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Land	surface	in	IPSL-CM6	
New	features,	land	use	representation,																																																

and	very	few	model	results	

Impacts	of	Land	Use	and	Land	Management	on	Earth	System	Evolution,	Biogeochemical	Cycles,	
Extremes	and	Inter-Sectoral	Dynamics	

September	16-20,	2019	Snowmass,	CO	
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What’s	new	since	CMIP5	?	

Optimized	albedo		
(using	MODIS)	

	New	Aerodynamic	
resistance	

Land	cover	
based	on	ESA-CCI	New	3	layers	

snow	model	

11-layer	soil	hydrology	
With	soil	freezing	

Optimized	
Carbon	cycle	parameters	
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A	multi-layer	hydrological	scheme	

Surface	
Runoff	

Drainage	

Precipitation	

•  Physically-based	description	of	soil	water	
fluxes	using	Richards	equation	

•  Formulation	of	Fokker-Planck	
•  Hydraulic	properties	based	on	van	Genuchten-

Mualem	formulation	
•  Related	parameter	based	on	texture	(fine,	

medium,	coarse)	
•  Surface	runoff	=	P	–	Esoil	–	Infiltration	
•  Free	drainage	at	the	bottom	
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Tiling	for	soil	hydrology	

Sand Clay Loam 

5’ USDA texture map (Reynolds et al., 2000) 

Dominant texture in each ORCHIDEE grid-cell: 
defining the hydraulic properties 

Sub-grid scale heterogenity: 
3 soil columns based on PFTs 

with independent water budget 
but same texture 

1 2 

3 

1: Bare soil PFT 
2: All Forest PFTs 

3: All grassland and cropland PFTs  

3. Forcing conditions  

The role of soil texture 
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Soil	evaporation	

•  Controlled	by	a	demand	/	supply	scheme	
⇒  No	explicit	resistance	to	soil	evaporation	

•  relies	on	dummy	integrations	of	the	water	
diffusion	scheme	

If	all	θidum	>	θr	
β=Esoil/Epot		

I	 Esoil	

D	

s(z)	
θit	 θit+dt	"	

Normal	integration		
over	dt	

BC:	E=E*pot	

D	

θit+dt	 θidum	
"	

First	dummy	
integration	

Else	

D	

θit+dt	 θidum	
"	

Second	dummy	
integration	

BC:	θ1=	θr		

E=Qup	

β=Qup/Epot		

Dirichlet	
case	



Prospective	IPSL	2018/Volet	communication	et	médiation/4	mai	2018 	Page	6	AGCI	LUMIP	meeting	•	Snowmass,	15-20	September	2019 

Aerodynamic	resistance	

OBS 
11-layer 
11-layer with Su 

Latent Heat flux @ Walker 
Branch site (TeDBF) 

resistance and a single aerodynamic resistance to heat and vapor.
The PM model for estimation of actual evaporation can be formu-
lated as follows (Brutsaert, 2005):

kE ¼ DAþ qcpðe$ % eÞ=ra

Dþ c 1þ rs
ra

! " ð1Þ

where kE is actual evaporation in W m% 2, k is the latent heat of
vaporization (2.43 ' 106 J kg% 1), D is the slope of the saturation
water vapor pressure curve at an air temperature Ta, q is air density
(m3 kg% 1), c is the psychrometric constant defined as
c ¼ cpPa=ð0:622kÞ with cp being specific heat capacity of air
(J kg% 1 K% 1), and Pa is the air pressure in Pa. e⁄ % e is the vapor pres-
sure deficit, with e⁄ the saturation vapor pressure and e the actual
vapor pressure of the surrounding air (both in Pa). The aerodynamic
and surface resistance parameters (ra and rs) are in units of s m% 1. A
is the available energy, defined as A = Rn % G0 with Rn and G0

describing the net radiation and ground heat flux, respectively.
The aerodynamic resistance formulation used in the standard

PM model of this study is that of Thom (1975) (hereafter Thom’s
equation):

ra ¼
1

j 2ua
ln

z % d0

z0m

# $
ln

z % d0

z0v

# $% &
ð2Þ

where z is measurement height (m), ua is wind speed (m s% 1),
j = 0.41 is von Karman’s constant, d0 is displacement height and
z0m and z0v are the roughness heights for momentum and water
vapor transfer, respectively (all in meters). Following Brutsaert
(2005), we assume z0v = z0h with z0h being the roughness height
for heat transfer. It is common practice to use roughness parameters
(d0, z0m, z0h) with static values calculated as a fraction of the canopy
height (hc), so here we employ the equations suggested by Brutsaert
(2005):

d0 ¼ 0:6 _6hc

z0m ¼ 0:1hc

z0h ¼ 0:01hc

ð3Þ

For the estimation of the surface resistance, the Jarvis scheme of
Jacquemin and Noilhan (1990) (hereafter Jarvis method) is used
(see Appendix B).

2.3.2. Two-layer Shuttleworth–Wallace (SW) model
The Penman–Monteith model was extended to a two-layer con-

figuration by Shuttleworth and Wallace (1985) (SW) that included
separate canopy and soil layers. The total evaporation in the SW
model is kE ¼ CcPMc þ CsPMs, where Cc and Cs are resistance func-
tions for canopy and soil (respectively). PMc and PMs are terms that
represent the Penman–Monteith equation applied to full canopy
and to bare soil:

PMc ¼
DAþ qcpðe$% eÞ% Drc

aAs
ra

aþrc
a

Dþ c 1þ rc
s=ðra

a þ rc
aÞ

' ( ð4Þ

PMs ¼
DAþ qcpðe$% eÞ% Drs

aðA% AsÞ
ra

aþrs
a

Dþ c 1þ rc
s=ðra

a þ rc
aÞ

' ( ð5Þ

where A is the available energy for the complete canopy
(A = Rn % G0) and As is the available energy at the soil surface
(As ¼ Rs

n % G0)). Rs
n is net radiation at the soil surface, which can be

calculated using Beer’s law as Rs
n ¼ Rn expð% C ( LAIÞ, with C = 0.7

representing the extinction coefficient of the vegetation for net
radiation. The resistance parameters in the SW model include bulk
canopy resistance (rc

s), soil surface resistance (rs
s), aerodynamic

resistance between soil and canopy (rs
a), canopy bulk boundary

layer resistance (rc
a) and aerodynamic resistance between the

canopy source height and a reference level above the canopy (ra
a).

In application of the SW model, ra
a and rs

a are calculated using the
methodology by Shuttleworth and Gurney (1990) (hereafter
SG90). Details of the SW model formulation, as well as the standard
parameterization of the resistances used in this study are detailed
in Appendix C.

2.3.3. Three-source Mu et al. (2011) (Mu) model
The three-source PM model used in this investigation is based

on that developed by Mu et al. (2011). In the Mu model, total evap-
oration is partitioned into evaporation from the intercepted water
in the wet canopy (kEwc), transpiration from the canopy (kEt) and
evaporation from the soil (kEs), defined as kE ¼ kEs þ kEt þ kEwc.
Evaporation for each source component is derived from the PM
equation and weighted based on fractional vegetation cover (fc),
relative surface wetness (fw) and available energy.
Parameterization of aerodynamic and surface resistance for each
source is based on biome specific (constant) values of leaf and
stomatal conductances for water vapor and sensible heat transfer,
scaled by vegetation phenology and meteorological variables. From
a forcing data perspective, one advantage of the resistance param-
eterization in the Mu model is that it does not require wind speed
and soil moisture data: two variables that are often difficult to pre-
scribe accurately. Specific details of the model formulation are pro-
vided in Appendix D.

2.4. Inclusion of a dynamic roughness parameterization

In addition to assuming roughness parameters (d0, z0m, z0h) as a
constant fraction of the canopy height (i.e. static roughness) as
detailed above, these variables can also be estimated via a physi-
cally-based method. Su et al. (2001) used vegetation phenology,
air temperature and wind speed to provide dynamic values of
roughness parameters based on the land surface condition.
Details of this method are provided in Appendix E.

2.5. Developing model parameterization scenarios

To examine the influence of resistance schemes and model
structure on flux simulations, we developed fourteen unique sce-
narios. Details of these distinct combinations are provided in
Table 1. For the default model implementations described above
(denoted here as PM0, SW0 and Mu0), parameterizations of the
aerodynamic and surface resistances are not modified. For each
model type, alternative scenarios are developed to examine the
influence of aerodynamic and surface resistance parameterization
(see Appendices B–E) and are denoted by superscripts 1, 2, 3, 4

Table 1
Features of the fourteen model parameterisation combinations for estimating
evaporation, where rs is the surface resistance and ra is the aerodynamic resistance
(see Section 2.3 and Appendices B–D for model and parameterization details).

Scenario Model rs ra Roughness

PM0 PM Jarvis Thom Static
PM1 PM Mu Thom Static
PM2 PM Jarvis Thom Dynamic
PM3 PM Mu Thom Dynamic
PM4 PM Mu Mu N/A

SW0 SW Jarvis SG90 Static
SW1 SW Mu SG90 Static
SW2 SW Jarvis Thom Dynamic
SW3 SW Mu Thom Dynamic
SW4 SW Mu Mu N/A

Mu0 Mu Mu Mu N/A
Mu1 Mu Mu Thom Dynamic
Mu2 Mu Mu Thom Static
Mu3 Mu Jarvis Mu N/A

524 A. Ershadi et al. / Journal of Hydrology 525 (2015) 521–535

 where 
–  z is measurement height (m) 
–  ua is wind speed (ms-1) 
–  k von Karman’s constant 
–  d0 is displacement height 

–  z0m and z0v the roughness 
heights for momentum and 
water vapor transfer 
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Aerodynamic	resistance	
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11-layer 
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resistance and a single aerodynamic resistance to heat and vapor.
The PM model for estimation of actual evaporation can be formu-
lated as follows (Brutsaert, 2005):

kE ¼ DAþ qcpðe$ % eÞ=ra

Dþ c 1þ rs
ra
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where kE is actual evaporation in W m% 2, k is the latent heat of
vaporization (2.43 ' 106 J kg% 1), D is the slope of the saturation
water vapor pressure curve at an air temperature Ta, q is air density
(m3 kg% 1), c is the psychrometric constant defined as
c ¼ cpPa=ð0:622kÞ with cp being specific heat capacity of air
(J kg% 1 K% 1), and Pa is the air pressure in Pa. e⁄ % e is the vapor pres-
sure deficit, with e⁄ the saturation vapor pressure and e the actual
vapor pressure of the surrounding air (both in Pa). The aerodynamic
and surface resistance parameters (ra and rs) are in units of s m% 1. A
is the available energy, defined as A = Rn % G0 with Rn and G0

describing the net radiation and ground heat flux, respectively.
The aerodynamic resistance formulation used in the standard
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where z is measurement height (m), ua is wind speed (m s% 1),
j = 0.41 is von Karman’s constant, d0 is displacement height and
z0m and z0v are the roughness heights for momentum and water
vapor transfer, respectively (all in meters). Following Brutsaert
(2005), we assume z0v = z0h with z0h being the roughness height
for heat transfer. It is common practice to use roughness parameters
(d0, z0m, z0h) with static values calculated as a fraction of the canopy
height (hc), so here we employ the equations suggested by Brutsaert
(2005):
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z0h ¼ 0:01hc
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For the estimation of the surface resistance, the Jarvis scheme of
Jacquemin and Noilhan (1990) (hereafter Jarvis method) is used
(see Appendix B).

2.3.2. Two-layer Shuttleworth–Wallace (SW) model
The Penman–Monteith model was extended to a two-layer con-

figuration by Shuttleworth and Wallace (1985) (SW) that included
separate canopy and soil layers. The total evaporation in the SW
model is kE ¼ CcPMc þ CsPMs, where Cc and Cs are resistance func-
tions for canopy and soil (respectively). PMc and PMs are terms that
represent the Penman–Monteith equation applied to full canopy
and to bare soil:
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where A is the available energy for the complete canopy
(A = Rn % G0) and As is the available energy at the soil surface
(As ¼ Rs

n % G0)). Rs
n is net radiation at the soil surface, which can be

calculated using Beer’s law as Rs
n ¼ Rn expð% C ( LAIÞ, with C = 0.7

representing the extinction coefficient of the vegetation for net
radiation. The resistance parameters in the SW model include bulk
canopy resistance (rc

s), soil surface resistance (rs
s), aerodynamic

resistance between soil and canopy (rs
a), canopy bulk boundary

layer resistance (rc
a) and aerodynamic resistance between the

canopy source height and a reference level above the canopy (ra
a).

In application of the SW model, ra
a and rs

a are calculated using the
methodology by Shuttleworth and Gurney (1990) (hereafter
SG90). Details of the SW model formulation, as well as the standard
parameterization of the resistances used in this study are detailed
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2.3.3. Three-source Mu et al. (2011) (Mu) model
The three-source PM model used in this investigation is based

on that developed by Mu et al. (2011). In the Mu model, total evap-
oration is partitioned into evaporation from the intercepted water
in the wet canopy (kEwc), transpiration from the canopy (kEt) and
evaporation from the soil (kEs), defined as kE ¼ kEs þ kEt þ kEwc.
Evaporation for each source component is derived from the PM
equation and weighted based on fractional vegetation cover (fc),
relative surface wetness (fw) and available energy.
Parameterization of aerodynamic and surface resistance for each
source is based on biome specific (constant) values of leaf and
stomatal conductances for water vapor and sensible heat transfer,
scaled by vegetation phenology and meteorological variables. From
a forcing data perspective, one advantage of the resistance param-
eterization in the Mu model is that it does not require wind speed
and soil moisture data: two variables that are often difficult to pre-
scribe accurately. Specific details of the model formulation are pro-
vided in Appendix D.

2.4. Inclusion of a dynamic roughness parameterization

In addition to assuming roughness parameters (d0, z0m, z0h) as a
constant fraction of the canopy height (i.e. static roughness) as
detailed above, these variables can also be estimated via a physi-
cally-based method. Su et al. (2001) used vegetation phenology,
air temperature and wind speed to provide dynamic values of
roughness parameters based on the land surface condition.
Details of this method are provided in Appendix E.

2.5. Developing model parameterization scenarios

To examine the influence of resistance schemes and model
structure on flux simulations, we developed fourteen unique sce-
narios. Details of these distinct combinations are provided in
Table 1. For the default model implementations described above
(denoted here as PM0, SW0 and Mu0), parameterizations of the
aerodynamic and surface resistances are not modified. For each
model type, alternative scenarios are developed to examine the
influence of aerodynamic and surface resistance parameterization
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Table 1
Features of the fourteen model parameterisation combinations for estimating
evaporation, where rs is the surface resistance and ra is the aerodynamic resistance
(see Section 2.3 and Appendices B–D for model and parameterization details).

Scenario Model rs ra Roughness

PM0 PM Jarvis Thom Static
PM1 PM Mu Thom Static
PM2 PM Jarvis Thom Dynamic
PM3 PM Mu Thom Dynamic
PM4 PM Mu Mu N/A

SW0 SW Jarvis SG90 Static
SW1 SW Mu SG90 Static
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Mu1 Mu Mu Thom Dynamic
Mu2 Mu Mu Thom Static
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 where 
–  z is measurement height (m) 
–  ua is wind speed (ms-1) 
–  k von Karman’s constant 
–  d0 is displacement height 

–  z0m and z0v the roughness 
heights for momentum and 
water vapor transfer 

function of LAI 
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Model	calibration	for	C-cycle	

● Optimization	of	key	parameters	using	TRY	database	&	Bayesian	
optimizations	with	FluxNet	data	
● 	Vcmax,	LAImax,	Respiration,	…		

● 	CO2	down	regulation:	Vcmax	=	Vcmax_ref	.	(1	–	Coef	.	Alog(CO2	/	CO2_ref))		

Data	
Initial	version	

Down	Regulation	of	Vcmax	

Trend	(SPO)		
Evaluation	with	atm.	CO2	

data	(using	LMDz	
transport)	
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New	soil	albedo	

● 	albsurf	=	albveg	*	fracveg	+	albsoil	*	(	1	–	fracveg)	
● 	Optimisation	using	MODIS	albedo	

Initial	soil	albedo	based	on	soil	color		

Results	For	NIR	

Soil	albedo	optimised	with	MODIS	
Prior	values	 Posterior	values	
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What	is	not	new	?	

Photosynthesis 

Autotrophic 
Respiration 

Allocation 

litter 

Carbon Budget & nutriments 

CO2 Flux Interception by 
the canopy 

Infiltration, storage, 
drainage 

Surface runoff 

Evapotranspiration 
Solar and 
infra-red 

Surface 
Temperature 

O R C H I D E E  

[CO2] 

Air Humidity 

Precipitation 

Radiation Wind Speed 

Temperature 
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Tiling	in	IPSL-CM6	

A	single	energy	budget	!	

Soil 

Living  
Biomass 

Atmosphere 

Rn 

G 

LE H 

Ta, qa 

Energy budget 

ΔT	

Ra 

Rs 

=>	One	surface	
temperature	per	grid	
cell	
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Land	use	and	land	use	change	

Anthropogenic interference 

Soil 

Living Biomass 

Crop Management 

Litter 
Fire 

Land Use Change 

Forest Management 

Grassland Management 

Atmospheric CO2 

Harvest 

Atmosphere	
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Land	use	and	land	use	change	

Anthropogenic interference 

Soil 

Living Biomass 

Crop Management 

Litter 
Fire 

Land Use Change 

Forest Management 

Grassland Management 

Atmospheric CO2 

Harvest 

Atmosphere	
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Land	use	and	land	use	change	

Anthropogenic interference 

Soil 

Living Biomass 

Crop Management 

Litter 
Fire 

Land Use Change 

Forest Management 

Grassland Management 

Atmospheric CO2 

Harvest 

Atmosphere	

Crop	Harvest	
45	%	of	NPP	is	
harvested	and	

respired	within	the	
year	

3	woody	
pools	

1-yr	lifespan	
10-yr	lifespan	
100-yr	lisfespan	

Only	net	
LUC	

Fixed	fractions	
over	time	

Wood	Harvest	
using	LUH2	

SOM	decomposition	
rate	of	crop	is	20%	

higher	
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● 	Plant	Functional	Types	
● Defined	according	to	systematic,	
physiological,	phenological,	climatic	
conditions	

Vegetation classes in IPSL-CM6 
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Primary	non-
forested	land	

Primary	
forested	land	

Second.	non-
forested	land	

Second.	
forested	land	 Rangeland	

Pasture	

C3	annual	crop	
C3	perennial	crop	

C4	annual	crop	
C4	perennial	crop	

C3	N.	fix	crop	

C3	grass	

C3	crop	

C4	crop	

C4	grass	

Based	on	
Still	et	al.,	
2009	

From LUH to PFT map 
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Primary	non-
forested	land	

Primary	
forested	land	

Second.	non-
forested	land	

Second.	
forested	land	 Rangeland	

Pasture	

C3	annual	crop	
C3	perennial	crop	

C4	annual	crop	
C4	perennial	crop	

C3	N.	fix	crop	

C3	grass	

C3	crop	

C4	crop	

C4	grass	

Based	on	
Still	et	al.,	
2009	

From LUH to PFT map 

Natural	lands	
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Primary	non-
forested	land	

Primary	
forested	land	

Second.	non-
forested	land	

Second.	
forested	land	 Rangeland	

Pasture	

C3	annual	crop	
C3	perennial	crop	

C4	annual	crop	
C4	perennial	crop	

C3	N.	fix	crop	

Temp.	
Deciduous	
Broad.	Forest	

Trop.	
Evergreen	
Need.	Forest	
…	

Second.	
forested	land	

C3	grass	

C3	crop	

C4	crop	

C4	grass	

Based	on	
Still	et	al.,	
2009	

From LUH to PFT map 

Natural	lands	
…	

C3	grass	
C4	grass	

Borelal	Need.	
Forest	

Conversion	based	
on	ESA-CCI	land-
cover	map	

Reference	Year	
2010	
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From LUH to PFT map 



Prospective	IPSL	2018/Volet	communication	et	médiation/4	mai	2018 	Page	20	AGCI	LUMIP	meeting	•	Snowmass,	15-20	September	2019 

IPSL-CM6	in	LUMIP	
Where	are	we	?	

● 	Tier	1	
● 	deforest-globe	(3	members) 	done	

● 	hist-noLu	(3	members) 	 	done	

● 	land-hist 	 	 	done 		

● 	land-noLu	 	 	 	to	be	done	

● 	land-hist-AltStartYear 	 	to	be	done	

● ssp370- ssp126Lu 	 	on-going	

● 	ssp370- ssp126Lu 	 	on-going	

● 	esm-ssp585-	ssp126Lu 	 	to	be	done	

● 	Tier	2 	to	be	done	
● 	land-hist-altLu1,	land-hist-altLu2,	land-cCO2,	land-cClim,	land-crop-grass	

● 		
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Preliminary	analysis	of	deforest-globe	exp.	

Initial	Tree	fraction	 Tree	fraction	change	
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Deforest-globe	exp.	

Results LSCE | AgroParisTech 

 

34 
 

All 3 members produce similar changes with respect to the piControl simulation, except for precipitation 

where we see a spread of more than 2% that can be attributed to internal model variability (Figure 13). 

Overall, this analysis reveals that deforestglobe simulations are “reliable” and that the impact of the initial 

condition and thus the impact of the model internal variability is relatively small compared to the effect 

induced by the deforestation experiment. We can thus use any member in the analysis as we are sure to 

get similar results. 

3.3. Energy budget in depth analysis 
Let’s start the analysis at global scale and then focus on the Amazon region. 

3.3.1. Global 
3.3.1.1. Deforestglobe 

 

Surface temperature absolute difference (deforestglobe) 

 
Figure 14: Global surface temperature change due to deforestation 

 

Surface temperature change induced by the deforestation varies between –0.3 °K and 0.4 °K (figure 14). 

Note that it is the change of the surface skin temperature computed by the ORCHIDEE model as a result 

of the resolution of the surface energy balance equation. The temperature is computed at each time step 

so that the radiative long wave emission closes the energy balance equation.  In the deforested tropical 

regions, surface temperature increased, while temperature decreased in some northern deforested areas 

(North America, East Asia). We also note that although the experiment only concerns deforestation over 

land, there are large changes over the oceans with for instance large temperature increase over the 

northern part of the Atlantic. This reflects the complexity of the climate system where changes over one 

region can affect the overall globe with significant changes in the main circulation patterns. 

a) b) 

Mean	over	30	years	
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Zoom	on	Amazon	

Surface	temperature	change	

Surface	temperature	seasonal	
amplitude	change	
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Seasonal	variations	
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Thank	you	for	your	attention	
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Multi-layer	snow	scheme	

•  3	layers	scheme	to	improve:	
•  Snow	dynamic	(spring)	
•  Snow	–	vegetation	
interactions	(Shrub,	
grass,	..)	
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Soil	freezing	scheme	

•  Increase	winter	soil/air	temp.					
(≈	1°C)		

•  decrease	summer	soil/air	temp.		
•  increase	snow	fall		
•  Highly	sensitive	to	surface	heat	

conductivity	
Standard	soil	conductivity		 decrease	conductivity	for	upper	10	cm	

Delta	
Surface		

Temperature	
(summer,	°K):	

	
‘freezing’	
minus	

‘no	freezing’	

8	

-	8	

Cooler	air	
temperature	

Air	temperature	
lower	than	0°C	

Switch	from	rain	
to	snow	fall	

Higher	
albedo	

Colder	soil	
surface	&	snow		

Accumulate	
snow	on	ground	

feedback		


