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How evaporation is represented ? 

•  In the 2-layer scheme, there is an explicit soil 
resistance to evaporation 

•  In the 11-layer scheme, the potential 
evapotranspiration is the flux set as a boundary 
condition to the diffusion scheme. 
–  Either the potential evapotranspiration can be supplied 
–  Either a minimal evaporation flux is defined by setting the 

soil water content of the first layer to the residual  
 
⇒ Different schemes, no direct comparison 
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Many sources of uncertainties 

•  Only measurements of the evapotranspiration, no 
direct measurements of evaporation 

•  Evaporation and transpiration components are 
driven by the LAI which is computed by ORCHIDEE 
⇒ Differences between observed and modelled LAI 

•  Observed Energy budget is not closed by approx. 
15-20% 
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Latent heat flux on different vegetation types 

 

•  Good performance of the 11-layer scheme over 
cropland sites, even during bare soil periods (only 
evaporation, no transpiration) 

OBS 
2-layer 
11-layer 
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Searching for possible processes … 

•  That may explain the bias on evaporation 
•  Modelled differently for crops and forests PFT within 

ORCHIDEE 
⇒  Aerodynamic resistance and the 

parameterization of the roughness height 

  

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

j2ua
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
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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 
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Roughness height calculation in ORCHIDEE 
•  Calculation of the averaged z0 for a grid point  

–  For true bare soil and “bare soil” of vegetated PFTs 
z0 = 0.01 m   weighted by tot_baresoil 

–  For grass and crops 
z0 = 1/16 * height    weighted by veget 

–  For trees 
z0 = 1/16 * height    weighted by veget_max   

⇒ One assumes that the trunk and the branches 
impact as a full canopy coverage on z0 

•  Search for literature supporting that z0 varies with 
LAI 
–  Ershadi et al. (2015) uses the formulation of Su et al. (2001) 
–  An evaluation of different z0 formulations by Liu et al. (2007) 
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Formulation of Su et al . (2001) 

•  Roughness height for momentum transfer  
 
where 
–  hc is the canopy height 
–  η is the ratio of friction velocity to wind speed, defined as function of LAI 

•  Roughness height for water vapor transfer 
 

 
 
 
where 

 fc the fraction of canopy coverage and fs the fraction of soil coverage 

where rs
a and rs

s are aerodynamic and surface resistances for the soil
surface. RHVPD=b is a soil moisture constraint that is used following
Fisher et al. (2008). This function is based on the complementary
hypothesis and describes land–atmosphere interactions via the air
vapor pressure deficit VPD and relative humidity RH, with b
assigned a constant value of 200. The soil surface resistance rs

s is cal-
culated as:

rs
s ¼ rcorrrtotc ðD14Þ

where rtotc is a function of VDP and biological parameters rmin
bl and

rmax
bl as follows:

rtotc ¼

rmax
bl VPD 6 VPDopen

rmax
bl $

rmax
bl $rmin

blð Þ%ðVPDclose$VPDÞ
VPDclose$VPDopen

VPDopen < VPD < VPDclose

rmin
bl VPD P VPDclose

8
>><

>>:

ðD15Þ

VPDopen is the VPD when there is no water stress on transpiration
and VPDclose is the VPD when water stress causes stomata to close
almost completely, halting plant transpiration. Values for rmax

bl ,
rmin

bl , VPDopen and VPDclose are listed in Table B1.
The aerodynamic resistance at the soil surface (rs

a) is parallel to
both the resistance to convective heat transfer (rs

h) and the resis-
tance to radiative heat transfer rs

r , with its components calculated
as:

rs
a ¼

rs
hrs

r

rs
h þ rs

r
ðD16Þ

where rs
r ¼ rwc

r and rs
h ¼ rs

s.
Table 2 shows the Biome-Property-Lookup-Table (BPLT) used in

the Mu model. As explained by Mu et al. (2011), VPD and Tmin

parameters were derived from calibrations performed by Zhao
et al. (2005), but other parameters were calibrated based on biome
aggregated observed evaporation and Gross Primary Production
(GPP) values at 46 AmeriFlux tower sites, some of which are
included in the current study.

Appendix E. The dynamic roughness parameterization method

In the Su et al. (2001) method, the roughness height for
momentum transfer is calculated as:

z0m ¼ hc 1$ d0

hc

! "
exp $j

g

! "
ðE1Þ

where hc is the canopy height and g is the ratio of friction velocity to
the wind speed at the canopy top, calculated as
g = c1 $ c2 exp($c3CdLAI) with c1 = 0.32, c2 = 0.264, c3 = 15.1 and
the drag coefficient Cd = 0.2. The roughness length for heat transfer
(z0h) can be derived by assuming an exponential relationship

between z0m and z0h as z0h = z0m/exp(jB$1), where B$1 is the inverse
Stanton number. To estimate the jB$1 parameter, the method of Su
et al. (2001) suggests:

jB$1 ¼ jCd

4Ctb 1$ exp $ nec
2

# $# $ f 2
c þ 2f cf s

jgz0m=hc

C't
þ jB$1

s f 2
s ðE2Þ

where fc is the fractional canopy coverage and fs is its complement
(for soil coverage). Ct is the heat transfer coefficient of the leaf, C't is
the heat transfer coefficient of the soil and nec is within-canopy
wind speed profile extinction coefficient.

As noted by Su (2002), the first term of Eq. (E2) follows the full
canopy model of Choudhury and Monteith (1988), the third term is
that of Brutsaert (1982) for a bare soil surface and the second term
describes the interaction between vegetation and a bare soil sur-
face. Following Brutsaert (1999), for a bare soil surface the jB$1

s

is calculated as jB$1
s ¼ 2:46Re1=4

' $ lnð7:4Þ with Re⁄ being the
Reynolds number. More details about the methodology and formu-
lation are available in Su et al. (2001) and Su (2002).

Appendix F. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jhydrol.2015.04.
008.
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where rs
a and rs

s are aerodynamic and surface resistances for the soil
surface. RHVPD=b is a soil moisture constraint that is used following
Fisher et al. (2008). This function is based on the complementary
hypothesis and describes land–atmosphere interactions via the air
vapor pressure deficit VPD and relative humidity RH, with b
assigned a constant value of 200. The soil surface resistance rs

s is cal-
culated as:

rs
s ¼ rcorrrtotc ðD14Þ

where rtotc is a function of VDP and biological parameters rmin
bl and

rmax
bl as follows:

rtotc ¼

rmax
bl VPD 6 VPDopen

rmax
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blð Þ%ðVPDclose$VPDÞ
VPDclose$VPDopen
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bl VPD P VPDclose
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VPDopen is the VPD when there is no water stress on transpiration
and VPDclose is the VPD when water stress causes stomata to close
almost completely, halting plant transpiration. Values for rmax

bl ,
rmin

bl , VPDopen and VPDclose are listed in Table B1.
The aerodynamic resistance at the soil surface (rs

a) is parallel to
both the resistance to convective heat transfer (rs

h) and the resis-
tance to radiative heat transfer rs

r , with its components calculated
as:

rs
a ¼

rs
hrs

r

rs
h þ rs

r
ðD16Þ

where rs
r ¼ rwc

r and rs
h ¼ rs

s.
Table 2 shows the Biome-Property-Lookup-Table (BPLT) used in

the Mu model. As explained by Mu et al. (2011), VPD and Tmin

parameters were derived from calibrations performed by Zhao
et al. (2005), but other parameters were calibrated based on biome
aggregated observed evaporation and Gross Primary Production
(GPP) values at 46 AmeriFlux tower sites, some of which are
included in the current study.
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In the Su et al. (2001) method, the roughness height for
momentum transfer is calculated as:

z0m ¼ hc 1$ d0
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where hc is the canopy height and g is the ratio of friction velocity to
the wind speed at the canopy top, calculated as
g = c1 $ c2 exp($c3CdLAI) with c1 = 0.32, c2 = 0.264, c3 = 15.1 and
the drag coefficient Cd = 0.2. The roughness length for heat transfer
(z0h) can be derived by assuming an exponential relationship

between z0m and z0h as z0h = z0m/exp(jB$1), where B$1 is the inverse
Stanton number. To estimate the jB$1 parameter, the method of Su
et al. (2001) suggests:
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where fc is the fractional canopy coverage and fs is its complement
(for soil coverage). Ct is the heat transfer coefficient of the leaf, C't is
the heat transfer coefficient of the soil and nec is within-canopy
wind speed profile extinction coefficient.

As noted by Su (2002), the first term of Eq. (E2) follows the full
canopy model of Choudhury and Monteith (1988), the third term is
that of Brutsaert (1982) for a bare soil surface and the second term
describes the interaction between vegetation and a bare soil sur-
face. Following Brutsaert (1999), for a bare soil surface the jB$1

s

is calculated as jB$1
s ¼ 2:46Re1=4

' $ lnð7:4Þ with Re⁄ being the
Reynolds number. More details about the methodology and formu-
lation are available in Su et al. (2001) and Su (2002).
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where rs
a and rs

s are aerodynamic and surface resistances for the soil
surface. RHVPD=b is a soil moisture constraint that is used following
Fisher et al. (2008). This function is based on the complementary
hypothesis and describes land–atmosphere interactions via the air
vapor pressure deficit VPD and relative humidity RH, with b
assigned a constant value of 200. The soil surface resistance rs

s is cal-
culated as:

rs
s ¼ rcorrrtotc ðD14Þ

where rtotc is a function of VDP and biological parameters rmin
bl and

rmax
bl as follows:

rtotc ¼

rmax
bl VPD 6 VPDopen

rmax
bl $

rmax
bl $rmin

blð Þ%ðVPDclose$VPDÞ
VPDclose$VPDopen

VPDopen < VPD < VPDclose
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bl VPD P VPDclose
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VPDopen is the VPD when there is no water stress on transpiration
and VPDclose is the VPD when water stress causes stomata to close
almost completely, halting plant transpiration. Values for rmax

bl ,
rmin

bl , VPDopen and VPDclose are listed in Table B1.
The aerodynamic resistance at the soil surface (rs

a) is parallel to
both the resistance to convective heat transfer (rs

h) and the resis-
tance to radiative heat transfer rs

r , with its components calculated
as:

rs
a ¼

rs
hrs

r

rs
h þ rs

r
ðD16Þ

where rs
r ¼ rwc

r and rs
h ¼ rs

s.
Table 2 shows the Biome-Property-Lookup-Table (BPLT) used in

the Mu model. As explained by Mu et al. (2011), VPD and Tmin

parameters were derived from calibrations performed by Zhao
et al. (2005), but other parameters were calibrated based on biome
aggregated observed evaporation and Gross Primary Production
(GPP) values at 46 AmeriFlux tower sites, some of which are
included in the current study.

Appendix E. The dynamic roughness parameterization method

In the Su et al. (2001) method, the roughness height for
momentum transfer is calculated as:

z0m ¼ hc 1$ d0

hc

! "
exp $j

g

! "
ðE1Þ

where hc is the canopy height and g is the ratio of friction velocity to
the wind speed at the canopy top, calculated as
g = c1 $ c2 exp($c3CdLAI) with c1 = 0.32, c2 = 0.264, c3 = 15.1 and
the drag coefficient Cd = 0.2. The roughness length for heat transfer
(z0h) can be derived by assuming an exponential relationship

between z0m and z0h as z0h = z0m/exp(jB$1), where B$1 is the inverse
Stanton number. To estimate the jB$1 parameter, the method of Su
et al. (2001) suggests:

jB$1 ¼ jCd

4Ctb 1$ exp $ nec
2

# $# $ f 2
c þ 2f cf s

jgz0m=hc

C't
þ jB$1

s f 2
s ðE2Þ

where fc is the fractional canopy coverage and fs is its complement
(for soil coverage). Ct is the heat transfer coefficient of the leaf, C't is
the heat transfer coefficient of the soil and nec is within-canopy
wind speed profile extinction coefficient.

As noted by Su (2002), the first term of Eq. (E2) follows the full
canopy model of Choudhury and Monteith (1988), the third term is
that of Brutsaert (1982) for a bare soil surface and the second term
describes the interaction between vegetation and a bare soil sur-
face. Following Brutsaert (1999), for a bare soil surface the jB$1

s

is calculated as jB$1
s ¼ 2:46Re1=4

' $ lnð7:4Þ with Re⁄ being the
Reynolds number. More details about the methodology and formu-
lation are available in Su et al. (2001) and Su (2002).

Appendix F. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jhydrol.2015.04.
008.
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Table B1
The Biome-Property-Lookup-Table (BPLT) adopted from Mu et al. (2011). Land covers are defined as evergreen needleleaf forest (ENF), evergreen broadleaf forest (EBF), deciduous
needleleaf forest (DNF), deciduous broadleaf forest (DBF), mixed forest (MF), woody savannahs (WL), savannahs (SV), closed shrubland (CSH), open shrubland (OSH) and cropland
(CRO). GRA class is for grassland, urban and built-up, and barren or sparsely vegetated biomes, collectively.

Crop ENF EBF DNF DBF MF CSH OSH WL SV GRA CRO

Topen
min (!C) 8.31 9.09 10.44 9.94 9.5 8.61 8.8 11.39 11.39 12.02 12.02

Tclose
min (!C) $8 $8 $8 $6 $7 $8 $8 $8 $8 $8 $8

VPDclose (Pa) 3000 4000 3500 2900 2900 4300 4400 3500 3600 4200 4500
VPDopen (Pa) 650 1000 650 650 650 650 650 650 650 650 650
gh (m s$1) 0.04 0.01 0.04 0.01 0.04 0.04 0.04 0.08 0.08 0.02 0.02
ge (m s$1) 0.04 0.01 0.04 0.01 0.04 0.04 0.04 0.08 0.08 0.02 0.02
cL (m s$1) 0.0032 0.0025 0.0032 0.0028 0.0025 0.0065 0.0065 0.0065 0.0065 0.007 0.007
rmin

bl (m s$1) 65 70 65 65 65 20 20 25 25 20 20
rmax

bl (m s$1) 95 100 95 100 95 55 55 45 45 50 50
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Impacts on the energy budget 

•  On the latent heat flux 

 
•  On the sensible heat flux 

With Cd the drag coefficient = ( ra ua )-1  

Surface energy budget

Cs
∂

∂t
Ts = SWnet + LWnet + F t

H,s + L.E +G (1)

LWnet = LWdown − εσTs
4 − (1− ε)LWdown (2)

F t
H,s = ρ |−→v |Cd(H

t
1 −Ht

s) (3)

L.Et
s = Lρ |−→v |Cdβ(q

t
1 − qsat(T

t
s)) (4)
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Evaluation at site level (1) 

OBS 
11-layer 
11-layer with Su formulation 
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Evaluation at site level (1) 
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11-layer 
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Evaluation at site level (1) 

OBS 
11-layer 
11-layer with Su 

Latent Heat flux @ Walker 
Branch site (TeDBF) 
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Evaluation at site level (2) 

OBS 
2-layer 
11-layer with Su formulation 
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Conclusion & Perspectives 

•  Accounting for a roughness height varying with the 
canopy coverage  
–  can correct alone for the bias on evaporation 
–  a soil resistance can be added but it is not needed 

•  Implementation of the formulation of Su et al. 
–  Relatively complex 
–  More simple formulations could be envisaged ? 

•  Work on the water stress on GPP  
–  Can now be envisaged 
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Conclusion & Perspectives 

•  Accounting for a roughness height varying with the 
canopy coverage  
–  can correct alone for the bias on evaporation 
–  a soil resistance can be added but it is not needed 

•  Implementation of the formulation of Su et al. 
–  Relatively complex 
–  More simple formulations could be envisaged ? 

•  Work on the water stress on GPP  
–  Can now be envisaged 

Thank you ! 
 

Thanks to Vladislav Bastrikov for the 
post-treatment scripts and plots 


