The surface-atmosphere interactions




The surface-atmosphere interactions

. Introduction, process involved

2. Radiation over sub-surfaces o~

3. Turbulent transport

4. Surface energy budget and heat dlffw mte’l’-

5. Fully coupled surface —atmosphere system

stration of the coupling




Turbulent
transport :

Turbule_nt
transport of
momentum

of'moisture

\ g 4
I ) —

Latent heat for Wind stress

Introduction, processes




Introduction

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

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




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
Z Wi = covers all the sub-surface
7
from the radiative code
s ‘ SWnet LWnet ‘
w,,x, //; w,,q,
w_,a w ,a

aoce’ Eoce """ 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 |




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!

net

(T2) = €i(LWgn — o(TL)*)

T~ T +4TH(T - T))

LW oer(Ts) = €(LWgn — o(TI)*) — 40 T3S wiei(TI = Ts) €= > _wie
4o T2 Z wiei(TL — Ts) =0  Energy conservation
TS _ Z Wi€; Ts

€

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
Z w; = 1 PBL over each sub-
U surface
HiRIRIn

— Iy
W, f w,
/I



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
oxX — 109 oX 1 0[—pk; d)—X
ot P (_92 9X a — _ _ 82 0z
¢ =-—wX =—pk; 5, with P

Kk, : the vertical turbulent diffusion coefficient for X



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
0X _ _19¢ 0X 1 0[-pk; 3}
ot p 0z ox o, 0z
¢ =-—wX =—pk; 5, with

Kk, : the vertical turbulent diffusion coefficient for X

. 2 — v _ [ * — W’H': H * — W’CI’
Surface layer, constant flux: uy =—=-u'w, 6 ” ey’ q ”
MOST, flux-gradient dukz _ 00 Kz _

(Neutral) 0z u, 020,



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:

X _ 100 X 1 O[—pk, &%
ot P QZ 9X E — az z
¢ = -—wX =—pk,5> with P

Kk, : the vertical turbulent diffusion coefficient for X

* 0 H *
Surface layer :constant flux: w2 =< =—uw, "= Z== gt == L
p Uy PCplUs Uy
MOST, flux-gradient Qukz _ 0O rz _
(Neutral) 0z u, 0z O,
f\ " 24 OF 2 0
\U 4 /8u: 2z / ae—/ "Zr Az
Uo Zo KZ s Zo Z
U, K Z K
U — Uy = —In2L O, = (01— 0s)—
K 20 In 2—1
H)
_ 2 Ui
H = pCpk Inz—1|nz—1(e1 — ©y)
de 20y




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:

oX _ _10% X 1 0[-pk; 5}
o o ot p 0z
¢ =-wX =—pk, %X with g
Kk, : the vertical turbulent diffusion coefficient for X
Surface layer :constant flux; 12 =~ = —uw, g = X% = M g W
urface layer :constant flux: <=3 , ” oty q "
MOST, flux-gradient Qukz _ 0O rz _
(Neutral) 0z u, 0z O,
'O\ " 2 ©4 2 0
U / ou=| %z / a@—/ O 4z
Uo Zo KZ s Zo Z
u, 2z K
U1—Ug:—|n—1 6*2(61_63) Z1
K ZO |n ;
N :
u
de ZUU

stable Instable



Turbulent transport: time and space discretization

Numerical world

interfaces layers
Vertical discretization : ‘
3 _ (X = Xi1) _
by " = _:”.f—%kf—% zZ—-z.., r—%(XI X)L Xi+1
. . L X, P
+ Time discretization 1 § oz
"""""""""""""""""" X1 P

lx;!'-—-:’ff _ Xlrf B g

I+ t+6t -1 t+5t
. - — == ¢, ¥ — ¢,
ot ﬁP,( )

X X

p—

t+ot M t46t 4ot
_Kf_%’:{,l’ 1 +(E+Kf+%+}{r_é]xl. —I—K}_%XI.I1 — I,'}t

FRt = p|7|C( XL — XL

—

Flux >0 downward

Tri-diagonal system with implicit boundary condition that can be solved for the vector
X= Enthalpy, specific humidity, wind



Turbulent transport : tridiagonal system

downhill
X
q)x |-1/2= _KI-1/2 (X|-X|_1) Cﬂ k D:; E I —
C/'.D}, AY.B* depend only on Y l+1/2- .
. . X N .. —
properties in the layers above and C.Df — | X, = C[ + D X_,
. . . |‘1/2 1
the variables at the previous time | l ';t!f.:__ z
step.

X= wind, enthalpie, specific humidity, tracers

Once F;* (flux of water mass, heat between the surface and the atmosphere )
is known (boundary limit) , the X, can be computed from the first layer to the top of the PBL




Sensible heat flux

H=C,0 = cpT(Pi)ﬁ

o

¢ F;-I,Ha‘r _ pW’Cd(H{Mt . Hé+5r)

H, H.t oH t+6
| HEt = gt g Rty

H.t =
A" v|C ;
H.t+5t 1 P d 145t
F — — H

1 Hi 1 pHi, s
es — B0t e, — Biot

F;'I,H-M MH + NH Tl‘—l—éf

Cy = <2I(IN() *In(-—-)) * Fstab

Turbulent transport: surface flux

Latent heat flux

(L3 — pl713C(¢4 ™ ~ Gea( TE)

qr+6r Aq t B?’rLg’H_&(St

Qe ) = Gar(T2) + 22| (720 )

q.t+5t _ pgt t Tt+6t
L — Mq + Nq T

Cy* 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



Surface energy budget, continuity , heat conduction

oT _ _10G
ot ¢, 0z
Heat conduction (1)
_ _\oT
G= /\82

* Discretization of (1) in space and time
© Tekne = ok T + Bk
(1) for the first interface G, = f(,\,-’ T,'Tf/tza 02;,0Z;,1 /2)

Surface energy budget

I—Wnet+ SWnet + I:sens + |:Iat = GO

SW,et LWy, L, S

0 | G
_______ 0 mt+8
) v T 2y,
Gl
_________________ t+6t
o B Tz
_________________ Z
interfaces n-1
G, =0




Surface energy budget, continuity , heat conduction

or _ 106G
_ ot c, 0z
Heat conduction (1)
n
G — _/\g_z SWhet s LW gt L, S
» Discretization of (1) in space and time 0 — lg‘;_.o _____ Tt 5
1 1/2 1/2
© Tekne = ok T + Bk Gy
+ (1) forthe firstinterface Gy = f(\, T171,,02,02i140) apy T2
o Z,.
Surface energy budget interfaces e
G,=0
I—Wnet_i_ SWnet + |:sens + |:Iat + GO =0
Tt+st_pt Tt+St_pt+st
t 1/2 —"1/2 1 3/2 ~1/2 L(pt+6t _ t4+8ty4
Cp1/2 ot - 2179 [7\ 23/2—21/2 T Z . (TS ) + Rad SG(TS )

N

H.t+0t _ agpt t Tt40t q,t+6t __ pgpt t Tt+6t
F. = My + Ny T L = M, + N, T




Surface energy budget, continuity , heat conduction

oT _ 190G
_ ot c, 0z
Heat conduction (1)
G:—A% SWnet’LWd’ L,S
* Discretization of (1) in space and time 0 — lQO _____ Tt 5
1 1/2 1/2
© TR = ok T, + Bk Gy
. T N 2 S o 8
» (1) for the first interface Gy = f(); 7'&15;2’ §2.02,4172) o Bt (Y
o Z,
Surface energy budget interfaces e
G,=0
LWnet+ SWnet + FSGHS + FSGI’IS + Flat = GO
Tt+8t_Tt t+8t_pt+st
t 1/2 —t1/2 1 A, 22712 |y Rl (TSt 4 R t+8t\4
= — ad — eo(T
p1/2 ot 21—20[ 1 23/2—21/2 Z ( S ) ( S )

N

H.t+0t _ agpt t Tt40t q,t+6t __ pgpt t Tt+6t
F. = My + Ny T L = M, + N, T

Temperature continuity : T, extrapolated from soil temperature

N

C ot

= G!*0' + Rad + Y FY(TEM) — 4eo (T3 (TEH0F — TE)




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

/V

2 independent models

o T N N N N N N N N N N N N N N N N N N N

o

Xt+6t — ClXt +DXtXt+6t
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Flux sensible [W/m?]
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ORCHIDEE couplé a LMDZ
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Flux sensible [W/m?Z]
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Some examples : 1D south Great Plaines
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PhD S. Ait Mesbah




Flux sensible [W/m?]

ORCHIDEE couplé a LMDZ

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

Flux sensible [W/m?Z]

Some examples : 1D south Great Plaines

18 00 06 1z 18 00 06 12 18 00 06 12
OCT 23 OCT 24 OCT 25 OCT 26

PhD S. Ait Mesbah




Some examples : RCE

Same physics : different local conditions

Amazonie

J2.0 —

24.0 —

20.0 —

Albedo 0.12 1o
Z,=1.8m
Soil moisture:50kg/m?

IIIIII L)

I 11111 I lllllll 'I ||||||| I lllllll Il |||||
04:00 08:00 12:00 16:00 20:00

MAR 2 1999

—— T2M_AMAZ
— TSOL_AMAZ

Sahel

J2.0 — [ lIIII. =

240

20,0 — =,

I'E-ﬂ L L L A e e

04100 0B:00 12:00 16:00 20100 Albedo=0.26
AUG 5 2008
—— T2M_SAHEL Z,=0.01m

—— TSOL_SAHEL 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)

PyFarret (splimized) Wer.7.5
TWAP

LONGITUDE ; 0.4E(0.4) O PHEL
LATITUDE : 43.1H I9-HOV-2024 16:41:57
M
CALENDAR360_DAY DATA SET: histhf
50810 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Surface

Same physics authorizing
less decoupling between
The land surface and

the atmosphere

304.0 —

= 300.0 —

296.0 —

TSOL[D=histhf.Imxmin10] AUG 19
———— TEMP[D=histhf.Imxmin10] TSOL

1D Case, DEPHY group, A. Maison



Some examples : MOSAI

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

PyFeret [ (e} Var. 75
TMAP

LONGITUDE : 0.4E(0.4) 10-DEC—2024 17:04:33
LATITUDE ; 43.1H
YEAR : 2023

5..0 1 [ 1 1 1 1 [ ] 1 1 [ ] 1 1 [} 1 1 1 1 1 I 1 1 1 1 1 1 1 ] 1 1 [ 1 1 1 1 1 [}

10m wind

Same physics authorizing

less decoupling between
-~ The land surface and

the atmosphere

0.0 T T T T T

T T T T T T T T T T T I T T T T T T T T T T T T T T T T T

T
0e 12 18 oo D& 12 18

AUG 19 AUG 20
WIND10M[D=histhf] WIND 10M[D=histhf.Imxmin10]

1D Case, DEPHY group, A. Maison



Atmosphere/surface coupling in LMDZOR

LMDZ (phylmd)

pbl_surface

Planetary boundary
( Aq , Bq, AH , BB, th,' Au , Bu, Av , Bv ’ th' Tll ql, ul'vl, I‘\Nnet, I‘\Ndown, SWnet)

layer
and surfazle modules AcoefH, AcoefQ, BcoefH, BcoefQ cdragh,lwdown,swnet
' (is_ter, ok veget=n)
surf_land_bucket (is_ter, ok_veget=y)
(soil.F90: soil T, heat capacity, conduction, surf_land_orchidee

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




Atmosbhere/surface coupling in LMDZOR

LMDZ (phylmd)
pbl surface
( Aq ’ Bq, AH ’ BB, th,’ Au ’ Bu, Av ’ Bv ’ th' Tl’ ql, ul'Vl, I‘V\/net, I‘V\/down, S\Nnet)
AcoefH, AcoefQ, BcoefH, BcoefQ cdragh,lwdown,swnet

Planetary boundary
layer
and surface modules

U

(is_ter, ok _veget=y)
surf_land_orchidee

[
wdwn' Swnet' I:wnet' |1' ql' cdlagh' u1'01

A,, B, Ay, Bg, rain, snow)

fluxsens, fluxlat, albedo, ¢, tsurf_new, z0

intersurf ORCHIDEE (sechiba)

petA_orc,petB_orc,pegA _orc,pegB_orc,swet, swnet,lwdown, cdrag

Water and
Energy bUdBEt diffuco ( 20, albedo , emissivity )
(surface and enerbil fluxsens fluxlat, tsurf_new
soil) thermosoil G, ztsol

Hydrol: hydrology — diffusion scheme




Atmosbhere/surface coupling in LMDZOR

LMDZ (phylmd)

pbl surface
Planetary boundary

Iayer ( Aq , Bq, AH ’ BB, th,’ Au , Bu, Av , Bv ’ th' Tl’ ql, u1'V1, LV\/net, LV\/down, S\Nnet)
AcoefH, AcoefQ, BcoefH, BcoefQ cdragh,lwdown,swnet
and surface modules
5' (is_ter, ok veget=n)
surf_land_bucket (is_ter, ok_veget=y)
(soil.F90: soil T, heat capacity, conduction, surf_land_orchidee

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

[
wdwn' Swnet' I:Wnet' |1' ql' Cdlagh' u1!01

A,, B, Ay, Bg, rain, snow)

fluxsens, fluxlat, albedo, g, tsurf _new, z0

intersurf ORCHIDEE (sechiba)

petA_orc,petB_orc,pegA _orc,pegB_orc,swet, swnet,lwdown, cdrag

Water and
Energy budget |diffuco ( 20, 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_hqg_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:
 evaporation, latent heat flux, sensible heat flux, momentum
» surface temperature, albedo (emissivity), roughness lengths
CALL climb_hqg_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
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Technical note : Description of the interface with the surface and the computation
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thermodynamics and its effects on land surface meteorology in the IPSL climate
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Solving the tridiagonal system

my . N\ o My Lo s
(E 4K+ hg) Xp = XD+ Kia Xin + KXoy

which may be written as:

(6P, + R+ RY) Xy =08, X))+ Ry X + RN Xy [(2< 1 < n)

with ' = gotK;

(6Pn + Rf) ‘}(?1 — dipn, )(2 + Rf )(-n,—l

At the bottom: (I=1): mlé_—xoc(l)lx ~D2,

................................................. 5t
X, — )(D i )
my— = Ka(Xy — Xy) — FYY

(0P + BY) X1 = 6P X{ + RY Xy — gotF;" |

With F7* : flux of X at the bottom of the first layer (i.e. between the surface
and the atmosphere), positive downward.
N, =




Solving the tridiagonal system

Starting from top:
(6Pn - Rf) X,=0P, X"+ R X,_,

can be written as:

X,=C3+D>X,_,

with 0 <
x__XUP,
‘n T 5
0P, + Ry
X
DX _ Rn
with Y = goth " §Pn -+ RSE



nterfaces—— Solving the tridiagonal system

! X
_________ Xl—i—l ,H_]_ —I_ Di—i—le
— 1 S

(6P + RS, + RO X, = R XP+ RS, Qu)r RY Xio (2<1<n

I+1

(OH—I—RH—I ( Dl—i—l) —l_RlX) Xg — 5P[ XIU_I_Rfil \rH_l—l_RiX Xl_l

. with 7% = gdth
So we obtain by reccurence:

Xg (1X DEXXg_l (2 E [ E ’R)
with, for (2 <[ < n) _
OX _ XPoP + R4, Ol
depend only on properties in the : 0P+ R* + R, (1 — D) In LMDZ
layers above and the variables) X routine calc_coe
at the previous time step. fo - [ -
| 0P + R + R (1 —Dj\ )
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Fully coupled system : Recap

@, /2= “Kiaz (X7X4)



Xt X,t
(;1 ’l)n

Xt pXt
¢, D

_____________________ of By

, nt
aiﬁk

X,t X,t
A%t D

)7

Fully coupled system : Recap

t + ot
—> .
+1/2 ) Xt X,t yt+6t
— _¢i____;1.__u ____________ Xlt+ t = Cl ’ +Dl ’ Xl—l
-1/2 1
..................... xirot = g%t 1Tt piotsy
lFt+6t




of By

, nt
af(Bk

Xt pXt

ClX,t’ DX,t

Tg+8t—T§

t + ot
— .
l+1/2
j—1
B
|-1/2 ‘
Fﬁt+6t

Fully coupled system

@, /2= “Kiaz (X7X4)

Xt X,t yt+6t
= (" D X1

cri b=

— =G/ + Rad + L FH(T5*) — 4ea(TH? (1540 —TY) @

Tst+5t

: Recap



Fully coupled system : Recap
t

t + 6t q)X I-1/2= 'KI-1/2 (XI'XI_l)
@ e ™ 4
X,t X,t
Cn ’Dn —> ..
l+1/2
¢t Dt _¢_-!_—__% ____________ X{Hot = ¢t 4Dt xEAO @
12— 1

o

)

t+6t _ Xt Xt t+6t
..................... Xit = A7" +B] Fg o6t
Ft+5t
8 b}
. @ C*Tt"'tt Gt+5t+Rad +2Fl(Tt+5t) 480'(Tt)3 (Tt+5t Tst) @ Tst+5t
T AL S Ee—
—————{un (- e |
t+6t t+6t t
----------------- Tiv1/2 = Tk 1/2+Bk
oy, B
\_ _

€D




Fully coupled system : Recap
t

t + 6t q)X I-1/2= 'KI-1/2 (XI'XI_l)
@ e ™ 4
X,t X,t
(;1 ’l)n —> ..
l+1/2
¢t Dt _¢_-!_—__% ____________ X{Hot = ¢t 4Dt xEAO @
12— 1

o

)

_____________________ Xt+5t A)lft _|_BXt Ft+8t8t
Ft+5t
8 b}
Tt @ C*Tt+tt Gt+5t+Rad +2Fl(Tt+5t) 480’(TS)3(Tt+6t Tst) @ Tst+6t
S f
“““““““““““““““““““““““““ A /St qthot
_____________________ o B T I Rl I (M L
t+6t t+6t t
------------------- Tiv1/2 = Tk 1/2+Bk
t, t at+5t[3t+6t
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