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Abstract

This paper presents the model SCOPE (Soil Canopy Observation, Photochemistry
and Energy fluxes), which is a vertical (1-D) integrated radiative transfer and energy
balance model. It calculates the radiation and the energy balance of a vegetated land
surface at the level of single leaves as well as at canopy level, and the spectrum of5

the outgoing radiation in the viewing direction, at a high spectral resolution over the
range from 0.4 to 50µm, thus including the visible, near and shortwave infrared, as
well as the thermal domain. A special routine is dedicated to the calculation of chloro-
phyll fluorescence. The calculation of radiative transfer and the energy balance is fully
integrated, allowing for feedback between surface temperatures, leaf chlorophyll fluo-10

rescence and radiative fluxes. Model simulations were evaluated against observations
reported in the literature. The model may serve as a theoretical ground truth to derive
relationships between observed spectra and physical processes at the land surface.

1 Introduction

Knowledge of physical processes at the land surface are relevant for a wide range of15

applications including weather and climate prediction, agriculture, and ecological and
hydrological studies. Of particular importance are the fluxes of energy, carbon dioxide
and water vapour between land and atmosphere.

During the last decades scientific understanding of physical processes at the land
surface has grown, as a result of the increased availability of data, both from ground20

based and remote sensors. The implementation of a network of flux towers (FLUXNET)
has increased the knowledge about processes at plot level in different ecosystems and
different climates (Baldocchi, 2003). This knowledge has been widely incorporated in
detailed coupled models for energy, carbon dioxide and water transport between soil,
vegetation and atmosphere (e.g. Sellers et al., 1997; Verhoef and Allen, 2000; Tuzet et25

al., 2003).
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Data from high resolution optical imagers, multi-spectral radiometers and radar on
satellite platforms are nowadays available to retrieve spatial information about topogra-
phy, soil and vegetation (CEOS, 2008). For example, Verhoef and Bach (2003) derived
vegetation parameters by inverting a radiative transfer model. Attempts have also been
made to estimate evaporation from thermal images (Bastiaanssen, 1998). Further-5

more, remote sensing (RS) data have been used as input for spatial soil-vegetation-
atmosphere-transfer (SVAT) models for estimation of the surface energy balance (Kus-
tas et al., 1994; Su, 2002; Anderson et al., 2008).

The potential of remote sensors operating at different spatial, temporal and spectral
resolution is not yet fully exploited, for various reasons. First, remote sensing data is10

often of too coarse spatial resolution for SVAT models, which are detailed and require
field-scale data (Hall et al., 1992). Second, the variables derived from remote sensing
are different from those required by a SVAT model. A variable retrieved from remote
sensing (such as leaf area index) may have a different meaning than a variable with
the same name used in a SVAT model (Norman and Becker, 1995).15

In order to make effective use of the available RS data, coherent models are needed
for the interpretation of observed radiance spectra with respect to physical processes
on the ground. These models should incorporate fluxes of water, carbon and energy at
the land surface, as well as radiative transfer. The model CUPID (Norman, 1979; Kus-
tas et al., 2007) has, to our knowledge, been the first model for both radiative transfer20

and heat, water (vapour) and CO2 exchange in canopies. With this model, directional
brightness temperature can be calculated for multiple-source canopies where leaves
and soil have different temperatures. The model calculates directional radiance and
energy fluxes in forward mode, which means that for the interpretation of observed
spectra, the model has to be inverted.25

This paper presents a new model; SCOPE (Soil Canopy Observation of Photochem-
istry and Energy fluxes), which is a vertical (1-D) integrated radiative transfer and en-
ergy balance model. It calculates the spectral radiation regime and the energy balance
of a vegetated surface at the level of single leaves as well as at canopy level, and the
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spectrum of the outgoing radiance in the viewing direction at a high spectral resolu-
tion over the range from 0.4 to 50µm, thus including the visible, near and shortwave
infrared, as well as the thermal domain. The model calculates the energy balance of
the surface (unlike CUPID, the water balance is not calculated). Radiative transfer is
described on the basis of the four-stream SAIL extinction and scattering coefficients5

(Verhoef, 1984), but the solution method of SCOPE is of a more numerical nature to
allow for a heterogeneous vertical temperature distribution.

The purpose of SCOPE is to facilitate better use of remote sensing data in modelling
of water and energy fluxes at the land surface. SCOPE can support the interpretation
of earth observation data in meteorological, hydrological, agricultural and ecological10

applications. The calculation of a broad electromagnetic spectrum (0.4 to 50µm) al-
lows for the simultaneous use of different sensors for validation. The model can be
used at the plot scale as a theoretical “ground truth” for testing simpler models, and
as such to evaluate relationships between surface characteristics and (parts of) the
reflected spectral radiation, such as the relation between indices (e.g. NDVI) and other15

vegetation characteristics (e.g. LAI). Because it is a 1-D vertical model which assumes
homogeneity in horizontal direction, the model may not be applicable for heteroge-
neous areas.

The aim of this paper is to describe the model structure and technical and imple-
mentation aspects. Examples of model output are compared to the literature, and the20

potential applications of the model are discussed. A validation of the model against
field experiments will be presented in a following paper.

2 Model description

2.1 Model structure

The model SCOPE is based on existing theory of radiative transfer, micrometeorol-25

ogy and plant physiology. The strength of the model is the way in which interactions
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between the different model components are modelled. Three unique features of the
model make it particularly relevant for future applications:

1. the use of the model PROSPECT (Jacquemoud and Baret, 1990) for optical prop-
erties of leaves in combination with a photosynthesis model;

2. the calculation of heterogeneous canopy and soil temperatures in combination5

with the energy balance;

3. the calculation of chlorophyll fluorescence as a function of irradiance, canopy tem-
perature and other environmental conditions.

The model consists of a structured cascade of separate modules. These modules
can be used stand alone, or, as in the integrated model, they can be connected by10

exchanging input and output. Depending on the application, some modules can be left
out or replaced by others.

Figure 1 shows schematically how the main modules interact. The model distin-
guishes between modules for radiative transfer (of incident light, and internally gen-
erated thermal radiation and chlorophyll fluorescence), and the energy balance. The15

numbers in the figure refer to the order in which they are executed:

1. Semi-analytical radiative transfer module for incident solar and sky radiation,
based on SAIL (Verhoef and Bach, 2007): calculates the TOC (top of canopy)
incident radiation spectrum (0.4 to 50µm), as well as the net radiation and ab-
sorbed photosynthetically active radiation (PAR) per surface element.20

2. Numerical radiative transfer module for thermal radiation generated internally by
soil and vegetation, based on Verhoef et al. (2007): calculates the TOC outgoing
thermal radiation and net radiation per surface element, for heterogeneous leaf
and soil temperatures.

3. Energy balance module for latent, sensible and soil heat flux per surface element,25

as well as photosynthesis, chlorophyll fluorescence and skin temperature at leaf
level.
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4. Radiative transfer module for chlorophyll fluorescence based on the FluorSAIL
model (Miller et al., 2005): calculates the TOC radiance spectrum of fluorescence
from leaf level chlorophyll fluorescence (calculated in step 3) and the geometry of
the canopy.

Iteration between modules (2) and (3) is carried out to match the input of the radia-5

tive transfer model with the output of the energy balance model (skin temperatures),
and vice versa: the input of the energy balance model with the output of the radiative
transfer model (net radiation). For computational efficiency, the radiative transfer of
chlorophyll fluorescence is carried out at the end of the cascade, which implies that the
contribution of chlorophyll fluorescence to the energy balance is neglected. Its con-10

tribution to the outgoing radiance spectrum is finally added to the reflectance. Note
that this only holds for the radiative transfer and the calculation of the TOC spectrum
of chlorophyll fluorescence (step 4), which is computationally demanding. The chloro-
phyll fluorescence at leaf level is calculated every iteration step as a by-product of the
photosynthesis model (step 3).15

The radiative transfer modules serve two purposes: first, to predict the TOC radi-
ance spectrum in the observation direction, and second, to predict the distribution of
irradiance and net radiation over surface elements (leaves and the soil). The latter is
input for the energy balance module. The energy balance module serves two purposes
as well: first to calculate the fate of net radiation (i.e. the turbulent energy fluxes and20

photosynthesis), and secondly to calculate surface temperature and fluorescence of
the elements of the surface. The latter are input for the radiative transfer model. Shar-
ing input, output and parameters makes it possible to study the relationship between
TOC spectra and energy fluxes in a consistent way. For example, the energy balance
is preserved at all times (except for the small contribution of chlorophyll fluorescence).25

For the calculation of radiative transfer, the description of the geometry of the vege-
tation is of crucial importance. Leaves and soil are divided into classes which receive
a similar irradiance. These classes are the elements of the model. This distinction
of elements is a stochastic technique to describe the effects of the geometry of the
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vegetation on the outgoing spectrum and on the heterogeneity of net radiation.
The geometry of the canopy is described as follows. It is assumed that the canopy

has a homogeneous structure, and is 1-D only, which means that variations of macro-
scopic properties in the horizontal plane are neglected. For the purpose of numerical
radiative transfer calculations, 60 elementary layers, with a maximum LAI of 0.1 are5

defined, so that numerical approximations to the radiative transfer equations are still
acceptable up to a total canopy LAI of 6. For the description of canopy architecture,
the same as the one used in the SAIL models (Verhoef, 1984, 1998) is applied, which
requires a total LAI, two parameters describing the leaf angle distribution and the hot
spot parameter. Numerically, 13 discrete leaf inclinations are used as in SAIL, and10

the uniform leaf azimuth distribution is now also discretised to 36 angles of 5, 15, ... ,
355 degrees relative to solar azimuth.

The elements of the model are defined as follows. For shaded leaves, 60 elements
are distinguished (corresponding to the 60 leaf layers), since for the assumed semi-
isotropic diffuse incident fluxes the leaf orientation is immaterial for the amount of flux15

that is intercepted. For sunlit leaves, 60×13×36 elements (60 leaf layers, 13 leaf incli-
nations, θ` , and 36 leaf azimuth angles, ϕ` ) are distinguished, since the interception
of solar flux depends on the orientation of the leaf with respect to the sun. The soil is
divided into two elements: a shaded and a sunlit fraction.

In the model, the principle of linearity of the radiative transfer equation is exploited by20

combining the solutions for various standard boundary conditions and source functions,
such as the ones related to the optical domain, the thermal domain, and the ones
related to direct solar radiation, sky radiation, leaves in the sun, and leaves in the
shade. The latter distinction is particularly important for the biochemistry components
of the model (photosynthesis and fluorescence). Calculations for different parts of the25

spectrum, sources of radiation, and elements of the surface are carried out separately,
and total fluxes are obtained afterwards by adding the different contributions. This
makes it possible to separate the calculation of chlorophyll fluorescence, optical and
thermal radiation and the calculation of different components of the surface, without
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violating energy conservation. This principle is exploited at several places in the model
to enhance the computational efficiency and to create a transparent code.

In the following sections, the model is described in more detail. The modules are
presented in an order which facilitates the conceptual understanding of the model,
which is with very few exceptions also the order in which they are executed by the5

model (Fig. 1). We shall start with a description of the input at the top of the canopy
(Sect. 2.2), followed by the radiative transfer models (Sect. 2.3 and 2.4), the calculation
of net radiation (Sect. 2.5), the energy balance (Sect. 2.6), leaf biochemical processes
(Sect. 2.7), and top-of -canopy outgoing radiance (Sect. 2.8).

2.2 Atmospheric optical inputs10

The model SCOPE requires top-of-canopy incident radiation as input, at a spectral res-
olution high enough to take the atmospheric absorption bands properly into account.
For the top of the canopy the incident fluxes from the sun and the sky can be obtained
from the atmospheric radiative transfer model MODTRAN (Berk et al., 2000). The cal-
culation of TOC incident fluxes is ideally done with MODTRAN before each simulation15

with SCOPE, using the actual values of solar zenith and azimuth angle and atmo-
spheric conditions. An alternative is to create a library of incoming spectra, from which
SCOPE can extract a typical spectrum for specific conditions. In this study, only one
example spectrum was created with MODTRAN. The shape of this example spectrum
is used throughout the paper, while the magnitudes of the optical and thermal part of20

the spectrum are each linearly scaled according to local broadband measurements of
incident irradiance.

From MODTRAN the following outputs are needed:
TRAN = direct transmittance from target to sensor
SFEM = radiance contribution due to thermal surface emission25

GSUN = ground-reflected radiance due to direct solar radiation
GRFL = total ground-reflected radiance contribution
An important quantity for the interaction between surface and atmosphere is the
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spherical albedo, especially at the shorter wavelengths. Two MODTRAN runs, for sur-
face albedos of 50% and 100%, are sufficient to estimate the spherical albedo of the
atmosphere and the diffuse and direct solar fluxes incident at the top of the canopy.
These MODTRAN runs should be done for a low sensor height (1 m above the surface
is recommended) under nadir viewing angle, in order to keep the atmospheric transmit-5

tance from target to sensor as high as possible. With numerical subscripts indicating
the surface albedo percentage, all relevant atmospheric and surface quantities can be
determined as follows:

ρdd =
GRFL100−2 × GRFL50

GRFL100−GRFL50−SFEM50
(1)

τoo = TRAN (2)10

Ls = 2 × SFEM50/TRAN (3)

O + T = (1 − ρdd )(GRFL100−2 × SFEM50)/TRAN (4)

Esun = π × GSUN100/TRAN (5)

Here, ρdd is the spherical albedo of the atmosphere, τoo is the direct transmittance
(TRAN) from ground to sensor. Note, that TRAN has no numerical subscript since15

it is independent of the surface albedo. The double subscripts appended to optical
properties like ρ (reflectance) and τ (transmittance) indicate the types of ingoing and
outgoing fluxes, where s stands for direct solar flux, d for upward or downward diffuse
flux and o for flux (radiance) in the observation direction (Verhoef & Bach, 2003). See
also the list of symbols, Table 1. Other symbols in Eqs. (1) to (5) are Ls, the blackbody20

surface radiance due to thermal emission, Esun, the solar irradiance on the horizontal
ground surface, and the term O+T , which stands for a certain combination of optical
and thermal quantities that is independent of the surface albedo. The importance of
this term is related to the fact that it can be derived from the MODTRAN outputs and it
is required for the estimation of the sky irradiance.25
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The sky irradiance onto the surface, Esky, is a derived quantity, which depends partly
on the surface albedo in the surroundings. For arbitrary atmospheric conditions it can
be estimated by

Esky = π
[
O + T

1−aρdd
+ Ls

]
−Esun , (6)

where a is the surface albedo,5

O = (τss + τsd )Es(t)/π
T = La(b)−(1−ρdd )Ls

, (7)

and where Es(t) is the extraterrestrial (TOA) solar irradiance on a plane parallel to the
horizontal plane at ground level, La(b) is the thermal emitted sky radiance at the bottom
of the atmosphere (BOA), assumed to be isotropic. Note that (t) and (b) indicate the
top and the bottom of the atmosphere, respectively. The transmittances τss and τsd are10

the direct and the diffuse transmittances for direct solar flux from TOA to the ground.
As an example, and to illustrate the broad spectral range involved, Fig. 2 shows the

spectra of Esun and Esky (in W m−2µm−1) for a surface albedo of zero. From these re-
sults it can be concluded that at 2.5µm already the diffuse sky irradiance starts to rise
due to thermal emission, and at wavelengths longer than 8µm it is the dominant source15

of incident radiation. In spectral regions of low atmospheric absorption (high transmit-
tance) the thermal sky radiance is less than in absorption bands. This is caused by the
correspondingly lower atmospheric emissivity and the fact that higher and thus colder
layers of the atmosphere contribute to the radiance at surface level.

Note that Eqs. (5) and (6) are used to calculate the atmospheric spectral inputs of20

SCOPE, but they are not part of the model code itself.

2.3 Direct and diffuse fluxes

In the first radiative transfer module of SCOPE, the effects of thermal emission by
surface elements are ignored and in this case the analytical solutions for the diffuse
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and direct fluxes as obtained from the SAIL model are used to calculate the vertical
profiles of these fluxes inside the canopy layer. In addition, net radiation and absorbed
PAR are calculated for soil and leaf elements.

For the diffuse upward (E+) and downward (E−) fluxes (W m−2µm−1), use is made
of numerically stable analytical solutions as provided in the more recent 4SAIL model5

(Verhoef et al., 2007). This is further explained in Appendix A. The direct solar flux is
described by

Es(x) = Es(0)Ps(x) (8)

where Es(0) is the direct solar flux incident at the top of the canopy (Esun), and Ps(x) is
the probability of leaves or soil being sunlit (or the gap fraction in the solar direction),10

which is given by Ps(x)=exp(−kLx), where x is the relative optical height ([−1, 0],
where –1 is at the soil surface and 0 at TOC), L is the leaf area index (LAI), and k is
the extinction coefficient in the direction of the sun. As shown in Appendix A, the diffuse
upward and downward fluxes are derived from transformed fluxes F1 and F2, which are
given by15

F1(x) = δ1e
mLx + (s′ + r∞s)Es(0)J1(k, x)

F2(x) = δ2e
−mL(1+x) + (r∞s

′ + s)Es(0)J2(k, x)
(9)

where m is the eigenvalue of the diffuse flux system, r∞ is the infinite reflectance
(i.e. the bi-hemispherical reflectance for infinite LAI), s the backscatter coefficient, s′
the forward scatter coefficient, J1 and J2 numerically safe functions as described in Ver-
hoef and Bach (2007), and δ1 and δ2 are boundary constants. In Appendix A, more20

extensive information is given about the SAIL coefficients, their use in the analytical so-
lution, the boundary constants for given solar and sky irradiance, and the incorporation
of the soil’s reflectance.

The coefficients m, s, s′ and r∞ in Eq. (9) depend on the transmittance and re-
flectance of the leaves and the leaf inclination distribution. The spectral transmittance25

and reflectance of the leaves are calculated with the model PROSPECT (Jacquemoud
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and Baret, 1990), using the concentrations of leaf water, chlorophyll, dry matter, and
brown pigment, as well as the leaf mesophyll scattering parameter N, as input parame-
ters. The soil’s reflectance spectrum is another required input. In this study, a standard
spectrum for a loamy sand soil was used.

2.4 Internally generated thermal radiation5

The incident radiation on leaves should not only include the optical and thermal radi-
ation from sun and sky, but also all thermal radiation that is generated internally by
leaves and by the soil. In Verhoef et al. (2007) the thermal domain was treated by
means of an analytical solution, which assumed distinct, but otherwise constant, tem-
peratures of sunlit and shaded leaves, as well as sunlit and shaded soil. However, one10

may expect that in reality sunlit leaves will all have different temperatures, depending on
their orientation with respect to the sun, and their vertical position in the canopy layer
(Timmermans et al., 2008). Therefore, a numerical solution allowing more temperature
variation is preferred. For this, the energy balance equation is solved at the level of
individual leaves, for 13×36 leaf orientations (leaf inclination θ` and leaf azimuth ϕ` ),15

and 60 vertical positions in the canopy layer.
In order to compute the internally generated fluxes by thermal emission from leaves

and the soil, it is initially assumed that the temperature of the leaves and the soil are
equal to the air temperature. Next, the external radiation sources are added, and the
energy balance is solved. This gives new temperatures of the leaves and the soil,20

whereby also sunlit and shaded components are distinguished.
For the numerical solution of this problem, we start with the two-stream differential

equations in which absorption, scattering and thermal emission are included. These
are given by

d
LdxE

− = aE− − σE+ − εcHc
d
LdxE

+ = σE− − aE+ + εcHc
(10)25

where a is the attenuation coefficient, σ the backscatter coefficient, εc the emissivity of
6036
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the leaves (canopy), and Hc the black body emittance. The attenuation coefficient is the
diffuse extinction coefficient κ minus the forward scattering coefficient σ′, so a=κ−σ′.
This is because forward scattered radiation does not contribute to net attenuation. The
blackbody emittance of the leaves is given by Hc=πB(Tc), where Tc is the vegetation’s
skin temperature, and B the Planck blackbody radiance function. Alternatively, radiation5

integrated over the spectrum can be calculated by using Stefan-Boltzmann’s equation
for black body radiation.

The emitted radiation fluxes are calculated at the level of single leaves. In order
to model E− and E+ on the basis of Eq. (10), one needs the emitted radiation at
the level of leaf layers. The layer-level fluxes are calculated by applying a weighted10

averaging, taking into account the leaf inclination distribution, f (θ` ), and the probability
of sunshine, Ps, in order to differentiate between leaves in the sun (subscript “s”) and
leaves in the shade (subscript “d ”):

Hc(x) = Ps(x)
∑
13θ`
36ϕ`

f (θ` )Hcs(x, θ` , ϕ` )/36 + [1−Ps(x)]Hcd (x) (11)

The emittances Hcs and Hcd are the thermal emitted fluxes from individual leaves in15

the sun and in the shade, respectively. In order to numerically solve Eq. (10), we use
the corresponding differential equations for the transformed diffuse fluxes, F1=E

−r∞E
+

and F2=−r∞E
−+E+, where r∞=(a−m)/σ. It can be shown that the associated differ-

ential equations for the transformed fluxes are given by:

d
LdxF1 = mF1 −m(1 − r∞)Hc
d
LdxF2 = −mF2 +m(1 − r∞)Hc

(12)20

where m=
√

(a2−σ2) is the eigenvalue of the diffuse flux system. These differential
equations have the advantage that (if thermal emission were absent) vertical propa-
gation of the transformed fluxes would be simplified to purely exponential decays in
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downward and upward directions and that only one independent variable is involved at
a time, which leads to a quick convergence.

For the fluxes at the soil level one can write

E+(−1) = rsE
−(−1) + (1 − rs)Hs (13)

where rs is the soil’s reflectance and Hs is the black body emittance of the soil.5

Soil emitted radiation is calculated as a weighted sum of sunlit and shaded soil:

Hs = Ps(−1)Hss + [ 1 − Ps(−1)] Hsd (14)

Equations (12, 13) can be used as the basis for a numerical solution of the fluxes
in the case of heterogeneous foliage temperatures. An advantage of working with
transformed fluxes is that these can be directly expressed in those of the layer above10

or below the current one, and for a finite difference numerical solution we obtain the
simple recursive equations

F1(x −∆x) = (1 −mL∆x)F1(x) +m(1 − r∞)Hc(x)L∆x

F2(x + ∆x) = (1 −mL∆x)F2(x) +m(1 − r∞)Hc(x)L∆x
(15)

If the first transformed flux is given at the canopy top, it can be propagated downwards
to the soil level. Next, the second transformed flux can be started at the soil level, and15

it can be propagated upwards to the top-of-canopy (TOC) level. However, the second
transformed flux at the soil level is not known initially, so it has to be derived from the
boundary equation, Eq. (13). This gives

F2(−1) =
(rs − r∞)

(1 − rsr∞)
F1(−1) +

(1 − r2
∞)

(1 − rsr∞)
(1 − rs)Hs (16)

This relation can be used to link the downward and upward sequences of the difference20

Eq. (15), and finally both transformed fluxes at the TOC level will be available.
The initial guess of F1(0) is made under the assumption that there is no downward

incident flux at the top of the canopy. Since in the thermal infrared r∞ is also small,
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we simply assume that initially F1(0) is zero. Note that only thermal radiation emitted
by leaves and soil is considered here. Thermal radiation from the sky, which is not
negligible, has been treated with the semi-analytical solution described in Sect. 2.3.

After the downward and upward sequences have been completed, also the second
transformed flux at TOC level, F2(0), is known. At this moment one can correct the5

initial guess of F1(0), since it was based on the assumption of an upward flux of zero.
For this, use is made of the equation

F1(0) + r∞F2(0) = (1 − r2
∞)E−(0) = 0 , (17)

which is rewritten as F1(0)= − r∞F2(0) .
Summarized, the algorithm works as follows:10

1. Assume F1(0)=0

2. Propagate the first line of Eqs. (15) down to the soil level, giving F1(−1)

3. Apply Eq. (16), giving F2(−1)

4. Propagate the second line of Eqs. (15) up to TOC level, giving F2(0)

5. Apply F1(0)= − r∞F2(0), and go back to step 2, unless the change is less than a15

given threshold.

In practice, a couple of iterations are usually sufficient to arrive at the correct fluxes at
both boundaries.

The emissivity parameters εc and εs are input of the model. In this study, uniform
a priori values over the thermal spectrum were used. In future versions of the model,20

more knowledge about the spectral distribution of emissivity in the thermal range might
be incorporated.
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2.5 Net radiation

Net radiation includes the contributions of all radiation from 0.4 to 50µm. Here, the
principle of linearity of the fluxes is exploited to integrate the energy fluxes, over the
spectrum, over the source of radiation and over elements. This implies that the solution
obtained from the semi-analytical module for solar and sky radiation (Sect. 2.3) and5

the solution for internally generated thermal radiation (Sect. 2.4) can be added. Net
radiation of a layer is the weighted sum of the contributions from shaded and sunlit
leaves with different leaf angles. Similarly, net radiation of the canopy is the sum of the
contributions of the individual layers.

The net spectral radiation on a leaf is equal to the absorption minus its total emission10

from the two sides, or, for leaves in the shade

Rn(x) = [E−(x) + E+(x) − 2Hcd (x)](1 − ρ − τ) (18)

In this equation, E− and E+ are the sum of the externally (solar and sky) and inter-
nally generated fluxes. It is assumed that leaf emissivity ε equals leaf absorptance
α=1−ρ−τ (Kirchhoff’s Law), where ρ and τ are the reflectance and the transmittance15

of the leaf. For leaves in the sun with a given orientation relative to the sun we obtain

Rn(x, θ` , ϕ` ) = [|fs|Esun + E
−(x) + E+(x) − 2Hcs(x, θ` , ϕ` )](1 − ρ − τ) . (19)

Here, fs=
cosδs
cosθs

= cosθs cosθ`+ sinθs sinθ` cosϕ`
cosθs

,
where θs is the solar zenith angle and the leaf azimuth ϕ` is taken to be relative with

respect to the solar azimuth.20

The numerator of the above expression is the projection of the leaf onto a plane
perpendicular to the sunrays. Its absolute value is maximal if the leaf’s normal points
to the sun or in the opposite direction. The division by the cosine of the solar zenith
angle is applied because the solar irradiance is also defined for a horizontal plane. If
the leaf’s normal points to the sun, it receives more radiation than a horizontal surface25

would. The leaf’s emittances (emitted fluxes) are defined for leaves in the shade and
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in the sun. For leaves in the shade the emittance depends only on the vertical position.
Leaves in the sun will all have different temperatures and emittances, depending on
their orientation and vertical position (Sect. 2.4).

2.6 The energy balance

The fate of net radiation is calculated per element with the energy balance model.5

The energy balance model distributes net radiation over turbulent air fluxes and heat
storage.

The energy balance equation for each element i is given by:

Rn − H − λE − G = 0 (20)

where Rn is net radiation, H is sensible and λE is latent heat flux, whereas G is the10

change in heat storage (all in W m−2). In this equation, energy involved in the melting
of snow and freezing of water is not considered, and energy involved in chemical reac-
tions is neglected, since it is usually one or two orders of magnitude smaller than net
radiation. Heat storage G is considered for the soil only (the heat capacity of leaves is
neglected).15

The turbulent fluxes of an element i are calculated from the vertical gradients of
temperature and humidity for soil (index k=1 in the next equations) or foliage (k=2) in
analogy to Ohm’s law for electrical current:

H = ρa cp
Ts − Ta
rak

(21)

λE = λ
qs(Ts) − qa
rak + rck

(22)20

where ρa is the air density (kg m−3), cp the heat capacity (J kg−1 K−1), λ the evaporation

heat of water (J kg−1), Ts the temperature of an element (◦C), Ta the air temperature
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above the canopy (◦C), qs the humidity in stomata or soil pores (kg m−3) and qa the
humidity above the canopy (kg m−3), ra aerodynamic resistance and rc stomatal or soil
surface resistance (s m−1). Both H and λE are calculated for each surface element
separately.

Aerodynamic resistance ra is calculated with the two-source model of Wallace and5

Verhoef (2000). The model only differentiates between soil and foliage, and does not
use separate values for aerodynamic resistance for individual leaf elements. The aero-
dynamic model is further explained in Appendix B.

Soil heat flux at the surface G is calculated with the force restore method (Bhum-
rakhar, 1975):10

∂Ts(t)
∂t

=

√
2ω
Γ

G(t) −ω [Ts(t) − Ts] (23)

where ω is the frequency of the diurnal cycle (radians s−1), Γ the thermal inertia of the

soil (J K−1m−2s−1/2), and Ts average annual temperature. The force-restore equation
is discretised to:

Ts(t + ∆t) − Ts(t) =
√

2ω
Γ

∆tG(t) −ω∆t [Ts(t) − Ts] (24)15

This equation is used to calculate soil temperature from the temperature at the previous
time step. The fact that heat capacity of the soil is not negligible makes it necessary to
simulate a time series of the fluxes in order to obtain G.

The energy balance is closed by adjusting skin temperatures of leaf and soil ele-
ments in an iterative manner. It is initially assumed that the skin temperatures of the20

elements equal the air temperature. After each iteration step, the terms H , λE , G and
a new estimate of Ts are calculated for each element, using the four energy balance
equations (Eqs. 20, 21, 22 and 24). For numerical stability, a weighted average of the
estimates for Ts of the two previous iteration steps is used in the next iteration step. It-
eration continues until the absolute difference in net radiation between two consecutive25

iterations is less than the required accuracy for all surface elements.
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2.7 Leaf biochemistry

Leaf biochemistry affects reflectance, transmittance, transpiration, photosynthesis,
stomatal resistance and chlorophyll fluorescence. Reflectance and transmittance coef-
ficients, which are a function of the chemical composition of the leaf, are calculated with
the model PROSPECT (Jacquemoud and Baret, 1990). The other variables not only5

depend on the chemical composition of the leaf, but also on environmental constraints
such as illumination, leaf temperature and air humidity. Their nonlinear responses to
environmental constraints are calculated with the model of Van der Tol et al. (2009).
This model simultaneously calculates photosynthesis (Farquhar et al., 1980; Collatz et
al., 1992), stomatal resistance (Cowan, 1977) and chlorophyll fluorescence. The flu-10

orescence module is based on conceptual understanding of the relationship between
photosystem response and carboxylation. The output is the spectrally integrated level
of fluorescence.

In principle, the fluorescence level (W m−2) only needs to be distributed over the
spectrum (W m−2 µm−1) in order to obtain the required input for the radiative transfer15

model: spectrally distributed leaf level fluorescence. However, the matter is compli-
cated by two issues. First, the conceptual model is defined at organelle level. At leaf
level, re-absorption of fluorescence takes place, which may reduce the fluorescence
signal by an order of magnitude (Miller et al., 2005). The re-absorption varies with
wavelength and with the thickness and chemical composition of the leaf. Second, the20

model relies on an a priori value of chlorophyll fluorescence (as a fraction of absorbed
PAR) in low light conditions. This a priori value can be obtained from the literature
(Genty et al., 1989), but it is unknown whether the value is universal.

To overcome these limitations, the fluorescence level is expressed as a fraction ϕf
′

of that of a leaf in unstressed, low light conditions. This fraction is later (in the radiative25

transfer model) used to linearly scale an empirically obtained matrix which converts
an excitation spectrum into a fluorescence spectrum. The matrix was measured for
unstressed, low light conditions. In the current version of SCOPE, two matrices are
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required as input: one for the upper and one for the lower side of a leaf (Sect. 2.8).
In future versions of the model, the matrices might be calculated by a model similar to
PROSPECT. By using the biochemical model only to describe the response to environ-
ment and not the absolute level of chlorophyll fluorescence or its spectral distribution,
the problems of re-absorption and parameter estimation are circumvented.5

Currently, the parameters of the biochemical model may be chosen independently
from PROSPECT parameters. The parameters space could be restricted by relating
PROSPECT parameters for the optical domain, such as chlorophyll content, to bio-
chemical parameters such as photosynthetic capacity. This would make it possible to
extract information about photosynthetic capacity from the optical domain.10

The four most important parameters of the biochemical model are the carboxylation
capacity Vc,max, electron transport capacity Jmax, the dark respiration rate Rd (all in
µmol m−2 s−1), and the marginal water cost of photosynthesis λc. The first three pa-
rameters are temperature dependent (accounted for with Arrhenius functions). Various
studies have shown that the three parameters are correlated, and usually a constant15

ratio of Vc,max/Jmax=0.4 is used (Wullschleger, 1993). The parameter Vc,max varies with
depth in the canopy (Kull and Kruyt, 1998), with day of the year (Mäkelä et al., 2004)
and with plant species (Wullschleger, 1993). Dark respiration and carboxylation ca-
pacity both correlate with leaf nitrogen content, but at a global scale, the correlation
coefficients are low (Reich et al., 1999). The marginal cost of photosynthesis is a pa-20

rameter to describe the compromise between the loss of water by transpiration and
uptake of carbon dioxide through stomatal cavities. Parameter λc depends on plant
species and soil water potential. Weak global correlations between ecosystem type,
soil water potential and λc have been found (Lloyd and Farquhar, 1994).

2.8 Top-of-canopy radiance spectra25

From leaf temperature, fluorescence, and the direct and diffuse fluxes at all levels in the
canopy, one can calculate the top-of-canopy spectral radiances all over the spectrum.
These are obtained from the spectral radiance of single leaves, by integrating the latter
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over canopy depth, and leaf orientation. One can also express this directly into incident
fluxes, and use scattering and extinction coefficients defined for single leaves.

2.8.1 Contributions from scattering and thermal emission

For individual leaves, the SAIL scattering and extinction coefficients in the direction of
viewing can be summarised as follows:5

cosδs = cosθ` cosθs + sinθ` sinθs cosϕ`

cosδo = cosθ` cosθo + sinθ` sinθo cos(ϕ` − ψ)
(25)

ψ = relative azimuth sun-view

fs =
cosδs
cosθs

; fo =
cosδo
cosθo

(26)

K = |fo|
v = |fo|

ρ+τ
2 + fo

ρ−τ
2 cosθ`

v ′ = |fo|
ρ+τ

2 − fo
ρ−τ

2 cosθ`

w = |fsfo|
ρ+τ

2 + fsfo
ρ−τ

2

(27)

where K is the extinction coefficient in the observation direction, v and v′ are the scat-10

tering coefficients in the observation direction due to the contributions from downward
and upward diffuse flux, respectively, and w is the bi-directional scattering coefficient
for solar incident radiation. The subscript o in the above eqtaions refers to the obser-
vation direction, and the subscript s to the solar direction.

The TOC radiance contribution from a leaf (times π) in the direction of viewing is:15

πL`=wEs(0)Pso(x) + [vE−(x) + v ′E+(x) + KεcHc(x, θ` , ϕ` )]Po(x), (28)

where Po(x) is the gap fraction in the observation direction (the probability to view a
leaf or soil element at level x from outside the canopy), and Pso(x) is the bi-directional
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gap fraction (the probability of viewing sunlit leaf or soil elements at level x). The
above equation should be averaged (weighted) over all leaf orientations and split into
leaf fractions in the sun and in the shade, so one obtains Eqs. (29) and (30) for the
contributions from leaves in the shade and in the sun, respectively:

πL`d=
∑

13θ`
36ϕ`
60x

{[vE−(x)+v ′E+(x)]Po(x)[1−Ps(x)]+KεcHcd (x)[Po(x)−Pso(x)]}f (θ` )/36× L
60

(29)5

πL`s=
∑

13θ`
36ϕ`
60x

{
[wEs(0) + K (θ` , ϕ` )εcHcs(x, θ` , ϕ` )]Pso(x)
+[vE−(x) + v ′E+(x)]Po(x)Ps(x)

}
f (θ` )/36 × L

60
(30)

This assumes there are 36 leaf azimuth angles and 60 layers. The above equations
can be decomposed in quantities that depend either on the leaf orientation or the level.
The weighted averaging over the leaf inclination and azimuth could be done first, and
next the mean values (these are the analytical SAIL coefficients) could be used in the10

summation over levels. However, K in Eq. (32) must still be differentiated according to
leaf orientation, since the leaves’ thermal emittances vary with leaf orientation as well.

The bidirectional gap fraction, which is the probability of observing a sunlit leaf at
depth x in the canopy is given by

Pso(x) = exp[(K + k)x +
√
Kk

`
α

(1 − ex α` )] (31)15

where ` is the ratio of leaf width to canopy height, and

α =
√

tan2 θs + tan2 θo − 2 tanθs tanθo cosψ (32)
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Finally, the contributions from the soil background (sunlit and shaded) should be added.
They are given by

πLss={rs[E
−(−1) + Es(0)] + εsHss}Pso(−1)

πLsd=[rsE
−(−1) + εsHsd ][Po(−1)−Pso(−1)]

(33)

The sum is given by

πLs=[rsE
−(−1) + εsHsd ]Po(−1) + [rsEs(0) + εs(Hss−Hsd )]Pso(−1) (34)5

In Eq. (34), Po(x) is the probability of observing a leaf at depth x. In the final result,
frequent use is made of the analytical expressions for the scattering coefficients from
the SAIL model, so that in the numerical calculation mostly only a summation over the
60 layers needs to be done, as can be seen from Eq. (35). There is only one term left
for which a summation over leaf orientations as well as depth level has to be made.10

πLo(0)=


v
∑
60x
E−(x)Po(x) + v ′ ∑

60x
E+(x)Po(x) + Kεc

∑
60x
Hcd (x)[Po(x)−Pso(x)]

+wEs(0)
∑
60x
Pso(x) + εc

∑
13θ`
36ϕ`
60x

K (θ` , ϕ` )Hcs(x, θ` , ϕ` )f (θ` )Pso(x)/36

 L
60

+[rsE
−(−1) + εsHsd ]Po(−1) + [rsEs(0) + εs(Hss − Hsd )]Pso(−1)

(35)

Equation (35) can be calculated more efficiently when the analytical SAIL model is used
for the contributions from solar and sky irradiance, excluding the internally generated
thermal radiation. The terms in Eq. (35) containing the SAIL coefficients v , v′, w and rs
together form the directional reflectance contribution from the canopy and soil. Using15

the canopy-level reflectances for direct and diffuse radiation in observation direction rso
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and rdo, Eq. (35) can be re-written as:

πLo(0)=rsoEsun + rdoEsky +


+Kεc

∑
60x
Hcd (x)[Po(x)−Pso(x)]

+εc
∑

13θ`
36ϕ`
60x

K (θ` , ϕ` )Hcs(x, θ` , ϕ` )f (θ` )Pso(x)/36

 L
60

+εsHsdPo(−1) + εs(Hss − Hsd )Pso(−1)

(36)

2.8.2 Contribution from leaf fluorescence

Fluorescence from single leaves is calculated with the biochemical module (Sect. 2.7)
using the absorbed fluxes over the PAR region (400–700 nm). In addition, two5

excitation-fluorescence matrices (EF-matrices) must be given to represent fluores-
cence from both sides of the leaf, which have been experimentally derived for un-
stressed, low light conditions. The matrices convert a spectrum of absorbed PAR into
a spectrum of fluorescence. The fluorescence matrices are linearly scaled for each
element with a factor φ

′

f and with incident PAR to obtain the actual fluorescence.10

Absorbed PAR of direct (Eap,dir) and diffuse light (Eap,dir) can be calculated by inte-
grating incident radiation over the PAR wavelength range, λ, as follows:

Eap,dir =
700∫
400
Esun(λ)[1 − ρ(λ) − τ(λ)] dλ

Eap,dif(x) =
700∫
400

[E−(x, λ) + E+(x, λ)][1 − ρ(λ) − τ(λ)] dλ
(37)

The second expression can be used directly to obtain the absorbed PAR radiation by
leaves in the shade (Eap,d ). For leaves in the sun, also their orientation must be taken15

into account, and one so obtains

Eap,s(x, θ` , ϕ` ) = |fs|Eap,dir + Eap,dif(x) (38)
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Application of the photosynthesis-fluorescence model yields fluorescence amplification
factors φ

′

f s(x, θ` , ϕ` ) and φ
′

f d (x) for leaves in the sun and in the shade, respectively,
that should be treated as correction factors applied to the EF-matrices, which deter-
mine the spectral distribution of the fluorescent flux. The EF-matrices are symbolised
as M(λe, λf ) and M ′(λe, λf ) for backward and forward fluorescence, respectively.5

For the fluorescent radiance response to incident light for leaves in the sun with a
particular orientation one can write

πLf`s(x, λf , θ` , ϕ` )=φ
′

f s(x, θ` , ϕ` )

750∫
400

wf (λe, λf , θ` , ϕ` )Esun(λe)
+vf (λe, λf , θ` , ϕ` )E−(x, λe)

+v
′

f (λe, λf , θ` , ϕ` )E+(x, λe)

dλe (39)

Here it was assumed that the range of excitation wavelengths is from 400 to 750 nm.
The coefficients are defined by analogy with Eqs. (27) and are given by10

vf (λe, λf , θ` , ϕ` ) = |fo|
M(λe,λf )+M

′(λe,λf )
2 + fo

M(λe,λf )−M
′(λe,λf )

2 cosθ`
v

′

f (λe, λf , θ` , ϕ` ) = |fo|
M(λe,λf )+M

′(λe,λf )
2 − fo

M(λe,λf )−M
′(λe,λf )

2 cosθ`
wf (λe, λf , θ` , ϕ` ) = |fsfo|

M(λe,λf )+M
′(λe,λf )

2 + fsfo
M(λe,λf )−M

′(λe,λf )
2

(40)

For leaves in the shade the fluorescent radiance can be described by

πLf`d (x, λf )=φ
′

f d (x)

750∫
400

[vf (λe, λf )E
−(x, λe) + v

′

f (λe, λf )E
+(x, λe)]dλe, (41)

where both fluorescent scattering coefficients are supposed to have been obtained by
weighted averaging over all leaf orientations, i.e.15

vf (λe, λf ) =
1

36

∑
13θ`

f (θ` )
∑

36ϕ`

vf (λe, λf , θ` , ϕ` )

v
′

f (λe, λf ) =
1

36

∑
13θ`

f (θ` )
∑

36ϕ`

v
′

f (λe, λf , θ` , ϕ` )
(42)
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The total top-of-canopy fluorescent radiance is now obtained by a summation over
all layers and orientations, taking into account the probabilities of viewing sunlit and
shaded components. This gives

πLTOC
f =

L
60

∑
60x

Pso(x)

36

∑
13θ`

f (θ` )
∑

36ϕ`

πLf`s(x, λf , θ` , ϕ` ) + [Po(x)−Pso(x)]πLf`d (x, λf )

 (43)

3 Simulation results5

In this section, a number of simulations are presented to illustrate the potential and
the limitations of the SCOPE model. Most of the individual components of the model,
such as the optical radiative transfer model and the calculation of the turbulent heat
fluxes, have been validated before, and results have been reported elsewhere in the
literature (e.g. Jacquemoud et al., 2000). The emphasis of the simulations presented10

here is on the links that exist between energy fluxes and observed spectra in the optical
and thermal range. Comparisons are made with findings described in the literature. A
validation of the model against field data will be the topic of a follow-up paper.

3.1 Spectra

Figure 2 shows output spectra of a MODTRAN4 scenario, which was used as input15

for SCOPE for all simulations in this paper. It is not necessary to run SCOPE with
the same spectral resolution as the input data, but the resolution of the input data
obviously affects the accuracy of the output of SCOPE. Input data with a high spectral
resolution are not always available. In the absence of spectral input data, spectra
could be selected from a library of MODTRAN4 runs, and scaled in such a way that the20

integrated radiation agrees with broadband measurements.
Figure 3 shows TOC radiance spectra in nadir direction, calculated using the input

spectra of Fig. 2 (linearly scaled such that total incoming shortwave (0.4–2.5µm) radi-
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ation was 646 W m−2). Two scenarios are shown: for a typical fully grown C3 canopy
(LAI=3.22) and for a sparse C3 canopy (LAI=0.25). Other model parameters are listed
in Table 2. As meteorological input, a wind speed of 2.9 m s−1 was used, an absolute
humidity of qa=9.3 g kg−1 and air temperature Ta=21.4◦C. The upper graph shows the
results for the optical range (excluding fluorescence), the middle graph for the thermal5

range, and the lower graph shows chlorophyll fluorescence.
The spectrum of the fully grown canopy is typical for green vegetation (Carter and

Knapp, 2001), whereas the spectrum for the sparse canopy represents a mixture of
bare soil and vegetation.

Thermal radiation includes radiation emitted by the soil and the vegetation, and re-10

flected sky radiation. The latter term is only a minor fraction of the total spectrum. The
spectrum resembles Planck’s curve, because emissivity was not differentiated spec-
trally. The differences in radiance between the two lines are the combined result of
differences in emissivity, reflected thermal radiation, and contact temperatures. The
lower emissivity of the sparse crop reduces radiance, whereas the higher reflectance15

and higher leaf and soil temperatures of the sparse canopy have a positive effect on
the radiance. The higher soil and leaf temperatures of the sparse canopy are caused
by higher net radiation, due to the fact that a larger fraction of leaves and soil is sunlit
than in the dense vegetation.

The chlorophyll fluorescence spectra show two peaks, one in the red (690 nm) and20

one in the far red (730 nm). The ratio between the first and the second peak usu-
ally decreases with increasing chlorophyll content due to re-absorption within the leaf
(Buschmann, 2007). In the current simulations, the re-absorption within the leaf is not
included, as the matrices for the upside and downside of a leaf were prescribed as in-
put. However, the (minor) effect of re-absorption of other leaf layers is included, which25

causes the ratio of the first over the second peak to be slightly higher in the sparse
canopy compared to the fully grown canopy.

The magnitude of the fluorescence fluxes agrees with recent measurements:
Entcheva Campbell et al. (2008) found peak values of 2 to 5 W m−2µm−1 sr−1 for a
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maize crop (maize is a C4 crop, but simulations with SCOPE showed similar fluores-
cence values for C3 and C4 crops).

3.2 Vertical profiles

Figure 4 shows, for the two scenarios of Fig. 3, vertical profiles of leaf temperature, and
soil temperature in the canopy. Values represent the average per layer, for the sunlit5

fraction, the shaded fraction, and the weighted average temperature. The lowest layer
is the soil.

The temperature of both sunlit and shaded leaves increases with depth in the canopy
(from top to bottom of the graph), but the weighted mean temperature decreases
with depth. The sparse canopy has higher contact temperatures than the fully grown10

canopy, both for the shaded and the sunlit fraction. This effect is caused by the high
net radiation on the soil, resulting in higher soil contact temperatures, which also affect
the canopy layer above through a higher emittance received from below. The weighted
average of leaf and soil temperatures is also higher for the sparse vegetation, because
the fraction of sunlit leaves is higher.15

3.3 Angular dependence

Figure 5 shows the directional behaviour of reflectance, brightness temperature and
fluorescence for the two scenarios presented in Fig. 3. Directional simulations can
serve as a tool to study the added value of multi-angular observations.

The hotspot is clearly visible for the BRDF at 800 nm and for the brightness tem-20

perature. Even for fluorescence it is visible. In the hot spot one observes only sunlit
elements and this has a clear impact in all domains. For the sparse canopy, the re-
flectance at 800 nm is lower than for the fully grown crop.

The sparse crop has higher brightness temperatures, although the brightness tem-
perature is lower than the actual temperatures of leaves and soil (Fig. 3) due to the25

relatively low emissivity of the soil (0.94 compared to 0.98 for leaves). Brightness tem-
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perature observed with angles perpendicular to the solar azimuth angles are relatively
low compared to those measured in the principal plane. While increasing the view-
ing angle (from vertical to horizontal) the brightness temperature increases in concert.
The reason is that at horizontal viewing angles, the largest fraction of (relatively warm)
sunlit vegetation is visible. This effect is most pronounced in the sparse vegetation,5

because there the differences in temperature between sunlit and shaded vegetation
are the largest (Fig. 4).

The directional effect is quite pronounced for chlorophyll fluorescence. The upper
leaves contribute most to total chlorophyll fluorescence, and as a result, observed flu-
orescence increases when moving from vertical to horizontal viewing angles.10

3.4 Other effects

Figure 6 shows two additional scenarios for the fully grown canopy, one in which a
fivefold higher wind speed was used as input (15 m s−1), and one in which all direct
radiation was replaced by diffuse radiation. Figure 6 shows the results of these simula-
tions for the reflected spectrum, and the vertical profiles of temperature, photosynthesis15

and latent heat.
The first scenario shows that wind speed has a significant effect on temperature, no

effect on optical reflectance, and only minor effect on the fluxes. The aerodynamic re-
sistances decrease, but the vapour and temperature gradients decrease as well. The
net effect is that the fluxes are hardly affected by the increased wind speed. Note20

that in this simulation, the Arrhenius functions describing the sensitivity of biochemical
parameters to temperature were not used. These functions require additional param-
eters, with crop specific and unknown values. The second scenario shows that the
distribution of radiation over direct and diffuse radiation has a significant effect on re-
flectance, temperature and the fluxes. Diffuse radiation can be used more efficiently25

for photosynthesis than direct radiation, due to more homogeneous illumination (Gu et
al., 2002). The results of the SCOPE model simulation confirm this.
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4 Conclusions

The model SCOPE links visible to thermal infrared radiance spectra as observed above
the canopy to the fluxes of water, heat and carbon dioxide, as a function of vegetation
structure, and the vertical profiles of temperature and fluxes.

The model simulates realistic radiance spectra in observation direction between 0.45

and 50µm, and plausible vertical profiles of temperature and fluxes of energy and
carbon dioxide in the canopy. Angular effects on reflectance, brightness temperature
and chlorophyll fluorescence caused by varying the observation and solar angles can
be simulated as well.

SCOPE is neither a hydrological process model (it does not simulate soil water move-10

ment) nor a dynamic vegetation model (it does not simulate growth). Currently, there
is no functional link between chlorophyll content, photosynthetic capacity (Vcmax) and
the chlorophyll fluorescence response matrix. These elements could however easily
be implemented, when experimental evidence becomes available to justify a specific
representation.15

For the thermal range, emissivities of the soil and the vegetation were discriminated,
but these were considered spectrally constant. Implementation of spectrally dependent
emissivities is straightforward, but data are still lacking in this area.

SCOPE can be used in the preparation of field experiments, for future satellite mis-
sions, and to test relationships between spectral indices, surface temperature and20

fluxes.
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Appendix A

Numerically stable fluxes in the 4SAIL model

The two-stream radiative transfer equation in matrix-vector form reads

d
Ldx

(
E−

E+

)
=
(
a −σ
σ −a

) (
E−

E+

)
. (A1)5

With the eigenvaluem=
√

(a−σ)(a+σ), one can define the so-called infinite reflectance,
which is given by r∞=a−m

σ , and by means of the left-hand eigenvector matrix(
1 −r∞

−r∞ 1

)
one can define transformed fluxes given by

(
F1
F2

)
=
(

1 −r∞
−r∞ 1

)(
E−

E+

)
(A2)

This transformation establishes the diagonalization of the two-stream radiative transfer10

matrix, since

d
Ldx

(
F1
F2

)
=
(

1 −r∞
−r∞ 1

)(
a −σ
σ −a

)(
E−

E+

)
=
(
m 0
0 −m

)(
1 −r∞

−r∞ 1

)(
E−

E+

)
=
(
m 0
0 −m

)(
F1
F2

)
(A3)

Addition of direct solar flux and thermal emittance by the foliage to Eq. (A1) gives

d
Ldx

(
E−

E+

)
= Es(0)ekLx

(
−s′
s

)
+
(
a −σ
σ −a

) (
E−

E+

)
+ εv

(
−Hc
Hc

)
(A4)

The transformation by the left-hand eigenvector matrix can now be applied again to15

obtain

d
Ldx

(
F1
F2

)
= Es(0)ekLx

(
−s′ − r∞s
r∞s

′ + s

)
+
(
m 0
0 −m

) (
F1
F2

)
+ εv (1 + r∞)

(
−Hc
Hc

)
(A5)
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One can write

1 + r∞
1 − r∞

=
1 + a−m

σ

1 − a−m
σ

=
σ + a −m
σ − a +m =

m(a + σ −m)

m2 −m(a − σ)
=

m(a + σ −m)

(a − σ)(a + σ −m)
=

m
a − σ . (A6)

Since a−σ=α=εc (Kirchhoff’s law), where α is the absorption coefficient and εc the
foliage emissivity. Next, one can write (1+r∞)εc/m=1−r∞, so finally the following
differential equations are obtained:5

d
LdxF1 = mF1 − (s′ + r∞s)Es −m(1 − r∞)Hc
d
LdxF2 = −mF2 + (r∞s

′ + s)Es +m(1 − r∞)Hc
(A7)

Numerically safe analytical solutions of these differential equations are given by

F1 = δ1e
mLx + (s′ + r∞s)Es(0)e

mLx−ekLx
k−m + (1 − r∞)Hc

F2 = δ2e
−mL(1+x) + (r∞s

′ + s)Es(0)e
kL(1+x)−e−mL(1+x)

k+m e−kL + (1 − r∞)Hc
(A8)

where δ1 and δ2 are constants which have to be determined from the boundary equa-
tions.10

Defining the functions

J1(q, x) = emLx−eqLx
q−m

J2(q, x) = eqL(1+x)−e−mL(1+x)

q+m e−qL
(A9)

one can write

F1 = δ1e
mLx + (s′ + r∞s)Es(0)J1(k, x) + (1 − r∞)Hc

F2 = δ2e
−mL(1+x) + (r∞s

′ + s)Es(0)J2(k, x) + (1 − r∞)Hc
(A10)

Function J2(q, x) is numerically stable, but J1(q, x) must be approximated by a different15

function if q−m is small, say less than 10−3. Thus we redefine
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J1(q, x) =


emLx−eqLx
q−m |q−m| ≥ 10−3

−1
2 (emLx + eqLx)Lx [1− 1

12 (q−m)2L2x2]|q−m| < 10−3
(A11)

The energy balance, and therefore also leaf temperatures, photosynthesis and fluo-
rescence, depends on the direct and diffuse fluxes in the canopy. The direct solar flux
follows directly from

Es(x) = Es(0)Ps(x) ,5

where Ps(x)=exp(kLx) is the probability of sunshine (or the gap fraction in the direction
of the sun), L is the total LAI and x the relative optical height, which runs from −1 at
the bottom to zero at the canopy top.

The diffuse fluxes can be calculated once the transformed fluxes have been deter-
mined using Eq. (A8). However, this requires solving the boundary constants δ1 and10

δ2. This can be achieved by evaluating F1 at the canopy top, and F2 at the canopy
bottom, giving

F1(0) = δ1 + (1 − r∞)Hc
F2(−1) = δ2 + (1 − r∞)Hc

(A12)

Here, use was made of the fact that J1(k,0)=0, and also J2(k,−1)=0. In terms of the
normal diffuse fluxes one then obtains15

δ1 = F1(0) − (1 − r∞)Hc = E−(0) − r∞E
+(0) − (1 − r∞)Hc

δ2 = F2(−1) − (1 − r∞)Hc = −r∞E
−(−1) + E+(−1) − (1 − r∞)Hc

(A13)

If thermal emission is disregarded for the moment, the constants are given by
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δ1 = E−(0) − r∞E
+(0)

δ2 = E+(−1) − r∞E
−(−1)

(A14)

Four-stream radiative transfer for the canopy-soil system can now be described by

Es(−1) = τssEs(0)
E−(−1) = τsdEs(0) + τddE

−(0) + ρddE
+(−1)

E+(0) = ρsdEs(0) + ρddE
−(0) + τddE

+(−1)
E+(−1) = rs[Es(−1) + E−(−1)]

(A15)

Here, the double-subscripted intrinsic reflectance and transmittance quantities of the
isolated canopy layer are provided as output quantities of the 4SAIL model and are5

given by

τss = e
−kL

τdd = (1−r2
∞)e−mL

1−r2
∞e−2mL

ρdd = r∞(1−e−2mL)

1−r2
∞e−2mL

τsd = (s′+r∞s)J1(k,−1)−r∞e
−mL(r∞s

′+s)J2(k,0)

1−r2
∞e−2mL

ρsd = −r∞e
−mL(s′+r∞s)J1(k,−1)+(r∞s

′+s)J2(k,0)

1−r2
∞e−2mL

(A16)

Combining the second and fourth equation of Eq. (A15) gives

E−(−1) − ρddE
+(−1) = τsdEs(0) + τddE

−(0)
−rsE

−(−1) + E+(−1) = rsEs(−1) = rsτssEs(0)
(A17)

Solving E+(0) from these gives10

E+(−1) =
(τsd + τss)Es(0) + τddE

−(0)

1 − rsρdd
rs (A18)
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In the program FluorSAIL (Miller et al., 2005), a predecessor of SCOPE, the following
additional equations are used to determine the boundary constants:

E+(0) = ρsdEs(0) + ρddE
−(0) + τddE

+(−1)
E−(−1) = τsdEs(0) + τddE

−(0) + ρddE
+(−1)

(A19)

Note, that only Esun=Es(0) and Esky=E
−(0) are required as inputs for these calcula-

tions, since all other intrinsic canopy optical properties are provided by 4SAIL. Calcu-5

lation of the internal diffuse fluxes in the canopy can now proceed by using Eq. (A8)
and applying the inverse transformation to F1 and F2 to obtain back the original diffuse
fluxes:

F1(x) = δ1e
mLx + (s′ + r∞s)Es(0)J1(k, x)

F2(x) = δ2e
−mL(1+x) + (r∞s

′ + s)Es(0)J2(k, x)
E−(x) = [F1(x) + r∞F2(x)]/(1 − r2

∞)
E+(x) = [r∞F1(x) + F2(x)]/(1 − r2

∞)

(A20)

Appendix B10

Aerodynamic resistance

For aerodynamic resistance, the schematisation of Wallace and Verhoef (2000) was
used. A two-source model was used with separate resistances for soil and canopy
(Fig. 7).15

Aerodynamic resistance in the inertial sublayer is:

r Ia =
1

Ku∗

[
ln
(
zr − d
zR − d

)]
−Ψh,v (zr ) +Ψh,v (zR) (B1)

where Kg=0.4) is Von Karman’s constant, u∗ is the friction velocity (m s−1), zr the
reference height (m), zR height of the roughness sublayer (m), d is the zero-plane
displacement (m), and Ψh,v a stability correction function (see below).20
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The aerodynamic resistance in the roughness sublayer is:

rRa =
zR − h

Ku∗ (zR − d )
−Ψ∗

h,v (zR) +Ψ∗
h,v (h) (B2)

where h is the vegetation height, and Ψ∗
h,v a stability correction function (see below).

Aerodynamic resistance in the canopy, above the in-canopy source height z0m+d , is:

rca =
h sinh (n)

nKhv (h)

[
ln
(
en − 1
en + 1

)
− ln

(
en(z0m+d )/h − 1

en(z0m+d )/h + 1

)]
(B3)5

where z0m is the roughness height for momentum (m), n a wind extinction coefficient
(see below), and Khv the eddy diffusivity (see below).

For the boundary layer resistance of leaves:

rcb =
70
L

√
wl
uz0m

(B4)

Where wl is leaf width (m) and uz0m wind speed at z=z0m + d (see below).10

The within canopy resistance is:

rcw =
h sinh (n)

nKhv (h1)

[
ln

(
en(z0m+d )/h − 1

en(z0m+d )/h + 1

)
− ln

(
en·0.01/h − 1

en·0.01/h + 1

)]
(B5)

Here, the value of 0.01 denotes the roughness length of soil.
For the boundary layer resistance of soil and the surface resistance of vapour trans-

port in soil pores, a priori values are used:15

rsb = 150 sm−1and rss = 500 sm−1 (B6)

The value for rss could be a function of soil moisture content. For heat transport,
rcs=r

s
s=0.
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In the above equations, friction velocity u∗ (m s−1) is:

u∗ = Ku(z)
[

ln
(
z − d
z0m

)
−Ψm

(
z − d
Λ

)]−1

(B7)

where Λ Monin-Obukhov length (m). Wind speed at height z0m+d,uz0, is:

uz0 = uze
n((z0m+d )/(h−1)) (B8)

Wind extinction coefficient n is calculated as:5

n =
cdL

2κ2
(B9)

Where cd (=0.2) is a drag coefficient. The eddy diffusivity Kh,v is calculated as:

Kh,v = κu∗ (z − d )Φ−1
m,h,v (B10)

where z=zr (see Eq. B1) or zR (Eqs. B1, B2) or h (Eq. B2).
The stability correction functions for neutral conditions are:10

Ψh,v = Ψ∗
h,v = Ψm = 0 (B11)

Φ−1
m,h,v = 1 (B12)

In the model, these values are also used for stable conditions (i.e. no stability correction
is applied for stable conditions). For unstable conditions:

Ψh,v = 2 log

(
1 + x2

z

2

)
(B13)15

Ψ∗
h,v =

z − d
zR − d

x2
z − 1

x2
z + 1

(B14)
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Ψm = 2 log
(

1 + xz
2

)
+ log

(
1 + x2

z

2

)
− 2 arctan (xz) +

π
2

(B15)

Φ−1
m,h,v =

(
1 − 16

h − d
Λ

)1/2
(B16)

In these equations:

xz =
(

1 − 16
z
Λ

)1/4
(B17)
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Table 1. List of symbols.

Symbol Description Unit

` Ratio of leaf width to canopy height

ϕ` Leaf azimuth angle (relative to solar azimuth)

θ` Leaf inclination angle = leaf normal zenith angle

a Attenuation coefficient

A Gross photosynthesis rate µmol m−2 s−1

cd Drag coefficient

cp Heat capacity of the air J kg−1 K−1

d Zero-plane displacement height m

E−,E+ Downward and upward irradiance W m−2 µm−1

Eap Absorbed photosynthetically active radiation µmol m−2 s−1

Es Direct solar irradiance in the canopy W m−2 µm−1

Esun, Esky Solar and sky irradiance above the canopy W m−2 µm−1

F1, F2 Transformed fluxes W m−2 µm−1

fo,fs Leaf area projection factors in the directions of view and the sun

f (θ` ) Leaf inclination distribution function

G Soil heat flux W m−2

h Vegetation height m

H Sensible heat flux W m−2

Hc, Hs Blackbody emission by vegetation and soil W m−2

J1, J2 Functions to establish numerically stable solutions in SAIL

Jmax Maximum electron transport capacity µmol m−2s−1

k Extinction coefficient in solar direction

K Extinction coefficient in observation direction

Kh,v Eddy diffusivity m2 s−1

L Leaf area index (always without a subscript)

L Spectral radiance (always to be used with subscripts) W m−2 µm−1sr−1

m Eigenvalue of two-stream diffuse radiative transfer equation

M, M ’ Backward and forward fluorescence matrix

n Wind extinction coefficient

Ps, Po, Pso Gap fractions for sunshine, observation, and observation of sunlit elements

q Generic extinction coefficient (can be K or k)

qs, qa Absolute humidity of the surface and the air kg m−3

r∞ Bi-hemispherical canopy reflectance for infinite LAI

ra, rc, rw , rb Aerodynamic and surface resistance, within vegetation and boundary resistance s m−1

Rd Dark respiration rate µmol m−2s−1

Rn Net radiation W m−2

rs Soil reflectance

rso, rdo Canopy-level reflectances for direct and diffuse radiation in observation direction

s, s’ Backscatter and forward scatter coefficient for solar incident flux in the canopy
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Table 1. Continued.

Symbol Description Unit

t Time s

Ta, Tc, Ts Air, vegetation and soil temperature ◦C
u Wind speed m s−1

u∗ Friction velocity m s−1

v , v ’ Scattering coefficients for downward and upward diffuse fluxes into observed radiance times pi

Vcmax Maximum carboxylation rate µmol m−2 s−1

w Bi-directional scattering coefficient

wl Leaf width m

x Relative depth in the canopy [−1,0]

z, zr ,zR , z0m Measurement height, height of the inertial sublayer, height of the roughness sublayer, roughness length for momentum m

φ
′

f Leaf fluorescence as a fraction of that in unstressed, low light conditions, in energy units of incident PAR

Φ Stability correction function (Eq. B13 and B17)

Γ Thermal inertia of the soil J K−1m−2s−1/2

K Von Karman’s constant (=0.4)

Λ Monin-Obukhov length m

Ψ Stability correction function (Eqs. B14 to B16)

Ψ Azimuth angle of observation relative to solar azimuth rad

δo Angle between leaf surface normal and observation direction

δs Angle between leaf surface normal and solar direction

δx, δy Boundary constants for diffuse fluxes

εc, εs Emissivity for vegetation and soil

ϕo, ϕs Observation and solar azimuth angles

κ Extinction coefficient for diffuse fluxes

λ Vaporization heat of water J kg−1

λc Cowan’s water use efficiency parameter

λE Latent heat W m−2

λe, λf Excitation and fluorescence wavelength µm

θo, θs Observation and solar zenith angles

ρ Leaf reflectance

ρa Air density kg m−3

ρs Soil reflectance

σ ,σ
′

Diffuse backscatter, forward scatter coefficient

τ Leaf transmittance

ω Frequency of the diurnal cycle rad s−1
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Table 2. The most relevant parameters used for the SCOPE simulations for a C3 canopy.
Parameters Cab, Cdm, Cs and N are PROSPECT parameters, and refer to chlorophyll content,
dry matter content, senescent material, and leaf thickness, respectively. LIDF a and LIDFb are
leaf angle distribution parameters (Verhoef et al., 2007). The values in the table refer to a
spherical distribution. Other parameters are explained in Table 1.

Parameter Value Unit Parameter Value Unit

Cab 60 µg cm−2 Vcmax 50 µmol m−2 s−1

Cdm 0.012 g cm−2 Jmax 120 µmol m−2 s−1

Cw 0.009 cm λc 700

Cs 0.0 h 1.0 m

N 1.4 ρ (thermal) 0.01

LIDF a −0.35 τ (thermal) 0.01

LIDFb −0.15 ρs (thermal) 0.06

LAI 3.22/0.25
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radiation
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3 Biochemical processes and (turbulent) heat fluxes
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Ratiative Transfer

Energy Balance

Rn???E, H, G, A

)0(?

E

?Lo (solar and sky) ?Lo (thermal) ?Lo (fluorescence)

Leaf biochemical model Aerodynamic resistances

Rn Tc, Ts
?’f

Fig. 1. Schematic overview of the model structure.
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Fig. 2. Direct (Esun) and diffuse (Esky) irradiances (for zero albedo) on logarithmic scales.
Plotted wavelength range is 0.4 to 50µm.
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Fig. 3. Outgoing optical to NIR (upper graph), thermal (middle graph) and chlorophyll fluores-
cence radiance in nadir direction, for two scenarios (low LAI and high LAI) of a C3 canopy. The
relevant parameters are listed in Table 2.
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Fig. 4. For the same scenarios as in Fig. 3, vertical profiles of contact temperatures of leaves
and soil (averages per layer). The top of the graph represents the top of canopy; the bottom
of the graph represents the soil. Temperatures are contact (skin) temperatures of the canopy,
except for the values at the bottom of the graph: these are contact temperatures of the soil.
The vertical axis scales linearly with leaf area index.
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Fig. 5. For the same scenarios as in Fig. 3, hemispherical graphs of top-of-canopy reflectance
(left), brightness temperature (middle) and chlorophyll fluorescence radiance (right) as a func-
tion of viewing zenith angle and viewing azimuth angle (relative to the solar azimuth). Zenith
angle varies with the radius, the azimuth angle increases while rotating anticlockwise from
north. The solar zenith angle was 48◦.
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Fig. 6. Outgoing radiance in nadir direction for three scenarios: the fully grown C3 canopy of
Fig. 2 (LAI=3.22), a similar scenario but with a wind speed of 15 m s−1 instead of 2.9 m s−1,
and a similar scenario but with a all direct radiation replaced by diffuse radiation (while total
radiation is remains unchanged).
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Fig. 7. Schematic representation of a two-source resistance model for resistances to water
vapour and heat transport in and above the canopy, after Wallace and Verhoef (2000). Letter
“D” refers to either temperature (T ) ore absolute humidity (q). Other symbols are defined in
Table 1.
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