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A B S T R A C T

The vertical heterogeneity of leaf biophysical and biochemical properties may have a large effect on the bi-
directional reflectance and fluorescence of vegetation canopies. This has implications for the interpretation of
remote sensing data. We developed a model for light interaction and energy balance in vegetation canopies in
which leaf biophysical and biochemical properties vary in the vertical. The model mSCOPE is an extension of the
Soil-Canopy Observation of Photosynthesis and Energy fluxes (SCOPE) model, which simulates spectral and
bidirectional reflectance, fluorescence, and photosynthesis of vertically heterogeneous vegetation canopies. The
modelling of radiative transfer in mSCOPE is based on the classical SAIL theory. A solution to the radiative
transfer equation for multi-layer canopies is given, which allows calculating top-of-canopy (TOC) reflectance and
the flux profile. The latter is used for the simulation of fluorescence emission and photosynthesis of every leaf
through the leaf radiative transfer model Fluspect and a biochemical model. The radiative transfer of fluores-
cence in multi-layer canopies is solved numerically in mSCOPE to obtain TOC bidirectional fluorescence. The
significant effect of vertical heterogeneity of leaf properties on TOC reflectance, fluorescence and photosynthesis
is demonstrated by different scenarios with customized vertical profiles of leaf chlorophyll content and leaf
water content, and also with measured vertical profiles of leaf chlorophyll content in corn canopies. A pre-
liminary validation of the reflectance calculating routine of mSCOPE is conducted by comparing measured and
simulated TOC reflectance spectra of the corn canopies. We conclude that it is important to consider the vertical
heterogeneity of leaf properties for the prediction of reflectance, fluorescence and photosynthesis. The model
mSCOPE could serve as a tool to better understand vertically heterogeneous vegetation canopies.

1. Introduction

Vegetation models are powerful tools to understand a variety of
plant physiological processes. Radiative transfer models (RTMs), as a
major class of vegetation models, are widely used in remote sensing
applications because they offer an explicit connection between the top
of canopy (TOC) observations and vegetation properties (e.g., chlor-
ophyll, leaf area index) (Houborg et al., 2007; Ustin et al., 2009). Ve-
getation models that simulate photosynthesis (De Wit, 1962; Myneni,
1991) include, besides an RTM, also a leaf photosynthesis model such
as Farquhar et al. (1980) or Collatz et al. (1992). The RTM simulates the
light distribution within the canopy, while the photosynthesis model
simulates the energy partitioning in photosystems.

SCOPE (Soil Canopy Observation, Photochemistry and Energy
fluxes) is an integrated radiative transfer and energy balance model
(Van der Tol et al., 2009) that simulates the spectrum of TOC reflected

radiation, fluorescence emission in the viewing direction and photo-
synthesis as functions of leaf properties, vegetation structure, and
micro-meteorological conditions. The model has been widely applied to
enhance the understanding of remotely sensed data and canopy pho-
tosynthesis, and to support the quantitative use of reflectance and
fluorescence for estimation of plant functional traits (Zhang et al., 2014;
Damm et al., 2015; Van der Tol et al., 2016; Drusch et al., 2017).

The SCOPE model assumes that vegetation canopies are vertically
homogeneous and horizontally infinite, as its radiative transfer routines
are based on the classical 1-D SAIL model (Verhoef, 1984, 1985).
However, in reality, canopies generally exhibit large vertical hetero-
geneity of both biophysical and biochemical properties (Dreccer et al.,
2000; Valentinuz and Tollenaar, 2004; Ciganda et al., 2008). Vertical
heterogeneity of chlorophyll and leaf water has been found in winter
wheat (Liu et al., 2015; Zhao et al., 2017), corn (Ciganda et al., 2008)
and beech tree (Wang and Li, 2013). A multi-layer structure of
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vegetation canopies is very common, for example, forests with a grass
or bush layer, field crops with a weed layer and vegetation in the se-
nescent stage (Kuusk, 2001; Verhoef and Bach, 2007; Ciganda et al.,
2008; Liu et al., 2015).

The vertical heterogeneity in canopies has been included in some
models, and simulations with these models show that its effect on top of
canopy (TOC) reflectance is not negligible (Kuusk, 2001; Verhoef and
Bach, 2007; Wang and Li, 2013). However, the effect of vertical hetero-
geneity on photosynthesis and fluorescence is unknown. It is expected that
the vertical distribution of leaf properties can affect the light distribution
in the canopy, and thereby fluorescence emission and photosynthesis of
leaves. The vertical heterogeneity may also influence the re-absorption
and scattering (radiative transfer) of the emitted fluorescence and thus
directly affect TOC fluorescence. The simplification of vertically complex
canopies to homogeneous canopies, with either mean values of phyto-
metric and optical parameters of all leaves, or values of upper leaves, may
lead to bias in the prediction of reflectance, fluorescence and photo-
synthesis by SCOPE. The inclusion of vertical heterogeneity of leaf prop-
erties in SCOPE will promote a better understanding of the link between
remote sensing observations and plant functional traits.

This study presents a multi-layer reflectance, fluorescence and
photosynthesis model based on SCOPE, called mSCOPE. The model
mSCOPE considers the vertical variation of leaf biochemical and bio-
physical properties. The analytical solution of radiative transfer of the
incident fluxes in SAIL (Verhoef, 1984) and the numerical solution of
radiative transfer of the emitted fluorescence in SCOPE (Van der Tol
et al., 2009) are not applicable in mSCOPE, because the assumption of
the vertical homogeneity of canopy components (leaves) does not hold
in mSCOPE. Therefore, we briefly introduce the theory of mSCOPE by
giving the solutions of radiative transfer of incoming radiation and
emitted fluorescence in multi-layer canopies. Several example simula-
tions are presented to illustrate the effects of vertical heterogeneity of
leaf chlorophyll and leaf water content on TOC reflectance, fluores-
cence and canopy photosynthesis. The model mSCOPE is also pre-
liminary validated.

2. Description of mSCOPE

2.1. Overview

The model mSCOPE extends the 1-D model SCOPE for a homo-
geneous canopy to a vertically heterogeneous vegetation canopy. It has
the same architecture of SCOPE: leaf and canopy RTMs combined with
an energy balance model. At leaf level, Fluspect (Vilfan et al., 2016) is
used to simulate leaf reflectance, transmittance, and fluorescence. At
canopy level, RTMo and RTMf (Van der Tol et al., 2016), which are two
SAIL based models, compute the radiative transfer of incident radiation
and emitted fluorescence, respectively. All the four models (Fluspect,
RTMo, RTMf, and the energy balance model) are internally connected.
Fluspect provides necessary input for canopy RMTo and RMTf. RTMo
predicts the distribution of irradiance and net radiation over surface
elements (leaves and soil), which are inputs to the energy balance
module and RTMf.

The model mSCOPE retains the assumption of homogeneity in the
horizontal direction in SCOPE, but it incorporates vertical hetero-
geneity of leaf properties. The type of input parameters in mSCOPE is
the same as in SCOPE (Table 1). The difference is that mSCOPE accepts
different values of leaf properties for up to 60 layers (Table 2). In other
words, the user is allowed to deviate from the default, uniform profile
of the leaf properties, and specify vertical profiles. The operational ef-
ficiency of mSCOPE is similar to that of SCOPE, and the same output
variables are generated.

2.2. Radiation fluxes

In order to calculate photosynthesis and fluorescence, the radiation

distribution in the canopy is required. In mSCOPE, this is computed
using the classical SAIL 4-stream theory. The radiative transfer of the
direct solar flux (Es), downward diffuse flux (E−), upward diffuse flux
(E+) and flux in the viewing direction (Eo), is analytically represented
by four linear equations:

=dE
Ldx

kEs
s (1a)

= − + −
−

− +dE
Ldx

sE aE σEs (1b)

= + −
+

′ − +dE
Ldx
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wE vE v E KEo
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where x is the vertical relative height to the canopy bottom surface, and
L is canopy LAI. The extinction coefficients (k and K) depend on canopy
structural characteristics (i.e., LAI and leaf angle distribution) and sun-
observer geometry. The scattering coefficients (s,a,σ,s′,w,v,v′) depend
on canopy structural characteristics, sun-observer geometry and the
optical characteristics (i.e., leaf reflectance ρ and transmittance τ) of
foliar elements. These nine coefficients, first defined by Verhoef (1984),
are given in Appendix A.

In mSCOPE, due to the consideration of vertical leaf properties
heterogeneity, leaf reflectance, transmittance and the scattering coef-
ficients may vary vertically. This has no impact on the extinction
coefficients (K and k). Therefore, only the calculation of the diffuse
fluxes (E− and E+) needs to be adapted in mSCOPE, while the calcu-
lation of the directional fluxes remains the same as in SCOPE (i.e., Eqs.
(1a) and (1d)).

The vegetation layer's scattering matrix is given by

Table 1
Main input parameters of SCOPE.

Parameter Explanation Unit Standard
value

Range

Cab Chlorophyll a+b content μg cm−2 40 0–100
Cdm Leaf mass per unit area g cm−2 0.01 0–0.02
Cw Equivalent water thickness cm 0.015 0–0.05
Cs Senescence material (brown

pigments)
fraction 0.1 0–1

Cca Carotenoid content μg cm−2 10 0–30
Nl Leaf structure parameter - 1.5 1–3
LAI Leaf area index - 3 0–6
LIDFa Leaf inclination function

parameter a
- −0.35 −1 to 1

LIDFb Leaf inclination function
parameter b

- −0.15 −1 to 1

ϵ1 Fluorescence efficiency of
photosystem I

- 0.004 0–0.01

ϵ2 Fluorescence efficiency of
photosystem II

- 0.02 0–0.05

θs Sun zenith angle ° 45 0–90
ψ Relative azimuthal angle ° 0 0–360
PAR Photosynthetically active

radiation
μmol
m−2s−1

1200 0–2200

Table 2
Extra input parameters of mSCOPE compared with SCOPE.

mSCOPE SCOPE

Layer index 1 2 … N
Leaf properties v(1) v(2) … v(N) vcanopy
LAI L(1) L(2) … L(N) Lcanopy

Note: leaf properties parameters include Cab, Cdm, Cw, Cs, Cca and Nl.
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where the subscripts attached to the vectors in the left matrix refer to
the direct solar (s) flux, diffuse (d) flux and flux in the observer's (o)
direction, and the subscripts attached to the right matrix denote
downward (d), upward (u), top (t) and bottom (b). ρx1x2 and τx1x2 (i.e.,
x1 and x2 are s, d or o) are reflectance and transmittance of the layer for
the case of flux x1 to flux x2. Rt and Rb are the reflectance at top and
bottom of the vegetation layer, respectively. Td and Tu are the down-
ward and upward transmittance, respectively.

The vegetation layer is normally on top of a reflecting surface (e.g.,
soil). The surface bidirectional reflectance (Rbottom) is described by

⎡
⎣⎢

⎤
⎦⎥

=
R R
R R Rsd dd

so do
bottom

(3)

For a vertically homogeneous canopy (as in SCOPE), the analytical
solution to the canopy scattering matrix (Eq. (2)) is first solved, then the
TOC reflectance and flux profile are computed (Verhoef, 1984, 1985).
However, for a vertically heterogeneous canopy (as in mSCOPE), it is
difficult to get an analytical solution to the canopy scattering matrix:
For each vegetation layer, the scattering matrix is different due to
heterogeneous leaf properties. Therefore, in mSCOPE, we avoid the
calculation of canopy scattering matrix. Instead, we developed a new
strategy. The main idea comes from the adding method originally de-
veloped to simulate TOC reflectance in heterogeneous canopies (Cooper
et al., 1982; Verhoef, 1985). In mSCOPE, we extended it to the calcu-
lation of the flux profile and TOC fluorescence.

The procedure is summarized as follows: 1. divide the vertical
heterogeneous layer into several homogeneous layers; 2. start from the
bottom homogeneous layer, calculate the surface reflectance of the
combined system of the bottom surface (e.g., soil) and this layer; 3. add
a new homogeneous vegetation layer above the surface of the previous
system in step 2, and calculate the surface reflectance of the new
system; 4. repeat step 3 until all homogeneous layers are added. 5. Once
the surface reflectance at each vertical level is obtained, the fluxes
profile can be computed from top to bottom, given the incident flux at
top of the canopy.

In mSCOPE, the properties of a user defined N-layer canopy (where
N <=60) are distributed over 60 sublayers. The use of 60 sublayers is
similar to SCOPE, and it is necessary for computational reasons:
Sufficiently thin sublayers of no more than 0.1 units of leaf area index
(LAI) are needed to avoid problems in the numerical discretization of
the differential equations. We use the term ‘layers' for a layered canopy
(such as understory and overstory), and the term ‘sublayers' for the
numerical discretization of the canopy.

In a heterogeneous 60-sublayer system that is bounded by a surface
at the bottom, we distinguish the 60 sublayers by numbers from 1 to 60,
and the fluxes at the bottom and the top of the system by the numbers 1
and 61. The levels at the interfaces between neighbouring sublayers are
numbered from 2 to 60. Using this numbering for sublayers and their
interfaces, the following set of equations describe radiative transfer in
the whole system:
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Except for the bottom reflectance Rbottom, all reflectance and trans-
mittance matrices here refer to all the sublayers. These are therefore
represented by lower case letters (i.e., t and r).

If only the downward fluxes at the top of the system are given, by
the elements of the vector Ed(61), all other flux vectors can be derived.
To this end, we first solve the combination of the bottom with sublayer
1, which is given by the equations (i.e., from Eqs. (4a) and (4b))
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Here we introduced a new quantity X=(I− rbRbottom)−1td, which is
called the effective downward transmittance, since it describes the re-
lationship between the downward fluxes at successive levels while
taking into account the multiple reflections with the thick layer under
the level of interest. Eqs. (7) and (8) are expressed as:

=E X E(1) (1) (2)d d (9)

= +E r t R X E(2) [ (1) (1) (1)] (2)u
t u bottom

d (10)

Eq. (10) gives the calculation of the upward flux at the top of sub-
layer 1. From Eq. (10), we obtain a new effective surface reflectance
matrix at the top of sublayer 1, given by

= +R r t R X(2) (1) (1) (1)t u bottom (11)

In the following, we will use capital letters to indicate quantities
that refer to all levels from the bottom (level 1) to the level of interest,
and lower case letters to indicate quantities that only refer to a single
thin sublayer. Thus, we may also identify Rbottom as R(1), which is
usually given as an input (e.g., soil reflectance).

In this way we obtain a recursive rule that can be extended up until
the top of the whole system of sublayers. We use the equations
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The matrices X(j) are derived in Appendix B and written as
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The part 1/(1−ρddRdd) includes the repeated reflections of radia-
tion between a surface and the bottom of a vegetation layer in the ra-
diative transfer. By going from bottom to top, the final result obtained is
the surface reflectance matrix at the top of all sublayers, R(61).

After completion of the first loop, and since each X matrix connects
the downward fluxes at level j to those at the next higher level j+1, we
may start at the top level, for which the downward incident fluxes are
given, and then derive the downward fluxes at all successive deeper
levels by employing the previously stored X matrices. At the same time,
one can derive the upward fluxes by using the stored R matrices. The
equations used here are

= +E j X j E j( ) ( ) ( 1)d d (15)

=E j R j E j( ) ( ) ( )u d (16)

With all scattering and extinction coefficients in Eq. 1 defined per
unit of LAI, we can write for each sublayer with a small LAI (ΔL, 1/60 of
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total canopy LAI). We can establish the scattering and extinction
coefficients for all sublayers, and convert them into thin layer re-
flectances and transmittances:

= −τ j k j L( ) 1 ( )Δss (17a)

= −τ j a j L( ) 1 ( )Δdd (17b)

= ′τ j s j L( ) ( )Δsd (17c)

=ρ j s j L( ) ( )Δsd (17d)

=ρ j σ j L( ) ( )Δdd (17e)

A complete algorithm to calculate the flux profile in a whole canopy
layer of vertically heterogeneous vegetation is summarized as:

For sublayer j = 1 to 60 (bottom to top)
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For sublayer j = 60 to 1 (top to bottom)

= +E j X j E j( ) ( ) ( 1)s ss s (19a)

= + + +− −E j X j E j X j E j( ) ( ) ( 1) ( ) ( 1)sd s dd (19b)
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Es(61) and E−(61) refer to incident direct solar flux and diffuse flux,
which are Esun and Esky. The hemispherical fluxes E−, E+ profiles and
hemispherical reflectance factors Rdd and Rsd are computed.

2.3. The observed radiance

The adding method can be used to calculate the flux in the ob-
server's direction Eo and the directional reflectance factors Rso and Rdo.
However, the hot spot effects on Rso and Eo are not considered in this
method. Thus, Rso and Eo is given separately by solving Eq. (1d).

In a leaf canopy with finite leaf size the solar flux is described sta-
tistically, using the probability of sunshine and its complement, the
probability of being in the shade. The probability of sunshine is de-
scribed with a Poisson model as:

= −P j e( )s
k L jΔ ( 60) (20)

The gap probability Ps controls the probability of sunshine. For
example, at sunlit locations the solar flux equals to the solar flux in-
cident at the top of the canopy, Es(61) or Esun (i.e., incident direct solar
flux). The probability for leaves in sublayer j (i.e., j from 1 to 60) or the
soil (i.e., j=0) of being observed through direct line-of-sight by an
observer above the canopy is expressed by a similar function:

= −P j e( )o
K L jΔ ( 60) (21)

The observed radiance contributed by the leaves is obtained by
numerically solving Eq. (1d):
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In order to take proper account of the hot spot effects, the product of
the correlated probabilities PsPo, which indicates the joint probability of
directly observing, through gaps in the canopy, sunlit phyto-elements or
sunlit soil, must be replaced by the so-called bi-directional gap prob-
ability Pso (Verhoef, 1998; Van der Tol et al., 2009), which is given in
Appendix C. Therefore we write

∑= + +
=

− ′ +E L w j E P j v j E j v j E j P j(61) Δ { ( ) ( ) [ ( ) ( ) ( ) ( )] ( )}o
leaves

j
sun so o

1
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The contribution from the soil is given by

= + −E E P R R E P(61) (0) (1) (1) (1) (0)o
soil

sun so so do o (24)

where Rso(1) and Rdo(1) are the directional reflectance factors of the
background (Rbottom).

For the total TOC radiance (times π), we find in the general case

= +πL E E(61) (61)o o
soil

o
leaves (25)

The reflectance of canopy observed by a sensor is given by

=
+

ρ πL
E E

o

sun sky (26)

where Esun and Esky are given as input or simulated from atmosphere
radiative transfer models, such as MODTRAN (Berk et al., 2005).

The directional reflectance factors Rso and Rdo are computed by
using Eq. (26) setting Esky or Esun to 0 (i.e., when Esky=0, ρ=Rso).

2.4. Photosynthesis

Once the fluxes profile is computed, the radiation absorbed by the
foliage can be calculated. The radiation absorbed by chlorophyll is used
for photosynthesis, fluorescence and heat dissipation (Baker, 2008).
Photosynthesis is then calculated as a product of the absorbed radiation
and photosynthetic efficiency. The efficiencies of photosynthesis and
fluorescence emission are simulated by a biochemical model as func-
tions of the absorbed light, leaf temperature and CO2 concentration and
other factors (Van der Tol et al., 2014).

To calculate the total photosynthesis, the canopy has to be divided
into multiple (e.g., 60 in mSCOPE) thin sublayers, as described in
Section 2.2. Leaves in a thin sublayer are assumed to have the same
ambient conditions including temperature and humidity, while the in-
cident light on individual leaf in the thin layer may be different. Sunlit
and shaded leaves are considered separately, in terms of the efficiencies
of photosynthesis and fluorescence. For shaded leaves which are only
illuminated by diffuse light, their efficiencies depend on their vertical
relative height (j), expressed as ϵF(j) and ϵP(j). For sunlit leaves which
are illuminated by both direct solar light and diffuse light, their effi-
ciencies depend on their orientation (leaf zenith angle θl, azimuth angle
φl) and vertical relative height (j), expressed as ϵF(j,θl,φl) and ϵP(j,θl,φl).
Fluorescence and photosynthesis of the sunlit leaves are calculated for
each specific leaf orientation. Numerically, 13 discrete leaf inclinations
θl are used as in mSCOPE inherited from SCOPE and SAIL, and the
uniform leaf azimuth φl distribution is also discretized to 36 angles of 5,
15,…, 355 ° relative to solar azimuth. At each sublayer, the leaf in-
clination distribution is described by using mathematical functions
(LIDF) (De Wit, 1965) which quantify the probability of each leaf or-
ientation class.
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Canopy net photosynthesis (A, μmol CO2 m−2s−1) is then expressed
as:

∑ ∑= − ⋅ + ⋅ ⋅
=

A L P j A j P j P φ θ A j φ θΔ {[1 ( )] ( ) ( ) ( , ) ( , , )}
j

s h
φ θ

s l l s l l
1

60

36 ,13l l (27)

where Ps is the probability of sunlit leaves and (1-Ps) is the probability
of shaded leaves in sublayer j. Ah(j) is the photosynthesis of shaded
leaves in sublayer j per unit leaf area. As(j,φl,θl) is photosynthesis of
sunlit leaves in sublayer j with the leaf orientation of (φl,θl) per unit leaf
area. P(φl,θl) is the probability of leaves with given leaf orientation
(φl,θl), which has 13×36 classes in the model. P(φl,θl) given by LIDF is
identical for each sublayer in the canopy, because LIDF does not vary
vertically in mSCOPE.

2.5. Fluorescence

Similar to SCOPE, the emission and radiative transfer of fluores-
cence are both modelled in mSCOPE. However, the vertical hetero-
geneity of leaf properties, have made the previous equations not ap-
plicable in this scenario. To account for this, new equations and
solutions have been implemented in mSCOPE. To model the radiative
transfer of fluorescence, we use a similar strategy as the adding method
used in modelling of fluxes profile, described in section 2.2.

Fluorescence emitted by the foliage only consists of diffuse fluxes.
Only radiative transfer of the upward and downward diffuse fluxes
should be described. This can be established similarly to Eq. 4 and
shown as follows.

= + + +− − + −E j τ j E j ρ j E j F j( ) ( ) ( 1) ( ) ( ) ( )F dd F dd F em (28a)

= + + ++ − + +E j ρ j E j τ j E j F j( ) ( ) ( 1) ( ) ( ) ( )F dd F dd F em (28b)

where −Fem and +Fem are the downward (‘ +’) and upward (‘−’) diffuse
hemispherical emitted fluorescence of a sublayer. They are excited by
the direct solar flux (Es), upward (E+) and downward (E−) diffuse light
at each spectral band (λe) from 400 to 700 nm.

∫= + + + +− − +
′ ′

F j L s j E j σ j E j σ j E j dλ( ) Δ [ ( ) ( 1) ( ) ( 1) ( ) ( )]em f s f f e400

700

(29a)

∫= + + + ++ − +
′

F j L s j E j σ j E j σ j E j dλ( ) Δ [ ( ) ( 1) ( ) ( 1) ( ) ( )]em f s f f e400

700

(29b)

where ΔL is LAI of a thin sublayer which is 1/60 of canopy LAI. The
emission coefficients (with subscript f) are determined by sun-observer
geometry, canopy structure, leaf optical properties and fluorescence
emission efficiency of photosystems and given in Appendix A. The
emission efficiencies in Eq. 29 are effective values for a sublayer, in
which fluorescence emission is considered separately for sunlit and
shaded leaves due to their different fluorescence emission efficiencies.

The flux at the top of an ensemble of sublayers may contain re-
flected downward flux as well as upward emitted flux, called U.
Therefore we write

= ++ −E j R j E j U j( ) ( ) ( ) ( )F dd F (30)

There is no upward emitted flux from the soil, thus U(1)=0. For the
reflection of fluorescence by the soil we write

=+ −E R E(1) (1) (1)F dd F (31)

Substituting Eq. (30) into Eq. (28a) gives

=
+ + +
−

−
− −

E j
τ j E j ρ j U j F j

ρ j R j
( )

( ) ( 1) ( ) ( ) ( )
1 ( ) ( )F

dd F dd em

dd dd (32)

This can be written as

= + +− −E j X j E j Y j( ) ( ) ( 1) ( )F dd F (33)

where

=
+

−

−
Y j

ρ j U j F j
ρ j R j

( )
( ) ( ) ( )

1 ( ) ( )
dd em

dd dd (34)

Substituting Eq. (30) into Eq. (28b) we obtain

+ = + + + ++ − − +E j ρ j E j τ j R j E j U j F j( 1) ( ) ( 1) ( )[ ( ) ( ) ( )] ( )F dd F dd dd F em (35)

Substituting Eq. (33) into Eq. (35) we obtain

+ = + + +
+ + +

= + +
+ + +

= + + + + +

+ − −

+

−

+

− +

E j ρ j E j τ j R j X j E j
Y j U j F j

ρ j τ j R j X j E j
τ j R j Y j U j F j

R j E j τ j R j Y j U j F j

( 1) ( ) ( 1) ( ){ ( )[ ( ) ( 1)
( )] ( )} ( )

[ ( ) ( ) ( ) ( )] ( 1)
( )[ ( ) ( ) ( )] ( )

( 1) ( 1) ( )[ ( ) ( ) ( )] ( )

F dd F dd dd dd F

em

dd dd dd dd F

dd dd em

dd F dd dd em (36)

Comparing Eq. (36) with Eq. (30), we obtain

+ = + + +U j τ j R j Y j U j F j( 1) ( )[ ( ) ( ) ( )] ( )dd dd em (37)

A complete algorithm to calculate the fluorescence profile in a
vertically heterogeneous canopy is summarized as:

For sublayer j = 1 to 60 (bottom to top)

=
−

X j
τ j

ρ j R j
( )

( )
1 ( ) ( )dd

dd

dd dd (38a)

=
+

−

−
Y j

ρ j U j F j
ρ j R j

( )
( ) ( ) ( )

1 ( ) ( )
dd em

dd dd (38b)

+ = +R j ρ j τ j R j X j( 1) ( ) ( ) ( ) ( )dd dd dd dd dd (38c)

+ = + + +U j τ j R j Y j U j F j( 1) ( )[ ( ) ( ) ( )] ( )dd dd em (38d)

After application of these equations from the bottom to the top of
the canopy, the following two equations can be applied to calculate the
hemispherical fluorescence fluxes from top to bottom:

For sublayer j = 60 to 1 (top to bottom)

= + +− −E j X j E j Y j( ) ( ) ( 1) ( )F dd F (39a)

= ++ −E j R j E j U j( ) ( ) ( ) ( )F dd F (39b)

Where −E (61)F =0, U(1)=0 and Rdd(1) is given in the soil re-
flectance matrix.

2.6. The observed fluorescence

The fluorescence observed at top of canopy has four contributions:
1. fluorescence emitted by sunlit leaves and directly observed via Pso(j),
2. fluorescence emitted by shaded leaves and directly observed via
Po(j), 3. diffuse fluorescence flux scattered in the canopy and observed
via Po(j), 4. diffuse fluorescence flux reflected by the soil and observed
via Po(0).

Similar to Eq. 29, the emitted fluorescence for each sublayer is given
as:

∫= + +− +
′

F j L w j E j v j E j v j E j dλ( ) Δ [ ( ) ( ) ( ) ( ) ( ) ( )]em
o

f s f f e400

700

(40)

The emitted fluorescence of sunlit leaves per unit layer F j( )em
so is

distinguished from that of shaded leaves by F j( )em
ho . The four contribu-

tions are given by

∑=
=

πL F j P j( ) ( )F
j

em
so

so
1

1

60

(41a)

∑= −
=

πL F j P j P j( )[ ( ) ( )]F
j

em
ho

o so
2

1

60

(41b)

∑= +
=

− ′ +πL v j E j v j E j P j[ ( ) ( ) ( ) ( )] ( )F
j

F F o
3

1

60

(41c)
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= −πL E R P(1) (1) (0)F F do o
4 (41d)

The total observed fluorescence (LF) is summed by:

= + + +L L L L LF F F F F
1 2 3 4 (42)

3. Materials and methods

3.1. Synthetic dataset of two-layer canopies

First, synthetic datasets were used to evaluate the vertical hetero-
geneity effect on TOC fluorescence, TOC reflectance and canopy pho-
tosynthesis. In the current experiment, scenarios for two-layer canopies
have been simulated. A two-layer canopy is one of the simplest multi-
layer canopies and it has also been used in several heterogeneous re-
flectance models, including the two-layer canopy reflectance model
(Kuusk, 2001) and 4SAIL2 (Verhoef and Bach, 2007).

Specifically, six scenarios were generated from different combina-
tions of leaf chlorophyll Cab and leaf water content Cw (Table 3). These
six scenarios can be considered as two groups of canopies. In the first
group, the three scenarios (S0, S1, S2) had the same canopy averaged
Cab and Cw, which were 40 μg cm−2 and 0.015 cm, respectively, while
the vertical distributions of Cab and Cw were different. In the second
group, the four scenarios (S0, S3, S4, S5) had the same Cab and Cw of
leaves in the upper layer, while Cab and Cw varied in the lower layer. In
all the scenarios, LAI of both two layers was 1.5 (total canopy LAI was
3). The other model parameters were set to the ‘standard’ values
(Table 1). It should be noted that S0 was a scenario of homogeneous
canopy that served as a reference.

3.2. Field measurement dataset of corn canopy

To further investigate the effects of vertical heterogeneity, re-
flectance, fluorescence and photosynthesis were simulated with field
measured data as input. The field experimental data was acquired from
a corn canopy, where synchronous seasonal measurements of vertical
profiles of leaf chlorophyll content and LAI, TOC reflectance from 400
to 900 nm were available (Gitelson et al., 2003; Gitelson et al., 2006;
Ciganda et al., 2008). The measurements on 3 days in the early, middle
and end of the growing season were selected, which were on DOY (day
of year) 173, 206 and 259 in 2005, as shown in Figs. 1 and 2.

We first approximated the canopy structure and leaf properties from
TOC reflectance by inverting the reflectance calculating routine in
RTMo of SCOPE. The numerical optimization method (Nocedal and
Wright, 2006) was used to retrieve the parameters Cab, Cdm, Cw, Cs, Cca,
Nl, LIDFa and LIDFb by minimizing a cost function:

∑= −
=

C R i R i[ ( ) ( )]
i

n

m s
1

2

(43)

where Rm and Rs were measured and simulated TOC reflectance, and i
represented a band in the reflectance measurements. In the retrieval,
LAI was fixed to the measured canopy LAI, which was 1.63, 5.23 and
3.77 on the three days.

Reflectance, fluorescence and photosynthesis were simulated for
each canopy from both SCOPE and mSCOPE. In the SCOPE simulation,
the retrieved parameters were used except for chlorophyll content, for
which canopy mean values measured (50.2, 41.2, 7.8 μg cm−2) were
used. In the mSCOPE simulations, the measured leaf chlorophyll pro-
files and the retrieved canopy ‘effective’ values of other properties were
used as input. The canopy had 12, 17 and 19 leaves on DOY 173, DOY
206 and DOY 259, respectively. Chlorophyll of each leaf was measured
(Fig. 2). Regardless of the different vertical complexity of the corn ca-
nopy on three days, the vertical profiles of Cab of the canopy were
implemented in mSCOPE in three ways, notably with 3, 7, and 11
layers. Leaves that had similar values of chlorophyll content were
merged into one layer and the mean chlorophyll content of the leaves
was assigned to the merged layer. Incident PAR was set to 1200 μmol
m−2s−1 as shown in Table 1.

3.3. Evaluation and validation

The simulation results of the six scenarios in the synthetic dataset
were compared to evaluate how the vertical heterogeneity of chlor-
ophyll and water content affects the canopy reflectance, fluorescence
and photosynthesis. First, simulated TOC reflectance (nadir,
400–2400 nm) and TOC fluorescence (nadir, 650–850 nm) from S1 to
S5 were visually compared to the homogeneous scenario S0. Then, one

Table 3
Input parameters of vertical leaf chlorophyll (Cab, μg cm−2) and equivalent water
thickness (Cw, cm) profile in six two-layer canopy scenarios.

Scenario Upper layer Lower layer

Cab Cw Cab Cw

S0 40 0.015 40 0.015
S1 60 0.02 20 0.01
S2 20 0.01 60 0.02
S3 40 0.015 0 0.01
S4 40 0.015 20 0.02
S5 40 0.015 60 0.03

Fig. 1. Canopy reflectance observations on DOY 173, 206 and 259 in the growing season
and soil reflectance (DOY, day of year).

Fig. 2. Vertical profile of leaf chlorophyll content (Cab) and LAI in the field datasets
acquired on three days in the corn growing season. (Note, y axis represents leaf position.
The collar or ear leaf was labelled as leaf 0. The leaves above or below leaf 0 were
identified with a ‘+’ or ‘−’ sign, respectively, with the corresponding position number.
For example, the first leaf above the collar or ear leaf was identified as +1, the first leaf
below the collar or ear leaf was identified as −1; DOY, day of year).
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visible band (550 nm) and one near-infrared water absorption band
(1200 nm) were selected for quantitative evaluation. Fluorescence at
687 nm and 760 nm (F687 and F760) were also compared, representing
the red and far-red fluorescence used in remote sensing of vegetation
(Meroni et al., 2009; Rascher et al., 2015). Further, simulations of net
photosynthesis, absorbed photosynthetically active radiation (aPAR)
and photosynthetic light use efficiency (LUE = A/aPAR) were com-
pared and evaluated. SCOPE and mSCOPE were crossed validated by
comparing their respective simulation results of the homogeneous
scenario.

For the field corn dataset, simulations of TOC reflectance from
mSCOPE were compared with the field measurements, to validate the
accuracy of mSCOPE. Also, simulation results from mSCOPE were
compared with results from SCOPE, to evaluate the effects of vertical
distributions of Cab on TOC reflectance, fluorescence and canopy net
photosynthesis.

4. Results

4.1. Simulation results of synthetic two-layer canopies

TOC reflectance, TOC fluorescence and canopy photosynthesis of
the six synthetic scenarios were simulated from mSCOPE. The results of
the heterogeneous scenarios (S1–S5) and the comparison reference
homogeneous scenario (S0) are shown in Fig. 3.

Modelled reflectance was different for each group-1 scenario (S0, S1
and S2), despite having equal total canopy Cab and Cw (Fig. 3a). The
difference was especially obvious in the visible region from 400 to
700 nm. Modelled reflectance also varied significantly among group-2
scenarios (S0, S3, S4 and S5), where upper layer had the same Cab and
Cw while lower layer Cab and Cw increased from S3 to S5. The differ-
ences were obvious in both the visible and infrared region
(700–2400 nm). Especially, the disparity of infrared reflectance among
group-2 scenarios was much higher than the disparity among group-1
scenarios. Simulated reflectance was clearly the highest in S3 among
the group-2 scenarios. Reflectance at 550 nm of S3, S4 and S5 differed
by 34%, 9% and 5% respectively, compared with the reflectance of the
homogeneous canopy S0, and reflectance at 1200 nm differed by 2%,
2% and 6%, respectively.

Fluorescence of the six scenarios also varied (Fig. 3c and Fig. 3d). In
group-1 scenarios, at 687 nm (F687), S1 and S2 differed 3% and 10%
respectively, compared to the homogeneous canopy S0; while at

760 nm(F760), the difference of S1, S2 with S0 is marginal. In group-2
scenarios, at 687 nm (F687), S3, S4, and S5 differed 23%, 7%, and 2%
respectively, compared to the homogeneous canopy S0; while at
760 nm (F760), the difference to S0 was 33%, 6% and 2% respectively.

The results of net photosynthesis (A), absorbed photosynthetically
active radiation (aPAR) by all phyto-elements and light use efficiency (LUE
= A/aPAR) varied in the six scenarios (Table 4). In group-1 scenarios (S0,
S1 and S2), canopies with the same total Cab and Cw had a similar pho-
tosynthesis, but different aPAR and LUE. The S1 canopy absorbed more
light than the S0 and S2 canopies, but had the smallest LUE. In group-2
scenarios (S0, S3, S4 and S5), aPAR and A increased with increasing total
Cab, but differences among scenarios in LUE were minor.

4.2. Simulated and measured results of field corn canopy

The retrievals of canopy structure and leaf properties from mea-
sured reflectance (Table 5) show that the relative senescence material
Cs of corn was 0 in the early and middle growing season (DOY 173, DOY
206), but 0.4 in the senescent stage (DOY 259). Both leaf water content
(Cw) and carotenoid content (Cca) were the lowest on DOY 259. The
retrieved Cab was close to measured canopy mean Cab on DOY 173 and
206 (50.2 and 41.2 μg cm−2), but it was three times as high as mea-
sured canopy mean Cab on DOY 259 (7.5 μg cm−2).

The retrieved values (except Cab) were further input into mSCOPE
and SCOPE for forward simulations. Modelled TOC reflectance and
fluorescence from mSCOPE and SCOPE, as well as measured TOC re-
flectance are presented in Fig. 4, and simulated photosynthesis in
Table 6. SCOPE and mSCOPE (3, 7 or 11 layers) produced similar re-
flectance simulations, and they were all close to the measured

Fig. 3. Simulation results for the six synthetic scenarios from
mSCOPE. a), b) nadir reflectance spectra; c), d) nadir fluores-
cence spectra (Note, S0 is a homogeneous scenario, S1–S5 have
different vertical distribution of chlorophyll content (Cab) and
leaf water content (Cw) ). Reflectance spectra from 500 to
650 nm were enlarged in the grey boxes.

Table 4
Photosynthetically active radiation absorbed (aPAR), net photosynthesis (A) and light use
efficiency (LUE) simulated from mSCOPE of the six synthetic scenarios.

Scenario aPAR A LUE

(μmol m−2s−1) (μmol CO2 m−2s−1) (mol CO2 mol−1photon)
S0 943.02 25.17 0.027
S1 973.07 25.07 0.026
S2 842.40 24.78 0.030
S3 788.28 20.47 0.026
S4 922.50 24.85 0.027
S5 951.64 25.28 0.027
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reflectance on both DOY 173 and DOY 206. However, the simulations
for DOY 259 diverged. Compared to SCOPE, mSCOPE performed much
better in terms of reflectance simulation in the visible spectral region.
Reflectance from SCOPE was clearly lower than reflectance from
mSCOPE in the range of 570 to 700 nm. However, fluorescence (650 to
850 nm) from SCOPE was much higher than fluorescence from mSCOPE
at DOY 259. The number of layers in mSCOPE had negligible impact on
the modelling results. Simplification of the corn canopy into 3, 7 or 11
layers, all produced similar fluorescence. Photosynthesis simulation
with SCOPE and mSCOPE were very similar for DOY 173 and DOY 206.
Howver, a notable difference was found in the results on DOY 259,
when the homogeneous SCOPE model produced a much higher (more
than threefold) photosynthesis than mSCOPE.

5. Discussion

5.1. Model validation

The performance of mSCOPE has been tested in two ways: by analysing
the differences with SCOPE, and by comparing simulated to measured re-
flectance of corn. For a homogeneous canopy, SCOPE and mSCOPE produce
identical output (results not shown). If the vertical heterogeneity of the
canopy is limited, such as in the corn canopy data used in this study on DOY
173 and DOY 206, then mSCOPE and SCOPE produce very similar re-
flectance, fluorescence and photosynthesis simulations.

5.2. Effects of vertical heterogeneity on TOC reflectance, fluorescence and
photosynthesis

The modelled results from the six synthetic scenarios showed no-
ticeable effect of vertical heterogeneity on canopy TOC reflectance,
which confirms findings in previous modelling studies (Kuusk, 2001;
Widlowski et al., 2007; Wang and Li, 2013; Zhao et al., 2017). Fur-
thermore, significant effect of canopy heterogeneity on simulated TOC
fluorescence and photosynthesis was demonstrated in this study
(Fig. 3c, 3d). TOC reflectance and fluorescence vary with different
vertical distribution of Cab and Cw, even if the canopies have the same
total Cab and Cw (Fig. 3a and 3c). The lower leaves in a canopy with
LAI=3 still has a noticeable impact on TOC reflectance and fluores-
cence (Fig. 3b and 3d). It is worth noting that canopy openness plays an
important role in relative contribution of upper and leaves in the ca-
nopy signal (Martens et al., 1993; Chen and Cihlar, 1995; Nascimento
et al., 2007). The lower leaves in canopies with low LAI have a better
chance (Po in Eq. (21)) to be observed than those with high LAI.

The differences in fluorescence were mainly caused by the dis-
tribution of Cab, and the effect of Cw was very small. Different Cab dis-
tribution led to different aPAR (Jacquemoud et al., 2009), resulting in
different fluorescence emission. The effects of vertical heterogeneity of
leaf properties on the fluorescence appear to be wavelength-dependent.
F760 and F687 varied differently among the synthetic scenarios (Fig. 3d).
This wavelength dependence is caused by reabsorption: F687 has higher
re-absorption and lower scattering than F760.

The results of the corn canopy demonstrate that neglecting vertical

Table 5
The parameters of canopy structure and leaf properties of the corn canopy retrieved from
the TOC reflectance measurements.

Parameter DOY 173 DOY 206 DOY 259

Cdm (g cm−2) 0.01 0.04 0.005
Cw (cm) 0.04 0.05 0.01
Cs 0 0 0.4
Nl 1.5 1.7 1.4
Cca (μg cm−2) 5.6 3.7 1.4
Cab (μg cm−2) 55 38 25
LIDFa −0.79 −0.97 −1
LIDFb 0.21 0.03 0

Fig. 4. Simulation results of the corn canopy on three days
in the growing season. Upper panel: comparison among
measured, mSCOPE modelled, and SCOPE modelled re-
flectance; lower panel: comparison between mSCOPE
modelled and SCOPE modelled fluorescence (Note: the
vertical profile of Cab for each canopy was simplified as 3,
7, and 11 layers and implemented in mSCOPE. DOY, day of
year).

Table 6
Net photosynthesis simulated from mSCOPE and SCOPE of the corn canopy on the three
days.

Photosynthesis (μmol CO2 m−2s−1)

DOY 173 DOY 206 DOY 259
SCOPE 23.8 37.7 27.9
mSCOPE-3 23.9 37.1 6.7
mSCOPE-7 23.9 37.0 5.9
mSCOPE-11 23.9 37.0 5.9
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heterogeneity of Cab may lead to significant biases in prediction of TOC
reflectance, fluorescence and canopy photosynthesis in the senescent stage.
The biases of vegetation models as a result of simplifications depend on the
complexity of the canopies in reality, which was also demonstrated for TOC
reflectance byWang and Li (2013). In the senescent stage of crops, canopies
usually have large vertical heterogeneity of leaf properties (Verhoef and
Bach, 2007; Ciganda et al., 2008; Liu et al., 2015). Compared to SCOPE,
mSCOPE provided a closer prediction of TOC reflectance to the field
measurement in the visible region due to the consideration of the vertical
heterogeneity of Cab (Fig. 4c). SCOPE produced considerably higher esti-
mates of both fluorescence and photosynthesis in the senescent stage when
average Cab is used as input (Fig. 4f and Table 6) compared to mSCOPE.
Although simulations of a multi-layer canopy are different from a single
layer canopy, the number of layers does not need to be large: The three
simplifications in mSCOPE (mSCOPE-3, mSCOPE-7 and mSCOPE-11) yield
similar results. Thus, the three-layer simplification (mSCOPE-3) appears a
sufficiently detailed representation of the vertical heterogeneity of the se-
nescent corn, and adding layers does not affect the results significantly in
this case. The fact that three layers is sufficient may be due to the ‘ bell-
shape’ profiles (Ciganda et al., 2008) of chlorophyll (Fig. 2), which can
easily be approximated by three layers. However, a single layer as in SCOPE
may be an oversimplification.

From the above analysis, the effects of considering canopy vertical
heterogeneity on reflectance, fluorescence and photosynthesis have
been demonstrated. However, our experimental setup was rather simple
compared to complex canopies in reality. In the synthetic scenarios, two
layer canopies were generated, and only Cab and Cw were varied ver-
tically. In the corn canopy, only vertical variation of Cab was con-
sidered. The lack of measurements of fluorescence and photosynthesis
of the corn canopies also limited the validation of the full model. Since
the main focus of this paper is to introduce the mSCOPE model, only a
simplified validation and evaluation were conducted.

5.3. Implications

The model mSCOPE is an extension of SCOPE to include canopy ver-
tical heterogeneity of leaf biophysical and biochemical properties. It si-
mulates reflectance, fluorescence and photosynthesis of multi-layer ca-
nopies. Vegetation reflectance models for heterogeneous canopies have
been developed. There are two-layer (Kuusk, 2001), multi-layer (Wang
and Li, 2013) and 3-D models, such as DART (Gastellu-Etchegorry et al.,
1996) and Raytran (Govaerts and Verstraete, 1998). DART recently in-
cluded the fluorescence simulation (Gastellu-Etchegorry et al., 2017) to

promote a better understanding of remote sensed signals and plant phy-
siology. The model mSCOPE benefits from the original SCOPE model
which incorporates the energy balance model. The energy balance model
allows predicting the response of vegetation to the ambient conditions,
such as temperature and humidity (Van der Tol et al., 2014).

The adding concept applied in mSCOPE has potential in radiative
transfer modelling. It was originally used for the calculation of TOC
reflectance (Cooper et al., 1982; Verhoef, 1985). We have extended the
adding method to the calculation of vertical flux profiles incorporating
the radiation emission (fluorescence) in multi-layer canopies. These
have been summarized in Eqs. 18, 19 and in Eqs. 38, 39 (with fluor-
escence emission). Our approach can be applied in mediums other than
vegetation, such as water and atmosphere which have a clear multi-
layer structure. Moreover, it can also be used for the calculation of
thermal fluxes in various mediums as similar to the calculation of
fluorescence fluxes. The detailed mathematical explanation in Section 2
will allow applying our approach in the potential applications men-
tioned above.

6. Conclusion

Vegetation canopies generally exhibit vertical heterogeneity in leaf
properties. Homogeneous models are in some cases insufficient in their
representation of the canopy for understanding the remote sensing
signal of reflectance, fluorescence and canopy photosynthesis. An in-
tegrated model of radiative transfer and energy balance that addresses
vertical heterogeneity of leaf biophysical and biochemical parameters
within the canopy has been proposed. The model mSCOPE simulates
TOC reflectance, fluorescence and photosynthesis, for vertically het-
erogeneous canopies. It could provide a better understanding of remote
sensing signals and plant physiology.
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Appendix A. Extinction, scattering and emission coefficients

Leaf reflectance and transmittance (ρ and τ) are simulated by leaf RTMs (i.e., FLUSPECT in mSCOPE). The reflectance of both the adaxial and
abaxial sides of leaves is assumed to the same in the model. Leaf angle is characterized by leaf zenith angle (θl) and azimuth angle (φl). Numerically,
13 discrete leaf inclinations are used as in mSCOPE inherited from SCOPE and SAIL, and the uniform leaf azimuth distribution is now also discretized
to 36 angles of 5, 15,…, 355° relative to solar azimuth. The leaf inclination distribution is described by using mathematical functions (LIDF) (De Wit,
1965) which quantifies the probability of each leaf orientation class. Sun-observer geometry is determined by the sun and observer's zenith angle (θs
and θo), and the relative azimuth angle (ψ, the absolute difference between their azimuth angles). The coefficients are expressed as follows:

= +f θ θ θ φcos tan sin coss l s l l (A.1a)

= + −f θ θ θ φ ψcos tan sin cos ( )o l o l l (A.1b)

=k f| |s (A.1c)

=K f| |o (A.1d)

= + + −s f ρ τ f θ ρ τ1
2

[| |( ) cos ( ))]s s l (A.1e)

= + − −′s f ρ τ f θ ρ τ1
2

[| |( ) cos ( ))]s s l (A.1f)

= + + −σ ρ τ ρ τ θ1
2

[( ) ( ))cos ]l2
(A.1g)
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= − + − −a ρ τ ρ τ θ1 1
2

[( ) ( ))cos ]l2
(A.1h)

= + + −v f ρ τ f θ ρ τ1
2

[| |( ) cos ( ))]o o l (A.1i)

= + − −′v f ρ τ f θ ρ τ1
2

[| |( ) cos ( ))]o o l (A.1j)

= + + −w f f ρ τ f f ρ τ1
2

[| |( ) ( ))].s o s o (A.1k)

The nine emission coefficients (those with subscripts of f) are determined both by sun-leaf-observer geometry, which is characterized by the zenith
angles of the sun (θs), leaf (θl) and observer (θo), the leaf azimuth angle (φl) and the relative azimuth angles between the sun and the observer (ψ), and by
the leaf excitation-emission matrices at the backward and forward side (Mb and Mf) (Vilfan et al., 2016). For individual leaves, they are given by

= +f θ θ θ φcos tan sin coss l s l l (A.2a)

= + −f θ θ θ φ ψcos tan sin cos ( )o l o l l (A.2b)

= + + −s f M M f θ M M1
2

[| |( ) cos ( )]f s b f s l b f (A.2c)

= + − −′s f M M f θ M M1
2

[| |( ) cos ( )]f s b f s l b f (A.2d)

= + + −σ M M M M θ1
2

[( ) ( )cos ]f b f b f l
2

(A.2e)

= + − −′σ M M M M θ1
2

[( ) ( )cos ]f b f b f l
2

(A.2f)

= + + −v f M M f θ M M1
2

[| |( ) cos ( )]f o b f o l b f (A.2g)

= + − −′v f M M f θ M M1
2

[| |( ) cos ( )]f o b f o l b f (A.2h)

= + + −w f f M M f f M M1
2

[| |( ) ( )].f s o b f s o b f (A.2i)

The excitation-emission matrices (Mb and Mf) are functions of fluorescence emission efficiency and thus are determined by the net radiation. It is
noted that the matrices are dependent on the illumination conditions of the individual leaf.

Appendix B. Effective downward transmittance X
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Therefore, we find
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− ⎤
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1 0
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(B.2)

Post-multiplication by td then gives

= −
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⎣⎢
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(B.3)

where only Rsd and Rdd refer to thick layer extending from the bottom to level j, which means that one can write

=
⎡

⎣

⎢
⎢

+
− −
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⎥
⎥
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ss
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dd dd
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dd dd

ss
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(B.4)
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Appendix C. Bi-directional gap probability

For sublayer j, the vertical relative coordinate is given by

= −x j( 60)/60 (C.1)

and the bi-directional gap probability of the sublayer is given by Verhoef (1998)

= + + −{ }P j K k x Kk s
a

xa s( ) exp ( ) [1 exp( / )]so
l

l (C.2)

where sl is the hot spot size parameter, approximated as

=
+

s w
h K k

2
l

l
(C.3)

where wl is the average leaf width and h canopy height, and the factor 2/(K+k) accomplishes a correction for leaf projection area on a horizontal
plane. The function a depends only on the sun-target-sensor angular geometry, and is given by

= + −a θ θ θ θ ψtan tan 2 tan tan coss o s o
2 2 (C.4)
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