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[1] The angular distribution of thermal infrared (TIR) radiation emitted by vegetation
covers can vary widely depending on environmental conditions and canopy structure. As
an aid in the interpretation of TIR remotely sensed data from vegetated surface with
incomplete canopies, we developed a three-dimensional radiative transfer model in the
thermal infrared domain. The model simulates the TIR radiative budget and upward
spectral radiance of vegetation covers. The model is an extension to the TIR region of the
DART (Discrete Anisotropic Radiative Transfer) model developed for the short wave
domain. Radiative transfer simulation relies on discrete 3-D scene representations,
which include any distribution of trees and ground covers, possibly with topography.
Propagation of emitted and scattered radiation is tracked with a ray-tracing approach
and the discrete ordinate method. The model was successfully tested against a physically
based model for homogeneous canopies, and a partial validation was carried out with
directional TIR measurements on a cotton row crop. Model simulations are presented to
illustrate the influence of the canopy geometric structure on the directional apparent

temperature of hypothetical vegetation covers.
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1. Introduction

[2] Surface temperature sets the boundary conditions for
latent and sensible heat exchanges between the vegetation,
the soil surface and the atmosphere. Thermal infrared (TIR)
remote sensing provides the radiometric temperature (i.e.,
temperature measured by a radiometer) of terrestrial surfa-
ces at various scales of space and time. Therefore, many
studies were developed to estimate surface sensible heat
fluxes [Jackson et al., 1977; Stewart et al., 1993;
Lagouarde et al., 1996] and surface latent heat fluxes
[Seguin and Itier, 1983; Hatfield et al., 1983; Taconet et
al., 1986; Seguin et al., 1991; Courault et al., 1996; Chauki
et al., 1997; Norman et al., 1997] from surface radiometric
temperature. For crop canopies, Jackson et al. [1977], Inoue
et al. [1990] and Fuchs [1990] showed that the radiometric
temperature allows one to describe the plant water stress
and thus the soil moisture state. To improve the estimation
of surface heat fluxes, several numerical approaches [Of#lé
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and Vidal-Madjar, 1994; Taconet et al., 1995; Olioso et al.,
1999; Demarty, 2001] were based on the assimilation of
radiometric temperature or soil moisture inferred from
infrared observations in a land surface model.

[3] However, the main problem addressed in most pre-
vious studies is that the infrared radiometric measurement,
called brightness or apparent temperature, cannot be linked
in a simple and direct way to surface temperature. Indeed,
the infrared radiance represents an integration of radiative
fluxes that originate from leaves at different level in the
canopy, soil and atmosphere, all of which being usually at
different temperatures. Therefore, the apparent temperature
depends on various factors [Fuchs et al., 1967; Kimes et al.,
1980] such as surface characteristics (canopy structure,
temperature distribution, and optical properties), atmos-
phere properties and configurations of observation (viewing
direction and sensor properties). In this context, models are
interesting tools to investigate this problem because they
make it possible to set up relationships between the TIR
observations and surface biophysical parameters. Models
simulate the radiance measured by a radiometer, provided
that the surface, atmosphere and sensor characteristics are
known. In the thermal infrared, two major types of models
have been developed for environment studies: geometric
projection models and radiative transfer models.
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[4] Geometric projection models [Sutherland and Bar-
tholic, 1977, Jackson et al., 1979; Kimes and Kirchner,
1983a; Norman and Welles, 1983; Sobrino and Caselles,
1990; Caselles et al., 1992] estimate the TIR radiance of a
cover with the help of geometric considerations to
describe the canopy structure. First, they calculate the
proportions of projected surface area of the different
surface components (e.g., sunlit and shaded areas of the
canopy and soil), which are directly observed in a partic-
ular view direction. Thus, the TIR radiance at the sensor is
a weighting of these proportions by the TIR radiances
from the respective scene components, which include both
contribution of the surface and the atmosphere. Geometric
models represent the vegetation as an opaque medium and
do not simulate radiative transfer within the cover.
Accounting for canopy architecture, geometric models
provide a good description of the directional response of
TIR sensors. Jackson et al. [1977] and Kimes and Kirch-
ner [1983a] have validated their model over cotton row
crops that were abstracted as parallelepiped solids. How-
ever, the major constraint of geometric models is that in
order to simulate surface apparent temperature they need
the apparent temperature of each scene component, which
is generally unavailable and can only be assessed from
ground measurements. Moreover, geometric models do not
describe the radiative budget within the cover and cannot
be coupled easily to land surface models. The latter points
limit their use to specific areas where ground radiometric
data are available.

[s] Radiative transfer models [Kimes, 1980; Kimes et al.,
1980; Smith et al., 1981; Prévot, 1985; McGuire et al., 1989;
Olioso, 1995; Francois et al., 1997; Olioso et al., 1999;
Luquet et al., 2001; Luquet, 2002] estimate the cover
radiance as a function of sensor viewing direction, temper-
ature distribution, and leaf angle distribution within the
canopy. They simulate the propagation and the interactions
within the cover of TIR radiation emitted by the cover
components or incoming from the atmosphere. The canopy
is represented as a set of plane elements (i.e., the leaves)
statistically distributed into homogeneous horizontal layers.
The upward and downward radiative contributions of each
layer are based upon the concept of directional gap fre-
quency through the vegetation. The directional radiance of
the cover is calculated by summing the radiative contribu-
tions of all layers. Iterations are performed to account for
multiple scattering within the cover. The first generation
radiative transfer models do not account for the canopy
three-dimensional architecture. These models were essen-
tially developed and used for homogeneous crops. Kimes et
al. [1980] and Prévot [1985] have validated their model over
wheat and corn crops, respectively.

[6] Here, we present a three-dimensional radiative trans-
fer model, the DART (Discrete Anisotropic Radiative
Transfer) model, which simulates the TIR radiance of
vegetation covers with incomplete canopy. Compared to
previous radiative transfer models developed in the thermal
infrared, the main originality of the DART model is its
ability to take into account the three-dimensional structure
of vegetation canopies. After the description of the model,
we present tests of this model against a radiative transfer
model for homogeneous canopies [Prévot, 1985]. We also
tested the validity of the model with directional TIR
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Figure 1. Directional images of a spruce stand. The sun
zenith angle is 30°. (a) View in the nadir direction. (b) View
in a specific off-nadir direction: viewing zenith angle is 30°;
relative azimuth angle is 45°. The spatial resolution is 0.25 m.

measurements made by Kimes and Kirchner [1983a] over
a cotton row crop. Finally, we present the sensitivity of the
DART model to its major input parameters in order to
illustrate the influence of canopy structure on directional
brightness temperature in the case of tree covers and row
Crops.

2. Model Description

[7] The DART model simulates thermal infrared radiative
transfer within heterogeneous vegetation covers character-
ized by a three-dimensional structure. The model predicts
the surface directional radiance and the distribution of
thermal energy budget within the canopy over narrow
spectral bands or over the entire emission spectrum. It also
simulates directional remotely sensed images (Figure 1).
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Figure 2. Schematic representation of radiative transfers within the canopy.

Originally, the model was developed for the short wave
domain [Gastellu-Etchegorry et al., 1996]. In the visible
and near infrared domain, it was validated over three
experimental sites (black spruce, jack pine, and aspen) of
the BOREAS project [Gastellu-Etchegorry et al., 1999] and
over a maritime pine stand located in southeastern France
[Guillevic, 1999]. We present here its extension to the
thermal infrared domain.

[8] As already mentioned, the main originality of the
DART model is to take into account the three-dimensional
distribution of the scene components characteristics: vege-
tation density, optical properties and thermodynamic tem-
peratures. Radiative transfer is simulated through three
major steps (Figure 2): (1) the scene emission and prop-
agation of the emitted radiation within the cover; (2) the
atmospheric emission and propagation of the incoming
radiation within the cover; (3) multiple scattering of pre-
viously intercepted radiation within the cover. Radiation
propagation is tracked with a ray tracing approach com-
bined with the discrete ordinate method. The cover repre-
sentation, physical processes related to thermal emission
and the mathematical approach we adopted to simulate
radiative transfer are described in the following subsections.

2.1. Scene Description

[¢] The landscape is divided into rectangular cells with
variable dimension. Each cell represents one of the cover
components such as tree leaves, grass, trunk, soil, and water
surfaces (Figure 3). The main parameters required to
describe the cover architecture are the tree density, the
shape and dimension of the trees, and the topography.
Depending on ground data that are available, the scene
can be represented with varying degrees of complexity. For
example, the position and size of the trees can be specifi-
cally prescribed for each tree or statistically defined.

[10] The information content of any cell is specific to that
cell and is constant within the cell. Leaf cells (trees and
grass) are characterized by their thermodynamic temper-
ature, spectral emissivity, leaf area density, and leaf angle
distribution. Soil and trunk cells are described by their
thermodynamic temperature and spectral emissivity.

; Atmospheric
i y Radiation
x5 N
"
L
||| Tree crown
v
d QV“ Empty cell
1
Trunk
Understory
Soil
Wat Celli: Ugj, LAD, T, &
Cell (0,0,0) o S

Figure 3. Cell matrix representation of a tree stand. Each
cell represents one component of the cover such as leaves,
grass, trunks and soil. Leaf cells are characterized by their
temperature (T), spectral emissivity (c), leaf area density ug
(m? m ), and leaf angle distribution (LAD). Soil cells are
described by their temperature and spectral emissivity.
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[11] Leaves are represented as small plane elements
randomly distributed within so-called leaf-cells. From the
radiative viewpoint, these leaf cells correspond to turbid
media. They give rise to volume interaction processes. Soil
is represented by an opaque media and gives rise to surface
interaction processes only.

[12] The emissivity of most terrestrial materials depends
on wavelength. Sabins [1987], Elvidge [1988], Labed and
Stoll [1991], and Salisbury and d’Aria [1992] measured the
spectral emissivity of a large set of materials. Salisbury and
d’Aria [1992], for example, showed that the emissivity of
most soil and vegetation types varies significantly over the
8—14 pm band. The DART model allows one to simulate
radiative transfer over a prescribed spectral domain. The
emissivity of each cover component used as input parameter
is the average of spectral emissivities over the selected
domain.

[13] The temperature distribution depends on the energetic
state of each element within the cover, and is determined by
both external environmental factors (atmosphere and soil
water conditions) and internal plant factors. In its present
form, the DART model does not solve the energy and water
budget within the cover. This implies that the 3-D distribu-
tion of thermodynamic temperatures within the cover must
be prescribed. Two alternative ways to specify the temper-
ature distribution can be selected in the model. Each type of
cover components (e.g., soil, grass, trees, etc.) can be
represented by (1) a constant temperature within the cover
or (2) a range of temperatures characterizing the element
temperature in sunlit and shaded areas. In the later case, a
preliminary simulation in the visible domain allows to assess
the sun illumination within the cover. Then a very simplify-
ing hypothesis is used: “the within canopy 3-D temperature
is proportional to the intercepted sun radiation.” A third
option relies on the input of a 3-D temperature distribution
that satisfies the energy budget equilibrium. This approach
will be presented in a further paper.

2.2. Directions of Propagation

[14] The DART model relies on the discrete ordinate
method; that is, radiation can propagate only along a
prescribed number Ny;,. of discrete directions. A particular
direction €, is characterized by its zenith angle 6, and
azimuth angle . It is associated with an angular sector
AQ), defined by the zenith angle range A6, and the azimuth
angle range Ayp,. The solid angle is then defined as
follows:

AQ, = / /‘dunl.d% with i, = cosby. (1)
Ag, A6,
Nair
We have : Z Ay, = 4. 2)
n=1

Hereafter, a specific direction €2, will be represented by the
vector (0, @n, AQy).

2.3. Cover Emission

[15] In a first step, the radiative transfer model calculates
the emission of each cell of the scene, and the propagation
and interception of the emitted radiation within the cover.
The emission of a cell depends on the specific optical and
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structural characteristics of the elements within the cell.
Hereafter, we present the approach used to calculate the
emission of a soil cell and a leaf cell that are characterized
by surface and volume interaction mechanisms, respec-
tively. We assume that for each cell, the origin of any
emitted radiation can only be the center of one of the cell
sides.
2.3.1. Emission Laws

[16] The Planck’s radiation law describes the spectral
radiance Lg emitted by a blackbody (i.e., idealized body
that absorbs all of the radiation falling onto it and scatters
none) with a temperature T. The emitted radiation is
assumed to be isotropic. The Planck’s law is:

ILpn(T)  2h\7°¢? )
N (e )
*PNkT

where c is the speed of light (c ~ 2.997925 x 105 ms™'), h
is the Planck’s constant (h ~ 6.62618 x 10> I's), k is the
Boltzmann’s constant (k ~ 1.38066 x 10~%* JK ") and X is
the wavelength.

[17] The total radiance of the blackbody Ly over the
emission spectrum, that is, the integration of the Planck’s
law over the emission spectrum, is given by the Stephan-
Boltzmann’s radiation law:

oo

Lg(T) = /LBA(T)dx =, (4)
0

where o is the Stefan-Boltzmann’s constant (o ~ 5.669 x
10" Wm 2 K™).

[18] In the case of natural elements, the spectral radiance
L emitted at wavelength X\ and the radiance emitted over the
entire emission spectrum are given by the equations:

L(>\7 T) = SXLBQ\ (T) (Sa)

L(T) = &.Lg(T), (5b)
where ey and € are the emissivities of the element for a
specific wavelength X\ and over the emission spectrum,
respectively. Lg ) and L;, are given by equations (3) and (4),
respectively.
2.3.2. Soil Cells

[19] The origin of the emission of any soil cell is either
the center of the topside cell or the center of the cell lateral
sides, depending on local topography. For a specific side
characterized by a normal vector ngq. and a temperature T,
spectral radiation Wg;q4. emitted along any direction €,(0,,
¢y, AS)y) is given by:

Waige(\, T, ©y) = L(\, T). cos y,,,.dS.AQ,, (6)

where L is the soil spectral radiance given by equation (5a),
dS is the area of the cell side and v, is the angle between
the normal vector ngg. and the direction (2,.
2.3.3. Trunk Cells

[20] Each trunk is represented within a vertical column of
cells (Figure 3). A trunk cell is characterized by a gap fraction
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8 (Qy)

P dWout=dW1 +dWy

dv

Al

Figure 4. Radiative contribution of a volume dv of leaves
to the spectral emission of a leaf cell in a direction €2,. The
TIR radiation emerging from the cell (dWgy) in the
direction €, consists of the radiation emitted by the volume
dv (dWy) attenuated through the path Al (dW;), and the
multiple scattering (dWy,) in the direction €2, of the fraction
of dW, intercepted through the path Al All radiative
components depend on the volume dv, the temperature of
the leaves, the wavelength, and the direction of emission.

(or transmittance of the cell) that depends on the trunk
diameter - the exact position of the trunk within a cell is
not considered. We assume that the emission of any trunk cell
is tracked from the center of its lateral sides. For a specific
side, the emitted radiation along any direction €2, is given by
equation (6) with dS = dz.Q .k, where dz is the cell height
and @k 1s the trunk diameter that can vary with height.
2.3.4. Leaf Cells

[21] The radiation W emitted by a leaf cell along any
direction €2, is made of two radiative components: the
radiation that is emitted by all leaves without any within
cell scattering, and the radiation that is scattered by leaves
after being emitted and intercepted by the cell elements
(Figure 4). Its expression is:

chll(>\7 T7 QV7T) = Wl (>\7 QV7T)+ WM (>\7 QV7T)7 (7)

where W, is the first order radiation due to emission
processes only and Wy, is the scattering contribution. T is
the temperature of the cell and X\ the wavelength.

[22] Radiation W) is computed as the integration over
the cell volume V. of the radiative contribution to the cell
emission of elementary volume elements dv that make up
the cell. The radiation dW, emitted by an elementary
volume dv along any direction {2, is given by:

dWo(\, Q, T, dv) = L\, T).d5 (€, ).AQ, (8)

with d3(Qy) = G(Qy).us.dv, 9)
where L(\,T) is the leaf spectral radiance given by equation
(5a), dX is the apparent cross section of leaves along the
direction €2,, G(£2,) is the mean projection of a unit foliage
area on a surface unit perpendicular to the direction €2, and
ur is the leaf area density.
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[23] Radiation dW, is then attenuated within the cell
along the propagation path Al (Figure 4). The intercepted
fraction dWy,, of the radiation along paths Al, for any
direction 2, gives rise to the scattering component dWy,
along the direction €2,. The nonintercepted fraction dW, that
escapes the cell (Figure 4) is given by:

dW; (N, Qy, T, dv) = dWo(\, Qy, T, dv).e G ural - (10)

[24] By integration over the cell volume V), we have:
Wi\ Q,,T) = / AW, (0, 2, T) (11)

Veen

Wi\, Qy, T) = LN, T).G(Qy).up. AQ,. / e G urAl gy,
Veell

(12)

[25] The numerical integration over the cell was per-
formed by discretizing each cell side into a number I x J
of subsides S;; with i € [1, I] and j € [1, J] (Figure 5). The
volume element dv depends on the emission direction €2,
considered. We have:

dv = S;;.dl. cosypy, (13)

where y,,, is the angle between a unit vector perpendi-
cular to the subside S;; and the direction €.

[26] The within cell intercepted radiation Wi, is the
difference between the total radiation emitted by the leaves
and the actual radiation that escapes the cell. We have:

Nair
Wint 0 T)=) [LON, T).G() - - Veen AQy — Wi (1,9, T)),

v=1
(14)
where Ny;, is the number of discrete directions.
VA
@
dWij
Sij !
— Y

X /
Figure 5. Summation scheme to calculate the emission of a
leaf cell. The cell sides are decomposed in i X j elementary
areas S;j. The component dWj; of the total cell radiation in
the direction €, is computed by integration along the path L;;

of the radiation emitted by a volume dv of leaves. The
approach accounts for multiple scattering within the cell.
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[27] The intercepted energy gives rise to multiple scatter-
ing into the 4w space. Because leaf emissivity is close to
unity (i.e., single scattering albedo is close to zero) and
because multiple scattering cannot be modeled exactly, we
assume that the within cell scattering component is nearly
isotropic and originates from the cell’s center. These
assumptions allow one to define for each leaf cell a mean
directional transmittance (7') from the center to a side of the
cell and a mean single scattering albedo wy. We have:

1 .
Ty = —(;(Q\,).quAm(Q\,)dQV 15
< > e /e ( )
47
1 .
ot om0

4r  4x

where Am(€2,) is the path along the direction €, from the
center of the cell to the cell side from which the radiation
escapes. f(€2;—2,) is the leaf scattering phase function;
is the incident direction of the radiation and €, is the
scattering direction. The phase function also depends on the
leaf angle distribution and optical properties. Leaf thermal
infrared phase functions are calculated as the leaf phase
functions in the short wave domain [Gastellu-Etchegorry et
al., 1996].

[28] The total scattered radiation that escapes the cell is
then given by the following analytical formulation:

Wi\ T) = Wi\, T).{wx.<T> o (T on — wn(T]

+wx.(T>.[wxfwx,(T>]2+..}. (17)

We have:

w>\<T>

Wu(\,T) = T—on(1—(TY)

Wine(\, T). (18)

[29] The directional distribution of the scattered radiation
Wy is assumed to be proportional to the solid angle A€,
and to the apparent leaf cross section along any direction €2,
[Gastellu-Etchegorry et al., 1996].

2.4. Incoming Atmospheric Radiation

[30] The incoming radiation due to the thermal emission
of the atmosphere is assumed to be isotropic. It can be
directly prescribed as a model input parameter. Moreover, it
can be assessed either with the spectral analytical model of
Berger [1988], for a limited bandwidth, or with the model of
Brutsaert [1975] if it is considered the whole spectrum. The
two models require the air temperature and the air humidity
at 2 meters above the soil.

2.5. Radiation Propagation and Multiple Scattering
Within the Cover

[31] As already mentioned, the DART model simulates
radiative transfer along a set of discrete directions. During the
propagation within the cover, radiative fluxes interact with
individual cells. Interaction processes within a cell depend on
the nature of the cell (i.e., structural and optical properties).
The incoming radiation is transmitted through gaps (e.g.,
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empty cells), totally intercepted by opaque cells (e.g., soil
and water cells) or partially attenuated by semiopaque cells
(e.g., trunk and leaf cells). The propagation stops when
radiative fluxes are totally intercepted by the cover elements
or when it escapes from the upper cells of the scene.

[32] Intercepted radiation is computed through calculation
of the exact propagation path within the cell. In a further
step, this intercepted radiation is scattered. An iterative
approach is used to account for multiple scattering within
the cover. During any iteration, the model (1) computes the
radiation scattered by any cell that intercepted radiation in
the previous iteration, and (2) tracks this scattered radiation
within the scene. Radiation that escapes from the upper cells
of the scene is stored at each iteration, and contributes to the
upward radiance of the scene. Actually, simulations tend to
converge after two iterations only because most terrestrial
materials have a low reflectance in the TIR domain. How-
ever, multiple scattering cannot be neglected. The contribu-
tion to the cover radiance of radiation that is scattered after
being emitted by the cover and subsequently intercepted
(i.e., atmospheric radiation is neglected) is represented in
Figure 6. The importance of multiple scattering mostly
depends on the optical properties of the soil and leaves
and on the Leaf Area Index (LAI). The influence of
scattering processes on the apparent temperature was
assessed with a series of theoretical simulations conducted
with variable LAI (from 1 to 6) and leaf emissivity ¢ (from
0.94 for brown leaves to 0.98 for green leaves), and a soil
emissivity equal to 0.96. In the nadir viewing direction,
multiple scattering increases the apparent temperature by
more than 1 K if leaf emissivity is 0.98 and more than 2 K if
leaf emissivity is 0.94. The latter case represents never-
theless an extreme value for vegetation emissivity.

3. Model Validation

[33] To verify the approach adopted by the DART model
to simulate radiative transfer, we first tested the model
against a physically based model [Prévot, 1985] adapted
to homogeneous canopies. Then, a first validation was
carried out with directional radiometric measurements made
by Kimes and Kirchner [1983a] over a cotton row crop.

3.1. Comparison With the Model of Prévot

[34] We compared the apparent temperatures of homoge-
neous turbid canopies simulated by the DART model and by
the model of Prévot [1985]. The latter model was derived
from the radiative transfer approach described by Kimes
[1980]. It simulates radiative transfer within vegetated
canopies represented as a set of plane elements (i.e., the
leaves) statistically distributed into ten homogeneous hori-
zontal layers. The upward and downward radiative contri-
butions of each layer are based upon the concept of
directional gap frequency through the vegetation. The
model was validated with radiometric measurements made
over corn crops and was used in several studies [Paw U,
1992; Frangois et al., 1997]. It is a reference model
provided that the canopy can be reliably represented by
homogeneous horizontal layers.

[35] The comparison study was feasible because both
models specify in a similar way the thermal properties
and the geometry (in the case of homogeneous canopies)
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Figure 6. Influence of multiple scattering within the

canopy on the directional apparent temperature of a
homogeneous cover simulated with the DART model. (a)
Cover emission and multiple scattering (Iteration oo). (b)
Cover emission only (Iteration 1). The soil emissivity is
0.96. The leaf emissivity ¢ is 0.94 or 0.98. The LAI varies
from 1 to 6. The temperature of the soil and leaves are 303 K
and 298 K, respectively.

of the cover. The comparison was conducted with a vege-
tation cover for which the LAI is 2, and the soil and leaves
temperature are 303 K and 298 K, respectively. We consid-
ered two experiments. First, the leaf emissivity is prescribed
to 1 and the soil emissivity varies from 0.9 to 1. In the
second case, the soil emissivity is prescribed to 1 and the
leaf emissivity varies from 0.96 to 1 (Figure 7). Generally
speaking, the two models give very similar results. When
leaf emissivity is equal to the unit (i.e., no foliar scattering),
the two models predict nearly equal apparent temperature
whatever the viewing direction. These results allow us to
verify the validity of the approach used by the DART model
to simulate cover emission processes and soil scattering
processes. In the second experiment, with a variable leaf
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emissivity, the two models give slightly different results.
Indeed, compared to the model of Prévot, the DART model
tends to overestimate the apparent temperature for large
viewing zenith angles and to underestimate it for low zenith
angles. Differences are due to the fact that the two models
use different approaches for simulating foliar scattering.
Indeed, the DART model uses hemispherical-directional
phase functions for simulating scattering within vegetation
canopies, whereas the model of Prévot uses bi-hemispher-
ical phase functions. Thus, the DART model should be
slightly more accurate in its representation of multiple
scattering.

3.2. Validation Over a Cotton Row Crop

[36] The validity of the DART model was carried out
using data collected by Kimes and Kirchner [1983a] over a
mature cotton row crop. The authors measured the direc-
tional apparent temperature of the crop for various sun
positions. The spectral band of the sensor was 8—14 pm
and five view zenith angles were sampled (0°, 20°, 40°, 60°
and 80°) within the plane normal to the rows and with a
south-looking orientation (Figure 8a). The geometric struc-
ture of the canopy was described with regard to the row’s
height and width, and the distance between two consecutive
rows. Vegetation rows were abstracted as parallelepipeds. In
addition, radiometric data were collected on four scene
components: sunlit and shade vegetation, and sunlit and
shade soil. Whatever the sun position, the difference
observed between the sunlit and shade vegetation was lower
than 0.5 K. In our experiment, we assume the vegetation
temperature constant within the canopy and equal to the
observations mean.

[37] However, the DART model requires the thermody-
namic temperature distribution within the canopy. This
distribution was not measured by Kimes and Kirchner
[1983a]. Here, it was assessed using the apparent temper-
ature of the cover measured by the authors in the nadir
direction. First, we used images of the crop simulated by the

Apparent temperature (K)

&= 1

298

£=0.94
297 4
Model of Prévot £=0.96
—-0——DART model

296
View zenith angle (°

295 T . : ‘ | gle (°)

0 15 30 45 60 75 %

Figure 7. Apparent temperature of a homogeneous cover
simulated with the DART model (dotted lines) and the
model of Prévot [1985] (solid lines). The soil emissivity is
1. The leaf emissivity (g¢) varies from 0.94 to 1. The LAl is
2. The temperature of the soil and leaves are 303 K and
298 K, respectively.
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Figure 8. (a) 2-D canopy representation of a cotton row

crop. The vegetation rows are abstracted by parallelepipeds.
(b) Directional apparent temperature of the crop simulated
by the DART model, and measured by Kimes and Kirchner
[1983a], at three different hours. The viewing direction is in
the plane normal to the rows.

DART model to calculate the relative contributions of the
canopy, sunlit soil and shade soil to the cover vertical
radiance. For each sun position, we then adjusted the
thermodynamic temperatures of the canopy, sunlit soil and
shade soil to retrieve (1) the apparent temperatures of the
three components and (2) the apparent temperature of the
cover measured in the nadir. Results are presented in Table 1.

[38] Few other parameters required by the model were not
collected by Kimes and Kirchner [1983a]. The leaf angle
distribution is assumed spherical. The leaf area index is 2.8
according to measurements made by Huete et al. [1985] on a
mature cotton crop. The soil and leaf emissivities are pre-
scribed to 0.94 and 0.98, respectively. The incoming atmos-
pheric radiation is assumed constant during the day and equal
to 350 W m™>.

[39] The predicted sensor responses as a function of view
angle versus the radiometric observations are presented in
Figure 8b. Results stress the ability of the DART model to
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simulate the strong anisotropy of the crop thermal radiance.
For example, the model predicts the 13 K decrease in the
apparent temperature when the view zenith angle varies
from 0° to 60° and the sun is at its optimal. This strong
temperature decrease is mainly due to two combined fac-
tors: the temperature difference between the soil and veg-
etation, and the canopy geometry. The root mean square
(rm.s.) deviation of the difference between the simulated
and measured apparent temperatures for all sun positions
and viewing directions is 1.25 K. Kimes and Kirchner
[1983a] used the thermal observations to validate a geo-
metric projection model specifically designed for row crops.
The authors found a r.m.s. deviation of 0.96 with their
model. The higher value we obtained with the DART model
can be explained by the fact that some parameters required
by the model were not collected at ground level. It is not the
case for the geometric model that is only driven by the
canopy geometry and the apparent temperature of each
cover components. However, this first validation test
showed that the DART model provides insight to under-
standing variations in directional sensor response.

4. Factors Affecting the Apparent Temperature of
Vegetation Covers

[40] In this section, we evaluate the sensitivity of the
DART model to variations in its input parameters that
describe the cover (canopy structure, temperature distribu-
tion) and its environment (sun position, incoming atmos-
pheric radiation). It should be noted that, although they are
analyzed separately, these parameters can be interactive and
highly dependent on each other.

4.1. Viewing Direction

[41] Numerous investigations based on ground experi-
ments [Fuchs et al., 1967; Guyot and Chasseray, 1981;
Kimes and Kirchner, 1983a; Becker et al., 1986; Huband
and Monteith, 1986; Boissard et al., 1990; Lagouarde et
al., 1995] or modeling approaches [Sutherland and Bar-
tholic, 1977; Jackson et al., 1979; Kimes et al., 1980;
Smith et al., 1981; Kimes and Kirchner, 1983a; Prévot,
1985; Fuchs, 1990; Sobrino and Caselles, 1990; Frangois
et al., 1997] have focused on the influence of the viewing
direction on the apparent temperature of vegetation covers.
The impact of viewing direction mostly depends on the
canopy structure and on the temperature distribution within
the cover. Indeed, the directional apparent temperature is
directly related to the proportions of various cover com-
ponents observed by a radiometer. These proportions vary
with the viewing direction. When the view zenith angle
increases, the soil contribution to cover radiance decreases,

Table 1. Thermodynamic Temperature of the Leaves (T)e,r) and
Soil in Shade (Ts;11) and Sunlit (Tg;) Areas that Allow the DART
Model to Retrieve the Apparent Temperatures in the Vertical
Direction Measured by Over a Cotton Row Crop (T,p,) and Its
Three Components (Vegetation, Sunlit, and Shade Soil)

6:00  7:00 8:00 9:00 10:00 11:00 12:00 13:00
Tpp 2994 3033 3072 313.8 317.0 320.0 3247 32738
Tiear  298.0 3025 303.0 3053 308.0 3100 312.0 313.2
Tein 3014 302.0 3045 305.0 309.0 310.5 3140 3174
Teip 3014 3083 3153 320.5 329.0 3358 3402 3413
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and the apparent temperature decreases due to the fact
that the soil temperature is generally larger than vegetation
temperature. The directional variations of the apparent tem-
perature are illustrated in the following sensitivity studies.

4.2. Sun Position and Temperature Distribution

[42] The sun elevation has a major influence on the
apparent temperature of a vegetated cover. It defines both
the distribution and the amplitude of temperature. The
average temperature of each component of the cover
increases when sun elevation increases because sun irradi-
ance increases. Temperature distribution within the cover is
determined by the penetration of solar radiation within the
cover. Consequently, it depends on the sun direction and the
canopy structure.

[43] In the case of a cotton row crop, the influence of sun
position on temperature distribution, and consequently on
the apparent temperature of the canopy, is illustrated in
Figure 9. All input parameters used to drive the model were
taken from data collected by Kimes and Kirchner [1983a].
A description of the data set was given in section 3.2. The
architecture of the scene (row orientation) and the relative
position of the sun at 9:00 am (the sun direction is parallel
to the rows) and 12:30 pm (the sun direction is perpendic-
ular to the rows) are shown on Figure 8a. Figure 9 shows
the simulated apparent temperature obtained with a viewing
direction within a plane perpendicular to the rows (plane
South-North).

[44] Variations of soil and vegetation temperature ob-
served during the day (Table 1) explain why the directional
apparent temperature strongly increases when sun elevation
increases (i.e., sun zenith angle decreases) (Figure 9). Along
the nadir direction, the apparent temperature of the cover
varies from 299.5 K at 6 am to 325.7 K at 1 pm.

[45] For a specific sun position (i.e., specific time during
the day), Figure 9 illustrates also the strong directional
variability of apparent temperature. The apparent temper-
ature is maximal when the viewing zenith angle 6, is zero
(nadir direction) and decreases when 0, increases because of
a decrease of the soil radiative contribution. In the short-
wave domain, the cover reflectance is maximal along the
“hot spot” direction, that is, the direction for which the
target, the radiometer and the sun are lined up. In that case,
a radiometer sees sunlit areas only. We could expect that in
the thermal infrared domain, the maximal value of the
apparent temperature is along the hot spot direction. In
the present case, the soil temperature in shaded area is
slightly higher than the vegetation temperature during the
day, and leaf temperature is assumed to be constant within
the cover. Thus, directional variations of the apparent
temperature depend only on the proportions of soil (in
sunlit and shaded areas) that contributes to the cover
radiance, and the apparent temperature is maximum along
the nadir direction. However, due to the temperature dis-
tribution, the directional distribution of apparent temper-
ature is not symmetric for most sun positions. For a given
view zenith angle, the apparent temperature T, is maximal
along the direction for which the relative azimuth angle with
the sun direction is minimal.

[46] In the plane parallel to the rows (plane East-West),
we found that the apparent temperature is quite constant
whichever the view zenith angle. Due to the structure of the
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Figure 9. Directional variations in the apparent tempera-
ture of a cotton row crop obtained with the DART model for
different sun positions. The viewing directions are in the
plane normal to the rows.

cover, proportions of the various components seen by a
radiometer do not vary with the view zenith angle.

4.3. Incoming Atmospheric Radiation

[47] The contribution to the apparent temperature of the
fraction of the incoming atmospheric radiation reflected by
the cover depends on the structural and optical properties of
the cover. We evaluated how the thermal atmospheric
illumination influences the apparent temperature of two
vegetation covers represented with a homogeneous and
incomplete canopy, respectively (Figure 10). For that pur-
pose, we made two sets of simulations using the DART
model. In the first set, the canopy is represented as a
superposition of homogeneous layers. In the second set,
the canopy is represented as infinite parallel rows of
vegetation covering 50% of the cover (2-D canopy). Except
for the representation of the canopy, all parameters describ-
ing the cover are similar in both series of simulations. The
LAI is 2, the soil and leaf emissivities are 0.94 and 0.98,
respectively, and the soil and leaf temperature are 305 K and
298 K, respectively. The incoming atmospheric radiation
varies from 0 to 400 W m 2. In the case of vegetation rows,
the directional distribution of the apparent temperature is
represented in the plane perpendicular to the rows.

[48] For the 2-D representation (Figure 10b), the influ-
ence of the incoming atmospheric radiation is higher along
directions close to the vertical, for which the soil has a
higher contribution to the apparent temperature. However,
the impact is low and variations of +100 W m™2 in the
atmosphere radiation (R,) modify the apparent temperature
(Tapp) by about £0.3 K in the nadir viewing direction. For
the homogeneous cover, the impact of the atmosphere is
lower and quite constant whichever the viewing direction.

[49] Differences between the two sets of simulations
reflect the impact of the canopy structure. These differences
are higher for viewing directions close to the nadir for
which the soil contribution is lower when the canopy is
homogeneous. When the atmosphere contribution is
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Figure 10. Influence of the incoming atmospheric radia-

tion (R,) on the apparent temperature of vegetation covers
represented with (a) a 1-D canopy and (b) a 2-D canopy. R,
varies from 0 to 400 W m™ 2. The 1-D canopy is represented
by superposed homogenecous layers. The 2-D canopy is
represented by vegetation rows (50% ground cover). The
LAI is 2. The temperature of the soil and leaves are 305 K
and 298 K, respectively.

neglected (case R, = 0 W m?), the difference between
apparent temperature AT,,, is 0.6 K in the nadir viewing
direction. It illustrates the influence of the canopy structure
on the cover emission. The difference AT, is amplified by
the atmospheric contribution and is about 1.2 K when R, =
400 W m™ 2. It is negligible for large view zenith angles for

which AT, is lower than 0.1 K.

4.4. Canopy Structural Parameters

[s0] The previous sections stressed the influence of the
canopy structure on the directional apparent temperature of
vegetation covers. Directional variations of the apparent
temperature depend on both the temperature distribution
within the cover and the relative contribution of the soil and
the vegetation on the directional radiance. The proportions of
surface area of soil and canopy that are in direct line of sight in
a particular view direction directly depend on the canopy
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geometric structure. Indeed, Kimes et al. [1980] observed
very weak directional variations on the apparent temperature
of covers characterized by quite homogeneous canopies: (1) a
dense and completely senesced canopy (LAI ~ 5.4 and cover
fraction is close to 100%) and (2) a very sparse vegetation
cover (LAI ~ 0.05). On the other hand, Kimes and Kirchner
[1983a] measured very strong directional variations of the
apparent temperature of a cotton row crop characterized by a
strong temperature gradient between the soil and the plants,
and a cover fraction around 50% (see section 3.2). The impact
of canopy structural parameters (LAI, leaf angle distribution,
cover fraction and canopy architecture) is analyzed below.
4.4.1. Leaf Area Index and Canopy Geometry

[51] We evaluated the influence of LAI variations on the
apparent temperature of three hypothetical vegetation cov-
ers characterized by different canopy geometric structure:

(1) 1-D canopy (Figure 1la). The canopy structure is
assumed to be homogeneous and represented by superposed
infinite layers of vegetation. The cover fraction is 100%.

(2) 2-D canopy (Figure 11b). The canopy consists of
infinite rows of vegetation. The cover fraction is 50%. The
row width, the row height, and the distance between two
consecutive rows are assumed to be identical and equal to
0.5 m.

(3) 3-D canopy (Figure 11c). The canopy consists of trees
randomly distributed over an infinite area. The cover
fraction is 50%. The tree crowns are represented by hemi-
ellipsoids. The crown’s height and width are identical and
equal to 2 m. The trunk height is 1.5 m.

[52] For each set of simulations, LAI varies from 1 to 8,
the Leaf Angle Distribution (LAD) is spherical, the soil and
leaf emissivities are 0.94 and 0.98, respectively, and the soil
and leaf temperatures are 298 K and 305 K, respectively.

[53] Whatever the canopy representation, a LAI increase
reduces the radiative contribution of the soil on the cover
radiance and consequently decreases the directional appa-
rent temperature. However, the directional behavior and the
magnitude of apparent temperature variations depend on the
canopy geometric structure.

[s4] For the 1-D canopy representation (Figure 11a), the
influence of LAI variations on the apparent temperature is
higher for viewing directions close the nadir direction, and
decreases when the view zenith increases. When LAI is
3 and the view zenith angle is 30°, LAI variations ALAI of
+1 and —1 (i.e., ALAI/LAI = £33%) induce apparent
temperature variations of —0.4 K and +0.7 K, respectively.
For high LAI, configurations for which the soil contribution
is the lowest, the apparent temperature appears more iso-
tropic and converges toward a limit that represents, in first
approximation, the combination of the canopy emission and
multiple scattering within the canopy. Results obtained for
heterogeneous canopies are presented in Figures 11b and
11c. Accounting for the canopy geometry, the soil radiative
contribution is higher, and then the directional apparent
temperature is higher but globally less sensitive to LAI
variations. In comparison to the “1-D canopy” experiment,
the impact of a LAI variation on the apparent temperature is
strongly reduced for view zenith angles lower than 45°. In
the nadir direction for example, the impact is not significant
for LAT higher than 2, while it is maximum for this particular
direction using the 1-D canopy representation. When LAT is
3 and the view zenith angle is 30°, LAI variations of +1 and
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—1 induce apparent temperature variations of —0.21 K and
+0.32 K for the 2-D representation and variations of —0.1 K
and +0.15 K for the 3-D canopy representation. The differ-
ences induced by the canopy structure are explained by two
main effects: (1) A saturation effect when LAI increases
reduces the sensitivity of the canopy thermal emission to
LAI variations. When the leaves are grouped within rows or
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crowns, the vegetation density is locally larger than if the
same amount of leaves is homogeneously distributed within
a vegetation layer. The saturation effect depends on the
canopy structure and on the viewing direction. Generally
speaking, a decrease of the canopy cover fraction implies a
decrease of the LAI value for which saturation occurs. (2)
The ground radiative contribution on the cover radiance is
higher for heterogeneous canopies. When LAI increases, the
ground emission contribution decreases whatever the canopy
geometry. Moreover, the radiation emitted by the leaves and
then scattered by the uncovered ground fraction increases for
viewing directions close to the vertical.
4.4.2. Cover Fraction

[55] The influence of cover fraction variations on the
apparent temperature is illustrated in the case of a row
plantation (Figure 12a). The cover fraction varies from
25% to 100%; these variations are obtained by modifying
the distance between rows. The optical properties and
temperature distributions within the cover are identical to
the ones used in the previous section and LAl is 2. During the
day, the soil temperature is higher than the vegetation
temperature. As a consequence, the apparent temperature
of the plantation increases when the cover fraction increases.
In the nadir direction, a cover fraction variation of £25%
reduces or enhances the apparent temperature by 0.25 K. For
view zenith angles higher than 30°, the radiance obtained for
cover fractions equal to 75% and 100% are similar.
4.4.3. Leaf Angle Distribution

[s6] Measurements carried out by Guyot and Chasseray
[1981] on two wheat crops at the same physiological state
showed that wheat having an erect growth pattern appeared
systematically warmer than wheat having a spreading
growth pattern. During the growing season, the authors
observed differences between 1 K and 3 K on the apparent
temperature in the vertical direction. The leaf angle distri-
bution (LAD) describes the orientation of the leaves within
the canopy. For various plant species, Kimes and Kirchner
[1983b] measured significant daily variations of the LAD
due to environmental factors such as sun position, wind
speed or root zone water stress. The LAD cannot then be
easily assessed from ground measurements. For this reason,
most environmental studies assume a spherical angle dis-
tribution of the leaves [Ross, 1981]; that is, the normal
vectors to the leaf surface are uniformly distributed in the
27 hemisphere. We evaluated the influence of the LAD in
the simulated apparent temperature of a homogeneous cover
and stressed errors that can be generated by using system-
atically a spherical leaf angle distribution. We made three
simulations using different leaf angle distribution: planophil
(highest probability to have horizontal leaves), spherical and

Figure 11. (opposite) Influence of variations in leaf are
index (LAI) on the directional apparent temperature of three
vegetation covers with (a) 1-D, (b) 2-D, and (c) 3-D canopy,
respectively. The 1-D canopy is represented by superposed
infinite layers of vegetation. The 2-D canopy consists of
infinite rows of vegetation. We only plotted the apparent
temperature obtained in the plane perpendicular to the rows.
The 3-D canopy consists of trees randomly distributed over
an infinite area. The LAI varies from 1 to 8. The
temperature of the soil and leaves are 305 K and 298 K,
respectively.
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Figure 12. Relative impact of (a) the cover fraction and
(b) the leaves orientation on the apparent temperature of a
crop. (a) 2-D canopy representation with a cover fraction
varying from 25% to 100%. (b) 1-D canopy representation
with various leaf angle distribution (LAD) - spherical,
planophil and erectophil. The LAI is 2. The temperature of
the soil and leaves are 305 K and 298 K, respectively. The
cover fraction is prescribed to 100%.

erectophil (highest probability to have vertical leaves). The
differences obtained on the apparent temperature (Figure
12b) are maximum in the vertical direction, for which the
canopy interception efficiency is maximum for a planophil
distribution and minimum for an erectophil distribution.
These differences depend on the temperature gradient
between the soil and the vegetation. In comparison to results
obtained with the spherical distribution, in the nadir direc-
tion, the cover appears 1.7 K cooler if the LAD is planophil
(low soil radiative contribution) and 3.4 K warmer if the
LAD is erectophil (high soil radiative contribution). The
apparent temperature appears then to be more sensitive to
variations in leaf angle distribution than to variations in
cover fraction (see previous section). However, in reality,
effects of both canopy geometry and leaves orientation are
combined. This explain why numerous modeling studies
[Kimes et al., 1981; Smith et al., 1981; Prévot, 1985;
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McGuire et al., 1989] are based on accurate measurements
of leaves orientation and position within the canopy.

5. Conclusion

[57] Thermal infrared remote sensing makes it possible to
estimate continuously at various scales of space and time
the temperature of terrestrial surfaces. The latter is an
essential parameter to describe vegetation functioning and
in particular water and energy budgets. Depending on
surface characteristics and on acquisition configurations,
radiometric measurements cannot be linked in a simple
and direct way to surfaces temperatures.

[s8] We presented a radiative transfer model that simu-
lates the directional thermal infrared radiance of terrestrial
surfaces. The model is an extension to the thermal infrared
domain of the DART model, developed for the short wave
domain. It simulates the radiative transfer within complex
vegetation covers with a ray tracing approach combined
with a discrete ordinate method. Its main originality is to
take into account the three dimensional geometry of the
cover. Consequently, it is a valuable tool to better under-
stand and interpret remote sensing measurements. Using
plausible optical properties of the cover components, we
showed that within canopy scattering contributes to more
than 1 K to the cover apparent temperature. To verify the
analytical approach used to simulate radiative transfer, we
first tested the model against a turbid-medium radiative
transfer model in the case of homogeneous canopies. Then,
a first validation was carried out over a cotton row crop
using directional radiometric measurements. Finally, the
sensitivity of the DART model to its major input parameters
illustrated the influence of canopy structure on the direc-
tional apparent temperature of hypothetical tree covers and
row plantations. The magnitude of the impact mainly
depends on the temperature gradients within the cover, the
canopy structure, and the viewing direction. For dense
canopies, a neglect of canopy geometry can lead to under-
estimate the apparent temperatures by 1 K to 3 K. Similar
variations were obtained in the case of homogeneous
canopies with different leaf angle distributions.

[s9] In the sensitivity studies, we used hypothetical or
measured temperature distribution within the cover. Simu-
lations stressed out the important role of the temperature
distribution. The latter one is mainly driven by the canopy
geometry and environmental factors (e.g., solar radiation,
evapotranspiration and wind velocity). The extension of the
DART model to the thermal infrared domain allows one to
simulate the net radiation distribution. Our current efforts
are dedicated to simulate the temperature distribution that
satisfies local energy balance within the cover.
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