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Introduction




Introduction, processes

Turbulent diffusion depends on local sub-grid properties (roughness)

Radiation at the surface depends on mean surface properties (albedo, emissivity)

In LMDZ : 4 sub-surfaces : land, land-ice, ocean, sea-ice




Split the the SW radiation on sub-surfaces

Each grid cell is divided into several sub-areas or "“sub-surfaces" of fractions

One atmospheric column
covers all the sub-surface

from the radiative code
‘ SWnet LWnet ‘

Qaoce, €0Ce «---- aland, eland




Split the the SW radiation on sub-surfaces

The grid average net flux SW,¢; has been computed previously by the radiative code

We need to (1) conserve energy and (2) take into account the value ¢y, of the local albedo of the
sub-surface i




Split the the LW radiation on sub-surfaces

The grid average net flux SW,¢; has been computed previously by the radiative code

We need to (1) conserve energy and (2) take into account the value of the surface temperature
(emissivity) of the sub-surface |

LW, o((T2) = ei(LWon — o(T2)*)
Ti* n TA + AT3(T = T))
LWJ";EI‘( Ts!) ~ E,‘(Lde e ITT:) — 46,‘0 TE(TS" i TS) € = Zwiq

LW et( Ts) = (LW, — O(Té)4) —40T2> f,u,-E,-(TS" — Ts)
407'33 Zu),-e,-(TS" —T5)=0

Z w;EJTé

S
€

Energy conservation

Due to radiative code limitation, in LMDZ, we always must have €= 1



Turbulent transport

Each grid cell is divided into several sub-areas or " “sub-surfaces" of fractions

In the timestep :one
PBL over each sub-
surface

Zohi Zomi



Turbulent transport

Vertical turbulent diffusion for moisture, heat , momentum

Time evolution of a variable X due to turbulent transport as

the divergence of the turbulent flux: in the atmosphere
oX _ _10® oX 1 O[—pk, 2
¢ =-—wX =—pk;5; wih

k, : the vertical turbulent diffusion coefficient for X



Turbulent transport: time and space discretization

Numerical world

: : L interfaces layers
Vertical discretization :
g X — X_
q?i, 2. _p!—%kf—%% = —K‘._%(X; — X;_-;)
oX 1 XI+1
—5;! = = (K- (X0 = Xi-1) = Ky 1 (X — X0)) +1/2
' Z - X P
-1/2 { P,
Time discretizaton X1 Py
XI+5I . Xr : .
mf!—(;t—f = _(KI—%()(!? —X_1) — K1+.‘2_(X/?+1 - X))
X!‘—|—5t . Xt
m U = K (X2 - XD)— FX
ot 2
------------------------------------ X1

surfac;e_lv F*

Flux >0 downward



Turbulent transport: time and space discretization

Numerical world

Vertical discretization -

}~% - (Xt — XI—1) L
q}x — —p,_%kf_%ﬁ — —K;_%(Xr’ - XF—T)
0X, 1

ot = Ky (X = Xit) = Ky (Xigr = X0))

Time discretization : implicit

)(J'H_{it o )(lt t+ot t+aot t+4t t-+at
P = (K (X = X — K (X — XE)

m 1+1

2 m - : m,
_K’“%X’I:M T (57 i KI+% T !"/!—;;_-)XIHM = MJF%XJ:TI = ?Exf
i)
my #t_x{ = k% (Xé+§r . X1r+5t) - F:,aurdr

""""""""""""""""""" X|+1
[+1/2
Z) e U e
-1/2 { P, ©
___________________________________ Xl-l P| 1
———————————————————————————————————— X1

F.J>

Flux >0 downward

surface



Turbulent transport: time and space discretization

Numerical world

Vertical discretization -

1 X — X
ot = gk G = K %)
0X 1
¥ e —E(K;_%(Xf —X1) =KX = X)) X1
|+1/2
) ) ) ) . . e B LEEEEEEE
Time discretization : implicit 1/ i Pz
XJH_M — Xit — (K (X0t _ xtoty _ e (XSt yetHotyy  mmmmommmmmmosssssoooooooooooooooos X1 P
m; St = —( r—%( / i) 1+',12( 1+1 il -1 -1
Tri-diagonal system with implicit boundary condition
£ m : 5 mj' t
- !—%XII:M F (57 3 KH—% F KJ—%)X!HM & KH%X,{‘:{” = 5—tX1 _____________________________________
t4-4t t
m X1 1_ X1 = Kg (X21‘+<5t e X1t+r'5t) . F;,t+5!
ot e X4
Fs*

surface Flux >0 downward



Turbulent transport: time and space discretization

Numerical world

Vertical discretization :

Pt = —{J,_%k,_%()z(: — :’_‘:) = —K_s (X — Xi_1)

o = (K3 (X = Xi1) — Ky (Xisr — X0)
Time discretization : implicit

il i R NP K O )
Tri-diagonal system with implicit boundary condition
Ky X (5 + Ky + KX — K X = L
m; X1H_6;t Xt = K (Xt—Hbt X1r+a‘r) _ F;,:Jﬂﬁt

LU decomposition

Forward substitution : C¥, D
at the previous time step.

X; - C;)('{‘D;XX;__1
X, = A} + B{ FXét

depend only on properties in the
layers above and the variables

Cy. D}
____________________________________ X|+1
1+1/2 B
P s ) - L2
- ¢ 3
__________________________________ X1 P
A:{‘f B1X """"""""""""""""" Xl
Fe*
Surface Flux >0 downward



Turbulent transport: time and space discretization

Numerical world

Vertical discretization -
X
LA AL, —K_ 1 (X — Xi_1)

Ot = —p_yky zZ—z_,
e _l;(K,_%(X; = Xi—1) = Ky (Xis = X))
Time discretization : implicit
m M kO X — KO8t — X
Tri-diagonal system with implicit boundary condition
Xt @Xf

(‘ m }
_ !—%X!t:” o+ ((5_1‘ 4 KH—% =g Kf—;-)XfHM = MM T 5t

x,t+6t
Fs

LU decomposition
depend only on properties in the

Forward substitution ;: C, D :
layers above and the variables at the

previous time step.

Backward substitutionx, = ¢¥ + D*x,_, x, = A + 31;:

A
Ci D
""""""""""""""""""" X|+1
1+1/2 s
Z C,X, D!X . X =Cf+ DX,
1
|-1/2 * (bx_i __!(f_%()(l_)(l—‘l)
____________________________________ X|_1
Afa B1X """""""""""""""" x]_
F.J
surface Flux >0 downward



Turbulent transport: time and space discretization

Numerical world

Vertical discretization -

b B (X; — X;_1) ! B
(DJ( — f);_%kf_% z’—_ 2 . = KI_%(X{ X,r_-;)
0X 1

e —E(K:_%(Xf — Xi-1) = Kip 1 (X — X))

Time discretization : implicit

)(!H—Ot . )(}t
LS

m 51 . —(K,_%(Xf‘_‘h f X!t:dr) . KH%(XI‘—M _Xlt+dt))

1+1

Tri-diagonal system with implicit boundary condition

‘ m : & m
== ;_%Xff{” a5 (5_1‘ e KJ+% =g Kf—;-)XfHM = i+%XfT1M = 5—;)(}

x,t+6t
Fs

LU decomposition

depend only on properties in the
layers above and the variables at the
previous time step.

Forward substitution : C¥, D

backward substitutionx, = ¢ + Dfx_, X, =A*+B

G L0
""""""""""""""""""" X|+1
1+1/2 ¥
Vd C,X, D!X _____I _____ X =Cf+ DX,
1
|-1/2 * (D;(_E——Kf I(X;—XJ_1)
____________________________________ X|_1
(
Af: B1X """""""""""""""" x]_
F.J
surface Flux >0 downward

depend only on atmosphere




Surface layer

Surface layer : constant flux (empirical, 10%),scale variables

u? = pl =—-u’w’ , friction velocity (velocity scale)
6*:_60/9/: H >e:_w’q/
u, pcpu*’ q u,

MOST, flux-gradient ukz _ ; 00Kz
(Neutral) oz u, 0z0O,



Surface layer : constant flux (empirical, 10%),scale variables

u? = pl =—-u’w’ , friction velocity (velocity scale)
gt = .00 _ _H e wy
u, pcpu*’ q u,
MOST, flux-gradient ukz _ ; 00Kz ;
(Neutral) oz u, 0z0O,

th Z1 91 Z{ .
U“ / au:/ & az f a@—/ Lo P
Uo V%o B2 s Zo %4

Surface layer



Surface layer

Surface layer : constant flux (empirical, 10%),scale variables

u? = pi =—-u’w’ , friction velocity (velocity scale)
gt =.wor_ _H e wy
u, pcpu*’ q u,
MOST, flux-gradient ukz _ ; 00Kz ;
(Neutral) ozu, 0z0,
t 2 94 Z4
0 / ou= [ “dz / ae:f 5O: iz
” z, KZ s Zo &
U | 2 O, = (01 — ©5)——
U1—U0:—|n— . 1 S|n2_1
K 20 Z0g
2 K 2 u
—_— e — ' — 1
pu2 =1 = pU i — PCal H = pCot (€1 - ©,)
Zp Zy 20 20y

O \’" H = pCor?—— 1

stable

In z_1|n z_1Fstab(H,-,20)(@1 T @S)
ZOG-) 20,

Instable



Sensible heat flux

H=C,0 = cpT(Pfo)h‘

¢ FSH,H-cSt = p|‘7’Cd(H1t+dt o H;Jr()‘t)

Al P|‘7|Cd

1 H.t ¢ HI

H,t+0t _ t+5t
e = M.

IVIC

Ht+6t _ pyt t Tt+t
= = My + Ny T

_1 r
I z—llni stab(Ri,z0)

Zng 20

Con= pCpﬁ_.2

u

Turbulent transport: surface flux

Latent heat flux

(L = p|71BCa(at™ — gear( TE)

qf+5t A?.t 1+ B?’tLg‘H-dtdt

: 0
Goat (T4 = Goar(T) + 2t py(TEH94 = T})

g1+t _ pgpt t Tt+6t
L = M’q - Nq

C¢* drag coefficient (Monin Obukhov, constant flux in the
surface layer)

depends on

» roughness lenghts (gustiness, vegetation)

* Richardson number (boundary layer stability)

* Formulation depends on the sub-surface type



Land surface : Surface temperature

aTr _ 109G
Heat conduction (1) . U oy 0T _ 100 Fsens + Fiat + SWhet + LWhet
: o ¢ 0z
G=—AEL |
N dz 0 — * _______ t+0t
. T Zue
v Gi
. o . o .
Discretization of (1) in space and time ol Bt T
t+ 0t _ t t+ Ot t
Teap =Tl +be .
interfaces n-1/2
« (1) for the first interface : energy conservation Gh=0
Ti —T;
¢1 — —A1( 2 5)
(zs — 2;)
T (T3j2'~Tijz")

1/2 iy T

1 t45t t+ot t4+6t4
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ens lat




Land surface : Surface temperature

oT _ 106G
Heat conduction (1) { = T_ 1003 Fsens + Fiat + SWaet + LWoer
G— )T ot c 0z |
N dz 0 — * ______ £+t
L T Zup
v Gi
» Discretization of (1) in space and time Cap | thi?}z
O Py
t+ 0t _ t t+ Ot t
Teap =Tl +be .
interfaces n-1/2
« (1) for the first interface : energy conservation Gh=0
(Ts —T1)
) = =By &)
TSt (THHOt_Tt43ty A
/2 Ve, 1 3/2 1/2 t+4t t+ot t+ot
ST — @) A (2z3/2—21/2) + Foens + Fiat” + SWhet + LWg — 0T ]

SN
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Land surface : Surface temperature

9T _ 106
Heat COﬂdUCtIOI’] (1) ot ¢ iz SN ﬂ - _1% FSEHS + Flat . SWnet + I_Wf'tti‘lI
AT ot n c 0z
G = —A\% 0 |
ez U — * ________ £+t
L Bn Zie
v Gy
» Discretization of (1) in space and time (implicit) N — T;tfi}z
t+ 0t _ t t+ Ot t
Tip=u Tlp+B ® .
interfaces n-1/2
« (1) for the first interface : energy conservation Gh=0
(Ts —T1)
&) = —M G =20
Tije Ty 1 (T2 ~Tijz ) t+6t t+6t t-+ot4
Co— %t — (z1—20) [)‘1 (z3/2—21/2) + Fons + Flat + SWhet + LWy — €0 T ]
/ \
F:l,t+5t — ML + N,{,TSH& Lg,t+5: _ Mct] + Nf, Tst+5t

. Temperature continuity : Ts extrapolated from soil temperature

t+0t_pt
C’*% — Gi+5t + Rad +E F‘l’ (Tts+f)t)_480(T’é) 3 (T§+(5t _Té)




One diffusion equation from the top of the PBL to the bottom of the soil

—&—--—-—.N
~
S

2 independent models

oo W

\\ v AX,t BX,t ¥ 5 ,,'
\\\ 171 s oo Xt+6t — A‘f’t +Bl't F§+ tét/
B . N /NN S S SR S ——— -
—— 1 Tt+or
v _°
Tttt t+0t
_T; @ Cros = Gi*®' 4 Rad +y F! (Tg+6f)—4so(Tg)3 (TLHOF T 3 T,
ST S N, e TTUS t+61
O T : A t+0t, pt+ot S T
—1ap |4 R b (B ) N ik
t+6t _ ot Tt+ot t
-------------------- Tiip = o4 T + By
t, ot (xt+(5t t+0t

o T —

7



Some examples : 1D south Great Plaines

Flux sensible [W/m?Z2]

intermittent

LIiitr e ntettnl
TTrrrrrrrrrrrrrrrrrrrd

turbijlent

TTTrrrrrrrerrrrerertrnd
Flux sensible [W/m?Z]
8
EEEEE RN NN EEN|

lllllllTlIllllTllllllfllllll]llllllllllll‘llllllfllllllTllllllIlllll'll -160- lIllllllIllllll]lllllllllllllllllll'llllll]lllllllllllllIIIIIITIIIIIIYI

18 00 06 12 18 00 06 12 18 00 06 12 18 00 06 12 18 00 06 12 18 00 06 12
OCT 23  OCT 24 OCT 25 OCT 26 OCT 23  OCT 24 OCT 25 OCT 26

PhD S. Ait Mesbah
Dice 1D case, Best et al.,2025



Some examples : 1D south Great Plaines

Flux sensible [W/m?Z2]

LIeitr e ntitrtnl
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TTTrrrrrrrerrrrereerrnd
Flux sensible [W/m?Z]
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PhD S. Ait Mesbah

Dice 1D case



Albedo 0.12
Z,=1.8m

Some examples : RCE

Same physics : different local conditions

Sahel

Amazonie

llllll Illlllll Liliiil IIllIIIllJIIIIIllIIiIl

32.0 —

24.0 —

20.0 —

16.0

Soil moisture:50kg/m?

ITIFTI'ITI'IT‘]TITFTFIYIIY'”F]f'll?TlTF‘]I][Y[F

04:00 08:00 12:00 16:00 20:00
MAR 2 1999
—— T2M_AMAZ
— TSOL_AMAZ

32.0 —

2B.0

24.0 —

20.0 —

16.0

F‘TIT,]TllfI[FITITF'ITIIT‘[lTrlIl‘T"l'lIlTl’TTl

04:00 08:00 12:00 16:00 20:00
AUG 5 2006
—— T2M_SAHEL
——— TSOL_SAHEL

Albedo=0.26
Zo=0.01lm
Soil moisture:25kg/m?

Thanks :Rachida El Ouaraini and Bouchra Sadiki,UM6P 2022



Some examples : MOSAI

2 clear sky days in summer during MOSAI campaign in Lannemezan (Near Pyrénées)

LOMGITUDE : 0.4E(0.4) PyFerret (opﬁrnim;)m:w.'f.s

;AW‘I;U??E : 431N 29-NOV-2024 16:41:57
CALENDAR, 360_DAY DATA SET: histhf
308.0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 l 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
| Surtace jempgrature | Same physics authorizing
less decoupling between land
304.0 ~\ +_~ surface and atmosphere
¥ 300.0 - -

\emperature

296.0 —

08 12 18 00 08 12 18
- TSOL[D=histhf.Imxmin10] AUG 19 AUG 20
— TEMP[D=histhf.imxminl0l __ T50oL

1D Case, DEPHY group, A. Maison et al., 2026 in prep ;



Some examples : MOSAI

LATITUDE : 43.1N

2 clear sky da}?@n“f “é“ummer during MOSAI’¢a Fn?jﬁlgn in Lannemezan (Near Pyrénées)

Better numerical treatment of the
evolution equation of tke (Vignon et al.,2024)

286.0 — e REmams REmEEE REEEmEE REsEE S REmEES BEEmmm REsmEss T
0R:0C 1Z:00 1600 ZC:0C o0:00 C4.C0 D8:0C 12:00 16:C0
T=AL AUG 19 2023
TzM — T2M TSOL

m— NP7 0 1CLE5 tsel £2m
TZM[D=hzurly]

@ )
[N I N N I
T T 1T T T 1

+

0.

Sensible
heat flux
W/m2

|
o

|
by

il
2

R R

B C e e L e e B I
I I I T T T T T T
08:00 12:00 16:.00 2C.0C 00:C0 C4.C0 0B:0C 12:00 16:C0

1D Case, DEPHY group, A. Maison et al., 2026 in prep ;

ND=+ N 1~AT O~




Atmosphere/surface coupling in LMDZOR

LMDZ (phylmd)

pbl_surface

Planetary boundary 5 A, By Cany Au, B Av, By , Can, Tos Gt UsVs, LWoet, LWaoun SWret)

layer AcoefH, AcoefQ, BcoefH, BcoefQ cdragh,lwdown,swnet
and surface modules ,
' (is_ter, ok_veget=n) .
surf_land_bucket (is_ter, ok_veget =)
(soil.F90: soil T, heat capacity, conduction, surf _land_orchidee

calcul_flux : sens,flat,tsurf_new
Hydro= water budget (snow, precip, Evap)




Atmosbhere/surface coupnling in LMDZOR

LMDZ (phylmd)
S — pbl_surface
anctary Doundary  (a,, B, Ay, Bs Can, A, By Ay, By, Can, T1, Gy, Us, Vs, LWiet LWeionn SWret)
layer AcoefH, AcoefQ, BcoefH, BcoefQ cdragh,lwdown,swnet

and surface modules ,

(is_ter, ok_veget=vy)
surf _land_orchidee

A, , By, Ay, Bg, rainfsnow)

fluxsens, fluxlat, albedo, €, tsurf_new, z0

intersurf ORCHIDEE (sechiba)

petA_orc,petB_orc,pegA_orc,peqB_orc,swet, swnet,lwdown, cdrag

Water and
Energy budget |diffuco (z0, albedo , emissivity )
(surface and enerbil fluxsens  fluxlat, tsurf_new
soil) thermosoil G, ztsol

Hydrol: hydrology - diffusion scheme




Atmosbhere/surface coupnling in LMDZOR

LMDZ (phylmd)
S — pbl_surface
anctary Doundary  (a,, B, Ay, Bs Can, A, By Ay, By, Can, T1, Gy, Us, Vs, LWiet LWeionn SWret)
coefH, AcoefQ, BcoefH, BcoefQ cdragh,lwdown,swne
layer AcoefH, AcoefQ, BcoefH, BcoefQ cdragh, lwd {
and surface modules :
é' (is_ter, ok veget=n) .
surf_land_bucket (is_ter, ok_veget =)
(soil.F90: soil T, heat capacity, conduction, surf _land_orchidee
calcul_flux : sens,flat,tsurf _new
Hydro= water budget (snow, precip, Evap)

A, , By, Ay, Bg, rainfsnow)

fluxsens, fluxlat, albedo, €, tsurf_new, z0

intersurf ORCHIDEE (sechiba)

petA_orc,petB_orc,pegA_orc,peqB_orc,swet, swnet,lwdown, cdrag

Water and
Energy budget |diffuco (z0, albedo , emissivity )
(surface and enerbil fluxsens fluxlat, tsurf_new
soil) thermosoil G, ztsol

Hydrol: hydrology - diffusion scheme




Call tree

In subroutine PHYSIQ
loop over time steps
CALL change_srf frac : Update fraction of the sub-surfaces (pctsrf)

CALL pbl_surface Main subroutine for the interface with surface

Calculate net radiation at sub-surface

Loop over the sub-surfaces nsrf
Compress variables (Consider only one surface type and only the points for
which the fraction for this sub-surface in not zero)
CALL cdrag: coefficients for turbulent diffusion at surface (cdragh and cdragm)
CALL coef_diff_turb: coef. turbulent dif. in the atmosphere (ycoefm et ycoefm.)
CALL climb_hg_down downhill for enthalpy H and humidity Q
CALL climb_wind_down downhill for wind (U and V)
CALL surface models for the various surface types: surf_land, ;

or :

Each surface model computes:
e evaporation, latent heat flux, sensible heat flux, momentum
* surface temperature, albedo (emissivity), roughness lengths
CALL climb_hg_up : compute new values of enthalpy H and humidity Q
CALL climb_wind_up : compute new values of wind (U and V)
Uncompress variables : (some variables are per unit of sub-surface fraction,
some are per unit of grid surface fraction)
Cumulate in global variables after weighting by sub-surface fractions
Surface diagnostics : (T, g, wind are evaluated at a reference level (2m)
owing to an interpolation scheme based on the MO laws).

End Loop over the sub-surfaces

Calculate the mean values over all sub-surfaces for some variables

End pbl-surface



Summary

Take home messages

Atmosphere and surfaces are coupled through turbulent diffusion and radiation

Different sub-surface are considered (albedo, emissivity, rugosity) for ocean, land,
land-ice, sea ice but only one atmosphere is above.

For each sub-surface one solves a unique diffusion equation from the top of the
PBL to the bottom of the soil with an implicit scheme. The surface energy budget
allows to find the boundary conditions

Priority is given to the energy conservation

The coupling matters : surface forced simulations can produce irrealistic surface
fluxes, local surface condition strongly impact near surface variables

« screen » variables - T2m, g2m, wind10m are not prognostic variables
(interpolation)
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