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ABSTRACT

Many recent studies have suggested that heterogeneities in soil properties or vegetation characteristics may
trigger mesoscale circulations in the planetary boundary layer (PBL). Unfortunately, these flows appear to be
very sensitive to the choice of the model characteristics and therefore require a careful calibration of the param-
eterization representing the vegetation/atmosphere interface.

In this paper, the micrometeorological data from the HAPEX-MOBILHY field experiment are used to calibrate
an evapotranspiration parameterization scheme over three types of dense vegetation typical of western Europe.
This parameterization is then used in a 2D mesoscale model to investigate the atmospheric response to a
discontinuity in vegetation type (cereal crop to conifer forest). The results show a significant circulation when
the soil is moist, associated with substantial PBL modification, whereas only a negligible atmospheric response
is obtained when the soil is dry in the cereal crop area. A precise knowledge of the soil moisture therefore
appears to be required, even with dense vegetation cover, to use advanced evapotranspiration schemes in mesoscale

models.

1. Introduction

The importance of land surface characteristics in
generating mesoscale circulations has been increasingly
recognized in recent years. The most widely studied
phenomenon is the atmospheric response associated
with differences in soil moisture availability with no
vegetation cover. Zhang and Anthes (1982), for ex-
ample, have shown that variations in soil moisture have
more significant effects on PBL characteristics than
changes of surface albedo, surface roughness or soil
thermal capacity. In a two-dimensional study, Ook-
ouchi et al. (1984) showed that the differential heating
associated with variations in soil moisture can produce
circulations similar to a sea breeze, with a maximum
vertical velocity of 22 cm s™!. Mahfouf et al. (1987a)
obtained similar results considering two soils of differ-
ent textures (clay and sand ), but with the same relative
moisture content, and concluded that the soil texture
has a large influence on surface moisture availability.
In a recent paper, Yan and Anthes (1988) found that
inhomogeneities in soil moisture on a horizontal scale
of 100-200 km can initiate convective rainfall in a
convectxvely unstable environment with sufficient
moisture and no synoptic flow.

Corresponding author address: Jean-Pierre Pinty, Observatoire de
Physique du Globe de Clemont-Ferrand, Laboratoire de Meteorologie
Physique, Universite Blaise Pascal, Avenue Des Landais, 63177 Au-
biere Cedex France.
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The mesoscale response to variations in vegetation

" characteristics has been studied much less. Anthes

(1984) hypothesized that planting bands of vegetation
with widths of 50 to 100 km in semiarid regions could
produce atmospheric circulations and result in an in-
crease of convective rainfall under favourable synoptic
conditions. In a three-dimensional numerical study of
South Florida, McCumber ( 1980) found that the pres-
ence of vegetation enhances the sensible flux to the
atmosphere and modifies the sea-breeze convergence.
Garrett (1982), comparing a meteorological model
with large scale observations over the southern United
States, suggested that forest coverage and transpiration
may affect the formation of convective clouds and
rainfall through their effect on the boundary layer
growth. More recently, Mahfouf et al. (1987a), ex-
tending the bare soil study of Ookouchi et al. (1984)
1o vegetated surface conditions, indicate significant as-
cending motion in the transition zone between bare
soil and vegetation-covered soil. In the same paper,
they suggest that a uniform vegetation cover can curtail
the mesoscale circulation produced by soil moisture
heterogeneities.

Most of these sometimes contradictory studies,
however, rely on complex surface flux computations
which depend heavily on a large set of vegetation pa-
rameters. Clearly, the prescription of such a large pa-
rameter set is a difficult task. For example, Sellers and
Dorman (1987) examined the partitioning of energy
between sensible and latent fluxes in the Simple Bio-
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sphere model (SiB) of Sellers et al. (1986) and con-
cluded that it is highly sensitive to the choice of the
vegetation characteristics. Under typical conditions,
they found that the uncertainties in the calculated
evapotranspiration rates are as large as £25%. This is
confirmed by the study carried out by Wilson et al.
(1987) for the Biosphere-Atmosphere Transfert
Scheme (BATS) used in the NCAR community model,
showing a significant sensitivity to changes in soil char-
acteristics. Accordingly, it is highly desirable to use
biophysically realistic initial conditions and carefully
calibrated schemes in order to obtain consistent con-
clusions regarding the atmospheric response to given
land-surface conditions.

This paper is an attempt to examine the influence
of vegetation-type variations on the development of
mesoscale circulations. The methodology used is very
similar to the one of Mahfouf et al. (1987a). In order
to isolate the influence of surface conditions, a flat ter-
rain and clear sky nonperturbed synoptic environment
are considered. The most original aspect of the work,
however, is the use of micrometeorological, biophysical
and soil measurements from the HAPEX-MOBILHY !
field experiment (André et al. 1986, 1988a) to improve
the soil-vegetation scheme of Mahfouf et al. (1987a)
and to prescribe realistic soil and vegetation charac-
teristics. The paper is divided into three sections. Sec-
tion 1 presents the modifications made to the soil-veg-
etation scheme in order to have a better control of the
canopy transpiration by the water availability to the
plant system. In section 2, measurements from two
cereal crop sites and a forested site of HAPEX-MOB-
ILHY are used to assess the scheme performance. In
section 3, the same scheme is used in a two-dimensional
simulation to investigate the mesoscale response to the
thermal and hydrological contrasts between a conifer
forest and an adjacent cereal crop. Two idealized sit-
uations are considered, taken from the HAPEX-
MOBILHY examples simulated in section 2. Strongly
different atmospheric responses are obtained depending
on the soil moisture in the cereal crop area, which sug-
gests that a precise knowledge of the initial soil moisture
is required, even with dense vegetation cover, to use
advanced evapotranspiration schemes in mesoscale
models.

2. Description of the soil-vegetation scheme

The surface boundary scheme is a revised version
of the soil-vegetation package of Mahfouf et al.
(1987a), which was designed for use within mesoscale
meteorological models with a grid resolution of about
10 km. Only the modifications are described below.

' HAPEX and MOBILHY are acronyms for Hydrologic Atmo-
spheric Pilot EXperiment and MOdélisation du BlLan HYdrique.
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a. Soil

The soil temperature, T, and its volumetric moisture
content, 7, are obtained by solving the diffusion equa-
tions for heat and moisture fluxes for 13 vertical levels
in the first soil meter. The hydraulic conductivity of
the soil, K, and its hydraulic diffusivity, D,, are com-
puted as functions of the volumetric moisture content,
7, using the equations of McCumber and Pielke (1981):

2b+3
Kn=Kns(i) , (1)
b+3
D, bK s s (1) ’ 2)
n Ns
b
w—%(ﬁ), (3)
n

where  is the soil moisture potential. A list of symbols
is given in the Appendix. The saturated values 7, K,
Y, and the exponent b are given by Clapp and Horn-
berger (1978) for the U.S. Department of Agriculture
soil textural classes, but these equations become invalid
when the soil is dry to the point where the diffusion of
water occurs by means of vapor transport rather than
by liquid movements. As the soil water diffusivity for
vapor diffusion changes much more slowly than im-
plied by (1)-(3), vapor diffusion has been crudely ac-
counted for by not allowing the diffusivity to drop be-
low2 X 107 m?s™!, as suggested by Dickinson (1984).

The thermal conductivity of the soil was obtained
from an empirical formula fitted to give reasonable
ground heat fluxes on the 12 measurement sites in the
HAPEX-MOBILHY area (textural classes ranging
from sandy to loamy soils):

A=0.1679 + 0.1, 4)

where X is the thermal conductivity (W m™' K™!).
This formula gives values corresponding to a high or-
ganic content according to de Vries (1975), and is in
better agreement with the measurements of Kimball
et al. (1976) than the expression used by McCumber
and Pielke (1981), which seems to overestimate A when
the soil is moist.

b. Vegetation

Mahfouf et al. (1987a) have expressed the fluxes of
heat and moisture between the vegetation and the at-
mosphere using a modified version of the single level
canopy model of Deardorff (1978). The foliage tem-
perature is obtained from the solution of a canopy en-
ergy budget equation taking into account the exchanges
above and below the canopy. The meteorological
properties of the air within the canopy are represented
by weighting the corresponding values at the ground
surface, in the air immediately above, and within the
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vegetation itself. The ground surface temperature and
moisture are obtained from a second set of budget
equations for the ground level.

The most sensitive parameter in this method is the
leaf stomatal resistance, r,,, which controls the energy
partition between the transpiration flux and the sensible
heat flux. The stomatal resistance is affected by many
factors, the most prominent of which are the solar ra-
diation and the soil moisture availability. Greatly sim-
plifying the model of Jarvis (1976), we write the sto-
matal resistance for a representative leaf as the product
of three factors:

T = rslm;nMﬂS:t, (5)

where r, . is a minimum stomatal resistance, pre-
scribed according to the vegetation type and maturity,
M, is a moisture factor limiting the transpiration rate
when water stress occurs, and S, is the solar radiation

factor which decreases r,, from a large value at night-

time to the minimum value ry_ at noon. We have
neglected the dependencies of r, on the water vapor
deficit and on the seasonal temperature included in the
Jarvis (1976) model. This effect can be accounted for
in the prescription of ry__ for the short term integra-
tions considered in mesoscale models. It is also worth
noting that the definition of r,, refers to a representative
leaf. The surface resistance for the whole canopy is
taken as 1/LAI as large as that of a representative leaf,
ry:, where LAl is the integrated leaf area index of the
green leaves. This 1/LAI correction is approximate and
will only work for low values of LAI where little or no
shading occurs.

The solar radiation factor of the stomatal resistance
equation, Sy, is assumed to be of the form given by
Dickinson (1984 ):

1 + 0.0055R,,
Tstaia! Vstmae + 0.0055 Ry, V’

So = (6)

where ry,___is representative of the resistance of the leaf
cuticle (values around 2000 s m '), and Ry, | is the
time varying downward solar radiation in W m 2,
Mabhfoufet al. (1987a) had related the moisture fac-
tor M, directly to the mean soil volumetric water con-
tent in the root area, as suggested by Deardorff (1978).
In a preliminary set of tests with HAPEX-MOBILHY
data, however, we experienced difficulties of calibration
with this technique, the model parameters requiring
unacceptably large changes from day to day. Similar
problems are reported by Blondin (1987). We have
therefore adopted a different approach, which follows
more closely the vegetation physiology. Assuming no
gain or loss of plant tissue water during the transpira-
tion process, Choudhury and Idso (1985a,b) have
shown that the transpiration rate can be computed by
equating the rate of soil water extracted by the plant
roots to the rate of leaf water extracted by the atmo-
spheric demand. Using their procedure, we evaluate
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the leaf water potential, ¥y, from the simplified soil-
plant-atmosphere model of Federer (1982):

E
‘/’f; xPsr_hf'—;t—r(Rf'*' R,), (7)
and express the moisture factor of the stomatal resis-
tance, My, using an empirical function of the leaf

moisture potential adapted from Choudhury and Idso

(1985a):
_ \0/)
Mg,=1+
(El/fc

In (7), ¥, is the average soil moisture potential in the
root area, /i,the mean canopy height, E,, the transpira-
tion rate, p,, the density of liquid water, R,the internal
resistance to water flow within the plant, and R, the
resistance to water flow through the soil to the root
surface. The latter term is inversely proportional to the
soil hydraulic conductivity, K, and is only important
as the soil moisture approaches the wilting point. In
(8), ¥y is a critical leaf moisture potential, giving the
limit beyond which the transpiration rate is strongly
limited by water stress. Its value is usually around —150
m. The exponent value of 5.5 was fitted by Choudhury
and Idso (1985a) for wheat, but the simulated evapo-
transpiration rate is insensitive to the exact form of
M, (Sellers and Dorman, 1987). Values for 4, Ry,
and . are prescribed according to the vegetation type
and maturity, as explained in section 3. Typical values
for different types of crops and forests have been given
by Federer (1982), Choudhury and Idso (1985b), and
Wetzel and Chang (1988).

The formulation presented above provides a feed-
back limiting the transpiration when the soil becomes
very dry or when the atmospheric demand is too strong
(e.g., strong wind, dry advection). This feature is de-
sirable for mesoscale studies over heterogeneous ter-
rain. Similar formulations involving the calculation of
a leaf moisture potential are used in the SiB (Sellers et
al. 1986) and in the BATS (Dickinson 1984).

Finally, the atmospheric resistance of Deardorff
(1978), which represents the laminar resistance for the
layer between the stomatal openings and the water va-
por roughness height, is written

(8)

ra=—, €))

and is not allowed to increase above 200 s m ™' when
the friction velocity, u,, drops to zero (free convection
limit). The definition of r, refers to a representative
leaf, as for r, in (5). A value of 10 is used for the
critical Reynolds number, Re.. When compared with
the expression used by Mahfouf et al. (1987a), (9)
predicts foliage temperatures in better agreement with
the physiological limit, around 40°C. This parameter-
ization is based upon the work of Wetzel and Chang
(1988).
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3. Comparison with HAPEX-MOBILHY data

In this section, data from two cereal crop sites and
a forested site of HAPEX-MOBILHY are used for the
verification of the soil-vegetation scheme performance.
These three examples have been selected to provide
strongly contrasted initial conditions in the two-di-
mensional simulations presented in section 4.

a. Test sites and available data

The HAPEX-MOBILHY program was designed to
document ground-atmosphere interactions, especially
evapotranspiration at a scale of 10* km?2. The experi-
mental area, located in southwest France, displays a
variety of vegetative and topographic conditions, the
most significant contrast being between the 1.4 10*
km? Landes forest to the west, and the rolling hills
with mixed agricultural crop to the east. The climate
of the area is maritime, relatively humid and mild.
From May to July 1986, the project area was heavily
instrumented, with networks for meteorological, mi-
crometeorological and soil measurements, local bio-
logical monitoring, airborne turbulence and remote
sensing measurements. A detailed description of the
program implementation can be found in André et al.
(1986) and a summary of the first results is given in
André et al. (1988a).

ET AL. 979

For the present study, our interest has been restricted
to the micrometeorological, soil and biological data
obtained at two agricultural sites and a forested site
(listed in Table 1) during two well-documented epi-
sodes without rain in mid-June and mid-July.

Both agricultural sites (Tests C1 and C2 in Table 1)
were instrumented by the French Meteorological Ser-
vice with automatic micrometeorological stations
(André et al. 1986) including a radiation budget meter
for both short- and longwave upward and downward
components, a net radiometer, and a ground flux-plate.
The stations also collected temperature and wind ve-
locity gradients between two levels, and conventional
data at screen height. The sensible heat flux was esti-
mated via the flux-gradient relationships and the latent
heat flux by balancing the surface energy budget. André
et al. (1988a) have found an accuracy of about 20%
for these flux measurements. The local soil water profile
was measured by neutron-probe in four access tubes
every week. The vegetation height, its LAI, and the
vegetation albedo were monitored weekly. Finally, a
small number of stomatal resistance and leaf potential
measurements were also made using the technique of
Taconet et al. (1986).

Test Cl is performed with data from a maize plot
observed from 15 to 18 June. The vegetation is very
green and growing rapidly. Its height is about 68 cm.

TABLE 1. Vegetation and soil characteristics for the comparison with HAPEX-MOBILHY data.

Parameter Unit Site Cl Site C2 Site F
Date 15-18 June 8-11 July 13-18 June
Location Lubbon 2 Lubbon 1 Estampon
Latitude deg 44°07'N 44°07N 44°05'N
Longitude deg 00°03'W 00°03'W 00°05'W
Altitude m 146 146 148

Vegetation
Vegetation type Maize Qats Maritime pine
Canopy height m 0.68 1.5 20.3
Reference height m 2 2 29
Canopy albedo 0.17 0.21 0.10
Canopy emissivity .0.98 0.98 0.98
Roughness length m 0.056 0.12 1.68
Displacement height m 0.51 1.11 15.2
Plant resistance s 6.10° 6.10° 8.10°
Minimum stomatal resistance sm™! 50 200 350
Critical leaf water potential m -100 -150 —150
Green leaf area index 1.5 3.0 3.5
Dry leaf area index 0.15 0.3 0.7
Shielding factor 0.8 0.9 0.85
Average rooting depth m 0.6 0.6 0.6
Soil

Texture Sand Sand Sand
Irrigation Yes No No
Initial soil moisture 0.17 0.08 0.22
Soil emissivity 1 1 1
Roughness length m 0.005 0.005 0.005
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" The soil is sandy and moist, with a mean volumetric
moisture content of 0.17 in the first meter, close to the
field capacity for sand [0.18 according to Clapp-Horn-
berger (1978)]. The water table is close to the surface
at a depth of 1.3 m at the time of the test.

Test C2 corresponds to data from an oats plot re-
corded from 8 to 11 July. The oats crop is just ripening,
with a height of 1.5 m. The soil is sandy but much
drier than in Test C1. The average volumetric moisture
content is-only 0.08, a value close to the wilting point
for sand (0.067 according to Clapp-Hornberger 1978).
The time evolution of the soil water content in this
area, discussed by André et al. (1988a), shows that the
decrease in water content occurred rather suddenly
during the last week of June, and was most significant
between 0.4 and 1 m, in the rooting zone.

The forested site (Test F in Table 1) was instru-
mented primarily by the Institute of Hydrology (U.K.).
A full description of the site and observing systems can
be found in Gash et al. (1989). Measurements were
taken on a 29 m high tower carrying two automatic
weather stations, a radiation instrumentation, and an
eddy-correlation system. This latter provided indepen-
dent average values of evaporation, sensible heat flux
and friction velocity from fast response wind, temper-
ature and moisture measurements. Radiometric data
included above-canopy solar radiation, net radiation
and albedo, and below-canopy net radiation. Moni-
toring of soil moisture profiles was made weekly using
neutron-probe soundings in 12 access tubes. In addi-
tion, sap fluxes were estimated on 10 trees and a small
number of resistance and water potential measure-
ments were performed on pine needles.

The data for Test F were collected in the northeast
part of the Landes forest from 13 to 18 June. The veg-
etation at and around the measurement site is a sparse
maritime pine stand with a well-developed bracken
understory. The tree average height is 20.3 m and the
density is around 430 stems per hectare. An important
feature of this sparse forest, emphasized by Gash et al.
(1989), is that more than 30% of the above canopy
radiation reaches the undergrowth, resulting in a much
larger contribution from the bracken to the transpira-
tion than under normal midlatitude forest conditions.
The soil is sandy, overlying a deeper layer of clay. This
site is therefore unusual in that although located on
what would normally be a well-drained soil, the water
table is close to the surface and the moisture content
close to saturation, with a value of 0.22 at the time of
the test. Consequently, the average rooting depth is
estimated as 0.6 m, a value comparable to that used
for Sites C1 and C2.

b. Evaluation of the model performance

In this subsection, we describe the results of the sim-
ulations made at the three test sites and compare with
the observations. The soil-vegetation scheme is used
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in a stand-alone mode and driven directly by the ob-
servations of wind, temperature, moisture and down-
ward radiations made at the reference level above the
canopy. The observed downward longwave radiation
is obtained from the difference between the total and
solar downward fluxes for Sites C1 and C2, and esti-
mated from nearby stations for Site F. All simulations
are started at midnight, local time. The foliage and
ground temperatures are initialized with the measured
air temperatures at the reference height. The soil mois-
ture profiles are initialized uniformly with the average
moisture content in the first meter taken from the neu-
tron-probe observations.

The biological and physical characteristics for the
vegetation are prescribed as shown in Table 1. Obser-
vations were available to set values for the vegetation
height and albedo. The soil albedo is given as a function
of the surface soil moisture (Mahfouf et al. 1987a).
The roughness length and displacement height were
estimated using standard formulas as 8% and 75% of
the vegetation height (Thom et al. 1975; and Jarvis
1976). Observations suggest that the 8% ratio slightly
underestimates the roughness for Site F (9.3%; Gash
et al. 1989). The plant resistance, Rrin (7), is expressed
using the observational results of Katerji (1982) for an
alfalfa crop:

Ryo

Rr= 17 0006R,)’

(10)

where R, is the net radiation. The value of the constant
Ry has been derived from the data of Denmead (1976)
for cereals (Sites C1 and C2), and Federer (1982) for
forest (Site F). The prescription of the minimum sto-
matal resistance, 7y, and of the critical leaf water
potential, ¥, must be done very carefully since these
parameters are the most sensitive factors affecting the
energy partition between sensible and latent heat fluxes.
For green growing cereals (Site C1), the data of Den-
mead (1976) and those of Choudhury and Idso (1985b)
suggest values around 50 s m ™! for ry_, and —100 m
for y.. For mature ripening cereals (Site C2), the ob-
servations of Taconet et al. (1986) give larger values
for r,,,, around 200 s m~'. For a conifer forest (Site
F), the r,_, and yy. values are estimated from direct
measurements on pine needles for a small number of
trees. The LAI was measured for Site C1, and empir-
ically derived from the vegetation height for Site C2.
The selected LAI for Site F is a global value for the
upper pine canopy and the bracken understory; Gash
et al. (1989) report a value of 2.3 for the upper canopy
only. The shielding factor, oy, (Deardorff 1978) is the
percentage of direct solar radiation intercepted by the
canopy at noon; this quantity was not measured, and
was obtained from the simulations by trial and error.
Sensivity tests have shown that changing oy by +15%
modifies the latent and sensible heat fluxes of about
+20%.
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FIG. 1. Observed and predicted values (W m™2) of net radiation
(heavy solid line), latent heat flux (dotted line), sensible heat flux
(light solid line), and ground heat flux (dotted—-dashed line) for a
green maize crop, Site C1, 15~18 June 1986.

1) SITE C1: GROWING MAIZE OVER MOIST SOIL

The model computations are made using the ob-
served meteorological variables sampled every 15 min-
utes at 2 m above the ground surface. Figure 1 shows
the observed and simulated time series for the net ra-
diation, latent heat flux, sensible heat flux, and ground
heat flux. The predicted fluxes and the observations
generally agree well. During the first two_days when
the sky is clear, the predicted and observed Bowen ra-
tios, H/LE, are around 0.5, as expected for green
growing vegetation over moist soil. During the last two
days, changes in the cloud cover result in sharp flux
variations which are qualitatively well recovered by the
model. The most noticeable difference between the
predictions and the observations is an overestimation
of the latent heat flux during the evening and at night.
This difference seems to originate in an overestimation
of the soil evaporation. Figure 2 shows a direct com-
parison of the observed and predicted flux values, for
the period corresponding to the time series of Fig. 1.
The sampling rate is one value per hour. The standard
deviation of the difference between observations and
predictions is around 30 W m ~2, with a smaller scatter
for net radiation. The overestimation of the large values
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of the net radiation could result from an underesti-
mated foliage temperature or from uncertainties in the
surface albedo and emissivity.
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FIG. 2. Comparison of observed and predicted values (W m~2) of
net radiation (A), sensible heat flux (B), and latent heat flux (C),
for a green maize crop, Site C1, 15-18 June 1986.
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Figure 3a shows the time evolutions of the predicted
soil moisture potential and leaf water potential. Since
the soil is moist, the soil moisture potential is close to
zero during the four simulated days. The leaf water
potential oscillates between a maximum value close to
the soil moisture potential at night, and a minimum
smaller than —150 m during the afternoon on sunny
days. Equivalent results were obtained by Sellers and
Dorman (1987) using the SiB model over a growing
barley crop. Figure 3b shows the predicted stomatal
resistance for the same days. The stomatal resistance
approaches its light-limited r,,_ value early in the
morning and then increases during the day as the
evaporative demand rises and the leaf potential falls.
The shaded area in Fig. 3b shows the range of the sto-
matal resistances measured with a diffusion porometer
on the site during the afternoon of 16 June. The pre-
dicted resistance provides a reasonable match with the
observations; this agreement could, however, be co-
incidental due to the variability and uncertainty of such
measurements. It should also be noted that the after-
noon value of the stomatal resistance—and of the
transpiration—is controlled directly by the moisture
flux into the root system and not by the atmospheric
demand, since the leaf water potential is significantly
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FIG. 3. Predicted time variations of leaf water potential (A, solid
line, m), average soil moisture potential in the rooting zone (A, dot-
ted-dashed line, m), and stomatal resistance (B, solid line, s m ™)
for a green maize crop, Site C1, 15-18 June 1986. The shaded area
in (B) indicates the range of the stomatal resistance measurements
(data CNET/CRPE).’
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lower than the critical leaf potential value (Y. = —100

‘m) during the afternoon. This result, obtained for a

moist soil but with a strong atmospheric demand sup-
ports the conclusions of Wetzel and Chang (1984),
who emphasize the importance of root control in tran-
spiration.

2) SITE C2: MATURE OATS OVER DRY SOIL

This example is similar fo the first one in many re-
spects, except that the vegetation is just ripening and
the soil is dry. Figure 4 shows the observed and pre-
dicted time evolutions of the net radiation, sensible
heat flux, latent heat flux, and ground heat flux. Ob-
served sensible and latent heat fluxes are missing during
the evening on 8 and 9 July, because of anemometer
problems. The model provides a good general predic-
tion of the observed fluxes. In contrast with the first
example, most of the available energy is exchanged
through sensible heat, giving a Bowen ratio larger than
3. A more quantitative view of the model behavior is
given in Fig. 5, which shows a direct comparison of
the observed and predicted flux values for the four
simulated days. A standard deviation close to 30 W
m 2 is found, as in the first simulation. The larger de-
viations on the sensible heat flux diagram for the neg-
ative predicted fluxes correspond to the missing data
in Fig. 4. .

The very small values found for the evapotranspi-
ration are due to the cumulative effects of (i) the in-
creased ry, . value for ripening oats, and (ii) the sig-
nificant water stress. The importance of this latter effect
can be seen in Fig. 6, where the soil moisture potential
and the leaf water potential are displayed. The soil
moisture potential is rather low, close to —100 m (cor-
responding to an initial moisture content of 45% of
the field capacity), and it is slowly decreasing because
of root water extraction. The leaf water potential falls
around —200 m in the afternoon, reaching values much
lower than the critical leaf moisture potential (Y.
= —150 m), and therefore strongly limiting the
transpiration through (8).

3) SITE F: CONIFER FOREST OVER MOIST SOIL

For this site the computations are made using ob-
served meteorological variables at 29 m above the
ground surface every hour. Figure 7 shows the observed
and predicted time series of the net radiation, sensible
heat flux, and latent heat flux. The ground heat flux
was not observed, and only its predicted values are
shown in the lower panel. The model gives a fair de-
scription of the data, especially with respect to the dif-
ferent influence of the forest on the energy balance.
Despite the high roughness of the forest, the evapo-
transpiration is reduced by the relatively high stomatal
resistance (Fig. 9a). Accordingly, the Bowen ratio is
very close to unity, in spite of the high soil moisture
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FIG. 4. Observed and predicted values (W m~2) of net radiation
(heavy solid line), latent heat flux (dotted line), sensible heat flux
(light solid line), and ground heat flux (dotted-dashed line) for a
mature oats crop, Site C2, 7-11 July 1986.

availability. When compared with the cereal crop of
Site C1, the forest of Site F appears to be associated
with a significantly larger sensible heat flux, and this
has important consequences investigated in the next
section. Figure 8 shows the observed values of the fluxes
plotted against the predicted ones for the same days as
in Fig. 7. The scatter is slightly larger than for the pre-
vious examples, with a standard deviation around 35
W m 2 for the sensible and latent heat fluxes.

The time evolution of the leaf water potential is
plotted in Fig. 9b. In spite of the very small value of
the soil moisture potential, the leaf water potential falls
to less than —150 m, because of the large plant resis-
tance, Ry, in (7). This leaf water potential is too high
to substantially increase the stomatal resistance, how-
ever, and the transpiration rate is mostly controlled by
the atmospheric demand. Gash et al. (1989) have
measured the average diurnal evolution between 10
June and 22 July of the surface resistance for the same
site. When corrected for the measured LLAI of the pine
canopy (LAI = 2.3), their stomatal resistance values
are 40% smaller than the predicted values of Fig. 9a.
The origin of this difference probably lies in the dif-
ferent assumptions made to represent the vegetation’s
understory. Gash et al. (1989) have not considered the
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role of the bracken understory in evaluating the surface
resistance. In contrast, we assume that our single can-
opy model accounts for both stories upper and lower
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F1G. 5. Comparison of observed and predicted values (W m~2) of
net radiation (A), sensible heat flux (B), and latent heat flux (C),
for a mature oats crop. Site C2, 7-11 July 1986.
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FIG. 6. Predicted time variations of leaf water potential (solid line,
m), and average soil moisture potential in the rooting zone (dotted-
dashed line, m), for a mature oats crop, Site C2, 7-11 July 1986.

of the vegetation by prescribing a LAI of 3.5 (2.3 for
the pine canopy, and 1.2 for the bracken understory).

In summary, for the limited set of three examples
considered in the present study, the soil-vegetation
scheme appears to simulate accurately the energy par-
tition between sensible and latent heat fluxes. When
modeling local scale processes (few km?) or homoge-
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neous conditions, the previous discussion shows that
the uncertainties in prescribed parameters and the
simplifications of biophysical processes lead to errors
of about +50 W m™2. It should be noted, however,
that further tests involving a more comprehensive set
of vegetation types and sensitivity tests are required
before drawing a general conclusion.

4. Atmospheric response to two-dimensional vegeta-
tion heterogeneities

In this section, we use the soil-vegetation package
of section 2 to study an idealized two-dimensional sit-
uation in which an atmospheric circulation develops
in response to the thermal contrasts between a forest
and an adjacent agricultural crop on a horizontal scale
of about 200 km.

a. Description of the atmospheric mode!

The atmospheric model is a two-dimensional version
of the hydrostatic primitive equation model of Nick-
erson et al. (1986) which was adapted, as explained in
detail by Mahfouf et al. (1987a,b), to make it more
suitable for land-surface process studies. These modi-
fications include (1) an improved description of the
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FIG. 7. Observed and predicted values (W m ™) of net radiation (heavy solid line),
latent heat flux (dotted line), sensible heat flux (light solid line), and ground heat flux
(model only, dotted—dashed line) for the Landes forest, Site ¥, 13~18 June 1986.



SEPTEMBER 1989

L LI 1 ¥ | L
600 L« ﬁ?
5
Lo -
400 L o
'e L 1 .
= 200 | -
- -
0 k- -
MODEL
| 1 ] 1 1 | 1
0 200 400 600
Wm?
Y T T T T
<« H
400 |t -
[a]
— H —
“.‘E H H
2 200 |- - B
Hy H
n Hil
0 -
MODEL
1 1 1 ]
0 200 400
Wm?
T | | | T
«
400 L-E -
£
- = EE -
' E
2 200 L E% - C
e e
- -
0 f= E o =
MODEL
L _E1 1 2
0 200 400

wm?

FIG. 8. Comparison of observed and predicted values (W m™2) of
net radiation (A), sensible heat flux (B), and latent heat flux (C),
for the Landes forest, Site F, 13-18 June 1986.

PBL using a prognostic turbulent kinetic energy equa-
tion and (ii) a clear sky radiation parameterization.
For the present study, the soil-vegetation scheme used
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by Mahfouf et al. (1987a) was replaced by the scheme

described in section 2 and calibrated against HAPEX-
MOBILHY data in section 3.

b. Initial conditions of the numerical experiments

As the aim of the paper is to provide some rationale

for discussing the effects of different surface conditions,

this study is restricted to the very simple case—already
used by Mahfouf et al. (1987a)—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, no synoptic flow occurs
and the Coriolis force is neglected. The recent results
of Yan and Anthes ( 1987) indicate that this convenient
simplification is acceptable for short term integrations
(i.e., first 12 h) during the hours of strong heating,
even for midlatitudes. For longer term integrations,
however, the Coriolis term becomes dominant (except
at the equator) and should be accounted for. The model
contains 15 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 domain
size is 420 km wide, with a uniform grid length of 10
km. The lateral conditions are open, with a damping
zone (width 90 km) on both sides to prevent spurious
reflexions into the model. The time step is 10 s. The
model is initialized at 0600 LST using clear sky vertical
profiles for potential temperature and water mixing
ratio typical of the HAPEX-MOBILHY area for mid-
June. These profiles are shown in Fig. 10. The astron-
omical parameters for radiation correspond to 16 June
at a latitude of 44°N (HAPEX-MOBILHY area).
Two numerical experiments are performed with dif-
ferent soil moisture, but identical vegetation and at-
mospheric conditions, as summarized in Table 2. For
each experiment, the land surface is separated hori-
zontally into two distinct zones: the western half of the
domain (zone A) is covered with a typical cereal crop,
whereas the eastern half (zone B) is covered with a
typical conifer forest. In both zones, the vegetation and
soil characteristics are taken from the results obtained
in section 3 for the HAPEX-MOBILHY sites. To pre-
vent numerical noise, the border between the two veg-
etation zones is smoothed by inserting a transition zone
consisting of two points with parameters prescribed as
weighted (0.33, 0.67) averages of zone A-B values.

¢. Experiment 1: cereal /forest transition over moist soil

In the first experiment, we consider the circulation
produced when the soil water is readily available for
both the agricultural crop on the western side (zone
A) and the forest on the eastern side (zone B). The
vegetation characteristics for zone A are taken from
Site C1 of Table 1 (green cereal growing over moist
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FIG. 9. Predicted time variations of stomatal resistance (A, solid line, s m '), leaf water
potential (B, solid line, m), and average soil moisture potential in the rooting zone (B,
dotted-dashed line, m), for the Landes forest, Site F, 13-18 June 1986.

soil), those for zone B are obtained from Site F (conifer
forest over moist soil). A preliminary analysis of this
experiment is also reported in André et al. (1989).

Vapor Mixing Ratio (g/kg)

Figure 11 shows the variations of the latent and sen-
sible heat fluxes across the model domain at 1500 LST.
We first remark that, except near the boundary between
the two vegetation zones, the Bowen ratios are closely
consistent with the results of section 3—values close
to 0.5 over the cereal and equal to 1 over the forest.
This response reflects the above-mentioned differences
in stomatal resistance between the forest and the cereal
crop. Furthermore, due to reduced albedo and slightly
different foliage temperature, the available surface en-
ergy is larger over the forest than over the cereal crop,
leading to a larger total heat flux (H + LE). This results
in a stronger sensible heat exchange over the forest
than over the cereals, giving an average difference of
about 100 W m 2 across the discontinuity, with slightly
larger values in the transition region between the two
vegetation zones. On the other hand, the latent heat
flux is nearly constant across the domain with values
close to 300 W m 2. This nearly homogeneous latent
heat flux distribution is probably coincidental, since

TABLE 2. Summary of the experiments.
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FIG. 10. Initial profiles for potential temperature (solid line, K),
and water vapor mixing ratio (dashed line, g kg™').

Experiment Zone Vegetation Soil
1 A Cereal crop Moist sand
B Conifer forest Moist sand
2 A Cereal crop Dry sand
B Conifer forest Moist sand
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F1G. 11. Horizontal profiles of surface sensible (solid line) and
latent (dashed line) heat fluxes (W m~2) at 1500 LST for Experi-
ment 1,

more significant variations were obtained in further
tests.

The atmospheric response to the sensible heat flux
distribution is shown in Figs. 12 and 13, which re-
spectively display the cross sections of the horizontal
and vertical velocity fields at 1800 LST. A “forest-

1800 LST

3
=
X 2
N

1

CEREAL FOREST
MOIST SAND
| | 1 1 L
-100 -50 0 50 100
km

FIG. 12. Vertical cross section of horizontal wind speed (m s™!)
at 1800 LST for Experiment 1.
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breeze” circulation develops, with horizontal winds of
about 4 m s~! blowing toward the forest in the lowest
kilometer, and a weaker return flow aloft. This hori-
zontal wind is associated with a 5 cm s~! ascending
motion above the forest and a weaker descending cell
over the cereal zone, forming a closed circulation anal-
ogous to a classic sea-breeze flow (for instance, see Yan
and Anthes 1987). Contrasting with the sea-breeze cir-
culation, however, the forest breeze shows no signifi-
cant sign of breeze front penetration into the forested
zone. This absence of flow propagation into the heated
zone is probably due to the smaller air temperature
difference across the domain than in the case of classic
sea breeze, as suggested by the analysis of Physik (1980,
p. 742) and Simpson et al. (1977).

The vertical cross section of the turbulent kinetic
energy computed by the model at 1500 LST is shown
in Fig. 14. Three processes are cooperating to modify
the intensity of the turbulence and the depth of the
PBL.: (i) the larger roughness length increases the low
level turbulent production over the forest; (ii) the larger
amount of sensible heating over the forest gives rise to
a deeper and more turbulent PBL in zone B; (iii) near
the boundary zone, the turbulent shear production is
increased by the shear of the mesoscale wind (Fig. 15)
and the mesoscale ascending motion favors the trans-
port of turbulence upwards. ,

The cross sections of the potential temperature and

1800 LST
Y
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1 1 | | 1
-100 -50 0 50 100
Km

FIG. 13. Vertical cross section of vertical velocity (cm s~') at 1800
LST for Experiment 1.
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FiG. 14. Vertical cross section of turbulent kinetic energy (m? s~2)
at 1500 LST for Experiment 1.
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FIG. 15. Vertical cross section of shear production of turbulent
kinetic energy (cm? s~*) at 1500 LST for Experiment 1.
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water vapor mixing are respectively shown in Figs. 16
and 17. Both of these fields closely follow the distri-
bution of the turbulence intensity. Over the forest, the
mixed layer grows deeper and warmer, reflecting the
larger sensible heat flux at the surface. The PBL depth
is close to 2 km over the forest, and 1 km over the
cereals. Owing to the nearly uniform surface moisture
flux, the PBL is drier over the forest since the same
amount of water is mixed over a deeper layer. Fur-
thermore, in the upper part of the forest PBL—around
1.5 km above the ground—the maximum of the mois-
ture field closely corresponds to the maximum of the
ascending motion (Fig. 13) and to a significantly tur-
bulent region (Fig. 14).

The boundary zone between the cereals and the for-
est could therefore be a preferential location for the
initiation of clouds, if the local meteorological envi-
ronment were appropriate. This assumption is further
strengthened by comparing the intensity of the forest-
breeze circulation to other examples of flows driven by
differential surface heating. Table 3 lists the maximum
horizontal wind in the PBL computed for several ex-
amples of classic sea-breeze and “inland sea-breeze”
[circulations produced by soil moisture variations; Yan
and Anthes (1988)]. The results of Ookouchi et al.
(1984) and Yan and Anthes (1988) were obtained with
nearly the same soil conditions, but only the model of
Yan and Anthes (1988) included cloud and rain for-
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FIG. 16. Vertical cross section of potential temperature (K)
at 1800 LST for Experiment 1.
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FIG. 17. Vertical cross section of water vapor mixing ratio (g kg™")
at 1800 LST for Experiment 1.

mation. Their results show circulations similar to
Ookouchi’s during the first hours of simulation. When
enough water is present in the atmosphere, however,
cloud and rain develop later in the first day of integra-
tion, and the circulation is subsequently reinforced
through latent heating effects. As the maximum wind
velocity produced by the forest breeze is within the
range of the values found for the other dry inland sim-
ulations of Table 3, the influence of the cereal /forest
transition on cloud and rain formation therefore ap-

pears likely when there is a favorable synoptic envi-

ronment.

d. Experiment 2: cereal /forest transition with dry soil
in cereal area

This experiment is performed to study the sensitivity
of the results found in the previous section to changes
in crop maturity and soil moisture. The parameters for
the cereal area (zone A) are taken from Site C2 of
Table 1—ripening oats over dry soil. The characteristics
are unchanged for the forested zone—conifer forest
over moist soil—and for the initial atmospheric profiles
as well.

The vanations of sensible and latent heat fluxes
across the model domain are displayed in Fig. 18. Due
to the increased difference in albedo between zones A
and B, the available energy difference between the ce-
reals and the forest is larger than in Experiment 1. Over
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TABLE 3. Maximum wind speed in the PBL associated
with various sea- and inland-breeze circulations.

Umax
Clouds (ms™)

Reference

Sea/bare-land QOokouchi et al. (1984) No 5.5
Mahfouf et al. (1987a) No 8.0
Yan and Anthes (1988) Yes 114
Moist/dry land Ookouchi et al. (1984) No 4.5
Yan and Anthes (1988) Yes 12.4
Grassland/bare-land  Mahfouf et al. (1987a) No 2.9

Cereal/conifer )
forest This work No 4.0

the forest, the Bowen ratio is always close to 1, since
the soil and vegetation properties are unchanged. On
the contrary, the latent heat flux is small over the ce-
reals, where nearly all the available energy is exchanged
through sensible heat. The latent heat flux therefore
shows a discontinuity across the model domain,
whereas the sensible heat flux is nearly homogeneous,
with an average value of about 300 W m 2. The flux
distribution is therefore reversed with respect to Ex-
periment 1, and no circulation is expected as the dif-
ferential heating is negligible in Experiment 2.

This conclusion is confirmed by Fig. 19, which shows
the cross section of the predicted wind field at 1800
LST. Only a very weak pattern is visible, with a max-
imum horizontal wind around 0.5 m s™! in the low
levels. The intensity of the circulations found in Ex-
periments 1 and 2 are further compared in Fig. 20,
showing the vertical profiles of the horizontal wind in
the lowest 4 km at 1200 LST and 2100 LST. The depth
of the mixed layer is also nearly uniform, as seen in
Fig. 21, where the potential temperature cross section
only shows minor variations near the ground, possibly
as the result of larger turbulence intensities at low level
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FiG. 18. Horizontal profiles of surfage sensible (solid line) and
latent (dashed line) heat fluxes (W m~2) at 1500 LST for Experi-
ment 2.

Unauthenticated | Downloaded 12/03/21 08:03 AM UTC



990

1800 LST
T T T T T
3L _ - R ‘\\ -
E - -0-‘5
X [-------__- %
N
TN ‘
0.5
CEREAL FOREST
DRY MOIST
1 1 I 1
-100 -50 0 50 100
km

FIG. 19. Vertical cross section of horizontal wind speed (m s™!)
at 1800 LST for Experiment 2.

above the rougher forest. The water vapor mixing ratio,
displayed in Fig. 22, does of course respond to the hor-
izontal variations in moisture flux and shows a drier
boundary layer over the cereals than over the forest,
where a significant amount of water is injected.
Finally, Experiment 2 emphasizes the importance
of soil moisture and vegetation maturity in surface flux

CEREAL - FOREST
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FiG. 20. Comparison of vertical profiles of horizontal wind (m
s~') at the boundary between the two vegetation zones, for Experiment
1 (left panel) and Experiment 2 (right panel). Profiles at 1200 LST
shown in dashed line, profiles at 2100 LST in solid line.
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FIG. 21. Vertical cross section of potential temperature (K )
at 1800 LST for Experiment 2.
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FIG. 22. Vertical cross section of water vapor mixing ratio (g kg™')
at 1800 LST for Experiment 2.
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modeling. The comparison between Experiments 1 and
2 shows that the knowledge of the vegetation distri-
bution has to be complemented with an accurate de-
scription of the soil moisture. Because the distribution
of the Bowen ratios differs widely depending on the
presence or absence of water deficit, the realism of the
model predictions is therefore conditioned directly by
the accuracy of the available moisture data, except over
very moist soil.

5. Summary and conclusion

In this paper, the impact of vegetation characteristics
on the development of mesoscale circulations has been
investigated using an evapotranspiration scheme cali-
brated against data from the HAPEX-MOBILHY ex-
periment.

First, an improved version of the soil-vegetation
scheme of Mahfouf et al. (1987a) has been proposed.
The revised scheme includes the computation of leaf
water potential, which provides a better description of
the feedback limiting the transpiration when the soil
becomes very dry or when the atmospheric demand is
too high (e.g., dry advection, strong wind). The cali-
bration of this parameterization has been made for
three different vegetation types using micrometeoro-
logical data from the HAPEX-MOBILHY experiment.
It was shown that empirical rules can be proposed to
prescribe some of the parameters of the parameteriza-
tion thereby reducing the number of tunable param-
eters. Much work, however, remains to be done on this
aspect of the problem.

Then, using a two-dimensional numerical model in-
cluding the revised parameterization, we found that a
significant mesoscale circulation develops in response
to the thermal contrast between a forest and an adjacent
cereal crop, at horizontal scales of 100-200 km. The
favorable conditions for this forest-breeze phenomenon
are obtained when the soil moisture is readily available,
so that the agricultural crop evaporates at high rate due
to its low minimal surface resistance. The forest canopy
then exchanges more sensible heat with the atmosphere
than its surroundings, and the resulting differential
heating produces the atmospheric circulation. The in-
tensity of the predicted flow suggests that the boundary
between an agricultural crop and a forest might be a
prefered location for cloud and rain initiation if there
is a favorable synoptic environment.

Finally, it was found that the predicted mesoscale
circulation is highly sensitive to the maturity of the
agricultural crop and, even more, to the soil moisture
availability. The present results therefore show that the
accuracy of the available soil moisture data directly
determines the accuracy of the surface level predictions
made by a mesoscale model, even with dense vegetation
cover, except when the soil is very moist.
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APPENDIX
List of Symbols

b exponent of the soil moisture potential equation
(3)

D,  soil hydraulic diffusivity

transpiration rate

H  sensible heat flux

hs  average vegetation height

K,  soil hydraulic conductivity

K,s soil saturation hydraulic conductivity
LAI integrated leaf area index

LE latent heat flux

M, moisture control factor for ry

Uy friction velocity
Ta atmospheric resistance
Ts stomatal resistance

Isin, MAaximum stomatal resistance
Tem. Minimum stomatal resistance
Re, critical Reynolds number for r,
R,  plant internal resistance

R, net radiation

R soil root surface resistance
downward solar radiation
Sy radiation control factor in ry,
T soil temperature

7 soil volumetric moisture content
Ns soil porosity
A soil thermal conductivity

Pw liquid water density

or canopy shielding factor

¥ soil moisture potential

¥y  leaf water potential

critical leaf water potential

¥s soil saturation moisture potential

rooting zone average soil moisture potential
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