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The Soil, Vegetation, and Snow land surface scheme 
The Interactions between Surface, Biosphere, and Atmosphere (ISBA) scheme has 

been used operationally at the Meteorological Service of Canada (MSC) since 2001 for 

the prognostic evolution of land surface variables (temperature, soil moisture, snow) and 

to provide fluxes of heat, water, and momentum in the Global Environmental Multi-scale 

(GEM) model (Bélair et al. 2003a,b, 2009).  Throughout these years, several weaknesses 

have been identified in the representation of land surface processes with ISBA, but were 

not corrected due to the scheme’s operational status (which always makes it difficult to 

change physical parameterizations).  In this document, a new land surface scheme is 

documented.  This scheme, called the Soil, Vegetation, and Snow (SVS) scheme, is 

developed and tested as a replacement to ISBA in MSC’s operational numerical 

environmental prediction applications.   

The main features of SVS are the following, as compared with ISBA: 

• energy and water budgets for vegetation, two snow packs, and ground underneath 
vegetation and snow (with new tiling approach); 

• improved parameterization of the vegetation thermal coefficient; 
• inclusion of photosynthesis process in order to evaluate the surface stomatal 

resistance;  
• new formulations for land surface albedo and emissivity; 
• new snow pack under the vegetation; 
• root density function depending on the vegetation type; 
• multi-layer water vertical transport in the soil; 
• representation of freeze/thaw (F/T) state for each soil layer; 

These modifications, along with the rest of SVS, are described and discussed below.   

A. Land surface prognostic variables and parameters  

The number of prognostic variables has been substantially increased in SVS, as 

shown in this list:  

• TGS:  surface temperature of bare ground (K), 
• TGd:  surface mean temperature of bare ground (K),  
• TVS:  surface temperature of vegetation canopy (K), 
• TVd:  mean surface temperature of vegetation canopy (K), 
• TSNS:  surface temperature of snow over low or non-vegetated areas (K), 
• TSNd:  mean surface temperature of snow over low or non-vegetated areas (K), 
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• TSVHS:  surface temperature of snow under high vegetation (K), 
• TSVHd:  mean surface temperature of snow under high vegetation (K), 
• WSSN:  snow mass over low or non-vegetated areas (kg m-2), 
• WSSVH:  snow mass under high vegetation (kg m-2), 
• WLSN:  liquid water in the snow pack over low or non-vegetated areas (kg m-2), 
• WLSVH:  liquid water in the snow pack under high vegetation (kg m-2),  
• αSN:  albedo of the snow pack over low or non-vegetated areas, 
• αSVH:  albedo of the snow pack under high vegetation,  
• ρSN:  density of the snow pack over low or non-vegetated areas (kg m-3), 
• ρSVH:  density of the snow pack under high vegetation (kg m-3),  
• w(n):  liquid volumetric soil moisture content for each soil layer (m3 m-3), 
• wf(n):  solid volumetric soil moisture content for each soil layer (m3 m-3), 
• Wr:  liquid water in the vegetation canopy (kg m-2).   

The following land surface parameters have to be provided to SVS:   

• z0m: roughness length for momentum turbulent transfers representative of the 
entire model grid cell area (m) 

• z0m_local:  roughness length for momentum turbulent transfers, including only the 
vegetation component (m) 

• vlow:  fractional coverage of low vegetation (grass, crops, shrubs) over land, 
• vhigh:  fractional coverage of high vegetation (forests) over land, 
• LAI:  total leaf area index over vegetation area of the land surface (m2 m-2),  
• LAIvh:  leaf area index over high-vegetation area of the land surface (m2 m-2),  
• sand:  sand fraction of soil (%),  
• clay:  clay fraction of soil (%),  
• drz:  root-zone depth (m),  
• B: form parameter for subgrid-scale surface flow (or runoff),   
• αg_WS:  bare ground broadband white-sky (diffused radiation) albedo for visible 

and near-infrared,  
• αg_BS:  bare ground broadband black-sky (direct radiation) albedo for visible and 

near-infrared,  
• αveg_WS:  vegetation broadband white-sky (diffused radiation) albedo for visible 

and near-infrared,  
• αveg_BS:  vegetation broadband black-sky (direct radiation) albedo for visible and 

near-infrared,  
• εV:  vegetation emissivity. 

 
 

B. Tiling approach  

As is the case for ISBA, the SVS surface scheme is used to calculate surface fluxes 

over land only.  Surface fluxes (and more generally physical processes) over sea-ice, 
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glaciers, cities, and water bodies are addressed by other sets of parameterizations within 

the surface modeling system.  

The tiling approach has been substantially modified in SVS compared with ISBA in 

order to calculate energy budgets for (a) bare ground, (b) vegetation, (c) ground under the 

vegetation, (d) snow covering bare ground and low vegetation, and (e) snow covering the 

ground under high vegetation.  Land cover fractions are modified in SVS in order to 

accommodate the multiple energy budgets.  Figure 1 illustrates the new land surface 

tiling approach.  

Fig1. Land Surface Tiling Approach In Multibudget ISBA

Bare Ground
(1 - vlow - vhigh )

Low Vegetation
vlow

High Vegetation
vhigh

Snow over
Bare Ground

(1-vlow-vhigh) psn

(1-vlow-vhigh)(1 - psn)

Snow over
Low Vegetation

vlow psn

vlow (1 - psn)

Snow under
High Vegetation

vhigh psvhvhigh (1 - psvh)

 
 
In this figure, vlow is the fraction of low vegetation over land, vhigh  is the fraction of high 

vegetation over land,  psvh is the fraction of snow under high vegetation, and psn is the 

fraction of snow covering low vegetation or bare ground.  

The land surface tiling is done in two steps.  First the land tile is divided into (1) 

bare ground, (2) low vegetation, and (3) high vegetation fractions, adding up to a hundred 

percent.  These three land cover types are then further split into a snow or no-snow areas, 

with corresponding fractions. The high vegetation is distinguished from low vegetation in 

a pre-processor, and both fractions are provided as input to SVS based on the vegetation 

type.  If a particular vegetation type is deemed to be high enough not to be covered by 

snow (i.e., forests), it is considered to be “high”, otherwise it is specified as “low”.  The 

remainder of the land, i.e., ( )highlow vv −−1 , is considered as bare ground. 
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In SVS, it is assumed that the snow pack overlaying bare ground and low 

vegetation evolves as one, with the associated snow cover fraction equal to  

     







= 0.1,min

crn

s
sn W

Wp                                         (1) 

where Ws is the snow mass or the equivalent water content of the snow reservoir (kg m-2), 

and Wcrn = 10 kg m-2.  The snow pack under the high vegetation evolves separately, and 

the associated snow cover fraction (psvh) is given by a similar equation: 

                                                   

    







= 0.1,min
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svh
svh W

Wp                                                   (2) 

where Wsvh is the equivalent water content of the snow under high vegetation (SVH 

subscript) reservoir (kg m-2).  It should be noted that the spatial fraction in (2) represents 

the snow fraction under high vegetation as seen from the “ground”.  To compute the 

snow fraction under high vegetation as seen from space or from the atmosphere ( asvhp _ ), 

the ground fraction psvh  must be modified to account for  the shielding effect of leaves 

following: 

                                              ( ) svhvhasvh pILALAIp 0.0,max 0_ ′−=                                    (3) 

where ),max( woodvhvh fLAIILA =′  to account for the effect of the woody portions of 

forests (fwood = 0.1 for forests, and fwood = 0 for other land uses),  LAIvh  is the leaf area 

index (LAI) of high vegetation (m2 m-2) and,  LAI0 is a threshold value of leaf area index 

(1.0 m2 m-2 is used here). 

Given the above, the land portion of each model grid area is partitioned based on 

the following fractions: 

 bare ground:  

                                                      ( )( )snhighlow pvv −−− 11                                               (4) 

 vegetation (low and high): 

                                                   ( ) ( )svhhighsnlow pvpv −+− 11                                           (5) 

 snow (excluding snow under vegetation): 
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                                       ( ) )1(1 highsnlowsnhighlowsn vpvpvvp −=+−−                          (6) 

 snow under high vegetation: 

                                                                 highsvhvp .                                                          (7)       

From the atmosphere, however, the vegetation fraction is ( ) ( )asvhhighsnlow pvpv _11 −+− , 
while the snow under high vegetation  fraction is highasvh vp _ .   
 
 
C.  Vertical layering in SVS 

Another major difference with ISBA is related to the vertical layering, or vertical 

discretization, used in SVS for the different surface components.  As shown in Fig. 2, 

SVS considers a single-layer vegetation canopy for which the Force-Restore (FR) 

equations are used for the evolution of instantaneous and mean canopy temperatures.  For 

the ground portion, two single-layer snow packs can be represented over bare soil and 

under the high vegetation.  In the SVS FR version (as presented in this document), the 

snow temperature evolves according to the FR equations, as in ISBA.  The forcing being 

different over bare soil and under the vegetation, the two snow packs evolve differently.   

In the soil, a set of layers of a predefined number NL is used.  Soil moisture is 

represented in each of these layers based on vertical transport, evapotranspiration, and 

surface / lateral flows.  In this first version of SVS (presented in this document), soil 

temperature is defined only at the soil surface and its evolution is based on a simple 

approach.  In future SVS versions, soil temperature will be defined at the interface of 

each of the soil layer, and will evolve based on vertical heat transport and phase changes, 

with a closure at the surface based on energy budgets for all the land sub-tiles, including 

bare soil as well as soil under vegetation and under snow (with and without vegetation).  

Thus, several soil temperature profiles will be represented in SVS.  This more 

sophisticated version of SVS will allow for the representation of F/T processes for each 

soil layer.  When present, the single snow layer will be part of the numerical solution of 

the vertical diffusion of heat in SVS.   



RPN PHYSICS SCIENTIFIC DOCUMENTATION  
_______________________________________________________________________________________ 

 

 6 

 

Figure 2. Vertical discretizations of the various surface components in SVS. 

D. Vegetation 

In SVS, a single energy budget is calculated for all types of vegetation. The 

physical properties of the vegetation canopy are calculated using a weighted mean based 

on the fraction of coverage of each vegetation type.  The prognostic equations for the 

superficial and mean vegetation temperatures (TVs and TVd ) are obtained from the FR 

method: 

  )(2)( VdVsVVVV
Vs TTLEHRC
t

T
−−−−′=
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τ
π                              (8) 

                                 )(1
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t

T
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∂
∂

τ
                                                                   (9) 

in which RV, HV, LEV are the net radiation, sensible heat and latent heat fluxes over 

vegetation.  Typically, the thermal coefficient VC′  is much larger than its counterpart CG 
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for bare soil (Deardorff 1978, Dickinson 1984) because heat storage is much smaller in 

vegetation canopy than in the ground.    

The thermal coefficient VC′  has been modified for vegetation (compared with what 

is done in ISBA) to take into account the contribution of the bare ground visible through 

the vegetation canopy; it is written as: 

                         ( ) ( )
noleafVV C

LAI
ILALAIC

LAI
LAIILAC

0

0

0

0 0.0,max,min ′−
+

′
=′                    (10) 

where ),max( woodfLAIILA =′  to account for the effect of woody portions of forests, LAI 

is the aggregated value (m2m-2), LAI0 still has a reference value of 1.0 m2m-2, CV is the 

heat capacity of vegetation canopy (same values for all types of vegetation, chosen to be 

larger than in ISBA:  CV = 4.x10-5 K m2 J-1, double of what is used in ISBA), and Cnoleaf  

is the thermal coefficient for the leafless portion of the vegetation area 

( )( ) ( )( )
highlow

SVHsvhgsvhhighSNsngsnlow
noleaf vv

CpCpvCpCpv
C

+
+−++−

=
11

             (11) 

where CSN and CSVH are the thermal coefficients of the snow and snow-under-vegetation 

packs.    

The net radiation at the canopy surface is given by:  

                          { } )( 4
____ VsSBSIVBSSSBSVWSSSWSVSSv TFFFFR σεαα −+−−= −−−−  (12) 

where Vε  is the aggregated vegetation emissivity and α V_WS , α V_BS are the white-sky 

and black-sky albedos for vegetation.  All these quantities are provided as input to SVS.  

The sensible heat flux over vegetation is given by: 

                                                   
( )

V

aVspa
V RESA

TTc
H

−
=
ρ

                                                    (13) 

where RESAv is the aerodynamical surface resistance for the vegetation given by 

( ) 1−
avH VC with CHv being the drag coefficient for heat over vegetation.  The latent heat of 

evaporation from vegetation is VVaV ELLE ρ= , where EV is the vegetation vapor flux 

provided by: 
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                ( ) ( )( ) ( )
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                      (14) 

in which hV is the Halstead coefficient and qsat (TVs) is the saturated specific humidity at 

temperature TVs.  If the vapor flux is negative (i.e., qsat (TVs) < qa) , it is assumed that a 

dew flux occurs at the potential rate and hV is set to 1.0.  When the vapor flux is positive 

(i.e., qsat (TVs) > qa),  the Halstead coefficient hV  is calculated as :  

                                                    
cV

c
V rRESA

rh
+

−
−=

)1(1 δ                                                    (15) 

in order to account for both direct evaporation of intercepted water and the transpiration 

from vegetation.  In (15), rc is the stomatal (canopy-surface) resistance, and δ is a 

function of the moisture content of the interception reservoir given by Deardorff (1978):  

                               ( )
( ) maxmax

max

)21(,min2
,min

rrr

rr

WLAIWWLAI
WW

++−
=δ                               (16) 

in which Wr  is the water content retained by the canopy, and Wrmax is a maximum value 

of Wr over which the water cannot be retained by the canopy (foliage), and as a result, 

runoff to ground underneath takes place.  Following Dickinson (1984), Wrmax is 

proportional to the density of the canopy: 

       LAI.W maxr 20=                                              (17) 

The surface stomatal resistance is obtained from representation of photosynthesis 

processes, and is described in detail in section E.  The root-zone profile follows Schenk 

and Jackson (2003), based on: 

                       ( ) c

D
D

Dr









+

=

50

1

1                                                       (18) 

in which r(D) is the fractional amount of roots (compared with the total amount of roots) 

above depth D (in cm), D50 is the depth at which 50% of roots are found above, and c is a 

shape parameter.  By setting D50 = 50 cm, and by having D95 = 100 drz, then the shape 

parameter can be determined, i.e.,   
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in which drz is the depth of the root zone layer.  The fractional roots amount in a specific 

layer n is given by:   

   fn,root = r(n) – r(n-1)     (20) 

As mentioned above, a positive vegetation vapor flux includes the contribution of 

both direct evaporation from the fraction of the foliage covered by intercepted water, and 

transpiration from the remaining part of the leaves.  A negative vapor flux consists only 

of the dew flux, with the leave transpiration set to zero.  Specifically, the transpiration 

flux Etr is given by: 

( )( )







≤

>−
+

−
=

aVssat

aVssataVssat
cVtr

qTqif

qTqifqTq
rRESAE

)(.0

)(1 δ
                      (21) 

while the direct evaporation vapor flux Ed is simply the difference between the vegetation 

vapor flux and the transpiration flux: 

trvd EEE −=                                                          (22) 

and the associated direct latent heat flux is given by dVad ELLE ρ= . 

E.  Photosynthesis 

A representation of photosyntesis processes is used to determined the surface 

stomatal resistance (or its inverse the stomatal conductance).  In the photosynthesis 

model used in SVS both the effect of atmospheric 2CO  concentration and land-

atmosphere 2CO  exchanges are taken into account.  The SVS photosynthesis module is 

based on the biochemical approach (Farquhar et al., 1980; Collatz et al., 1991, 1992).  It 

calculates intercellular 2CO  concentration ic , net canopy photosynthesis rate, 

nA ( 12
2

−− smmolCOµ ), canopy leaf maintenance respiration ( mLR ), and of course the 

stomatal resistance rc (or conductance gc).  Both big-leaf and two-leaf (sunlit and shaded) 

approaches are included as options in SVS. 
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The gross photosynthesis rate ( 0A ) is co-limited by assimilation rates based on 

enzyme Rubisco ( cJ ), light ( eJ ) and transport capacity ( sJ ).  The photosynthetic rate  is 

limited by the photosynthetic Rubisco ( cJ ), and is written as: 

 

             ]
)/1(

[
aaci

i
mc KOKc

cVJ
++
Γ−

=      for C3 plants     (23)  

and 

     mc VJ =    for C4 plants     (24) 

where mV (mol 2CO 12 −− sm ) is the temperature adjusted maximum catalytic capacity of 

Rubisco, ic is the intercellular 2CO concentration, aO (Pa) is the partial pressure of 

atmospheric oxygen ( pOa 2095.0= ), Γ is the 2CO compensation point, p is the air 

pressure (Pa), and cK and oK (Pa) are the Michaelis-Menten constants for 2CO and 2O , 

respectively.  Also, mV , Γ , cK  and oK  are all temperature dependent functions.   

C3 and C4 refers to the carbon fixation metabolic pathways.  C3 plants 

approximately represent 95% of the Earth’s plant biomass, and thrive in regions with 

moderate sunlight and temperature, and with pleny of soil moisture.  These plants lose 

97% of the water gathered by their roots to evaporation.  C4 plants are more recent in the 

World’s history.  This metabolic pathway is less frequent than for C3, but is more 

efficient in terms of water loss to the atmosphere.  C4 plants include a large portion of 

grasses, as well as crops such as maize, sugar cane, and sorghum.    

The gross photosynthetic rate limited by the light ( eJ ) is written as:   

            ]
2

[)1(
Γ+
Γ−

−=
i

i
PARe c

cFJ ϖα           for 3C plants   (25) 

             PARe FJ )1( ϖα −=                        for 4C plants   (26) 

 

where α is the quantum efficiency and values of 0.08 and 0.04 are used for 3C  and 4C  

plants, respectively.  Moreover, ϖ is the leaf scattering coefficient (with values of 0.15 
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and 0.17 are used for 3C and 4C  plants, respectively) and FPAR is the incident 

photosynthetically active radiation. 

sJ represents the gross photosynthetic rate limited by the capacity to transport 

photosynthetic products for  3C  plants, but is the 2CO -limited capacity for 4C plants.               

                  mS VJ 5.0=                 for 3C  plants   (27) 

             
p
cVJ i

mS
4102×=             for 4C  plants   (28) 

   

Thus the gross photosynthetic rate at the top of canopy ( 0A ) is co-limited by cJ , 

eJ and sJ . To avoid a too-abrupt transition, these three limiting rates are combined into 

two quadratic equations (Collatz et al., 1991), the smaller root of which is then selected 

as 0A . 

0)(2
1 =++− ececpp JJJJJJβ                              (29) 

(30) 

    

where pJ is the smoothed minimum of cJ and eJ . Values of 0.95 and 0.99 are used for 

the empirical constants, 1β  and 2β , respectively. 

For the two-leaf model, cJ and sJ  are estimated using the same equations as for the 

one-leaf model.  A difference though is that scattering is included in calculating the light 

extinction parameter bk  (see below), and therefore the term ϖ−1  in (25) and (26) is 

omitted for the estimate of the gross photosynthetic rate limited by the light ( eJ ): 

 

             ]
2

[
Γ+
Γ−

=
i

i
e c

cIJ α            for 3C plants              (31) 

             IJe α=                      for 4C plants    (32) 

where I is the diffused fraction of PAR for the shaded part of the canopy and is the direct 

beam fraction for the sunlit part.  

The 2CO compensation point Γ in (23) to (26) for 3C and 4C plants is based on: 

0)(0
2
02 =++− spsp JJJJAAβ
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σ2
aO

=Γ     for C3 plants    (33) 

          Γ = 0                for C4 plants    (34) 

in which σ is Rubisco:  )57.0(0.2600 25f=σ , and 25f  is the standard 10Q  temperature 

function )25(1.0
101025 )( −= VdTQQf . 

The Michelis-Menton constants for 2CO ( cK ) and 2O  ( oK ) in (23)-(24) are given 

by   

)2.1(103

)1.2(30

25
4

25

fK
fK

o

c

×=

=
     (35) 

and the temperature-adjusted maximum catalytic capacity of Rubisco,  mV , used in (23)-

(24) and (27)-(28) is given by: 

)}](3.0exp{1)}][(3.0exp{1[
)0.2(25max

Vdlowupc
m TTTT

fVV
−+−+

=                       (36) 

where maxV  is the maximum Rubisco capacity and is specified as an input parameter in 

photosynthesis subroutine, TVd is canopy temperature, and upT  and lowT  are temperature 

thresholds which are taken as vegetation dependent constants.   

The photosynthesis rate at leaf level ( 0A ) modeled by describing the co-limitation 

effect of cJ , eJ  and sJ  is then scaled up from leaf to canopy based on the assumption 

that the profile of leaf nitrogen content through the depth of the canopy follows the time-

mean profile of radiation (Sellers et al., 1992).  Similar to the scaling up of FPAR to 

canopy ( )1(1
Tn Lk

n
scale e

k
f −−=   ) in the big-leaf model the photosynthesis rate at leaf 

level, 0A , is scaled up to canopy ( canopyA ) by: 

n

LAIk

canopy k
eAA

n−−
=

1
0                                        (37) 

in which nk  is a vegetation-dependent nitrogen extinction coefficient.  

In the two-leaf model the canopy is divided into sunlit and shaded fractions for 

which the photosynthesis rates are estimated separately.  The photosynthesis rates over 
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the depth of the canopy for sunlit ( sunA ) and shaded ( shaA ) fractions of the canopy are 

described as: 

)(
)1( )(

,0
bn

LAIkk

sunsun kk
eAA

bn

+
−

=
+−

                                       (38) 

)11(
)(

,0
bn

LAIkk

n

LAIk

shasha kk
e

k
eAA

bnn

+
−

−
−

=
+−−

                       (39) 

where bk is the light extinction parameter and is written as functions of cosine of solar 

zenith angle ( µ ) and leaf scattering coefficient (ϖ ) (Sellers ,1985):  

2
1

)1()( ϖ
µ
µ

−=
Gkb                (40) 

µφφµ 21)( +=G         (41) 
2

1 33.0663.05.0 χχφ −−=          (42) 

)21(877.0 12 φφ −=        (43) 

where χ is an empirical vegetation-dependent parameter describing leaf angle 

distribution (values between -0.4 and 0.6).  The total canopy photosynthesis for two-leaf 

model is then obtained by adding sunA  and shaA . 

Most vegetative canopies suffer from soil water stress when soil moisture is low. 

The effect of soil water stress on photosynthetic rate ( canopyA ) is given by 

   )(, soilcanopystressedcanopy wGAA =       (44) 

The soil moisture stress term, )(θG , is given by 

  2,)0.1(0.1)( =−−= nwG n
soil β        (45) 

   ]],1min[,0max[)(
wiltfc

wiltsoil
soil ww

www
−
−

=β        (46) 

where β is the degree of soil saturation, wsoil, wwilt and wfc are the soil moisture content, 

wilting point soil moisture and field capacity, respectively.  The soil moisture stress 

G(wsoil) is calculated for all soil layers and then weighted according to the root fraction in 

each layer.  



RPN PHYSICS SCIENTIFIC DOCUMENTATION  
_______________________________________________________________________________________ 

 

 14 

Finally, the net canopy photosynthesis rate, nA ( 12
2

−− smmolCOµ ) is calculated to 

estimate canopy conductance:  

    mLstressedcanopyn RAA −= ,         (47) 

where mLR is canopy leaf maintenance respiration, which is written as 

canopyml AR 015.0=     for C3 plants          (48) 

canopyml AR 025.0=      for C4 plants          (49) 

Studies have shown that during daytime mLR  is less sensitive than photosynthesis to air 

temperature (Pons and Welschen, 2003; Xu and Baldocchi, 2003).   

In SVS, formulations from Ball et al. (1987) and from Leuning (1995) can be used 

to evaluate the canopy conductance, cg ( 12
2

−− smCOµ . The Ball et al. stomatal 

conductance is given by, 

     LAIb
c

phAmg
s

sn
c +=        (50) 

where sh is the relative humidity, and sc is partial pressure of 2CO at the leaf surface (Pa). 

Both m and b are vegetation dependent parameters.   

Leuning (1995) on the other hand uses the vapor pressure deficit instead of relative 

humidity to calculate cg , which is written as,       

   LAIb
D

Dc
pAmg

s

n
c +

+Γ−
=

)1(
1

)(
0

        (51) 

where D is air vapor pressure deficit (Pa), 0D is a vegetation dependent parameter (Pa).   

The 2CO partial pressure at the leaf surface, sc , used in Ball et al. (1987) and 

Leuning (1995) formulations is obtained from 

   n
bsa Ag

p
cc

=
−

4.1
         (52) 

The aerodynamic conductance, bg , is obtained from the land surface model as an input. 

The intercellular 2CO  concentration, ic , used in calculating assimilation rates in (23)-

(28) is also estimated by net canopy photosynthesis rate, nA , 
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   n
cis Ag

p
cc

=
−

6.1
        (53) 

In SVS, intercellular 2CO  concentration, iC , is used to find the value of canopy 

photosynthesis rate, An, which is then used to calculate intercellular 2CO  concentration. 

This cycle is repeated in an iterative process, with four iterations performed every time 

step.  

Finally, the stomatal resistance is simply written as, 

c
c g

r 1
=      (54) 

This stomatal resistance is then used for the calculation of evapotranspiration, as 

described in the previous subsection.   

F. Bare ground 
The prognostic equations for the superficial and mean bare ground temperatures 

(TGs and TGd) are obtained from the FR method, as proposed by Bhumralkar (1975) and 

Blackadar (1976):   

                                      )(2)( GdGsgggg
Gs TTLEHRC
t

T
−−−−=

∂
∂

τ
π                             (55) 

                                     )()(1
ggfgGdGs

Gd meltfreezLCTT
t

T
−+−=

∂
∂

τ
                           (56) 

where t stands for time, Cg is the thermal coefficient for bare ground, Rg, Hg, LEg are the 

net radiation, sensible heat and latent heat fluxes over bare ground respectively, Lf is the 

latent heat of fusion, freezg and meltg are fluxes of freezing and melting soil water, and τ 

is a time constant equal to one day.  The thermal coefficient of bare ground is given by: 

                    125
10ln2

intint

JKm100.2;
)001.0,max(

−−×≤










+
= g

b

f

sat
gsatg C

ww
wCC            

(57) 

where Cgsat is the soil thermal coefficient at saturation, wsat is the saturation soil moisture 

volumetric content, wint is the soil moisture volumetric content for an intermediate soil 

layer (chosen here as about 10 cm, which corresponds to the two top soil layers), wfint is 

the volumetric water content of frozen soil water in the same soil layer, and b is the slope 
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of the retention curve (Noilhan and Planton 1989).  The soil thermal properties are 

obtained from the sand and clay fractions.  The net radiation over bare ground is given 

by: 

        { } )( 4
____ GsSBSIgBSSSBSgWSSSWSgSSg TFFFFR σεαα −+−−= −−−−                    (58) 

Where −−
SISS FF ,  are the total incoming solar and infrared radiation, −−

WSSSBSSS FF __ ,  are the 

incoming direct / diffuse solar and infrared radiation at the surface, αg_WS and αg_BS  are 

the white-sky (diffuse) and black-sky (direct) albedos for bare ground, εg is the bare 

ground emissivity, and σSB is the Stefan-Boltzmann constant.  The bare ground albedo is 

provided as an input to SVS, based on land use / land cover classification and possibly on 

space-based remote sensing information (e.g., MODIS).  Without going into all the 

relatively complex details of the specification of the bare ground albedo (which involves 

some downscaling and comparison with NDVI products), it can be mentioned that bare 

ground albedo (and emissivity) can be determined based on the sand and clay fraction in 

the soil, as well as the soil wetness.  A bi-linear approach is used to interpolate between 

the albedo / emissivity values of four “extreme” soil types: dry-sand, wet-sand, dry-clay 

and wet-clay.  These values are listed in Table 1 below. 

 

Table 1. Albedo and emissivity values for soil types based on 
Handbook of Soil Science, M.E. Summer, 2000. 

 
Soil Type Albedo Emissivity 
dry sand 0.35 (αdrysand) 0.95 (εdrysand) 
wet sand 0.24 (αwetsand) 0.98 (εwetsand) 
dry clay 0.15 (αdryclay) 0.95 (εdryclay) 
wet clay 0.08 (αwetclay) 0.97 (εwetclay) 

 

The bare ground albedo and emissivity are thus: 

SWIASWIASWIASWIA wetclaywetsanddryclaydrysandg )1()1)(1()1( −++−−+−= ααααα    (59) 

SWIASWIASWIASWIA wetclaywetsanddryclaydrysandg ).1(.)1)(1()1( −++−−+−= εεεεε  (60) 

in which ( )claysandsandA +=  and ( ) ( )wiltsatwilt wwwwSWI _1_1_11 −−=  is the soil 

wetness index for the near-surface soil layer, where w1 is the soil moisture content for the 

first soil layer (typically of 5 cm depth) and w1_wilt is the soil water content at the wilting 
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point for this same layer.  It should be noted that the topsoil layer can dry past the wilting 

point or become supersaturated, but SWI must be constrained to the [0,1] range (A is in 

this range by construction).   

The sensible heat flux over bare ground is: 

                                                   
( )

g

aGspa
g RESA

TTc
H

−
=
ρ

                                                    (61) 

where ρa and Ta correspond to the air density and temperature at the forcing atmospheric 

level, cp is the specific heat of dry air, and RESAg is the aerodynamical surface resistance 

of the bare ground given by ( ) 1−
aHgVC where CHg is the turbulent exchange coefficient for 

heat over bare ground and Va is wind speed at the lowest atmospheric level.  It should be 

mentioned that a minimum value for Va is enforced in SVS (as it was for ISBA).  Also, 

the exchange coefficient CHg is calculated using roughness lengths representative of both 

the entire model grid area (for momentum fluxes) and the bare ground (for thermal 

fluxes).  The latent heat of evaporation from the bare ground is geffag ELLE ρ= , where 

Eg is the bare ground water vapor flux and Leff is the effective latent heat. Effective latent 

heat is computed to account for the sublimation of ice in the soil, and is defined as 

follows: 

                                                   viceiiceeff LfLfL )1( −+=                                                (62) 

in which  

intint

int

ww
w

f
f

f
ice +
=                                                       (63) 

is the fraction of ice in the intermediate soil layer defined above, and Li and Lv are the 

latent heat of sublimation and evaporation respectively.  The bare ground vapor flux is: 

                   
g

aGssatg
g RESA

qTqHR
E

−
=

)(
                                               (64) 

where HRg is a “relative humidity” of bare ground, qsat (TGs) is the saturated specific 

humidity of air near bare ground at temperature TGs, and qa is the atmospheric specific 

humidity at the lowest model level.  If the bare ground vapor flux is negative because the 

low level air is more moist i.e.,  qa > qsat(TGs)   , then the Eg is set to zero.  The relative 
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humidity HRg of the bare ground surface is related to the superficial soil moisture w1 

following  

                            


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
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



−
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ww

ww
w
w
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1

1
1

if   1

ifcos0.1
2
1 π

                          (65) 

where wfc is  volumetric water content at the field capacity (Noilhan and Planton 1989).  

It can be seen in (65) that when the soil is very humid, it is assumed that the humidity of 

the bare ground surface is equivalent to a saturated surface (similar to a water surface).  

In case of dew flux when qsat(TGs) < qa , HRg is also set to 1.0 (see Mahfouf and Noilhan 

1991 for details).   

In (56),  freezg and meltg are the fluxes associated with the freezing and melting of 

soil water.  Based on Giard and Bazile (1999), these fluxes are proportional to differences 

between the soil surface (Ts) and the freezing / melting temperatures (i.e., T0=273.16 K):   

                   )( 0
int

int
int s

b

sat
wg TT

w
wKdfreez

freez

−







= ρ      with    gfreez≤0                     (66) 

                         )( 0int TTKdmelt swg −= ρ                        with     gmelt≤0                      (67) 

where ρw is the water density, dint is the depth of the intermediate soil layer used for 

melting and freezing processes, K=1.0x10-6, and bfreez=4.0 is a coefficient used to control 

the freezing rate of soil water in the model.  For simplicity’s sake, the temperature of the 

superficial soil layer (Ts) is now approximated by taking a coverage-weighted mean of 

the bare ground skin temperature (TGs), the mean vegetation temperature (TVd), the mean 

snow temperature (TSNd), and the mean SVH (TSVd) temperatures:   

( ) ( ) ( )

( ) ( )( )
  

    

vegetation

Vdsvhhighsnlow

SVH

SVHdhighsvh

snow

SNdsnhigh

groundbare

Gssnhighlows

Tpvpv

TvpTpvTpvvT

−+−+

+−+−−−=

11

111
            (68) 

rather than a more physical solution.  The associated mean soil temperature (Td) 

(representative of temperature at a deeper soil depth, approximately 10-20 cm below the 

soil surface)  is a prognostic variable computed using the force-restore method (with only 

the restore term): 
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                                                       )(1
ds

d TT
t

T
−=

∂
∂

τ
.                                                    (69) 

Equations for the other temperatures, TSNd, TSVHd, and TVd, are discussed in the sections 

below.   

G.  Snow  
Two distinct snow packs are considered in SVS:  one overlaying bare ground and 

low vegetation, and the other under high vegetation.  While each of these two snow packs 

evolve separately, the physical equations describing their evolution are for the most part 

identical as will be described below.  For brevity’s sake, the subscript “SN” refers to 

snow over bare ground and low vegetation, and the subscript “SVH” to snow under high 

vegetation.   

The prognostic equations for the superficial and mean snow temperatures (TXs and 

TXd , with X= SN or SVH ) are obtained from the force-restore method following:   

  )(2)()( XdXsXrainXXfXXXXX
Xs TTmeltmeltfreezLCLEHRC
t

T
−−−−+−−=

∂
∂

τ
π    (70)                                                     

)(1
XdXs

Xd TT
t

T
−=

∂
∂

τ
                                                                                                       (71) 

in which CX is a thermal coefficient,  RX, HX, LEX  are the net radiation, sensible heat and 

latent heat fluxes over the appropriate snow canopy, and freezX , meltX and meltXrain are the 

fluxes of freezing, melting of snow, and melting of snow due to incident rain 

respectively.  The thermal coefficient of snow is given by: 

                    
2
1

2 







=

τλ
π

XX
X c

C                                                      (72) 

where ( ) 88.1/ wXiX pρλλ =  (Yen 1981) and ( )iXiX cc ρρ=  are the appropriate snow 

thermal conductivity and heat capacity respectively, in which Xρ  is the  snow density, λi 

=2.22 W(K m)-1 , ci =2.106x103 J (kg K)-1, and ρi = 900 kg m-3 are the constant thermal 

conductivity, heat capacity, and density of ice, respectively.   

The net radiation for the SN canopy is given by: 
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)()1( 4
SNsSBSISSSSNSN TFFR σεα −+−= −−                                     (73) 

where αSN is the albedo of the SN canopy and εS  is the emissivity of snow (constant at 

0.97 in SVS).  It should be noted that the incoming solar radiation is not split into direct 

and diffuse components for snow, due to the large uncertainty in specifying 

corresponding albedos.  The SVH net radiation balance is modified from (73) to account 

for partial transmission through the vegetation canopy of both incoming solar radiation 

and outgoing surface/snow radiation, and for the contribution of high vegetation 

downward radiant flux to the SVH energy budget, such that: 

( ) 44 1)()1( VsSBSVHsSBSISSSSVHVHSVH TTFFR σχσχεατ −+−+−= −−                  (74) 

in which 

( )






−=

L

vh
vh

LAI
φ

τ
cos2

exp                                                      (75) 

is the canopy transmissivity for high vegetation (Sicart, 2004), in which LAIvh is the leaf 

area index aggregated over high vegetation types only, Lφ  is the solar angle, and 

 ( )vhLAI−= expχ                                                         (76) 

is the skyview factor for high vegetation, roughly approximated from Versheghy et al. 

(1993) who used ( )vhLAI5.0exp −  and ( )vhLAI5.1exp −  for needleleaf and broadleaf 

trees, respectively.  It should be noted that there is a (small) inconsistency in the current 

formulation of the scheme because the outgoing radiant snow energy that is in theory 

intercepted by high vegetation ( )()1( 4
SVHsSBS Tσεχ− ) is not considered in the vegetation 

energy budget.  

The sensible heat flux over snow is: 

                                                   
( )

X

aXspa
X RESA

TTc
H

−
=
ρ

                                                 (77) 

where TXs is the surface snow temperature, and RESAX is the aerodynamical surface 

resistance, given by ( ) 1−
aHXVC where CHX is the drag coefficient for heat over the 

appropriate snow canopy.  The latent heat of evaporation / sublimation from snow is 
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XiaX ELLE ρ= , where EX is the snow water vapor flux.  Because snow is always 

considered as “saturated”, the specific humidity of snow is exactly equal to the saturation 

specific humidity and the snow vapor flux is given by: 

                   
X

aXssat
X RESA

qTqE −
=

)(                                                     (78) 

where qsat (TXs) is the saturated specific humidity at temperature TXs.   

The melt and freezing fluxes of snow are given by: 

                         
tLC

TTfreez
fX

Xs
X ∆

−
=

)( 0       with    
t

Wfreez LX
X ∆
≤≤0                           (79) 

                              
tLC

TTmelt
fX

Xs
X ∆

−
=

)( 0       with      
t

Wmelt SX
X ∆
≤≤0                          (80) 

where ∆t is the model timestep, WLX is a prognostic variable for the liquid water content 

retained in the appropriate snow pack, WSX is the appropriate snow mass (equivalent 

water content of snow).  The melting associated with rain falling on the snow can be 

written as  

tLC
TTfmelt

fX

rain
rainXrain ∆

−
=

2
0                                                 (81) 

where Train is the temperature of the rain falling on the snow (taken to be the low-level air 

temperature Ta) and frain is a factor modulating the strength or the rain melt term 

depending on the intensity of precipitation; if the rain intensity is relatively small, then 

frain=0, otherwise frain  increases proportionally to the rainrate up to a maximum value of 

1.0. 

The equivalent water content of the snow reservoir, i.e., the snow mass (WSX), 

evolves according to:   

XrainXXXwR
SX meltmeltfreezES
t

W
−−+−=

∂
∂

ρ                            (82) 

where SR is the snowfall rate and ρw EX represents the sublimation of the appropriate snow 

surface.  The liquid water in the snow pack (WLX) evolves based on: 
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XXXX
LX freezmeltRUPS
t

W
−+−=

∂
∂                                    (83) 

where PSX  represents the contribution of rain and/or vegetation runoff  to WLX  and  RUX 

is the runoff of liquid water from the appropriate snow pack.  Depending on the snow 

pack considered, PSX is given by:   

        
( )
RSN

dintercepteRRSVH

RPS

RVRRPS

=

+−=
                                      (84) 

where RR is the rainfall, RRintercepted is the portion of the rain rate intercepted by vegetation, 

and RV is the runoff from the vegetation canopy. The liquid runoff from the vegetation 

canopy is only considered in the SVH case because by definition the entire snowpack is 

under the vegetation in the SN case. When the amount of liquid water in the snow 

approaches and exceeds a critical water content WLXmax, there is percolation (throughfall) 

of liquid water towards the ground, following 

( )
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τ
                            (85) 

where    

SX
R
XLX WcW =max                                                           (86) 

in which τhour is a time constant of one hour and R
Xc is a retention factor depending on the 

appropriate snow density:  
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ρρ
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min

                         (87) 

with Rcmin  = 0.03, Rcmax  = 0.10, and eρ  = 0.2.  

The presence of snow covering the ground and vegetation can greatly influence the 

energy and mass transfers between the land surface and the atmosphere.  Notably, a snow 

layer modifies the radiative balance at the surface by increasing the albedo.  To consider 
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this effect, the albedo of snow αX is treated as a prognostic variable.  If snow is melting, 

the albedo decreases linearly with time to a minimum value of minSα =0.5: 

( )
min

minmax )()()( SX
crn

SSRmelt
XX twith

W
Stttt αααα

τ
ταα ≥







 −
−∆−∆−=            (88) 

otherwise, when the snow is “cold”,  the albedo increases linearly with time: 

( ) ( )
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
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


∆−−∆−+=

          (89) 

up to a maximum value of maxSα = 0.8.  In this formulation, )(tXα is the prognostic 

albedo of the appropriate snow canopy at the current time step, )( ttX ∆−α  is the snow 

albedo from the previous time step, meltτ =0.008  and 24.0=freezτ . 

The snow density (ρX) evolves under the influence of three factors:  (1) snowfall, (2) 

freezing of liquid water in the snow pack, and (3) aging of the snow canopy.  These three 

factors are applied in SVS in a sequential manner.  Normally, the density of freshly 

falling snow is less than that of snow on the ground, with the effect that snowfall reduces 

the snow density:   

( )
*

*
* )(

SX

fallRXRSX
X W

tStttSW ρρ
ρ

∆+∆−∆−
=                                   (90) 

where *
Xρ  is an intermediate snow density value after snowfall, ( )ttX ∆−ρ  is the snow 

density at the previous-timestep, ( )tSWW RSXSX ∆= ,max* , and fallρ  is an estimate of the 

density of falling snow given by: 

( ) 3
min

22
02 25026).(6.109 4

1
−≤≤++−+= mkgwithvuTT fallaamfall ρρρ        (91) 

where T2m is the air temperature 2 meters above ground level (AGL), ua and va are the u 

and v component of the wind at 10 meters, and 50min =ρ kg m-3.  As the snowpack ages, 

snow settles due to gravity, and the simulated density increases exponentially following: 
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where **
Xρ  is an intermediate value of snow density after snow pack aging, and maxXρ  is 

the maximum snow density of the appropriate snow canopy.  The maximum snow density 

is a diagnostic variable determined this way: 
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where xh  is the snow depth (units of cm).  Finally, the increase of snow density due to 

freezing of water in the snow pack is calculated based on the exchange of water  between 

the WLX and WSX reservoirs so that: 
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= **                         (94) 

where ( )tXρ  is the snow density at time t , and 900=iceρ  kg m-3 is the density of pure 

ice.  Based on (94), the snow density can have values much larger than ρX max, which is 

normal near the end of the cold season. The snow depth is directly related to the snow 

density by XSXx Wh ρ= . 

H.  Hydrology 

As has been shown in Fig 2, the SVS scheme includes NL number of predefined soil 

layers. The corresponding prognostic equations for soil moisture volumetric content in 

the different layers are:   
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in which w1, w2, …. wNL are the mean soil volumetric water contents for the different soil 

layers, and d1, d2, …., dNL are the depths of these layers. Furthermore, RUV is the water 

throughfall from the vegetation, and RUsurf is the surface flow (or runoff). 

For the w1 evolution, (95) represents the water budget over the soil layer of depth 

d1.  The first term on the RHS includes the effect of rainfall, throughfall from snow and 

vegetation, melting/freezing, evaporation, transpiration, and surface flow.  The other 

terms, K1 and D1, are respectively for gravitational flow (drainage) and diffusion 

contributions from the first to the second layer.   

The gravitational drainage from any layer n is proportional to the water amount 

exceeding that at field capacity (i.e., wn - wfc) (see Mahfouf et al. 1994):   
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in which C3 is a parameter that depends on soil texture only.  The diffusion from the n-th 

layer is given by: 
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                                                    (99) 

where the new parameter C4 has been calibrated against multilayer soil hydrological 

models, and is expressed following: 
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with the C4ref and C4b parameters being functions of the soil texture, and the layer-

averaged soil water content is given by: 
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A value of 6 is used for the exponent q.  Based on Boone et al. (1999), this value was 

determined by carrying out numerous numerical simulations and then comparing 
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diffusion between a multilayer soil model and ISBA-3L (the 3-layer version of ISBA 

force-restore at Meteo-France).  As the soil moisture gradient increases, the layer-

averaged water content used to evaluate the diffusion restore coefficient (C4) is 

increasingly weighted by the value of the wettest of the two subsurface soil layers.   

For the last layer (i.e. layer NL), the first term on the RHS represents loss of water 

due to evapotranspiration (based on the fraction of roots in this layer), the second term is 

for the exchange with the layer above it due to gravitational and diffusive flows, and the 

third term is the base flow, i.e., loss due to gravitational flow at the base of the layer. 

The temporal evolution of volumetric water content of frozen soil water (i.e., wf) is 

represented in SVS using the following equation: 

         gg
f

w meltfreez
t

w
d −=

∂
∂

1ρ .                        (102) 

And the final “reservoir” that is part of SVS’s simulated water budgets, the water 

content Wr of liquid water in the vegetation canopy, is forced by formation of dew and by 

interception of rainfall.  This water evaporates in the air at a potential rate from the 

fraction δ [see (16)] of the foliage covered with a film of water, as the remaining part 1-δ 

of the leaves transpires.  Following Deardorff (1978),  

( ) ( )( ) max0)(11    WWwithRUEERpvpv
t

W
rVtrVrsvhhighsnlow

r ≤≤−−−−+−=
∂
∂     

(103) 

where, as in previous equations, EV is the evaporation from the vegetation including the 

transpiration Etr and the direct evaporation Ed when positive, and the dew flux when 

negative (in this case Etr = 0), and Wrmax is the same as in (17).  

Runoff in SVS is based on the Variable Infiltration Capacity (VIC) model (Wood et 

al. 1992, Habets et al. 1999), and is given by  
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in which RUsurf is the surface runoff accumulated over a single time step, RUg is the 

liquid water reaching the surface (from rainfall or throughfall from vegetation or snow 
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melt) during the same time step,  B is a form parameter to be calibrated, im is the 

maximum infiltration capacity, given by 

  ( ) intsatm dwBi += 1                        (105) 

and io is the infiltration capacity, given by 
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1
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11                                     (106) 

To circumvent problems related to the intensity of the surface runoff, a time step value of 

3600s is used for RUsurf and RUg (with renormalization to the model time step t∆ ).  

These values are consistent with those used in the VIC model.   

I.  Grid-scale mean values 
For the net radiation flux Rsurf , the net sensible heat flux Hsurf, the total latent heat 

flux of evaporation LEsurf , the total water vapor flux Esurf , the mean surface albedo αsurf , 

and the mean skin temperature Tsurf, the spatial averaging is done using an area-of-

coverage weighted mean: 

( )( ) ( )

( ) ( )( )
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Xpvpv

XvpXpvXpvvX

_

_

11

111

−+−+

+−+−−−=
            (107) 

where Xsurf  is the appropriate aggregate surface variable; and XG, XV, XSN   and XSVH are 

the corresponding bare ground, vegetation, snow, and snow-under-high-vegetation 

variables, respectively.  It should be noted that the asvhp _  snow fraction is used for this 

aggregation, which is done from the point of view of the atmosphere (in relation with the 

atmospheric model GEM).    

For surface humidity, the following equation is used:   
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( )( ) ( )
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J.  Surface boundary conditions for vertical diffusion 

In current versions of SVS and GEM, the surface schemes interact with the overlying 

atmosphere through GEM’s vertical diffusion.  The surface schemes (including SVS) 

provide the lower boundary condition to the following diffusion equations: 
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As part of the numerical solution of these equations, the lower boundary conditions can 

be written in this manner: 

 ++=
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Making the link with the fluxes calculated in SVS, based on the similarity theory applied 

to the atmospheric surface layer: 

     ( )[ ]++ −−−=
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in which fS indicates whether the lower boundary condition is implicit (fS=1) or explicit 

(fS=0).  

The α and β coefficients then become:   

    ( )[ ]atmNKSST fuC _* 1 θθαθ −−−= +    and   ST fuC *−=θβ     (118) 

( )[ ]atmNKSSTq qfquC _* 1−−−= +α    and   STq fuC *−=β     (119) 

0=Vα    and   V*uCMq −=β      (120) 

It should be noted that in the explicit case, the α coefficients are exactly the surface 

fluxes of temperature and humidity, which can be derived from an aggregation of the 

subgrid-scale components.  Unfortunately, using an explicit boundary condition at the 

surface often leads to numerical instabilities.  For this reason the implicit treatment is the 

default option in SVS and GEM.  The price to pay for this numerical stability is a slight 

inconsistency between the amount of heat and humidity calculated in SVS and the 

amount received by the atmosphere.   

K.  Upcoming developments 
There are several aspects of SVS that are currently being improved: 

• representation of subgrid-scale variability for the calculations related with 

the surface / atmospheric turbulent fluxes,  

• vertical transport of soil water based on diffusion theory;   

• inclusion of subsurface / lateral flow and base flow (drainage) based on 

subgrid-scale slope information,  

• vertical transport of heat in the soil, using K-diffusion, and including the 

two snow packs; 
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• improved treatment of F/T state of the soil,  

• inclusion of interception of snow by vegetation.   

 

APPENDIX A:  Numerical solution of the Force-Restore equation for surface 

temperature.   

The Force-Restore equation for the surface temperatures of bare ground, vegetation, and 

snow, has the form:   

  [ ] [ ]dsn
s TTLEHRC
t

T
−−−−=

∂
∂

τ
π2       (A1) 

where Ts is the surface (skin) temperature (of bare ground, vegetation, or snow), C is a 

thermal coefficient, Rn is the net radiation, H is the sensible heat flux, LE is the latent heat 

flux, τ is a time constant of one day, and Td is the mean surface temperature.    

The net radiation is given by:  

  ( ) 41 sLSn TFFR σεα −+−= ↓↓     (A2) 

in which FS↓ is the total downwelling solar radiation (note that for simplicity this quantity 

is not split into direct and diffuse components), α is the surface albedo, and FL↓ is the 

downwelling longwave radiation.   

The sensible heat flux is given by: 

 ( )asTpa TuCcH θρ −= *     (A3) 

in which CT is the coefficient for turbulent exchanges of heat between the surface and the 

atmosphere, u* is the friction velocity, and θa is the air potential temperature at the lowest 

atmospheric model (on which temperature is defined).   

The latent heat flux is given by:   

   [ ]assatTa qTqhuuCLLE −= )(*ρ     (A4) 

in which hu is the surface “relative humidity”, qsat(Ts) is the saturation value of specific 

humidity for air at temperature Ts, and qa is the specific humidity at the lowest 

atmospheric level (on which specific humidity is defined – same as air temperature).   
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Following this, and considering temporal discretization, (A1) can be rewritten as follows: 

( ) ( ) ( )[ ]{ }assatTaasTpasLS
ss qTqhuuCLTuCcTFFC

t
TT

−−−−−+−=
∆
− +++

↓↓

−+

**
41 ρθρσεα  

    ( )ds TT −− +

τ
π2      (A5) 

Proceeding with a linearization of the type: 

  ( ) ( ) ( ) ( )sssss TfTTTfTf ′−+= ++     (A6) 

we get: 

 ( )[ ]344 4 −−+−+ −+≈ sssss TTTTT σεσε        (A7) 

     ( ) ( ) ( ) ( )
T
TqTTTqTq ssat

ssssatssat ∂
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−+≈
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Going back to (A5), we have the full equation to solve for +
sT : 
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