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ABSTRACT

The possibility of using infrared surface temperatures from satellites (NOAA, GOES) for inferring daily
evaporation and soil moisture distribution over large areas (10? to 10° km?) has been extensively studied during
the past few years. The methods are based upon analysis of the surface energy budget, but treating surface
transfers as over bare soils. In this context, we have developed a methodology using infrared surface data (from
NOAA-7) as input data, in a one-dimensional boundary layer/vegetation/soil model, including a parameterization
of transfers within the canopy, based on the formalism of Deardorff which allows the use of a small number of
mesoscale surface vegetation parameters.

As shown from the model sensitivity tests, a single surface temperature measured near midday (provided by
NOAA-7) is sufficient for obtaining the surface energy fluxes over dense vegetation and for deriving the only
governing parameter that remains, the bulk canopy resistance to evaporation, a different concept from moisture
availability used for bare soils. The objective of the model in predicting the area-averaged surface fluxes and
canopy resistances over dense vegetation is analyzed in conjunction with experimental surface flux measurements
for three cases with cloudless NOAA images over a flat monocultural region (the Beauce in France). In the
absence of a current capability for routine daily soil moisture observation over an agricultural region, an area-
averaged evaluation of the soil moisture can be derived from the canopy resistance obtained by this methodology,
using an empirical expression relating this resistance to the root zone water content. Spatial gradient of water
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content between two areas of Beauce with different soil drainage properties is thus evaluated.

1. Introduction

The knowledge of surface energy fluxes, soil moisture
and substrate thermal inertia can provide insight into
the state of the soil and its vegetation cover. Therefore,
the demand for evapotranspiration and soil moisture
information over large areas (10? to 10° km?) is in-
creasing in a variety of scientific fields, including hy-
drology, agriculture and weather prediction.

The possibility of using infrared (IR) surface tem-
perature measurements from satellites in order to de-
rive these surface and substrate quantities has been ex-
tensively studied during the past few years. Although
the methods for using satellite-derived surface tem-
peratures are based upon analysis of the energy budget
of the earth’s surface, these methods may be divided
into two classes.

In the first, which we refer to as semi-empirical and
statistical, the methods employ an approximate solu-
tion of the budget equation leading to semi-empirical
formula relating evapotranspiration and moisture to
the surface temperature (Idso et al., 1977; Seguin and
Itier, 1983).

In the second class, analytical and numerical meth-
ods are based upon the solution of the inverse problem
for both heat and mass transfers. Thus Watson (1975),
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Price (1977) and recently Becker et al. (1982) have
shown the interest of Fourier models to extract thermal
inertia from the diurnal temperature range, and, to
determine surface moisture availability. The same basic
physical principles have been used in subsequent nu-
merical models in which the magnitude of the diurnal
temperature range is related both to thermal inertia
and moisture availability (Carlson and Boland, 1978;
Carlson et al., 1981).

None of the methods presented above explicitly treat
the vegetation, referring only to physical mechanisms
above bare soil. The role of vegetation has been con-
sidered by Wetzel and Atlas (1983) who applied a very
simplified parameterization in a one-dimensioral
boundary layer/vegetation/ground model, using sat-
ellite temperatures over a large heterogeneous region
(GOES image with 10 km of resolution). The method
chosen to include the vegetation is to overlay the
ground model, comprising several layers, by an addi-
tional layer, called the vegetation layer, where the ther-
mal flux through it is computed, given its mass equal
to the biomass, and its specific heat capacity equal to -
that of liquid water, since much of the mass of vege-
tation is simply water. The radiative surface temper-
ature is, therefore, the temperature of this *“vegetation”
layer. The concept of moisture availability over the
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surface in order to limit the evaporation rate is retained,
but it is interpreted in terms of soil water content in
the root zone and evaporative demand, based on ob-
servational studies (Wetzel and Atlas, 1983).

In the present study, the vegetation cover is taken
into consideration by using a detailed model of the
mechanisms at the interface atmosphere/vegetation/
ground, based on the formalism of Deardorff (1978),
an efficient one-layer foliage parameterization where
bare ground and foliage coexist side by side. Deardorff
model used a limited number of parameters in his for-
malism, which are only expected to be significant at
the mesoscale, which will match the AVHRR scale (1
km resolution) here. The general idea for determining
heat fluxes and soil canopy temperatures is to solve
simultaneously the energy budget equations at ground
level and at the canopy level by assuming an adequate
partitioning of the available fluxes between vegetation
and bare soil, whose relative amounts are related to
the foliage density, the distinct resistances to evapo-
ration of soil and foliage, and other considerations.

Despite the many simplifying assumptions in the
Deardorff model, the parameters employed are nu-
merous and exceed reasonable practical definition, at
least solely with the aid of satellite imagery and me-
teorological observations. To simplify the problem of
defining soil/vegetation parameters, we propose, as a
first step, a study of the case of dense vegetation, where
we can show that the number of parameters are re-
ducible to four essential ones: for vegetation, its height,
density (leaf area index LAI) and plant resistance to
transpiration; and for soil, its mean water content in
the root zone.

With the aid of sensitivity tests on these parameters,
we will show that the single IR surface temperature
measured near midday (1300 UT for the satellite
NOAA-7) is sufficient in a region with a dense ho-
mogeneous canopy to infer the surface fluxes and, by
inversion, the single dominant vegetation parameter.
The midday surface temperature is then sensitive only
to the mean stomatal resistance of the canopy; even
the regional LAI is not needed accurately.

Therefore, in a first application, using radiometric
temperature measurements at midday, for agricultural
regions with dense canopy, the inversion of the inter-
face model yields the surface fluxes and the mean re-
sistance of the canopy, a very different concept from
that of surface moisture availability used for bare soil,
as the vegetation is a layer of negligible heat capacity.
However, it should be added that, with no daytime
heat storage in the foliage layer, the nighttime tem-
perature (near 0300 UT with NOAA-7) over dense
canopy does not hold further information on the dif-
ferent foliage variables. Moreover, from analysis of
NOAA IR data over French flat agricultural regions,
namely, Crau (Seguin et al., 1982) and Beauce (Chee-
vasuvit et al., 1984), it appears clearly that the surface
temperature has a much greater variability and spatially
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coherent distribution during daytime (near 1300 UT
with NOAA-7) and that the spatial gradients at night
are very weak.

In a second step, by specifying from agronomical
studies, the range and dependence of stomatal resist-
ance upon water content in the root zone, seasonal
physiology and type of vegetation (the most important
factors involved), we can relate the derived mean sto-
matal resistance to available water in the root zone,
without knowing precisely LAI, for dense canopies.

Therefore, after a description of the model formal-
ization in section 2, we study in section 3 the influence,
on the evapotranspiration and on the maximum sur-
face temperature, of four important variables of soil
and canopy, in the range suggested by previous agro-
nomical studies over cereal covers.

In the last part of this paper (sections 4 and 5), on
three days (5 May 1982, 11 July 1982 and 11 July
1983), we study the determination of the adapted sets
of mesoscale surface variables to restore the NOAA IR
temperature magnitude and spatial gradients over two
flat agricultural subzones of Beauce, France, with dense
homogeneous canopies. This allows a ‘quantitative
evaluation of the surface fluxes and plant resistance to
transpiration, over the two zones, from which one can
also infer the spatial distribution of water content.

Finally, a validation is proposed by comparison of
the simulated fluxes with measurements of surface
fluxes (net radiation and sensible heat flux) at two sites
located in the two different representative subzones
during the same periods. It shows that the radiometric
satellite surface temperature, computed by the interface
model, is sufficiently sensitive for simulating the correct
surface fluxes, with the aid of a boundary layer model,
when the aforementioned simplifications are incor-
porated in the vegetation parameters.

2. Theoretical model: Vegetation surface layer and
planetary boundary layer

The methodology developed here uses the diurnal
variation of NOAA IR temperature as an input in a
model representing the mechanism controlling its evo-
lution, i.e., feedback between the surface fluxes and the
boundary layer growth and regulation of energy trans-
fers by the ground and the vegetation.

The observed satellite-IR temperature represents a

. spatially averaged value (over a few square kilometers)

of the radiative skin temperature over a composite
scene that includes bare soil and various canopies. The
complex mixing of surface elements cannot be ex-
pressed in a deterministic sense in a model, but instead
must be parameterized in a simplified manner, similar
to that of Deardorff (1978). Therefore, using his for-
malism, we choose to employ a limited number of pa-
rameters, which are only expected to be significant at
the scale of the satellite resolution (a few square kilo-
meters). It has been shown (Cheevasuvit et al., 1985),
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using a picture segmentation procedure on the NOAA
IR images at midday, that over the studied agricultural
region, the Beauce Plateau, the spatial variability of
temperature has a well defined signature. The region
is divided into three or more large areas (greater than
20 X 20 km?) of distinct mean surface temperature,
within which the variability of temperature is very weak
(around 1°-2°C). Hence, the surface parameters de-
fined by the model are significant on the scale of these
homogeneous subzones, which match also the grid size
of the atmosphere predictive models. This allows the
development of a coupled one-dimensional boundary
layer/vegetation/ground model.

The surface layer model consists of a 1 m deep
ground layer, a single thin vegetation layer ventilated
by a surface turbulent layer (10 m deep). The atmo-
spheric forcing at the top of the surface layer is not
specified, but predicted from an atmosphere boundary
layer model (2500 m high), allowing the model to be
used in areas where no continuous meteorological data
are available. Since we consider stable anticyclonic
conditions, we can ignore to some extent the problem
of mesoscale advection. Thus, the boundary layer
model need only be one dimensional. We choose a so-
called KE model (Therry and Lacarrére, 1983), with a
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rather simple closure scheme, in which the eddy ex-
change coefficients are related to the eddy kinetic en-
ergy. An overview of the coupled model “canopy sur-
face layer/boundary layer” is presented in Fig. 1.

We now discuss in more detail the surface model,
which has been derived from Deardorff (1978), but
which has not been described elsewhere in the litera-
ture.

a. Surface model

From Deardorff (1978), the general idea for deter-
mining heat fluxes and soil-canopy temperatures is to
solve simultaneously the energy budget equations at
the ground level and at the canopy level. Thus, the
partition of the energy and momentum fluxes between
the ground and the canopy has to be parameterized.

1) RADIATION PARTITION

As in Deardorff (1978), the vegetation is assumed to
be a single foliage layer, with negligible heat capacity,
shielding more or less completely the ground.

The key parameter for the radiation partition is the
average shielding factor oy, defined by Deardorff as the
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FIG. 1. Basic framework of model.



MARCH 1986

extent that foliage prevents shortwave and longwave
radiation from reaching the ground. The partition, in
Deardorf, is obtained by a linear interpolation with o,
between radiation above bare soil and that applicable
with a dense canopy. Here, a slightly different approach
is to consider the radiation balance for a two layer sys-
tem. The lower layer is the ground of albedo a,. The
upper layer, the canopy, is assumed to be a semitrans-
parent layer characterized by a reflectivity of o/, an
absorptivity of (1 — a,)orand a transmissivity of (1
— gy, where a,/is the foliage albedo. It allows internal
reflection trapped between soil and canopy to be non-
negligible when the albedos are different from 1.

Thus, we obtain, for available visible radiation at
ground level,

ng=S1(ll— o)l — ag) )
T OfOsgtss

for the canopy,

Rsf= Sl(l - asﬁo'f[l + Osp 1%&3}%{] (2)

where S' is incoming shortwave radiation and Qg the
ground albedo. .

For longwave radiation, the coefficient of reflectivity
of the upper layer is o7(1 — ¢y, of absorptivity ¢;orand
of transmissivity (1 — o), where ¢/is the canopy emis-
sivity, and for the ground, ¢,.

For longwave radiation budget, we obtain at ground
level,

eg(R1 - aTg4)
1 — o1 —el(1 — ¢)
egefafa(Tg4 — Tf)

Rie=(1—0)

- 3
1 —ar(1 —eg(1 — ¢p) @)
for the canopy,
T} - T/
Ry, = L T4 erego(T, / :l
Lf "f[‘f(R S A v —
- _ L_ 4
+ af(l o)1 — e)ef(R — oTf) )

I —ap(l — €)1 —¢)

where, T, and Tyare the ground and canopy temper-
atures, o the Stefan-Boltzmann constant and R' the
atmospheric longwave radiation, which is computed
from a standard formula (Monteith, 1973), using air
temperature 7, and humidity g, at a given height in
the surface layer (here 10 m).

As a first approximation, o, constitutes the fractional
areal cover of vegetation. Kanemasu (1977), consid-
ering various agricultural plants, established a simple
relationship between the parameter orand the leaf area
index (LAI) as g, = 1 — exp(—LAI X 0.4).

In the present study, the experimental sites are over
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the Beauce Plateau, which is covered mainly by wheat.
From agronomical studies (Perrier et al., 1978), the
LAI is typically constant (around 1 to 2) during till-
ering. It increases (from 2 to a maximum near 6 to 8)
during growth and heading, and'decreases to about 3
during maturation. Thus, considering a region covered
by a wheat canopy, the LAI ranges from 2 to 6, in-
volving a ofrom 0.65 to 0.95. In this analysis, LAI is
always greater than 3 (from mid-April until harvest);
hence oy is greater than 0.7 and the soil contribution
is always minor in this analysis.

The IR surface temperature, T, observed by satellite
is clearly different from the canopy temperature Trand
the soil temperature T,. T is determined by the long-
wave IR radiation available above the canopy surface:

O'TS4 = Rl - RLf_ -RLg' (5)

2) PARTITION OF FLUX

As for the radiation balance, following Thom (1972)
or Shuttleworth (1977), the canopy may be considered
as a single layer, at some height Z,,above ground, with
both canopy and ground acting as source/sink for mo-
mentum, sensible and latent heat. The partition of flux
between the ground and the canopy is parameterized
as a function of the canopy characteristics, using a con-
ductance formalism.

For momentum transfer, one may write:

77 = =pCmUss ©
7g = —PComUss ™
= 7e+ 7= —pCr(Us — Ug) = —pUL  (8)

where 7, 74, 7, are, respectively, the momentum fluxes
above the canopy, to the canopy and to the ground;
Uy is the friction velocity and may be estimated from
the surface layer wind U, (at 10 m), using Monin-Obu-
khov similarity theory, with the stability corrections as
given by Louis (1979); (roughness length and displace-
ment height are expressed as a function of LAI and
canopy height).

The partition of momentum between 7,and 7, is a
function of a partition factor o, which may be expressed
as a function of LAL

Tf= 0T 9

Tg=(1 — ox)T (10)
-1__ 05

Oy = 05 ¥ LAI exp(—LAI“/8) (11

where (11) was derived by fitting data obtained by Shaw
and Pereira (1981), in a model of transfer of momen-
tum within a canopy.

In (6)—(8), U,sis the wind speed at canopy level,
which both ventilates the canopy and promotes fluxes
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from or to the ground. From Thom (1972) it is the
hypothetical uniform wind speed which gives the same
integrated drag within the canopy as the actual wind
profile. The transfer coefficients, Cy,, and Cg,,, are rel-
ative to exchanges between the canopy (the ground)
and the air at the canopy level, and Cj,is the aerodyn-
amical conductance in the free atmosphere between
the canopy level Z,rand the surface layer Z,. Here Cj,
controls the momentum exchange between the canopy
and the surrounding air. It is generally supposed to be
proportional to the leaf area index, and can be written

Cym = CoU,f+ LAL (12)

Various values for C; and x can be found in the lit-
erature (see Brutsaert, 1979; Paltridge, 1970; Deardorff,
1977, Thom, 1972), as the exact relationship is likely
to be a function of complex canopy parameters, such
as leaf shape and orientation, and overall canopy
structure. Actually, the exact choice of the formulation
in (12) is not very critical in the model. Here we choose
Thom (1972) formulation

Uy B-LAL

C=
m g P

(13)

where P; is an empirical shelter factor for momentum
transfer, expressed as P, = LAI/2 + 1, and 8 allows for
the participation of nonfoliage element (3 = 1.1). The
wind U,y in this formula is in m s7}, as for Cj,. So,
U,s may be solved from (6), (9) and (13), vegetatlon
characteristics and atmospheric data being known.
Then, C,,, is obtained through (7) and (10), and Cj,
through Eq. (8).

The same formalism is used for sensible heat transfer,
written as

Hy= pC,Ci(Ty — Tap (14)
H, = pC,C(T, — T, (15)
H = Hr+ Hy = pC,Cx(Tyy— T,) (16)

where H, Hrand H, are, respectively, the sensible heat
fluxes above the canopy, to or from the canopy, and
to or from the ground; C, is the specific heat at constant
pressure for dry air; Cp,, C,, and Cy are conductances
equivalent to Cy, C,n and Cyy, but for sensible heat
transfers. Though Thom showed that the level of ex-
change could be different for momentum and heat
fluxes, we consider that the same level applies for all
fluxes. Then Cy for sensible heat transfer may be ob-
tained from the value of Cj, for momentum, and Cgy,
from C,,,, using aerodynamical transfer relationships
and stability corrections between sensible heat and
momentum conductances (Louis, 1979). The Cp, is
modeled like Cp,, as a function of U,rand LAI, but
with a different C,, following Thom (1972), who
pointed out that in a canopy the transfer of heat or
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water vapor encounters a greater aecrodynamical resis-
tance than for the transfer of momentum.
Then,
1 g-

Cn =55 Uar P, °’

17)

where U,rand Cp, are also given in m s™'. Latent heat
transfer is written in the same way, but one has to
account for canopy or soil resistance to evaporation;
that is,

C

LE,=p 7” R Clgud Ty — 947 (18)
G

LEg =p 7 anh[qsat(Tg) - qaf] (19)
G

LE = 22 Culgoy — 49 = LEf+ LE,  (20)

where v is the psychrometric constant, g, and g,,the
partial water vapor pressure, respectively at the surface
layer and at the canopy level.

A resistance formalism is used to link the water vapor
transfer to the gradient between air water vapor partial
pressure and saturation partial pressure at the canopy
or the ground surface. Aerodynamic resistances C,
Cgr and Cy are the same as for sensible heat transfers.

3) CANOPY AND SOIL RESISTANCES

In Eq. (19), a corresponds to the resistance to the
diffusion of water through the upper layer of soil when
it is not at saturation. Though « is often expressed as
a linear function of the ratio of surface soil moisture
to some saturation value, we prefer to use a somewhat
different concept, letting a = 1 when potential evap-
oration, expressed as

LE, = 22 CulamT) ~ aa (2D
is lower than a limiting evaporation LE;n(w,), where
wy is the surface soil moisture. Alternately, @ = LEgnm/
LE,, when the potential evaporation is larger than that
limit. This concept of limiting evaporation is based on
the consideration that, for a given soil moisture at a
depth d, (here taken arbitrarily as 10 cm) in the surface
soil layer, which is represented by w,, the moisture
profile above that depth will adapt to the evaporative
demand. Owing to the relationship between soil water
conductivity and soil moisture, the largest gradient be-
tween depth d, and the surface (assumed to be com-
pletely dry) cannot set up a flux larger than E;,, a
function of w,. For any evaporative demand smaller
than Ej;,, the soil moisture profile will be able to adapt
to that demand. The function Ej;n(wg) may be esti-
mated from soil water characteristic functions. As
in the present application, the soil contribution to
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evapotranspiration is always small, and a rigorous es-
timation of Ej;m(W,) is not essential.

The R’ factor in Eq. (18) accounts for resistance to
evaporation, due either to stomatal resistance or to the
fact that only a fraction of the total canopy area is
contributing to the exchange.

Following Deardorff (1978), R’ may be written:

R =1 for condensation

, _ [dew » dew\?? 1
R ‘(T,,,) +[1 _(ET) ](ﬁ+cﬂ,RST>'
22)

Thus the model can be used to account for transpira-
tion and for evaporation of free water at the surface of
the leaves, where “dew” is the amount of free water
on the canopy, and d,, its maximum value; RST is the
stomatal resistance. Thus, R’ = 1 for an entirely wet
canopy (dew = d,,;) and

L 1
RCm = B/Cp, + RST

for a dry canopy, transpiring only through the leaves,
with a stomatal resistance RST.

This factor RST constitutes the essential element of
the vegetation parameterization. It basically expresses
the efficiency of the foliage transpiration, and as, in
this study, the vegetation cover is important (LAI
> 2), the energy partition of energy between sensible
heat and latent heat is essentially adjusted by the mag-
nitude of RST. In the sensitivity tests, this parameter
is allowed to vary over the range of values, likely to be
experienced over a wheat canopy (the main crop of
the Beauce Plateau). Therefore, the RST variations are
accounted for by a representative formulation of RST,
based upon agronomical studies (Perrier, 1977; Perrier
et al., 1978; Katerji and Perrier, 1983; and others men-
tioned in Deardorff 1978).

Many physiological and climatological factors are
involved in the foliage resistance to evapotranspiration.
Among the primary ones, four seem to be most im-
portant: the daylight variation, the evaporative de-
mand, the water supply in root zone and the physio-
logical age of the crop. Their parameterization for dif-
ferent cultures is still an open subject of investigation.

Here, we use the formulation proposed by Deardorff
(1978), which integrates four factors controlling the
evaporativé demand

800 (
1+ St

(23)

1.2Wwﬂt ) ] Ps
0.9w, + 0.1wg) ] LAI

RST = RO|: (24)

where S" is the incident solar flux, wy, the wilting point
for moisture, w, and w, the soil moisture value in the
root zone (1 m) and in the surface layer (first 10 cm).
The RO includes the seasonal dependence on the
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physiology of the crop; P, is the shelter factor, as given
before.

To specify the term RO over wheat, we use experi-
mental measurements of wheat stomatal resistance
(Perrier et al., 1978) made over two consecutive years,
and simultaneously with the evolution of the water
supply in the root zone. As shown in Fig. 2, the mean
crop resistance RST above wheat, taken at 1300 local
time when solar dependence is weaker, is similar for
the two years (1975, 1976), from tillering to heading
(April to the end of May), around a low constant value
(40 to 80 s m™'). However, during the maturation (mid-
June to July), the resistances increase abruptly to a
higher plateau, from about 60 s m™! to 160 s m~! in
1975 and from approximately 80 s m™! to 340 s m™!
in 1976. This large increase corresponds to the phen-
ological aging and drying of the wheat, occurring during
this period and involving a reduced crop transpiration.
The transition between the two phenological states
(growing and maturing) occurs quickly in about two
weeks. Higher values of RST in 1976 are evidently re-
lated to the water stress of the crop, owing to a large
water deficit in soil occurring during the European
drought that year.

A simple parameterization of the rapid evolution of
RST between the two states (growth and maturing) is
for RO to be represented as a step function: a low con-
stant value (~80 s m™') during the growth period (mid-
April to mid-June) and a high one (~150 s m™!) during
maturation (mid-June to mid-July).

Figure 2 presents the computation of RST, using
(24) and employing the specified step fiinction for RO
and the experimental measurements of soil water con-
tent made by Katerji (1978) and the usual values of
foliage density (LAI). There is an acceptable agreement
between the calculated and measured values of RST
for the two years, considering the relatively rough pa-
rameterization of the function influencing RST.

With these derived values of RO, we will use this
RST formulation in the sensitivity tests to simulate
and study the impact of the RST magnitude on the
surface temperature and fluxes and the influence of the
water supply upon them for different phenological
states.

4) ENERGY BALANCE

Given the flux partition expressed previously, the
energy balance equations are solved at both canopy
level and ground level.

At canopy level, assuming that thermal inertia within
the canopy is negligible, one can write

Rsf + RLf = Hf+ LEf. (25)
At ground level, the ground flux is estimated using the
force-restore formulation of Blackadar (1976).
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WHEAT STOMATAL RESISTANCE
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FIG. 2. Seasonal evolution of the stomatal resistance RST above wheat and the soil water content w during two years, (a) 1975 and (b)
1976, from Katerji (1978) data. Comparison with the simulated values of RST (Eq. 24) using the experimental data of w, LAI for different

values of RO.

1 9T,
G:——-—-—g
C, ot

= Ry + Ry — H, — LE,.

C
+ —C—j (T, — T)
(26)

Using relations (1), (2), (3), (4) (16), (20), (25) and
(26), the time dependent system is linearized and solved
for Tyand T, and subsequently the various fluxes. The
upper boundary conditions are the atmospheric pa-
rameters U,, T, and g, (at 10 m), output of the PBL
model, which is, in turn, controlled by the fluxes of
the surface model.

3. Sensitivity tests

Our approach now is to consider the main terrain
parameters in the interface model as described and to
indicate their relative importance. The purpose is to
determine what single governing parameter of the
group may be inferred by inversion of the model from

the use of the midday satellite surface temperature and
for what kind of canopy. The nighttime temperatures
yield no further significant information about the cov-
ering vegetation layer.

Although Deardorff (1978) has proposed a simple
and efficient parameterization of a living material, such
as a canopy, the list of all parameters describing the
interface soil/vegetation in section 2 is, nevertheless,
long. To simplify the problem of defining soil/vege-
tation parameters we propose to study, as a first step,
the case of dense vegetation (LAI = 2, g, 0.65), suit-
able for consideration of nearly all of the wheat phys-
iological cycle over the Beauce Plateau (where the LAI
is greater than 2 after the wheat rises in mid-April).

As the substrate energy transfers are not of great im-
portance under vegetation canopies with LAI = 2, it
is not necessary to test the sensitivity and impact of
soil parameters for soil heat and water fluxes. For this
reason, the parameterized dependence of soil thermal
and water conductivities upon w, and w;, is that of
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standard clay soils, predominant in the Beauce (see
Table 1). Diffusion of water at the soil surface is reg-
ulated using the concept of limited evaporation (Eq.
19), where Ej, is expressed as an empirical function
of wg,

0.38
0.38 —w,

for wg in cm® cm™ and Ejp in W m™2,

Such a relationship indeed depends on the soil char-
acteristics, since it expresses the maximum flux that
the surface layer (here 10 cm) can accommodate when
average soil moisture in that layer is w, and the steepest
gradient is achieved. However, as in the present appli-
cation, the soil contribution to evapotranspiration is
always small, a rigorous estimation of Ejn,(w,) is not
essential. Therefore the soil properties appear to depend
upon the two soil moistures w, (the first 10 cm) and
w, (the first meter). Under a covering canopy, the wheat
extracts water quite uniformly in the root zone (around
the first meter of soil). Thus, the humidity gradient
between w, and w; is lessened, and the assumption of
a homogeneous water profile in the first meter of soil
(with w, = w, and now called w) is regarded as a rea-
sonable simplification for soil characteristics below the
canopy.

The number of vegetation parameters are reduced
to three essential ones: height 4, density LAI and plant
resistance for transpiration RST. From experimental
agronomical studies above wheat (Perrier et al., 1978;
Bonhomme et al., 1978) summarized in Fig. 3, we ob-
tain a typical range of LAI and /4 which is presented
in Table 2. We neglect the variations of canopy height
(0.5 m to 1 m from mid-April to July), which has no
major influence on the tests. Albedos over countryside
areas usually vary in a limited range between 0.15 and
0.25, but surface temperatures and fluxes appear rel-
atively insensitive to surface albedos, as shown by
Carlson and Boland (1978). Therefore, the foliage al-
bedo formula with solar inclination is the same for all
sensitivity tests and the diurnal range of albedos is be-
tween 0.12 and 0.20. To explore in a systematic fashion

Ejim(w,) = 8.00 exp(44.0w,?) @7

TABLE 1. Soil parameters.

Type Present value
(pC)g Specific heat
(calcm™ K™ 0.26 + w(win cm® cm™)
A; Thermal conductivity
(calem™ 1K™ 0.0005 + 0.0035Vw

D Hydraulic diffusivity (m?s™) 1.5 X 1077 exp[11.2(w — w;)]
ws = 0.35 cm® cm™

w, = 0.15 cm® cm™?

w; saturation soil water content
w, residual soil water content

w soil water content
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Schematic evolution of wheat canopy parameters
LALh.Ro
time b —1 —t
1March 1April 1May 1June 1Juiy
10 April 1May
20June
LAl 2 T >4 ! 3to &
with moximum [~ 6 to8)
1April 15 June
Ro ! 1 Al
R, =80sm™ Ry = 150 sm
1 week uncertainty
20 April 1SMay
™ hxesm h1m
Legend: ,—e— uncertainty in days

F1G. 3. Seasonal evolution of three parameters (leaf area index,
phenological factor RO, height) of the wheat canopy.

the model response to changes in the foliage resistance
RST, the different and increasing values of RST used
in the tests are calculated from Eq. (24), depending
upon the phenological state RO and the soil available
water in the root zone. Hence, the remaining soil/veg-
etation parameters allowed to vary are w, LAl and RST
which is a function of RO and w.

For the sensitivity tests, we analyze two days, cor-
responding to the two phenological states of wheat
(growing and mature) 11 May 1982 and 11 July 1982.
The two days were clear with strong insolation. The
meteorological conditions are given in Table 3.

We consider first the results of the sensitivity tests
for the 11 July 1982 for mature crop conditions. The
LAI is varied from 2 to a maximum of 8. The value
of w, which is used to fix the resistance of the foliage
and the resistance of the soil through the concept of
limited evaporation, varies between 0.12 c¢cm?® cm™
(near wilting point) and 0.30 cm?® cm™ (near satura-
tion). Thus, the variations of RST are calculated from
w variations, fixing RO at 150 s m™! for a mature crop.

We examine now the response of the radiative tem-
perature above the canopy [see Eq. (5)], computed by
the model at the time of the satellite observation near

TABLE 2. Model input for sensitivity tests.

During Seasonal Evolution

Range for LAI, 15 April to 15 May 15 May to 15 June 15 June to 15 July

h, RO RO = 80 sm™* RO = 80 sm™" RO = 150 sm™!
h=05m h=1m h=1m
LAI 2to4d LAI 4 LAI 3to4d
Range for soil
humidity in
first meter w = from 0.30 cm® cm™ t0 0.12 cm® cm ™
(volumetric) with Wy = 0.35cm® cm™ Wy = 0.15 cm® cm ™3
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TABLE 3. Parameters used in three model simulations.
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11 May 11 July 11 July
1982 1982 1983

Solar radiation at 1200 local

time, (W m™?) 900 830 800
Hydric deficit of air: T, — T, at 2

m at 0600 local time (°C) 0.5 2 -0.1
Relative humidity at 0600 local

time (%) 95 88 100
Horizontal wind at 10 m at 1200

local time (m s™') 6.5 6.0 32

midday, called Ty, as a function of w and LAI in Figs.
4 and 5. One aspect of these tests stands out. It appears
clearly that T, is less sensitive to the moisture avail-
ability in plant and soil than the bare soil temperature.
Carlson and Boland (1978) found that the daytime
surface temperatures (near 1400 UT) display a full
range of about 15°C between extremely dry and moist
soils. From our tests (see Fig. 4), the corresponding
range is between 5° and 10°C. Thus, the figure leads
us to conclude that the surface behavior of bare soil
and canopy is different. The uncertainty in the mea-
sured surface temperatures by satellite due to uncer-
tainties in the water vapor correction (~1°-1.5°C) is
of greater importance over agricultural areas where
diurnal variations are considerably less than that over
bare soils.

(°c)j
\
TN 7/11782  13hr Z6mn
LST
Ro= 150 sm™’
36 N ‘h =0.9m
N, LAI=2+ A 4 OB
30 V 6
354
] whole shift
347 of the curves
] with R;=200 sm™"’
] 06°C
33] w
1 - 37 emd .
=0.01cm?/cm’ . LAl
] T LAI=8
32-] T LAI=4
31
\ LAI=3
- AY
4 Y
30 \
g \
\
] \
294 N Lal=2
1 3, 3
281 Wem™/cm
T T —
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W wilt W saturation
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Another important result, obtained from Figs. 4 and
5, is the separation of T, behavior into two classes:
the first one concerns the dense foliage with LAI = 4,
where T, is no longer sensitive to the increasing values
of LAI (from 4 to 8); the second class regroups the
partial vegetation covering (2 < LAI < 4), where LAI
and w are both important.

Since the conclusions concerning two classes are dif-
ferent, we will examine them separately.

a. Results of sensitivity tests over dense canopies (LAI
= 4) .

The main characteristic is that the response of T,
to changes in LAI and w for RO = 150 s m™! on 11
July 1982, is no longer sensitive to the variations of
LAI (tested here from 4 to 8). Thus, for the vegetation,
among the three governing parameters (h, LAI, RST),
the single remaining one is the mean stomatal resis-
tance RST, for which, as the seasonal factor RO is taken
constant, w is used to adjust the magnitude. On the
other hand; w also controls the soil regulation « to
water diffusion. :

But, as expected for a dense canopy, the relative
contribution of soil to the total evaporation remains
small (between 0 and 20%), even if the water content
at the soil surface is important (w = 0.20 cm® cm™3%)
(Fig. 6). This is due to the small amount of net radiation
available at the ground surface (<150 W m™2), because

S/11/82 13hriTmn

1 Ro= 80 sm™
] heZ 0.9m

T2 N LAT=2+ A & o8
1NN\ N\ 30 ¥V 6

whole shift
of the curves
with R =50 sm~*

08°C

20 e
E \'Q LAI=8 I

18]

4
4

17 . o Wem¥em3

0.10 0.12 0.15 0.20 025 0.30

T
035.

W wilt W saturation

FIG. 4. Variations of the IR surface temperature T, near midday as a function
of the soil humidity content w for given leaf area index (LAI).
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W = 0.12 cm?®/ cm®

Tsm
°0) 5/11/82 13hrkImn
2LF LST
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h =0,9m
23
22
[ wW=0.15
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19 -_ //‘
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FIG. 5. Variations of the surface temperature 7, near midday as a function of LAI for given soil water content w.
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FIG. 6. Relative contribution of soil and foliage to the total evaporation above canopy for the whole range of LAI (2-8)
and for three values of soil moisture (w = 0.12; 0.20; 0.30 cm® cm™).
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the foliage density (LAI = 4) prevents shortwave ra-
diation from reaching the ground (see Fig. 6). There-
fore, the soil parameters are relatively without influ-
ence. There remains only one significant parameter to
regulate the radiative temperature T, and the fluxes,
namely, the global foliage resistance RST, which is a
very different concept from the surface moisture avail-
ability used for bare soil, since the vegetation is a layer
of negligible heat capacity [see Eq. (25)]. This conclu-
sion can be seen in Fig. 7, where the radiative temper-
ature taken at the time of the satellite observation near
midday Ty, is clearly a unique function of RST, for
the same time (and named RST,,), when its solar de-
pendence is also a minimum. Indeed, these results cor-
respond to agronomical analyses, where, for well-de-
veloped vegetation, the foliage density loses its signif-
icance and where its evaporation depends on other
factors influencing its stomatal resistance.

In consideration of Figs. 4 and 7, the impact of fo-
liage resistance RST,,, over dense canopies, may be
separated into two regimes. First, for a relatively weak
water supply in root zone (w between 0.12 and 0.22
cm® cm ™3, approximately half of the total range of w),

sm A
9]

38+
3F

711782 13hr 26mn
LSt .

Ro = 150 sm-1

h=09m

LAI=4 A 80
6 v

o RS
500 sm-!

400

9]
36
35
34
33
32
n
30
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the w variations induce large variations of T, (~3°C,
from Fig. 4) and RST,, (from 200 to 400 s m™! in Fig.
7), compared with the rest of the range of w (between
0.22 and 0.30 cm? cm™3). In that range, T, variations
are only of 1°C and RST,, varies from 100 to 200 s
m~'. Therefore, for w between 0.12 to 0.22 cm> cm ™3,
taking from the model simulations the unique relation
between the radiative temperature and the foliage re-
sistance at the time of the midday satellite observation,
asin Fig. 7, we can use the measurement of the radiative
temperature by the satellite near midday to obtain, with
reasonable accuracy, the single factor RST,, of the can-
opy, without a knowledge of LAI. We estimate the un-
certainty to be about =20 s m™! (Fig. 7), in the range
of tested w and for LAI between 4 and 8.

The RST,, is the direct variable inferred by model
inversion given the measured radiative surface tem-
perature at midday. An indirect measure of the water
content w in root zone may be deduced from RST by
a significant parameterization of RST upon w. With
regard to the formulation for RST [Eq. (24)], we can
estimate that, with no information on LAI, the uncer-
tainty on w calculated from Ty, (see Fig. 4) is about

Tm k 5/11/82 13hraTmn
°C) Ro =80 sm-1
h=09m
LAT= 4 A 80
26 6V
25
2t
20
17 1 | 1 L RSTm
0 50 100 150 200 sm-)

I :0.25 (W £030cm?®/ cm?®
I :0.20 { W £ 0.25 cm®/em®
I : 0.5 < W £ 0.20 cm3/ em®
I¥:0.12 ¢ W € 0.15 cm®/ cm?

29
28 |-

7/1/83 13hrbbmn
LST

Ro=150 sm-1
h=0.9m

27

26 -

LAI=4 A 80
6V

25 ! 1 1 1

= RSTm

100 200 300 400

500

sm-1

FiG. 7. As in Fig. 5 but as a function of the foliage resistance RST,, (near midday),
for dense canopies (LAI = 4).
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0.01 cm3 cm™3, However, we must emphasize that the
real uncertainty in the soil moisture estimation by this
kind of method, is likely much greater than 0.01 cm?
cm™3, If we exclude for the moment the external sources
of errors which may affect the accuracy of the T, mea-
surements and so w (as the atmospheric correction, the
model boundary conditions), the main source of error
is the present difficulty in establishing a correct em-
pirical parameterization of RST as a function of the
different physiological and meteorological factors (see
Katerji and Perrier et al., 1983).

For example, in the formulation used for RST [Eq.
(24)], the RO step function (RO = 80 s m™! during
growth and 150 s m™' during maturation) is derived
from comparison with the data of Fig. 2, and the un-
certainty of the two values of RO is about 30 to 50 s
m™'. The RO is between 50 and 80 s m™ for growth
and between 150 and 200 s m™! for maturation. If we
use the value of 200 s m™! for RO in the previous
sensitivity tests, rather than 150 s m™', we obtain a
whole shift of the T, curves (as function of w and
LAI) of about 0.6°C. In the range of w from 0.12 to
0.22 cm® cm 3, the uncertainty of RO (using 150 s m™*
or 200 s m™') implies an uncertainty on w estimation
of about +0.015 cm? cm™3, which is reasonable. How-
ever, the determination of the empirical function of
RST calls for further research. Thus, we cannot really
quantify the uncertainty of w from the measurement
of RST,,. Hence, the absolute soil moisture estimation
inferred by this method for studying the temporal evo-
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w/m? /
/ LAI=3

450
e LAI=4

J e

400

350 -

300-

7/1/82 13hr26mn
LST
Ro =150 sm~ 1!
=09m

LAlI=2+ A 4 Os8
30 V 6

250-

200 ] y

150 T T T ™ T wcma/cma
010 012 0.5 020

1T T T
0.25 0.30 0.35

W residual W saturation

O. TACONET, R. BERNARD AND D. VIDAL-MADJAR

295

lution of w on a given area, from multitemporal satellite
thermal images, requires complementary information
on RST. But, the methodology can still be used for
determination of spatial variability of soil moisture at
a regional scale.

Examination of the response of evaporation at mid-
day, LE,,, to the changes of LAI, RO, and w, the anal-
ysis and conclusions are very similar to those for T,
for dense foliage (LAI = 4) (Fig. 8). The evaluation of
the maximum evaporation flux, at the satellite orbit
time, LE,,, is possible, given a measurement of the
radiative temperature T,, without having to specify
LAI (Fig. 9). The uncertainty on LE,, is small, about
20 W m™2, for an LAI between 4 and 8, and for all the
range of dry and moist soils. As the variations of LE,,
are regular with T, for all the range of dry and moist
soils under canopies, a given uncertainty in the mea-
surement of T, leads to the same uncertainty in LE,,,,
for low and high evaporation rates.

We now have to consider the second regime, cor-
responding to a good water supply in the root zone (w
between 0.22 to 0.30 cm? cm™3). Variations of winduce
weak variations of RST,,, (from 120 to 200 s m™!) and
reduced sensitivity of T, (~1.5°C), from Figs. 4 and
7. However, it appears that for moist soil conditions
(w = 0.22 cm® cm™3), T, and LE,, reach a plateau
and become more or less insensitive to w (see Figs. 4
and 8). This plateau expresses the maximum foliage
evapotranspiration reached by a well-developed vege-
tation, with an adequate water supply, where the soil

LEm

wim?
400
4 5/1/82 13hré&7mn
1 LST
Ro= 80 sm-?
4 h =09m
350—_ e LAl =2
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FIG. 8. Variations of evapotranspiration LE,, near midday as a function of soil humidity content w for given LAL
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water is no longer a limited factor for the root absorp-
tion. We may remark that, for a large water supply,
the foliage resistance RST,, reaches effectively a min-
imum (here between 120 to 200 s m™!) for a given
phenological state (mature, for the 11 July 1982). Even
at a minimum value, the foliage resistance RST by the
formulation (24) never reaches a zero resistance, lead-
ing to potential evaporation. The equation expresses
the fact that, wide open leaf stomata do not possess a
zero resistance, as is the case with saturated bare soil.
Thus, the maximum value of canopy evaporation can
never reach the potential evaporation (Perrier, 1977).

For that range of w between 0.22 and 0.30 cm?® cm ™3,
the uncertainty of RST,, from the measurement of T,
is also about +20 s m~! (see Fig. 7). For determining
w from the value of Ty, with the formulation used
for RST [Eq. (24)], the uncertainty in w has increased,
as the temperature T, reaches a limiting minimum
value. The uncertainty of w is about +£0.03 cm? cm™3
(see Fig. 4). With RO varying from 150 to 200 s m™!
the uncertainty of w becomes very large (around +0.04,
+0.05 cm?® cm™3). Hence, for that range of w, even if
the computation of RST is accurate, we have no precise
estimation of w.

The same conclusions, as given for dense canopies,
remain valid for the second day of simulation (11 May
1982) for the growing state of wheat (RO = 80 s m™!).
The ranges of uncertainty on RST,, in w are the same
for the two regimes considered.

b. Results of sensitivity tests for partial canopy cover
(2<LAI<4)

For partial canopy cover, with LAI between 2 and
4, LAI is no longer a negligible factor, especially for
relatively moist soils (w between 0.20 and 0.30 cm?
cm™>) (see Fig. 5). For that range of w, the contribution
of the soil evaporation is comparable with the foliage
transpiration, or even greater (see Fig. 6). As an ex-
ample, for a water content near saturation (w = 0.30
cm?® cm™3), soil evaporation exceeds the foliage evap-
oration for LAI < 3 (Fig. 6), increasing significantly
the total surface latent flux and decreasing the radiative
surface temperature. Over bare soil and near saturation,
the soil resistance becomes nearly zero and leads to a
potential evaporation, unlike the case for vegetation
where the potential rate is never achieved, as explained
in section 3a.

Therefore, for a partial canopy, we find it necessary
to describe precisely both water transfer by the foliage
(including its foliage density LAI and stomatal resis-
tance RST) and the water diffusion at the soil surface
depending on the soil resistance « which is a function
of soil humidity w, near the surface. The assumption
of a constant water profile from the soil surface to 1
meter in soil (with w, = w; = w) is no longer valid.
Identical results have been found from experimental
studies on growing lucern (Katerji and Perrier, 1985).

In the case of partial foliage cover, the only use of
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midday radiative temperature Ty, is not sufficient to
infer the several governing parameters (LAI, RST, «).
Although estimates of LAI may be obtainable from the
visible channels of meteorological satellite (the
AVHRR of NOAA, or the MSS of LANDSAT), it is
not possible to specify the humidity in the first few cm
of soil (and thus «) by remote sensing at the scale of a
satellite pixel. The number of surface parameters to
infer are hence too numerous actually for satellite
methodologies.

Meanwhile, we may remark that, for relatively dry
soils (0.12 cm?® cm™ < w < 0.20 cm® cm™3) and with
the assumption of no soil water gradient (w, = w,
= w), Ty, is not very sensitive to LAI (Fig. 4). The
value of w (and so of RST,, and «) is deduced from
T, without a knowledge of LAI, with a reasonable
accuracy of +0.015 cm® cm™ (Fig. 4). Thus, in the
case of dry soils, the soil evaporation remains weak
compared to the foliage evapotranspiration (Fig. 6).

¢. Sources of experimental uncertainties

The maximum variation in T, for LAI > 4 is likely
to be 4-5°C. This means that for relatively dry soils
(w between 0.12 and 0.22 cm® cm™3), an accuracy of
+0.5°C in T, corresponds to an error of about +0.02
cm? cm ™3 in w (see Fig. 4). The absolute value of Ty,
simulated by the model depends on the specified
boundary layer and initial conditions, especially the
accuracy in the temperature profile, for example, as
might be obtained from a sounding at 0600 UT. These
errors are not likely to exceed about +0.5°C on the
average, corresponding to an uncertainty of £0.3°C in
T, which is reasonable considering the typical T,
range (4° to 5°C) over canopies with or without water
stress. The uncertainty involved in the mean canopy
resistance RST,, is about +40 s m™!, with the same
value for dry and wet soils, and the uncertainty on LE,,
is about £20 W m~2 for low and high évaporation rates
(see Figs. 7 and 9). For relatively dry soils (w between
0.12t0 0.22 cm3 cm™3), where Ty, is the more sensitive
to w, the inaccuracy of £0.3°C on T, leads therefore
to a reasonable uncertainty of +0.01 cm® cm™ on w
(see Fig. 4).

In general, these errors are smaller than those orig-
inating from uncertainties in the measured IR surface
temperatures, arising largely from the atmosphere water
vapor correction. Therefore, when measured IR sat-
ellite temperatures are used to obtain the soil moisture
by inversion of the model, such measurement uncer-
tainties (which are likely to approach or exceed +1°C)
provide a possibly greater source of error in obtaining
w than does the model itself.

4. Test region and satellite image processing

a. The test region: la Beauce

The test region is located southwest of Paris and is
delimited on the map of Fig. 10 by the square, 128 km



MARCH 1986

O. TACONET, R. BERNARD AND D. VIDAL-MADJAR

297

I :0.20 <W €0.30cm®/cm?

7/11/82 13h 26 mn
LS.T.
Ry =150sm™!
LEm h=08m
-2
Wm LAl= 48 B8O
6V
400 |~
350 —
300 -
250 —
200 .
28 30 33 35 37 Tsm

°C

IO :0.12 ¢ W 0.20 cm®/ cm®

5/11/82  13h47mn
LsT.
R, =80sm~!
Em h=08m
Wm~2 LAl= 44 B8O
{l 6V
300 [—
R 1
a
250 |—
oVl
&
200 = &
ALEm=20Wm I o
i
150 |- o
SN N T T T T N I T U LAy
15 18 20 23 25  Tsm
oC

FIG. 9. As in Fig. 8 but as a function of the radiative surface temperature T,.
(Uncertainty on the evaluation of LE,, from 7,,.)

on a side. The Beauce Plateau is situated at the center.
It is composed of two different areas: the Grande
Beauce at the east around the town of Pithiviers and
the Beauce Chartraine at the west around the city of
Chartres (see Fig. 10). The relief appears to be quite
flat increasing from 130 m MSL in the east to 170 m
MSL in the west. At the west end of the Beauce Plateau
are the Faux Perche and the first hills of the Perche.
The two regions are quite different from the Beauce
Plateau by relief, geology and crop cover distribution.

Over the two areas of the Beauce Plateau, (Beauce
Chartraine and Grande Beauce) the pedological cov-
ering (approximately the first meter of soil), corre-
sponding to the root zone for vegetation, is very similar,
namely limon. But below, the geological substratum
of the plateau itself is divided into two regions which
correspond approximately to the natural areas de-
scribed before. The east is formed by Aquitanien lime-
stone while the west consists of Senonien white chalk
with silex. This structure induces differences in the
draining properties of the two regions. Table 4 gives
the crop cover distribution for the year 1979-80 in the
Grande Beauce and the Beauce Chartraine. The Plateau
has a homogeneous cover of vegetation, mainly wheat
and barley (50%) and corn (20%), if one excludes sugar
beet which is not present in the Beauce Chartraine.
The crop distribution is homogeneous inside each re-
gion.

b. Satellite image processing

To obtain surface thermal structure at a regional
scale, the Advanced Very High Resolution Radiometer
of the NOAA satellites is convenient. This satellite is
able to scan a given location four times a day (at in-
tervals of 6 h) at a time very close to local maximum
temperature (approximately 1400 UT). This heliosyn-
chronous polar satellite allows data acquisition with a
resolution of 1.1 km at zero scan angle and a sensitivity
of 0.1°K. The image processing involves calibration,
registration and correction for water vapor absorption.
The radiometric calibration is done using the coeffi-
cients given by the AVHRR on-board calibration.
Temperature analyses for different daytime images
were rectified to geographic coordinates. Registration
and resampling finally lead to an image with one-kil-
ometer square pixels and a geographic error less than
3 or 4 km (for more details, see Cheevasuvit et al.,
1985). A spatially constant water vapor correction is
applied using the Lotran 4 model (Deschamps and
Phulpin, 1980). Atmospheric moisture data were ob-
tained from radiosonde or airplane information over
Beauce.

As recalled in Section 2, using a picture segmentation
procedure on the IR NOAA images at midday, the
spatial variability of temperature over the Beauce Pla-
teau has a very defined signature (see Cheevasuvit et
al., 1985). The region is divided in three or more large



298

JOURNAL OF CLIMATE AND APPLIED METEOROLOGY

VOLUME 25

km:
LD o020 s

re—

FiG. 10. The two different areas of Beauce Plateau are west, Beauce Chartraine (1) extended'by Beauce Dunoise (3),
and east, Grande Beauce (4) extended by Beauce de Patay (6). Outside Beauce Plateau is Faux Perche (2) (west).

areas (greater than 20 X 20 km) of distinct mean surface
temperature, but where the inner variability of tem-
perature is very weak (about 1°-2°C). Hence, the sur-
face parameters defined by the model are representative
of the scale of these homogeneous subzones. The seg-
mentation processing is applied to the 3 midday NOAA
images studied: 11 May and 11 July 1982 and 11 July
1983. In Fig. 11, the segmentation results on the three
images are presented. The images are classified in quasi-
homogeneous subzones of temperatures, with an inner
variability given by the threshold e of the image. The
difference between the maximum and minimum of
temperatures in each zone is defined as <e. Hence, the
homogeneous subzones, greater than 20 km X 20 km
are individualized on the Beauce Plateau for the three
images and their mean surface temperatures 7T,, then
estimated (see Fig. 11).

TABLE 4. Crop distribution in the natural regions (%).

Region Wheat Barley Corn Sugar beet
Grande Beauce 40 20 10 20
Beauce Chartraine 50 10 25 1

* Source: Agriculture general census 1979-80.

An interesting feature of the 11 May and 11 July
1982 cases is that Beauce Chartraine is clearly colder
than the Grande Beauce for the two different seasons.
Table 4 indicates that the difference is not likely due
to differences in vegetation cover. As an approximation,
we assume that the phenological state of wheat over
the two regions of Beauce are the same. Applying the
results of the sensitivity tests on T, (see section 3),
we note that the temperature gradient between the two
regions may be related to a difference of foliage resis-
tance RST,,, if the canopies are dense. We shall quan-
tify the RST,, difference between the Grande Beauce
and the Beauce Chartraine, and the induced water
content difference in the next section. )

A validation is proposed by comparison between the
simulated surface fluxes and the experimental mea-
surements at two sites, located in the two different ho-
mogeneous subzones. The experimental fluxes are cal-
culated by methods which integrate the turbulent scale
of a few kilometers. They are thus comparable with
the scale of several AVHRR pixels. That comparison
is a partial validation of the proper choice of the model
parameterizations, by showing that the model, using
T,,, data, simulates the correct surface fluxes, by an
adequate estimation of the foliage resistance RST,,.
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FIG. 11. Results of the segmentation on the three studied images. The greatest homogeneous areas (400 km?) are
underlined. Zones (cross hatching/stippling) are homogeneous areas in Beauce Chartraine or Grande Beauce. Corrected

temperatures (in °C) are specified.

We also apply the methodology to the 11 July 1983
image, where, with a rainy beginning to the month,
there is no clear difference of surface temperature be-
tween Grande Beauce and Beauce Chartraine.

5. Case studies

For the three cases, 11 May 1982, 11 July 1982, and
11 July 1983, we study the determination of the im-
portant soil/vegetation parameters which must be ad-
justed in the model, in order that the measured satellite
surface temperatures near midday by NOAA-7 (Fig.
12) correspond to the model temperatures at the same
time. The surface fluxes over the two regions (Beauce
Chartraine and Grande Beauce) subsequently can be
derived.

Over the Beauce Plateau, the crop is homogeneous,
mainly wheat and barley (60% of the total area). For

nearly all of the wheat physiological cycle, the foliage
density of the canopy remains important (LAI is greater
than two following the wheat sprouting in mid-April)
(Fig. 3). The results of the sensitivity tests for dense
vegetations (section 3) remain appropriate to the anal-
ysis of the three cases. We assume, as the crop distri-
bution is quasi-identical in the two regions of the
Beauce Plateau, that the LAl is the same over them.
For the two 11 July cases in 1982 and 1983, one or
two weeks before harvest, the wheat is mature and LAI
reaches a plateau of about three to four. Cornfields, a
minority crop in these two regions (~20%), have about
the same LAI. Therefore, we may estimate the regional
LALI at a reasonable value of three to four, at the lower
limit of the range of a dense canopy (see section 3a).
For the third case, 11 May 1982, the wheat crop is
growing and the LAI in May is at a maximum, about
five to seven, corresponding surely to a dense canopy.
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FIG. 12. Determination of the canopy resistahce RST,, from sensitivity tests on the three days 11 July 1982,
11 July 1983 and 11 May 1982 for the two regions, Beauce Chartraine and Grande Beauce.

The soil parameters, as thermal and hydraulic con-
ductivities are fixed (see section 3) by parameterizations
for standard clay-type soils, dominant in the
Beauce Plateau. :

As surface temperatures and fluxes appear especially
insensitive to surface albedo (Carlson and Boland,
1978), the foliage albedo a;,is taken to be identical for
the two regions and the three dates, varying from 0.12
(near midday) to 0.20 (during night) with solar incli-
nation. Effectively, values of about 0.10 to 0.15 have

been found over the region with the visible channel of
AVHRR, for several days of mid-July 1983 (T. Carlson,
personal communication).

Now, we apply the results of the sensitivity tests for
dense canopies (LAI > 4) as seen in section 3a, for the
measured radiative temperatures on the homogeneous
segmented areas of Beauce Chartraine and Grande
Beauce (Fig. 11). Therefore, setting the unique relation
between the radiative temperature and the foliage re-
sistance at the time of the midday satellite observation,
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TABLE 5. Simulated canopy and soil parameters on 11 July 1982 and 1983 and 11 May 1982 on the two regions
of Beauce Chartraine and Grande Beauce.

Adjusted parameters

Common parameters for

Mean foliage resistance RST,,

Soil water content w

the two regions (sm™) (cm? cm™)
Leaf area index  Height 4 RO Grande Beauce
Date LAI (m) Grande Beauce ‘Beauce Chartraine (s m™) Beauce Chartraine
11 May 1982 5-7 0.9 130 85 80 0.15 0.20
13 h 47 min ARST,,=30sm™ -ARST, =30sm™ Aw = +0.01 Aw = +0.03
(due to RO varying from 80
to 50 s m™)
11 July 1982 34 0.9 370 210 150 0.12 0.18
13 h 26 min ARST,,=30sm™ ARST,=60sm™! Aw = +0.01 Aw = +0.01
(due to RO varying from 150
to 200 s m™")
11 July 1983 3-4 0.9 190 240 150 0.16 0.19
13 h 44 min ARST,,=60sm™  ARST,=60sm™ Aw = +0.01 Aw = +0.02
(due to RO varying from 150
t0 200 s m™)

RST,, and T,,,, by model simulations as in Fig. 7, we
can use the measurement of the radiative temperature
by NOAA-7 near midday to obtain the single important
parameter RST,,, the foliage resistance, and then the
surface fluxes. The values of RST,, over the Beauce
Chartraine and the Grande Beauce are obtained by
this method in Fig. 12 and given for each of the three
cases in Table 5. The uncertainty in RST,,, due to no
accurate specification of LAI, are estimated from Fig.
'12. As seen in Section 3a, they vary effectively between
+20 and +30 s m™".

The RST,, is the direct variable inferred by model
inversion from the measurement of the midday radia-
tive temperature 7T,. We now deduce the indirect
value of the water content in the root zone, using the
proposed formulation of RST [Eq. (24)]. The values
of w are calculated from the model simulations of the
response of the radiative temperature at the satellite
orbit time 7, with w and LAI (=4) variations, and
using the measurements of T, by NOAA-7 over the
Beauce Plateau (see Fig. 13). The values found are re-
capitulated in Table 5, with their uncertainties asso-
ciated with the unspecified LAI and RO (Aw is around
+0.01, £0.02 cm?® cm™3). We have for the three cases
(except for Beauce Chartraine on 11 July 1983) the
favorable case of dense canopies with a relatively dry
root zone (w between 0.12 and 0.20 cm? cm™3), where
we may infer with a minimum of ambiguity the value
of w from the measurement of the radiative tempera-
ture Ty,,.

Thus, for the three days we obtain measurements of
the mean canopy resistance at a regional scale and in
turn, indirect measurements of the water supply w (in
the first meter of soil). Despite the simplifications of

the boundary layer/vegetation model, and the rough
parameterization of RST [Eq. (24)], the relative vari-
ations (in time and space) of RST and w, derived for
the three cases, appear to be realistic.

One of the ultimate objectives, of course, is to derive
the correct partition of the surface fluxes on the scale
of the satellite pixel and the test of a good model is
whether it can yield a partition of the surface fluxes
corresponding with the measurements of these fluxes.
Therefore, a comparison has been made between sim-
ulated fluxes and experimental measurements of sen-
sible heat flux H and net radiation Ry at two represen-
tative sites of the two regions (Villeau for Beauce Char-
traine and Montigny for Grande Beauce), for the two
11 July cases.

For July 1982, the surface sensible heat flux was
computed from an instrumented 100-m mast at Vil-
leau. For July 1983, the sensible heat flux was measured
at the two sites, by the same probes and by two different
methods: first, with a local SAMER methodology (Itier,
1981), measuring vertical gradients of temperature and
wind in the surface layer, and second, with an acoustic
Doppler sounder (Weill et al., 1980) using turbulent
parameterization of the well-mixed layer. The acoustic
Doppler sounder computes surface heat flux at a rep-
resentative scale of a few square kilometers, similar to
the AVHRR scale (1 km? resolution). As the two sites
were in homogeneous monocultural areas, we have
found that the two methodologies of sensible heat flux
measurements at local and mesoscale gave identical
experimental data. Hence, in Fig. 15, we mention only
the SAMER results for July 1983.

Figures 14 and 15 present the simulated and mea-
sured fluxes for July 1982 and July 1983. The sets of
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FIG. 13. Determination of the water content w from sensitivity tests on the three days 11 July 1982
and 1983 and 11 May 1982 for the two regions, Beauce Chartraine and Grande Beauce.

variables are those determined from the model sensi-
tivity tests on T, (Figs. 12 and 13): for July 1982, LAI
=4,RO =150 s m™, and w = 0.12 cm? cm™ for the
Grande Beauce and w = 0.18 cm?® cm™ for the Beauce
Chartraine; for July 1983, the same values of LAI, RO
were used and w = 0.16 and 0.19 cm® cm™3, respec-
tively, for the Grande Beauce and ‘the Beauce Char-
traine. A good comparison of computed sensible heat
flux at midday with the measured fluxes is found on
the two days. The different climatological conditions
between these two years are, reflected by the difference
in sensible heat fluxes, 300 W m™2 for 11 July 1982
versus 150 W. m™2 for 11 July 1983. This good com-
parison between simulated and measured fluxes are an

added support to the choice of our canopy resistance
parameterization,

This methodology produces also a spatial hetero-
geneity of surface fluxes between two regions, especially
for the 11 July 1982, where the temperature difference
between Grande Beauce and Beauce Chartraine is very
striking (2.5°C). The spatial estimated gradient is of
80 W m™2 (a relative variation of 30%) for sensible heat
flux and 100 W m~2 (around 60%) for evaporation.

The two images of May and July 1982 exhibit an
important thermal contrast between the east and west
parts of the Beauce Plateau, the Grande Beauce and
the Beauce Chartraine (see Fig. 11). The results of our
model simulations have shown that the thermal dif-
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11 July 1982. The surface parameters are LAI = 4, RO = 150 sm™!, h = 0.9 m and, respectively, w = 0.12 cm® cm™3,
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ference is explained by a spatial variation of the actual on the Grande Beauce and 0.18 cm® cm™ on the
water content under classical vegetation and have Beauce Chartraine).

quantified that difference. Grande Beauce appears to Nevertheless, the water content in the root zone on
be drier than Beauce Chartraine, especially on 11 July  a regional scale or on the scale of a AVHRR pixel has
1982, with a 30% difference of w (wis 0.12 cm® cm™  no definition in the present state of the art. As a con-



304 JOURNAL OF CLIMATE AND APPLIED METEOROLOGY VOLUME 25

T7T/11/783
13h44 mn
J°C W/m?
SURFACE RADIATIVE TEMPERATURE | SURFACE SENSIBLE HEAT FLUX
8| 200 -
L [
I - 2
nf 150 |- Bw/m
5 100 |-
r r
20 - 50 -
]5- ) 1 ! i 1 1 1 [ - 0 r . . T . . r . ——
6 8 W 1 1w % 1w 2 22 2 TIME(LST 6k % \\1 2 TIME (LST)
50 L \/
00 jw/m2
Wimz SURFACE EVAPORATION FLUX 600 jW/m NET RADIATION
400 [~ oW/ m? 500
300 | 400
’: L
200 |- 300
100 | 200[
O 100
[ [ \ TIME
R 111} T S RPN 0 ﬁ\ {LST)
6 8 10 12 1 16 18 20 TIME(LST) & 8 10 12 W 16 \18\ 20 2 22 2

LEGEND

—+——+— Simutation on Beauce Chartraine ~100
+0-~=0- Simulation on Montigny

=x—y~ Experimental data on Montigny

~A——{0- Experimental data on Villeau

F1G. 15. Experimental and simulated fluxes on the two subject regions for 11 July 1983. The surface parameters are
LAI = 4, RO = 150 s m~!, & = 0.9 m and, respectively, w = 0.16 cm® cm™3, w = 0.19 ¢cm® em™ for Grande Beauce
and Beauce Chartraine.

sequence, it is difficult to compare the product of our and Studer) which gives the regional distribution, not
methodology to any ground-truth measurements. But, of the actual water content at the same dates, but of a
a document exists for the Beauce Plateau (Lafrechoux soil property, “the soil available water,” associated with
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the soil water drainage in the surface (1st or 2nd meter
of soil), and confirms the existence of a gradient of soil
humidity between Grande Beauce and Beauce Char-
traine.

This soil property, the “soil available water” is de-
fined as the quantity of water (expressed as height of
water), which can be stored between the field capacity
and the wilting point in the entire root zone (Weid capacity
~ Wwin)- The results are based on pedological and geo-
logical data over the region and have been verified using
183 sampled profiles. In Fig. 16, the “soil available
water” map is represented at the same scale as the seg-
mented 11 July 1982 image of AVHRR. The homo-
geneous segmented areas over Beauce Chartraine and
Grande Beauce determined from the AVHRR IR im-
age are clearly correlated, together with the borders of
the areas, with two regions of greater and less “soil
available water” respectively (see Fig. 16). This can be
understood by the fact that since Grande Beauce has
a weaker total water supply in the soil surface, the water
content in the root zone is more quickly exhausted at
the end of the wheat culture in July, than in Beauce
Chartraine. This leads to an area of smaller water con-
tent for Grande Beauce in July 1982. This feature was
enhanced in 1982, a particularly dry year over the
Beauce according to climatological analyses of the Mé-

7.11.1982 NOAA7 130

longifude

1126k m g

10km1 y

latitude

Scale

—— km
0 10 20

SOIL AVAILABLE WATER

FIG. 16. Comparison between the homogeneous areas of July 1982
and regions of equal soil water availability. There is a very good
agreement between the two maps. The thermal structure may be
used as an indicator of the soil water budget. (I) 150 to 200 mm
available water with dry valleys (75 to 100 mm); (II) 100 to 150 mm
with dry valleys (25 to 50 mm); (III) 50 to 75 mm; (IV) 75 to
100 mm.
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téorologie Nationale over 30 years. The year 1983 is
clearly moister.

Moreover, we find in July 1983, at the same time
of year, that the two regions of Grande Beauce and
Beauce Chartraine are quite thermally identical, with
a midday temperature of 32.9°C, leading to a mea-
surement of w = 0.19 cm? cm™ from our model sim-
ulations (see Fig. 13). This value of w for the Grande
Beauce is clearly greater than in the 11 July 1982 case
(w=0.12 cm® cm™).

The good behavior of the water content evolution
w over Grande Beauce for these two climatologically
different years support the choices of the parameter-
izations and simplifications of our methodology for
studying an agriculturally homogeneous region.

6. Conclusions

In this paper, we present a method and its limits for
the evaluation of evaporation over a rural canopy at a
regional scale, from measurements of the infrared sur-
face temperatures by satellite. The model is based on
the application of a one-dimensional atmosphere/veg-
etation model. The noticeable feature of the model is
that it accounts for the foliage canopy, assuming an
adequate partition of the available energy fluxes be-
tween ground and vegetation by introducing a repre-
sentative canopy resistance to water vapor diffusion,
following Deardorff (1978).

To simplify the problem of the numerous soil/veg-
etation parameters involved in the Deardorff formu-
lation, we have restricted our study to the case of dense
vegetation, where the number of parameters may be
reduced to four primary ones: height, foliage density
and resistance for vegetation, and mean water content
in the root zone for soil. With the aid of sensitivity
tests on these parameters, we have shown that, over
dense homogeneous cultures (LAI > 4), the midday
satellite temperature can be used to obtain, by model
inversion, the only remaining influential parameter,
the canopy resistance RST, and hence the correct sur-
face fluxes. The canopy resistance RST constitutes a
very different approach from the concept of moisture
availability used for bare soils, as the vegetation is a
layer of negligible heat capacity. From sensitivity tests,
we estimate the uncertainty of RST to be about
+20sm™!,

From the expression of the canopy resistance, one
can obtain the substrate water content in the root zone,
using a relationship to RST proposed by Deardorff
(1978), but modified using measurements made over
wheat during two years (Perrier et al., 1978). Accord-
ingly, wis estimated with an uncertainty of about +0.01
cm® cm™ for relatively dry soils (w from 0.12 to 0.20
cm? cm™3) and about +0.03 cm?® cm™ for moist soil
(0.20 t0 0.30 cm® cm™3).

It is likely, however, that the real uncertainty on w
is much greater than these estimates, due to the lack
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of real empirical formulation of RST, as a function of
the different physiological and meteorological factors.
However, the formulation [Eq. (24)] used in this study
is a rather simple one for quantifying results of this
methodology. If the absolute value of w is difficult to
estimate in practice, this methodology can still be used
for determining the spatial variability of soil water on
a regional scale.

This methodology has been applied over a flat quasi-
monocultural region (the Beauce, covered by wheat),
where the analysis of the AVHRR imagery indicates a
separation of the Beauce, into two homogeneous tem-
perature zones (20 km X 20 km), each with a different
temperature, suggesting that each zone possesses a dif-
ferent substrate water supply. Experimental measure-
ments of the surface fluxes on the Beauce verify the
simulated fluxes and thus provide added support for
our choice of the canopy resistances. A difference of
the draining soil properties between the two zones is
also confirmed qualitatively by pedological studies
(Lafrechoux and Studer).

However, the absolute determination of soil water
content is precariously dependent on a judicious cal-
culation of the canopy resistance. It remains to test
further the vegetation resistance formulation under a
variety of cultural systems.(corn, meadows, etc.) from
experimental studies over several years and regions.
The ultimate aim would be to understand the relation
between the IR surface temperatures and fluxes on a
more complex patchwork of cultures.
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APPENDIX
List of Symbols
¢ specific heat in general )
Cfm, Cgm, ~momentum transfer coefficient: within the
Cu canopy, at the soil, in the surface layer
at the reference level
Cpn, Con,  heat transfer coefficient: within the can-
Cy opy, at the soil, and in the surface layer
at the reference level
d displacement height
dew mass of liquid water on the foliage

JOURNAL OF CLIMATE AND APPLIED METEOROLOGY

VOLUME 25

dm maximum value of dew -
Hy, Hp, H sensible heat flux: within the cangpy,
above the ground, above the canopy

LAI leaf area index
LE;, LE,, latent heat flux: within the canopy, above
LE, the ground, above the canopy

LE,, value of LE at the time of the satellite ob-
servation near midday.

q specific humidity

daf mean specific humidity of air within the
canopy

da specific humidity of air at reference level
in surface layer

P, shelter factor for momentum

R fraction of potential evaporation rate from
the foliage -

R atmospheric longwave radiation

Ry, Ry available visible radiation: at ground level,
in the canopy

Rpg, Rry  available longwave radiation: at ground
level, in the canopy

RST stomatal resistance of foliage

RST,, value of RST at the time of the satellite
observation near midday

RO seasonal dependence factor of RST

St incoming shortwave radiation

T - absolute temperature

Tyr mean air temperature within the canopy

gy leaf surface temperature

T, ground surface temperature

T, infrared surface temperature

Tom value of T near midday at the time of the
satellite orbit

T, temperature of air at reference level in
surface layer

U, wind at reference level in surface layer

Uys mean wind speed within the canopy

Uk friction velocity

w global soil moisture in the root zone
(around 1st meter of soil)

We volumetric concentration of soil moisture
in the upper 10 cm (d;)

W soil moisture content within the first meter
(d2)

Wailt a wilting point value of w

8 constant for participation of nonfoliage
elements in momentum conductance

Qsf, Olsg albedo: foliage, ground surface

o fraction of potential evaporation rate from
the soil surface

€, € emissivity: foliage, ground surface

0y partition factor of momentum flux be-
tween vegetation and soil

o Stefan-Boltzmann constant

af average shielding factor defined as the de-

gree to which the foliage prevents
shortwave and longwave radiation from
reaching the ground
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Th Tgs T momentum flux: within the canopy, at
soil, in the surface layer

p density of air
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