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ABSTRACT

A parameterization of land surface processes to be included in mesoscale and large-scale meteorological
models is presented. The number of parameters has been reduced as much as possible, while attempting to
preserve the representation of the physics which controls the energy and water budgets. We distinguish two
main classes of parameters. The spatial distribution of primary parameters, i.e., the dominant types of soil and
vegetation within each grid cell, can be specified from existing global datasets. The secondary parameters,
describing the physical properties of each type of soil and vegetation, can be inferred from measurements or
derived from numerical experiments. A singlesurface temperature is used to represent the surface energy balance
of the land/cover system. The soil heat flux is linearly interpolated between its value over bare ground and a
value of zero for complete shielding by the vegetation. The ground surface moisture equation includes the effect
of gravity and the thermo-hydric coefficients of the equations have been either calculated or calibrated using
textural dependent formulations. The calibration has been made using the results of a detailed soil model forced
by prescribed atmospheric mean conditions. The results show that the coefficients of the surface soil moisture
equation are greatly dependent upon the textural class of the soil, as well as upon its moisture content. The
new scheme has been included in a one-dimensional model which allows a complete interaction between the
surface and the atmosphere. Several simulations have been performed using data collected during HAPEX-
MOBILHY. These first results show the ability of the parameterization to reproduce the components of the
surface energy balance over a wide variety of surface conditions.

1. Introduction of the sea breeze convergence. Benjamin and Carlson

(1986) and Benjamin (1986 ) have isolated the role of
the differential surface heating combined with orog-
raphy, on the outbreak of severe storms.

All these studies lead to the conclusion that, with
both large-scale and mesoscale models, it is necessary
to improve the representation of land surface processes.
Deardorff (1978 ) has proposed a parameterization of
heat and water exchanges at the land surface to be used

During recent years, climate modelers have paid
special attention to the processes coupling the soil sur-
face and the atmosphere. Many sensitivity experiments,
reviewed by Mintz (1981) and Rowntree (1983), have
been performed with General Circulation Models
(GCMs). These experiments involved changing the
surface characteristics such as albedo, humidity, mois-
ture availability or roughness. Generally, the chosen

changes were in a large enough spectrum in order to
obtain a statissically significant response and to explore
the mechanisms involved, rather than to give a realistic
reproduction of climatic changes. However, these sim-
ulations have shown a great interdependence between
the climatic behavior of the atmosphere and the land
surface processes.

At smaller scales, several experiments performed
with 2D models (Ookouchi et al. 1984; Benjamin 1986;
Mahfouf et al. 1987) and 3D models (McCumber 1980;
Benjamin and Carlson 1986) have also shown the in-
fluence of the soil nature and of its vegetation coverage
on the atmospheric circulation. McCumber (1980) has
pointed out their effects on both strength and pattern
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in meteorological models. In his approach, he includes
the representation of a vegetation layer with its canopy,
interacting both with the soil surface and the atmo-
sphere. This model has been followed by several pa-
rameterizations with various degrees of simplicity
(Dickinson 1984; Sellers et al. 1986).

The present study is limited to the case of short-
range simulations (a few days). Climatic simulations
or long-range forecasting require modifications that will
not be discussed here. Furthermore, we only consider
snow-free land surfaces, excluding the case of frozen
soils. The parameterization is guided by the concern
to keep as low as possible the number of parameters
describing the physics and to preserve the main mech-
anisms that control the energy and water balances at
the surface. This scheme is to be used in numerical
weather prediction models for which the analysis of
surface fields, and more specifically of surface humidity,
is of crucial importance; a large number of parameters
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is a destabilizing factor for the inverse methods needed
in initialization. To represent the main processes at the
land surface, observational data and one dimensional
simulations suggest that we must first of all take into
account the wide range of thermo-hydric properties of
soils, depending upon their nature and their water con-
tent. It is also important to reproduce the low thermal
inertia of vegetation and its ability to directly reeva-
porate intercepted rain water and dew, as well as to
delay evaporation from the ground surface.

The next section of this paper defines the input pa-
rameters used in the land surface scheme. The model
computes five prognostic variables: the surface tem-
perature T, representative of both canopy and soil
surface; the mean surface temperature 7, ; the surface
volumetric water content w,; the mean volumetric wa-
ter content ws; the interception water store W, for the
canopy. The relevant governing equations are described
in sections 3 to 6. In section 4, we give details about
the particular procedure used to calibrate the coeffi-
cients of the soil water equations, over various soil types
and wetness conditions. The first results obtained with
a one-dimensional soil-atmosphere model including
this scheme, using recently collected data during the
HAPEX-MOBILHY experimental program (André et
al. 1986), are presented in section 7.

2, The parameters

The parameters have been chosen in order to char-
acterize the main physical processes, while attempting
to reduce the number of independent variables. They
can be divided into two categories: primary parameters
needing to be specified by spatial distribution, and sec-
ondary parameters whose values can be associated with
the values of the primary parameters (Table 1).

a. Primary parameters

These describe the nature of the land surface and its
vegetation coverage by means of only two numerical
indices: the dominant vegetation type and soil type
within each grid cell. The vegetation type can be in-
ferred from data bases recently developed for climatic
purposes or from remote sensing observations. Its use
in a model addresses the questions of the parameters
that can be derived from its specification, and of the
change of scale from the original datasets. The main
drawback of the climatological classifications is that
they are greatly dependent upon the parameters for
which they have been constructed. It is the case for the
global distribution of 35 vegetation types on a 2° by
2° grid, proposed by the CLIMAP group (1981) for
albedo studies. A first attempt to give a sufficiently de-
tailed classification to allow other parameters specifi-
cations has been made by Matthews (1983 ) using the
UNESCO classification system. The original 178 types
of natural vegetation, on a 1° by 1° grid, can be ag-
gregated according to the study of a particular physical
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process. Another dataset has been constructed by Wil-
son and Henderson-Sellers (1985, referred to hereafter
as WHS) with the same resolution and 53 vegetation/
land cover types. Here the different types have been
determined on the basis of expected requirements in
general circulation models. For classifications deduced
from satellite observations, the question is their de-
pendence upon the radiance measurements which in-
clude complex physical processes. For both kind of
datasets, their use in a model generally requires de-
grading them to a coarser resolution. The methods dis-
cussed by Matthews (1983 ) and WHS involve an ap-
propriate averaging procedure for each parameter, but
the details are outside the scope of this paper.

The soil type is given in existing climatological da-
tasets with the same difficulties than previously men-
tioned. For CLIMAP, only the reflectivity character-
istics of the soil surface have been taken into account
to determine classes, since they were defined for albedo
studies. The soil types in WHS include information
about the texture, the color and the drainage, resulting
in 21 different groups. The texture specification is very
important for our purpose as Cosby et al. (1984) have
shown that it is critical to determine the hydraulic
properties of soil. The three classes defined by WHS
can be included in the classification of the US De-
partment of Agriculture (USDA) for which we have
adjusted the coeflicients for our parameterization.

b. Secondary parameters

Secondary parameters describe a wide variety of
physical characteristics of the soil and of the vegetation.
Clapp and Hornberger (1978 ) and Cosby et al. (1984 )
have proposed a classification of hydraulic properties
according to their texture. They retained the USDA
11 soil types, determined by their percentage of clay,
silt and sand. All the physics of water transfer is de-
scribed by means of five parameters: the saturated and
wilting point volumetric moisture contents wg, and
Wwin respectively, the saturated matric potential Vg,
the saturated hydraulic conductivity K., and b, the
slope of the retention curve on a logarithmic graph.
Two formulaes relate the matric potential ¥ and the
hydraulic conductivity K, to the volumetric water con-
tent w:

V= ‘psat(wsat/w)b (1
K = Ka(W/wa)?*. 2
McCumber and Pielke (1981) give expressions relating
thermal properties to the soil water content, depending
upon the soil nature. The volumetric heat capacity c,

and the thermal conductivity A vary with w and ¢
through:

Ce = (1 = wg)c: + wenyo 3)
A =418 exp — (logy + 2.7), if logly|l < 5.1 (4a)
A=0171Js!'m' K, if logly| > 5.1 (4b)
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where ¢; is the volumetric heat capacity for the solid
fraction of soil and cy,o the one for water.

This set of thermo-hydric parameters has been used
to calculate and adjust some parameters summarized
in Table 1 (Cg,,, Cisars Carer » @, D), by specific pro-
cedures discussed in sections 3 and 4.

The last soil parameter 4, is related to the vegetation
type, since it is defined as the depth at which the soil
moisture flux becomes negligible for a period of about
one week. Thus, ; is deeper than the root zone depth
and controls the deep runoff.

The fraction of vegetation, denoted as veg, must be
understood as a foliage shielding factor of the ground
from solar radiation. It can be estimated with numerical
simulations using the surface energy balance, as will
be shown in section 7. At a regional scale, it seems
likely that veg can be deduced from satellite observa-
tions, at least during the vegetation growth.

The surface resistance R; is defined as the resistance
to the transfer of water from the root zone to the leaf
surfaces. It depends upon the formulation of transpir-
ation, and in particular upon the definition of the sur-
face temperature used to calculate the saturation spe-
cific humidity. When the soil is well supplied with wa-
ter, the minimum surface resistance Ry, is related to
the observed stomatal resistance of a given leaf, There
are numerous measurements of stomatal resistances
for different kinds of vegetation at different stages of
their development (Szeicz and Long 1969; Monteith
1975, 1976). Either previous references or results from
numerical simulations of the Bowen ratio (section 7),
can be used to evaluate Ronin. The maximum surface
resistance Rmay is arbitrarily set to 5000 s m ™",

Values for the last four parameters—Leaf Area Index
(LAI), roughness length Z,, albedo a, and emissivity
e—can be deduced from the abovementioned classi-
fications according to the dominant vegetation and soil

types.

TABLE 1. Soil and vegetation parameters.

Primary parameters
Dominant type of vegetation
Dominant type of soil texture

Secondary parameters

Saturated volumetric moisture content Waat
Wilting point volumetric water content Wyin
Slope of the retention curve )
Soil thermal coeflicient at saturation César
Value of C, at saturation Craa
Value of C, for w, = 0.5wy, Corer
Coefficients of wj.q formulation a,p

Depth of the soil column d;

Fraction of vegetation veg
Minimum surface resistance . Rsmin
Leaf Area Index LAI
Roughness length Z
Albedo a
Emissivity €
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3. Treatment of the soil heat content

The pronostic equations for the surface temperature
Ts and for its mean value 7, over one day r, are ob-
tained from the force restore method proposed by
Bhumralkar (1975) and Blackadar (1976):

T,

2
2 =C/G-=(T, - Th) )
t T
o 1 .
=~ (Ts—T)). (6)

In Eq. (5), G is the heat storage rate in the soil-
vegetation medium, which is equal to the sum of all
the atmospheric fluxes at the surface:

G=R,— H-LE, @)
where R, is the net radiation at the surface, and H and
LE the sensible and latent heat fluxes from the atmo-
sphere. The first term on the right-hand side of Eq. (5)
represents the diurnal forcing of T's by the heat flux G,
and the second one tends to restore Ts to the mean
soil temperature T,.
The coefficient Cr is expressed by

1 —veg veg
- + Z8), 8).
a2 ) ®
where Cy = 10 2K m? J~! and
x \!172
=2(—) . 9
o)

For bare ground conditions (i.e., veg = 0), the coef-
ficient Cr equals Cg, and Ts can be calculated if we
assume constant thermal properties of the soil and a
sinusoidally varying value of the heat flux G. On the
other hand, when the ground is totally shielded by veg-
etation (i.e., veg = 1), Cr tends towards Cy. Consid-
ering that the heat capacity of the vegetation is negli-
gible, we take C) > Cg. Then for complete shielding,
the first term on the right side of Eq. (5) becomes larger
than the restore term. Equation ( 5) is then reduced to
G = 0 and Tsis obtained as the solution of the surface
energy balance without any heat storage by plants. This
method is similar to most other detailed land surface
schemes, including a one-layer foliage parameterization
(Deardorff 1978; Dickinson 1984). When the ground
is partially covered by the vegetation, the expression
for C+ combines Cy and Cg, allowing linearization of
the heat flux within the soil /vegetation medium.

The soil properties in Eq. (9) depend upon both the
soil texture and the soil moisture. The dependence of
A and ¢, upon the soil type and the mean volumetric
water content w; of the soil column are deduced from
the expressions given by McCumber and Pielke (1981).
We have adjusted a power law to the analytical expres-
sion for Cg given by Egs. (3)-(4) and (9), as follows:
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TaBLE 2. Estimated and calibrated coefficients of the thermo-hydric
equations; b is the slope of the retention curve given by Clapp and
Homberger (1978) for the 11 soil types of the USDA textural clas-
sification; Cosa is in K m? J™! and all other coefficients are dimen-
sionless.

Soil texture b Ciea p a Coer  Cisa
Sand 405 3222 4 0387 39 0.082
Loamy sand 438 3.057 4 0404 37 0.098
Sandy loam 490 3.560 4 0219 1.8 0.32
Silt loam 530 4418 6 0.105 0.8 0.153
Loam 539 4.111 6 0.148 08 0.191
Sandy clay loam 712 3670 6 0135 08 0.213
Silty clay loam 775  3.593 8 0127 04 0385
Clay loam 852 3995 10 0.084 06 0227
Sandy clay 1040 3.058 8 0.139 03 0421
Silty clay 1040 3729 10 0075 0.3 0.375
Clay 1140 3600 12 0083 03 0342

w b/2logl0
Co = cc.,.(—“‘) (10)
w2

where the exponent is derived from the analytical form,
and Cg,, is estimated for each soil texture (Table 2).
In order to limit the values for dry conditions, Cg can-

J. NOILHAN AND S. PLANTON

539

not exceed a maximum given by (10) when w, equals
the wilting point value wy,i;.

The resulting values of C; are depicted in Fig. 1.
The variations are given for a coarse, a medium and a
fine soil texture versus the mean volumetric water con-
tent w,. For a given w,, the finest texture exhibits higher
values of Cg because of the reduction of its thermal
capacity. In Fig. 1, one can compare the analytical
(dashed line) and adjusted curves in the case of loam.

4. Treatment of the soil water

The soil model considers the surface volumetric wa-
ter content w, representative of a thin layer (a few mil-
limeters) interacting directly with the atmosphere, and
the mean volumetric water content w, of a soil column
of depth d, and of one square meter cross section (1
meter in the case of bare ground ). Over the vegetation,
we define a skin reservoir for the amount of liquid
water W, retained on the foliage per unit ground area.

a. Rate equations for wg and w,

Equations for w, and w, are derived from the force
restore method applied by Deardorff (1977) to the
ground soil moisture:
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FIG. 1. Variations of C¢ (in 106 K m? J~') versus w, given by Eq. (10), for sand, silt loam and
clay; the dashed line corresponds to a calculation from thermal properties of McCumber and
Pielke (1981) and hydraulic properties of Clapp and Hornberger (1978), in the case of silt loam.
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ow, C1 C2
a—f=m(Pg—Eg)-T(Wg—Wseq),
0<w,<we (11)
0w2
P, - —E, - E, 0 y 12
ry pwdz( W), 0<wy S wg, (12)

where P, is the flux of liquid water reaching the soil
surface, E, the evaporation at the soil surface, E;, the
transpiration rate, p, the density of liquid water and
d, an arbitrary normalization depth of 10 centimeters.
The first term on the right hand side of Eq. (11) rep-
resents the influence of surface atmospheric fluxes
where the contribution of the water extraction by the
roots is neglected. The second term characterizes the
diffusivity of water in the soil. The two coefficients C,
and C;, and the surface volumetric moisture wg,q when
gravity balances the capillarity forces, have been cali-
brated for different soil textures and soil moistures as
discussed below.

Equation (12) represents the water budget over the
soil layer of depth d>. For a short length of time (a few
days), we neglect the drainage at the bottom of the
layer. All the transpiration is extracted from this layer,
since it includes the rooting zone.

Runoff occurs when w, or w, exceeds the saturation
value wg,. This occurs either when the total soil layer
becomes saturated (w, = wg,), or when the intensity
of precipitation is sufficiently greater than the infiltra-
tion rate to allow w, to reach w,.

b. Determination of Wge,

In the restore term of Eq. (12) of Deardorff (1978),
gravity was not taken into account. In this case wgeq
in Eq. (11) would be equal to w,. However, we see in
Fig. 2 that, particularly in the case of sand, the equi-
librium values can become notably lower than the
mean moisture. The values of wq versus w; have been
calculated using Clapp and Hornberger’s (1978) spec-
ifications for hydraulic properties, and the condition
of balance between capillarity and gravity forces in the
unsaturated case:

oy

az=l.

(13)

When saturation occurs, ¢ is limited to the maxi-
mum value ;. We have adjusted a polynomlal func-
tion to the points (Wgeq, W>):

y =x— ax’(1 — x%), (14)
where X = wy/wg and y = Wyeq/ Wea; the two param-
eters a and p (integer) have been calculated for all the
soil types (Table 2). The result of this adjustment is
given in Fig. 2 for sand, silt loam and clay, with the
exact solution in the case of silt loam (dashed line).
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¢. Calibration of C; and C,

These two dimensionless coefficients are highly de-
pendent upon both the soil moisture content and the
soil texture. Unfortunately, to the best of our knowl-
edge, the only parameterization of C, and C, has been
derived by Deardorff (1977) from the data of Jackson
(1973) that are restricted to only one kind of soil (Ade-
lanto loam). Thus, in order to parameterize C, and
C, for a wide variety of soil conditions, we have used
a detailed multilayer one-dimensional model.

This Reference Model (RM) has 26 layers and re-
solves temperature and water profiles by Fourier and
Darcy equations (Noilhan 1987). Vapor transfers are
neglected, and only bare ground conditions are con-
sidered here. The levels are irregularly spaced with
higher resolution near the surface, and the hydraulic
properties are taken from Clapp and Hornberger
(1978). In the experiments described below, RM is
forced by prescribed atmospheric mean conditions, i.e.,
incoming radiation, wind speed, specifichumidity and
temperature at 2 m.

The coefficient C, characterizes the velocity at which
the water profile is restored to its equilibrium. It in-
creases with hydraulic conductivity. To obtain an es-
timate, we have integrated RM with the boundary
conditions:

W(0) = P,— E;= 0 (159)
W(dy) = pr(gf— 1) -0,  (15b)
Z A

\
where W(z) is the water flux at depth z. This condition
requires that the total water content of the soil column

_is conserved, as long as no saturation occurs along the

water profile (no runoff). If the evolution of wy is de-
scribed by (11) and (15), then at a given time ¢:

(Wg - wgeq)(t) = (wg - wgeq)(to)e (16)

Thus, C, can be calculated with these assumptions
from the RM results:

—Ca(t—to)/7

T
h—to
where ¢, — 1 is the e-folding time of the departure (w,
— Wgeq) from its initial value at time . This estimation
has been performed starting from different water pro-
files, differing in total water content as well as in profile

shape. The results suggest mainly a dependence of C,
upon w,; we propose:

C = (17)

= cm( (18)

w2 )
Wear — w2+ w )’
where w; is a small numerical value which limits C, at ~
saturation. The coefficient C,s has been estimated
from the mean value of C; at a given w, with different
initial profiles (Table 2). We have represented in Fig.
3, for the cases of sand, silt loam and clay, the values
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FIG. 2. Variations of wgq (in m* m~?) versus w, given by Eq. (14), for sand, silt loam and
clay; the dashed line corresponds to the exact calculation from Eq. (13) and hydraulic properties
of Clapp and Hornberger (1978), in the case of silt loam.

of C; given by (18) and by RM versus w;. It is impor-
tant to mention that this method is less accurate when
it is applied to extreme conditions. In the case of very
dry soils, the slowness of transfers would induce very
long integrations of RM. On the other hand, RM ne-
glects vapor exchanges which become important for
very dry soils. Near saturation, expression (1) is ques-
tionable, as has been pointed out by Clapp and Horn-
berger (1978).

The coefficient C, can be calculated assuming con-
stant hydraulic properties in the soil and a sine variation
of the surface water flux (Appendix). The solution of
Darcy’s law gives

2d s b/2+1
C = 71 = Clsat(‘:;—g‘> (19)
1/2
d= (ﬁ) R (20)
TCw

where d is the real depth to which the diurnal cycle
extends, and ¢, is the hydraulic capacity deduced from
(1) by

ow

Cw = —.

2
) (21)

The coefficient C,g,; (Table 2), is calculated from
the values of hydraulic parameters at saturation (AS).

Alternatively, C, can be estimated by integrating RM
with the above mentioned atmospheric forcing and the
boundary condition (15b).

If we suppose that w, is solution of Eq. (11) and C,
constant over the time interval [¢, ¢ + 6¢], then:

wd
C = —,:,%—1— [wg(t) — wg(t + 1)

) E,du * @

Cz +68t
ey (wg_wm)(u)du], 22)
(b)

where C; and w,, are given by the parameterizations
(14) and (18). We have chosen ¢ equal to one hour
and deduced C,, taking into account only the cases
where the term (a) is at least ten times higher than (b)
in order tolimit the influence of the parameterizations
of C, and wy,,. We start the integrations with homo-
geneous profiles of different mean water contents ws.
We have displayed in Fig. 4, for the three main textures,
the points (C, w,) and the analytical expression of C,
versus w, derived from (1)-(2) and (19)-(21). The
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FI1G. 3. Variations of the dimensionless coefficient C, versus w, given by Eq. (18), for the three
main textures; the dots correspond to results given by the Reference Model (RM), in the case of
sand (V), silt loam (@) and clay (O); the error bar corresponds to diffierent initializations of RM
and is only indicative.
coefficient C; increases when the soil is drying since oW, E R 23)
the hydraulic diffusivity is reduced. One can see that - = vegP — (E, tr) rs

the numerical estimates are close to the analytic
expression, an agreement that has been verified for dif-
ferent atmospheric forcings. This suggests that C, is
mainly a function of hydraulic properties of the soil
near the surface, and that, for an estimate, the ho-
mogeneity hypothesis is sufficient.

This is not the case for C; and w,q, since the analytic
calculation only indicates that C, must decrease
when the texture becomes coarser (A6), and that wgeq
must be reduced to represent gravity effects (A7).
We have limited C, to the value given by (AS) for w,
equal to wy.

S. Treatment of intercepted water

Rainfall and dew intercepted by the foliage feed a
reservoir of water content W¥,. This amount of water
evaporates in the air at a potential rate from the fraction
6 of the foliage covered with a film of water, as the
remaining part (1 — 6) of the leaves transpires. Follow-
ing Deardorff (1978), we set

ot

where P is the precipitation rate at the top of the veg-
etation, E, the evaporation from the vegetation in-
cluding the transpiration E;,; and the direct evaporation
E, when positive, and the dew flux when negative (in
this case E;; = 0), R, is the runoff of the interception
reservoir. This runoff occurs when W, exceeds a max-
imum value W, .« depending upon the density of the
canopy, i.e., roughly proportional to vegLAl. According
to Dickinson (1984 ), we use the simple equation:

Wymax = 0.2 vegLAI [mm]. (24)

6. The surface fluxes

As previously noted, we consider only one energy
balance for the whole system ground-vegetation. As
a result, heat and mass transfers between the surface
and the atmosphere are related to the mean values Ts
and w.
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FIG. 4. Asin Fig, 3 but for C, versus w, given by Eq. (19).

The net radiation at the surface is the sum of the
absorbed fractions of the incoming solar radiation R¢g
and of the atmospheric infrared radiation R4, reduced
by the emitted infrared radiation:

R, =Rs(1 — a) + Ry — oT5s%), (25)

where the albedo « and the emissivity e combine lin-
early the soil and the vegetation reflectivities; and ¢ is
the Stefan-Boltzmann constant.

The turbulent fluxes are calculated by means of the
classical aerodynamic formulaes. For the sensible heat
flux:

H = p,c,CyVa(Ts — To), (26)

where ¢, is the specific heat; p,, V, and T, are respec-
tively the air density, the wind 'speed and the temper-
ature at an atmospheric level z,; Cy is the drag coef-
ficient depending upon the thermal stability of the at-
mosphere.

The water vapor flux E is the sum of the evaporation
E, from the soil surface and of the evapotranspiration
E, from the vegetation, we set

Eg = (1 - Veg)paCHVa(huqsat(TS) - qa)

E, = vegp,CyVahy(gsar(Ts) — qa), 27)

where g..:( Ts) is the saturated specific humidity at the
temperature Ts and g, the atmospheric specific hu-
midity at the level z,.

The relative humidity A, at the ground surface is
related to the superficial soil moisture w,. Several ex-
periments have shown that the surface evaporates at
the potential rate when the soil moisture exceeds
the so-called “field capacity” wy,, often taken equal to
0.75wg,; We assume:

1 W, .
E[I—COS(WE;T)], if We < Wy

hy

h, =1, (28)

When the flux E, is positive, the Halstead coefficient
h, takes into account the direct evaporation E, from
the fraction 6 of the foliage covered by intercepted wa-
ter, as well as the transpiration E;. of the remaining
part of the leaves:

if wg=wp.

hy=(1—06)R,/(R;+ R,) + 8 (29)
P
E, = veg R (gsat(T's) — qa) (30)
1-6
E; = veg — — (gsar(Ts) —qa). (31)

R, + R
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When E, is negative, the dew flux is supposed to occur

at the potential rate, and A, is taken equal to 1.
Following Deardorff (1978), 6 is a power function

of the moisture content of the interception reservoir:

5:( [/Vr )2/3.
Wrmax

In expressions (29-31), the aerodynamic resistance
R, is equal to 1/({CyV,). The surface resistance R de-
pends both upon atmospheric factors and upon avail-
able water in the soil; it is given by:

Rsmin
LAI

(32)

RS =

F\F,'\Fy VR4, (33)

The factor F, measures the influence of the photo-
synthetically active radiation (Sellers et al. 1986), and
is assumed to be equal to 0.55Rs; from Dickinson
(1984), we set

_ . 1+f
f + Rsmin/ Rsmax

F
with

f=0.55 R 2 ,
Rg, LAI

where Rg, is a limit value of 30 W m 2 for a forest
and of 100 W m 2 for a crop.

The factor F, takes into account the effect of the
water stress on the surface resistance; it varies between
0 and 1 when w, varies between wy;, and a critical
value w,, of 0.75wg,, (Thompson et al. 1981):

(34)

1, if wy> we
W2 — Wuin .
F, = —_—, if wyinsS W< wg (35)
Wer = Wil
0, if Wo < Wyilt.

The factor F; represents the effects of vapor pressure
deficit of the atmosphere. This has been already dem-
onstrated by Jarvis (1976) for coniferous and repro-
duced by Sellers et al. (1986):

Fy =1 — g(eu(Ts) — €a), (36)

where g is a species-dependent empirical parameter.
We have derived a value of 0.025 H pa™! for a co-
niferous forest from the HAPEX-MOBILHY dataset.
The factor F, introduces an air temperature depen-
dence on the surface resistance. Following Dickinson
(1984), we set

F,=1.0-0.0016(298.0 — T,)% 37

7. First results

We describe here some results obtained in one di-
mensional simulations, coupling the soil/vegetation
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scheme to an atmospheric model. The data used are
derived from the HAPEX-MOBILHY experiment
(HM), that took place in southwestern France during
1985 and 1986 (André et al. 1986).

a. The data

The main thrust of HM was to study evaporation
processes over land at a General Circulation Model
grid scale, i.e., 100 km by 100 km. This observational
program also involved surface networks and remote
sensing measurements. During a Special Observation
Period (SOP), a wide range of instruments were de-
ployed, among which were micrometeorological net-
works, well-suited for local water balance monitoring
(André et al. 1988).

For a dozen selected sites, soil moisture has been
measured every week to a depth of one meter. The so-
called- SAMER stations (“‘Systéme Automatique de
Mesure de I’Evapotranspiration Régionale”), mea-
sured the four components of the radiation flux and
the sensible heat flux together with the heat flux into
the ground. The sensible heat flux is estimated from
15 min averaged gradients of wind and temperature,
and the latent heat flux inferred by balancing the heat
budget at the surface. The SAMER stations also mea-
sured 2 meters above the ground wind, temperature
and relative humidity. The canopy parameters for the
most significant vegetation covers (corn and forest)
have also been estimated; this is the case, for example,
for the LAI, vegetation height variations and albedo.

b. The model and the experiments

We have attempted to reproduce six observed surface
energy balances over different types of soil and of veg-
etation at different stages of their development, cor-
responding to some SAMER stations locations ( Table
3). Each experiment consists of a one day integration
starting at 0000 UTC with clear sky conditions. The
atmospheric model is the mesoscale prediction model
of the French Weather Service (Bougeault 1986), lim-
ited here to the vertical dimension with 15 levels ir-
regularly spaced. It includes a representation of the
main physical processes, such as radiation, turbulent
diffusion, and large-scale and convective precipitation.

The atmospheric transmissivities have been adjusted
in order to nearly reproduce the observed global ra-
diation at the top of the vegetation. All the simulations
have been performed with forcing conditions for the
advective terms, derived from interpolated analyses of
atmospheric parameters over the HM area and given
every 6 hours (Mercusot et al. 1987). The same anal-
yses have been used to initialize the pressure, temper-
ature, specific humidity and wind profiles of the at-
mosphere, as well as the soil temperatures, which were
taken equal to the lower level atmospheric temperature.
The initial soil water contents w, and w, correspond
to the averages of neutron sounding measurements over
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TABLE 3. Initial soil moistures and parameters for 6 one-dimensional simulations with the land surface scheme;
the date and the site refer to the HAPEX-MOBILHY dataset.
Wg Wy P4 LAI R:min
Case Day Site Soil Vegetaton (m*m™3) (m*m™3) (m) a (m?m™?) (sm™) veg
1 06-16 Lubbon 2 Sand Maize 0.17 0.17 0.10 0.15 2.0 40 0.80
2 06-16 Caumont Loam Soja 0.26 0.26 0.02 0.24 1.0 40 0.70
3 06-16 Castelnau Loam Maize 0.18 0.25 0.02 0.25 0.3 40 0.40
4 06-16 Estampon Sand Forest 0.14 0.20 1.00 0.10 23 100 0.99
S 07-10 Castelnau Loam Maize - 0.15 0.23 0.10 0.22 2.0 40 0.70
6 07-10 Lubbon 1 Sand Oats 0.10 0.14 0.15 0.21 30 450 0.90

the first 0.1 and 1 m depth respectively. Additional
measurements of the surface moisture using gypsum
blocs have been used at some sites (cases 3 and 5).

All the parameters that can be inferred from obser-
vations have been specified (Table 3). This is the case
for the soil texture, the albedo and LAI, which have
been determined for each site. The roughness length
has been taken equal to one tenth of the vegetation
height. The minimum surface resistance Rsmin has been
deduced following Monteith (1976), and the emissivity
¢ has been set to 0.95. The values of the fraction of
vegetation veg have been adjusted mainly to reproduce
the soil surface heat flux since the heat storage in the
vegetation layer has been neglected. The results ob-
tained agree reasonably with the aspect of the land sur-
face vegetation coverage.

¢. Results

Figures 5 to 10 show the six daily variations of the
observed (a) and modeled (b) components of the sur-
face energy balance.

Cases 1 and 2 (Figs. 5 and 6) correspond to crop
during the growing season when soils are well supplied
with water. In both cases, the simulated and observed
courses of net radiation R,, soil heat flux G and tur-
bulent fluxes H and LE are generally in good agree-
ment. Particularly for case 1 (corn over sand), the time
lag between the maximum values of H and LE is well
predicted. In these cases, the calculated values of G are
small (maximum of 25 W m~2) and LE is the domi-
nant turbulent flux, since the Bowen ratio at noon
equals 0.53 and 0.35 for cases 1 and 2, respectively. In
addition, surface evaporation is not intense, and E is
mainly supplied by the transpiration E,. For instance,
the ratio of the mean daily values of E, and E is equal
to 0.65 for case 2.

Case 3 (Fig. 7) illustrates an example with a signif-
icant fraction of bare ground (veg = 0.4). The corn
was 0.2 m high. We observe high values of G, reaching
some 100 W m ~2 at noon, since the amount of solar
radiation at the ground surface was important. The
model predicts the observed daily variations of G rea-
sonably well. The magnitude and the diurnal variations
of LE and H are also correctly simulated. In opposition
to cases 1 and 2, the larger contribution to E is from

the surface evaporation E,;. The model results are thus,
highly sensitive to the initial value of w,. Total evap-
oration E reaches its maximum earlier in the day and
then starts to decrease regularly. Such a latent heat
daily variation is commonly observed over bare
ground.

Turbulent fluxes for case 4 (Fig. 8) have been mea-
sured 5 meters above the forest and so represent the
whole contribution of the surface and canopy ex-
changes. At this season, the ground surface was com-
pletely covered by the sublayer vegetation (brackens)
and G was negligible. Consequently, we assume a value
of veg close to one, prescribing the net radiation to be
entirely balanced by turbulent fluxes. The resistance
R, increases during the day because of its dependence
upon the vapor pressure deficit of the atmosphere, and
so E is limited around noon. The simulation is in broad
agreement with the observation, using a value of R,
equal to 100 s m~! representative of the entire vege-
tative cover (forest and brackens).

The last two cases correspond to a sunny day at the
end of the SOP. Case 5 (Fig. 9) refers to the same site
as case 3, but the corn was higher (height about 1 m).
As a result, the values of both LAI and veg increase
significantly (see Table 3). In opposition to case 3, E,
was the dominant exchange, inducing the decrease of
the Bowen ratio.

The last case 6 (Fig. 10) corresponds to a field of
mature oats. The sandy soil became dry (w, = 0.14 m3
m %), From measurements, its appears that transpir-
ation was very low (maximum value of 100 W m~?)
and H very high, reaching 400 W m ™2 at noon. The
simulated evaporation is underestimated during the
morning, probably because of an underprediction of
dew. However, we note a general agreement with the
observation obtained with Ry, equal to 450 s m™".
This high value seems reasonable since, as maturation
and senescence proceed, R;min must increase from its
minimum value (40 s m~'). Similar seasonal evolution
for cereals has been already described by Thompson
et al. (1981).

8. Summary and conclusion

We propose a simple parameterization of land sur-
face processes for mesoscale and general circulation
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models. This scheme has been designed for the best
trade-off possible between accurate description of the
main physical processes and restricting the number of
parameters to be prescribed. One of the objectives is
to describe the vegetation as simply as possible: a sur-
face resistance controls the transpiration; the plants
intercept precipitation and dew which evaporate at the
potential rate; and the magnitude of the soil heat flux
is modulated by the fraction of surface covered by veg-
etation. Additionaly, only one surface temperature is
used to describe the entire energy exchange at the land/
cover surface. Within the ground, heat and water
transfers are dependent upon the soil texture and the
water content. The water changes are calculated for
both an upper thin layer and a deeper one at a rate
derived from Deardorff’s (1977) force restore method.
A major difference from Deardorff’s proposal is the
inclusion of gravity effects in the restore term of the
surface volumetric water content equation. Another
one is the calibration of the coefficients of this equation
upon the types and wetness of soils.

This calibration has been performed using the results
of a detailed one-dimensional model as a reference,
together with the formulations of Clapp and Hornber-
ger (1978) for the hydraulic properties of soils asso-
ciated with the USDA textural classification. The re-
sults show a great variability of the coefficients with
the soil type and its moisture content.

The scheme requires the specification of two basic
parameters which have a spatial distribution, i.e., the
dominant types of soil and vegetation within each grid
cell. These parameters may be obtained in principle
by remote sensing or from existing datasets. They gen-
erate a set of secondary parameters which characterize
a given soil texture or vegetal specy: thermal and hy-
draulic properties of the soil, and morphological and
physiological properties of the vegetation. Most of these
secondary parameters can be estimated by numerical
and field experiments, or more simply, can be asso-
ciated with the above mentioned datasets. Recent
studies also show that some of them (veg, R;) can be
inferred from satellite observatlons (Tucker and Sellers
1986).

Preliminary results obtained with a one-dimensional
version of the French Weather Service mesoscale
model, incorporating our parameterization are pre-
sented, using data collected during HAPEX-MOB-
ILHY. These tests correspond to clear sky conditions
and are applied to various soil textures and vegetation
covers at different stages of their development. The
scheme, fully interactive with the boundary layer, re-
produces well the observed variations of the compo-
nents of the surface energy balance.

The parameterization is now being applied to a larger
variety of surface and atmospheric conditions (rainy
events) and to longer time periods (several weeks), in
order to examine the realism of significant changes of
the soil water content.
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The next step will be the inclusion of the land surface
scheme in the mesoscale model, adressing the impor-
tant question of grid averaging process. The influence
of subgrid variability on the surface fluxes, highly non-
linear dependent on the surface characteristics, has
been already investigated by several authors (Mahrt
1987; Wetzel and Chang 1988). The HAPEX MOB-
ILHY experiment provides a fruitful dataset at different
scales to test assumptions related to spatial averaging
at a grid scale. The results of these numerical experi-
ments will be presented in a forthcoming paper.
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APPENDIX
Analytical Estimation of C,

If we assume that the soil hydric properties are ho-
mogeneous, we can describe the time evolution of w,
by an equation similar to the one introduced by
Bhumralkar (1975) and Blackadar (1976) for the sur-
face temperature. In this case, the matric potential ob-
eys the diffusion equation:

W_ K &
ot |cw| Fre

For a sinusoidal surface water flux with one day pe-
riod, an exact solution of (A1) is:

Wz, t) = ¥(z) + Ay exp *? sin(wt — z/d), (A2)

where d is the depth reached by the diurnal wave (d

V2K/w| ¢w| ), the frequency (w = 27 /7)and Y(z) a
linear function of z. The surface matric potentlal Yo is
thus solution of

(A1)

aV/o - _ wd _ _ 3 i\z _

0 = - L W= atde ~ Yo) + wd( (0 - 1)),
(A3)

where Yo = ¥(0) and W, is the surface water flux.

Using (1)-(2) and‘(21), and making the additional
hypothesis of an homogeneous mean profile [constant
¥(z)], this leads to an equation satisfied by w,:

ow, 2 27 - W
—£ = Wo — +d=%) (A4
o pud o~ 'rb(Wg %'// 'l’) (A4)
that can be identified with Eq. (11); thus:
2 d Wea b/2+1
€ =24 = Gl 52)
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Crsat = 2Vr dy\VWea/ B | Y | Keat (A5)
27
C, = 7 (A6)
Wgeq = _j (Yo — 4) (A7)
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