 2-D SW
Audusse-Dreyfuss-Merlet
(2010) opt. Schwarz 3-D primitive eqs

Coriolis
effect

v d
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Improving the convergence speed (cont'd)

Exact analytical expression for the convergence factor:
» Py, P1 and P diffusion profiles
» Dirichlet-Neumann and Robin-Robin interface conditions

» optimized coefficients for Robin-Robin conditions

—0 -f 0 +00

Dir—Neu,Wcst coeff Dir-Neu,wPl coeff

Blayo E., F. Lemarié, C. Pelletier and S. Thery, 2019: Coupling two Ekman layers with a Schwarz algorithm. In
preparation.
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Current and future work on coupling algorithms

heta _‘ _____________ _
N
. Vam
> Integrate all these results in a model of the
three boundary layers (atmospheric, surface,
oceanic)
:::: AU = (: oce)!
In collaboration with climate scientists: Voce
P 3
» Build 1D coupled reference test cases —

(idealized and realistic)

» Include this coupling strategy in the French
climate models

> Mitigate the cost (perform the iterations only for
the boundary layers, model reduction...)

UNIVERSITE, 4 Informaties g mathematics.
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