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ABSTRACT

A two-dimensional mesoscale model including a detailed representation of the planetary boundary layer, the
soil and the vegetation is developed. A sea breeze over flat terrain is simulated, thereby confirming the ability
of the model to reproduce the known properties of this mesoscale phenomenon. The atmospheric response to
soil and vegetation inhomogeneitics is then examined with no synoptic flow over flat terrain. The results reveal
the large influence of soil texture on surface moisture availability. The transition zone between bare soil and
vegetation appears to be a preferred location for the initiation of moist convection. A vegetation canopy over
very dry or very wet surfaces reduces the spread between sensible and latent heat fluxes.

1. Introduction

These last years have seén the development of nu-
merous mesoscale models permitting the study and
simulation of atmospheric systems such as sea breezes
(Mahrer and Pielke, 1978), frontal perturbations (Ross
and Orlanski, 1982), tropical cyclones (Rosenthal,
1978) and squall lines (Pointin, 1985). These studies
have emphasized the important role played by the
planetary boundary layer and the soil-atmosphere in-
terface, as well as the necessity for the numerical models
to have a detailed representation of them.

With regard to the turbulent transports in the plan-
etary boundary layer (PBL), Anthes et al. (1980) have
shown the superiority of a PBL representation using a
multilevel model as compared to a mixed-layer model
in the description of sea breezes over flat terrain and
in the presence of complex terrain, as well. Indeed, a
mixed-layer model does not take into account the
baroclinicity induced by the sea—land interface above
the PBL; consequently, the solution leads to a station-
ary frontal zone. In a more recent study, Anthes et al.
(1982), although proposing an improved version of
their mixed-layer model, conclude that this type of PBL
representation does not lead to a correct adjustment
of the wind and mass fields above the PBL. Even for
some mesoscale phenomena induced by large-scale in-
stabilities such as fronts, Keyser and Anthes (1982)
point out the superiority of a multilevel representation
of the PBL. Therefore, most atmospheric mesoscale
models, with grid spacing less than 50 km, contain
such a representation of the PBL (Zhang and Anthes,
1982; McNider and Pielke, 1981; Ross and Orlanski,
1982). In general, these models make use of a turbulent
flux formulation based on the concept of turbulent dif-
fusion, with various expressions for the diffusion coef-
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ficient (analytic formula, function of the local Rich-
ardson number, function of the mean turbulent kinetic
energy, etc.). Although further investigations should
be made of the interactions between the PBL, topog-
raphy and clouds, one can nevertheless draw several
conclusions regarding the PBL representation in me-
soscale models. The value of the surface fluxes appears
to be more important in determining the diurnal evo-
lution of the lower atmosphere than the particular
method of representing the vertical transport of heat
and moisture, provided that the PBL is sufficiently well
resolved. This is confirmed by the sensitivity studies
carried out by McCumber and Pielke (1981) and
Zhang and Anthes (1982).

However, the surface fluxes are complex to compute
for the following reasons. These fluxes depend directly
on the surface characteristics such as its albedo, rough-
ness, or moisture availability. Now, these parameters
are numerous and quite variable, spatially as well as
temporally. Moreover, at the present time there does
not exist a complete and simultaneous dataset for the
soil, the interface and the atmosphere over a mesoscale
domain which would permit the validation of interface
models. That is why the variables at the lower boundary
of mesoscale models are often represented in a very
crude way.

A number of sensitivity tests concerning the influ-
ence of the surface conditions on the development of
mesoscale circulations have been carried out these last
few years. The work of Garrett (1982) has shown that
the vegetative cover, the soil moisture, and the rough-
ness affect the location of convective cells via the de-
velopment of the PBL. More recently, Diak et al. (1986)
indicate that the precipitation rate at the ground de-
pends strongly on the specification of surface temper-
ature. However, these studies have been carried out for

Unauthenticated | Downloaded 12/03/21 07:54 AM UTC



1484

complex meteorological situations for which the role
played by the soil-atmosphere interface does not always
clearly appear and where it is difficult to evaluate the
influence of the various adjustable parameters.

In this setting of the representation of the soil-at-
mosphere interface in mesoscale models, the object of
the present study is to carry out a series of sensitivity
tests with a two-dimensional model. In order to isolate
the influence of the surface conditions, the only me-
teorological situations which will be considered are
those of flat terrain and clear sky in a nonperturbed
synoptic environment. The original aspect of the work
consists of use of a modeél containing detailed param-
eterizations for all the PBL, the soil and the vegetation.
This will allow us to consider effects such as the influ-
ence of the soil texture or of the vegetative cover on
the generation of mesoscale circulations. It will then
be possible to determine several key parameters re-
quiring detailed representation in the models and for

" which experimental measurements would be desirable.
This study is carried out prior to the development of
a three-dimensional version of the model which, in the

. near future, will make effective use of the data collected

during the HAPEX-MOBILHY experimental program

(André et al., 1986) whose aim is the evaluation of the

different components of hydrological balance over a

domain of 100 X 100 km?,

2. Descripﬁon of the model

The numerical model used is a two-dimensional
version of the hydrostatic primitive equation model
developed by Nickerson et al. (1986). Here we only
present the modifications relative to the representation
of the soil-atmosphere interface.

a. Planetary boundary layer

The turbulent fluxes are expressed using turbulent
diffusion coefficients, K, which are written as function
of the mean turbulent kinetic energy (TKE), e, ac-
cording to Therry and Lacarrére (1983):

K=0.5le'?, (1)
where / is a mixing length. The mean turbulent kinetic
energy, e, is computed according to its rate equation
which includes terms for advection, vertical diffusion,
shear production, buoyancy production, and viscous
dissipation. :

The most sensitive point in the TKE method is the
specification of the mixing length. Rather than using
the classical relation of Blackadar, we chose the for-
mulation of Therry and Lacarrére (1983), derived from
experimental measurements and from results of higher-
order model simulations. These authors also suggest
the introduction of a temperature countergradient in
the sensible heat flux expression and propose for it a
simple formula.-
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b. Temperature and moisture at the ground surface

The temperature and moisture at the surface are ob-
tained by solving simultaneously the energy budget and
water budget equations at the air-soil interface. The
ground heat flux, H;, and soil moisture flux, W, are
written as

oT,
HS=_)\ s}
0z 2)
W= —puK, - +2) 3
5 pw naZ b )

where p,, is the liquid water density, ¥ the moisture
potential, K, the hydraulic conductivity of the soil and
\ its thermal conductivity.

These fluxes are obtained by solving for 13 vertical
levels in the first meter of soil, diffusion equations for
the temperature, T, and the volumetric moisture con-
tent, x:

OT, 8 [, 0T,
=2 (x
> az( az)’ “)
dy 3 dn\ OK,
—_—— D 7 + n
or az( "az) 9z’ ®)

where pc is the specific heat capacity of the soil and D,
its hydraulic diffusivity.

McCumber and Pielke (1981) have given a set of
equations relating the variables ¢, K, D,, pc and X as
a function of soil moisture:

b
V= ("—) : ©)
n
7 2b6+3
Kn =K, (—-) ’ (N
bK. A b+3
p,~—ha: (l) : (®)
n Ns
pc=(1—ngpicit+ npwCu, ®
. (419 exp[—(p;+2.7)], if pr<5.1,
>\=[ pl—(pr )i ‘ Pr (10)
0.172, if pr>5.1,

with
Py = logio(—100¢).

The saturated values #,, K, ¥, the volumetric heat
capacity of dry soil p,c;, as well as the exponent b, have
been determined by Clapp and Hornberger (1978) for
the U.S. Department of Agriculture séil textural classes.
They are reported in Table 1 for the different soils con-
sidered in this study. Here, p,, ¢, is the heat capacity of
water.

¢. Vegetation

Since a large portion of the soil surface in middle
latitudes is covered by vegetation, it appears necessary
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TABLE 1. Soil parameters as a function of five U.S. Department of Agriculture textural classes (Clapp and Hornberger, 1978; McCumber,
1980). Here 7, is the soil porosity, K,, saturated hydraulic conductivity and y, saturated moisture potential. Permanent wilting point (5,
corresponds to a 15 bar suction; p,; is the dry volumetric heat capacity and b a dimensionless exponent.

K, P
Soil type s (X107 ms™) (m) Nwitt (X105 m3K™) b
Sand 0.395 176 -0.121 0.0677 1.463 4.05
Loamy sand 0.410 156 -0.090 0.0750 1.404 4.38
Loam 0.451 7.0 —0.478 0.1547 1.212 5.39
Clay 0.482 1.3 -0.405 0.2864 1.089 114
Peat 0.863 8.0 -0.356 0.3947 0.836 7.75

to take into account the effects of this interface between
soil and atmosphere on surface fluxes in mesoscale
models.

The complexity of the soil-plant-atmosphere inter-
action has led either to neglecting these processes in
mesoscale modeling or to taking them into account in
a very simple manner by increased roughness and in-
creased moisture availability. Deardorff (1978) has de-
veloped a simple but realistic parameterization to rep-
resent this interaction, with a level of detail suitable
for the needs of mesoscale modeling (McCumber, 1980;
Garrett, 1982); we therefore have chosen the same pa-
rameterization.

The canopy consists of a single layer, defined by its
physical height, its optical properties (albedo, emissiv-
ity) and its temperature and moisture. Generalizing
from Monteith and Szeicz (1962) the evapotranspira-
tion is computed by using the leaf stomatal resistance,
rg, introduced by Deardorff (1978). This resistance
represents the following two physiological processes:

e decrease of the resistance with insolation;
e increase of the resistance in case of water deficit

in the root zone:
K{ max wite |
=r, + , (1
G {0.03 Ky max + K} (nm) an

where K is the downward solar radiation at canopy
level, K{ max the noon solar radiation for clear sky
conditions, 7y the soil moisture content at the wilting
point, 7,.,: the minimum value of n in the root zone
and r,, the minimal leaf stomatal resistance depending
upon the vegetation type. It is worth noting that, by
definition of the leaf area index (LAI), the evaporative
resistance of the canopy is only 1/LAI as large as that
of a representative leaf, r,.

The foliage temperature is obtained from the solu-
tion of an energy budget equation taking into account
the exchanges above and below the canopy. The me-
teorological properties of the air within the canopy are
represented by a somewhat arbitrary weighting of the
corresponding values of the soil, the air immediately
above, and the vegetation itself.

Deardorff (1978) has used the notion of fractional
cover by means of a shielding factor, oy, which on the

mesoscale is interpreted as the percentage of dense veg-
etation over each grid area (Pielke, 1984). This notion
will be useful when simulations are carried out for the
site of the HAPEX-MOBILHY experiment, where a
large part of the domain, located in southwest France,
is covered by sparse forest.

d. Radiation

We use the clear sky radiation parameterization
proposed by Mahrer and Pielke (1977). It permits the
calculation of the solar and infrared fluxes at the
ground, as well as the radiative cooling rate at each
atmospheric level within the model. For the solar ra-
diation, one takes into account the Rayleigh diffusion
and the absorption by water vapor (function of optical
path length), oxygen, carbon dioxide and ozone. In the
infrared, only the emissions from water vapor and car-
bon dioxide are considered.

3. Numerical experiments
a. Initial conditions

An ensemble of sensitivity tests has been carried out
in order to study the mesoscale atmospheric response
to inhomogeneities at the air—soil interface. As the aim
of the paper is to provide some rationale for discussing
the effects of differing surface properties, the study is
restricted to the very simple case of a two-dimensional
flow over flat terrain in the absence of all other at-
mospheric forcing which would mask the circulations
driven by variations in surface properties. The initial
wind is therefore set to zero, there is no synoptic flow
and the Coriolis force is neglected. The two-dimen-
sional version of the model (Nickerson et al., 1986)
contains 15 vertical levels, 7 of which are located below
2 km, allowing a high resolution of the PBL. The model
top height is approximately 14 km. The horizontal do-
main is 250 km with an uniform grid length of 10 km,
and a time step of 10 s. For each simulation the model
is initialized at 0600 LST using the vertical profiles for
potential temperature and water vapor mixing ratio
presented in Fig. 1. The astronomical parameters for
radiation correspond to 17 July at a latitude of 25°N
(Florida). ’
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iﬁG. 1. Initial profiles for potential temperature (solid line)
and vapor mixing ratio (dotted line).

The surface conditions for all the tests are summa-
rized in Table 2. For each of them, the air-soil interface
" is separated horizontally into two distinct zones: zone
A corresponding to the western part of the domain and
zone B to the eastern part. The soil temperature is in-
itialized uniformly at all depths using the surface value.
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The initial moisture within the soil is also vertically
homogeneous and is specified for each simulation. Al-
though changes in the soil moisture caused by root
extraction can significantly affect the surface fluxes
when the soil moisture is around the wilting point, this
effect is not included in (5) as it was found negligible
in tests using the soil moistures listed in Table 2. The
physical characteristics for the vegetation are prescribed
as functions of the vegetation type as shown in Table
3. They were determined in an illustrative way for short
grass and dense forest from Monteith (1976). The can-
opy albedo, height, minimal leaf resistance and leaf
area index adopted. for forest are representative of a
mature coniferous forest, as reported by Jarvis et al.
(1976). The values for grass are taken from Ripley and
Redman (1976). The LAI values shown in Table 3 ac-
count for the green leaves only. The model also includes
a stem area index (SAI) accounting for the trunk, stems
and dried leaves, which exchange heat but do not tran-
spire. This term is assumed to be 10% of LAI for forest
as suggested by Deardorff (1978), and 4% for short grass
because of the predominance of dried leaves in grass
ecosystems as reported by Ripley and Redman.

We first carry out a sea-breeze simulation in order
to verify the behavior of the model forced by surface
temperature inhomogeneities. Such a verification is
necessary since the model has only been validated in
case of orographic forcing (Nickerson et al., 1986). The
results are compared with other numerical studies
(Anthes, 1978; Mahrer and Pielke, 1977; Physick,
1976).

b. Sea breeze study

A control experiment is first carried out for which
the westernmost 70 km of the lower boundary (zone
A) consists of water and the remainder (zone B) consists

TABLE 2. Summary of the numerical simulations.

Extention Shielding 1
No. Zone (km) Surface type Vegetation factor s
1 \ A 70 sea —_ —_— —
B 180 sand — — 0.3
2 A 125 sand — — 0.6
B 125 clay — — 0.6
-3 A 125 loam — — 0.4
B 125 loam grass 0.82 0.4
A 70 peat forest 1.00 0.8

4 loamy
B 180 sand - forest 1.00 0.3
A 70 peat forest 0.50 - 0.8

5 loamy ‘

B 180 sand forest 0.50 0.3
A 70 peat —_— 0.00 - 0.8

6 loamy
B 180 " sand - 0.00 0.3
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TABLE 3. Physical constants characterizing the soil
[from Pielke (1984)] and the vegetation.

Variable Bare soil Grass Forest
Height (m) — 0.1 15
Roughness (cm) 1 1 150
Emissivity 1 0.94 0.98
Albedo * 0.20 0.10
Leaf area index —_— 1 . 7
Minimal leaf .

resistance (s cm™) — 1 8
am@—l)ﬂsas
s, Ns
* Forpeat a= "
0.07 —->0.5
Ns
031-0342 L<os
Ns Ns
For the other soils a=
0.14 105

s

of dry sand (n/n, = 0.3). The duration of the simulation
is 18 h.

1) DYNAMICAL STRUCTURE

Figure 2a shows the horizontal and Fig. 2b the ver-
tical wind speed after 12 h of simulation (1800 LST)
for the lowest 4 km of the model domain. The sea
breeze is well established, the horizontal wind attaining
a value of 8 m s™! some 40 km from the coast at ap-
proximately 100 m above the ground. Near the coast
the sea-breeze current attains a depth of some 800 m.
The return flow is only half as strong and its maximum
value is located at an elevation of 2 km. These nu-
merical values are in good qualitative agreement with
various observations summarized by Atkinson (1981).

With regard to the vertical speed, the corresponding
maximum values at 1800 LST are +11 cm s™' and —7
cm s~ These values are close to those obtained by the
models of Mahrer and Pielke (1977) and Physick
(1976), for which the horizontal mesh size differs very
little from that of our model. Indeed, the intensity of
the vertical speed resulting from numerical simulations
of sea-breeze circulation is quite variable from one au-
thor to another, as shown in Table 4. Such differences
are mainly due to the size of the horizontal grid mesh
which allows more or less resolution for the sea-breeze
front.

We next look at the inland penetration of the sea-
breeze front which is very sensitive to the simulated
vertical structure. Figure 3 shows the horizontal wind
speed at an elevation of 150 m as a function of the
horizontal distance, plotted every 3 h between 0900
and 2400 LST. On each curve, the maximum of the
horizontal wind speed indicates the location of the sea-
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FIG. 2a. Vertical cross section of horizontal wind speed
in m s~ at 1800 LST for experiment 1.
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F1G. 2b. Vertical wind speed in cm s™! at
1800 LST for experiment 1.
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TABLE 4. Maximum vertical velocities deduced from various two-
dimensional numerical simulations of sea breezes. -

Maximum
Horizontal vertical
grid mesh " velocity
Reference AX (km) (cms7h)
Ookouchi et al. (1984) -5 25
Gross (1986) ) 2 43
Mahrer and Pielke (1977) 7.5 15
Physick (1976) 8 14
Kessler et al. (1985) . 3 . 50
Neumann and Mabhrer (1974) 2.5 30
Huss and Feliks (1981) 20

breeze front. Prior to 1500 LST, the inland penetration
of the front is relatively slow, but it then speeds up to
reach 60 km at 1800 LST. After sunset, the front moves
even faster, reaching a position 180 km inland at 2400
LST. An analysis of the different terms contributing
to the sea-breeze circulation indicates that during the
day there is a near balance between the production
term associated with the horizontal pressure gradient
force and the dissipation term associated with the tur-
bulent mixing (Anthes, 1978). After sunset, when the
turbulent mixing becomes quite weak, this balance
ceases to exist, thus leading to an increase of the wind
speed at the frontal surface. Furthermore, the signifi-

cantly deeper inland penetration of the sea-breeze front

predicted in the present simulation compared to most
other models (e.g., Anthes, 1978; Ookouchi et al., 1984)
is caused by the absence of the Coriolis force. Toward
the late afternoon hours, the Coriolis force induces a
directional veering of the sea-breeze flow. This de-
creases the magnitude of the cross-shore wind com-
ponent as well as the inland penetration. For example,
Anthes (1978) estimated from a numerical study that
the Coriolis terms become significant after 1600 LST
for midlatitudes. ’

2) THERMAL AND TURBULENT STRUCTURE

Figure 4a shows the vertical cross section of potential
temperature at 1500 LST. Over land, far from the coast,
one observes an horizontally homogeneous zone with
a thin unstable convective layer close to the ground,
surmounted by a neutral layer up to the inversion level.
Over the sea a stable layer persists, while in the frontal
zone up to 2 km the atmosphere is warming up due
to the sinking motion associated with the return flow.
The advection of cold marine air leads to a stabilization
of the PBL from the coast up to 40 km inland. The

‘potential ternperature field characteristics are quite
similar to the ones obtained by Mahrer and Pielke
(1978). -

Figure 4b displays the time evolution of surface

temperature T, every 3 h during the first 12 h of sim-
ulation. This evolution serves to emphasize the im-
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portance of its determination through a surface energy
budget method, because one then has the possibility
of a feedback between the atmosphere and the interface.
Whereas at 0900 LST the temperature over the land
is uniform, at 1200 LST the cold marine air advected
by the sea breeze reduces the surface warming near the
coast. The energy losses at the surface are more im-
portant in the frontal zone where the high vertical tem-
perature gradient and the strong wind tend to enhance
the surface sensible heat flux. As the front moves in-
land, a progressively larger zone is affected by this re-
duced warming. Mahrer and Pielke (1977) as well as
Gross (1986) have noted an analogous evolution of the
surface temperature for a sea-breeze cycle.

The present parameterization of the eddy fluxes
within the PBL yields an additional quantity which is
not available with simpler representations: the turbu-
lent kinetic energy. This variable allows us to make a
more complete analysis of the sea-breeze flow. In Fig.
5, a vertical cross section of the TKE at 1500 LST is
shown. Over the sea, the turbulence is negligible while
over the land far from the coast, the turbulence is rel-
atively intense and homogeneous. Between these two
regimes, there exists a zone where an internal thermal
boundary layer develops, starting from the coast. The
maximum TKE is located 40 km inland, close to the

SEA SAND

1 | L L

-50 0 50 100 150

W-E km

FiG. 3. Horizontal profiles of’ horizonial wind speed (m s™!) at a
height of 150 m at 0900, 1200, 1500, 1800, 2100 and 2400 LST for
experiment 1.
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FIG. 4a. Vertical cross section of potential temperature (K)
at 1500 LST for experiment 1.
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FiG. 4b. Horizontal profiles of surface temperature at
0900, 1200, 1500 and 1800 LST for experiment 1.
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FIG. 5. Vertical cross section of turbulent kinetic energy
(m? s72) at 1500 LST for experiment 1.

sea-breeze front. It is associated with large values of
both shear production and buoyancy production terms.

Having established the ability of the model to qual-
itatively reproduce previous numerical results for the
sea breeze, we now turn our attention to other types
of surface discontinuities and the associated diurnal
evolution of the lower atmosphere on the mesoscale.
A set of five sensitivity tests is considered (see Table
2). We will successively investigate the atmospheric re-
sponse induced by two soils of different texture (ex-
periment 2), bare soil and one with vegetation (exper-
iment 3) and two types of soils of different moisture
content uniformly covered with vegetation but with
different shielding factors (experiments 4, S and 6). The
simulations will be presented here only between 0600
and 1800 LST.

¢. Influence of soil texture

Experiment 2 was performed to study the sensitivity
of our parameterizations to a change in bare soil tex-
ture: zone A consisting of sand and zone B consisting
of clay. These soils are distinguished by a different
granulometry. Sand corresponds to particles of diam-
eter between 2 mm and 50 um, while the clay particle
diameter is less than 2 um. The initial soil moisture
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FIG. 6. Horizontal profiles of sensible (solid curve) and latent
(dotted curve) heat fluxes at 1400 LST for experiment 2.

content is 0.6 of its saturated value for both zone A
and zone B. : ‘

Figure 6. contains the horizontal profiles of latent
and sensible heat surface fluxes at 1400 LST (negative
values represent an upward flux). Their behavior is
strongly different from one side of the discontinuity to
the other. Over sand, the sensible heat flux H is only
70 W m~2, while the associated latent heat flux LE
reaches 600 W m™2. Over clay, an opposite behavior
is observed in that the evaporation is negligible and
the serzlsible heat flux attains values in excess of 500
W m™.

This difference in the surface radiative energy con-
version can be explained by a different behavior of wa-
ter in each of these soils. For = 0.6 5,in (6), we obtain
the following values for the moisture potential asso-
ciated with the two soils:

¥ (sand) = —0.96 m
Y(clay)=—137m

where y is a measure of the energy required to remove
the water linked to the soil particles by adsorption and
capillary forces (Hillel, 1980, p. 143) and is directly
related to the soil granulometry. In sand, the water can
be removed easily by capillary rises and can be evap-
orated at the surface, thus leading to enhanced evap-
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oration during the day. In clay soil, on the other hand,
the water remains linked to the soil particles and the
capillary rises are negligible. The saturated hydraulic
conductivity K, of clay is two orders of magnitude
smaller than that of sand, thus making it much more
difficult for water to circulate in a clay soil. The small
amount of water available for surface evaporation en-
sures that almost all the incoming radiative energy is
used to warm the soil. This strong heating results in
large values of H during the day.

Let us now turn our attention to the atmospheric
circulations induced by this soil discontinuity. Figure
7a, which represents the time evolution of the hori-
zontal wind at 150 m between 0800 and 1800 LST,
shows that the baroclinicity induced by the sand-clay
transition zone leads to the development of a low-level
flow from zone A to zone B. Its intensity is quite close
to that of a sea-breeze flow, since at 1800 LST the wind
speed is greater than 8 m s™'. The vertical velocity field

" structure, shown in Fig. 7b, is quite similar to the one
‘obtained for experiment 1 (Fig. 2b). The thermal con-

trast at the surface is sufficiently large to yield ascending
vertical motions greater than 15 cm s™' at 1800 LST.
The presence of the flow in the discontinuity zone
modifies the horizontal profile of the surface fluxes in
each zone. Figure 6 indicates a more intense evapo-
ration over sand in the last 60 km before the transition
(up to 60 W m~2 more) anid also a more intense sensible
heat flux after the transition over clay.

Ookouchi et al. (1984) showed that the contrast be-
tween two soils of very different moisture availability

.can induce mesoscale circulations similar to sea-breeze

circulations. Even though experiment 2 confirms this
conclusion, it also demonstrates that the moisture
availability does not depend solely upon the relative
soil moisture content, such as is the case when simpler
parameterizations are used (Manabe, 1969).

Two soils of different texture but with the same rel-
ative moisture content use the surface radiative energy
in a different way during the day. It therefore appears
necessary to take into account the soil texture on the
mesoscale because it controls the availability of water
in the soil for bare soil evaporation and water supply
to the plant root systems for vegetation transpiration.

d. Influence of vegetation

Experiment 3 is performed over a loamy soil with
an initial moisture potential of about 63 m (5/5, = 0.4).
Zone A consists of bare soil while zone B is covered
with dense grass having a shielding factor of 0.82
(Geiger, 1965). The study of the atmospheric response
to such surface heterogeneities may be useful for a cli-
mate modification in desert areas. In an analytical -
study, Anthes (1984) concludes that dense vegetation
bands could, under appropriate atmospheric condi-
tions, enhance the convective precipitations in semiarid
regions. More specifically, he shows that the alternate
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FI1G. 7a. Horizontal profiles of horizontal wind speed (m s™') at a
height of 150 m at 0800, 1000, 1200, 1400, 1600 and 1800 LST for
experiment 2.
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HG. 7b. Vertical cross section of vertical wind speed
(cm s7') at 1800 LST for experiment 2.
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FiG. 8. Horizontal profiles of surface sensible (solid curve) and latent
(dotted curve) heat fluxes at 1400 LST for experiment 3.

use of bare soil bands and vegetation bands about 100
km wide is preferable to uniform vegetative cover. The
water vapor production due to evapotranspiration is
then associated with the vertical motion induced by
the differential surface heating.

The sensible and latent surface heat fluxes at 1400
LST are displayed in Fig. 8. For zone A (bare soil) the
Bowen ratio, defined as H/LE, is very large—greater
than 6. Because the soil initially has a high moisture
potential ( = —63 m), the radiative energy is mainly
used to warm the soil surface (H = 400 W m~2), and
the evaporation at this time of the day is nearly neg-
ligible. For the foliage cover, H equals 170 W m™2 while
LE has a value of 250 W m™2, due to the transpiration
of the vegetation, thus leading to 0.7 for the Bowen
ratio. This value appears consistent with various ob-
servations reported by Monteith (1976) for grassland.
Usually flux measurements over correctly irrigated
vegetative cover give a Bowen ratio value close to 1 in
the middle of the day. Thus, the vegetation in a dry
environment modifies the surface fluxes in a very sig-
nificant way. Its role here is to reduce the large differ-
ence between H and LE existing over bare soil by de-
creasing the sensible heat to the benefit of the evapo-
transpiration. Vegetation has a regulating effect,
bringing back the Bowen ratio to values close to 1.

Figure 9a presents a time evolution of the horizontal
wind speed at 150 m above the ground. At the begin-
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FIG. 9a. Horizontal profiles of horizontal wind speed (m s™!) at a
height of 150 m at 0800, 1000, 1200, 1400, 1600 and 1800 LST for
experiment 3.
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FIG. 9b. Vertical cross section of vertical velocity (cm s™")
at 1800 LST for experiment 3.
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FI1G. 10. Vertical cross section of vapor mixing ratio
(g kg™") at 1800 LST for experiment 3.

ning of the simulation, up to 1000 LST, the bare soil
warms up very slowly and its temperature'is less than
the canopy temperature, hence a low-level flow cir-
culates from the bare soil area to the vegetation-covered
area. After 1000 LST, the soil surface becomes very
dry and thus warms up more, leading now to a circu-
lation from the vegetation-covered area to the bare soil
area. At 1800 LST, the horizontal wind speed at 150
m above the transition reaches 2.7 m s~!, The flow
reversal between 1000 and 1200 LST takes place be-
cause in the multilevel soil model the latent heat flux
peaks prior to the maximum sensible heat flux for me-
dium-moist soils.

The vertical velocity field shown in Fig. 9b at 1800
LST indicates ascending motion above the bare soil
and descending motion above the vegetation. The nu-
merical values, +5 cm s™! and —3 cm s™! respectively,
at 1200 m of elevation are weaker than those of a sea’
breeze because the temperature gradient across the dis-
continuity is less (unlike the sea, vegetation warms up
during the day). This reduced circulation agrees with
the analytical study of Walsh (1974) stating that the
sea-breeze current is proportional to the square root of
the maximum land-sea temperature dlﬁ'erence ob-
served during the day.

From Fig. 10, which shows a vertical cross section
of water-vapor mixing ratio at 1800 LST, we see that
the turbulent mixing associated with a large transpi-
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ration leads to a moist mixed-layer of 1 km depth above
the vegetation and 2 km depth over the bare soil near
the transition. The computed vertical velocities prob-
ably could not by themselves initiate the formation of
clouds; however, with an appropriate synoptic envi-
ronment, it scems that a transition between dry bare
soil and vegetation-covered soil might be a preferential
location for the initiation of convection, both because
of the moistening of the low-level atmosphere due to
the transpiration and because of the ascending motion
induced by the surface thermal heterogeneities. These
results confirm both Anthes’s analytical study and
Garrett’s numerical simulation about the interaction
between vegetation and moist convection. Some further
studies need to be done, especially with a model taking
into account clouds and precipitation.

e. Combined effects of soil and vegetation

After having studied the influence of two types of
soil, as well as the juxtaposition of bare soil and veg-
etation, we now turn our attention to combined effects
of soil and vegetation discontinuities. Zone A is a peaty
soil whose porosity is very high, which makes the soil
usually quite moist. Its initial moisture content is taken
equal to 0.8 of its saturated value. Zone B is a loamy,
sandy soil. Its high hydraulic conductivity makes it like
a draining soil, in which water percolates rapidly down
to the water table. For this soil the initial value of n/x;
is taken equal to 0.3. Three experiments (4, 5 and 6)
were performed with a forest canopy whose shielding
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FIG. 11. Horizontal profiles of horizontal wind speed (m s7%)
at a height of 150 m at 1800 LST for experiments 4, 5 and 6.
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FiG. 12. Horizontal profiles of surface sensible heat flux
(W m?) at 1400 LST for experiments 4, 5 and 6.

factor varies from 1 (dense vegetative cover) to 0.5 and
0 (bare soil).

Figure 11 compares the horizontal profiles of the
wind speed 150 m above the ground at 1800 LST ob-
tained with the three previous shielding factors. When
the two soils are covered with a fully dense foliage a
very weak current circulates from the wet zone to the
dry one. This circulation takes place because during
the day the foliage temperature is 1 K higher over loamy
sand than over peat. Through the second term in (11),
the canopy resistance is greater over loamy sand be-
cause soil moisture content in the root zone is less.
Thus, the transpiration is reduced over zone A, leading
to a foliage temperature increase. However, this in-
crease is nearly negligible, 7 in the root zone being
greater than the value at the wilting point. One can
assume that in the situation with n < 7y, the low-
level flow would be considerably stronger. Thus, a -
dense vegetation will screen soil moisture insofar as it
is not exposed to a water deficit. Accordingly, the
knowledge of soil moisture even with dense vegetation
seems important. With sparse vegetation (or = 0.5),
the thermal contrast between the two zones is more
important. The sensible heat flux is reinforced over
zone A due to the bare soil contribution (Fig. 12), while
a reduction of this flux is observed over zone A where
the wet bare soil evaporates with a potential regime.
In the baroclinic zone, one notes a wind speed reaching
2.8 m s~! at 1800 LST (Fig. 11). This circulation is
rather weak but nevertheless significant.

When one considers the two soils without vegetation,
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the large moisture contrast between them leads to a
sensible heat flux difference of 300 W m~2 at 1400 LST
(Fig. 12). The air flow intensity which attains a value
of 6 m s™! is of the same order as for a sea breeze, and
is in good agreement with the work of Ookouchi et al.
. (1984). .

These three simulations clearly show the importance
of vegetation on the diurnal evolution of the surface
fluxes. One notes an enhancement of the sensible heat
flux over a moist surface due to the weak thermal in-
ertia of the vegetation and an augmentation of the la-
tent heat flux over dry terrain due to the foliage tran-
spiration. These tendencies have also been observed
by Deardorff (1978). In a numerical study over Florida,
the results of McCumber (1980) indicate a reduction
of the secondary circulations induced by the contrasting
soils when the surface is covered with dense vegetation.
The vegetative cover therefore tends to bring the Bowen
ratio toward values close to unity in some situations
where otherwise one would either have very small val-
ues (over moist soil), or very large values (over dry
soil).

For the case of a sufficiently dense canopy with an
adequate water supply, the soil has no perceptible in-
fluence on the surface flux evaluation on the scale of
a day. However, a precise knowledge of the soil mois-
ture is especially necessary when the vegetation is
sparse, the contribution from the soil to the surface
fluxes being nonnegligible. This information is also re-
quired in order to know whether or not the vegetation
is exposed to a soil water deficit. Remote sensing from
satellites constitutes one method of accessing soil
moisture on the mesoscale by means of surface tem-
perature measurements (Taconet et al., 1986; Wetzel
et al., 1984).

4. Conclusion

A two-dimensional version of the mesoscale model
of Nickerson et al. (1986) has been modified to rep-
resent in a realistic manner the diurnal cycle of the
PBL, by the inclusion of a consistent set of parame-
terizations for the PBL, the soil, the vegetation and the
clear-sky radiation.

First it has been shown that the resulting model is
able to reproduce a sea-breeze cycle, and the simulated
characteristics agree with known properties of this cir-
culation. A series of numerical experiments were then
carried out to study the diurnal response of the lower
atmosphere to various types of surface inhomogeneities
(soil moisture, soil texture, vegetative cover).

In order to assess the effect of such circulations upon
mesoscale weather, Pielke (1984) has given some mag-
nitude orders of the horizontal gradient of sensible heat
flux estimated from existing observational and nu-
merical studies. For middle latitudes, a gradient less
than 10 W m~2 per 30 km has a minor influence on
local wind patterns (index A). With a gradient of 100
W m™2 per 30 km, some significant effects are discern-
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TABLE 5. Maximum horizontal variations of the sensible heat flux
between zones A and B for the simulations reported in Table 2 in
order to determine the importance of the mesoscale circulations
generated.

Experiment
Variable 2 3 4 5 6
AHmax ‘
(W m~2 per 30 km) 550 220 20 160 300
Magnitude index of
the circulation B B A B B

ible from the statistical evaluation of the observational
data (index B), whereas with a value of 1000 W m™2,
the influence on wind patterns is discernible in case-
by-case studies (index C). The maximum values of the
variations of H from one zone to another for the dis-
continuities considered during the course of the sen-
sitivity studies are given in Table 5. It is evident that
the inhomogeneities considered here produce some
sensible heat flux gradients greater than 100 W m™2
per 30 km (with the exception of experiment 4), cor-
responding to the B index. This leads to the following
conclusions: the soil texture, usually neglected in the
surface hydrology of atmospheric models, is a property
which should be taken into account because it modifies
the soil moisture availability of surface evaporation and
uptake of soil moisture by plants. If in mesoscale mod-
eling a representation consisting of 13 soil layers is un-
acceptable from the standpoint of memory require-
ments or computational time, an approach combining
the textural information of McCumber’s model and
the simplicity of bulk models could provide a useful
alternative. One such example is the work of Deardorff
(1978), where the formulation of the prognostic equa-
tion of surface moisture content makes use of two coef-
ficients C1 and C2, for which the variation with soil
moisture content is a function of soil type. However,
this information has only been furnished for loamy
soil. More recently, Mahrt and Pan (1984) have pro-
posed such a two-layer soil representation which in-
cludes the relationships of Clapp and Hornberger
(1978). ’

The simulations with vegetation have served to em-
phasize its screening effect on the surface. Over both
moist and dry soils, the values of the Bowen ratio are
near 0.5. This finding explains the observations of a
significant mesoscale circulation when bare soil is lo-
cated next to soil covered by vegetation. This test is in
agreement with the conclusions of Anthes (1984), who
hypothesized that planting alternate bands of vegeta-
tion could increase the convective precipitation in
semiarid regions. In the presence of vegetation, the soil
therefore seems to be of a secondary importance in the
determination of the fluxes at the air-soil interface.
However, the soil moisture can play a significant role
in the case of sparse canopies and when the vegetation
is subjected to a water deficit.

Finally, it should be pointed out that the wave-
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lengths considered in this study dealing with changes
of soil and vegetation must be large, of the order of
one hundred kilometers. As was noted in the analytical
study of Anthes (1984), it is likely that smaller land
areas would lead to effects much less noticeable on the
mesoscale.
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