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1. General Circulation Models

The world of numerical models

appearances
theories (physics, chemistry, biologie, economy)
mathematics

numerics

\_ computers )

Mathematics constitute a common language
Modeling concerns all the layers

Always try to make links with the upper layers

At same time, you must be aware of the layer in which you are working, or at which
transition between layers.

Do not forget that your goal is to explain things in the first layer.



1. General Circulation Models
The « layers » in LMDZ :

Apearances :
— Meteorology, climate, atmospheric composition

Theories :

— Fluid mechanics

— Gas/radiation interaction

— Phase changes/ Thermodynamics
— Chemistry

Mathematics

— Navier-Stokes equations (Primitive equations)
— Thermodynamical laws

— Radiative transfer equations

Numerics

— Grid point discretization

— Finite volume and finite differences

— Guaranty conservation of certain quantities, robustness, efficiency, rather than accuracy

Computers

— Fortran / Linux

— High Performance Computing
— Modularity

— Flexibility / Multi-configuration



1. General Circulation Models
Dynamical core : primitive equations discretized on the sphere

" Mass conservation
Dp/Dt + pdivU = 0
" Potential temperature conservation
DO/Dt = 0
" Momentum conservation
DU/Dt + (1/p) gradp - g + 2 2 AU = 0
" Secondary components conservation
Dq/Dt =0

Primitive equations of meteorology
— Thin layer approximation
— Hydrostatic approximation (valid down to 10-20 km)

From physics to humerics :
— Finite volume and finite differences, longitude-latitude grid
— Explicit resolution down to 30-300 km depending of the configuration

— Numerical conservation of important quantities (mass, water, enstrophy ...). )



1. General Circulation Models
Dynamical core : primitive equations discretized on the sphere

" Mass conservation
Dp/Dt + pdivU = 0
" Potential temperature conservation
DO/Dt = Q/Cp (pop)x
" Momentum conservation
DU/Dt + (1/p) gradp - g + 2 QAU = E
" Secondary components conservation
Dq/Dt = Sq
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1. General Circulation Models
Dynamical core : primitive equations discretized on the sphere

" Mass conservation
Dp/Dt + pdivU = 0
Potential temperature conservation
D6/Dt = Q/Cp (po/p)x
" Momentum conservation
DU/Dt + (1/p) gradp - g + 2 QAU = F
" Secondary components conservation
Dq/Dt = Sq

Parameterizations purpose : account for the effect of processes non resolved by the dynamical core
— Traditional « source » terms in the equations

* (Q : Heating by radiative exchanges, thermal conduction (neglected), condensation, sublimation,
subgrid-scale motions (turbulence, clouds, convection)

* F : Molecular viscosity (neglected), subgrid-scale motions (turbulence, clouds, convection)

* Sq: condensation/sublimation (q= water vapor or condensed), chemical reactions, photo-
dissociation (ozone, chemical species), micro physics and scavenging (pollution aerosols,
dust, ...), subgrid-scale motions (turbulence, clouds, convection)



1. General Circulation Models Parameterizations : principles

' » Compute the average effect of unresolved processes on the global model state
variables (U, 6, q)

* Based on a description of the approximate collective behavior of processes

- *Involve additional parameterization internal variables (cloud characteristics,
== standard deviation of the sub-grid scale distribution of a variable, ...)

* Derive equations relating internal variables to the state variables
U, 0, qattime t — internal variables — F, O, Sg — U, 0, q at t+0t

* Homogeneity hypothesis (statistical) on the horizontal of the targeted processes
(like in the plane-parallel approximation of radiative transfer)
— 1-dimensional equations in z (vertical exchanges only)
— Independent atmospheric column

Inside an « atmospheric column » ...
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2. LMDz

Dynamical core : primitive equations discretized on the sphere

" Mass conservation
Dp/Dt + pdivU = 0
" Potential temperature conservation
DO/Dt = Q/Cp (po/p)¥
" Momentum conservation
DU/Dt + (1/p) gradp - ¢ + 2 QAU = E
" Secondary components conservation
Dqg/Dt = Sq

The LMDZ dynamical core :

— Global longitude-latitude grid

— Zoom capability (« Z » of « LMDZ »)

— Finite difference / finite volume numerical schemes

— Conservation of air mass, enstrophy, partly angular momentum and energy
— Positive/monotonic/conservative Van Leer schemes for tracer advection

— Horizontal dissipation (stability + scale interaction) : iterated Laplacian

— Sponge layer (dumping winds and wave in the upper layers)



Planetary atmospheres
Mars, Titan, Venus, Triton, ...

Prediction of Titan atmospheric super-rotation
with the LMDZ Titan GCM (1995, 2005)

Altitude (km)

2. LMDz
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2. LMDZ Earth : development of a « New Physics » version (15-year team work)
New framework for model development and evaluation
Splitting in 3 scales for vertical transport
turbulence / organized structure of the boundary layer / deep convection
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LMDZ - a brief history
Pioneers : years 60-70. Robert Sadourny and Phu Le Van (Sadourny, 1975)
The LMD5/LMD6 model : 90-95 (Laval, 1981)

1985 : Rewriting of the dynamical core : modularity and zoom (the previous version had
been written over punch cards with a very small RAM memory)

1990 : versions for Mars, Titan, and a generic 20-parameter version

1992 : decision to develop the terrestrial model on the basis of this new dynamical core,
by adapting the physical package of LMD5/6

1995-1999 : transport of trace species

2005 : First participation to CMIP exercise with LMDZ

2007 : rising organization around LMDZ (web, regular meetings,Svn, training, ...)
2011 : “New Physics” version (result of a 10-year research) and participation to CMIP5
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2016 : CMIP6 version



3. Splitting/coupling and modularity
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3. Splitting / coupling and modularity

LMDZ >

3D Dynamical core A
Finite differences
Enstrophy conservation and
angular momentum

U*,V*, T*’ P*S

Sru*, Stv*, StT*, o

U,v, T,P
° Stu, Stv, StT, SPS

Various "physics": Physical parameterizations of LMDZ5

- radiation (Fouquart/Morcrette)
Terre - boundary layer (LMD+ options)
Mars - convection (Emanuel & Tiedtke)
Titan @ - clouds (Bony et Emanuel, 2001)
Idealized - orography (Lott)

Venus
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3. Splitting / coupling and modularity

LMDZ

3D Dynamical core

Finite differences
Enstrophy conservation and
angular momentum

U, v, T*, P*s
— ou*, StV*, StT*, o

At~5 min

cie
IM
Sea ice
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3. Splitting / coupling and modularity

LMDZ
Single 3D Dynamical core
Column Finite differences
model Enstrophy conservation and

angular momentum

U*,v*, T*, P*
— Su* SV* ST* o
At~5 mid
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Various "physics": Physical parameterizations of LMDZ5
- radiation (Fouquart/Morcrette)

Terre - boundary layer (LMD+ options)
Mars - convection (Emanuel & Tiedtke)
Titan @ - clouds (Bony et Emanuel, 2001)
Idealized - orography (Lott)

Venus

cie
IM
Sea ice
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3. Splitting / coupling and modularity

LMDZ )
|
Single 3D Dynamical core 1
Column Finite differences
Model Enstrophy conservation and i
angular momentum [ |
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3. Splitting / coupling and modularity

LMDZ )
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4. A meteorological model for climate studies

Climate modeling / numerical weather forecast

+ Models : identical.

< Duration : several decades or centuries / 15 days (seasonal forecast in between)
< Initial state : any (existence of an attractor : the climate) / “analysis” obtained
through an assimilation procedure of observations into the model.

+~ Forecast : statistical (ex : inter-annual variability, intensity of storms ...) /
deterministic (the weather of tomorrow).
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4. A meteorological model for climate studies

Climate change projections

Temperature, France (C)

— Control
#  Observations

Annee
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4. A meteorological model for climate studies

Climate change projections
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4. A meteorological model for climate studies

Climate change projections
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4. A meteorological model for climate studies

Climate change projections
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4. A meteorological model for climate studies

Climate

Temperature, France (C)
e
[

change projections
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4. A meteorological model for climate studies

Climate change projections
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4. A meteorological model for climate studies

Numerical simulation with LMDZ e
Chemical trager (PMCH) emitted in French Britany (ETEX) -ﬁ%‘
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LMDZ

1. Flexible tool

2. Made of 2 well distinct parts :
Al dynamical core, 3D.
B/ physical parameterizations

3. Coupling with ocean and continental surfaces at in the physics

4. Coupled to chemistry through large scale transport (dynamics) and physical
parameterizations (physics)

5. Configurations :
1D
3D with nudging
3D with zoom
Off line for tracers (not maintained in current versions), direct & backward

28



4. Operating modes
a) Free climatic mode
b) Zooming or/and nudging for climate
c) Nudging and off-line for tracer transport
d) Nudging for parameterization evaluation

29



4. Operating modes : a) free climatic mode
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4. Operating modes : a) free climatic mode

Are the model able to represent the climate variability of the past decades ?

In particular the drought of the 70s-80s. . \:
r
e/
8 . | ; | ' | ' | ' i CRU
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4. Operating modes : a) free climatic mode

Are the model able to represent the climate Varlablllty of the past decades ?

In particular the drought of the 70s-80s. \:
. - -year runnlng mean
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Simulations have a sKkill to reproduce decadal variations of monsoon
rainfall in response to sea surface temperature changes 32
But strong internal variability (the observation is one possible
experience)
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4. Operating modes : b) zoom and/or nudging for climate

Free climate simulation with zoom
Zoomed free climate simulation for Cordex South Asia, _,
Krishnan et al (IITM)
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4. Operating modes : b) zoom and/or nudging for climate
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Use for climate downscaling
LMDZ - Grid Cascade - (Laurent Li)
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Similar to what is done with limited area models (like WRF)
Cheaper than the previous approach
Loosing the feedback from the zoomed region to the global scale : consistency issues

LMDZ Globe
(300 km)

LMDZ Europe
(100 km)

LMDZ France
(20 km)



4. Operating modes : b) nudged and off-line simulations for tracers

Simulation of the surface concentration of radon* with LMDZ, nudged by
ECMWF wmds w1th a refmed grld over Europe (40x40 km2)
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4. Operating modes : b) nudged and off-line simulations for tracers

Use in off-line transport model, direct and inverse

- First simulations with full meteorology computation

— Storing the explicit mass fluxes, turbulent coefficient, sub-scale mass fluxes
- Run transport of tracers only, in direct or backward mode ( <~ adjoint model)

14-day Visibility of the Xenon detection network

(Hourdin et issartel, 2000)
90N _—

Example of back-tracking simulation
Off-line model used in reverse mode

605

0550 120W BOW 0 6OE 120E 180
B1-3 WM4-6 [ 7-10 [110-14 [ >14
Retro-transport : transport is computed injecting a tracer at the detection stations (green)
reversing the time to come back to the possible origins. 37

Equivalent to an adjoint computation
Used also for estimation of CO2 and CH4 inversions.



4. Operating modes : b) nudged simulation for physics improvement

July-August-September mean rainfall
Free Nudging by ERAI

Bias (FREE-GPCP)

Bias (NUDG-GPCP)

20w 1y 20t 40t B0°E

| o W ] =i AT\ HY

GPCP
observations

Nudging helps Monsoon rainfall to progress Nortward, in better agreement with obsefvations



4. Operating modes : b) nudged simulation for physics improvement

2m specific humidiy, Bamba (1.5W, 15.3N), year 2006
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4. Operating modes

Summary of 3D operating modes

Global regular Zoomed

Free

« Earth system » modeling

Forced by SST climate
|dealized experiments (aquaplanets, ...)
Analyzes/evaluation in terms of statistics

Need for ensemble and/or long simulations
Strongly depends on model parameters tuning
|

Nudged

Chemistry-Transport model
(coupled to Inca or Reprobus)

Source inversion

Evaluation of physical Analysis of field
parameterizations with campaign experiments
Imposed dynamics and site observations

Climate downscaling

Analyses/evaluation on day-by-day baises 40
Can be used in quasi real-time / forecast mode



4. Operating modes

a) Free climatic mode

b) Zooming capability

c) Nudging and off-line for tracer transport

d) 3D nudging or 1D for process studies and parameterization development
5. Intercomparison exercises and reference versions

a) CMIP exercises

b) The IPSL model and LMDZ reference versions

c) Biases and skill of LMDZ

41



5. Intercomparison exercises and reference configurations : a) CMIP exercises

Coupled model Intercomparison Project (CMIP)

Comparison of coupled atmosphere/ocean models or ESM (for Earth System Models)
Each 7-year

Production of an ensemble of simulations with imposed boundary conditions / protocol

The IPSL coupled Model

(atmosphére)

INCA / REPROBUS ORCHIDEE
(chimie atmosphérique) (surfaces continentales)
(aérosol) s( R >' (végétation)

OASIS
(coupleur)

7"\

OPA LIM
2 lace de mer)
’ (ocean) (g
N

_/

Lz

PISCES
(biogéochimie marine)




=r Atmospheric simul.
Imposed Sea Surface
Temperatures (SSTs)
20

~ Idealized
Sensitivity
experiments

Global JJAS near surface (C)

[ ] N}‘ /)
J w{\? iy W
AL )

15

Global JJAS mean temperature (%)

S

<
QO

« realistic »
Scenarios
With targeted
Radiative forcing:
In W/m2 for 2100

piControl
historical
amip
IpctCO2
abrupt4xCO2
rcp85

rcp26

rep4s

rcp60

decadal 1960
decadal 1965
decadal1970
decadal1975
decadal 1980
decadal1985
decadal 1990
decadal 1995
decadal2000
decadal2005
amip4K
amip4xCO2
aqua4xCO2
esmControl
esmFdbk1
esmFdbk2
esmFixClim1
esmFixClim2
esmHistorical
esmrcp85

historicalMisc
historicalNat
sstClim
sstClimdxCO?2
sstClimSulfate
lgm
midHolocene

1800

bl fJijL"w'fMﬁ) : :W"Nzhwwﬁ{’vm ™ ! ‘ “ u
‘ ontrol simulation
! | ! | ! | ! | ! |
1900 2000 2100 2200 2300

Year

_MIP exercises

IPSL-CM5A-LR
CMIP5
Simulations

(1st realisation

\for ensembles)

Decadal
forecasts

AN

Idealized
for
> interpretation

j> Paleo climate
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5. b) IPSLCM and LMDZ reference versions

Development of LMDZ and the CMIP rendez-vous CMIP

Development : new parameterizations, new dynamical core ...

-

New version

-
> ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
CMIP Simulations -
New physics Analyses Assesment
For CMIPS Publications | Report

Starting control simulation fdr
preindustrial conditions

|
|
|
|

d ‘ stochastique

(30 especes advect)

= Al : = Submission/acteptation of publications
SS S3|iBg To be taken into account in IPCC/AR
S5 Sqgsc » ,
O © © 1 |
2008 2009 2010 2011 07/2012 10/2013
2014 2015 o 2016 - 2017 ~ 07/2018 10/2019
Q?LMDZ : & LMDZ: & *
2 RRTM 2 Calcul forcages > ‘
< QBO Aérosols interactifs <
D
=

= :
Nuages mixtes

1
7
A Stratocu — ‘

Microphysique
Séparation poches

144x142x79 (rebaptisée LR)
Ocean 1°, Orchidee 11

280x280x79 (rebaptisée MR) 44
Ocean 0.25°, Orchidee 11



5. b) IPSLCM and LMDZ reference versions
Summary of reference climate configurations

Vertical Horizontal grid =~ Physical Name
resolution parameterizations
New convection scheme
CMIPS 119 96x71 (Emanuel) IPSL-CM3
Subgrid scale ororgaphy LMDZ4
2 versions IPSL-CMX
CMIP5 [.39 LMD2ZX
. LR = 96x95 A : Standard Physics (SP)
Extension same as CMIP3 X=
to the MR = 144x143 | 5A-LR
stratosphere B : New physics (NPv3)
with thermal plumes and 5A-MR
cold pools
5B-LR
CMIP6 VLR = 96x95 NP v4,5,6
New radiation
L79 LR =144x143 ' gigchastic closure LMDZ6
MR = 280x280 2 |mproved clouds 45

Non orog. gravity waves



5. b) IPSLCM and LMDZ reference versions
The different physical packages of LMDZ

) TN
l.-/' /-—--.——,—/ LMDZ5A
| l."' ; - Diffusion scheme (Louis, 1979)
'| Il - Deep convection (Emanuel, 1991)
". A Iy - Cloud scheme (Bony et Emanuel, 2001)
/ LMDZ5B
20N 2420200k e e

| . - Diffusion scheme (Yamada, 1983)
/ Y J;

| , S - Thermal plume model except in strato cumulus regions
| [ (Rio et al., 2010)
| oy

- Cold pool (Grandpeix et Lafore, 2010)
;o - Deep convection controlled by thermals
|I M_b)_’_f / !

A, and wakes (Rio et al., 2012)
( }‘ ' ( H ) Q;’ | “Hh - Bi-gaussian cloud scheme for shallow
. .
)g‘k T ot |

__Jconvection (Jam et al., 2013)

PRE-LMDZ6

LMDZ5B

+ Thermal plume model everywhere

+ Stochastic triggering of deep convection
+ Different convective mixing formulation

+ Thermodynamical effect of ice
+ RRTM for infrared radiation and SW 6 bands & »




5. b) IPSLCM and LMDZ skill and weaknesses

Slight bias reduction for
Annual mean ramfall (mm/day)

Large positive impact on the

Intraseasonnal rainfall variability
a} GPCP

TUEIL BDE BOE 120k 150k 1BOW 1now 120w SO GO 0w 0
b) IPSL CM5A

J0C 0C DOC I20C ISOC 20w ISOW I20W 90w 60w 30W @
c} IP'SL CMS5B

30E GOE 9O0FE 120F 150F 180W 150W 1200 B0W GOW 30W O
0 4 il Ln 14

Standard deviation of daily rainfall
anomalies (mm/day) of the a) GPCP
dataset (1996-2009), b) IPSL-CM5A and
c) IPSL-CM5B preindustrial simulations,
for the winter season (November to April -
| NDJFMA)
051 2 3 4 6 8 10 12 15 20 Rainfall day-to-day variability
_ o _ highly dependent on physics
Classical systematic biases on the mean rainfall 5 ameterizations
-> like double ITCZ




5. b) IPSLCM and LMDZ skill and weaknesses

6 | I | | I | | | I I | | | | | )
| = CM4-96x71 CMIP3 5 5K _
-—— CM4-96x71B |Tuning surface albedo (+1K control)
5 CM4-96x95 Refining the horizontal grid ’ —

— C(CM4-144x142 |Refining again

— CMS5A-LR CMIP5 (strato+96x95) />

4 H — CMSA-MR Refining the horiz. grid 3.
— CMSB-LR New cloud physics 4(

Nouvelle

o
] | ] | l | ] | | | ] | ] | l

représentat
des nuages

0 20 40 60 80 100 120 140
Time (Yr)
Climate sensitivity highly dependent on model physics.
IPSLCM among models with high climate sensitivity

on

160



Shifting the diurnal cycle of convective rainfall : possible with parameterized convection

1D test cases/ comparison with explicit simulations (MesoNH)

EUHDCS . L
B ARM -
Jé . (Oklahoma) =
£ 40. - Starts 18:00LT -
T / (Guichard et al.}-
T o o o 2 -
SPUBma{( 12JUN 27 " JUN 28
At 12:00LT x :c
At b f _—
IIIIIIIIIIIIIIII INP :}{HEF
1207 AMM [SF
80. o A =MNF
] Sahel [WET
0.7 ( CWEBOS
0. P 12 . " Starts < & CALPCY
v R JUL 10 18:00L
AMMA 10 July case,

convection initiation, Niamey
Couvreux et al., 2012
Rio et al., 2012
Dakar LPAOSF/NASA
raingauges network
- *_* ggg Sane et al.

11204 Nnouv
- SP

)II

Précipitation (mm/jour)

& 1 1 11 ]
(0] 3 6 9 12 15 18 21 24
Heure locz;le

Evolution moyenne
de la pluie dans

. ’
]D TMHIITYMoOnNn

Local hour of maximum rainfall in July

—

20°N

10°N

10°5

LMDZ5A

20°N

10°N

207N [0k 20°E 40°E GO°E

20" o® 20°E 40°E S0°E

I | | e
A T VA O O A

A good representation of the
diurnal cycle of rainfall over
continents



5. b) IPSLCM and LMDZ skill and weaknesses
5

El Nino dans les versions successives de IPSL-CM

| n
(@) r

-
o

208

bt
®

°
S

Normalized Power spectrum

o
o

0.0

[0}
®
-
o

(b) B REFERENCE

IPSL-CM4
10 m  IPSL-CM5A
B IPSL-CM5B
0_

¥
208 L L
150E 1
ON - T v
IPSLCM5B

WNE{{J T

P 10

L } -

K -~

E. ! J\\

o

108 e, \ -20 —

L=(C

Bjerkngss F%_ed1back Heat Flux Feezdb{ack (Net) Shortwave Feedback Latent Heat Flux Feedback
(1073 Nm 2K WmZk™ (Wm™=kh WmK™")

A reasonable representation of ENSO variability



5. b) IPSLCM and LMDZ skill and weaknesses

T2

E0eM

60N

Z0°N 4
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FICIRA T :
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\

T T
0 100°E
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T
1607w
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ENU—ESM
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o° 100°E 1607

CSIRO—MkA—6-0
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FGOALS—s2

BOOW

oe 1G0°E 160°W BOOW|

GFDL—HIRAM—-C180
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51
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Fa L[4 on

Classical temperature warm biases over continents in summer in LMDZ5
In forced by SSTs simulations -> Cold biases in LMDZ6-beta



5. b) IPSLCM and LMDZ skill and weaknesses
Rainfall biases, July- August September subset of CMIP5 models

FGOALS—g2.nc FGOALS—s2.nc GFDL—HIRAM—-C180.nc GFDL—HIRAM—C360.nc HadGEM2—A.nc
SRR R A on Ry SR . T | e LR A TE e TN, O
> S S
14 - of % - - - - Sag W bl [ o —f
13 « m o . __{3._ % w P
12 P os . AR, .
11 . ' &
GPCP11 - 5
10 - sos 30
9 i P a0s
8 s B R L S v 1w S T T B
7 IPSL— CMSA MR.nc IPSL—-CM5B—Cordex.nc MIROCS5.nc
6 }J N 40N PJ. DQ’\:-_ g b
o B
4 {4
3
2
1
0
mm
day

- s 3 5 .
sos 05} s0:
o 0Bz E 40 50 2 wow oo 206 30E 40E S0E  6OE 26w 10W O  10E 20E 30E 40E SOE  6CE

-4 -35-3-25-2-15-1-050 05 1 15 2 25 3 35 4

subset of Cordex models

CLMcom-CCLM48 MPI-REMO KNMI-RACMO22 CNRM-ARPEGES51
Ty 738 g T 3N S <38 : S

“Cordex - Africa

52
mm/day (OBS, RCMs) - GPCP11

Classical biases on monsoon rainfall (not Nikulin et al., 2012, J. Clim.
enough rainfall over Sahel and North india)



5. b) IPSLCM and LMDZ skill and weaknesses
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6. Model development and tuning
a) Choice of a new configuration : content and resolution
b) Tuning of free parameters

o4



6. Model development and tuning : a) choice of a new configuration

Definition of model configurations

1. Horizontal resolution and vertical discretization

55



6. Model development and tuning : a) choice of a new configuration
From LMDZ4 to LMDZ5 and LMDZ6 : change of horizontal resolution

_ U (m/s) T (K) RH (%)
Dependance of model biases to = _ I =
the horizontal resolution. - = i
Because of the number of2 ;o [
simulations to be performed in = & ] I
CMIP exercises, the reference 5
conflgura'glons are a’ 79 -
compromise. g 3O i
4 5=
BEs :
The global energy balance is = == I
sensitive to the horizontal “ [
resolution g O
» ;0 i
T -
A T T R :
o — D 1 E._ -
g gb| = 25825 A il -
@@ 25N-90N = A B
Bﬂ " | I 255-908 \J 5 i
< 3
o |
L
” — Ve —ill '.,"T- L
2N | 1114 3 & =3 WA
= L] el ol (o] o =) ; aoo — by || Il' -
SR T T = - \\u/ Al
> > 3 g IS = '
= = 2 8 - !

280x192




6. Model development and tuning : a) choice of a new configuration

Definition of model configurations
1. Horizontal resolution and vertical discretization

2. Physical content — Choice of a particular set of parameterizations
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6. Model development and tuning : a) choice of a new configuration

From LMDZ5A to 5B : change of physics

1D test cases Simulations 3D

Cloud fraction (%) and water vapor (g/kg) Low cloud cover (%)

Eumﬁ Cumulus Annual mﬁiﬁho
REF #*- | .—I—;;_E'—_-S G_I_: 200 - © - C g
2400 — - 2400 B

8 zmnz E 2000 ] L
B9 HE :
U e ] T 1200 - -
L5 ] : '
a7 w0 D A =

o ,,,,,T]:,'SW“: -

1] 18 L"L', o

e ~
LEO -
O -
— N
p)] L
[a ¥ L
— B
« OLD *®- ,f"'—/' »
A MM 8o ./ -

2000 | — 7.0 -
> R — -
QRLE ———
phs o) T
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6. Model development and tuning : a) choice of a new configuration
Successive activation of the thermal plume model

- N W
2%

83
ddRZ=zZzZ
LI

]
@

Observations
Da Silva

Calipso GOCCP

- N W
2%

3
AR zZzZz
LTI IL]

i 43
1] pLLl

= N
23
LLLILLl

3
AR zZzZz
|

- N Wy
228 33
NN L1l

3
W' zZzZz
|

483
& d
\

Results from atmospheric simulations forced by
climatic sea surface temperature

@)

LMDZ5A
No thermals

: LMDZ5B
? Thermals activation

. activating thermal plumes
. Subsidence regions
. Detrainement modifié

30°N

=N
933

10°s

:s . 20°5
“*Except for strato-cumilus o=

LMDZ6.0
2 Thermals activation
& everywhere
: LMDZ6.1

5, Thermals activation

& Everywhere + special

" Treatment for strato
Cuulus clouds
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o=
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6. Model development and tuning : b) tuning of free parameters

Definition of model configurations
1. Horizontal resolution and vertical discretization
2. Physical content — Choice of a particular set of parameterizations
3. Tuning of free parameters !

Preparation of a configuration is a long process
Sensitivity tests to the grid, physical parameterizations, free parameters
Compromises. Can depend on team priorities.

For global climate coupled atmosphere/ocean modeling the tuning of the
radiative forcing is a key issue. Several months of tuning for one version.

1WIm? in radiative balance translates into il =G
1K temperature bias in the coupled model y- @ 25N.50N

@@ 25N-90N
" | I 255-908

=
1

fad
o

Much below uncertainties in modeling and
observation of radiative fluxes

2
v 1

-
-
—
. =
—
—-—

SW-CRF (TOA, W/m %)

192x192 |—
280x192 L

So the global temperature of climate
models is a result of tuning !!!

96x71
96x95
144x95 1
144x142 p—
192x142 |—



%M%?!&?Yﬁh%@ﬁﬂt and tuning : b) tuning of free parameters

" January, CRF SW, TOA (W/m2) Relative importance of model
N e P e s e e ] improvements and tuning
_ Model = T ERE L e &

- Atmosphere in W/m2

o 100°E 1605 e | +0E -1
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6. Model development and tuning : b) tuning of free parameters

Tuning of cloud parameters

Mauritsen et al, 2013

Tuning of the MPT model A well shared parctice (cf. Hourdin et al., 2016)

i
jii/ coef_eva

'l
(Al
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6. Model development and tuning : b) tuning of free parameters

Use of a scalling factor on the fall velocity of cloud ice particles
Impact on global radiative balance and latitudinal radiative forcing of the circulation

Impact sur les flux globaux au sommet
—  Rayonnement SW absorbé

260 Rayonnement LW sortant

1

MPI-ESML.L  — ASR m
255  GFDL-CM3 --. OLR ¢~
IPSL-CM5A
250  IPSL-CM5B

Tuned values

LW CRE (W/m?)

N

=N

wun
T

Radiation (W/m? )
N
S
=y

235} ¥ =20
! C:B% —40
230} ! =
/ u —60
' - 5
225} { Nominal value = —80
¥ Y —100
220 L - : ' -120 : : — - -
0.0 0.5 1.0 1.5 2.0 ~50 0 IPSL-CM5A
Fall velocity parameter Latitude | === IPSL-CM5B
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6. Model development and tuning : b) tuning of free parameters

Subsiding
- Shell
Improvement and tuning of strato-cumulus clouds .., el
Modification du détrainement CI’_T_F/
Thermique
LES 5 BII Iﬁ_ .'. d
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6. Model development and tuning : b) tuning of free parameters

Improvement and tuning of strato-cumulus ClQUAS e |+ rmm—

3D Tests LMDZ6 : Coupes zonale, tropiques sud, moyenne annuelle C

Utilisation systématique du simulateur COSP (Idelakdi, Dufresne) pour corriparer a CALIPSO
rop couvrant, Trop bas

| | BIDOUILLE/CMIPSB




6. Model development and tuning : b) tuning of free parameters

Improvement and tuning of strato-cumulus clouds
Impact on cloud radiative forcing (bias compared to EBAF)

Clouds to bright and to low
SW CRE bias Py LW CRE bias

- e, Cludge or trlks (bldoullle) } \

Wlthout cludge

— R /‘a\g mf

New thermal Versmn (J am) w1th somital entrainment tuning parameter ¢ _

17 M N "
i %«»\ i

50E 150E /
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6. Model development and tuning : b) tuning of free parameters

Preparation of IPSLCMG6 : struggling with SST biases
In particular systematic biases : in partcular warm biases and Eastern tropical ocean
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Global , Fluxes (W/m2)

6. Model development and tuning : b) tuning of free parameters

-10

=
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Circum Antartica , Fluxes (W/m2)

-0

- I|

global radiative balance must be close to zero

Tuning strategy : reac

h a global balance and reduce SST bis

I T I T I T

ETOA , Fluxes (W/m2)

Stf budget

T2m*10—

SW+LW TOA

LW TOA ClIr -
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Tuning : expériencead

T - __ ‘H H 1 - ||
L I II II i 1 II@ || !
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Coef. Réévaporation : 1
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6. Model development and tuning : b) tuning of free parameters
LMDZ5A (AR4_physiq.def)

iflag_pbl=1
iflag_thermals=0
iflag_thermals_ed=0
iflag_coupl=0

iflag_con=30
iflag_clos=1
iflag_wake=0
ggqal=0
qgqa2=1
iflag_clw=1
epmax=0.999

iflag_cldcon=3
iflag_ratqs=0
ratgsbas=0.005
ratygshaut=0.33

cld lc_Isc=4.16e-4
cld lc_con=4.16e-4
ffallv_1sc=0.5
ffallv._con=0.5

coef eva=2e-5

Boundary-layer

Diffusion
Thermals
Mixing rates in thermals

Coupling with deep convection

Convection

Emanuel old/new
Closure CAPE/ALP
Cold pools

PDF for mixing

Computation of condensate
Efficiency of precipitation

Clouds

Cloud scheme
Profile of a/qt
o/gt min
o/qt max

Threshold cloudy water LS
Threshold cloudy water CV
Ice crystals fall speed LS
Ice crystals fall speed CV
Coefficient of evaporation

LMDZ5B (NPv3.1_physiq.def)

iflag_pbl=8
iflag_thermals=15

iflag_thermals_ed=10

iflag_coupl=5

iflag_con=3
iflag_clos=2
iflag_wake=1

qqal=1
gqqa2=0
iflag_clw=0
epmax=0.997

iflag_cldcon=6
iflag_ratqs=2
ratqsbas=0.002
ratqs_haut=0.25

cld lc_Isc=6e-4
cld_lc_con=6e-4
ffallv_Isc=1.35
ffallv._con=1.35
coef eva=le-4



6. Model development and tuning : b) tuning of free parameters
LMDZ5A (AR4_physiq.def)

iflag_pbl=1
iflag_thermals=0
iflag_thermals_ed=0
iflag_coupl=0

iflag_con=30
iflag_clos=1
iflag_wake=0

ggqal=0
qgqa2=1
iflag_clw=1
epmax=0.999

iflag_cldcon=3
iflag_ratqs=0
ratgsbas=0.005
ratygshaut=0.33

cld lc_Isc=4.16e-4
cld lc_con=4.16e-4
ffallv_1sc=0.5
ffallv_con=0.5

coef eva=2e-5

Boundary-layer

Diffusion
Thermals
Mixing rates in thermals

Coupling with deep convection

Convection

Emanuel old/new
Closure CAPE/ALP
Cold pools

PDF for mixing

Computation of condensate
Efficiency of precipitation

Clouds

Cloud scheme
Profile of a/qt
o/gt min
o/qt max

Threshold cloudy water LS
Threshold cloudy water CV
Ice crystals fall speed LS
Ice crystals fall speed CV
Coefficient of evaporation

LMDZ5B (Npv3.1_physiq.def)

(NPv5.3)

UNDER DEVELOPMENT!!

iflag_pbl=8 (11)
iflag_thermals=15 (18)
iflag_thermals_ed=10 (8)
iflag_coupl=5

iflag_con=3
iflag_clos=2
iflag_wake=1
iflag_trig_bl=2

qqal=1

gqqa2=0
iflag_clw=0
Epmax=0.997 (0.97)

iflag_cldcon=6
iflag_ratqs=2 (4)
ratqsbas=0.002
ratqs_haut=0.25 (0.24)
iflag_t_glace=1

cld_lc_Isc=6e-4 (1.92e-4)
cld_lc_con=6e-4(1.92e-4)
ffallv_Isc=1.35 (0.9504)
ffallv_con=1.35 (0.9504)
coef_eva=le-4 (1e-5)



6. Model development and tuning : b) tuning of free parameters
LMDZ5A (AR4_physiq.def)

iflag_pbl=1
iflag_thermals=0
iflag_thermals_ed=0
iflag_coupl=0

iflag_con=30
iflag_clos=1
iflag_wake=0

ggqal=0
qgqa2=1
iflag_clw=1
epmax=0.999

iflag_cldcon=3
iflag_ratqs=0
ratgsbas=0.005
ratygshaut=0.33

cld lc_Isc=4.16e-4
cld lc_con=4.16e-4
ffallv_1sc=0.5
ffallv_con=0.5

coef eva=2e-5

Boundary-layer

Diffusion
Thermals
Mixing rates in thermals

Coupling with deep convection

Convection

Emanuel old/new
Closure CAPE/ALP
Cold pools

PDF for mixing

Computation of condensate
Efficiency of precipitation

Clouds

Cloud scheme
Profile of a/qt
o/gt min
o/qt max

Threshold cloudy water LS
Threshold cloudy water CV
Ice crystals fall speed LS
Ice crystals fall speed CV
Coefficient of evaporation

LMDZ5B (Npv3.1_physiq.def)

(NPv5.70)

UNDER DEVELOPMENT!!

iflag_pbl=8 (11)

iflag_thermals=15 (18)
iflag_thermals_ed=10 (8)
iflag_coupl=5

iflag_con=3
iflag_clos=2
iflag_wake=1
iflag_trig_bl=1

qqal=1

gqqa2=0

iflag_clw=0
Epmax=0.997 (0.999)

iflag_cldcon=6
iflag_ratqs=2 (4)
ratqsbas=0.002
ratqs_haut=0.25 (0.4)
iflag_t_glace=2

cld_lc_Isc=6e-4 (2e-4)
cld_lc_con=6e-4(2e-4)
ffallv_lsc=1.35 (0.5)
ffallv_con=1.35 (0.5)
coef_eva=le-4 (2e-4)



Concluding remarks / recommendations

recommendation when using LMDZ (or analyzing model results)

LMDZ is a flexible tool (3D, with or without nudging, 1D, coupled or not, aquaplanets, run
on HPC computers or laptops, ...)

— The model setup should depend on the guestion you want to address.

Try to use referenced configuration when possible

Don't forget that a model is defined by its grid configuration, physical content, tuning
parameters, forcing files (aerosols, ozone, ...)

Don't forget the internal variability. Often underestimated.

Model evaluation (classical approach) :

- Running long simulations or ensembles of them — until you reach robust statistics :
depends on the variable and question addressed

— Compare observations and models in terms of statistics (taking into account that you
have only one trajectory among other possible for observations)

Alternatives :

— Run nudged simulations to get rid of chaos and have the meteorological trajectory in
phase with the observed one. Then you can compare model and observation day-by-
day. Of course you can not evaluate the large scale circulation itself which is imposed
— Using 1D simulations for parameterization development and evaluation



Concluding remarks / recommendations

Importance of tuning

A parameterization or a model : Grid configuration + set of equations + tuning

— Tuning parameters are often uncertain and even not observables

— Tuning is often seen as a dirty part of modeling. It is a misunderstanding !!!!

— Tuning Is an intrinsic and very important aspect of climate modeling.

— Especially the tuning of the energetics of atmospheric models

— Tuning should be considered when intercomparing models (if parts of the models use
a particular metrics for tuning for instance)

Tuned versions are available for LMDZ : LMDZ5A, 5B, and the pre-6 versions, 5.3, 5.4,
5.5,5.6,5.7
Tuning could/should be revisited if the model is significantly modified for an application

Classical approach for tuning :

— Run a series of sensitivity experiments

— Summarize the skill and deficiencies as a series of metrics or numbers.

— Choose a satisfactory set of parameters values « by hands »

— Limited by the number of parameters that you can explore and by the brain of the
scientists who try to make the choice from sensitivity experiments.

Coming soon :

— Run a series of simulations with a subset of parameter values and use meta-models
or emulators to produce the metrics in parameter values which were not explored.

— apply so called objective methods



6. Model development and tuning : b) tuning of free parameters
Recconstructions du 20eme siecle
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6. Model development and tuning : b) tuning of free parameters
Concluding remarks / recommandations

Approche classique :

On effectue des simulations longues ou ensembles de simulations
— statistiques robustes pour le modele

— On compare ces statistiqgues aux observations (pour lesquelles
on ne dispose que d'une seule réalisation).

— On peut résumer la difference aux observations a un ensemble
de métriques (qui peuvent dependre du but assigné au modele).
— On effectue des simulations de sensibilité a des parametres
Incertains.

— On choisit des jeux de parametres plus favorables.

— Emergence de méthodes automatiques et « objectives » (met le
choix des objectifs est toujours subijectif)

Mais systeme couplé, chaotique, variable a toutes les échelles de
temps et d'espace.

Nécessite des jeux d'observations tres complets (spatial et
temporel)



. Strengths and weaknesses T
~of the different physical packages %
of LMDZ =

- s

~* Catherine Rio gy

7 LMDZ Development Team 3




4. Operating modes : 1D for improvement of physical parameterizations

1.2 Cloud process studies and the use of high resolution explicit models(

Explicit simulations, Grid cell, 20-100 m
Evaluation « Large scale »

conditions

imposed

Climate model, parameterizations, « single-column » mode

— Parameterizations are evaluated against other models
— Can be done for realistic test cases but also with more idealized forcing
(check the response of the parameterization to perturbations)



5. Intercomparison exercises and reference configurations : a) CMIP exercises
Participation to Coupled Model Intercomparison Project : CMIP
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e Distributed openly 78

ICM DATA | ISIS IPCC Assessment Reports

Prodiguer Community
(Scientists, Researchers, Students)




IT — Origine atmospheérique des biais de SST

. AN 5
-24 -2 -16-12-08-04 0O 04 08 1.2 16 2 24
a) SST bias (historical) L . ‘ .

SELT RN ) SST couplées
Biais de SST multi-modele (K), en couplé
T e e e E E———

-30 =25 -20 -15-10 -5 -2 O 2 5 10 15 20 25 30
b) Rnet bias (amip) 1 | ] L ] L

Flux forces

« Biais Latent multi-modele (W/m2), en forcé

F. Hourdin, A. Gunaisa-Bogdan, P. Braconnot, J.-L. Dufresne, A.-K. Traore and C. Rio, 2016, GRLw



General remarks

1. LMDZ is a flexible tools

2. For climate studies, a few reference configurations are defined which
include, a long phase of tuning and evaluation.

3. The reference simulations are widely published, documented, distributed
on LMDZ site or from CMIP database.

4. LMDZ shows some systematic biases as well as specific ones (part of
which are linked to the rather coarse horizontal grid), and also some specific
skills.

5. Climate models can not be ran as a black box.

6. Any study with such a model requires a phase of specific evaluation for
the specific goals of the study

80



6. Model development and tuning : b) tuning of free parameters

Tuning of a factor on the fall velocity on ice particles in 3 CMIP-class models
Several W/mz2 for the global balance at Top of Atmosphere

260 . . r 1
MPI-ESM1.1 —— ASR m
N
255/  GFDL-CM3 - —. OLR ¢~ 'unedvajues |
IPSL-CM5A
250}  IPSL-CM5B |

N

1N

un
T

Radiation (W/m?)
N
B
o

235} -
230} ]
225} Y Nominal value i
]l‘!
220 L ! . .
0.0 0.5 1.0 1.5 2.0

Fall velocity parameter Hourdin et al 2016, BAMS



Monsoon rainfall : multi-scale

IRD CARTE DES PLUIES ANNUELLES
- J EM AFRIGIUE

H58 ) _' ANNUAL RATNFALL MAP
. - OF AFRICA

Local thunderstorms to squall lines, propagating . s
Locally : raining one hour each 3 day =
Cumulated rainfall much more uniform

North and/or dry season_

Sahel during monsoon
(central Senegal)



Validation des simulations de transport sur les données du TICE
Radio-éléments naturels. Ici le PB210o, produit du radon émis par les continents.
Philippe Heinrich et Anthony Jamelot
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Une variabilité intra-saisonniere ... pitoyable, mais ...

a) Ratio of model OLR intraseasonal variance to that of NOAA OLR [SN-20N, 10W-10E]

Variance ratio to NOAA

précipitation journalieére en m AS) successif. Point OW-13N

5A-SP |
!|ﬁ | AR4|

5B-NP

| NPv3

NP avec décl. Stoch
| Trig
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6. Les modeles et leur utilisation - 6.3 Méthodologies amélioration/évaluation/tuning
Utilisation de simulations guidées ou initialisées

On elimine le chaos en forcant la trajectoire météo a suivre la trajectoire observee.
Permet de travaliller sur les paramétrisations physique a situation synoptique

connue, et de comparer.au jour le jour a des donNNées INSIt..., s 200

e .
1mp o Tbs ma {1.4,77.7]

Qbs be (1.4,17.1}

Figure 3: 1% column 1 top-down :
Top-down:Bamba , Agoufou (1.5 W, 15.3N), Wankama (2.6E, 13.6N) Bira(1.7TE, 9.8N)
and Nahohoulou(1.6E, 9.7N) with addition Bira (1.7E, 9.8N) .local Observations (black),
ERAI(blue bright) nudged simulation(red), reference simulations (green).column 2, top-
down : evolution of specific humidity at 2 meters and precipitable water, old physic and
difference between old and standard in Bamba (1.4E, 17.1N) in 2006 . 2™

LT
100000_ T T T l. i l.ll luj —

water vapour old physics on the vertical

bias water vapour (old-standard) physics on the vertical

soo00 | I i
I

AN FEB MR Lol sy A L AU SEP - 4] L) DEC
2006

evolution of specific humidity at 2 meters in 2006,



5. La convection profonde

Nouveau déclenchement :
On demande en plus que la surface d'un thermique soit plus grande qu'une taille critique Sc
Modéele du thermique - distribution de taille des thermiges - tirage aléatoire

Si on met un seuil fixe sur la probabilité d'avoir un nuage plus grand que Sc, et dans des

conditions assez homogenes, on se retrouve a déclencher beaucoup plus pour des mailles
plus petites

(OE,12N), Jul, Precip, Deterministic/Stochastic/TRMM

351 Decl. Det., Jul clim

@M”‘?@ e ,[ | L ﬂ | ﬁ ﬁ

501 Decl. Stoch., Jullclim

lé 6JUL 11JUL 16JUL 21JUL 26JUL



General remarks

1. LMDZ is a flexible tools

2. For climate studies, a few reference configurations are defined which
include, a long phase of tuning and evaluation.

3. The reference simulations are widely published, documented, distributed
on LMDZ site or from CMIP database.

4. LMDZ shows some systematic biases as well as specific ones (part of
which are linked to the rather coarse horizontal grid), and also some specific
skills.

5. Climate models can not be ran as a black box.

6. Any study with such a model requires a phase of specific evaluation for
the specific goals of the study
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Les paramétrisations des modeles de climat

6. Les modeles et leur utilisation



6. Les modeles et leur utilisation - 6.2 Questions d'échelles

Spatial and temporal scales of convection: a challenge for models
day days

weeks

Convective cell
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6. Les modeles et leur utilisation - 6.2 Questions d'échelles

Global climate Regional

A/O GCM, ESM R¢8I0na% ) 4 Resolving
~ —~ Egr&ate modeling Models Large Eddy

P S A ~ (CRMs) (Sﬁrgg;ations
CORDEX - R
| | | — .

300 km 50 km 5 km 500 m Mesh
Globe 10000 km 1000 km 100 km Domain

Parameterized convection
Subrid scale clouds, poor microphysics
Climate studies (CMIP)

Explicit convection
1/0 clouds, sophisticated microphysics
Process studies (GASS)

- —p
Zone grise convection
-< —

Zone grise couche limite
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Please evaluate weather you agree that the following practices are eligible ?

Tuning in general
Tuning mean Temperature G
Tuning global radiation N
Tuning CRE by regime or spatially
Tuning sea ice INIIIEEEEEE————
Tuning circulation N
Tuning climate sensitivity / 20th Century I
Tuning forcing [ 20th Century
Tuning ocean heat uptake / 20th Century
Tuning climate variahility I
Autormnatic tuning NG
Applying flux correction MM

Atmos-Land (AMIF)
COecean anly (OMIP)

1 2 3 4 5

ALLLd llll‘ () [LLOCLE I‘I! l‘l

48%

53%

MWP-Assimilation 4%

Land anly

Coupled pre-industrial
Coupled present-day
Coupled historical
Mixed layer ocean

39%
T4%
39%
22%

17 %

Abrupt CO2 increase 4%
1%Nr C02 4%

AMIP+4 1

Mudged

Transpose AMIP
Limited-area 0%

Single column
Itis nottuned 0%

Other (please specify)

Microphysics
Convection
Cloud Fraction
Cloud CGptics
Turbulence
Mountain Drag
Ocean Mixing
Soil
YWegetation
Snow Albedo
Sea lce Albedo
Sealce Rheology

9%
13%
17 %
43%

13%

In which Barameterizations do you aBEIX changes when tuning ?

-
-
i
]

2.5 3

94



III — Ajustement des parametres nuageux pour la réduction des biais de SST

What metrics are used ?

Surface Albedo  IEEEEE——

P ]

Surface Temp (Ts)

Regional Ts
Regional Precip
Aerrosols

Carbon Cycle
Yegetation

Climate Sensitivity
Aero Direct Forcing
Aero Indirect Forcing
20th Century warming
Volcanoes

EMSO

Intra-seasonal Variak
Interannual Yariab
Decadal Wariab
Monsoon Precip
Owerturning Cire
Snow Cover

Sea lce BExtent
Sealce Volume

—
]

Which process do you believe introduce
the latgest biases in

“tmos Dynamics
Cloud Physics

Famaion I
Atmos Turbulence I
Mountain Drag I
Land Physics .
YVegetation Dyn NG
Ocean Dynamics I
Ocean Mixing I
Ocean Biology I
Sealce Dyn (I
Sealce Phys I

Une pratique partagée (cf. Hourdin et al., 2016)

Lad

4 5

In which parameterizations do you apply
changes when tuning ?

Microphysics
Convection
Cloud Fraction

Turhulence I
Mountain Drag I
Ocean Mixing I

|

Vegetation I

Snow Albedo I
Sealce Albedo I

Sealce Rheology NG

1 1.5 . 25



Subsiding
Shell

Thermique

16002-

Hource level {rn}

S
S

600

— —_
) O
o L]

= S =

1000

¥
]

vz, (Palueh)

S .
600 800 1000 1200 1400 1600 1800

Observation level (m)

h metres au-dessus:

B"(z) = g x

On suppose que 1’air des subsiding shells
possede les propriétés de ’air situé au_dessus

La flottabilité est calculée comme si le
thermique « voyait » les propriétes le I’air situe
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d = wreax (0, 43, F};_Ff{ﬁh_j )
Le thermique est ainsi

suffisamment détrainé a la limite
d’inversion
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7 Bonne cohérence avec les
simulations LES

On arrive en 1D a obtenir une
couche nuageuse uniforme en 1D,

Couverture nuageuse parfois
un peu haute due a un
détrainement un peu trop haut.

On conserve le méme schéma
de nuage. Seul la formulation de
la flottabilité est changée, sans
incidence sur les cas de petits
cumulus.
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Evaluation « Large scale »

conditions

imposed

Climate model, parameterizations, « single-column » mode

— Parameterizations are evaluated against other models
— Can be done for realistic test cases but also with more idealized forcing
(check the response of the parameterization to perturbations)



III — Représentation des strato-cumulus

Difficulté du modele du thermiques a représenter les strato-cumulus
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IT — Parametrisation des nuages bas : principes et méthodologie
1D test cases 3D simulations

Cloud fraction (%) and water vapor (g/kg) Low-level cloud cover (%)
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III — Représentation des strato-cumulus

Modification du détrainement
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IT — Parametrisation des nuages bas : principes et méthodologie
1D test cases 3D simulations

Cloud fraction (%) and water vapor (g/kg) Low-level cloud cover (%)
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