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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:

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

e improved parameterization of the vegetation thermal coefficient;

e 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),

Teq: surface mean temperature of bare ground (K),

Tvs: surface temperature of vegetation canopy (K),

Tvg: mean surface temperature of vegetation canopy (K),

Tsns: surface temperature of snow over low or non-vegetated areas (K),

Tsng: mean surface temperature of snow over low or non-vegetated areas (K),
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Tsvns: surface temperature of snow under high vegetation (K),

Tsvng: mean surface temperature of snow under high vegetation (K),
Wssn: snow mass over low or non-vegetated areas (kg m™),

Wssvi: snow mass under high vegetation (kg m™),

Wysn: liquid water in the snow pack over low or non-vegetated areas (kg m™),
Wysvh: liquid water in the snow pack under high vegetation (kg m™),
asn: albedo of the snow pack over low or non-vegetated areas,

asvh: albedo of the snow pack under high vegetation,

psn: density of the snow pack over low or non-vegetated areas (kg m™),
psvi: density of the snow pack under high vegetation (kg m™),

W): liquid volumetric soil moisture content for each soil layer (m*m?),
Ws(n): solid volumetric soil moisture content for each soil layer (m*m?3),
W;: liquid water in the vegetation canopy (kg m™).

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

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

Zom local:  Toughness length for momentum turbulent transfers, including only the
vegetation component (m)

Viow: 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 (m? m™),

LAl leaf area index over high-vegetation area of the land surface (m? m),
sand: sand fraction of soil (%),

clay: clay fraction of soil (%),

dr,: root-zone depth (m),

B: form parameter for subgrid-scale surface flow (or runoff),

ag ws: bare ground broadband white-sky (diffused radiation) albedo for visible
and near-infrared,

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

aeg ws: Vegetation broadband white-sky (diffused radiation) albedo for visible
and near-infrared,

avey Bs: Vegetation broadband black-sky (direct radiation) albedo for visible and
near-infrared,

&y: 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.
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Figl. Land Surface Tiling Approach In Multibudget ISBA

In this figure, viow is the fraction of low vegetation over land, vnign is the fraction of high
vegetation over land, psn is the fraction of snow under high vegetation, and ps, 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., (1— Viw — vhigh), 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

P, = min(v\\//\/s ,1.0J 1)

crn

where W; is the snow mass or the equivalent water content of the snow reservoir (kg m™),
and W = 10 kg m. The snow pack under the high vegetation evolves separately, and

the associated snow cover fraction (psyn) iS given by a similar equation:

psvh = mln[&/ﬂ,lOJ (2)

crn

where Wq,, is the equivalent water content of the snow under high vegetation (SVH
subscript) reservoir (kg m?). 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 ( p,, ),

the ground fraction ps,, must be modified to account for the shielding effect of leaves
following:

Psh a = maX(LAlo - LAI\;h’ O'O)psvh 3)

where LA, =max(LAIl,, f,.) to account for the effect of the woody portions of

forests (fwood = 0.1 for forests, and fuo0q = O for other land uses), LAl is the leaf area
index (LAI) of high vegetation (m?m™) and, LAl is a threshold value of leaf area index
(1.0 m®>m™ is used here).
Given the above, the land portion of each model grid area is partitioned based on
the following fractions:
= Dare ground:

(1_ Viw ~ Vhigh )(1_ Psn ) (4)
= vegetation (low and high):
Viow (1_ Psn )"‘ Vhigh (1_ psvh) (5)

= snow (excluding snow under vegetation):
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psn (l - Vlow - Vhigh ) + psnvlow = psn (l - Vhigh) (6)
= snow under high vegetation:
PsvVhigh - (7)

From the atmosphere, however, the vegetation fraction is v,,, (1 p,, )+ Vhigh (1— psvh_a),
while the snow under high vegetation fraction is pg,, Vg, -

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 N 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

VEGETATION
(single layer)
SNOW SNOW
(single layer) (single layer)
SOIL 1
2
N.-1
N.

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 (Tys and Tyq ) are obtained from the FR

method:
oT, , 2
E=Ci(R, ~Hy ~LE) - (T, ~Ty) ®)
T
oT, 1
— - (TVS - TVd ) (9)
ot T

in which Ry, Hy, LEy are the net radiation, sensible heat and latent heat fluxes over

vegetation. Typically, the thermal coefficient C,, 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 C, 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:

_ min(LAI', LAIO)CV N max(LAI, — LAI',0.0)

! 10
CV LAlO LAIO noleaf ( )

where LAI'=max(LAl, f,,) to account for the effect of woody portions of forests, LAI

is the aggregated value (m*m™), LAl, still has a reference value of 1.0 m®m, Cy is the
heat capacity of vegetation canopy (same values for all types of vegetation, chosen to be
larger than in ISBA: Cy = 4.x10° K m? J*}, double of what is used in ISBA), and Cnojeat

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

C _ Viow ((1_ Psn )Cg + panSN )+ Vhigh ((1 ~ Psvn )Cg + psthSVH ) (11)
noleaf V|0W + Vhigh

where Csy and Csyy are the thermal coefficients of the snow and snow-under-vegetation
packs.

The net radiation at the canopy surface is given by:

R, = {Fs_s — &y wsFss ws — % ssFss s }"'gv (Fs — O_SBTVi) (12)
where &, is the aggregated vegetation emissivity and o v ws , @ v s 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:

_ pacp(TVs _Ta)
= e (13)
RESA,
where RESA, is the aerodynamical surface resistance for the vegetation given by

Hv'a

(C Y )_1With Cuv being the drag coefficient for heat over vegetation. The latent heat of

evaporation from vegetation is LE, = p,L,E, , where Ey is the vegetation vapor flux

provided by:
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Specific Humidity of Vegetation

EV — (hv Osat (TVS)+ (l_ h\/ )qa)_qa — hV (qsat (TVS) - qa) (14)
RESA, RESA,

in which hy is the Halstead coefficient and gsat (Tvs) IS the saturated specific humidity at
temperature Tys. If the vapor flux is negative (i.e., Qsat (Tvs) < Qa) , it is assumed that a
dew flux occurs at the potential rate and hy is set to 1.0. When the vapor flux is positive
(i.e., gsat (Tvs) > Qa), the Halstead coefficient hy is calculated as :

_ (1_5) r.

RESA, +T, (15)

h =1
in order to account for both direct evaporation of intercepted water and the transpiration
from vegetation. In (15), r. is the stomatal (canopy-surface) resistance, and o is a
function of the moisture content of the interception reservoir given by Deardorff (1978):

min(w_,w

5 — - rmax) (16)
—2LAI min(W_,W

+(1+2LADW

rmax) rmax

in which W, is the water content retained by the canopy, and Wmax IS @ maximum value
of W, over which the water cannot be retained by the canopy (foliage), and as a result,
runoff to ground underneath takes place. Following Dickinson (1984), Wimax iS

proportional to the density of the canopy:

W, =02 LAl (17)

rmax

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:

r(D)=— 1 (18)

1+(DJ
D50

in which r(D) is the fractional amount of roots (compared with the total amount of roots)
above depth D (in cm), Ds is the depth at which 50% of roots are found above, and c is a
shape parameter. By setting Dso = 50 cm, and by having Dgs = 100 d,;, then the shape

parameter can be determined, i.e.,
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(100. d, j
LOg
50.

in which dy; is the depth of the root zone layer. The fractional roots amount in a specific

layer n is given by:

fr.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 Ey is given by:

1-5 _
- = T )= f
E = RESA\/ —+ rc (qsat( VS) qa) I qsat (TVs) >qa (21)

tr
O- If qsat (TVS) Sqa
while the direct evaporation vapor flux Eq4 is simply the difference between the vegetation

vapor flux and the transpiration flux:

E,=E,-E (22)

\ r

and the associated direct latent heat flux is given by LE, = p,L, E; .

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 CO, concentration and land-
atmosphere CO, 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 CO, concentration c;, net canopy photosynthesis rate,

A, (umolCO,m™?s™), canopy leaf maintenance respiration (R, ), and of course the

stomatal resistance r. (or conductance g.). Both big-leaf and two-leaf (sunlit and shaded)

approaches are included as options in SVS.
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The gross photosynthesis rate (A,) is co-limited by assimilation rates based on
enzyme Rubisco (J,), light ( J,) and transport capacity (J.). The photosynthetic rate is
limited by the photosynthetic Rubisco (J.), and is written as:

c—-I

J =V ! for C3 plants 23
¢ rn[ci+KC(1+Oa/Ka)] P (23)

and

J. =V, for C4plants (24)

m

where V_(mol CO, m™s™) is the temperature adjusted maximum catalytic capacity of
Rubisco, c,is the intercellular CO,concentration, O, (Pa) is the partial pressure of
atmospheric oxygen (O, =0.2095p), I'is the CO,compensation point, p is the air
pressure (Pa), and K. and K, (Pa) are the Michaelis-Menten constants for CO,and O,,
respectively. Also, V., I', K, and K, 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 (J,) is written as:

¢-T
c +2I

J.=all-a)Fl ] for C,plants (25)

J.=all-a@)Fu for C,plants (26)

where « is the quantum efficiency and values of 0.08 and 0.04 are used for C, and C,

plants, respectively. Moreover, @ is the leaf scattering coefficient (with values of 0.15

10
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and 0.17 are used for C,and C, plants, respectively) and Fpar is the incident

photosynthetically active radiation.

J represents the gross photosynthetic rate limited by the capacity to transport
photosynthetic products for C, plants, but is the CO,-limited capacity for C, plants.

J, =05V, for C, plants (27)

J, = 2x104va—F; for C, plants (28)

Thus the gross photosynthetic rate at the top of canopy (A,) is co-limited by J_,
J.and J,. 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 A, .

ﬂlJﬁ—Jp(JchJe)JchJe:O (29)

BA — A (3, +3,)+ 3,3, =0 (30)

where J is the smoothed minimum of J.and J,. Values of 0.95 and 0.99 are used for
the empirical constants, £, and f,, respectively.
For the two-leaf model, J. andJ, 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 k, (see below), and therefore the term 1-e@ in (25) and (26) is

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

¢-T
c +2I

J.=all ] for C,plants (31)

J.=al for C,plants (32)

where | is the diffused fraction of PAR for the shaded part of the canopy and is the direct
beam fraction for the sunlit part.

The CO, compensation point I"in (23) to (26) for C,and C,plants is based on:

11
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Ir= O, for C3 plants (33)
20
r=0 for C4 plants (34)

in which o is Rubisco: o =2600.0f,.(0.57), and f, is the standard Q,, temperature

function f,(Q,)=Q, "™ .
The Michelis-Menton constants for CO,(K.) and O, (K,) in (23)-(24) are given
by
K.=30f,(2.1
KZ =3x 128‘(‘ fzs)(l.Z) (39)
and the temperature-adjusted maximum catalytic capacity of Rubisco, V., used in (23)-
(24) and (27)-(28) is given by:
v = Vo F25(2.0)
" [L+exp{0.3(T, — T, )L +exp{0.3(T,,, — Ta)}]

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

(36)

where V,,

X

photosynthesis subroutine, Tyq is canopy temperature, and T, and T,,, are temperature

thresholds which are taken as vegetation dependent constants.

The photosynthesis rate at leaf level ( A,) modeled by describing the co-limitation
effect of J_, J, and J, 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 t0

canopy ( f.e :ki(l—ek"LT) ) in the big-leaf model the photosynthesis rate at leaf

n

level, A, is scaled up to canopy (A, ) PY:

1_ g kalA

A%anopy = Aok— (37)

n

in which k, 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

12
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the depth of the canopy for sunlit (A,,,) and shaded ( A,,) fractions of the canopy are
described as:

(1_ e—(kn+kb)LAI)
(k, +k;)

AUH = Ab,sun (38)

1 g alAl 1 _ g (kntko)LA

k Kk, +K,

n

Asha = AO,sha( ) (39)

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

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

(< CW Ly (40)
P
G(u) = ¢ + du (41)
¢ =0.5-0.663y —0.33y (42)
¢, =0.877(1-24,) (43)

where yis 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 A,,, and A, .

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

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

A:anopy,stressed = A:anopyG (Wsoil) (44)

The soil moisture stress term, G(8) , is given by

G(w,,)=1.0-1.0-)", n=2 (45)
(W) = max[0, min[, st~ Thit ] (46)

where fis the degree of soil saturation, w1, Wyiit and Wy are the soil moisture content,

wilting point soil moisture and field capacity, respectively. The soil moisture stress
G(wsoir) is calculated for all soil layers and then weighted according to the root fraction in

each layer.

13
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Finally, the net canopy photosynthesis rate, A (zmolCO,m™?s™) is calculated to
estimate canopy conductance:
A = Avanopy stressea ~ Rt (47)
where R, is canopy leaf maintenance respiration, which is written as
R, =0.015A,,,, for C3plants (48)
R, =0.025A,,,,  for C4 plants (49)

Studies have shown that during daytime R, 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, g, (xCO,m?s™. The Ball et al. stomatal

conductance is given by,

g, = m%mml (50)

S

where h;is the relative humidity, and c; is partial pressure of CO,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 g., which is written as,

_m_AP 1
g, = m(CS “Das %O) + b LAI (51)

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

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

Leuning (1995) formulations is obtained from

Ca _Cs gb
Za_ s Ib _ A 52
p 14 (52)

The aerodynamic conductance, g, , is obtained from the land surface model as an input.
The intercellular CO, concentration, c;, used in calculating assimilation rates in (23)-

(28) is also estimated by net canopy photosynthesis rate, A,

14
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c,—C g
oS o 53
o 16 A, (53)

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

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

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

step.
Finally, the stomatal resistance is simply written as,
=t (54)
9.

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
(Tes and Tgq) are obtained from the FR method, as proposed by Bhumralkar (1975) and
Blackadar (1976):

ot 27
5= Cy(R, — Hy ~ LE)) - (T, ~Toy) (%)
6-'8-? B %(Tes —Tea) + Cg L ( freezg N meltg ) (56)

where t stands for time, Cgy is the thermal coefficient for bare ground, Ry, Hg, LEq are the
net radiation, sensible heat and latent heat fluxes over bare ground respectively, L; is the
latent heat of fusion, freezq and melty are fluxes of freezing and melting soil water, and ¢

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

W %Inlo
C, =Cyu st ; C,<2.0x10°Km*J™
max(w,, + W;,,,0.001)

(57)

where Cgysae IS the soil thermal coefficient at saturation, ws is the saturation soil moisture
volumetric content, wipy 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), Wsin is

the volumetric water content of frozen soil water in the same soil layer, and b is the slope

15
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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:

Rg = {Fs_s 04 ws Fos ws — Ay Bs Fss s }+ &y (Fg — O_SBTG45) (58)

Where Fg, Fg, are the total incoming solar and infrared radiation, Fg o, Fs s are the

incoming direct / diffuse solar and infrared radiation at the surface, agq ws and a4 gs are
the white-sky (diffuse) and black-sky (direct) albedos for bare ground, ¢y is the bare
ground emissivity, and osg 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 (dlgrysand) 0.95 (&grysand)
wet sand 0.24 (oetsand) 0.98 (ewetsand)
dry Clay 0.15 (adryclay) 0.95 (Sdryclay)
wet CIay 0.08 (awetclay) 0.97 (Swetclay)

The bare ground albedo and emissivity are thus:

Ay = Ugygang AL SWI) + @y, (L= A)L— SWI) + ygozng ASWI + ey (L= A)SWI (59)

wetsand wetclay

€4 = Earysans AL SWI) + £ oy (L= A) (L= SWI) + 8,20 A SWI + &0, (L— A).SWI (60)

g wetsand

wetclay
in which A=sand/(sand +clay) and SWI =(w, —w, ;, )/(W o —W ) is the soil

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

first soil layer (typically of 5 cm depth) and w1 _yir is the soil water content at the wilting

16
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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:

_ pan(TGs _Ta)

. RESA, (61)

where p, and T, correspond to the air density and temperature at the forcing atmospheric

level, ¢, is the specific heat of dry air, and RESA is the aerodynamical surface resistance
of the bare ground given by (CHgVa lehere Chg Is the turbulent exchange coefficient for

heat over bare ground and V, is wind speed at the lowest atmospheric level. It should be
mentioned that a minimum value for V, is enforced in SVS (as it was for ISBA). Also,
the exchange coefficient Cygy 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 LE, = p,L«E_ , where

Egq is the bare ground water vapor flux and Less 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:
Lt =Fidi + (1= fi) Ly (62)
in which
Ww. .
fice — fint (63)
Wf int + Wint

is the fraction of ice in the intermediate soil layer defined above, and L; and L, are the
latent heat of sublimation and evaporation respectively. The bare ground vapor flux is:

E — HRg qsat (TGs) - qa

° RESA, ©9

where HRq is a “relative humidity” of bare ground, gsa (Tes) is the saturated specific
humidity of air near bare ground at temperature Tgs, and g, 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., 0,> qsar(Tes) , then the Ey is set to zero. The relative
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humidity HRy of the bare ground surface is related to the superficial soil moisture w,

following

1 1.0 - cos| 4 7 if w <wg
HR, =<2 Wi, (65)

g
1 ifw, >w

where wg, 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 gs.(Tes) < 0a, HRy is also set to 1.0 (see Mahfouf and Noilhan
1991 for details).

In (56), freezq and melty 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., T¢=273.16 K):

satint

bfreel
freez, = pwdimK[ Wi j (To—T,) with 0< freez (66)

melt, = p,d; K(T, - T,) with 0 <melt, (67)
where p,, is the water density, di is the depth of the intermediate soil layer used for
melting and freezing processes, K=1.0x10°, and bree;=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 (Tyq), the mean

snow temperature (Tsng), and the mean SVH (Tsyg) temperatures:

bare ground snow SVH

Ts = (l_ View ~ Vhigh ) (1_ Psn )TGs + (1_ Vhigh ) Psn TSNd + psvhvhigh TSVHd

vegetation

+(Vlow (1_ psn)+vhigh (1_ Psun ))TVd

(68)

rather than a more physical solution. The associated mean soil temperature (Tg)
(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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or, 1
42T -T,). 69
p z_(s a) (69)

Equations for the other temperatures, Tsng, Tsvhd, @and Tyg, 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
Txq, with X= SN or SVH ) are obtained from the force-restore method following:

% =C,(Ry - H, —LE,)+C,L,(freez, —melt, —melt,...) —2—”(TxS —Ty) (70)
T

0T,y

= %(TXS - TXd ) (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 freezyx meltx and meltyin 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:

cxzz[ dd j (72)

Ay Cy T

where 1, = A(p, /p, )™ (Yen 1981) and c, =c,(p,/p,) are the appropriate snow

thermal conductivity and heat capacity respectively, in which p, isthe snow density, 4;

=2.22 W(K m)™, ¢; =2.106x10%J (kg K)*, and p; = 900 kg m™ 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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Roy = (L= agy )Fgs +&5(Fg — o-SBTSA:\ls) (73)

where agsy is the albedo of the SN canopy and s 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:

Rovn = 7yn L= agyn )Fes + 26 (Fg — GSBTSi/Hs) + (1_ I)O-SBTvi (74)
in which
£y = €XP| o (75)
2cos(g, )

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

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

x =exp(- LAI,) (76)
is the skyview factor for high vegetation, roughly approximated from Versheghy et al.
(1993) who used exp(-0.5LAI, ) and exp(—1.5LAl,) 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— y)es (o Tan)) iS NOt considered in the vegetation

energy budget.

The sensible heat flux over snow is:

_ pacp(TXs _Ta)

77
X RESA, (77)

where Txs is the surface snow temperature, and RESAx is the aerodynamical surface
resistance, given by (C,,V,) where Cux is the drag coefficient for heat over the

appropriate snow canopy. The latent heat of evaporation / sublimation from snow is
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LE, = p,LLE,, 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:

Osat (TXS) — 0,
= Jad ] g 78
X RESA, (78)

where Qsat (Txs) IS the saturated specific humidity at temperature Tys.

The melt and freezing fluxes of snow are given by:

freez, = (To=Tx) with  0< freez, < W (79)
C, L, At At

melt, = (x=To)  ith o< melt, < Wec (80)
C, LAt At

where At is the model timestep, W, x 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

Train — TO

=f —ram 0O
i 2C, LAt

melt (81)

Xrain
where T, IS the temperature of the rain falling on the snow (taken to be the low-level air
temperature T,) and f.i, 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 f.,, 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 (Wsy),
evolves according to:

oW
—X =S_-p, E, + freez, —melt, —melt

6’[ Xrain (82)

where Sg is the snowfall rate and p, Ex represents the sublimation of the appropriate snow
surface. The liquid water in the snow pack (W x) evolves based on:
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My _ PS, —RU, + melt, — freez, (83)
where PSx represents the contribution of rain and/or vegetation runoff to Wyx and RUy
is the runoff of liquid water from the appropriate snow pack. Depending on the snow

pack considered, PSx is given by:

PSe =(Re —R
PS,, = Ry

)+ RV

Rintercepted

(84)

where R 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 W, xmax, there is percolation (throughfall)
of liquid water towards the ground, following

MGXD(WLX _WLX max) if WL <W

LX max

T
RU, = V\; W W (85)
LXmax | Z7LX — YV X max if WL >WLX .
Z-hour At

where

W,y 1o = oW, (86)

LX max

in which z,r is a time constant of one hour and cf is a retention factor depending on the

appropriate snow density:

Crin it p,>p,
ch = R _ R _ (87)
X CnR;in + (Cmax Cm’lgxpe pX) |f DO <pe
with ¢ =0.03, ¢} =0.10,and p, =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 ay is treated as a prognostic variable. If snow is melting,

the albedo decreases linearly with time to a minimum value of «,;,=0.5:

a, (1) = ar, (t— At) - At( Pt _ SR(O‘SW ~ %smin )J with a, (t) > o, (88)
T

crn

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

T S (a — O )
1) = Qg in + (@t (t = AL) — atg i JEXP| — AL | 4 Ap ZRAZSmaX__ S min
ay (t) = as min (ax( ) aSmln) p( . j W, (89)

with  a, (t) < ag

up to a maximum value of «g,, = 0.8. In this formulation, «, (t)is the prognostic
albedo of the appropriate snow canopy at the current time step, «, (t —At) is the snow

albedo from the previous time step, ., =0.008 and ., =0.24.

melt

The snow density (px) 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:

* (Ws; - SRAt)pX (t—At) + S Atpgy,

_ _ 90
Px W, (90)

where p; is an intermediate snow density value after snowfall, p, (t —At) is the snow
density at the previous-timestep, W, = max(W,,,S.At), and p,, is an estimate of the

density of falling snow given by:

1
4

P =109.+6.(Ty, —T,) + 262 +V2 ) with p,;, < ppy <250kgm™>  (91)

where T, is the air temperature 2 meters above ground level (AGL), u, and v, are the u
and v component of the wind at 10 meters, and p_. =50 kg m™. As the snowpack ages,

snow settles due to gravity, and the simulated density increases exponentially following:
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* T freez . *
o (px _pXmax)eXp(_At fz_ j+p)(max if Px <IDXmax

Px = (92)

*

pX If p; 2pXmax

where p} is an intermediate value of snow density after snow pack aging, and p, .., is

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

is a diagnostic variable determined this way:

450 - 20:70 {l—exp( ny j} if  melt, >0

R} 67.3
P = 20470 h %)
600 — 1—exp( . j if melt, =0
h, 67.3

where h_ 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 W\ x and Wsy reservoirs so that:

W wx freez, At
pX (t) = ( - Jpx + { X ince (94)

W, + freez, At W, + freez, At

where p, (t) is the snow density at time t, and p,, =900 kg m™ is the density of pure

ice. Based on (94), the snow density can have values much larger than px max, Which is
normal near the end of the cold season. The snow depth is directly related to the snow

density by h, =W, /p, .

H. Hydrology

As has been shown in Fig 2, the SVS scheme includes N. number of predefined soil
layers. The corresponding prognostic equations for soil moisture volumetric content in

the different layers are:

oW, 1
El = d {(1_ Viow ~ Vhigh Xl_ Psn )Rr + (Vlow (1_ psn)+ Vhigh (1_ Pswn ))RUV
pw 1
+RUg, +RUg,, +melt, — freez, —E, - f, ..E, —RU_ | (95)
- Kl - D1
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8W _f t d

n _ .00 E + —2 |(K ,+D. ,)-K —-D, for 1<n<N 96
6t pw(dn—dn,l) tr (dn_dnl)( n-1 n—1) n n L ( )
6WNL _ - fNL,root dN 1

o ) E, {m] (Ky 3+ Dy 1)~ Ky, (97)
in which wy, wy, .... wy, are the mean soil volumetric water contents for the different soil
layers, and ds, d;, ...., dyo are the depths of these layers. Furthermore, RUy is the water
throughfall from the vegetation, and RUy is the surface flow (or runoff).

For the w; evolution, (95) represents the water budget over the soil layer of depth
d,. 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, K; and Dj, 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., w, - Wy;) (see Mahfouf et al. 1994):

d
K, =— % s maxo,w, —w,] (98)
d, —-d, , 7

in which Cg is a parameter that depends on soil texture only. The diffusion from the n-th
layer is given by:

D, = & (Wn o Wn+1) (99)

" T
where the new parameter C, has been calibrated against multilayer soil hydrological
models, and is expressed following:

C, = Aoy —dy Curr W2 (100)

d _ n,n+1
n+1 n-1

with the Cuer and Cy, parameters being functions of the soil texture, and the layer-

averaged soil water content is given by:

_ Ja
W .., = w Wg + M W§+1 (101)
’ dn+l_dn—1 dn+1_dn—1

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 (Cj) is
increasingly weighted by the value of the wettest of the two subsurface soil layers.

For the last layer (i.e. layer N.), 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., ws) is

represented in SVS using the following equation:

w

ow
p,0; ﬁtf = freez, —melt, . (102)

And the final “reservoir” that is part of SVS’s simulated water budgets, the water
content W, 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 o [see (16)] of the foliage covered with a film of water, as the remaining part 1-6

of the leaves transpires. Following Deardorff (1978),

oW,

(Vlow (1_ psn )+ Vhigh (1_ psvh ))Rr - (EV - Etr) - RUV with 0 SWr < Wmax
(103)

where, as in previous equations, Ey is the evaporation from the vegetation including the
transpiration E; and the direct evaporation E4 when positive, and the dew flux when
negative (in this case E; = 0), and W,y 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

B+1 B+1
i i i RU
RUy  =RU,——2 Jl1-D | _fq-b T2 (104)
B+1 I, [

in which RUgy is the surface runoff accumulated over a single time step, RUy 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, iy is the

maximum infiltration capacity, given by

im = (1+ B)Wsatdint (105)
and i, is the infiltration capacity, given by
1
i 4+ W, . \1+B
-I_O — 1_ [1_ int fint J (106)
Im Wsat

To circumvent problems related to the intensity of the surface runoff, a time step value of
3600s is used for RUgy and RUy (with renormalization to the model time step At).

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

I. Grid-scale mean values

For the net radiation flux Rg , the net sensible heat flux Hg,y, the total latent heat
flux of evaporation LEg, , the total water vapor flux Eg , the mean surface albedo syt ,
and the mean skin temperature Tgf, the spatial averaging is done using an area-of-

coverage weighted mean:

bare ground snow SVH

><surf = (l_vlow _Vhigh Xl_ psn)XG +(1_Vhigh) Psn XSN + psvh_avhigh XSVH

vegetation

+(Vlow (1_ psn)+vhigh (1_ psvh_a)) XV

(107)

where Xqurf IS the appropriate aggregate surface variable; and Xg, Xy, Xsn  and Xsyy are
the corresponding bare ground, vegetation, snow, and snow-under-high-vegetation

variables, respectively. It should be noted that the p, , 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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bare ground snow

OQourt = (1_ View — Vhigh Xl_ Psn )hrg Osat (TGs) + (1_ Vhigh ) Psn Usat (TSNS)

SVH

+ psvh_avhigh qsat (TSVHs) (108)

vegetation

+ (Vlow (1_ psn)+vhigh (1_ psvh_a)xh\/ qsat (TVs) +(1_ hv )Qa)

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:

00_101 k9919 Wy (109)
ot poz 0z yoXok:
04_10of 041 _19 Wy (110)
ot poz 0z poz
NV _10l x NVNI-_12 wv (111)
ot poz 0z p Oz

As part of the numerical solution of these equations, the lower boundary conditions can

be written in this manner:

- W' | = Qy + ﬁa HKI—K _atm (112)
S

- W'—qI = OCq + ﬁq q;K_atm (113)
S

—|wV'| = o, + ﬂv VﬁK_atm (114)

S
Making the link with the fluxes calculated in SVS, based on the similarity theory applied
to the atmospheric surface layer:

[Wl_elj = CT U. [H; - (1_ 1:S )QNK_atm - 1:S el:K_atm] (115)
S
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(Wl—qu = CT U.. |:q;r - (1_ fS )qNK_atm - fS qlJ\rlK_atm] (116)
S

[lelj = CM U. VI:IK_atm VﬁK_atm (117)
S

in which fs indicates whether the lower boundary condition is implicit (fs=1) or explicit
(fs=0).

The aand g coefficients then become:
ay =—Cq U [9; - (1_ fs )HNK_atm] and  f, =-Cru. fg (118)
oy = —C; u. [q§ - (1_ fS)qNK_atm] and ﬂq =—Cru. fs (119)

a,=0 and B =-C,u.

V| (120)

It should be noted that in the explicit case, the « 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:

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

the surface / atmospheric turbulent fluxes,
e vertical transport of soil water based on diffusion theory;

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

subgrid-scale slope information,

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

two snow packs;
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e 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:

0T, =C|[R,-H —LE]—Z—”[TS—Td] (A1)
ot T

where T; is the surface (skin) temperature (of bare ground, vegetation, or snow), C is a
thermal coefficient, R, is the net radiation, H is the sensible heat flux, LE is the latent heat

flux, zis a time constant of one day, and T4 is the mean surface temperature.
The net radiation is given by:

R,=F,(l-a)+F —¢oT/ (A2)
in which Fgy is the total downwelling solar radiation (note that for simplicity this quantity

is not split into direct and diffuse components), « is the surface albedo, and F_; is the

downwelling longwave radiation.
The sensible heat flux is given by:

H=p,c,C u(T,-6,) (A3)
in which Cy is the coefficient for turbulent exchanges of heat between the surface and the

atmosphere, u~ is the friction velocity, and 6, is the air potential temperature at the lowest

atmospheric model (on which temperature is defined).

The latent heat flux is given by:
LE = pa I‘CT U [hu qsat(Ts) - qa] (A4)
in which hu is the surface “relative humidity”, gsat(Ts) is the saturation value of specific

humidity for air at temperature Ts, and q, 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:

T;A_th_ —C{F,, (l-a)+F —eoT* - p,c,Cru (T =6,)- p, LC; u.[hugy, (T)-q,]
_27”(1_; —Td) (A5)

Proceeding with a linearization of the type:

£ )= )+ -7.) () (A6)

we get:

soT*rmeolT t+a4(r T )T3| (A7)

a0 NP WO B L U, »8)

) oT

Going back to (A5), we have the full equation to solve for T,":

T5+A_th_ =C {FS¢ (1_ a)+ FLi _ gO-I:TS—4 + 4(Ts+ _TS— )TS_3
- p.C,Cru (Ts+ - ea)—pa LC, u{hu qsat(TS—)Jr hu (T; _TS_)aqngfTs_)_ qa}
_27”(1_; -T,) (A9)
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