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ABSTRACT

This paper describes recent developments in climate modeling at Météo-France related to land surface processes.
The implementation of a simple land surface parameterization, Interactions between Soil Biosphere Atmosphere
(ISBA), has gained from previous validations and calibrations at local scale against field datasets and from
aggregation procedures devised to define effective land surface properties. Specific improvements for climate
purposes are introduced: spatial variability of convective rainfall in canopy drainage estimation and subsurface
gravitational percolation. The methodology used 1o derive climatological maps of land surface parameters at
the grid-scale resolution of the model from existing databases for soil and vegetation types at global scale is
described. A 3-yr integration for the present day climate with a T42L30 version of the climate model has been
performed. Results obtained compare favorably with available observed climatologies related to the various
components of the continemal surface energy and water budgets. Differences are due mostly to a poor simulation
of the precipitation field. However, some differences suggest specific improvements in the surface scheme con-
cerning representation of the bare soil atbedo, the surface runoff, and the soil moisture initialization. As a first
step prior 1o tropical deforestation experiments presented in Part 1L, regional analyses over the Amazon forest
indicate that the modeled evaporation and net radiation are in good agreement with data collected during the

Amazon Region Micrometeorological Experiment campaign,

1. Introduction

Many sensitivity experiments have shown the im-
portance of land surface processes on the atmospheric
general circulation. (e.g., Charney et al. 1977; Shukla
and Mintz 1982; Sud et al. 1988). The sensitivity is
dominant over tropical regions where the circulation
is driven by deep moist convection supplied by surface
evaporation and low-level moisture convergence.

Important progress has been achieved in this area
during the last 10 years. Realistic surface schemes rep-
resenting heat and water transfers between soil, vege-
tation, and the atmosphere have been developed for
climate models. The initiative of Dickinson (1984)
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with the Biosphere Atmosphere Transfer Scheme
{BATS) and Sellers et al. (1986) with the Simple Bio-
sphere Model {SiB) were followed by many others who
have taken part in the recent intercomparison project
PILPS (Henderson-Sellers et al. 1993 ). Databases de-
scribing soil and vegetation types at global scale were
constructed for use in general circulation models
{GCMs) (Matthews 1985; Wilson and Henderson-
Sellers 1985). Finally, pilot experiments have started
that are devoted to documenting the various compo-
nents of the water and energy balance (surface, at-
mosphere, subsurface ) on the grid scale of GCMs. The
objective is to evaluate, calibrate, and improve land
surface parameterization schemes for numerical mod-
els. The need to investigate areas larger than the local
scale meant the development of aggregation procedures
that could take into account subgrid-scale variability
and define properties or processes at the scale resolved
by GCMs. Two main tools are used to achieve this
goal: mesoscale models and remote sensing techniques.
The first experiment of this kind was HAPEX-MOB-
ILHY (André et al. 1986), which took place in south-
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western France over crops and forested areas. Since
HAPEX-MOBILHY, other experiments were under-
taken over various ecosystems: grassland ( FIFE §7-89),
semidesert (EFEDA 91), savannah (HAPEX-SAHEL
92), and boreal forest (BOREAS 94).

In this general framework, Météo-France has de-
veloped a land surface scheme known as Interactions
between Soil Biosphere Atmosphere (ISBA}. This
scheme described by Noilhan and Planton (1989) is
based on the equations of the force-restore method of
Deardorff (1977, 1978). Treatment of soil properties
for heat and water transfer has been extended to the
11 soil types in the U.S. DPepartment of Agriculture
(USDA) classification. Treatment of the canopy layer
has been simplified to avoid the numerical resolution
of a specific foliage temperature. This scheme has been
developed for both operational forecast and climate
modeling requirements. This constraint explains why
ISBA appear less sophisticated than SiB or BATS
schemes, However, we believe that ISBA can capture
the most important processes regulating heat and water
exchanges in the soil-plant-atmoesphere continuum.
We also think that more sophisticated treatments lack
knowledge of the large number of input parameters
required on a global scale for the diversity of world
ecosystems. This simple representation of the processes
is also compatible with the “mosaic™ approach of Kos-
ter and Suarez ( 1992 ) that permits an arbitrary number
of vegetation types to coexist in a GCM grid square.
Finally, the inclusion of a large number of prognostic
variables in a land surface scheme causes the problem
of initialization in operational mode.

The development strategy of ISBA has been de-
scribed by Noilhan et al. (1993) and is briefly sum-
marized here. An important study has been carried out
to examine the behavior of this scheme at local scale
over a wide range of surface types and atmospheric
conditicns. In these studies (Table 1), we have used
the input parameters given by observations, the most
important on¢ being undoubtedly soil moisture con-
tent. Unknown physical parameters were set from val-
ues in the literature, while “scheme-dependent” pa-
rameters were tuned to reproduce observed energy and
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water balances. For example, Jacquemin and Noilhan
{ 1990) have calibrated a dependency factor of the can-
opy resistance with the saturation vapor deficit for co-
niferous forest against HAPEX-MOBILHY data.
Mahfouf and Noilhan (1991) improved the represen-
tation of dew in the scheme for very dry soils, while
Braud et al. (1993) demonstrated the importance of
distinguishing roughness lengths for heat and momen-
tum in the EFEDA experiment. This local-scale eval-
uation over varied ecosystems is an important aspect
for climate modeling where correspondence tables be-
tween vegetation and soil types and parameters of the
scheme are required.

By including ISBA in the Météo-France mesoscale
model PERIDOT, Bougeault et al. (1991a,b} have
demonstrated its ability to reproduce atmospheric fea-
tures observed during clear sky periods of the HAPEX-
MOBILHY experiment. Special emphasis has been
placed on turbulent fluxes measured from aircraft
(Noilhan et al, 1991). The model captured the con-
trasted Bowen ratio between the coniferous Les Landes
forest and the surrounding crop areas. As a conse-
quence, this mesoscale model has been used by Noilhan
and Lacarrére (1995} as an integration tool for esti-
mating the mean surface evaporation flux over the 100
X 100 km HAPEX square. Noilthan and Lacarrére
{1995) defined averaging procedures for vegetation and
so0il properties to retrieve the average flux of the me-
soscale model with a single column model representing
the grid box of a GCM. The formal expression of the
surface evaporation flux remains the same and the
subgrid varabitity is introduced in the definition of
effective parameters.

In this paper, we describe the implementation of the
ISBA scheme within the Météo-France global climate
model ARPEGE (Déqué et al. 1994). This study fol-
lows an initial work of Manzi and Planton (1994),
who included ISBA in a previous climate model
EMERAUDE. We show that the inclusion of this
scheme in a GCM takes advantage of both the vali-
dation at local scale for the design of the scheme, cal-
ibrations, and measurements of surface properties dur-
ing HAPEX-type experiments to define the correspon-

TaBLE 1. Summary of the local evaluations of the ISBA scheme against field experiments.

Reference Dataset Timescale Land cover
Noilhan and Planton {1989) HAPEX-MOBILHY 86 clear sky days crop/loam-sand
Jacquemin and Neilhan {1930) HAPEX-MOBILHY 86 clear sky days pine forest/sand
Mahfouf and Jacquemin {1989) HAPEX-MOBILHY 86 rainy days crop/loam-sand
Mahfouf {1990) HAPEX-MOBILHY 86 months crop/loam-sand
Noilhan and Mahfoul (1994) HAPEX-MOBILHY 86 year crop/loam-sand
Mahfouf and Noilhan (1991) AVIGNON 84 week bare soil/loam
Braud et al. {1993) EFEDA 91 weeks bare soil/loam
Germain (1991) FIFE 87 clear sky days grassland/loam
Manzi (1993) ARME 84 year tropical forest/loam
Manzi {1993) ABRACOS 90 clear sky days deforested clearing/loam
Mahfouf (1994) HAPEX-SAHEL 92 clear sky days savannah/loam
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dence table introduced hereafier, and averaging
procedures deduced from mesoscale modeling to define
effective surface parameters at the GCM grid scale. The
methodology is rather original since generally, in cli-
mate modeling, surface properties are obtained from
literature values and averaging procedures defined a
priori.

The scheme is briefly described in section 2 with its
specific modifications for climate modeling. Section 3
is concerned with the establishment of soil and vege-
tation maps on a global scale. The simulation of the
preseni-day climate, with particular attention on near-
surface parameters and on the hydrological cycle, is
presented in section 5 after a description of the exper-
imental design, Part I of this paper will show results
from tropical deforestation experiments.

2. The numerical model
a. The land surface scheme

The ISBA scheme predicts the evolution of five
prognostic variables for the surface temperature T,
the mean surface temperature 17, the surface volu-
metric water content w,, the mean volumetric water
content w,, and the water amount of an interception
reservoir W,:

E=CT(R,,—H—LE)—2—1(TS—T2) (1)
at !
ar, | 2
e (L-T)-Z(h-T) @)
t T T2
ow C C.
O<swyswy (3)
aw:_ 1 _ _
il a,Z(Pg E,— E,)
C,
—T—max[O,(Wz—ch)] 0= Wy £ Wy (4)
|
~ = vegP —~ E,— R,. (5)

at

A list of symbols is given in appendix A, Some mod-
ifications to the initial proposal of Noithan and Planton
(1989) were applied for climate modeling purposes,
The mean surface temperature T is restored toward
a climatological deep temperature 7, updated with a
time constant r; of 20 days, The climatological tem-
perature T, is updated every month and has been ob-
tained from the National Center for Atmospheric Re-
search (NCAR) temperature climatology at 850 hPa
by extrapolating to ground level, Damping and a phase
lag with soil depth was obtained from a spectral analysis
assuming constant thermal properties (Déqué et al.
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1992). This term is only significant over continental
areas during the polar night to avoid spunous drift to-
ward too low temperatures produced by the radiative
cooling of the surface. A more realistic treatment of
deep soil heat transfers will be considered in future
versions of ISBA by generalizing the force-restore
method to the annual cycle as proposed by Dickinson
(1988} and Jacobsen and Heise (1982),

The soil is defined to have a depth 4, including the
root zone. Soil water is characterized by three threshold
values. The saturation water content (or porosity ) wg,
is the maximum amount of water that a given soil can
hold. The field capacity wy, is the soil water content at
which gravitational drainage effectively ceases. The
wilting point w,,, is the soil water content below which
it is assumed that plants are unable to pump water
from the root zone to stomatal cells. These three quan-
tities depend upon soil texture. In the ISBA scheme,
Wy 18 estimated from Clapp and Hornberger (1978),
wy. corresponds to a hydraulic conductivity of 0.1
mm day~' (Wetzel and Chang 1987), and wy, to a
water potential of —15 bar. Evaporation is assumed
to take place at the potential rate when soil moisture
is between wy, and wy,, while transpiration ceases
below Wit

For short-term integrations, Noilhan and Planton
(1989) have assumed no water flux at the lower
boundary of the soil layer. For annual timescales, a
deep drainage by gravity is added, Goutorbe et al.
{1989) analyzed the evolution of soil moisture mea-
sured during 2 years at various locations within the
experimental HAPEX-MOBILHY region. They
showed that soil moisture content has an annua) range
between the field capacity and the wilting point, During
the winter period, when precipitation exceeds evapo-
ration, soil moisture remains at a constant value close
1o the field capacity implying, by conservation of water
in the soil column, a water flux at the bottom. This
subsurface runoff has been included by a restore term
toward the field capacity in Eq. (4). The coefficient C;
depends on soil texture and its estimation is presented
in appendix B.

Runoff from the interception reservoir R, has been
modified to account for subgrid-scale variability of
precipitation within a GCM grid box. Preliminary tests
showed excessive interception loss over tropical forest
with respect to observations, Over the Amazon forest
during the ARME experiment, Shuttleworth (1988b)
estimated the interception loss as being 20%~-25% of
the total evapotranspiration of the vegetation, This
percentage was close to 80% in the initial simulations
with the GCM (Benkiran and Cerisier 1993). As dis-
cussed by Dickinson (1989) and Shuttleworth and
Dickinson (1989), this can have important conse-
quences for the response of a GCM to tropical defor-
estation.

The drip from the foliage was previously calculated
in ISBA by (Mahfouf and Jacguemin 1989)
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(6)

Wr — Wrmax
Rr = max(O, —) N

At

where W, ma, 15 the maximum amount of water stored
on the canopy reservoir, This quantity is proportional
to the vegetation density:

Wimax = v vegLAI, (N

with ¥ = 0.125 resulting from a calibration using
ARME data (Noilhan et al. 1993; Sellers et al. 1989},

By assuming an exponential distribution of precip-
itation ( Eagleson et al. 1987), the drip from the inter-
ception reservoir can be written as (Shuttleworth
1988b; Dolman and Gregory 1992):

Wr - Wrrnax
R, =P, exp(—p T) .

(8)
The parameter u represents the fraction of the grid cell
area covered by rainfall, and P, is the mean precipi-
tation rate predicted by the GCM above the canopy
within the grid cell. A study of Pitman et al. (1993)
showed an important sensitivity of the partition of in-
cident rainfall between runoff and evaporation to the
distribution of precipitation with the BATS scheme.
In a recent study, Eltahir and Bras (1993) proposed a
method to estimate the parameter ¢ from a climatology
of rainfall intensity. To simplify the approach, a con-
stant value of 0.1, already chosen by Dolman and
Gregory (1992), has been adopted.

As previcusly noted by Mahfouf and Jacquemin
(1989), when Eq. (8) is used to represent runoff from
the interception reservoir, Wy,, is not anymore the
maximum amount of water that the foliage can hold.
It becomes a quantity equivalent to the field capacity
for a soil: a threshold above which evaporation is po-
tential. Since W, can be greater than W,,,..., the fraction
of wetted foliage is modified:

. W,
5= l'l‘llll( 1, Wrmax) . (9)
We have retained in Eq. (9) the formula of Rutter et
al. (1971) instead of the one proposed by Deardorff
(1978) in order to siow down the drying of the foliage
{Mahfouf and Jacquemin 1989; Manzi and Planton
1994).
Since the surface temperature 7 is representative of
both the vegetation and the soil surface, the thermal
properties of these two media are averaged:

1 —veg veg
= -.............—+_ .
Cr 1/( = Cp)

The value representative of vegetation C,issetto 2.10™>
J~" m? K. This value is one order of magnitude higher
than that of a soil C;, in order to account for the re-
duction of the ground heat flux in the presence of a
vegetation layer (low thermal inertia). We have chosen

(10}
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a lower value than in the proposal of Noilhan and
Planton ( 1989), after Manzi and Planton ( 1994 ) dem-
onstrated that for well-developed vegetation a heat
storage term has to be taken into account. Moreover,
it removes too cold nocturnal surface temperatures
simulated over dense canopies (Giordani 1991),

The parameters Cg, C,, Cz, and wg depend upon
soil texture and soil moisture. They have been cali-
brated by Noilhan and Planton ( 1989) for the 11 soil
types of the USDA textural classification using rela-
tionships for hydraulic conductivity and water potential
proposed by Clapp and Hornberger ( 1978). The four
quantities are expressed as functions (power fit) of w,
and w; and of parameters depending upon only soil
texture: Cgsar Corers Clreats 4, 8, and p. The dependence
was tabulated for 1 1 soil types by Noilhan and Planton
(1989). They are expressed by Noilhan and Lacarrére
(1995) as continuous functions of the fraction of sand
Xiana OF clay X,y in a given soil.

The vegetation is described by its horizontal density,
veg, within each model grid box used for the partition
of evaporation fluxes and for the estimation of averaged
surface properties, its leaf area index L.47, and a min-
imum surface resistance to transpiration R;m.. The
roughness length Z,, the albedo «, the emissivity e,
and the depth of the scil column 4; are related both
to the dominant vegetation and soil types.

The total evaporation flux is the sum of three com-
ponents (evaporation from bare ground, foliage tran-
spiration, and interception loss):

Hu(ws)QSat( Ts) — Ga

E=(l—veg)p RAZa)
QSat( Ts) — {a
tveg = 8) R ) + RolZo)
QSal( T.s) — da
+ 6—}?4(20) ] (1)

b. The atmospheric part

The land surface scheme ISBA has been included in
the Météo-France climate model ARPEGE (Version
1}, which is an adaptation from the operational forecast
model by Déqué et al. (1994),

The atmospheric model uses truncated spherical
harmonics to represent variables in the horizontal and
a hybrid coordinate for the vertical discretization. The
chosen truncation is tnangular {isotropic} up to wave-
number 42. The associated Gaussian grid for nonlinear
and physics calculations has a resolution of 2.8°, Fol-
lowing Hortal and Simmons { 1991}, a reduced Gauss-
ian grid is adopted. The saving in computing time is
about 20%, and although nonlinear terms are not to-
tally free of aliasing, no significative degradations of
the simulated climate have been noticed with respect
to the full Gaussian grid. Each vertical is divided in 30
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TasLE 2. Correspondence table between vegetation types and parameters of the kand surface scheme.

dves Zoe LAl LAl Rsmin

Vegetation type (m) o {m) VeLonin VEZme (m? m™?) (m? m%) (sm™)
Crop 20 0.20 0.15 0.05 0.90 0.10 4.00 40
Short grass 1.5 G.20 0.02 (.85 0.85 1.00 1.00 40
Evergreen need-leaf tree 30 ¢.10 2.00 0.90 0.90 5.00 5.00 250
Deciduous need-leaf tree 1.0 11 2.00 0.90 0.90 0.10 5.00 250
Deciduous broad-leaf tree 30 12 2.00 0.90 0.90 0.10 5.00 250
Evergreen broad-leaf tree 30 .12 4.00 0.99 0.99 6.00 6.00 250
Savannah 20 .20 0.10 0.30 0.30 0.50 2.00 40
Tundra 1.0 016 0.05 0.50 0.50 0.50 2.00 150
Semidesert 1.0 .25 0.05 0.10 0.10 0.50 0.50 150
Bog or marsh 1.0 .12 0.05 0.60 (.60 4.00 4.00 150
Evergreen shrub 20 .20 0.10 0.50 0.50 3.00 3.00 150
Deciduous shrub 20 0.20 0.10 0.50 0.50 0.50 3.00 150
Mixed woodland 20 12 2.00 0.90 0.90 3.00 5.00 250

layers with a high resolution in the lower troposphere
to better describe the interactions between the surface
and the planetary boundary layer. This resolution dif-
fers from the one chosen by Déqué et al. (1994).
The model has a comprehensive package of physical
parameterizations, The radiation scheme is a modified
and simplified version of the Ritter and Geleyn ( 1992)
scheme. The radiative transfer equation is solved in
two spactral intervals {one for the shortwave solar ra-
diation and one for the longwave thermal radiation)
by the é-two-stream and adding methods. The effects
of scattering, absorption, and emission by clouds,
aerosols, and gases (H,O, CQ,, O1) are incorporated.
The optical properties of clouds are related to cloud
liquid water content, which is computed diagnostically
by a method suggested by Betts and Harshvardan
(1987). The radiation code is called every time step,
thereby allowing accurate interactions with cloud cover
and the diurnal cycle. Deep convection is modeled by
a massflux scheme with detrainment (Bougeault
1985). A partial cloudiness is computed in each vertical
layer with the assumption of randem overlap between
the layers. Stratiform cloudiness is a quadratic function
of the relative humidity excess over a prescribed
threshold relative humidity profile (Déqué et al. 1994),
Convective cloudiness is diagnosed from convective
precipitation using an empirical linear relation (Déqué
et al. 1994). Stratiform precipitation forms when air
becomes supersaturated. All condensed water is pre-
sumed to precipitate in one time step with possible
evaporation in unsaturated layers below. Other pa-
rameterizations concern vertical diffusion represented
by eddy diffusion ceefficients ( Louis 1979 ) and gravity
wave drag. In this version, the photochemical param-
eterization of ozone is not active, nor is the ozone mix-
ing ratio a prognostic variable. In the surface boundary
layer, transfer coeflicients are expressed using the sim-
ilarity theory of Monin—Obukhov. Louis (1979) fitted
the coeflicients as a function of the Richardson number,
in order to avoid the implicit calculation required when

the Monin—-Obukhov length is the stability parameter.
Such formulation, revised by Louis et al. (1981), is
introduced in the ARPEGE model. Mascart et al.
(1995) have exiended the polynomial fitting of Louis
(1979) for the situations where roughness lengths for
momentum Z; and for heat Zy; are not equal. The
importance of this distinction has been shown by var-
ious authors (Braud et al. 1993; Beljaars and Viterbo
1994). The ratio of the momentum to the heat rough-
ness length Z,/Z,; is set to a constant value of 10
(Garratt and Hicks 1973).

3. Mapping of the surface parameters
a. Vegetation information

Vegetation types have been obtained from a global
archive of land cover established by Wilson and Hen-
derson-Sellers (1985). A set of 53 passible land cover
types is available at a 1° horizontal resolution. Land
cover types are given for primary vegetation covering
more than 50% of the grid box and secondary vege-
tation, which occupies between 25 and 50% of the grid
box. To reduce the difficulty associated with the defi-
nition of physical and biological properties of each
vegetation type, Manzi and Planton (1994) gathered
classes to obtain only 13 vegetation types. By including
oceans, sea ice, and bare soil (deserts), 16 land cover
types are retained. The parameters «, veg, R,min, Zo,
LAl and d, associated with each of the 13 vegetation
types are listed in Table 2. We have used observed data
and local calibrations for five land cover types: crops,
grassland, tropical forest, savannah, and bare soil. The
vegetation cover and the leaf area index include a sea-
sonal cycle for crops, deciduous shrubs, and deciduous
trees. For crops, we have followed the phenological
evolution observed during HAPEX-MOBILHY (the
dommant crop type was maize). For other types, we
have imposed monthly values based on Dorman and
Sellers (1989). When observed values were not avail-
able (tundra, marsh, shrubs), averaged estimates were
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TabLE 3. Bare soil albedo for the three soil colors given by the
Wilson and Henderson-Sellers (1985) classification.

el

FI1G. |. Fraction of continenis covered by the 15 selected land
cover types on the T42 GCM grid deduced from the Wilson and
Henderson-Sellers (1985) climatology.

taken from Dorman and Sellers (1989), Matthews
{1985}, and Pitman et al. (1991). The percentage of
each vegetation over the globe is shown in Fig. 1. One
can see that these “unknown™ land cover types rep-
resent only a low percentage (less than 5% ), except for
tundra, The ratio R,/ L.AT has been estimated by an
optimization procedure by Stewart (1988) for the
Thetford pine forest (56 sm™'), by Shuttleworth
{1988b) for the Amazon rainforest (44 s m™'), and by
Stewart and Verma (1992) for the Konza prairie (40
s m~'). Values in Table 2 are close to these estimates.
The leaf area index I.4f was measured during HAPEX-
MOBILHY over maize, over the Amazon forest during
ARME (Shuttleworth et al. 1984), and over savannah
during HAPEX-SAHEL (Goutorbe et al. 1994). For
grassland, FIFE estimates of .47 are between | and 2
{Stewart and Verma 1992). Forest albedos are deduced
from measurements reported by Shuttleworth ( 1989).
Albedos for crops and savannah were deduced from
estimations of upward and downward solar radiation
components measured during HAPEX. The roughness
length has been taken equal to one-tenth of the vege-
tation height. For forest species, this vatue has been
doubled to account for the displacement height that is
not explicitly represented in the transfer coefficients of
the surface boundary layer.

b. Soil type information

Two main scurces were used for the soil information
given by Wilson and Henderson-Sellers (1985) and
Webbetal. (1991)ata 1° X 1° resolution. Their com-
mon origin is the FAQ-UNESCQ spil map of the world.
Wilson and Henderson-Sellers ( 1985) gave three qual-
itative properties for soil color (light, medium, dark),
soil texture { fine, medium, coarse), and drainage (free,
medium, impeded ), We have assigned for each color,
a dry albedo value (Table 3) and for each drainage a
soil depth d..; (Table 4). Values for albedo adopted
in Table 3 are somewhat larger than those proposed

Soil color

Cyoil
light 0.40
medium 0.30
dark 0.20

by Wilson and Henderson-Sellers (1985). The largest
bare s0il area is the Saharan desert, so we have chosen
values giving the best agreement with satellite estimates
from METEOSAT provided by Arino et al. (1991 ) over
this region (0.35-0.40). Surface albedo is certainly the
parameter that could be the most easily retrieved from
satellite data, provided angular and atmospheric cor-
rections are performed. One advantage of satellite re-
trieval is the ability to obtain different albedos at dif-
ferent locations over the globe for a given land cover.
This is not possible when a specific albedo is assigned
to a given ecosystem type. An indirect evaluation of
the albedo maps will be given in the following section
using clear sky planetary albedos from ERBE data.
Textural information required by the ISBA scheme is
the percentage of sand and clay within each grid box.
Manzi and Planton (1994) assigned for each of the
three textural classes of Wilson and Henderson-Sellers
(1985) a percentage of silt, clay, and sand, Instead of
introducing a supplementary correspondence table, we
have used the fraction of sand and clay given by Webb
et al. (1991) for a set of 15 horizons. Important dif-
ferences have been found with the previous method-
ology. More differing soil types have been identified
such as clayey soils over Amazonia and Eastern Aus-
tralia, or sandy soils over Australia, the Sahel, and the
Kalahari Desert (Fig. 2). The soil depth is also given
by the Webb classification. However, in the ISBA
scheme, this quantity is mostly related to the root zone
of plants. Therefore, mapping of this parameter is de-
duced from the correspondence table of vegetation
types. It has the advantage of being easy to modify for
climate change studies. Spatial distribution obtained
this way is well correlated with the soil depth map of
Webb et al. (1991). Deep soils are associated with forest
ecosystems except over deciduous need-leaf trees
{larch) in Siberia where we have reduced the initial
value of 3 to | m to match poor soil depth noticed in
this region by Webb et al. (1991).

TABLE 4. Soil depth for three soil drainage categories given by the
Wilson and Henderson-Sellers (1985} classification.

Soil drainage it
rapid 1.00
poor 0.50
impeded 0.10
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Fic. 2. Maps of the percentage of clay and sand on the T42 GCM
grid deduced from the Webb et al. (19%1) climatology.

¢. Blended properties

A given surface property ¢ (veg, LAI, &) is averaged
from its values for the dominant vegetation type ¢,
and for the secondary vegetation type ¢, by

@ = 0.75¢4+ 0.25¢;. (12)

The roughness length associated with land cover is
given by
z‘h=0'7sw+0_2sm_
VEEim

ax vegsmax

(13)

The total roughness length including the contribution
of subgrid scale orography Zy,.; equals

Zﬂ = "Z%u + z%re."- (14)
The total albedo is
o = VeBaye T (1 — veR) o (15)

The depth d, of the active s0il layer is obtained as the
maximum of the vegetation root depth d.., and the
soil column depth d,;:

dy = max{dyeg, diit)- (16)

The emissivity ¢ is specified from CLIMAP data
(Déqué et al. 1992),
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d. Averaged properties

Noilhan and Lacarrére { 1995) defined operators to
transfer the land surface properties from a fine grid
(here 1° X 1°) to a coarser grid (here T42). The un-
derlying idea is to average quantities that are pseudo-
linear with respect to the surface fluxes. If the per-
centage of land cover type { within a coarse grid is f;,
the mean property ¢ is given by

N
= z ﬁ?’: s
i=1
with ¢ = veg, a, LAI; dg, ll‘l(zo), l!!Rsmin, Xsanda and
Xeiay. The other approach for dealing with the problem
of spatial heterogeneity is to estimate the flux of each
patchiness and then estimate the total area flux as the
sum of each component ( Koster and Suarez 1992; Du-
coudré et al, 1993),

The continuous formulation of soil thermohydric
properties devised by Neilhan and Lacarrére (1995)
allows for an easier averaging procedure than on the
parameters themselves due to weaker nonlinearities,

(17)

4. Experimental design

A 3-yr control experiment has been performed forced
with climatological sea surface temperatures and sea-
ice extents obtained from COLA /CAC and averaged
over the AMIP period 1979-1988. The simulation be-
gins on 1 September 1979 from a European Centre for
Medium-Range Weather Forecasts ( ECMWTF) analysis
interpolated and truncated to the model resolution.
Soil moisture was initialized using an indirect clima-
tology of soil meisture availability ¢ based on obser-
vations of temperature and dewpoint temperature at
850 hPa from NCAR climatology. Surface relative hu-
midity is related to soil moisture using an empirical
relationship (Déqué et al. 1992). To have water con-
tents consistent with soil depth 4, and soil texture, we
have scaled the parameter by the permanent wilting
point w,;, and the field capacity wy,. The water depth
W for a grid box characterized by a moisture availability
¢ is given by

W= [{wr, — Wear}¥ + Wainlda. (18)

The geographical distribution of soil moisture obtained
this way agrees with the Mintz and Serafini (1992)
climatology. It wili be shown in the resulis that over
specific regions, the surface scheme remembers the ini-
tial soil moisture for long periods of time, and hence
the initialization is important.

Screen-level temperature, precipitation, surface
evaporation, runoff, and clear sky planetary albedo
have been examined and are compared with observed
climatologies. Regional amalyies have also been per-
formed to check the behavior of the model over dif-
ferent regions following the methodology of Garratt et
al. (1993). Special emphasis is placed on the Amazon
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region since measurements from ARME are available
(Shuttleworth et al. 1984).

Manzi and Planton ( 1994) have already compared
results produced with and without the ISBA scheme
in the former Météo-France climate GCM where an
intensification of the hydrological cycle and a cooling
of the surface was noticed. The general pattern of model
errors on the global scale has not been modified by the
ISBA scheme. However, some improvements were no-
ticed at regional scale. Over Amazonia, results were
found to be more realistic with the new scheme during
the dry season.

5. Results

Our attention is focused on parameters that are of
importance for continental surfaces either as forcing
terms {precipitation, radiation) or as by-products of
the land surface scheme (evaporation). We will try to
capture the spatio-temporal structure of these fields by
examining them in different ways using various types
of diagnostics.

a. Global analysis
1) CLEAR SKY PLANETARY ALBEDO

The realism of the land cover imposed at the lower
boundary of our model cannot be easily evaluated on
the global scale except for the surface albedo where
remote-sensed observations are available. One manner
to verify this field i1s to compare clear sky planetary
albedo against cloudless scenes from satellite data. This
comnparison is presented in Fig. 3 for each land cover
category of the continental surfaces. Averaged model
values for 16 types are compared with the satellite
counterpart derived from the Earth Radiation Budget
Experiment (ERBE). We have chosen the month of
July for the comparison in order to reduce the influence
of snow cover. Satellite data are averaged over four
Julys {1985~1988), Possible differences may not be
due solely to the surface, since top of the atmosphere
albedos also include an atmospheric contribution. Also,
the sampling method of clear sky pixels is different for
the model and the sateliite data. The model computes
clear sky radiative fluxes every 3 h in the course of the
integration, while for the satellite, monthly averages
are performed only with observed clear sky scenes [ re-
spectively, methods II and I in the terminology pro-
posed by Cess and Potter (1987)]. Figure 3 reveals an
agreement of the model data with the satellite obser-
vations. The model captures the high albedos above
50% over ice caps, the large values associated with de-
sert and semidesert areas near 25%, and the low albedos
(14%) characterizing tropical forests. Crops and grass-
land surfaces have slightly higher albedos than observed
with an overestimation around 10% in relative. Savan-
nah albedo is overestimated and this could be impor-
tant because this surface type represents 13% of the
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FIG. 3. Comparison of the modeled clear sky planetary albedo
with ERBE data in July for each land cover category,

continental surfaces of the world. The averaged albedo
over savannah s 22% instead of 18%. For other veg-
etation types such as deciduous forest or marsh, dif-
ferences are less critical since their surface coverage is
less than 5% of the globe (Fig. 1). Surface albedo and
vegetation cover for savannah have been calibrated
against local measurements from HAPEX-SAHEL.
However, this vegetation type is also present over a
large fraction of South Africa and South America with
apparently lower values. This reveals a weakness of the
mapping method, which assumes that a given vegeta-
tion type has the same albedo over all the world. One
can see that the model captures the contrasting albedos
of the varipus land covers but often slightly overesti-
mated. This defect comes principally from having a
too high albedo over bare light soils. Selected values
in Table 3 are well fitted for Saharan desert but lead
to a positive bias over regions where the contribution
of bare soil to total albedo is non-negligible.

2) PRECIPITATION AND AIR TEMPERATURE

Rainfall is an input to the land surface hydrology
scheme and therefore strongly drives its behavior. The
global geographical distribution of precipitation sim-
ulated by the model can be compared with the cli-
matology of Legates and Willmott (1990a,b) for the
annual mean quantities in Fig, 4 {seasonal evaluation
is discussed for regional analyses). The large-scale
characteristics of precipitation are reasonably simu-
lated. The intense equatorial belt along the ITCZ with
three maxima located over continents (South America,
Africa, Indonesia) are present. The intensity is some-
what underestimated in the eastern equatorial Pacific
and over South America. The South Pacific conver-
gence zone is simulated. Over Southeast Asia, a max-
imum is displaced westward near the Bay of Bengal.
Midlatitude storm track maxima over the oceans are
also modeled. Over the North Atlantic and North Pa-
cific, the model poorly simulates the enhanced precip-
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FIG. 4. Mean annual distribution of precipitation from the at-
mospheric model (top) and the observed data of Legates and Willmott
(1990a; bottom).

itation over warm ocean currents, inducing too low
rainfall rates along the eastern coast of North America.

Siberian rainfall is substantially overestimated. Dry -

areas above deserts, subtropical oceans, and polar re-
gions are in agreement with the climatology both for

spatial extent and intensity. As already noted by Manzi ~

and Planton { 1994), the general pattern of modet errors
on the global scale is not sensitive to the new land
surface scheme ISBA (Benkiran and Cerisier 1993).
The mean annual surface air temperature simulated
by ARPEGE is shown in Fig. 5 together with the cli-
matology developed by Legates and Willmott (1990b).
Lower than observed temperatures are found over most

terrestrial regions, for instance North Africa, Vene- |
zuela, and Greenland. Two possible reasons can be |

identified: excessive surface evaporation and insuffi-
cient downward radiation at the surface. Over moun-
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precipitation. A set of 11 climate zones is identified
based on simple criteria for the minima and maxima
of these two fields. The way the classification is obtained
is summarized in Table 5. The K&ppen classification
is applied to model outputs and to the climatological
observed air temperature {Legates and Willmott
1990b) and precipitation (Legates and Willmott
1990b). The fraction of continents covered by different
climate zones is presented in Fig. 6 for the observations
and the model simulation. The simulated classes match
well with the observed ones. Large differences can be
noticed for the tropical savannah climate (Aw) un-
deresiimated by a factor of 2, whereas the inverse is
noticed for the warm climate with dry winter {Cw).
Examination of the geographical distribution indicates
that the model produces a shift of climate zones Aw
and Af to the climate zone Cw over South Africa. This
is a consequence of a too cold minimum temperature
and too much rainfall in the summer season, Qver Ar-
gentina, climate zone Dw is replaced by Cw, by having
a too cold minimum temperature. The climate zone
Cf present in the climatology over western Europe and
the eastern United States is underestimated as being
almost absent of the United States. Climate zone Df
located over Canada and the Eurasian continent ex-

ANNUAL A TEHPERATHAE (Dap. C)

tainous regions (Tibetan Plateau, Rockies, Andes), =

underestimation possibly comes from an inconsistency

in the representation of surface elevation between the [=

model and reality.

The precipitation and air temperature fields can be
combined to constitute the climate classification pro-
posed by Képpen {1923). The Kippen climate clas-
sification is based on annual cycles of temperature and

"

LEGATES and WILLWOTT

FiG. 5. Mean annual distribution of surface air temperatuce from
the atmospheric model (top) and the observed data of Legates and
Willmott (1990b; bottom).
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tends too far south over the Gobi Desert due to exces-
sive precipitation, at the expense of the BS and BW
climates. Most of Greenland is colder than 0°C in the
model enhancing climate zone EF and reducing ET.

3} RUNOFF

Precipitation is the most documented component
of the surface hydrological budget, whereas the two
other fluxes (evaporation and runeff) are less accurately
known, It also seems important to know whether water
input over land is correctly partitioned into evaporation
and runoff by the surface hydrology scheme, even if
available data have to be considered as guidelines only,
Continental runoff can be obtained over drainage ba-
sins by measuring the flow rate of the world’s major
rivers, The approach proposed by Russell and Miller
(1990) for the GISS GCM has also been applied by
Diimenil and Todini (1992) to the ECHAM model.
In the latter case, a horizontal advection scheme of
underground water flow is introduced for an evaluation
of the freshwater flow required in atmosphere-ocean
coupled runs. In this case, a comparison of the observed
and modeled runoff can be done on a monthly time
basis because the delay between instantaneous runoff
and river flow modification is taken into account.
Without this horizontal transport, comparison between
calculated runoff and river flow is relevant only on an
annual mean basis. We have selected a set of 15 river
drainage basins over the world. Model grid boxes were
chosen in accordance with Diimenil and Todini ( 1992)
estimates. Comparison of observed values given by
Milliman and Meade (1983) and model-generated
runoff is presented in Fig. 7. Runofl from the Amazon

VOoLUME &
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FIG. 6. Fraction of continents covered by the different Koppen
climate zones for observations (Legates and Willmott 1990a,b) and
the model simulation.

is one third of the observed value. In the southern part
of this continent, runoff from La Plata River is correct.
Over the North American continent, the modeled run-
off is in good agreement with observed values for the
McKenzie and the St. Lawrence rivers. The model
generates negligible runoff for the Mississippi River (29
mm instead of 180 mm), Over high latitudes in Asia,
runoff is too high for the four rivers concerned (Ob,
Lena, Amur, and Yenesei). Over India, although the
model estimate is quite large for the Brahamapuira
River, this runoffis still too low by 100 mm. The same
deficiency appears for the Indus River and in China
for the Yangtze River and Indus River. In Africa, ranoff
is slightly underpredicted for two of the three major
river basins ( Zambesi, Niger) and is well simulated for
the Zaire River.

TaBLE 5. Climate dassification from Képpen. Here fp;, and f,.. represent the monthly mean temperature of the coldest and warmest
months, respectively: 7, rmin, and Fr., present the annwal mean precipitation and monthiy mean precipitation of the driest and wettest
months, respectively; and Zamins Femaxs Fumins a0d #.may are the precipitation of the driest summer month, the precipitation of the wettest
summer month, the precipitation of the driest winter month, and the precipitation of the weitest winter month, respectively. Here ryis a
threshold precipitation that depends on the annual mean temperature ¢ aud the annual cycle of precipitation: r; = 21 if at least 70% of the
annual precipitation occurs in winter, r; = 27 + 28 if at least 70% of the annual cycle precipitation occurs in summer, and ry = 27 + 14

otherwise.
Type Subtype Name Criterion
A tropical rainy climates Imin = 18°C
Af tropical rainforest ¢limate Fmin & 6 ¢cm month™’
Aw tropical savannah climate *min < 6 cm month™'
B dry climates F=rg
BS steppe climate F2rgfl
BW desert climate F e rgf2
C humid mesothermal climates —=3°C £ tin < 18°C
Cs warm climate with dry summer Fromax 2 3.Frmin
Cw warm climate with dry winter Fax & 10 min
Ct humid temperature climate Fanar < 10.7umin A0 Fomaz < 3 min
D humid microthermal climates fmin < 3°C and {p,; = 10°C
Dw cold climate with dry winter Fomas = 10.7min
Df cold climate with moist winter romax < 10.7min
E polar climates fmax < 10°C
ET tundra climate 0°C =ty < 10°C
EF permafrost tmax < 0°C
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FiG. 7. Mean annual runoff for the world's largest rivers. Com-
parison between modeled runoff and observed runoff of Milliman
and Maede (1983).

In general, runoff anomalies are consistent with dis-
crepancies previously noticed in the modeled precipi-
tation. At high latitudes, precipitation is overestimated
inducing too much runoff in the model. An excess in
precipitation generates too large evaporation rates
through soil moistening, thereby reducing the runoff
bias. QOver Canada, these too large values compensate
to produce runoff amounts close to observations.
However, overestimation of precipitation is reflected
in runoff for rivers located in Siberia. For equatorial
and tropical regions, except in Amazonia, runoff is un-
derestimated despite precipitation close or higher than
climatology. Rainfall rate is high in these regions (above
1000 mm yr~'}, saturating soils and thereby producing
excessive potential evaporation. One way to increase
runoff at the expense of evaporation would be the in-
troduction of subgrid scale variability of soil infiltration
(Shuttleworth 1988a) or soil water holding capacity
(Diimenil and Todini 1992). These techniques allow
runoff to occur before a complete saturation of the soil
water reservoirs. The behavior for the Amazon is dif-
ferent due to a rainfall underestimation by the model.
However, the introduction a deep gravitational drain-
age in the evolution of the mean volumetric water con-
tent has significantly increased runoff in these regions
compared with previous simulations (Cerisier and
Benkiran 1993). Runoff predictions by bucket type
models for these regions are generally acceptable, pro-
vided precipitation is correctly simulated. This can be
explained by their small water-holding capacity (Mintz
and Serafini 1992; Russel! and Miller 1990}. Behavior
of the Mississippi Basin is atypical with excessive evap-
oration and too low rainfall rates.

b. Regional analysis

In this section, analyses are presented for five con-
trasting regions ( Eurasia, eastern United States, Aus-
tralia, Central Sahel, Amazonia) already studied by
Garratt et al. (1993) in GCM evaluations. These se-
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lected zones are displayed in Fig. 8. Each zone encom-
passes about 40 model grid points. Model variables are
compared with various climatologies for screen-level
temperature (Legates and Willmott 1990b), precipi-
tation (Legates and Willmoit 1990a), cloudiness
(ISCCP data), soil moisture and surface evaporation
(Mintz and Serafini 1992}, and net radiation (Henning
1989). A rigorous comparison with Mintz and Serafini
{1992} should be made with caution because their re-
sult is based on a simple water budget model driven
by the observed temperature and precipitation. Since
Part II of this paper will examine tropical deforestation,
the analysis over Amazonia will be emphasized where
local measurements from the ARME field study are
also available (Shuttleworth et al. 1984). We compare
monthly mean values averaged over the 3 years of in-
tegration except for soil moisture where the evolution
over the whole period reveals interesting features, The
climatology of Mintz and Serafini (1992) provides
nomalized amounts of soil moisture between zero and
one. [n the model outputs, the mean volumetric water
content w; is combined with the field capacity wy, and
the wilting point wyy, to create the following dimen-
sionless variable .

g = W2 — Wik ) (19)

Wre — Wain

Figure 9 reveals that over Amazonia, with a large water
input, less than 1 vear is needed to reach a quasi-equi-
librium state. The seasonal cycle follows the climatol-
ogy with maximum amounts close to the field capacity
in the rainy season. The introduction of a subsurface
gravitational percolation with an e-folding time of a
few days preciudes values above the field capacity on
the monthly averages. Over Eurasia, where the annual
precipitation is important, equilibrium is also reached
by the end of the first year. The same is observed for
the eastern United States although with a drier soil
than the climatology. For desertic areas (Africa, Aus-
tralia), even after three years of integration a decreasing
trend persists, which indicates that the atmosphere is

SELECTED REGIONS

FiG, 8. Location of the five selected continental regions.
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FIG. 9. Normalized soil moisture evolution during the last
36 months of simulation (dashed lines) averaged over the five
selected regions compared with Mintz and Serafini climatology
(repeated identically each year in solid lines).
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still removing water from the soil. The normalized pa-
rameter y is negative in these regions since soil moisture
is below the wilting point ( which was the initial value
as described in section 4). Several conclusions ¢an be
drawn from this behavior, Initialization of soil moisture
is important even for climate modeling as pointed out
by Serafini (1990). Its importance is particularly pro-
nounced over regions where the water input is weak
and where bare soil evaporation dominates (i.e., des-
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ertic areas). For these situations, the memory of the
initial state can last for several years since bare soil
evaporation manages only small amounts of water
within the superficial reservoir. Another feature is that
the wilting point is a useful lower bound of soil moisture
only in the presence of vegetation. Over bare soil, soil
moisture can drop far below this value. In the future,
the soil moisture initialization procedure of cur model
will include the vegetation fraction to provide a better
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FiG. 10. Mean seasonal cycle of precipitation, surface evaporation, surface air temperatare, and net radiation over the Amazon region.
Modeled precipitation is compared with Legates and Willmott {1990a) values, Modeted evaporation is compared with Mintz and Serafini
{1992} values. Modeled surface air temperature is compared with Legates and Willmott (1990b) values. Modeled net radiation is compared

with ARME data from Shuttleworth et al. (1984).
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FIG. 11. Mean seasonal cycle of total evaporation and interception
loss over the Amazon forest. Simulated cycles are compared with the
ARME data from Shuttleworth et al. (1984) and Shuttleworth {1988b).

first guess over desert areas (Manzi 1993). Our major
concern in Part T is tropical regions where the presence
of vegetation and large precipitation amounts remove
this problem. A study with a focus on semiand regions
has to be aware of this problem. All these findings are
in agreement with sensitivity studies undertaken in
stand-alone mode with ISBA in the PILPS program
{ Mahfouf and Noilhan 1993),

Over Amazonia, the seasonal cycle of precipitation
is in phase with the climatology, but an important un-
derestimation by a factor two is noticed during the first
4 months of the year (Fig. 10). For the remaining part
of the year, the minimum corresponding to the dry
season is well reproduced, as is the initial phase of the
rainy season (September-December). Despite this
weakness in precipitation, evaporation is large during
the wet season with values close to the climatology.
Evaporation is not himited by the surface (it rains
enough in the model to be close to the field capacity)
but by the available radiative energy. A decrease in
evaporation is noticed in winter (JJA), which is also
evident in the climatology. Decrease in evaporation
during the dry season visible in Fig. 10 comes from the
fact that the selected region shown in Fig. 8 encom-
passes not only tropical forest but also tall grass, having
a lower water holding capacity. Since interception loss
was measured during this field campaign, we have re-
ported this component of evaporation in Fig. 11 to
show that subgrid-scale variability of precipitation for
canopy drainage leads to a prediction of the model
close to measurements, Measurements exhibit a de-

VOLUME 8

creasing trend during the course of the year, while in-
terception loss from the model follows the seasonal
cycle of precipitation with minimum values in June-
July. Evaporation computed by the model, when av-
eraged over the Amazon forest as in Fig. 11, shows a
behavior similar to the seasonal cycle presented by
Shuttleworth { 1988b) (almost constant rate around 3.7
mm day'). The agreement for evaporation is not an
artifact of two opposite defects. The net radiation com-
puted by the model is close to the one measured during
ARME. The seasonal cycle has a weak amplitude
around 130 W m™2 (Fig. 10). We can conclude that
over this region, management of land surface processes
is consistent with the available observations. This is a
necessary condition in order to have some confidence
in deforestation experiments described hereafter.
Screen-level temperature maxima agree reasonably
with observed climatology whereas minima are too low
by 3 K. Surface albedos for the five regions are displayed
in Table 6, indicating that over Amazonia, this param-
eter does not explain observed departures from the cli-
matology. Thus, we suspect an underestimation of the
downward net radiation, compatible with the fact that
net radiation is close to climatology. A comparison
with radiative measurements collected during ARME
reveals that net downward radiation is underestimated
by 40 W m~? during the JJA period. More precisely,
solar radiation is larger than observed (230 W m™ in-
stead of 130 W m™2), while thermal downward radia-
tion is too low by 90 W m 2.

All results discussed hereafter are displayed in Tables
7 and 8. Over Africa, the contrasting precipitation re-
gimes between JJA and DJF are reasonably simulated
by the model. Winter evaporation, although very weak,
is larger than the climatology due to the problem of
soil moisture initialization previously mentioned. Over
Eurasia, precipitation is always larger than climatology
by about 1 mm day~" with a direct consequence on
evaporation principally during summer, The precipi-
tation is underestimated during the whole year for the
North America region with differences reaching 2 mm
day ' in winter. Evaporation is reasonable in summer,
whereas in winter the net radiation is too large thereby
enhancing water losses by the soil. Finally, the agree-
ment is good over Australia both for precipitation and
evaporation.

Important differences can be noticed for air tem-
perature between modeled quantities and observed

TABLE 6. Surface albedo over selected regions
from various sources.

Surface albedo Amazonia Alvica Ewrasia Amenca Australia
ISBA 0.15 0.32 0.23 .19 0.31
HENNING 0.15 0.26 0.22 0.18 0.26
DORMAN-SELLERS 0.14 0.25 0.19 0.17 0.26
MATTHEWS 0.13 0.25 0.t9 0.15 0.22
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TaBLE 7. Mean values of air temperature, precipitation, evaporation, net radiation and cloudiness for the period June-July-August
over selected regions. Modeled values are compared with different climatologies.

Variable Amazonia Africa Eurasia America Australia

Air temperature-Model (°C) 200 27.3 179 275 11.2
Air temperature-Legates (°C) 231 30.3 18.8 24.1 154
Precipitation-Model (mm day™') 2.05 220 2,13 2.61 .10
Precipitation-Legates (mm day™!) 2.03 2.51 1.56 3.56 0.41
Evaporation-Model {mm day™") 2.87 1.92 2.67 3.36 0.35
Evapotation-Serafini (mm day™') 2.67 1.80 1.94 3.96 0.54
Net radiation-Model (W m™2) 112 109 124 171 20
Net radiation-Henning (W m™) 82 120 128 158 29
Cloudiness-Model (%) 43.1 JoR 43.9 353 17.5
Cloudiness-ISCCP (%) 42.6 LN | 49.5 50.] 211

ones. Over Africa, winter temperatures are underesti-
mated by 5 K. A possible explanation is that the net
radiative energy is too weak at the surface over this
region. This effect is not found in the net radiation due
to a compensation by weaker thermal losses from the
surface. The same is true for Australia during the winter
season. Sensitivity experiments with surface albedos
reveal that values over Australia are somewhat over-
estimated and that reducing their values from 0.32 to
(.25 removes this cold bias (Mahdaoui 1994). Over
the Sahel, the behavior is quite different. A reduction
in surface albedo increases surface temperature by only
2 K, but unrealistically increases precipitation through
a Charney-type feedback (Charney et al. 1977). The
ongin of this problem certainly lies in the radiative
code. The use of the Surface Radiation Budget Global
dataset compiled by the World Climate Research Pro-
gramme { WCRP) and the National Aeronautics and
Space Administration { NASA ) woulkd be helpful to go
deeper in this direction. Over North America, the
maximum temperature is overestimated by 3 K due
to a too low cloud cover. Minima over Eurasia are too
high by an enhancement in the greenhouse effect of
clouds { cloud cover being 85% instead of 46%). The
fact that snow thermal properties are not introduced
in the global thermal coefficient Cr of the surface may
also contribute to this warm bias.

6. Conclusions

In this paper, the methodology developed to imple-
ment an improved land surface scheme ISBA (Noilhan
and Planton 1989) within the Météo-France climate
model ARPEGE {Déqué et al. 1994) has been pre-
sented, The methodology is based on local validations
over various ecosystems to establish correspondence
tables between vegetation types and scheme parame-
ters, and on mesoscale modeling to define gnd-scale
averaging procedures for scheme parameters. We have
brought some modifications from the previous work
of Manzi and Planton (1994 ) and Benkiran and Cer-
isier ( 1993), The proposal of Shuttleworth ( 1988a) has
been used to account for precipitation spatial variability
within the GCM grid box in estimating the canopy
drainage. An additional term, representing subsucface
gravitational drainage has been incorporated in the
prognostic equation of the mean volumetric water
content. Different roughness lengths are used for mo-
mentum and heat to compute turbulent transfers in
the surface boundary layer, The correspondence table
was modified to better match previous local calibra-
tions. We used the recent soil climatology from Webb
et al. (1991) giving explicitly the percentage of sand,
loam, and clay at a 1° X 1° resolution. The last mod-
ification, with respect to the description of the AR-
PEGE model given by Déqué et al. (1994), has been

TABLE 8. Asin Table 7 bui for the period December-January-February.

Variable Amazonia Africa Eurasia America Australia

Air temperature-Model {°C) 218 15.0 —11.4 2.2 218
Air tempetature-Legates (°C) 24.8 20.4 -14.9 2.8 279
Precipitation-Model (mm day™") 5.50 0.03 1.60 1.07 1.80
Precipitation-Legates (mm day™") 9.00 0.05 1.25 2.69 1.78
Evaporation-Madel (mm day "} 3.58 0.60 0.21 0.74 1.72
Evaporation-Serafini (mm day™") 381 0.19 0.00 0.24 1.72
Net radiation-Model (W m™2} 124 43 -9 10 133
Net radiation-Henning {W m™) 123 37 —15 10 148
Cloudiness-Model (%) 86.4 227 86.5 56.6 27.2
Cloudiness-ISCCP (%) 83.7 21.3 44.7 56.8 46.2
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the increase of the vertical resolution in the troposphere
at the expense of stratospheric resolution.

The evaluation of a 3-yr integration for the present-
day climate has focused on the hydrological cycle. Wa-
ter management by the surface scheme is, in general,
realistic, and most of the identified problems come
from the hydrological forcing { precipitation ) and from
the radiative forcing {cloudiness, net solar radiation },

Future improvements will concern the mapping of
surface albedo using satellite data to better distinguish
bare soil surfaces at different locations of the globe,
initialization of soil moisture to reduce the spinup time
of the model and the representation of soil heat transfer
by generalizing the force-restore method to the annual
cycle. The seasonal cycle of the vegetation biomass
(veg, LAD) will be improved by performing statistical
regressions with global vegetation indexes from
NOAA/AVHRR remote sensing data {Mahdaoui
1994). The inclusion of subgrid variability in convec-
tive precipitation for soil surface infiltration would
likely remove part of the negative bias noticed in runoff
over tropical regions. This first analysis will be com-
pleted by an evaluation of the surface radiative budget,
since the first assessment with ARME data indicates
that the radiative scheme seems to overpredict solar
radiation and underpredict longwave thermal radiation
at the surface. Available observed data on surface ra-
diative fluxes are given from field experiments such as
FIFE and from the first WCRP Surface Radiation
Budget Global datasets. Improvements in other phys-
ical parameterizations (partial cloudiness and deep
convection principally } of the model could lead to a
better representation of land surface processes.
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APPENDIX A

List of Symbols

b slope of the retention curve
Ce soil thermal coefficient
C, vegetation thermal coefficient
Cr surface transfer coefficient for heat
C soil transfer coefBicient for moisture
s soil transfer coeflicient for moisture
s s0il transfer coefficient for moisture
d superficial soil depth
d> total soil depth
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soil column depth

vegetation root depth

total evaporation rate

bare soil evaporation rate

transpiration rate

evaporation rate from the interception res-
ervoir (interception loss)

sensible heat flux

surface relative humidity

hydraulic conductivity

hydraulic conductivity at saturation

laient heat of vaporization

leaf area index

precipitation rate

precipitation rate above the canopy

flux of liquid water reaching the soil surface

specific humidity at the first level of the at-
mospheric model

specific humidity at saturation at temperature
T

aerodynamic resistance

drainage rate form the interception reservoir

canopy surface resistance

minimum stomatal resistance

net radiation

surface temperature

mean surface temperature

climatological deep soil temperature

fraction of vegetation cover

maximum fraction of vegetation cover

volumetric water content at field capacity

surface volumetric water content

surface volumetric water content when grav-
ity balances the capillarity forces

volumetric water content at saturation

volumetric water content at wilting point

mean volumetric water content

water content of the interception reservoir

maximum water content of the interception
reservoir

roughness length for momentum transfers

roughness length for heat and water vapor
transfers

contribution of vegetation to the roughness
length

contribution of subgrid-scale orography to the
roughness length

surface albedo

vegetation albedo

bare soil albedo

percentage of liquid water on leaves

time step of the model

surface emissivity

maximum amount of liquid water a foliage
can retain

fraction of grid box covered by rainfall

generic variable

dimensionless soil moisture
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P density of air

Py density of liquid water

Ty restore constant of 1 day

T restore constant of 20 days
APPENDIX B

Estimation of the C; Coefficient

The C; coefficient characterizes the velocity at which
the water profile is restored to the field capacity. As-
suming that the only sink of water over a soil column
d> is produced by gravitational drainage at the bottom
of the layer, the prognostic equation for w, takes the
form

K
ot d; ‘
This equation ¢can be integrated starting from saturation

Wy, Using the following relation between the hydraulic
conductivity K, and the volumetric water content w;:

(B1)

W, 243
K. - Kﬂ(—) . (B2)
Waat
The water content at time ¢ is given by
K, . =L/ (254+2)
wy(1) = wm[l +(2b+2)—‘“:] (B3)
W

If the evolution of w; is given by a Newtonian restore
term
ow, W2 — Wy,
- = G, (B4)
or T
the volumetric water content w3 for £ =+ / C; starting
from saturation is

(B3)

Replacing this value in Eq. ( B3) provides an estimate
of the coefficient Ci:

w: =wr+ {(Weat — ch)fe-

_ 71(2b + 2) Ky
d2wsal[( w:!wsai)_u’_z - l] '
The textural dependency of this coefficient can be fitted
by a power law with the fraction of clay X,,:
_ 532X a2
ds :
The time constant increases for finer soil textures. For

a soil depth of | m, a sand is restored in 14 h toward
field capacity and a clay in 10 days.

Cs (B6)

& (B7)
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