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ABSTRACT

Natural land surfaces are usually heterogeneous over the resolvable scales considered in atmospheric numerical
models. Therefore, model surface parameterizations that assume surface homogeneity may fail to represent the
surface forcing accurately.

In this paper, a parameterization of the subgrid-scale forcing of heterogeneous land surfaces for atmospheric
numerical models is suggested. In each surface grid element of the numerical model similar homogeneous land
patches located at different places within the element are regrouped into subgrid classes. Then, for each one of
the subgrid classes, a sophisticated micrometeorological model of the soil-plant-atmosphere system is applied
to assess the surface temperature, humidity, and fluxes to the atmosphere. The global fluxes of energy between
the grid and the atmosphere are obtained by averaging according to the distribution of the subgrid classes. In
addition to the surface forcing, detailed micrometeorological conditions of the patches are assessed for the
domain simulated by the atmospheric model.

This parameterization was incorporated into a mesoscale numerical model to test the impact of subgrid-scale
land surface heterogeneities on the development of local circulations. Where strong contrasts in total sensible

heat flux are generated by land surface heterogeneities, circulations as strong as sea breezes may develop.

1. Introduction

It has been increasingly apparent in recent years that
the distribution of surface sensible heat flux is a critical
factor in producing and modifying the mesoscale at-
mospheric circulations often associated with terrain
inhomogeneities such as land-sea boundaries, urban—
rural areas, bare soil-vegetated areas, and mountain-
valley structures (McNider and Pielke 1981; Garrett
1982; Zhang and Anthes 1982; Ookouchi et al. 1984;
Sellers et al. 1986; Wilson et al. 1987; Segal et al. 1988).
Therefore, the parameterization of the Bowen ratio (3),
i.e., the partition of energy between the sensible and
the latent heat fluxes at the surface, is of prime im-
portance in achieving accurate simulations with me-
soscale atmospheric models. This ratio is strongly de-
pendent on the availability of moisture at the surface;
its value ranges from infinity in very dry regions to
approximately zero over wet areas and may even be
negative over vegetation under particular atmospheric
conditions, e.g., the advection of dry air over a moist
area (oasis effect). A variety of observational and
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modeling evaluations of 3 have been reviewed by Segal
et al. (1988).

Several representations of the land surface have been
suggested for application in meteorological models. For
instance, Pielke and Mahrer (1975) have computed
the ground temperature through an energy budget
equation for bare, dry soils. McCumber and Pielke
(1981) introduced a refined parameterization of the
soil layer and a bulk layer of vegetation following
Deardorff (1978). Sellers et al. ( 1986 ) proposed a two-
layer vegetation module to account for two different
types of vegetation in a single grid element of their
general circulation model. These parameterizations,
however, all assume homogeneous land characteristics
within a grid element.

In mesoscale meteorological models, however, one
horizontal grid cell typically encloses a region of 10-
100 km? and large inhomogeneities of soil type and
soil wetness, of vegetation type and vegetation density,
of topography, of urbanization, etc., are frequently
present on this scale (Hills and Reynolds 1969; Wetzel
and Chang 1988). Mahrer and Avissar (1985), for in-
stance, demonstrated with a two-dimensional numer-
ical soil model and field observations that temperature
differences as large as 10°C occur between the north-
facing and south-facing slopes of small furrows pro-
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duced by agricultural tillage. In the same study, they
also showed that while the south-facing slope of the
furrows dried up quickly, the north-facing slope re-
mained wet. Even larger gradients can be expected be-
tween the slopes of larger topographical features with
the same inclination since no significant diffusion is
possible between these slopes, in contrast to small fur-
rows. Wetzel and Chang (1988) reported that for nu-
merical weather prediction models with a grid spacing
of 100 km or greater, the expected subgrid-scale vari-
ability of soil moisture may be as large as the total
amount of potentially available water in the soil.

Because of such heterogeneities, the commonly used
homogeneous surface parameterizations are inappro-
priate to represent the subgrid-scale spatial variability
that is found in the real world, and, therefore, their use
should be limited to rough evaluations and sensitivity
analyses. In order to better represent the Bowen ratio
and the fluxes associated with heterogeneous surfaces,
one possibility is to increase the resolution of the model
grid at the ground surface. Even though this method
is probably the most accurate, it is usually not practical
due to computer limitations and to the tremendous
amount of data that would need to be gathered and
processed in initializing the model. In addition, the
applicability of the hydrostatic assumption used in
many mesoscale numerical models is limited by the
horizontal scale of the atmospheric forcing and re-
sponse, and the grid size (Pielke 1984 ).

A more realistic solution to this problem was recently
suggested by Avissar and Mahrer (1987). In order to
improve the calculation of the diurnal variation in the
actual evapotranspiration and the water balance of
agricultural fields partially covered by vegetation and/
or partially irrigated, they developed a pseudo-three-
dimensional numerical model (Ps3D). In this model,
the agricultural field is represented by patches of bare,
dry soil and vegetated areas. Energy balance equations,
surface energy fluxes, and soil moisture and tempera-
ture profiles are computed separately for each patch
following a procedure described in detail by Avissar
and Mahrer (1988a) which is -based on Deardorff’s
(1978) bulk layer parameterization (hereafter referred
to as BLP). Thus, Ps3D uses BLP for each homoge-
neous patch (the bare soil and the vegetated area) but
is not identical to BLP which does not distinguish be-
tween the different patches and erroneously assumes
that partially vegetated fields are homogeneous. In the
Ps3D model, horizontal fluxes between the different
patches are assumed to be small as compared to the
vertical fluxes; the vertical fluxes from the patches or
subgrid-scale areas are horizontally averaged to com-
pute the global or total fluxes to the atmosphere from
a grid cell. Simulating an agricultural field partially
covered by vegetation with the Ps3D and BLP models,
and comparing simulation results pointed out differ-
ences as large as 40% and 350 W m 2 for the daily field
water balance and the sensible heat flux predictions,
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respectively. As will be demonstrated in section 3, such
a sensible heat flux can considerably modify the plan-
etary boundary layer (PBL) characteristics. Also, large
surface temperature and latent heat flux differences
were computed by the two models. It is worthwhile
mentioning that the computer resources required to
run the Ps3D are not significantly higher than those
for the BLP. This is because the resolution of the at-
mosphere remains unchanged and the agricultural field
is represented by only two areas. The explicit repre-
sentation of an orchard with a full three-dimensional
model, on the other hand, would probably require the
capacity of a supercomputer to account for each tree
separately. :

Adopting a similar approach, Wetzel and Chang
(1988) developed a model to compute grid-cell-average
evapotranspiration from four separate equations rep-
resenting unstressed and water-stressed rates for both
vegetation and bare soil, all of which can occur si-
multaneously within a grid element. Comparisons with
estimated regional evapotranspiration from two exten-
sive micrometeorological field programs supported
their model under a wide range of conditions.

In the present study, a generalization of the Ps3D
for the parameterization of subgrid-scale heterogeneous
surface forcing is suggested (hereafter referred to as
SSFP) and is incorporated into a mesoscale numerical
model in order to evaluate its impact on land/atmo-
sphere interactions. Predicted meteorological fields are
compared, when possible, with results obtained with
the same mesoscale model in which the BLP is used
to represent the land surface. Various applications of
this new parameterization are also emphasized.

2. The numerical model

The numerical model used in the present study con-
sists of two modules, an atmospheric module and a
land surface module, which interact by supplying
boundary conditions to each other.

a. The atmospheric module

The formulation of the atmospheric module is de-
scribed comprehensively in Pielke (1974), Pielke and
Mahrer (1975), Mahrer and Pielke (1977, 1978), and
McNider and Pielke (1981). It will not be described
again here for brevity. Studies conducted with this
module have demonstrated its ability to realistically
resolve mesoscale atmospheric fields (e.g., Pielke and
Mahrer 1978; Segal et al. 1982; Abbs and Pielke 1986).

b. The land surface module

1) BULK LAYER PARAMETERIZATION

The parameterization of homogeneous surfaces, i.c.,
bulk layer parameterization (BLP) is described in detail
in Avissar and Mahrer (1988a) and has been used by
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Avissar et al. (1987) and Segal et al. (1988) to evaluate
the impacts of vegetation on the generation and mod-
ification of mesoscale circulations. This scheme was
validated against a field experiment (Avissar et al.
1986) and has proven its ability to accurately describe
the microclimate of homogeneous agricultural fields
under various environmental conditions and at differ-
ent plant growing periods. Because of its fundamental
contribution to the present study and the slight mod-
ifications brought about by the soil hydraulic properties,
it will be described in detail here.

The surface is assumed to consist of two layers, a
vegetation layer and a soil layer or, alternatively, a body
of water.

(i) Vegetation layer. Assuming that the heat capac-
ity of the vegetation is small as compared to the energy
fluxes, the energy budget of this layer is written as

Ry, + E,+ H, =0, (1)

where Ry, the net radiation of the canopy, accounts
for the contributions of the solar radiation (R;) and
the thermal radiation from the atmosphere (R;) ab-
sorbed by the plant layer either directly or after being
reflected from the soil surface. It also accounted for
the thermal radiation emitted by the soil surface
(egoTe!), the thermal radiation emitted by the vege-
tation (2¢,067,*), and its reflected component from
the soil surface. The net radiation is therefore defined
as follows:

Ry, =01 — o, — t,){1 + agl[l — a1 — 1,)]} R,
' + ape {[1 + (1 — 0)(1 — €6)I1RL + €60 T6*}
— 060 T,*[2 — 601 — €5)]. (2)

Here «,, t,, €,, and T, are the albedo, transmissivity,
emissivity, and temperature of the vegetation, respec-
tively, o is the Stefan-Boltzmann constant, o and ¢
are the albedo and emissivity of the soil surface, and
oy, the shielding factor, represents the fractional cov-
erage of the ground by the canopy. This factor is 1 for
a completely covered surface and 0 for bare soil.

The latent heat flux between the vegetation and the
surrounding air, F,, is given as

E, = oipLyusgy, (3)
where u, and g, are the friction velocity and the “flux
humidity,” respectively, calculated according to Bus-
inger et al. (1971), p is the air density, and L, the
latent heat of evaporation. The surface consists of one
or more layers. When the soil is bare, the surface con-
sists of one layer which is the soil surface. When veg-
etation is present, the surface consists of the soil surface
and a number of vegetation layers equivalent to the
leaf area index (LAI) of the vegetation. If, for instance,
the leaf area index is 3, the surface has four layers:
three of vegetation and the soil surface. Thus, o} ex-
presses the relative contribution of the vegetation to
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the total heat fluxes between the surface (composed of

soil and vegetation) and the atmosphere. This param-

eter is defined by the expression
2LAlgs

1 + 2LAlg;’

o =

(4)
where the factor 2 expresses that both sides of the leaves
contribute to the heat fluxes. Several plant species have
stomata only on one side of their leaves. In that case,
this factor reduces to 1. Table 1 shows how o7 is influ-
enced by the shielding factor and the leaf area index.
For instance, for a vegetation that completely covers
the soil surface (o7 = 1) and has a leaf area index of 3,
o is 0.86 which means that the vegetation contributes
to 86% of the total surface fluxes and, consequently,
the soil surface contributes to 14% of these fluxes.

Using this formulation, the surface specific humidity,
g(zo), required for the computation of g, is

q(z) = U}qua +(1-— U_’f)qG

(2LAlosgy, + gg)/ (1 + 2LAlgy), (5)

where q,,, the specific humidity at the leaf-air interface,
is computed following a procedure suggested by Avissar
et al. (1985), i.e.,

dva = dsrq: + (1 - dsr)‘IGs (6)

where g¥ is the saturated specific humidity at the leaf
surface, and d,; is the dimensionless relative stomatal
conductance, defined as follows:

dsr = [dsm + (dsM - dsm)f}?foVfo‘Il]/dsM: (7)

where d, is the minimal stomatal conductance which
occurs only through the leaf cuticle when the stomata
are closed, d v is the maximum stomatal conductance
obtained when stomata are completely opened, and
each of the f; functions quantifies the influence of a
specific environmental factor upon the conductance
(R stands for solar global radiation, 7 for leaf temper-
ature, V for vapor pressure difference between leaf and
ambient air, C for ambient atmospheric carbon dioxide
concentration, and ¥ for soil water potential in the

TABLE 1. Contribution of the vegetation to the total surface fluxes
as a function of the shielding factor (/) and the leaf area index (LAI)
of the vegetation.

LAI
oy i 3 5

0 0 0 0

0.10 0.17 0.375 0.50
0.25 0.33 0.60 0.71
0.50 0.50 0.75 0.83
0.75 0.60 0.82 0.88
1.00 0.67 0.86 0.91
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root zone). The expression used for each of these func-
tions is

1
L4 exp[—SdXi— X))

where the subscript i refers to the environmental factor,
X; is the intensity of the factor i, X, is the value of X;
atf; = 1/2, and §;is the slope of the curve at this point.
If one of the environmental factors is in the critical
range and should cause stomatal closure, then the value
of its respective function is 0 and dy, = dg,/dov. When,
however, the given environmental factor does not in-
hibit the stomatal opening, the value of its respective
function is 1 and it does not influence d,,. When all
the f; functions are equal to 1, i.e., when there is no
environmental impact on the stomatal opening, dg, = 1
and the transpiration reaches its maximum value for
the given meteorological conditions. The constants dp,,
dsm, X, and S; are empirically determined. For ex-
ample, Avissar et al. (1985) provided their values for
a tobacco plant. Further studies are still required to
establish whether or not these constants are specific for
each plant type and if they are constant within a single
canopy.

The soil surface specific humidity, g¢, is computed
following Avissar and Mahrer (1986):

g6 = Swqeu + (1 — 54)q(20). 9)

Here g¢, is the upper soil layer specific humidity cal-
culated according to Philip and de Vries (1957),

96u = qéu exP(_gl‘I,Gt;tl/RvTGu), (10)

with g&,, Y., and T, being the saturation specific
humidity, the matric potential and the temperature of
the upper soil layer. The gas constant of water vapor
is R, and g is the acceleration due to gravity.

The surface wetness function, s,,, is defined as fol-
lows:

Ji - (8)

+ 1—a,
Y 1 +explbu(nr— )1’

where 7 is the volumetric water content, and a,,, b,,
and nr are dimensionless empirical constants which
depend upon soil type. For example, their value for
Rehovot brown-red sandy soil (Xerorthant) were found
to be 0.3, 32.0, and 0.06, respectively (Avissar and
Mabhrer 1986). This function is required to define the
specific humidity at the soil-air interface (Eq. 9) which
depends on the upper soil layer and the lower atmo-
sphere specific humidities.

The sensible heat flux between the vegetation and
the surrounding air, H,, is

Sw=4a

(11)

H, = oppcyiyly, (12)

where ¢, is the air specific heat at constant pressure.
The value of 6(zy) needed for the calculation of the
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“flux temperature” 6, [also calculated according to
Businger et al. (1971)] is given by

B(z0) = o, + (1 = o))0c
(2LAlo/d, + 65)/(1 + 2LAlsp), (13)

with 6, and 6 being the potential temperatures of the -
vegetation layer and ground, respectively.

(ii) Soil layer. The energy budget of the soil surface,
including both bare soil and covered soil, is given by
the equation

RN(;+EG+HG+SG=0, (14)

where Ryg, the net radiation at the soil surface, ac-
counts for the solar radiation and the thermal radiation
from the atmosphere directly absorbed by the soil sur-
face, the solar radiation transmitted by the vegetation,
part of the thermal radiation emitted by the vegetation,
and the thermal radiation emitted by the soil surface.
It also accounts for the reflection, by vegetation, of the
thermal radiation emitted by the soil surface. It is
therefore defined as follows:

RNG = ‘(1 - ag)(l - O’f+ O'f[l,)Rs + (1 - O'f)égRL
+ orege,0T,* — 60T [l — egofl — &)]. (15)

The latent heat flux between the soil surface and the
surrounding air, Eg, is

Eg = (1 — 6))pLpUsqs, (16)

and Hg, the sensible heat flux between the soil surface
and the surrounding air, is

Hg=(1— o)) pcpyly. (17)
The soil heat flux at the surface, Sg, is
6)Ts Te— T u
Sg=-A—2 =-2-2—%  (18)
9z |,_, Az .

where T(z) is the subsurface soil temperature profile,
T, is the soil temperature at the depth z, and A is the
soil heat conductivity computed following a procedure
suggested by de Vries (1963) which accounts for both
the soil texture and the soil water content. The predic-
tion of T, is obtained by solving a finite difference
representation of the soil heat diffusion equation,

T, _ a[xan]‘

c (19)

ot 9z 0z

In order to realistically evaluate the soil thermal
properties and the wetness of the upper soil layer (which
is of primary importance for a correct evaluation of §
at the soil surface) the soil moisture diffusion equation
was also incorporated into the model, viz.

am o[ am] o[, oT.]. oK,
A_Z2lp,Zl+=|p + 5y,
ot azr[ " 82] oz | " 8z 9z

(20)
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where D, and Dr are the isothermal and thermal mois-
ture diffusivities, respectively [calculated according to
Philip and de Vries (1957)]. The hydraulic conduc-
tivity, K, is obtained from an empirical power curve
formula given by Clapp and Hornberger (1978),

26+3
K, = Kh,(i) ,
n

s

(21)

where 7 and 7, are the actual and saturation volumetric
water contents, respectively, and K}, is the hydraulic
conductivity at saturation. The constant b is specific
to each soil type and must be determined empirically.
The matric potential ¥ (needed to compute D,) is cal-
culated from the power law

b
n

where ¥, is the matric potential at which the water
content begins to be lower than the saturation water
content in the ¥(7) curve. This parameterization of
the hydraulic properties was adopted here because val-
ues of 5, ¥,,, K, , and b are provided for the 11 U.S.
Department of Agriculture soil textural classes.

The function V, accounts for soil water extraction
by roots due to plant transpiration and is proportional
to the root distribution and the soil water potential
(Avissar and Mahrer 1982).

The relative importance of the different coefficients
in Eq. (20) was discussed by Philip and de Vries (1957)
and tested in various field experiments (e.g., Avissar
and Mahrer 1982, 1986).

Equations (1)-( 18) are solved iteratively to find the
four unknowns of the system (T, Tg, gy, and gg, the
vegetation and soil surface temperatures and humidi-
ties, respectively). Equations (19)-(22) are solved
from the soil surface to the soil depth at which the
water content is constant (due to the presence of water
table) or at which d1/dz = 0.

(iii) Body of water. When a body of water (e.g., lake,
pond, sea, or river) is present in the model domain,
constant surface temperature and constant saturation
humidity are assumed for the simulation. The rough-
ness of water (zp) is calculated according to Clarke
(1970)as '

(22)

zo = 0.032u2/g,
with the condition that z; = 0.15 X 10™* m.

(23)

2) SUBGRID-SCALE HETEROGENEOUS SURFACE
FORCING PARAMETERIZATION

In order to represent heterogeneous land surfaces,
each surface grid cell of the numerical model is divided
into homogeneous subregions. The number of subre-
gions depends on the number of different homogeneous
patches that together constitute the grid cell. Assuming,
as in the Ps3D, that horizontal fluxes between subgrid
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areas are small as compared to the vertical fluxes and
that the atmospheric conditions (e.g., radiation, air
temperature, air humidity, and wind speed) remain
constant across a grid element, patches of the same
type located at different places in the grid can be re-
grouped into one subgrid surface class. If, for example,
n small lakes each of A m? area are found in a single
grid cell, then only one subgrid surface class “lake” of
area nA m? will be defined for this grid cell. This ag-
gregation procedure, of course, will generally reduce
considerably the number of subgrid surface classes re-
quired per grid cell, as in this example. Then, for each
one of the subgrid surface classes, the module described
in section 2b( 1) is applied. The global or total fluxes
of energy from the surface to the atmosphere of each
grid cell, <I>,-", are evaluated in the SSFP according to
the distribution of the different subgrid areas within
the grid cell,

n
2 A
of = (24)

n
2 A
i=1

where ¢{f ; is the particular flux considered from the
subgrid surface class (the superscript k indicates the
flux type—sensible heat flux, latent heat flux, longwave
radiation, and so forth) and 4, ; is the total area of the
subgrid surface class [ from the » subgrid areas that
compose the grid element ;.

Note that when the BLP approach is used to rep-
resent a partially vegetated domain, the shielding factor
ormay take on any value between 0 and 1, and the soil
layer is assumed to be horizontally homogeneous re-
gardless of the surface cover. With the SSFP, however,
an arbitrary number of subgrid surface classes are per-
mitted, so that the shielding factor sy may take on only
one of two values; one in the case of a vegetation surface
type and zero in the case of an unvegetated surface
type such as bare soil or a water body. The soil layer
beneath each surface class is independent of the soil
layer beneath the other classes.

The microclimate close to the ground is strongly in-
fluenced by the surface properties and is, therefore, very
different above a lake and above bare, dry soil under
the same atmospheric conditions. With the bulk pa-
rameterizations of homogeneous surfaces there is no
horizontal differentiation of the surface properties over
a single grid cell and, therefore, only one “represen-
tative” value of the various fluxes is estimated. The
parameterization described here computes the com-
ponents of the microclimate for each different land
patch. Therefore, in addition to a more realistic rep-
resentation of the bottom boundary of the numerical
models that should improve the quality of their sim-
ulations, a detailed description of the microclimate over
the region considered by the atmospheric model is pro-
duced. It is worthwhile mentioning that this infor-
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mation is of crucial importance for various applications
in which the spatial distribution of micrometeorological
data is used to infer the short-term energy or water
budget of land surfaces, for instance, in agronomy, cli-
matology, hydrology, and ecology. In remote sensing
studies, a regional surface-energy budget that incor-
porates this parameterization may be inverted to infer
evapotranspiration, and perhaps soil moisture, given
satellite measurements of regional surface-emitted
thermal radiation, and vegetation and soil properties.
The subgrid surface classes likely to appear in the
subgrid-scale representation of heterogeneous land will
be differentiated on the basis of soil type and wetness,
vegetation type and density, and presence of urban
areas, or bodies of water. These surface classes are
characterized by their roughness, photometric prop-
erties, moisture availability, and heat capacity and
conductance. Slopes with different inclinations and/
or orientations receive different amounts of global solar
- radiation, resulting in variations of soil moisture and
vegetation types and density. Such heterogeneities
should also be represented by different subgrid classes.
These subgrid surface classes were all defined for the
present study, and a demonstration of how the SSFP
scheme using these classes can affect regional meteo-
rology is presented in section 3. Another land char-

TABLE 2. Soil properties and initial conditions.

Type Density Roughness
Clay-loam 1450 kg m™3 0.04 m
Hydraulic properties

s 0.476

N4 -0.63 m

K5 0.216 m/day

b 8.52
Photometric properties

[27¢] N 02

€G 0.95
Number of soil levels

13
Initial profiles of temperature and wetness

Soil depth Temperature Wetness

(m) (K) (m* m~3)
0.00 300 0.04
0.01 300 0.04
0.02 300 0.04
0.03 300 0.04
0.04 300 0.04
0.05 300 0.25
0.075 300 0.25
0.125 300 0.25
0.20 300 0.25
0.30 300 0.25
0.50 300 0.25
0.75 300 0.25
1.00 300 0.25
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TABLE 3. Vegetation input parameters.
Roughness Leaf area index Height
0.1 m 3 1.5m
Photometric properties
ay 0.15
t, 0.125
€ 098
Initial temperature
300 K
Root distribution with depth
Soil depth Root percentage
(m) (%)
0.00 00
0.01 00
0.02 t 00
0.03 : 00
0.04 00
0.05 09
0.075 12
0.125 14
0.20 18
0.30 16
0.50 16
0.75 15
1.00 00

acteristic that may considerably modify the surface en-
ergy fluxes in snow cover. Because of the particular
parameterization required for its representation, it was
not incorporated in this study.

3. Model simulations

The model was run in its one- and two-dimensional
versions in order to demonstrate the efficiency of SSFP
in computing (i) the microclimate close to the ground
in heterogeneous regions and, in particular, (ii) the
resolved surface forcing for atmospheric numerical
models. For the purpose of this study, the model was
initialized with the parameters provided in Tables 2~
5. The initial atmospheric vertical profiles of potential
temperature () and specific humidity (¢) reflect sum-
mer conditions in the subtropical regions. Segal et al.
(1988) showed that in order to emphasize the impact
of a partial cover of unstressed vegetation on mesoscale
circulations using BLP, the soil must be initialized with
a dry profile close to the surface and a wet profile in
the root zone. This is because (1) a relatively high water
content is necessary in the root zone to keep the plant
stomata open (see Egs. 7 and 8), and (ii) similar sen-
sible heat fluxes are computed from a wet soil surface
and an unstressed plant canopy [see Eqgs. (9)-(11)].
Therefore, a wet soil surface reduces the influence of
the partial cover of vegetation. In order to make pos-
sible a comparison between BLP and SSFP, the same
initialization of the soil moisture profile was adopted
for all the present simulations ( Table 2). The soil tex-
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TABLE 4. Atmospheric input parameters and initial conditions.

Number of vertical grid points 19
Number of horizontal grid 25
points (2-D cases)

Horizontal grid increment 6 km
Synoptic flow 0.5 m s™! (unless otherwise
specified)
Initial surface temperature 300 K
Initial potential temperature 3.5 K/1000 m
lapse
Initial profile of specific humidity
Height Humidity
(m) (gkeg™)
5 10.0
15 10.0
30 10.0
60 10.0
100 10.0
200 10.0
400 10.0
700 10.0
1 000 8.0
1 500 6.0
2 000 2.5
2 500 1.5
3000 : 1.0
3500 0.5
4000 0.5
5000 0.5
6 000 0.5
8 000 0.5
10 000 0.5

ture and hydraulic properties correspond to the “clay-
loam” soil type of the U.S. Department of Agriculture
soil textural classification (Clapp and Hornberger
1978).

a. Bare soil and vegetation
1) ONE-DIMENSIONAL SIMULATIONS

The diurnal variation of sensible heat flux, latent
heat flux, and surface temperature for a bare soil (o,
= (), and for the plant canopy and the soil surface of
a completely covered soil (o= 1) are presented in Fig.
1. It should be remembered that for these two extreme
situations, only one subgrid class is defined for SSFP
and, therefore, SSFP and BLP produce identical results.

For these one-dimensional simulations, the atmo-
sphere was homogeneously initialized with a geo-
strophic wind of 5 m s™!, resulting in a surface wind
of 2.8 + 0.6 m s™' at a height of 5 m above the ground

TABLE 5. General model input parameters.

Integration time step 60 s
Latitude 37°N
Day of the year July 15
Initialization time 0600 LST
Simulation time 12 hours
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F1G. 1. The diurnal variation of sensible heat flux, latent heat flux,
and surface temperature simulated with BLP and SSFP for a bare,
dry surface (o, = 0) and a dense unstressed vegetation which com-
pletely covers the soil surface (o, = 1).

surface, depending on the hour of the day and the sur-
face roughness.

For the bare soil (Fig. 1a), the sensible heat flux
reaches a maximum during the afternoon of about 460
W m ™2 the latent heat flux is zero all day long (due
to the dry upper soil zone), and the soil surface tem-
perature increases from 38°C at 0800 LST to 51°C at
about 1300 LST. The Bowen ratio is, therefore, infinite.
With oy = 1.0 only about 10% of the solar-radiation
penetrates through vegetation to the soil surface. As a
result, the diurnal variation of the soil surface temper-
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ature (Fig. 1c) is strongly damped as compared to the
bare case, and a difference of temperature as large as
18°C is simulated between the bare and covered soil.
The sensible heat flux from the soil varies between —5
and —10 W m 2, indicating a transfer of energy from
the atmosphere to the surface. Under the environmen-
tal conditions simulated in this case, the plant stomata
remain open all day. Therefore, the energy absorbed
by the vegetation is mainly converted to latent heat,
leading to a maximum, at about noon, of 610 W m ~2
(Fig. 1b). The sensible heat flux is about 10% of the
latent heat flux (8 = 0.1). As reported by Segal et al.
(1988) these results are in general agreement with ob-
servations.

The influence of the vegetation cover on the daily
maximum sensible heat flux, latent heat flux, and sur-
face temperature as produced by BLP and SSFP are
presented in Fig. 2. The gradual increase of ¢,from 0.0
to 1.0 is not accompanied by a linear change of the
global surface fluxes and temperatures. This is true es-
pecially with BLP for which the main changes occur
between oy = 0.0 and o, = 0.25. With this parameter-
ization, the sensible heat flux drops from a maximum
of 460 W m 2 for o, = 0.0 to a maximum of 150 W
m ™2 for g, = 0.25, 90 W m~2 for o, = 0.5, 75 W m 2
for ¢, = 0.75, and 70 W m~2 for o, = 1.0 (Fig. 2a).
Corresponding values for the maximum latent heat flux
(Fig. 2b) are 0, 300, 450, 560 and 610 W m ~2, and for
the maximum surface temperature (Fig. 2c) are 51,
44, 38.5, 34, and 32°C.

With SSFP bare and vegetated areas are not com-
bined together to produce one “representative” value
for each of the fluxes and temperatures as with BLP,
but different fluxes and temperatures are obtained for
the bare and the vegetated areas, and global values are
estimated according to Eq. (24). As a result, the de-
pendency on oyis more linear and large discrepancies
between the global values compared by BLP and SSFP
are obtained, especially for the sensible heat flux.

The sensible heat flux and surface temperature of
the soil surface simulated with BLP and SSFP as a
function of the shielding factor, are represented in Fig.
3. As already emphasized, two separate sets of sensible
heat flux and temperature are obtained with SSFP for
0 < o< 1 (one for the bare part of the domain and
one for the covered part),and only one set is obtained
with BLP. Of course, for ¢,= 0 there is no covered soil
and for o, = 1 there is no bare soil with SSFP, and,
~ therefore, values are “missing” in this figure. The latent
heat flux and the temperature of the canopy simulated
with the two parameterizations are given in Fig. 4.

It is interesting to note that the surface temperature
- computed with BLP for oy = 0.25 is 1.5°C higher than
for the bare soil (Fig. 3b). This unexpected result is
mainly due to the fact that the sensible heat flux (Fig.
3a) is reduced more than the latent heat flux from the
vegetation (Fig. 4a) is increased (310 W m™2 vs 300
W m~2). Even though there is no evaporation from
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the soil surface, the combination of the vegetation and
the soil fluxes in this type of parameterization, erro-
neously assuming homogeneity of the surface and of
the soil layer, leads to such shortcomings. With SSFP,
the sensible heat fluxes from the bare soil and the veg-
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etation slightly increase with o;. Since, however, the
sensible heat flux from the vegetation is very small (not
represented here), and most of the time, it is even neg-
ative, the more the soil is covered by vegetation, the
smaller the global sensible heat flux from the surface.
For o,= 0.25, the predicted global sensible heat flux is
330 W m™2 (Fig. 2a). Respective values for o, = 0.5
and oy = 0.75 are 230 and 120 W m ™2 With the re-
duction of the global sensible heat flux to the atmo-
sphere, the heating and the reference air temperature
above the surface decrease. Since the energy absorbed
per unit area by the bare soil and the vegetation patches
remains essentially unchanged, the vertical gradient of

temperature between the different patches and the at-°

mosphere increases, also increasing their sensible heat
flux. In contrast, the global latent heat flux to the at-
mosphere increases with the augmentation of the veg-
etation cover, and, consequently, the vertical gradient
of specific humidity between the vegetation patch and
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the atmosphere decreases. As a result, the latent heat
flux from the vegetation (Fig. 4a) decreases too. For
or=0.25,0.5,0.75, and 1.0, latent heat fluxes of 785,
720, 660, and 610 W m 2 are computed, respectively.

The discrepancies between the two parameteriza-
tions are very large for o= 0.25 and tend to diminish
with the augmentation of the vegetation cover. From
a micrometeorological point of view (which may be
crucial for agricultural, ecological, and other applica-
tions) differences of sensible heat flux, latent heat flux,
and soil surface temperature between the bare soil area
or the vegetated area predicted with SSFP and the
“representative” values predicted with BLP are as large
as 450 W m™2 (for oy = 0.75), 440 W m 2 (for o;
= 0.25), and 19°C, respectively. From an atmospheric
modeling point of view, knowledge of the global forcing
from the surface is more important than knowledge of
the detailed micrometeorology. As already discussed,
the sensible heat flux is particularly pertinent for this
type of modeling. The differences between the global
sensible heat flux obtained with SSFP and with BLP
were 190, 150, and 50 W m 2 for o= 0.25, 0.50, and
0.75, respectively (Fig. 2). The two-dimensional ver-
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sion of the model was used to investigate how these
differences affect mesoscale circulations. The numerical
experiments are described in section 4.

2) TWO-DIMENSIONAL SIMULATIONS

A study of vegetation effects on the generation and
modification of mesoscale circulations was recently
presented by Segal et al. (1988). They suggested that
extensive unstressed vegetated areas may significantly
reduce the strength of sea breezes and thermally in-
duced upslope flows and, when juxtaposed with bare,
dry land, such vegetated areas may generate local cir-
culations as strong as sea breezes. Figure 5 illustrates
such a circulation produced by juxtaposing a 60-km-
wide strip of unstressed dense vegetation (o= 1.0, LAI
= 3) with a 90-km-wide strip of bare, dry soil. The
entire domain is represented in the numerical model
by 25 grid increments of 6 km width. This simulation
was also designed to provide a control case to which
other simulations may be compared. Since the vege-
tated domain is completely covered by vegetation, both
BLP and SSFP are applicable for this type of simulation
and give identical results. The model integration com-
menced at 0600 LST, which corresponds to the time
when sensible heat fluxes typically become effective in
the development of the convective PBL on sunny sum-
mer days. The meteorological fields shown in Fig. 5 (u
is the horizontal component of the wind parallel to the
domain, w is the vertical component of the wind, 6 is
the potential temperature, and g is the specific humid-
ity) are values at 1400 LST. By that hour, the circu-
lation is strongly developed, as indicated by the inten-
sity of ¥ and w and by the thermal contrast shown by
the 6 field. The component of the wind perpendicular
to the domain is about 0.15u at this hour, and thus is
not of significance for purposes of illustration. Only
later in the day does its intensity increase significantly
as a result of the Coriolis effect. A shallow PBL develops
over the vegetated area as can be seen from the 4 field.
Transpiration over the vegetation provides a supply of
moisture that significantly increases the amount of wa~
ter vapor present in the shallow PBL. This moisture is
advected by the thermally induced flow toward the dry
region where it is well mixed within the relatively deep
convective PBL. A similar simulation executed by Segal
et al. (1988), but with a horizontal grid resolution of
3 km, gave approximately identical results, except for
w for which the peak value was about two times stron-
ger than the 30 cm s™! computed in the present case.
This well known dependency of w upon grid resolution

ponent (w) in cm s}, positive upward; (iii) the potential temperature
(8)in K ; and, (iv) the specific humidity (¢) in g kg ', resulting from
the contrast of 60 km of dense unstressed vegetation (indicated by
the dark underbar) and 90 km of bare, dry land. The vegetation
completely covers the left-hand soil surface. Solid contours indicate
positive values; dashed contours indicate negative values.



OCTOBER 1989

in numerical models is related to the solution of the
continuity equation (e.g., Pielke 1984).

The magnitude of the local circulation can be esti-
mated from the horizontal gradient of sensible heat
flux. Pielke (1984), in reporting the results of obser-
vational and numerical studies (e.g., Hanna and Gif-
ford 1975; Hanna and Swisher 1971), explained that
it has been found that, in the tropics and midlatitudes,
a horizontal gradient of less than about 10 W m 2 per
30 km has only a minor influence on local wind pat-
terns. With a gradient of 100 W m 2 per 30 km, how-
ever, significant effects are discernible from the statis-
tical evaluation of observational data, whereas a gra-
dient of 1000 W m ™2 per 30 km has been found to
have a pronounced influence on local wind patterns
in case-by-case studies. With reference to the results
presented in section 3a( 1), partial rather than complete
vegetation cover would be expected to generate weaker
circulations. Also, due to the difference of sensible heat
flux evaluated with BLP and SSFP, different circulation
intensities would be expected to result from the two
parameterizations.

Figure 6 presents the meteorological fields at 1400
LST computed with BLP and SSFP by juxtaposing a
60-km-wide strip of unstressed vegetation which covers
only one-fourth of the domain with a 90-km-wide strip
of bare, dry soil. The simulation executed with SSFP
exhibit significant differences as compared to that made
with BLP. For instance, the peak intensities of # and
w are about half those obtained with BLP (3.1 m s™!
vs5.9ms~'and 13cms™! vs 24 cm s, respectively).
The reason for these differences is due to the apparently
too large reduction of sensible heat flux by vegetation
in BLP, as illustrated in Fig. 2a and Table 1 by the
value of the coefficient o (Eq. 4) as a function of the
vegetation cover. For g, = 0.25 and LAI = 3 (which
were assumed in the simulations), for instance, o7} is
0.6, which means that the vegetation contributes to
60% of the total surface fluxes over the lefthand side
of the domain. For higher values of oy, however, this
coeflicient offers a more realistic value. It is worth not-
ing that as o decreases the efficiency of transpiration
from the canopy increases (although the total latent
heat flux averaged over the grid area decreases). Phys-
ically, as the canopy coverage is reduced, the sensible
heat flux released from the bare soil surface within the
grid cell is advected to the canopy and is used to en-
hance transpiration which may then be larger than the
available net radiation (e.g., Shaw and Decker 1977).

Similar simulations to those depicted in Fig. 6 were
executed for vegetation which covers one-half and
three-fourths of the 60-km-wide strip juxtaposed with
a 90-km-wide strip of bare, dry soil. The strong non-
linearity depicted for the fluxes and temperatures com-
puted with BLP due to increasing the vegetation cover
was again observed here. For o,= 0.25, 0.50, 0.75 and
1.0, the peak intensity of u was about 5.9, 6.4, 6.6 and
7.2 m s}, respectively, and the peak intensity of w was
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about 24, 27, 29 and 30 cm s”!, respectively. With
SSFP, the peak intensity of u# was about 3.1, 5.1, 6.5
and 7.2 m s™!, respectively, and the peak intensity of
w was about 13, 19, 25, and 30 cm s™!, respectively.
A comparison between the potential temperature fields
showed that the temperature profile and the height of
the PBL above the bare part of the domain were not
affected by the value of 0. In the vegetated part of the
domain, however, the larger the vegetation cover, the
smaller the global sensible heat flux and, consequently,
the lower the temperature and the lower the height of
the PBL.

The numerical experiments reported here were in-
corporated in the present study in order to demonstrate
not only the shortcomings, but also the relative reli-
ability of using a parameterization of the surface that
assumes homogeneous land to describe a simple case
of surface heterogeneity. From these simulations it can
be inferred that the microclimate close to the ground
surface is very poorly represented with the BLP. This
is related to the totally different distribution of energy
over a bare, dry soil and a transpiring vegetation layer.
A “representative” value of the micrometeorological
conditions, which is a kind of average value, is therefore
far from either of the extreme conditions. From an
atmospheric point of view, however, the detailed fluxes
from the different surface classes combine together to
generate a global forcing. Therefore, a simple param-
eterization for the evaluation of the “representative”
surface forcing conditions may be appropriate for sim-
ple heterogeneous regions. The more heterogeneous
the land surface, however, the less applicable the “rep-
resentative” assumption. In the next two sections, land
with more complex heterogeneities that cannot be rep-
resented with BLP are simulated with SSFP.

b. Hilly regions

Extensive flat homogeneous regions are rarely found
in the real world. Usually, even when the main topo-
graphical feature of a region can be assumed horizontal,
the earth’s surface consists of numerous small hills and
valleys of different slope and orientation. Although
these small variations of the topography may not be
of direct significance for atmospheric processes, the
orientation of the terrain with respect to the sun is a
critical parameter for the evaluation of the amount of
solar radiation received at the soil surface (Fig. 7). In
addition, Sharon ( 1980) has observed that the amount
of rain received at the ground surface is also strongly
related to the orientation of the terrain. For these rea-
sons, the availability of water for natural plants and
the microclimate near the land surface may vary con-
siderably with the surface’s orientation. It is, therefore,
not uncommon in semi-arid and arid regions to observe
a bare, dry south-facing slope adjacent to a north-facing
slope covered with dense vegetation. Figure 8 is an
example of such strong contrast; the photograph was
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taken in Cache La Poudre Canyon, Colorado during vegetation types as a function of slope orientation (and

the autumn of 1985. Whittaker (1956) and Whittaker
and Niering (1965) documented large gradients of Santa Catalina Mountains (Arizona).

altitudes) for the Great Smoky Mountains and the
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FIG. 7. The diurnal variation of solar global radiation received at the surface of a horizontal surface and on slopes facing north, east,
south, and west, on 15 July at a latitude of 37°N. The slopes inclinations are (a) 45°, and (b) 15°.

In the following numerical experiments, a two-di-
mensional domain which consists of 10 grid intervals
of 6 km width is considered. Two subgrid classes of
randomly distributed “north-facing slopes™ and “south-
facing slopes™ were defined, each one with a distribu-

tion of 50% within a grid cell. This domain was jux-
taposed with 15 grid cells of flat terrain. The entire
region was assumed to be bare and dry, and in the hilly
part of the domain, subgrid-scale slopes of 45° (Figs.
9a and 10a)and 15° (Figs. 9b and 10b) were simulated.

F1G. 8. The contrast of natural vegetation obtained on a south-facing slope (left-hand side of the picture) and on a north-
facing slope (right-hand side of the picture) in Cache La Poudre Canyon, Colorado, during the autumn of 1985.
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The peak values of sensible heat fluxes simulated on
the 45° south-facing and north-facing slopes are 370
and 180 W m 2, respectively, giving a global flux of
275 W m ™2 for the hilly region. The corresponding
value for the flat region is 440 W m 2. This relatively
large difference in sensible heat flux between the hilly
and the flat regions of the simulation domain, which
is directly related to the difference of solar radiation
received at the ground surface (Fig. 7), generates a
significant local circulation as illustrated in Fig. 10a.

With the 15° sloping surfaces, however, only a minor -

variation of the sensible heat flux and the surface tem-
perature is simulated for the different areas of the do-
main (Fig. 9b). For instance, less than 20 W m ~2 sepa-
rates the global sensible heat flux of the hilly region
from that of the flat region. As a result only a small
perturbation of the meteorological fields occurs
(Fig. 10b). '

When these same slopes and the flat area are com-
pletely covered with dense vegetation (oy = 1.0, LAI
= 3), the difference in sensible heat flux between the
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hilly and flat areas, as well as its variation with the
different slopes is very small, and only a very weak
circulation is generated between the hilly and the flat
regions, even for the 45° slopes, as illustrated in Fig.
11. Since the incoming solar radiation is weaker on
the 45° north-facing slopes than on the 45° south-fac-
ing slopes and on the horizontal surfaces, the latent
heat flux on the north-facing slopes is about 40% and
35% of that computed for the south-facing slopes and
the flat area, respectively (Fig. 12). Plant water needs
are consequently considerably lower on the north-fac-
ing slopes than on the other surfaces, explaining in
part the sharp contrast of vegetation depicted in
Fig. 8.

For the simulations presented in Figs. 13 and 14,
the subgrid surface classes of the hilly region of the
previous numerical experiments were redefined as
“vegetated, 45° north-facing slopes™ and “bare, dry,
45° south-facing slopes.” This hilly region was juxta-
posed with a flat, bare, dry region (Figs. 13a and 14a)
and with a flat, vegetated region (Figs. 13b and 14b).
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FIG. 9. The diurnal variation of sensible heat flux and surface temperature simulated for a horizontal dry surface and for dry north-facing
and south-facing slopes. The inclinations of the slopes are (a) 45°, and (b) 15°.
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The inclinations of the slopes are (a) 45°, and (b) 15°.

Considering each subgrid area individually, the heat
fluxes and surface temperatures are only slightly dif-
ferent from the corresponding values in the “entirely
bare” and “fully vegetated” cases depicted in Figs. 9a
and 11. These differences are related to the interactions
between the surface and the atmosphere explained in
section 3a. The maximum global sensible heat flux in
the hilly region is about 200 W m =2, Juxtaposed with
the sensible heat flux of the bare, dry, flat area (about
400 W m ~2) it generates a relatively strong circulation
(Fig. 14a). Juxtaposed, however, with the sensible heat
flux obtained in the vegetated, flat area (about 70 W
m™2) a much weaker circulation develops in the op-

posite direction, i.e., from the flat to the hilly region
(Fig. 14b).

Since the diurnal distribution of solar radiation re-
ceived on an east-facing slope and on a west-facing
slope is very different, and also different from north-
facing and south-facing slopes surfaces (Fig. 7), the
fluxes and surface temperatures for terrain oriented in
these directions are also expected to be different. This
is demonstrated in Fig. 15, which illustrates the sim-
ulations of a hilly region consisting of 4 subgrid surface
classes of equal distribution, each one corresponding
to a cardinal compass orientation, juxtaposed with a
flat area. The entire domain was assumed dry, and
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slopes of 45° were considered. It is interesting to note
that the global sensible heat flux in the hilly region is
only slightly different from that obtained in the sim-
ulation of 50% north-facing and 50% south-facing
slopes (Fig. 9). As a result, the local circulation gen-
erated by the juxtaposition of a hilly domain made up
of these four slope classes and a flat region is almost
identical to that generated by the juxtaposition of a
hilly terrain with only north-facing and south-facing
subgrid-scale surfaces and a flat region (Fig. 10a).
The few idealized cases described in this section have
demonstrated the role which small topographical fea-
tures may play on local meteorology when juxtaposed
with flat areas. It is, however, not likely that such regular
heterogeneities will be observed in the real world. As
a matter of fact, the distribution of slope inclinations
and orientations in a small region represented by a
single grid cell in a meteorological model is generally
much more complex. As illustrated by some of the
examples presented here, however, the generated cir-
culations do not seem to be very sensitive to small
topographical variations, especially when the region is
covered by unstressed vegetation. Therefore, a rough
subgrid-scale topographical classification may be suf-
ficient, at least in some cases, for the needs of meteo-
rological studies. Additional experiments are required
to derive general conclusions. The use of terrain spectra
such as applied by Pielke and Kennedy (1980), and
Young and Pielke (1983) may provide geometric in-
formation which will permit the more general repre-
sentation of subgrid-scale terrain inhomogeneities.

¢. Land use heterogeneities

In addition to heterogeneities due to topographical
features, land use diversity may also create very large
surface heterogeneities in a small area. Typical classes
of land use that can be found in rural and urban regions
are asphalt, concrete and buildings, parks and other
green areas, bodies of water, agricultural crops and or-
chards, forests, and wastelands. In order ‘to simulate
the surface forcing and the “regional micrometeorol-
ogy” of such heterogeneous regions, four subgrid classes
were defined in the model: (i) built-up areas and
wastelands (20% of the total region), which are differ-
entiated from bare-soil by initial homogeneous vertical
soil values of temperature and humidity of 305 K and
0.04 m?* m 3, respectively; (ii) bodies of water (10%)
initialized with a surface temperature of 300 K; (iii)
agricultural crops (40%); and (iv) forests (30%), which
are differentiated from agricultural crops by a partial
stomatal aperture.

In the numerical experiments presented in Figs. 16
and 17, ten grid cells of heterogeneous land (each 6
km wide) were juxtaposed with (i) 15 uniformly dry
and bare grid cells (Figs. 16a and 17a), and (ii) 15
homogeneously vegetated grid cells (Figs. 16b and
17b). This land distribution was selected arbitrarily
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FIG. 12. The diurnal variation of latent heat flux on a horizontal surface and north-facing and south-facing slopes completely
covered by dense unstressed vegetation. The inclinations of the slopes are (a) 45°, and (b) 15°.

but is quite representative of rural and small urban
regions. The juxtaposition with the vegetated area may
correspond to the early summer season when natural
vegetation is well developed. The juxtaposition with
the dry, bare land may correspond to the end of the
summer season after the natural vegetation has per-
ished.

In the heterogeneous region, the fluxes and surface
temperatures are very different for each subgrid class.
The range of maximum sensible heat flux is between
—10 W m 2 (for bodies of water) to 450 W m ~2 (for
built-up areas), that of latent heat flux is between 0 W
m 2 (for built-up areas) to 610 W m 2 (for agricultural
crops), and the range of surface temperature is between
27°C (for bodies of water) to 50°C (for built-up areas).
The grid-cell global fluxes are related to the distribution
of the subgrid classes, and, therefore, in the present
examples they are more influenced by vegetation (forest
and agricultural areas constitute 70% of the heteroge-
neous grid cells) than by built-up areas and bodies of
water. As a result, the global sensible heat flux from
the heterogeneous grid cells is relatively small, with a
peak value of about 155 W m 2. The contrast between
a bare, dry, homogeneous region and the heterogeneous
region generates a strong circulation (Fig. 17a). The
contrast, however, with a vegetated region for which
the peak value of the sensible heat flux is only about
70 W m 2, results in a relatively weak circulation that
develops in the opposite direction (Fig. 17b).

The two-dimensional simulations described in this
section were initialized with calm atmospheric condi-
tions (# = 0.5 m s™!) in order to emphasize the local
circulations which may develop as a result of extensive
contrasts of sensible heat flux. When the initial back-
ground wind in the atmosphere is stronger, however,
the rapid inland movement of relatively cold air reduces
the pressure gradients between the adjacent areas and,

consequently, the circulation. This process is demon-
strated in Fig. 18 by simulating the heterogeneous land
described in the previous numerical experiment (20%
built-up areas and wastelands, 10% bodies of water,
40% agricultural crops, and 30% forests) juxtaposed
with a bare, dry land and initializing the atmospheric
flow with a moderate geostrophic wind of 5 m s™! from
the heterogeneous land to the bare, dry land. The -
stronger wind at the surface increases the sensible heat
fluxes from the subgrid areas by a factor of about 20%,
the latent heat fluxes by a factor of about 10%, and
cools the surface temperatures by a few degrees Kelvin.
Although the gradient of sensible heat flux between the
heterogeneous and the homogeneous areas increased
from a peak value of 245 W m 2 for the calm atmo-
sphere to a peak value of 325 W m 2 in the windy
case, the atmosphere is much less disturbed under
windy conditions, as illustrated by the variation of
wind, temperature, and humidity in Fig. 18. As dis-
cussed by Mahrer and Pielke (1978), synoptic winds
which advect cool near-surface air towards a warmer
land surface will result in a weaker mesoscale circu-
lation as a result of the spreading of the horizontal
mesoscale pressure gradient force. In contrast, a syn-
optic wind of 5 m s™! from the warmer land towards
the cooler surface will tighten the mesoscale horizontal
pressure gradient force and result in a stronger meso-
scale circulation (Estoque 1961).

It is interesting to note that the diurnal surface tem-
perature of strongly transpiring surfaces (e.g., agricul-
tural crops) fluctuates when the atmosphere is initially
calm (Fig. 16). This is mainly related to the gradient
of specific humidity in the surface layer. During the
late afternoon, and occasionally during the early
morning, the gradient of specific humidity is typically
zero or even negative. As a result, the latent heat flux
falls to zero and the surface temperature is relatively
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north-facing slope completely covered by unstressed vegetation, and a bare, dry, 45° south-facing slope. The horizontal surface is (a) bare

and dry, and (b) completely covered by unstressed vegetation.

high. During most of the day, however, the crops tran-
spire well and the surface layer is less humid than in
the evening. Therefore, a large latent heat flux is pos-
sible and a relatively low vegetation temperature is ob-

tained. This phenomenon is not observed with strong
winds because of the better mixing of the humidity in
the atmosphere and its advection away from the tran-
spiring zones.
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4. Summary and conclusions

Because - of the diversity of land use and the variation
of topography found in even a small area, atmospheric
numerical models which assume homogeneous land
characteristics may fail to represent properly the forcing
at the ground surface. In the present study, a param-
eterization for subgrid-scale heterogeneous surfaces
(SSFP) was suggested and its impact on mesocale cir-
culations and on regional micrometeorology was eval-
uated for a few typical cases. This new parameterization
makes possible the simulation of any land surface
without significantly increasing the computer resources
required to run the model. It is based on the assumption
that horizontal fluxes between the different land patches
in a single grid cell of the numerical model are small
as compared to the vertical fluxes. Therefore, small
circulations which may develop in practice between
the land patches are assumed insignificant as compared
to the main flow over the terrain. This assumption will
need to be validated. However, previous studies (e.g.,
Pielke 1984) suggest that background circulations in-
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hibit the development of local smaller-scale organized
circulations.

The formulation of Businger et al. (1971) used in
our model parameterization was developed based on
field experiments in a homogeneous, flat domain. Thus,
when the grid cell is very heterogeneous and the size
of each homogeneous patch is small, this formulation
might not be appropriate and should be used with res-
ervation. Additional field experimentation is required
to assess and extend the validity of surface similarity
theory to smali-scale surface inhomogeneities.

A simple heterogeneous case (partial vegetation
cover) was simulated with a bulk layer parameteriza-
tion (BLP) and SSFP in order to demonstrate the ben-
efits of the new parameterization. Even though it seems
possible to simulate mesoscale atmospheric patterns
with either of the two parameterizations for several of
the simple cases considered in this paper, SSFP also
provides detailed micrometeorological conditions of
the different land patches within the region simulated
by the model. Avissar and Mahrer (1988b) have al-
ready discussed the shortcomings of the “grid repre-
sentative micrometeorological conditions™ in their at-
tempt to compare simulated nighttime minimum
temperatures of an agricultural heterogeneous area with
observations carried out at particular locations in the
region. Operational decisions in modern agriculture
related to various applications such as irrigation, fer-
tilization, phytopathological treatments, and so forth
are usually partially based on plant environmental
conditions such as temperature, humidity, and wind
speed. In this study, it was demonstrated that large
discrepancies can be obtained between the microme-
teorological conditions simulated by BLP and SSFP,
and that a mesoscale numerical model coupled with
SSFP offers improved capabilities for agricultural re-
search and management. Applications of the model to
other research disciplines with similar needs such as
ecology and hydrology can also be considered. The
simulation of hilly regions presented in section 3b, for
example, can be elaborated to achieve a better under-
standing of the preference of a particular plant to grow
at particular locations. Problems involved in the use
of satellite measurements to infer surface energy budget
and evapotranspiration have been extensively discussed
in the literature (e.g., Wetzel and Chang 1988). Pro-
vided that appropriate land use information is avail-
able, the model may also be helpful at this task.

In the simulations presented in this study, soil wet-
ness in the root zone as well as environmental condi-
tions were always assumed optimal for plant transpira-
tion. Stress conditions (e.g., warm ambient air, lack of
water in the soil, etc.,) tend to lead to various degrees
of stomatal closure. Thus a reduction in the transpira-
tion rates and a rise of the sensible heat flux is expected.
Obviously, for such situations, the contrast of sensible
heat flux between a vegetated area and an adjacent dry
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region decreases, and consequently reduces the inten-

sity of the generated circulations.

As discussed in the present study as well as in pre-
vious ones (e.g., Ookouchi et al. 1984; Mahfouf et al.
1987; Segal et al. 1988), the magnitude of the local

circulations is related to the horizontal gradient of sen-

sible heat flux and the background atmospheric forcing.

circulations.

A systematic analysis of these processes is, however,
still required to improve our understanding of such
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Finally, the definition of subgrid class types and area might or might not be of significance for a particular
is a critical process for the initialization of the model. simulation, according to its contribution to the grid-
In regard to atmospheric impact, a particular class scale global sensible heat flux (which is a function of
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its area and its water availability for evapotranspiration)
and the global environment of the region considered
in the simulation. An extensive sensitivity analysis
should be dedicated to this study and is planned in the
near future.
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