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ABSTRACT

A simple parameterization of the hydrologic exchanges between the soil-vegetation system and the atmosphere
(SECHIBA ) has been developed for use within atmospheric general circulation models (AGCM).

For each grid box of the model, eight land surface types (bare soil plus seven vegetation classes) are defined,
each of them covering a fractional area of the grid box and allowed to be found simultaneously, Over each of
these covers the transfers are computed: evaporation from soil, transpiration from plants through a resistance
defined by the concepts of stomatal resistance and architectural resistance, and interception loss from the water
reservoir over the canopy. These fluxes are then averaged over the grid box to derive the total amount of water
vapor that is transferred to the first atmospheric level of the AGCM. Parameterization of soil water allows for
the moistening of an upper layer, of variable depth, during a rainfall event,

This new scheme is quite simple and requires prescription of a restricted number of parameters: seven for
each class of vegetation and four for the soil. Nevertheless, it is demonstrated that the latent heat fluxes it
simulates are quite comparable to the ones simulated by the Biosphere-Atmosphere Transfer Scheme or calculated

by Shuttleworth over the tropical rainforest of the Reserva Ducke (Amazon), with no tuning involved.

1. Introduction

Sensitivity studies performed with atmospheric gen-
eral circulation models (AGCMs) have shown that land
surface processes influence the transfers between land
surface and the atmosphere, as reviewed by Mintz
(1984). Ten years ago, Mintz (1982) proposed to in-
troduce the vegetation properties that undergo seasonal
variations into AGCMs for climate studies in order to
realistically represent the water budget of the atmo-
sphere. Schemes that calculate transpiration from
plants, interception loss and storage of the canopy have
been designed ( Deardorff 1978; Dickinson 1984; Sellers
et al. 1986) to be used in AGCMs. Those models de-
pend on many parameters that need to be calibrated
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to enhance the model performance (Sellers et al. 1989).
They have been introduced in AGCMs (Sato et al.
1989). Some deforestation studies have been per-
formed where tropical forest was replaced by grassland.
The first of these was that of Dickinson and Hender-
son-Sellers (1988). All these models treat the vegeta-
tion layer in a grid box as a “big leaf ” with mean value
of parameters such as surface resistance, for example.
The difficulty of using a big leaf model in a square of
the order of 10* km? or more has been stressed by
McNaughton (1987) or Avissar and Verstraete (1990).

Another point that seems important to consider in
AGCMs is the subgrid spatial variability of precipita-
tion and soil moisture (Entekhabi and Eagleson 1989).
Attempts to introduce those in AGCMs are under way
(Wood et al. 1992).

It is not obvious how to define the level of complexity
AGCMs must adopt when they include soil and veg-
etation in their simulation. For example, the Simple
Biosphere model (Sellers et al. 1986 ) has recently been
simplified, without loosing accuracy (Xue etal. 1991),
by reducing the number of prescribed parameters it
requires from 44 to 21. More sensitivity experiments
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are needed to find out what are the most important
processes with respect to the interactions between soil,
vegetation, and atmosphere that must be represented
within these new schemes.

In this context we have defined a scheme of the bio-
sphere-atmosphere interface to be used within the
LMD AGCM. The focus is on the hydrologic exchanges
between soil, vegetation, and the atmosphere. It intro-
duces the concept of surface resistance for transpiration
and represents interception loss and storage of the fo-
liage. These water exchanges are modeled for eight
types of land cover (bare soil plus seven vegetation
classes). Each of these is characterized by only a few
parameters. One of the original features of the scheme
is that it allows the simultaneous existence of these
eight covers in a grid box of the climate model. Cal-
culations of the evapotranspiration rate are performed
separately for each surface type, and the total latent
heat flux transferred to the atmosphere is taken to be
the average of evaporation from bare soil, transpiration,
and interception loss from each of the seven vegetation
types. This scheme, named SECHIBA (“Schématisa-
tion des Echanges Hydriques a I’Interface entre la Bio-
sphére et ’Atmosphére,” Ducoudré 1990), has been
introduced in our AGCM, and results of the water
budget simulated for July are described. We also de-
veloped the zero-dimensional version of SECHIBA and
present its response to a number of prescribed atmo-
spheric variables measured in an area located in the
Amazonian forest.

2. The LMD atmospheric general circulation model

The LMD Atmospheric General Circulation Model
(AGCM) is defined on a grid constant in longitude
and in sine of latitude. It has 64 points in longitude
and 50 points in latitude. The vertical coordinate is o,
the ratio of local pressure to surface pressure, and the
11 levels are unevenly spaced in ¢. The grid is a uniform
area, and four layers are defined in the boundary layer,
four in the troposphere, and three in the stratosphere.
The model was described in Sadourny and Laval
(1984) or Laval and Picon (1986), and we give only
a brief description here.

e The prognostic variables are surface pressure Py,
potential enthalpy 6 = ¢,T/x (where = = P*, X
= R/c,), water vapor mixing ratio, and horizontal ve-
locity components. The primitive equations are solved
with a time step of 6 minutes. For lateral diffusion, a
bi-Laplacian for both potential enthalpy and rotational
wind is used, while a single Laplacian acts on the di-
vergent part of the wind. The four lowermost layers
correspond to the planetary boundary layer (with a top
at ¢ = 0.77), where turbulent diffusion is parameter-
1zed.

e There are two kinds of condensation processes: (1)
when the air is supersaturated and the temperature
lapse rate is less than the moist adiabatic lapse rate,
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water vapor is condensed and temperature rises owing
to the release of latent heat, until the mixing ratio
reaches the saturation value at the new temperature;
(ii) when the air is conditionally unstable, with a tem-
perature lapse rate exceeding the moist adiabatic lapse
rate, small-scale convection can occur. For supersat-
urated air, we use the moist convective adjustment
(Manabe and Strickler 1964). When the air is not sat-
urated and conditionally unstable, condensation occurs
in areas of moisture convergence. Here we follow Kuo’s
(1965 ) parameterization of cumulus convection, where
the cloud top is defined as the level where the buoyancy
condition vanishes.

e Each time condensation occurs cloudiness is gen-
erated, and the computations of radiative fluxes are
performed with this distribution of clouds (Le Treut
and Laval 1984). To calculate solar radiative heating,
we use the scheme defined by Fouquart and Bonnel
(1980): it takes into account absorption by water vapor,
carbon dioxide, and ozone, as well as scattering by
cloud drops. There is no diurnal variation. The cooling
due to longwave radiation is computed with the scheme
of Katayama (1972).

Whenever the amount of carbon dioxide is less than
0.3 cm NTP, the transmission function is modified
according to the Sasamori (1968) approximation.

o Both ground temperature T, and bulk heat capac-
ity C are defined as mean quantities over a surface
layer of a depth over which vertical variation of tem-
perature at a one-day time scale is significant. The
ocean temperature is prescribed.

s Surface albedo is prescribed following Bartman’s
(1980) data. The surface drag coefficient equals 5.24
X 1073 in the summer hemisphere, and 7 X 1073 in
the winter hemisphere.

One can argue that the surface albedo and drag coef--
ficient must depend on the surface type, and therefore,
have to be parameterized as a function of the vegetation
classes we defined (§4a). This is certainly true. Nev-
ertheless, our point in the work presented in this paper
was to introduce some simple equations to describe
the hydrologic processes linked with vegetation, such
as transpiration, interception loss, and water storage
on foliage and in the soil, in a model where the param-
eterization of the land surface was very crude: all land
points were evaporating as a bare soil. So the drag and
albedo were kept as they were. Since the latter is cli-
matologically defined, it takes roughly into account
the mean vegetal cover of the grid. The simplification
of a constant drag coefficient is certainly a weakness

- of the model. However, note that the aerodynamic re-

sistance is generally quite lower than the surface resis-
tance over a vegetated area.

The integrations of the AGCM presented hereafter
have been carried out for two months, starting 11 June
1979. The initial state was defined from ECMWF an-
alyzed data.
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TABLE 1. In SECHIBA, equations for (i) the gradient of specific humidity between the evaporating surface and the overlying air, (ii) the
fraction of the grid box that is évaporating, and (iii) the sum of the resistances opposi_ng‘ the flux of water vapor. All _three terms are given
for the four components of the total latent heat flux: snow sublimation, soil evaporation, canopy transpiration, and interception loss. The

mathematical symbols are listed and described in appendix B.

Snow Soil Canopy Evaporation
sublimation evaporation transpiration of foliage water
Aq = l]m(Tg) ~ 4a hgqsa!(Tg) — 4qa hgqsat(Tg) ~ da qsal(Tg) — 4q
Sn Sn Sn ( ( Wdew )2/3) ( Sn) ( Wdcw )2/3
= = e (e 1= Zop(1 - 1-22)g
* Scr (l Scr)( Uf) ( Scr o Wa’max Scr 4 deax
Zin= Y ratre tatrtr. rat+ g
3. Parameterization of the hydrologic exchanges E.. . = . Ags 1
between the soil / vegetation system and the sgtni — Csgnil

atmosphere

SECHIBA is a set of parameterizations describing
1) the exchanges of water vapor between the soil / veg-
etation system and the atmosphere, that is, the latent
heat flux, and 2) the soil hydrologic cycle. Both are
detailed below.

Vegetation is treated as a single equivalent surface
absorbing radiative energy, but since several surface
types are allowed to be present simultaneously within
the same grid box (bare soil plus seven vegetation
classes, §4a), calculation of evapotranspiration is per-
formed for each of them. The total flux of latent heat
transferred to the atmosphere is then calculated as the
average of all these individual participations.

Each class of vegetation is considered a single layer
canopy model. Its roots extract soil water that is trans-
pired by the dry fraction of the foliage (i.e., the fraction
that has no water stored on its surface). Evaporation
of the intercepted rainfall (or of the dew) occurs at the
potential rate. Since the prescribed fraction of the grid
box occupied by vegetation is actually the sheltered
part, we neglect direct evaporation of the soil below
canopy. Only the unsheltered part evaporates.

For calculations of sensible heat flux and radiative
budget, soil and vegetation are considered as one me-
dium. A number of the land-surface models included
within AGCMs have a similar assumption (Abramo-
poulos et al. 1988; Noilhan and Planton 1989; War-
rilow et al. 1986). Only the Biosphere-Atmosphere
Transfer Scheme (BATS) developed by Dickinson et
al. (1986) and the Simple Biosphere model (SiB) de-
scribed in Sellers et al. (1986) solve independent energy
budgets for canopy and ground.

a. Latent heat flux

Total latent heat flux (E,;) is computed as the
weighted average of snow sublimation (E;), soil evap-
oration (E,), canopy transpiration (E,.), and evapo-
ration of foliage water (E;, intercepted precipitation
and dew). Each of these fluxes is computed using the
following expression:

Zrl
1

They are driven by Ag, g, the gradient of specific
humidity between the evaporating surface and the
overlying air, and limited by a sum of resistances (7).
Here a; 4, is the fraction of the grid box evaporating,
and p the air density. In Table 1, the detailed formu-
lations of Ag; g1 » @5 gur.i » and r are summarized. This
bulk equation has been introduced by Monteith (1963)
and is known, for canopy evapotranspiration, as the
“big-leaf”” or “single-leaf ”” model.

o The aerodynamic resistance (r,) is present in all
fluxes and opposes the transfer of water vapor from
the surface-air interface to the air at the reference level
chosen in the atmosphere (10 m above ground in the
LMD AGCM). Here, r, is inversely proportional to
the product of the surface drag coefficient (C,) and of
the wind speed (V,). We present in Table 2 the cal-
culations of all the resistive terms.

TABLE 2. In SECHIBA, equations for the resistive terms opposing
the different components of the total latent heat flux. The mathe-
matical symbols are listed and described in appendix B.

Aerodynamic resistance

1

Ta

- Cd Vn
Soil resistance
re=ru; Dy Womax — W
D Wanm

Architectural resistance
1o = a function of vegetation type (see Table 3)
Canopy resistance

1 Ri+Rya+ Ndc

"“TAl R, ko
Surface relative humidity (retention coefficient)
Du Wumax . Wu)

hy = exp(—c B: W
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e Soil evaporation in SECHIBA is calculated from
the bulk aerodynamic method, combining the use of
the surface relative humidity (%,) with the definition
of a soil resistance (r;). Both h, and r, are functions
of soil moisture. Soil resistance is proportional to the
relative dryness of the upper soil layer (Table 2). The
coefficient of proportionality is the resistance the upper
soil layer would exert on the evaporation of the water
located below if it was totally dry. It is calculated as
the resistance of 1 m of dry soil (7.;), derived from
measurements from a variety of soil types (§4a), times
the ratio between the variable depth of the upper soil
layer (D,, §3c) and the depth of the total soil layer
(Dy).

Dickinson et al. (1986) in BATS and Abramopoulos
et al. (1988) in the land-surface model introduced in
the GISS GCM used another category of formulations:
the so-called threshold methods based on the concept
of demand and supply. These methods compare the
potential evaporation computed with the aerodynamic
method (4, = 1, and ry,;n = 0) to a maximum diffusive
water flux through the soil-air interface. The problem
with this approach is that it requires considerable in-
formation on the soil hydraulic properties.

Mahfouf and Noilhan (1991) compared various
formulations of evaporation from bare soil. According
to their sensitivity tests, the type of method we use,
referred to as the “8 method,” works rather well in
predicting the daily evaporation rate, while the thresh-
old methods strongly underestimate surface evapora-
tion during the whole period of observations that they
used to compare their simulations. Moreover, the latter
methods seem highly sensitive to the depth of the top
soil layer.

e The concept of architectural resistance (ry) has
been introduced by Perrier (1975). It represents the
aerodynamic resistance between the leaves and the
canopy top. As noted by McNaughton (1987), the
concept of canopy conductance as the total conduc-
tance of all leaves is not realistic because the whole
canopy is not perfectly ventilated and there is a vari-
ation, within the foliage, of the gradient of specific hu-
midity between the evaporating surface and the over-
lying air. Our assumption of a single layer canopy pre-
vents us from representing this effect, and thus, we
introduced a resistive term to approach it as in Saugier
and Katerji (1991).

e The canopy resistance (r.), as calculated here, in-
cludes both bulk stomatal and leaf aerodynamic resis-
tances. It depends on incident solar radiation ( R;) and
on the water vapor concentration deficit of the air (6c)
simulated above canopy and is inversely proportional
to the single-sided leaf area index ( Table 2). Our for-
mulation is semi-empirical and has been derived by
Lohammar et al. (1980) from Jarvis (1976) on the
basis of extensive measurements. The parameters en-
tering the calculation of . have to be estimated from
field measurements (§4a). McNaughton and Jarvis
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(1991) carried on calculations at the leaf, canopy, and
regional scales to study the sensitivity of transpiration
to a change in stomatal conductance. They showed
that, due to a number of environmental negative feed-
backs, this sensitivity decreases as the spatial scale in-
creases.

The expression we use does not depend on soil
moisture, in part because of the lack of reliable quan-
titative information on the subject. The limitation of
canopy transpiration due to soil water stress is taken
into account through the surface relative humidity (4,)
entering the calculation of Ag, (Table 1). In BATS
(Dickinson et al. 1986) r, is computed assuming no
water stress. The calculated transpiration rate (Ey) is
then compared to a maximum sustainable transpira-
tion rate ( T, max ), @ function of soil and canopy prop-
erties and of soil moisture. If necessary, r, is linearly
increased so that E,, never exceeds 7 max.

e Calculations of the gradients of specific humidity
(Agy and Agg) between the evaporating surface and
the air above involve the definition of 4,, the so-called
surface relative humidity. For soil evaporation it rep-
resents the relative humidity of the air at the land sur-
face. For canopy transpiration it simulates the retention
of water molecules by the soil, making it harder for the
plants to extract them. As the soil becomes drier, the
retention forces increase, and /s, decreases. This phe-
nomenon has been described by Perrier (1975). We
have parameterized the surface relative humidity as a
function of soil water content (Table 2), and the same
formulation is used for both fluxes.

b. Foliage moisture

When it rains and / or when there is dew formation,
the leaves become covered with a film of water before
drip-through carries water to the ground. This water
can reevaporate at the potential rate (interception loss,
E;), but at the same time transpiration is suppressed
over the wet leaves. We do not explicitly account for
the interception of snowfall by the foliage but assume
that for more than a critical amount of snowfall, set
equal to 0.015 m (S, ) of equivalent liquid water depth
(Blondin 1988), vegetation is not allowed to transpire.
In this case the only latent heat flux that takes place is
snow sublimation.

The amount of water intercepted by the foliage is
controlled by incident rainfall (P,) and interception
loss. It is limited by a maximum water storage (W max)
proportional to the single-sided leaf area index (section
4a). Then following Deardorff (1978),

d Wdew
ot

Wdew < Wd max

=0'fP,—‘E,'

It is interesting to note that in all the land-surface
models developed for use within AGCMs (Abramo-
poulos et al. 1988; Dickinson et al. 1986; Noilhan and
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Planton 1989; Sellers et al. 1986; Warrilow et al. 1986)
the intercepted water has a similar one-layer parame-
terization. The formulations may differ,” however, in
the calculation of W ma (§4a) and of the fraction of
wet foliage.

We must point out that SECHIBA is the only model
to authorize transpiration to take over interception loss,
within the same time step, if all of the intercepted water
has evaporated and if the atmosphere is still unsatu-
rated. This effect could be important if a continuous
rainfall, with a rate much lower than the rate of po-
tential evaporation, occurs over the canopy. In this case
evaporation of the wet foliage, with a low interception
storage capacity, can be much smaller than the tran-
spiration that should occur after the interception loss.

¢. Soil moisture

The total depth of soil considered at all land points
is the root zone. The maximum water it can hold is
computed as the difference between the profiles of soil
moisture at saturation and at wilting point (§4a). Its
functioning is very simple and is ruled by the following
statement: the most reactive part of the soil is the upper
one. When it rains, the soil is filled from top to bottom:;
when evapotranspiration is larger than precipitation,
water is removed from the closest level where it is
available in the soil. This, in theory, leads to the cre-
ation of as many upper layers as necessary. In practice,
mainly due to computer cost, we limit ourselves to two
layers, that is, only one upper reservoir. Runoff occurs
when the soil is saturated. Canopy transpiration ceases
when the simulated soil is completely dry (i.c., at the
wilting point).

This scheme has been developed and tested for cul-
tivated areas by Choisnel (1977, 1984 ), who used it to
compute the water budget over France. Laval (1988)
showed that this model, when introduced into the LMD
AGCM, avoids two drawbacks of the bucket model.
First, it prevents the soil from an excessive drying, and
second, it succeeds in simulating rapid and large fluc-
tuations of the evaporation rate after rainfall events.

d. Justification of SECHIBA: Comparing SECHIBA
and the BUCKET formulation, a
micrometeorological study over Manaus, Brazil

We have developed the so-called “zero-dimensional
(hereafter 0D)” version of SECHIBA (hereafter SOD),
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that is, the land-surface scheme decoupled from the
AGCM. It is driven by a number of prescribed atmo-
spheric variables that can be obtained from in situ
measurements or from AGCM simulations: 1) surface
incident solar radiation, 2) infrared radiation emitted
by the atmosphere and received by the soil-vegetation
system, 3-4) air temperature and specific humidity
above soil /vegetation, 5) surface wind speed, and 6)
incident rainfall.

In the simulations we are presenting, the hourly
measurements made by Shuttleworth et al. (1984a,b),
25 km from Manaus, Brazil, in the undisturbed tropical
rainforest of the Reserva Ducke were used. Their field
campaign continued for two years, starting in Septem-
ber 1983. This experiment is referred to in the literature
as the ARME (Amazon Region Micrometeorological
Experiment), and these data have already been used
by Sellers et al. (1989) to validate SiB and by Dickinson
et al. (unpublished work) to validate BATS.

The soil in this area is completely shaded by the
canopy (g, = 1). The depth of the root zone (D,) and
its maximum water content (W, ;) were derived from
Sellers et al. (1989). They are, respectively, 1.5 m and
323.19 mm. The foliage storage capacity equals 0.8
mm. No tuning has been made on the parameters used
to calculate the canopy resistances (LAL ko, a, A\, Rso,
ro) in SECHIBA: they are strictly the ones given (§4a)
for a rainforest type of vegetation (Table 3).

From SOD we derived another land surface 0D
model, replacing the parameterizations of the hydro-
logic cycle by the bucket formulations (hereafter BOD)
summarized briefly in appendix A.

e Monthly totals of the simulated evapotranspiration
rates are displayed in Fig. 1 together with the values
calculated by Shuttleworth (1988, hereafter S88) and
with the incident precipitation rate measured in situ.

The monthly fluxes of simulated latent heat are very
similar to the ones S88 calculates, even though no pa-
rameter was tuned in SECHIBA, as stated previously.

The rainfall curve shows a very marked dry season
from June to November: the average monthly rate for
this period is 127 mm, less than half the average for
the wet season (301 mm). Despite this very marked
seasonal cycle, evapotranspiration does not vary that
much throughout the year and is even larger during
the dry season in both SECHIBA and S88: 124 mm in
SOD (123 in S88) versus 112 from December to May

TABLE 3. In SECHIBA, canopy parameters that are prescribed.

Grassland Grassland Deciduous Evergreen Rain
Canopy parameters Tundra Grassland + shrub cover  + tree cover forest forest forest
Leaf area index (LAI)
Summer 1 2.5 35 5 4 8
Winter 0 1.5 1 1.5 0 3 8
Architectural resistance
(ro;s-m™") 10 2 2.5 3 40 50 25
ko (kg m~2 s™") (in calculation
of canopy resistance) 50X 107% 300X 107° 250X 1075 280X 107 250X 107° 120X 105 24.0 X 1073
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evapotranspiration (mm)
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F1G. 1. Monthly rates of total evapotranspiration (mm ) simulated
in SECHIBA and in the bucket model, together with the rates cal-
culated by Shuttleworth (1988) and with the monthly precipitation
rate measured in situ during the ARME experiment (Shuttleworth
et al. 1984a,b).

(respectively 109). This imbalance between high pre-
cipitation rate and high evapotranspiration rate is due
to the energy available at the surface (net radiation),
which is larger during the dry season because of the
larger amount of solar radiation reaching the ground.
It is obvious that the bucket model is incapable of rep-
resenting this feature: it follows very closely the seasonal
cycle of precipitation. Evapotranspiration is lower in
SOD than in BOD, mainly because of the canopy re-
sistances opposing foliage transpiration (stomatal
+ architectural) and evaporation of the intercepted
water (architectural). This latter flux is the maximum
sustainable one in SOD, which is lower than potential
evaporation in BOD in the same atmospheric condi-
tions. During the wet season precipitation amply pro-
vides water to the soil (Fig. 2) so that evaporation takes
place at the potential rate in BOD. On the contrary,
from June to November the soil dries out very quickly
in BOD and the aridity coefficient decreases strongly,
thereby limiting the amount of water vapor that the
soil is exchanging with the atmosphere.

e Hourly fluctuations ( for the first 3 days in January)
of the surface temperatures ( 7,) simulated in SOD and

soil moisture (mm)
3

e "

Months (from January to December 1984)

F1G. 2. Total soil water content (mm) simulated at the end of each
month in SECHIBA and in the bucket model.

T T T T \ABARAL RS T T ~r T
0 6 12 18 24 30 36 42 48 54 60 66 72
Hours (from January 1 to January 3, 1984)

FIG. 3. Hourly values of the surface soil temperature (celsius)
simulated in SECHIBA and in the bucket model, together with the
temperature of the air above canopy measured in situ during the
ARME experiment (Shuttieworth et al. 1984a,b). The first three days
of January 1984 are displayed. :

in BOD are displayed in Fig. 3, together with the air
temperature measured above canopy (7,). Here, T,
in SOD follows T, very closely, while in BOD there are
important fluctuations of T, during daytime (~ from
0600 to 1900 local time). They are due to the for-
mulation of evapotranspiration in the bucket model.
Incident solar radiation (R;) increases steadily every
hour from 0600 to 1100 (Fig. 4). In both models, it
induces an increase in the simulated surface temper-
ature. This in turn leads to an increase in the saturated
value of specific humidity [gs.(7,); Table 1] and
thereby of evapotranspiration. The latter increase
counters the effect of solar radiation on T,: it takes
energy out of the ground and leads to the decrease of
T, obtained in BOD, since E, is much larger than R;.

The conclusion of this experiment is that SECHIBA
is, without any doubt, representing correctly the water
vapor exchanges at the surface~atmosphere interface,
while the bucket model is overestimating them in all
seasons. Most of the discrepancies obtained between

equivalens water flux (mm)
Ty

02 T - T T A
30

T T T T
0 6 12 18 24 36 42 48 54 60 66 72

Hours (from January 1 to January 3, 1984)

FIG. 4. Hourly rates of total evapotranspiration (mm) simulated
in SECHIBA and in the bucket model, together with the incident
solar radiation measured in situ during the ARME experiment
(Shuttleworth et al. 1984a,b). The first three days of January 1984
are displayed.
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the models is due to the difference in the parameter-
ization of evapotranspiration. The simulated fluxes and
surface temperatures would probably become more
sensitive to the changes in the formulation of soil hy-
drology in a less vegetated area.

4. Implementing SECHIBA in the AGCM
a. Vegetation and soil types

We have used the vegetation and cultivation data of
Matthews (1983a,b; 1984), which is designed for in-
corporation into climate models. Thirty-one classes of
natural land type are defined, and the intensity of cul-
tivation is prescribed for each 1° X 1° grid element.

To simplify the LMD AGCM land cover specifica-
tion, the data archive was reduced to percentages of
eight more basic land-cover classes: 1) desert, 2) tundra,
3) grassland, 4) grassland with shrub cover, 5) grassland
with tree cover, 6) deciduous forest, 7) evergreen forest,
and 8) rainforest. All of these can simultaneously share
the same grid box. A fractional area of coverage of the
grid box, as well as some prescribed canopy character-
istics, are associated with each of these eight vegetation
types.

e We define seven parameters for each vegetation
type:

o the single-sided leaf area index (LAI).

A value of LAI is assigned to each land-cover
class (Table 3). Since we have carried out only
the June to August numerical simulations of the
climate, we prescribe the summer and winter val-
ues (Perrier, personal communication). If a sea-
sonal-cycle integration was to be considered, a
time-varying LAI would have to be assessed, as it
is done in BATS (Dickinson et al. 1986) for ex-
ample. The mean value of LAI over each grid box,
computed as an average weighted by the fraction
of the grid box occupied by each vegetation type,
is displayed in Fig. 5a. It can be compared to the
global distribution of vegetation published by
UNESCO (1973; Fig. 5b);

¢ the maximum amount of water the canopy can
hold (W4 max) .

Wamax = 0.5LAL

The amount of water stored per LAI (0.5 mm)
could seem rather large when compared to other
land surface models, but one of our objectives was
to avoid tuning the parameters, and this value had
been measured over cereal fields by Huber (1987),
during stormy events in 1986 in France. Warrilow
et al. (1986) have derived the following linear re-
lationship between the vegetation area index (VAI
= 2 LAI + stem area index) and the measured
maximum canopy interception:

Wamax = 0.2VAL
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The values of W, nax they obtain are generally
lower than the ones we compute.

Rutter (1975) has assembled values of mea-
sured quantities of intercepted water. They vary
from 0.4 to 2.8 mm depending on the vegetation
type, leading to maximum capacities per LAI
going from 0.16 for grasslands to 0.4 mm for trees.

In an AGCM that simulates rainfall as uni-
formly distributed within a grid box of about 10°
km?, this value can be too large. Indeed, Sellers
et al. (1989) showed that a maximum storage ca-
pacity of 0.1 mm fits much better the observed
value of interception loss than their previous ca-
pacity of 0.25 mm,;

o the architectural resistance (rp). The values were
prescribed by Perrier (personal communication );
¢ the stomatal aperture controls transpiration and
is parameterized by means of the canopy resistance
(r.), which depends on two variables (incident
solar radiation and atmospheric water vapor con-
centration deficit) and five parameters (Table 2):

¢¢ leaf area index;

00 Ryg, the half light saturation factor. It is set
equal to 125 W m™2 according to some mea-
surements conducted over a 120 year old oak
stand in Fontainebleau forest (near Paris,
France) by Halldin et al. (1985);

oo a and kg, two éc¢ influence factors, where a is
set equal to 23 X 10~ kg m™2 according to

4 the same previous authors who also provide
kg for a deciduous forest. For the other vege-
tation types, values of ko were assigned by Per-
rier ( personal communication );

00 A is set equal to 1.5.

We have chosen the same values of a, Ry, and A for
all vegetation types because of insufficient measured
quantities.

In Figs. 6a—c the evolutions of canopy resistance are
plotted as a function of incident solar radiation for a
deciduous forest. Six curves are displayed on each graph
corresponding to different hydric states of the atmo-
sphere: from the lower (lowest values of 7..) to the upper
curve, the atmospheric relative humidity vanies from
100% (saturation) to 0%. The water vapor concentra-
tion deficit of the air above canopy is calculated as a
function of 1) atmospheric relative humidity, 2) surface
pressure (1015 hPa), and 3) ambient temperature that
changes from 30°C in Fig. 6a to 20°C in 6b and 10°C
in Fig. 6c¢.

o At all land points, bare soil is described by means
of four parameters:

o its total depth (D, = 1 my). It represents the root
zone in our model. We assigned one single value
in the model, but it will certainly be more realistic
to make it a function of the vegetation type, as it
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FIiG. 5a. Single-sided leaf area index prescribed for use in CLAS. For each grid box a weighted average is calculated
over all the vegetation types, the weight being the fraction of the grid box occupied by the type considered.
is done in BATS (Dickinson et al. 1986) and in saturation and at wilting point. Classical values of
SiB (Séllers et al. 1986); W, max, €xpressed in kg m~2 (i.e., in millimeters
¢ the maximum amount of water it can hold of equivalent liquid water depth), are 70-80 for
(W max). In case of a fully covered soil, W, max sand, 150 for clay, and 200 for loam. We have
corresponds to the maximum amount of water chosen the mean value of 150 mm;
that vegetation can extract from the soil. Accord- o the resistance exerted by 1 m of dry soil to the
ing to agronomists, it can be estimated as the dif- evaporation of the water located below (7
ference between the profiles of soil moisture at =33 000 s m™!). It is calculated as the ratio be-

Fi1G. 5b. Global distribution of vegetation published by UNESCO (1973).
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FIG. 6. (a) Canopy resistances (s m™") calculated for a deciduous
forest from the formulations used in CLAS (Tables 2 and 3), plotted
as a function of incident solar radiation. The six curves displayed
correspond to a change in the hydric state of the atmosphere: from
the lower (lowest values of r.) to the upper curve, the atmospheric
relative humidity decreases from 100% (saturation) to 0%, with a
20% step. Surface pressure is 1015 hPa and temperature of the air
above canopy is 30°C. (b) As in (a) except that the temperature of
the air above canopy is 20°C. (¢) As in (a) except that the temperature
of the air above canopy is 10°C.

tween soil porosity and the diffusion coefficient of
water vapor in the air. The value used here comes
from an average performed over a variety of soils;

o an empirical constant (¢ = 0.8). It is used to com-
pute surface relative humidity (4,; Table 2). This
value was derived by Choisnel (1984 ) while mea-
suring evapotranspiration over grassland.

According to the choice made of allowing all the
vegetation types to be simultaneously present within
the same grid box, we first compute the evapotrans-
piration rate of each type and then average the fluxes
to obtain the total amount of water vapor reaching the
lowest atmospheric level. In most of the other AGCMs
that include a land-surface model, canopy character-
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istics are averaged over the grid box, and then the latent
heat flux is computed. Abramopoulos et al. (1988)
compared the hydrologic quantities (evapotranspira-
tion, soil moisture ) obtained when they 1) composited
the soil and vegetation properties before computation
of the latent heat flux and 2) computed the evapo-
transpiration rates resulting from the different surface
types, and then averaged the fluxes. They showed that
over Brazil, the Sahara, and India the compositing
procedure works well. On the contrary, over the Sahel,
land surface is more heterogeneous and produces more
variability in the hydrologic quantities. They concluded
that it was better, for heterogeneous regions, to average
the fluxes rather than the soil and vegetation param-
eters.

It is still not well known how to average most of the
land surface parameters (canopy resistance for exam-
ple), and it is the goal of international experiments
such as HAPEX-MOBILHY to derive appropriate for-
mulations for the compositing procedure. It is highly
probable that a simply linear average is generally not
representative of the mean flux, as shown by André
and Blondin (1986) and Mason (1988 ) for the surface
roughness length.

In order to validate our choice, an experiment was
conducted with SOD using the ARME meteorological
data. We assumed that the ground cover was composed
of 50% rainforest and 50% grassland. Two integrations
were made: 1) in SOD1 we averaged the simulated heat
fluxes, and 2) in SOD?2 first averaged the canopy con-
ductances (1/r. and 1/r), the leaf area indexes, and
then calculated the heat fluxes exchanged between the
composited canopy and the overlying air. Figure 7 is
a display of the difference between the evapotranspi-
ration rates simulated in SOD2 and in SOD1. They are
quite larger in the former, especially during the wet
season, leading us to the conclusion that by averaging
linearly the canopy conductances and the architectural
conductances, we have overestimated their overall ef-
fect on the rates of transpiration and of interception
loss (the composited resistances are too low).

b. Initialization of SECHIBA'’s prognostic variables

In the current version of SECHIBA the prognostic
variables are 1) W, and W, the water content of upper
and deep reservoirs, respectively, and 2) Wy, the
amount of water intercepted by the foliage.

For an initialization of soil moisture, the problem
is that no climatology is available based on observa-
tions. We use the 15 June global distribution of Mintz
and Serafini (1992), derived from a simple water
budget model that has precipitation data as inputs.

c¢. Simulation of global surface fields for the month of
July

The coupled model (LMD AGCM + SECHIBA,
hereafter CLAS) ran for two months starting 11 June.
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F1G. 7. Monthly rates of total evapotranspiration ( mm ) simulated
in SOD1 and in SOD2. In SOD! the fluxes of latent heat are first
calculated for each vegetation type and then averaged; in SOD2 the
canopy resistances are first averaged and then the flux of latent heat
is calculated.

Here the water budget over the globe is shown in terms
of the July average.

e The evapotranspiration rate simulated in CLAS is
displayed in Fig. 8a. The highest values (>4 mm day ™)
are found (i) in areas where the foliage’s density is
important, that is, over the semper virens and decid-
uous forests of Europe and Siberia, on the east coast
of the United States where deciduous forests are dom-
inant, and over the tropical rainforests of Amazonia
and Africa and (ii) in areas where rainfall is abundant
(intertropical convergence zone).

This distribution may be compared to the one ob-
tained by Sato et al. (1989) when they coupled the
Simple Biosphere model to the NMC AGCM (Fig. 8b).
Both models simulate a maximum larger than 5 mm
day™' (~150 W m™2) over the northern part of South
America and over the regions influenced by the Asian
monsoon. Over the United States they generate very
similar extensions of areas with an averaged evapo-
transpiration rate of 3.5 mm day™!, as well as of the
deserts (in California and Arizona) recognizable by
their very low latent heat flux (<1 mm day ™).

There is no climatology of evapotranspiration based
on global measurements of this quantity. We can,
however, compare our simulation with the calculation
performed by Mintz and Serafini (1992; hereafter
MS92; Fig. 8c) using the simple water budget model
mentioned earlier (§4b). Regions of low evapotrans-
piration rate (<1 mm day~'), which may be classed
as arid or semiarid, are less extended in CLAS than in
MS92 over the Sahara, the southwest part of Africa
(Kalahari Desert), and Australia. Maxima of latent
heat flux are generally more important in CLAS—for
example, over the Amazonian forest or the eastern part
of the United States. However, this comparison must
be made with caution because the MS92 distribution,
however, is not based on observations, it is just another
model using observed temperature and precipitation
as input.
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o Canopy evapotranspiration is split into intercep-
tion loss and transpiration (§3a), which are displayed
in Figs. 9a and 9b. Wherever precipitation rates are
larger than 2 mm day ™! (Fig. 10a) the simulated in-
terception loss is greater than 1 mm day ™!, as in the
middle and high northern latitudes and in the ITCZ.
Maxima (>2 mm day™') are found in the tropical
rainforests of America and Asia, over Alaska, over the
northwest part of the Rocky Mountains, the east coast
of the.United States, Labrador, the Scandinavian
countries, and over the eastern part of Siberia. In most
of these regions transpiration is lower than interception
loss.

According to the measurements made by Shuttle-
worth (1988) near Manaus (§3d), contribution of in-
terception loss to the total latent heat flux calculated
in July is approximately 20%. In CLAS interception
loss and transpiration participate equally with canopy
evapotranspiration in this area. We believe that the
large canopy water storage capacity prescribed (W max;
§4a) is responsible for this imbalance between “ob-
served” and simulated values. Despite this discrepancy,
the simulated total latent heat flux is comparable to
the estimate of Shuttleworth (1988).

In the tundra-covered regions of north Canada, the
grassland countries of Iran, Kazakhstan, southern Asia,
and southern California, interception loss is the dom-
inant process of evapotranspiration. The soil in these
areas is quite dry, thereby strongly limiting transpira-
tion by means of the surface relative humidity (A,;
Table 1).

o The precipitation rates simulated in CLAS are dis-
played in Fig. 10a. The maxima are larger than 6 mm
day ™! and are located in the ITCZ. Intensive rainfall
is also obtained over the Tibetan Plateau and can be
compared to the maximum simulated by Sato et al.
(1989; Fig. 10b). In Alaska, the Rocky Mountains,
Labrador, the Appalachian Mountains, Patagonia, the
Scandinavian Mountains, in the mountains of central
and eastern Siberia, and in the Drakensberg, precipi-
tation is greater than 4 mm day ™! and exceeds the ob-
servations made by Jaéger (1983; Fig. 10¢). They are
quite comparable though to the values calculated by
Sato et al. (1989). More generally, comparisons made
with other AGCMs showed that these models tend to
overestimate rainfall over elevated regions.

The low precipitation rates (<1 mm day™') simu-
lated in Africa (Sahara, northern Sahel, Kalahari),
Arabia, West Asia (Gobi), California (Mojave), and
South America are quite comparable to the observa-
tions.

e The global distribution of total soil water content
is displayed Fig. 11a and compared to the initial one
(Fig. 11b). Most of the land surfaces have experienced
a drying of their soil: arid and semiarid regions (W,
< 15/30 kg m™2) grew larger in the southern parts of
Europe, of the former USSR and of the United States,
in Africa southward of 30°S, and in South America
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FIG. 8. (a) Total evapotranspiration rate (mm day™') simulated in CLAS and averaged over July. (b) Total evapotranspiration rate
(W m™? day ') simulated in the coupled model NMC AGCM-SiB (Sato et al. 1989) and averaged over 30 days starting 15 June. The
contour interval is 50 W m~2 day ~'; land regions where the simulated mean latent heat flux exceeds 150 W m™2 day~' have been shaded.

(c) Total evapotranspiration rate (mm day ™!
line is 0.5 mm day !,

) calculated by Mintz and Serafini (1992) for July. The contour interval is 1 mm day~'; dashed
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FIG. 9. Rate of (a) interception loss and (b) canopy transpiration (mm day ') simulated in CLAS and averaged over July.

around 10°S. Most of these patterns sound realistic
since, at that time of the year and at those latitudes,
evapotranspiration generally exceeds precipitation.

In the southeast United States the simulated rainfall
is very low and is held responsible for the low values
of soil moisture we obtained.

Even though there is no existing climatology of soil
moisture, it is interesting to compare the variations of
soil moisture simulated here to the ones calculated by
MS92 between 15 July and 15 June (Fig. 11c). Their
overall distributions of drying and moistening do not
differ markedly from ours. The exceptions are South-

east Asia, which dries out in CLAS and not in MS92,
and the northern part of North America, which be-
comes more humid. We remind the reader at this point
that soil moisture is distributed in two layers in CLAS
and its functioning is very different from MS92, who
consider only one soil layer.

d. Regional moisture and energy budget simulated in
Amazonia

Here we consider the July moisture and energy bud-
gets, calculated as the average of all grid boxes within
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F1G. 11. (a) Total soil water content (mm) simulated in CLAS and averaged over July. (b) Initial distribution of total
soil water content in CLAS. It was derived by Mintz and Serafini (1992) for 15 June. (¢) Difference in total soil water
content between 15 July and 15 June, as calculated by Mintz and Serafini (1992). Regions that have experienced a
drying of their soil between 15 June and 15 July are lightly shaded; contour intervals are +30, £15, and +£5 mm.
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FiG. 12. Water balance simulated in CLAS for the selected area in Amazonia. Values are
displayed in two different units: in mm day ! and in percent of the incident precipitation rate.
The quantities measured and calculated by Shuttleworth ( 1988 ) are written in bold characters;
the ones simulated by Sato et al. (1989) using the coupled model NMC AGCM-SiB are

written in italic.

an area located in Amazonia between 2°N and 4.5°S
and stretched between the east and the west coasts.
The dominant vegetation type in this region is tropical
rainforest, and only 5.3% of the ground is uncovered.

¢ In Fig. 12 are displayed most components of the
surface hydrologic cycle: evapotranspiration (including
its three components), precipitation rates, and total
runoff. Soil moisture is not considered since 1) we do
not have any dataset of this area and 2) we did not
consider the actual total depth of soil nor use its ap-
propriate maximum sustainable capacity; our calcu-
lation of soil-water content is therefore biased. We may,
however, compare our fluxes with the measurements
(and calculations) reported (and derived) by Shuttle-
worth (1988, hereafter S88) for the ARME experiment
(Shuttleworth et al. 1984a,b), as well as with the quan-
tities simulated by Sato et al. (1989, hereafter Sa89).
Note that S88 refers to single-point measurements,
while in Sa89 an area larger than ours is considered
(farther north and south), thereby including sharper
rainfall gradients.

¢ The averaged latent heat flux that we obtained
(4.9 mm day ~!) is quite similar to the ones derived
by S88 (4.2 mm day~!) and simulated by Sa89
(4.5 mm day~'). On the other hand, the precip-

itation rates we and Sa89 calculated (6.8 and 6
mm day ') are larger than the ones (a) measured
during ARME (4.6 mm day '), and (b) derived
by Jaéger (1983; 4-5 mm day™'). However, these
rather big differences do not seem to influence the
rate of evapotranspiration. This agrees with the
conclusion of S88 that time-average behavior of
the flux of latent heat is mainly driven by the ra-
diative energy available at the surface, as we may
see in section 4e.

Total runoff in CLAS equals 2.5 mm day ™!, larger
than the soil water budget calculated as precipi-
tation minus evapotranspiration. Soil moisture is
then decreasing in July. This feature is realistic
since, if one considers the atmospheric circulation,
water vapor is advected northward by the trade
winds, toward the ITCZ.

The total runoff simulated by Sato et al. (1989)
is the same as ours. Moreover, they point out, in
their paper, that the value of 2.5 mm day ! is in
agreement with the annual mean outflow from
the Amazon basin estimated by Oltman et al.
(1964).

The differences in the participation of interception
loss to total evapotranspiration between CLAS and
SiB, CLAS and S88, are quite important: the
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TABLE 4a. In SECHIBA and BATS, equations for (i) canopy transpiration, (ii) interception loss, and (iii) soil evaporation.
The mathematical symbols are listed and described in appendix B.

SECHIBA BATS
Transpiration
E, - ,,,,,(1 - ( Waen )"’), hydulTy) = 4o gl T) ~ 2
W gmax r,trotr. r,+n,tr.
Eu- < Trmax
Interception loss
E = po'f( Waew )2/3' qnl(Tg) T Ga 9l Te) — ¢
deax rg+ 1o g+ na
Soil evaporation
E, = hydudTy) = do - olTy) =
2= P* (- a) o9 Ty) — 4 (1 - o) 4salT) — da + afq (Tg) — 4a
rat g Tag + 71, Yac
E, < Egmax

amount of water stored within foliage and then
evaporated is overestimated in CLAS. Again, we
stress the point that the canopy storage capacity
prescribed here is too large. The major difference
between our simulation and S88, on one hand,
and Sa89, on the other, is the partition of total
latent heat flux into transpiration and interception
loss. This, however, does not affect the total
amount of water vapor that the surface transmits
to the overlying atmosphere.

o The latent heat flux simulated in CLAS accounts
for 88% of the surface net radiation, and the sensible
heat flux for 12%. Over the whole period of ARME
(two years starting September 1983) 89.5% of the net
radiant energy measured above canopy was used to
evaporate the soil-vegetation water. Shuttleworth
(1988) observed that, on clear days, typically 75.8% of
the energy available was converted into evapotrans-
piration, while on rainy days, evaporating water from

the wet canopy routinely absorbs energy in excess of
that locally available in its radiative form. S88 derived
a value of 93.5% for July.

We have compared the regional moisture budgets
simulated in Amazonia by SECHIBA and SiB (Sato
et al. 1989). The parameterizations of the hydrologic
exchanges at the land-atmosphere interface are very
different in both models, SiB being more complex and
requiring prescription of many more canopy and soil
parameters. Despite these very large discrepancies, the
flux of latent heat and the rate of runoff they simulate
in July are very similar.

e. Comparing SECHIBA and BATS: A
micrometeorological study over Manaus, Brazil

We now compare, using the single-point measure-
ments of ARME, the latent heat fluxes and soil water
contents simulated in SOD to the ones calculated using

TABLE 4b. In SECHIBA and BATS, equations for the time evolution of the water contents of (i) the total soil layer, (ii) the root zone,
and (iii) the upper soil layer. The mathematical symbols are listed and described in appendix B.

SECHIBA

BATS

Total soil moisture
W,

—Et—'=(l—a,)P,+R¢—Eg—-E,,- R,
Soil moisture in root zone
at at

Soil moisture in upper layer

(1 —of)P,+ R.— Eg— Ex— Ry + vr: — Grt

oW,
ot

W, is calculated by the method
developed by Choisnel (1977, 1984)

¢ _'”f)Pr+Rr_Ex_f'Eu_Rsu+'Yur_Gur
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FIG. 13. Schematic representation of the soil
in SECHIBA and'in BATS.

the first version of BATS (Dickinson et al. 1989, un-
published work). Differences between both models
mainly regard the surface hydrologic cycle (Ducoudré
and Dickinson 1991) and are summarized in Tables
4a,b and Fig. 13 and as follows.

o SECHIBA considers only one surface temperature,
while BATS differentiates between foliage and soil
temperatures. '

* Soil moisture stress limits canopy transpiration by
means of the surface relative humidity in SECHIBA,
by means of a maximum sustainable transpiration rate
in BATS, a function of canopy and soil characteristics
and of soil moisture.

o Calculation of canopy resistance in SECHIBA
implicitly includes the foliage aerodynamic resistance,
while BATS gives an explicit formulation of it. On the
other hand, BATS does not consider the architectural
resistance.

e Transpiration is allowed to take over interception
loss within the same time step in SECHIBA, but not
in BATS.

e Soil moisture stress limits soil evaporation by
means of a combination of soil resistance and surface
relative humidity in SECHIBA, by means of a maxi-
mum sustainable diffusive flux through the soil-air in-
terface in BATS.
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o The total depth of soil considered in SECHIBA is

" the root zone, while BATS also takes into account the

so-called recharge layer. In a previous version of BATS
(Dickinson et al. 1986), the latter layer was not present.
It has been included in order to avoid a complete drying
of the soil for long integrations of the NCAR CCM
(Dickinson, personal communication).

o No water exchange is allowed between the upper
and the lower soil layers in SECHIBA, while BATS
calculates upward/downward diffusive fluxes and
gravitational drainage at both soil interfaces.

e Total runoff in SECHIBA is calculated as the ex-
cess water over saturation, while two components are
considered in BATS: 1) surface runoff, a function of
rainfall intensity and water content of the upper soil
layer, and 2) subsurface runoff, a function of a pre-
scribed maximum subsoil drainage and of the wetness
of the total soil.

Both models were integrated for one year starting
on 1 January 1984 (asin §3d). The evapotranspiration
rates (E,) simulated in SECHIBA and in BATS are
displayed in Fig. 14a, together with the rates calculated
by Shuttleworth (1988). They are very similar in SOD
and in S88 and quite larger than in BATS over the
whole year. The differences obtained are essentially due
to canopy transpiration (E,,) since 1) the rates of in-
terception loss are very similar in all three “models”
and 2) soil evaporation does not participate at all in
total latent heat flux in SOD ( 100% of covered ground)
and is quite small in BATS (~8% of E,). There are
two reasons for E;; to be larger in BATS:

(i) the canopy resistances simulated in the latter are
always larger than in SOD (yearly average of ~150
versus 45 s m™'); they are even larger than the sum of
canopy and architectural resistances calculated in SE-
CHIBA;

(i1) the limiting effect of a drier soil on the maxi-
mum sustainable transpiration rate ( 7, max ) calculated
in BATS lowers more drastically the offer (E,;) than
does the surface relative humidity in SECHIBA.

We have verified these two points by carrying on two
other simulations with BATS. In Batsl the canopy re-
sistances (r. and r,) are replaced by the ones calculated
in SOD (r, and ry). In Bats2 we have neglected the
limiting effect of T, n.y, in addition to the changes in
Batsl. The canopy transpiration rates simulated in all
four models are displayed in Fig. 14b. During the wet
season (from December to May) the differences ob-
tained between SOD and Batsl are very small. They
are larger during the dry season (~3.3 mm month™!)
because of T, ax. The reason for E,; to become larger
in Bats2 than in SOD from June to November is the
surface relative humidity that still limits the water vapor
flux in SECHIBA.

Changes in total soil moisture content are quite sim-
ilar in both models (Fig. 14c). By the end of the year,
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FiG. 14a. Monthly rates of total evapotranspiration (mm) simu-
lated in SECHIBA and in BATS, together with the rates calculated
by Shuttleworth (1988).

110 and 86 mm of water have been added to the initial
soil water content respectively in SECHIBA and BATS.
This occurs even though the losses by evapotranspi-
ration are quite lower in the latter simulation (a dif-
ference of 178 mm summed over the whole year) and
are due to the surface and subsurface runoffs in BATS.
In SOD, during the entire dry season, soil water supply
is not important enough to induce a runoff that remains
null, while in BATS total runoff equals 306 mm.

The latent heat fluxes and soil-water contents sim-
ulated in SECHIBA are now discussed as well as BATS
for 1) the two wettest (rainiest) days of 1984, 26-27
February, and 2) the two driest, 6-7 June. The precip-
itation rates measured for both 48 h are displayed in
Fig. 15a, and the calculated evapotranspiration rates
in Figs. 15b,c. The diurnal evolutions of these fluxes
are quite similar in both models but are larger in SE-
CHIBA during the intense rainfall events of daylight
hours (especially in February). This difference follows
from the choice of allowing canopy transpiration to
take over interception loss within the same time step.
In the same figures the results are plotted of a simu-
lation carried out with SECHIBA in which we forbade
it (Sech1). It is obvious that SOD and Sech1 differ only
when precipitation is large, which thereby strengthens
our choice since our monthly cumulated values are
closer to Shuttleworth’s calculations than is BATS.

In Figs. 16a-d are displayed for February and June
the water contents of the upper soil layer (W) and of
the root zone (W,) simulated in SECHIBA and BATS.
In February the total depth of soil considered in SE-
CHIBA is very close to saturation. It follows that the
upper soil layer does not exist but that the upper 10
cm of soil are very close to 21.5 mm. Differences of
W, between the models are quite large and result from
the very large gravitational drainage simulated in
BATS, which drains water downwards toward the re-
charge layer. During the driest episodes of June the
evolutions of upper soil moisture are quite similar in

T
1 2 3 4 b} 6 7 8 9

Months (from January to December 1984)

F1G. 14b. Monthly rates of total evapotranspiration (mm ) simu-
lated in SECHIBA, in BATS, in Batsl, and in Bats2. In Bats! the
canopy resistances calculated in BATS are replaced by the ones cal-
culated in SECHIBA,; in Bats 2 the limiting effect of the maximum
sustainable transpiration rate is neglected, in addition to the changes
in Batsl.

both models, even though the parameterizations are
very different. For the root zone, the behaviors are
comparable but the contents are different, again due
to the important gravitational drainage at the lower
soil interface in BATS.

Parameterizations of the latent heat flux and of the
soil hydrologic cycle are very different in SECHIBA
and BATS. They are more sophisticated in the latter,
and this model, therefore, requires the prescription of
more soil and canopy characteristics. As an example,
only four parameters are needed in SECHIBA to de-
scribe the soil versus ten in BATS. Moreover, some of
the vegetation characteristics in SECHIBA have been
derived for only one type (deciduous forest) and as-
sumed to be the same for all the others since we were
lacking in situ measurements. Despite all these dis-
crepancies and assumptions, our simulations are closer
to the calculations made by Shuttleworth (1988), when
compared to BATS.

s0il moisture (mm)

Months (from January to December 1984)

FIG. 14c. Monthly changes in the total soil water content (mm)
simulated in SECHIBA and in BATS. Differences are between the
end and the beginning of each month.
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FIG. 15a. Hourly precipitation rates (mm) measured in situ during
the ARME experiment (Shuttleworth et al. 1984a,b). Two 48-h pe-
riods are displayed: 26 to 27 February and 6 to 7 June 1984.

Comparisons between both models showed that cal-
culations of canopy /soil resistances and of the limiting
effect of soil moisture stress on both canopy transpir-
ation and soil evaporation are what really influences
the fluxes of latent and sensible heat.

5. A review of some sensitivity experiments carried
on with SECHIBA coupled to the AGCM

We have carried on three sensitivity experiments
with the coupled model (CLAS):

¢ In CLASI vegetation is replaced at all land points
by bare ground. This global overgrazing might seem
rather crude but it will help us understand the kind of
errors one could face assuming the land surface to be
homogeneously bare;

e in CLAS2 the initial soil water content (Fig. 17)
is changed. The soil is much drier than in the Mintz
and Serafini (1992) distribution;

¢ in CLASS3 vegetation at all land points is prevented
from intercepting rainfall and dew. Total latent heat
flux then equals the sum of canopy transpiration, soil
evaporation, and snow sublimation.

a. Global overgrazing

In the model, when vegetation is replaced by bare
ground, the surface resistance opposing the transfer of
latent heat is modified. Soil resistance depends linearly
on the relative moisture of the upper layer and can
reach much higher values than the canopy resistances.
As a consequence, the simulated latent heat flux, av-
eraged over July, is quite smaller in CLASI than in
CLAS (Figs. 18a and 8a). The largest differences exceed
1 mm day~' and are obtained over most of the vege-
tated areas, that is, in the medium and high northern
latitudes (40° to 70°N) and in the intertropical con-
vergence zone. One can see a large shrinking of the
maxima located in the northeast part of the United

T 2 T ¥ u
12 18 24 30 36 42 48
Hours (from February 26 to 27, 1984)

F1G. 15b. Hourly rates of total evapotranspiration (mm ) simulated
in SECHIBA, in BATS, and in Sechl. The days considered are 26
and 27 February 1984. In Sech! canopy transpiration is prevented
from taking over interception loss within the same time step.

States, in western Europe, Siberia, southern Asia,
equatorial Africa, and South America.

The very straightforward effect of such a decrease in
total evapotranspiration is an increase in the simulated
soil temperature. This in turn leads to drastic changes
of the continental thermal low pressure cells, the in-
tensity of which is much lower in CLAS1 than in CLAS
(Figs. 18b-c). Over North America the differences ob-
tained between our simulations are larger than 2 hPa;
they exceed 4 hPa over western Europe. The pressure
gradient between continents and oceans is enhanced
when vegetation is removed, thereby inducing stronger
winds at the ocean/land edges in the ITCZ, along the
American shores, and in middle and high southern lat-
itudes. We indeed simulate an intensification of African
and Asian monsoons. In most of the areas where pre-
cipitated water mainly comes from oceanic advection,
rainfall is increased. Where it comes from local evapo-
transpiration (forests in eastern Europe, for example),
the deforestation-induced decrease in latent heat flux
leads to a decrease in the precipitation rate.
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Fi1G. 15¢c. Hourly rates of total evapotranspiration (mm ) simulated
in SECHIBA, in BATS, and in Sech1. The days considered are 6-7
June 1984. In Sech! canopy transpiration is prevented from taking
over interception loss within the same time step.

Unauthenticated | Downloaded 10/19/21 02:34 PM UTC



FEBRUARY 1993 DUCOUDRE ET AL. 267
2 el 50
] A
H \
i N T
18 7 *
.~
16 H \"\_‘_ AN
] Tl { T o T T
i ~od z
LI H
§ §
10 k
: i
T, 3
64
+3
2] —— seomma
e BATS
0 T T T T ™ u T u
0 6 12 18 24 30 36 42 a8 24
Hours (from Februsry 26 to 27, 1984) Hours (from June 6 107, 1984)
Wi
329 300
315 ——— SECHIBA 2909
sled BATS SECHRA
305 @4 e BATS
300
208 20
2% 3
i T
£ w0 5 207
é 25 e
i § U0
Lo 2 103
2 20 2
255 2 03
250
us 2104
240 3
15 o ——. 0
! i S .
259 L .. R
] T 180 imcimimm IO ottt ettt
25 —— —_ T 170 T T T T

T T T T
0 L] 12 18 24 30 36 42 48
Hours (from February 26 to 27, 1984)

T Y T
¢ 6 12 18 24 30 38 42 48
Hours (from June 6 to 7, 1984)

FIG. 16. Hourly values of (a) the upper soil layer water content (mm) and (b) the root zone water content (mm) simulated in SECHIBA
and in BATS. The days considered are 26 and 27 February 1984. (c) and (d) as in (a) and (b) but for 6 and 7 June 1984.

On the other hand, evaporation has increased in the
arid and semiarid regions of the Northern Hemisphere.
Over the Sahara, south Argentina, and the southwest-
ern part of Africa, the wind patterns are such that water
vapor is advected from the ocean. It is the reinforce-
ment in the simulated speed of these winds in CLAS1
that leads to more precipitation and, therefore, to larger
rates of evaporation.

The effects of overgrazing all land areas can be com-
pared to the results obtained by Shukla and Mintz
(1982), who analyzed the influence of preventing
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latitude

FiG. 17. Difference, zonally averaged, in the total soil-water content
initialization (mm) between the simulations CLAS and CLAS2.

evaporation from land on the climate simulated by an
AGCM. They have also shown that the heating of con-
tinents produced the development of thermal lows, and
their effect was more important than ours since the
reduction of evapotranspiration they prescribed was
stronger than the one we simulate in CLAS1. They
have also obtained, as a consequence, a general decrease
of precipitation over land, except in the ITCZ where
they simulated an intensification of Indian rainfall,
while no change was obtained over the northern part
of South America. This is quite similar to our results.
Both sensitivity experiments illustrate the difference in
rainfall response between small-scale and large-scale
areas. In the case of large-scale areas, the variations of
rainfall are not only influenced by the local change in
evapotranspiration, but also by a possible variation in
the humidity convergence that depends on the large-
scale circulation.

We can also point out that the deforestation exper-
iments conducted with AGCMs over tropical regions
seem to give different conclusions (Dickinson and
Henderson-Sellers 1988; Lean and Warrilow 1989;
Poicher and Laval 1992; Shukla et al. 1990). In this
case the effect is more complex because the change in
vegetal cover is associated not only with a variation of
surface resistance, but also with larger aerodynamic
resistance and albedo.
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FIG. 18a. Total evapotranspiration rate (mm day ~*) simulated in CLAS! and averaged over July.
In CLAS] vegetation at all land points is replaced by bare ground.

b. Changing the initial soil moisture content

. The zonal differences in initial soil water content are
displayed in Fig. 17. There are three main latitudinal
bands where these differences are very large: the equa-
torial regions ( 10°S to 10°N), the middle/high north-
ern latitudes (50° to 70°N), and the subtropical areas
of the Southern Hemisphere (30° to 50°S).

The zonal distributions of soil moisture simulated
in CLAS and CLAS2, averaged over July, are displayed
in Fig. 19. At all latitudes the aforementioned differ-
ences have diminished (especially in the equatorial belt
and in the southern latitudes). It seems that the coupled
model is forgetting its initial state. When we start with
a drier soil, the surface relative humidity is smaller,
thereby limiting the gradient of specific humidity be-

latitude
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“M /-—/ = /"‘j
-180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180
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FI1G. 18b. Sea level pressure (hPa) simulated in CLAS and averaged over July.
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FI1G. 18c. Sea level pressure (hPa) simulated in CLAS! and averaged over July.
In CLASI vegetation at all land points is replaced by bare ground.

tween the surface and the overlying air. Canopy tran-
spiration and soil evaporation are then weaker in
CLAS?2 than in CLAS, and since we simulate equiva-
lent rates of precipitation (even slightly larger in CLAS2
in some regions), the soil can fill up quicker in the
former.

In the Northern Hemisphere, however, the differ-
ences remain very important (~50 mm). As noted
previously (§4c) these latitudes are experiencing a
drying of their soil at that time of year, the rates of
evapotranspiration being larger than those of precipi-
tation. Since E\; and E, are decreasing with the available
water decrease in soil and the soil moisture is not being
restored, it takes more time for the initial discrepancies
to vanish.

The other consequences of the change in initial soil
water content that we have obtained, apart from low-
ering the evapotranspiration rates, are 1) higher tem-
peratures of the soil surface and lower troposphere, 2)
a general decrease in sea level pressure over the con-
tinents, 3) no change in intensity of the oceanic anti-
cyclones but a reduced extension toward the continents,
4) stronger temperature and pressure gradients between
sea and land, followed by 5) the enhancement of wind
speed in the monsoon regions.

These results are very similar to the ones obtained
by Hui (1989) and Serafini (1986), even though they
have used different versions of the LMD AGCM.

We carried out this same sensitivity experiment but
with a bare land, as in CLAS1. The results showed that
the model forgets its initial soil moisture distribution
more rapidly in this case. The reason for this is that

the soil resistance increases very quickly with a de-
creasing relative soil moisture, thereby preventing water
from evaporating. Since the simulated precipitation
rates are not very different in both experiments, the
restoration of soil moisture is faster. When vegetation
is present, its roots can extract water at greater depths
in the soil, and therefore, the total latent heat flux is
larger than in the bare-land case.

c. Preventing the canopy from intercepting rainfall

When the foliage is prevented from intercepting pre-
cipitation and dew, canopy evapotranspiration can only
occur in the form of transpiration. Under the same
atmospheric and soil moisture conditions, observed
during the first time steps of the integration, the sim-
ulated latent heat flux is then smaller in CLAS3 than

L I | T T T
% 70 50 ) 10 10 -30 50 70 %0
latitude

FIG. 19. Total soil water content (mm) simulated in CLAS (plain
line) and in CLAS2 (dashed line), averaged over July and zonally
averaged. In CLAS2 the initial total soil moisture is modified.

Unauthenticated | Downloaded 10/19/21 02:34 PM UTC



270

in CLAS. Indeed, canopy transpiration involves the
canopy and the architectural resistances as well as the
surface relative humidity, while the only resistance op-
posing interception loss is architectural.

The monthly differences in zonally averaged evapo-
transpiration rate are displayed in Fig. 20 together with
the interception loss simulated in CLAS. The former
is much smaller than the latter, bringing forward the
fact that E,, partly compensates for the “missing” E;.
The largest differences are quite small (~0.5 mm
day~!) and are observed where interception loss is the
most important, that is, in the forested areas of the
northern latitudes (50° to 70°N) and in the intertrop-
ical convergence zone where rainfall is abundant and
E; is a major component of canopy evapotranspiration.

We have not found any clear change in other sim-
ulated variables such as precipitation, soil temperature,
sea level pressure, wind speed, etc. But, since E, is
smaller in CLAS3 than in CLAS while rainfall remains
the same, the soil is more moist in the former. Differ-
ences do not exceed 15 mm however.

These results, although showing a relatively small
sensitivity of the total evapotranspiration simulated to
the water storage capacity of the foliage, do not imply
that interception is an unimportant process to account
for in such models: it only points out that, at the present
stage of both the LMD AGCM and SECHIBA, param-
eterizations of interception and precipitation might not
be compatible. Sato et al. (1989) made this statement
clear that, whatever the cause (variability in topography
or relatively small-scale convective cells), subgrid-scale
variability in precipitation rate will affect the time and
space average of rainfall interception and its evapora-
tion. In the case of convective rainfall regimes, for ex-
ample, local precipitation is usually large compared to
the water storage capacity of the canopy, and the cou-
pled model will underestimate rainfall infiltration into
the soil. '

6. Summary and conclusions

In this paper, parameterizations of the hydrologic
exchanges between the soil-vegetation system and the

o ~r T T —— Y —T T —T
w » 3 » 1 K Y 0 » »

latitude

F1G. 20. Difference, averaged over July and zonally averaged, be-
tween the total evapotranspiration rates (mm day™'; lower line) sim-
ulated in CLAS and in CLAS3, together with the rates of interception
loss (mm day™; upper line) simulated in CLAS. In CLASS3 the foliage
is prevented from intercepting rainfall and dew.
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atmosphere have been developed: evaporation, tran-
spiration, interception loss, and storage. We have in-
troduced (i) a canopy resistance and an architectural
resistance to take into account the transfer between
plants, the air around the leaves, and the reference level
in the atmosphere, and (ii) a soil resistance for the
transfer between soil and the atmosphere. This model,
conceptually very simple, gives an annual variation of
evapotranspiration over Amazonia, which agrees with
the estimations made by Shuttleworth (1988).

This model has been implemented in our AGCM
for climate studies. Each grid box has a fractional area
of eight land cover types (from bare soil to rainforest)
according to Matthews’ (1983a,b; 1984 ) data, and the
calculations of hydrologic exchanges are performed for
each class, the average being made after taking into
account the area sheltered by each type of cover. The
distribution of evapotranspiration simulated by a July
experiment is shown, and the high values obtained over
regions where the foliage cover is important are quite
comparable to the ones simulated with the coupled
model NMC AGCM-SiB (Sato et al. 1989).

This approach is certainly much simpler than the
SiB model (Sellers et al. 1986) or BATS (Dickinson
et al. 1986), or even the SSiB (Xue et al. 1991). Its
advantage is to define the parameters (as surface resis-
tance, leaf area index, etc) that characterize each one
of the eight land cover types, wherever they are found
over the earth’s surface. It is then the latent heat com-
puted for each class that is averaged and not the pa-
rameters themselves. This parameterization has been
used to study the impact of deforestation on climate
(Polcher and Laval 1992). The next step will be to
introduce more complexity: subgrid variability of rain-
fall and moisture, a dependence of the architectural
resistance on the vertical structure of foliage, the re-
lation between leaf area index and temperature, for
example. It is certainly a major challenge in climate
studies to be realistic in computing the transfers be-
tween land covers and the atmosphere with the reso-
lutions used in AGCMs.
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APPENDIX A
Bucket Formulations

Total evapotranspiration ( E,) is proportional to the
potential rate (E,). The coefficient of proportionality
(B) is a function of total soil moisture (W,) and is
known as the “aridity coefficient:”

E, = BEp

1, if W,> W,
3:

4

_WZ , If W, W,
Here, W, is the critical amount of soil moisture [ half
the value at saturation (W, na:)] above which we as-
sume evapotranspiration to take place at the potential
rate, a function of the gradient of specific humidity
between the surface and the overlying air:

E, = p %) ~da

Ta
where r, is the aerodynamic resistance calculated as in
SECHIBA.

Water in the soil is held in only one reservoir, the
root zone, which is filled from bottom to top by pre-
cipitation and emptied from top to bottom by evap-
oration. This is why it is called “bucket.” Runoff occurs
only when the soil is saturated, that is, when W, equals
VVI max*

APPENDIX B
Mathematical Symbols
a Parameter entering the calculation of canopy

resistance. It is part of the function of water
vapor concentration deficit (kg m™3).

c Empirical constant entering the calculation
of surface relative humidity.

C Specific heat at constant pressure
Jkg™-K™.

o Water vapor concentration deficit (kg m™3).

f Fraction of the water uptaken from the upper
soil layer for canopy transpiration in
BATS.

hg Surface relative humidity.

ko Parameter entering the calculation of canopy
resistance. It is part of the function of water
vapor concentration deficit (kg m™2s™').

gsa(T) Saturated specific humidity calculated at

temperature 7.
da Specific humidity of the air at the reference
level chosen in the atmosphere.
Gradient of specific humidity between the
ground and the overlying air.

Ag,

Ag;
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Gradient of specific humidity between the
water stored on foliage and the overlying
air.

Gradient of specific humidity between the
snow covering the ground and the over-
lying air.

Gradient of specific humidity between the
inside of stomata and the air overlying the
leaves. '

Aerodynamic resistance, opposing the trans-
fers of water vapor between the surface and
the air at the reference level chosen in the
atmosphere (s m™!).

Surface aerodynamic resistance calculated in
BATS. It opposes the transfers of water va-
por between the soil surface and the air
within foliage in the vegetated part of the
grid box (s m™).

Surface aerodynamic resistance calculated in
BATS. It opposes the transfers of water va-
por between the soil surface and the over-
lying air in the clearing part of the grid box
(sm™).

Canopy resistance, opposing the transfers of
water vapor between the inside of stomata
and the air overlying the leaves (s m™').

Leaf aerodynamic resistance calculated in
BATS. It opposes the transfers of water va-
por between the surface of the leaves and
the air within foliage (s m™).

Soil resistance, opposing the transfers of water
vapor between the soil and the overlying
air (sm™').

Soil resistance of a 1-m depth of dry soil. It
opposes the evaporation of the water lo-
cated below 1 m (s m™).

Architectural resistance, opposing the trans-
fers of water vapor, within the foliage, be-
tween the leaves and the top of the canopy
(sm™).

Time (s).

Bulk heat capacity of the surface soil layer
(calem™2 K1),

Surface drag coefficient.

Depth of the root zone in BATS (mm).

Depth of the total soil (mm).

Depth of the upper soil layer (mm).

Total evapotranspiration rate (mm s™').

Soil evaporation (mm s™').

Maximum soil evaporation, that is, maxi-
mum sustainable diffusive flux of water
through the soil-air interface in BATS
(mm s™),

Evaporation of water intercepted by the fo-
liage (mm s™!).

Potential evaporation calculated in the
Bucket model (mm s™!).

Snow sublimation (mm s™!).

Canopy transpiration (mm s™').
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Gravitational drainage at the root zone-re-
charge layer interface in BATS (mm s™').

Gravitational drainage at the upper soil layer—
root zone interface in BATS (mm s™').

Total sensible heat flux (mm s™!).

Latent heat for the vaporization of water
(Jkg™).

Single-sided leaf area index.

Surface pressure (hPa).

Incident precipitation rate (mm s™!).

Subsurface soil runoff in BATS (mm s™!).

Foliage runoff, that is, excess of water inter-
cepted (mm s™!).

Surface net radiation (W m™2).

Incident solar radiation at the land surface
(W m™).

Surface soil runoff in BATS (mm s7}).

Total soil runoff (mm s~ !).

Parameter entering the calculation of canopy
resistance. It is the half-light saturation
factor, a part of the function of incident
solar radiation (W m™2).

Depth of snow covering the land surface
(equivalent mm of water).

Critical depth of snow above which the entire
grid box is considered to be covered by
snow (equivalent mm of water).

Foliage temperature calculated in BATS (K).

Soil surface temperature (K).

Maximum sustainable transpiration rate in
BATS (mm s™!).

Wind speed at the reference level chosen
above canopy (m s!).

Critical amount of soil water content above
which, in the Bucket model, evapotrans-
piration takes place at the potential rate
(mm).

Amount of water intercepted by the foliage
{(mm).

Maximum amount of water the foliage can
intercept during a rainfall event (mm).

Water content of the deep soil layer (mm;

= I/Vt - Wu)
Water content of the root zone in BATS
(mm).

Water content of the total depth of soil con-
sidered (mm).

Maximum amount of water the total depth
of soil considered can hold (mm).

Water content of the upper soil layer (mm).

Maximum amount of water the upper soil
layer can hold (mm).

Fraction of the grid box experiencing soil
evaporation.

Fraction of the grid box experiencing canopy
interception loss.

Fraction of the grid box experiencing snow
sublimation.

VOLUME 6
O Fraction of the grid box experiencing canopy
transpiration.
B Aridity coefficient in the Bucket model.
Yt Upward diffusive flux at the root zone-re-

charge layer interface in BATS (mm s™').

Yur Upward diffusive flux at the upper soil layer—
root zone interface in BATS (mm s™').

ar Fractional vegetation cover (shelter factor).

A Parameter entering the calculation of canopy
resistance. It is part of the function of water
vapor concentration deficit.

0 Density of the ambient air (kg m™3).
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