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A model to simulate radiative transfer (RT) of sun-induced chlorophyll fluorescence (SIF) of three-dimensional
(3-D) canopy, FluorWPS (Fluorescencemodel withWeighted Photon Spread method), was proposed and evalu-
ated. The inclusion of fluorescence excitation was implemented with the ‘weight reduction’ and ‘photon spread’
concepts based onMonte Carlo ray-tracing technique. The radiative transfer of SIF in a 3-D canopywas simulated
in a physically-based and rigorousway so that various contributions from the radiative process can be accurately
quantified. The physical mechanism behind the spectral and angular distributions of canopy SIF was analyzed
based on FluorWPS. SIF anisotropy is an intrinsic property of the vegetative surface and it can be significantly in-
fluencedby the canopy structure. The performance of themodelwas evaluatedwithfieldmeasurements and sys-
tematically comparedwith an established RTmodel of canopy SIF. Especially the detailed comparisonwith the RT
model for four canopy scenes demonstrates that FluorWPS is capable of faithfully reproducing the spectral and
angular distributions of SIF, with the coefficient of determination (R2) and root mean square error (RMSE)
being higher than 0.92 and lower than 0.066 W·m−2·sr−1·μm−1, respectively, for the red peak, and higher
than 0.92 and lower than 0.16 W·m−2·sr−1·μm−1 for the far-red peak. The independent nature of the model's
canopy realization from the radiative processes is promising for its wide applications for scientific investigations.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Sun-induced chlorophyll fluorescence (SIF) has a broadband emis-
sion spectrum ranging from 640 nm to 850 nm and is characterized
by two peaks: the left one in the red around 685 nm and the right one
in the far-red around 740 nm. The left one is mainly attributed to the
fluorescence emission of Photosystem II while the right one is mainly
related to Photosystem I (Miller et al., 2005; Van Wittenberghe et al.,
2013). Various internal and external factors of vegetation canopy
influence the emission of chlorophyll fluorescence, ranging from physi-
ological to environmental drivers (Miller et al., 2005). Studies of physi-
ological mechanisms on chlorophyll fluorescence are abounded with
references, and comprehensive reviews can be found in Jee (1995),
Govindjee (2004) and Maxwell and Johnson (2000). SIF can be used
as a direct probe of the functional status of photosynthetic machinery
because of its close relationship with photosynthesis (Meroni et al.,
2009; Porcar-Castell et al., 2014), thus enabling large-area monitoring
of photosynthetic activity and offering a nondestructive method for
evaluation of plant physiological conditions.

Owing to the strong absorption lines caused by telluric atmosphere
absorption and the Fraunhofer lines in the solar spectrum, SIF at discrete
absorption lines can be retrieved from remotely sensed hyperspectral
measurements (Meroni et al., 2009). Technical advancement of
hyperspectral sensors promotes the research of SIF retrieval methods
(Meroni et al., 2009, 2010). SIF is retrieved with novel methods, cover-
ing the spatial scale from field studies (Daumard et al., 2010; Burkart et
al., 2015), intermittent spatial scale (Zarco-Tejada et al., 2013; Rascher
et al., 2015), to a global scale (Guanter et al., 2007; Joiner et al., 2011),
and for the whole SIF spectrum (Zhao et al., 2014b; Cogliati et al.,
2015; Liu et al., 2015).

Among the canopy elements, e.g. leaves, stems, stalks, flowers,
leaves are themain source to emitfluorescence. The emitting, scattering
and absorbing properties of leaves are spectrally dependent, which can
be simulated by modeling leaf-level fluorescence. Both FluorMODleaf
(Pedrós et al., 2010) and Fluspect (Verhoef, 2011) are based on the
PROSPECT model (Jacquemoud and Baret, 1990) to calculate the radia-
tive transfer (RT) of chlorophyll fluorescence in plant leaves. Both
models treat the leaf as a homogeneous medium, but they differ in
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algorithms to calculate leaf fluorescence and parameterizations of leaf
fluorescence properties. Models based on Monte Carlo (MC) methods
(Sušila and Nauš, 2007) and the concept of Marcov chains (Maier,
2000) were also developed to simulate the leaf-level fluorescence sig-
nal. However, themechanism of the RT of SIF fluxwithin the vegetation
canopy and themodeling of this complex process have been largely left
unstudied (VanWittenberghe et al., 2015). Therefore, physically-based
SIF models capable of accurately simulating the RT of fluorescence for
different types of canopy structures are needed to better interpret the
remotely sensed SIF signal.

SIF emitted by leaves experiences further interactions with canopy
elements conditioned by the structure of canopy, e.g., the amount of
leaf area, leaf angle distributions, leaf size, and the clumping of leaves.
So the exitance offlux towards the sensor depends not only on the emit-
ting, scattering and absorbing properties of canopy elements, but also
on the structure of canopy. The one-dimensional (1-D) canopy RT
model SAIL (Scattering by Arbitrarily Inclined Leaves) (Verhoef, 1984),
was extended by Rosema et al. (1991) to include the fluorescence
modeling (named as FLSAIL). Intended for the application to laser-in-
ducedfluorescence, FLSAIL used a doublingmethod to solve eight differ-
ential equations of the RT system. In the framework of the FluorMOD
project, FluorSAIL was developed which was also based on the SAIL
model (Miller et al., 2005). The direct emission contribution of fluores-
cence was calculated by numerical integration. FluorSAIL was further
extended to integrate RT, photosynthesis and energy balance calcula-
tions with a resultant model called SCOPE (Soil Canopy Observation,
Photochemistry and Energy fluxes) (Van der Tol et al., 2009). These
models were all based on the four-stream RT theory (Verhoef, 1985),
which is a reasonable approximation of flux field for structurally homo-
geneous canopies. However, it is not yet known how accurately these
models represent the structural effects of vegetation on observations
of SIF (Porcar-Castell et al., 2014). Besides, the heterogeneity of terres-
trial vegetation requires more advanced models than those proposed
for horizontally homogeneous canopies.

The fluorescence model with weighted photon spread method
(FluorWPS) described in the following section provides another meth-
odology ofmodeling canopy SIF. The radiative processes of fluorescence
scattering and absorption were simulated by adopting theMC ray-trac-
ing technique in a physically meaningful way. The application of the
model is not restricted to one specific canopy because the scene can
be described independently from the processes of radiation transfer.
The performance of the model is evaluated by detailed comparisons
with field experimental data as well as with the state-of-the-art
SCOPE model. The application of the model to study the impact of a
row-structured canopy on SIF is also provided.

2. Description of the model

With ever-increasing computational power and innovative variance
reductionmethods, three-dimensional (3-D)MC ray-tracing simulation
becomesmore attractive for the development of generic modeling tools
(Disney et al., 2000). Traditionally two tracingmethods of photonswere
adopted, reverse and forward ray tracing. The reverse method sends
photons from the sensor and traces them back to the light source to
determine the radiation contribution at the intersection site. Because
of its relatively high efficiency, the reverse method is widely employed
in computer graphics applications (Disney et al., 2000). The forward
method generates photon in the forward direction, i.e., from the light
source to the scene, and traces its path in the scene until the photon is
scattered out of the scene or absorbed by the canopy. SinceMC ray-trac-
ing simulates ray propagation with rigorous nature, a MC simulation
model can serve as a benchmarking tool for simpler models with
more simplifying assumptions (Govaerts and Verstraete, 1998; Lewis,
1999; Widlowski et al., 2008).

One of the most efficient numerical implementations of canopy
reflectance MC modeling uses the ‘photon spread’ concept (Thompson
and Goel, 1998). Similar to the forward ray tracing scheme, photons
are sent from the light source. However, at every interaction site, a
method different from traditional forward ray tracing was adopted:
tracing scattered photon directly to the sensor and checking whether
it can be seen by the sensor. This method improves the efficiency of
sampling the photons that have energy contributions to the sensor, sim-
ilar to the reverse ray-tracing. Therefore the numbers of photons re-
quired to achieve desired accuracy were dramatically reduced. This is
a numerical modeling technique inwhich forward and reverse ray-trac-
ing are combined to achieve the accuracy of the former and the efficien-
cy of the latter.

In a previous study, we combined the ‘weight reduction’ concept
with ‘photon spread’ methods, and developed the Weighted Photon
Spread (WPS) model (Zhao et al., 2015a). In WPS, photons of different
wavelengths are allowed to travel along the same path through the
ray intersection test and spread to the sensor. Therefore, the increase
of the number of wavebands will not significantly increase the compu-
tation time, whichmakes forward MC hyperspectral simulation and in-
clusion of fluorescence emission into WPS practical on a common
personal computer (PC). In the following sections, a brief introduction
of the WPS model is firstly provided. A description of the inclusion of
fluorescence emission follows, which results in the FluorWPS model.

WPS traces photons from light sources (direct sunlight and diffused
skylight) at top-of-canopy (TOC) and accumulates contributions from
the interaction of photons with canopy elements. This model exploits
classic approaches and capitalizes on recent advances in computer sim-
ulationmodels, e.g., dividing the canopy scene into bounding boxes and
grids to accelerate the tracing, imposing cyclic boundary conditions to
emulate an infinite canopy, and implementing the ‘photon spread’
method to achieve fast simulation of radiation distributions. In particu-
lar, ‘photon splitting’ and ‘weight reduction’ approaches were adopted
in themodel to achievemulti-or-hyper spectral simulation for one real-
ization of photons tracing, during which the ‘Russian Roulette’ method
is applied to terminate the tracing of photons in an unbiased manner
with total energy being conserved. Evaluation results via the RAdiation
transfer Model Intercomparison (RAMI) OnlineModel Checker (ROMC)
(Widlowski et al., 2008) show that WPS compares very favorably with
other well-established 3-D computer simulation models, with bi-direc-
tional reflectance factors (BRF) in both red and NIR bands within 1% of
the corresponding ROMC reference data sets (Zhao et al., 2015a).

In FluorWPS, modules to compute the fluorescence contribution are
added in the process of photon tracing.We introduce the components of
FluorWPS and focus on its new features.

2.1. Representation of the canopy

Prior to the tracking of the photon trajectories in FluorWPS, a 3-D
canopy scenehas to be defined,which is represented by a number of tri-
angular or 4-sided polygons or disks. Currently, a relatively simple pro-
cedure in Zhao et al. (2010) is adopted to generate homogenous or row-
planted canopies. However, since the generation of the canopy scene is
independent of the tracing of the photons, general approaches in com-
puter graphics, e.g., fractals and L-systems, can be used to produce struc-
turally complex vegetation scenes.

Once the scene is generated, spectral properties are assigned to each
class of the canopy elements, leaf or soil. These spectral properties in-
clude reflectance, transmittance (for leaf), and apparent spectral fluo-
rescence yield (ASFY) for photosystem I (PSI) and photosystem II
(PSII). ASFY is defined as the ratio of the number of photons emitted
by the leaf surface, per unit spectral bandwidth, to the number of inci-
dent photons (Louis et al., 2006). It is characterized by four excitation-
fluorescence matrices (EF-matrices) with two backward (the emission
direction is opposite to the direction of the excitation light) matrices
and two forward (the emission direction is the same as the direction
of the excitation light) matrices for both PSI and PSII, to convert an ex-
citation spectrum (400–750 nm) into a fluorescence spectrum (640–
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Fig. 1. Scattering of non-fluorescent flux (solid blue line with an arrow) and excitation of
fluorescent flux (dashed red line) by a bi-Lambertian leaf. The spectral dependence is
implicitly assumed, and wavelengths of excitation and fluorescence are different.
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850 nm) from both sides of the leaf. EF-matrices, computed from the
leaf level fluorescence model Fluspect (Verhoef, 2011), were provided
as inputs for FluorWPS.

2.2. Light source and initialization of the photon

Located on the top plane of the canopy scene, the light source emits
photons covering the spectral range of 400–1000 nm with a resolution
of 1 nmeven thoughwider spectral ranges over the visible and Near-In-
frared (NIR) regions with finer resolutions are still allowed. To simulate
natural light, the source is composed of direct sunlight and isotropic
skylight. The origin of the photon of sunlight is uniformly distributed
in the source plane, and the direction of the emitted ray is determined
by the sun zenith angle (SZA) and sun azimuth angle (SAA). Similarly,
the origin of the photon for skylight is also uniformly distributed in
the source plane. To ensure the flux of skylight in any direction of emis-
sion is isotropic, the following sampling method of zenith angle (θsky)
and azimuth angle (φsky) for skylight ray is used

θsky ¼ arccos μð Þ μ∈½−1;0Þ
φsky ¼ ω ω∈½0;2πÞ ð1Þ

where μ and ω are uniformly distributed numbers in their respective
ranges.

For the propagation of photons, besides their position and direction,
the photon flux density is also an important quantity, since it deter-
mines the SIF radiance sensed by a detector above the canopy. Depend-
ing on the source of the photon, two kinds of energy are differentiated:
fluorescent and non-fluorescent. The non-fluorescent part is from the
scattered flux of sunlight or skylight by leaves or soil. The fluorescent
energy originates from the excitation of fluorescence by a leaf, and can
be further subject to scattering and excitation later. So for the photon
emitted from the source plane, its initial fluorescent flux in each wave-
length, Qf(λ), is always zero. The initial non-fluorescent flux of the pho-
ton generated by sunlight or skylight, Qsun/sky(λ), is determined by the
incident solar irradiance spectrum at TOC, the area of the top plane of
canopy scene (Stop, in unit of m2), and total numbers of photons for sun-
light or skylight to be traced (Nsun/sky), and calculated as below

Qsun=sky λð Þ ¼ Esun=sky λð Þ � Stop
Nsun=sky

ð2Þ

where Esun/sky(λ) is the sunlight or skylight flux density in wavelength λ
with the unit ofW·m−2·μm−1, which can be provided as TOCmeasure-
ment or simulated by the atmospheric RT simulation software
MODTRAN.

2.3. Interaction of photon with canopy element during propagation

Once injected into the canopy scene from the light source, photons
are tested for intersection with canopy elements (modeled by poly-
gons). Bounding boxes and grids are adopted to reduce the amount of
tests to determine the photon's collision with the polygons. When a
photon packet hits a canopy element (leaf or soil), it splits into three
new photon packets, reflected, transmitted (for leaf), and absorbed,
and the energies of the new photon packets are determined by the en-
ergy of the incident photon packet and spectral properties of the poly-
gon. Here, we mainly describe the excitation of fluorescent photon
and calculation of its energy when a photon hits a leaf. In this paper,
both ‘photon’ and ‘photon packet’ are used because of their respective
conceptual convenience. A photon packet is composed ofmany photons
over certain wavelengths traveling simultaneously along a particular
trajectory. It can be split into new photon packets with new energies
when interacting with canopy elements. But during ray tracing, a pho-
tonwith a direction is sufficient. So both concepts are used interchange-
ably for convenience.
2.3.1. Excitation of fluorescent photon
When the photon packet in the range of excitation wavelengths

(400–750 nm) hits a leaf, both scattering and excitation happen at the
intersection site, as shown in Fig. 1. As in WPS, the incident photon
packet in excitation wavelength λe with non-fluorescent flux of
Qin(λe) splits into three parts (scattered rays are represented by solid
blue lines in Fig. 1, absorbed photon is not shown): reflected photons
with fluxQref(λe), transmitted photonswithfluxQtran(λe), and absorbed
photons with flux Qabs(λe). These fluxes are given by

Qref λeð Þ ¼ Qin λeð Þ � ρl λeð Þ
Qtran λeð Þ ¼ Qin λeð Þ � τl λeð Þ
Qabs λeð Þ ¼ Qin λeð Þ � 1−ρl λeð Þ−τl λeð Þ½ �

ð3Þ

where ρl(λe) and τl(λe) are the leaf hemispherical reflectance and trans-
mittance respectively. Similarly, the splitting due to scattering and ab-
sorption in fluorescence wavelength λf for fluorescent part of energy
(if it is not zero) also happens and follows a bi-Lambertian scattering
law, and the energy changes accordingly. With the replacement of inci-
dent photon's non-fluorescent flux with the fluorescent one Qfin(λf),
and the corresponding leaf properties in Eq. 3, we can obtain the fluo-
rescent fluxesQfref(λf),Qftran(λf), andQfabs(λf) for reflected, transmitted,
and absorbed photons, respectively.

Meanwhile, incident photon packet excites fluorescent photons in
both backward and forward sides of the leaf (the rays are represented
by dashed red lines in Fig. 1). The Bi-Lambertian model is also assumed
for the emission, i.e., leaf emits isotropic fluorescent radiance. As a re-
sult, it's reasonable and also efficient to let scattered and emitted pho-
tons share the same ray path, without generating and tracing them
separately. So, we can think of the photon packet as an entity with
three kinds of processes happening when it interacts with the leaf: ab-
sorption and scattering (backward and forward) of both non-fluores-
cent and fluorescent parts of energy, and emission (backward and
forward) of fluorescence. With the splitting method and bi-Lambertian
assumption of scattering and emission, two new photon packets are
generated to inherit the behavior (scattering and excitation) and prop-
erties (e.g. energy) of the parent photon packet. One photon packet is in
the backward side of the leaf, and the other is forward. Each one still has
two kinds of energy, fluorescent and non-fluorescent. Scattered non-
fluorescent and fluorescent fluxes are calculated by Eq. 3 with proper
leaf spectral properties. For the excited fluorescence energy of the pho-
tons, the computations of the backward and forward sides of leaf are
similar, and the former (Qfback) as an example is computed according to

Q f back λ f
� � ¼

Z 750

400
f Qin λeð Þ þ Q f in λeð Þ½ � �MPSI λe;λ f

� �
þ Qin λeð Þ þ Q f in λeð Þ½ � � ϕ f �MPSII λe;λ f

� �gdλe

ð4Þ

Image of Fig. 1
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where MPSI(λe, λf) is the backward fluorescence yield for PSI with exci-
tation and fluorescence wavelengths being λe and λf, respectively. Note
that a correction factor φf is multiplied to the EF-matrices of PSII to in-
corporate the fluorescence quantum efficiency, which is dependent on
the incident light intensity. In contrast to PSII, the fluorescence yield of
PSI generally remains constant under illumination (Porcar-Castell et
al., 2014). So no correction to PSI fluorescence yield is applied. The com-
putation of correction factor φf will be introduced in section 2.3.2.

The integration over the excitation wavelengths in Eq. 4 is imple-
mented by the summation of excited fluorescence with an interval of
1 nm. For example, fluorescent flux in 700 nmdue to excitation is calcu-
lated as

Q f back 700ð Þ ¼
Qin 400ð Þ
Qin 401ð Þ
:::
Qin 750ð Þ

2
664

3
775þ

Q f in 400ð Þ
Q f in 401ð Þ
:::
Q f in 750ð Þ

2
664

3
775

0
BB@

1
CCA

T MPSI 400;700ð Þ
MPSI 401;700ð Þ
:::
MPSI 750;700ð Þ

2
664

3
775

þ
Qin 400ð Þ
Qin 401ð Þ
:::
Qin 750ð Þ

2
664

3
775þ

Q f in 400ð Þ
Q f in 401ð Þ
:::
Q f in 750ð Þ

2
664

3
775

0
BB@

1
CCA

T

ϕ f

MPSII 400;700ð Þ
MPSII 401;700ð Þ
:::
MPSII 750;700ð Þ

2
664

3
775

ð5Þ

Then the total fluorescent fluxes for the reflected and transmitted
photons in wavelength λf, QTot_ref(λf) and QTot_tran(λf) respectively, are
the summation of their corresponding excited fluorescent flux and
scattered fluorescent flux,

Q f Tot ref λ f
� � ¼ Q f back λ f

� �þ Q f ref λ f
� �

Q f Tot tran λ f
� � ¼ Q f for λ f

� �þ Q f tran λ f
� � ð6Þ

2.3.2. Dependence of fluorescence on light level
Fluorescence correction factor φf in Eq. 4 describes the fluorescence

quantum efficiency on the photosystem level. It was scaled with
incident photosynthetic active radiation level (PAR) to obtain the actual
fluorescence. The PAR light level dependencemodel of leaf fluorescence
by Rosema et al. (1998) is applied to calculate φf. Detailed formulas can
be found in the companioning Supplement Data. To use this model, PAR
received by each leaf polygon should be computed firstly by the
following equation

PAR ¼ 1000
h � c � NAvo

Z700

400

Qλ � λdλ

Sleaf
ð7Þ

where Sleaf is the area of the leaf polygon, andQλ is its total incident flux
at the wavelength λ received from the light source (sunlight and sky-
light) and scattered from other leaves. The product h·c is Planck's con-
stant times the speed of light, equal to 1.9864475 × 10−16 J·nm. NAvo

is Avogadro's number with the value of 6.0221367 × 1023 mol−1. Here
an assumption is made that the radiation distribution over leaf
polygon is uniform when its size is small. Then the model proposed by
Rosema et al. (1998)was used to computeφf of the leaf polygon accord-
ing to its value of PAR.

The computation of the correction factor φf for each leaf polygon is
independent and ahead of the process of fluorescence excitation. A
module (pre-tracing)with photon splitting and tracing over the PAR re-
gion (400–700nm)was implemented at the start of FluorWPS. This step
is very efficient because photon spreading and fluorescence excitation
are not included.
2.4. Collection of energy at top of canopy

After the splitting of the photon packet at every intersection site, the
spreading method is applied to accumulate energy contributions to the
pre-defined sensors. Suppose an ideal sensor (ignoring sensor noise,
spectral and spatial point spread functions etc.) with the direction unit
vector nd is located at infinity to collect the collimated fluorescent
radiation from an infinitely wide canopy. Then the contribution from
the intersection site of a leaf polygon to the sensor, Qfs(λf), is calculated
as

Q f s λ f
� � ¼ flag � Q f Tot ref λ f

� �
nd � nlj j nd � nlð Þ n0 � nlð Þb0

Q f Tot tran λ f
� �

nd � nlj j nd � nlð Þ n0 � nlð ÞN0
�

ð8Þ

where QTot_ref/tran(λf) is the resultant total fluorescent flux for reflected
or transmitted photon due to the incident photon packet with the
direction of n′, and vector nl represents the normal to the leaf polygon.
Here ‘flag’ is applied to test whether the photon is intercepted by other
canopy elements when spreading to the sensor. If not intercepted, its
value is 1, and 0 otherwise. Eq. 8 can also be used when photon packet
intersects with a soil polygon accordingly, but without the transmitted
contributions.

By the addition of all the effective contributions from each intersec-
tion site, we get the final fluorescence radiance, Lfs(λf), at TOC by

Lf s λ f
� � ¼

X
Q f s λ f

� �
πStop � cosθo ð9Þ

where θo is the zenith angle of the observing sensor.
During the collection of fluorescence energy, various contributions

were classified according to their sources, generating mechanism and
times of interaction. Fig. 2 shows the general classification of the contri-
butions. Direct sunlight and diffused skylight are initial sources to excite
the fluorescence. Their directly excited fluorescence photons detected
by the sensor without occlusion are noted as fss and fds, respectively. It
turns out that these first-order excitations, especially fss, significantly
affect the spectral and angular distributions of SIF. Some photons have
been scattered at least once before they excite fluorescence. The
contributions from these photons are noted as fsm if the original photons
belong to sunlight, or fdm for skylight. If the fluorescence is excited from
the excited fluorescence photon, it was noted as fre. The sum of these
five parts is the total emitted fluorescence by canopy leaves,
represented as Fem. The contribution from the scattered Fem is noted
as Fsc. Fsc can be further differentiated into scattered fluorescence
that has been excited only once (f1-sc) and scattered fluorescence that
has undergone multiple cycles of excitation, emission and scattering
(fmu-sc). We can term the sum of fre and fmu-sc as total re-excited fluores-
cence, Fre. The sum of Fem and Fsc is then the total fluorescence re-
ceived by the sensor, Ftot.

2.5. Structure of FluorWPS model

Either one of the two conditions will terminate the tracing of the
photon: it is scattered out of the canopy scene from the top canopy
plane; or when its energy is lower than a predefined threshold, it does
not survive the Russian roulette introduced in Zhao et al. (2015a).
Fig. 3 shows the flowchart of FluorWPS for the simulation of fluores-
cence and non-fluorescence radiance at TOC, which has been imple-
mented in Visual C++.

Since this simulation is ideally suited to parallelization simply by di-
viding the tracing among multiple processors and re-combining all the
results, we tested the computation time by this simple parallelization
method on a computer with 6 available CPU (Central Processing Unit)
cores (Inter (R) Pentium ® 2.93 GHz). For a canopy scene represented
by around 11,000 triangles, it takes 641 min to simulate both the fluo-
rescence and non-fluorescence radiance for 505 viewing directions



viewing direction

fss

Fem

Ftot

sunlight

skylight

canopy

sunlight

scattered skylight

excited fluorescence

Fsc

re-excited fluorescence

leaf
soil

scattered sunlight

skylight

fsm fds fdm fre f1-sc fmu-sc

Fig. 2. Classification of fluorescence contributions received by the sensor.

389F. Zhao et al. / Remote Sensing of Environment 187 (2016) 385–399
(explained below) over the wavelengths from 400 to 1000 nmwith an
interval of 1 nm. In contrast, the simulation without the fluorescence
part takes just about 15 min. The efficiency can be further improved if
only SIFs at the few absorption lines are simulated.
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leaf-level and canopy-level hyperspectral data, and canopy structural
parameters. However, such detailed and dedicated data sets are limited
for specific measuring conditions. Moreover, the uncertainties, errors
and uncontrollable conditions during the actual measurements induce
ambivalence for the evaluation. Comparisons thereof with another fluo-
rescence simulationmodel (SCOPE) have been done to further evaluate
the performance of FluorWPS.

3.1. Experimental data sets for model evaluation

The field experimentwas conducted during September 15–19, 2014
at the Huailai Remote Sensing Test Site of the Chinese Academy of Sci-
ences (40.349°N, 115.785°E), which is located at Huailai County, Hebei
Province, China. Concurrent leaf and canopymeasurements for soybean
and cotton were performed. The scheme of evaluating FluorWPS with
experimental data is shown in Fig. 4. Module A aims to provide the
leaf spectral properties to be used as the leaf-level parameters of
FluorWPS. These spectral properties include leaf reflectance, transmit-
tance, and EF-matrices. With inputs from Module A, canopy structural
parameters in module B, and measured boundary conditions (spectral
solar irradiance and soil reflectance), FluorWPS was run to simulate
the SIF spectrumat TOC. The simulated TOC SIF spectrumwas then com-
pared with the reconstructed SIF spectrum from measured incoming
solar irradiance and TOC up-welling radiance by the Fluorescence Spec-
trum Reconstruction (FSR) method (in module C). Modules A, B and C
correspond to three kinds of measured data and processing, which are
explained as follows:

3.1.1. Leaf hyperspectral measurements
A LI-COR 1800-12 system integrating sphere apparatus (LI-COR

Inc., Lincoln, NE., USA) coupled with an ASD FieldSpec Pro
spectroradiometer (ASD Inc., Boulder, CO., USA) were used to measure
leaf hyperspectral data. A short-pass filter with cut-off wavelength of
640 nm was added in front of the lamp to filter out the reflected/
transmitted signal in the fluorescence emission region of 640–850 nm.
Consequently, the signal measured by the spectroradiometer within
the range of 640–850 nm was composed predominantly of emitted
fluorescence. In between the canopy hyperspectral measurements
(every 1 h from morning to afternoon, introduced below), leaves from
different heights and physiological conditions were measured for their
spectral properties in order to make the datasets more representative.
The FluorW
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Fig. 4. Scheme of evaluating FluorWPSwith experimental data. Quantities in blue boxeswerem
parameters.
After the spectral measurements, the leaves were immediately cut
from the plants and taken to the laboratory for biochemical analysis.
Chlorophyll content (Cab, in unit of μg/cm2), carotenoid content
(Cca, in unit of μg/cm2), water content (Cw, in unit of g/cm2), and dry
matter content (Cdm, in unit of g/cm2), were measured for the leaves
and used to evaluate the inverted results as introduced below. Detailed
description of the measurement protocol and data processing can be
found in Zhao et al. (2015b).

Once the spectra of leaf reflectance and transmittance, forward and
backward fluorescence were obtained, the Fluspect model was used to
retrieve its parameters. Two stages of inversion were employed as
shown in module A of Fig. 4.

In the first stage, six biochemical parameters, i.e., leaf structure
parameter N, chlorophyll content Cab, carotenoid content Cca, water
content Cw, senescent material Cs, and dry matter content Cdm, were
inverted with leaf reflectance and transmittance by minimizing the
following cost function Fp(N, Cab, Cca, Cw, Cs, Cdm,):

Fp N;Cab; Cca;Cw;Cs;Cdmð Þ ¼
X

λ∈ 400;2500½ �
f ρl λð Þ−ρsimuðN;Cab;Cca;Cw; Cs; Cdm;λÞ½ �2

þ τl λð Þ−τsimuðN;Cab;Cca;Cw; Cs; Cdm;λÞ½ �2g
ð10Þ

where ρl and τl aremeasured leaf reflectance and transmittance, respec-
tively; ρsimu and τsimu are simulated leaf reflectance and transmittance
from Fluspect, respectively. The sequence for inverting these parame-
ters can be decided by their sensitivities in different spectral ranges. De-
tailed inversion procedure can be found in our previous study (Zhao et
al., 2014a). Some of the inverted results (Cab, Cca, Cw, and Cdm,) were
compared with their corresponding measured values in the laboratory
to evaluate the inversion.

In the second stage, these biochemical parameters were fixed at the
inverted values, and only two fluorescence parameters, i.e., fluores-
cence quantum efficiency for PSI (fqeI) and PSII (fqeII), were inverted
with leaf fluorescence spectra. A similar cost function was defined for
the range of 640–850 nm. The trust-region-reflective algorithm was
adopted during the inversions. With the seven inverted parameters,
Fluspect was used again to obtain the four EF-matrices, which are
input parameters for the FluorWPS model to upscale fluorescence
from leaf to canopy level.
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3.1.2. Canopy structural parameters
While conducting the spectral measurements, leaf area index (LAI)

and leaf angle distributions were measured in a destructive way within
a plot of 1.5 × 1.5m2. Statistical parameters of the two crop canopies are
listed in Table 1. Together with photos for the canopies and leaves, vir-
tual canopy scenes for soybean and cottonwere generated. Leaveswere
assumed to be uniformly distributed in the canopy since LAIs were high.
Stems and flowers were not included in the generated scene.

Based on the generated canopy scene, the measured incoming solar
irradiance, and spectral properties of the canopy elements, FluorWPS
can simulate the SIF spectrum at TOC, as shown in module B of Fig. 4.

3.1.3. Canopy hyperspectral measurements
The AvaField-3 spectrometer (Avants Inc., Apeldoorn, The Nether-

lands) with a 25° FOV (field of view) fiber optic adapter was mounted
on a tripod in nadir viewing direction to measure canopy radiation.
The spectrometer covers the spectral range of 300–1100 nmwith a res-
olution of 1.4 nm, a spectral sampling interval of 0.6 nm, and signal-to-
noise ratio (SNR) N 1500. The height of the sensor from the ground was
180 cm. A 40× 40 cm2 BaSO4 calibration panel was used tomeasure the
solar irradiance before and after themeasurement of canopy up-welling
radiance. The spectral irradiance and radiance measurements were ac-
quired every 1 h between 09:30–14:30 (GMT +8) on 15 September
2014 for soybean, and between 10:30–14:30 (GMT+8) on 19 Septem-
ber 2014 for cotton, both under clear sky conditions.

With the measured incoming solar irradiance and TOC up-welling
radiance, the FSR method proposed in our previous study (Zhao et al.,
2014b) was used to retrieve the SIF spectrum over the whole fluores-
cence emission region of 640–850 nm. The essence of the FSR method
is to use the characteristic double-peak shape of SIF as a priori knowl-
edge to reconstruct the continuous spectrum with retrieved SIF values
at the few absorption lines. A priori knowledge of SIF shape was repre-
sented by three basis spectra extractedwith the singular vector decom-
position technique for representative SIF spectra simulated by the
SCOPE model. Then, once at least three SIF values are retrieved by the
Spectral Fitting Method (SFM) at absorption lines, coefficients of these
basis spectra are fitted with retrieved SIF values to reconstruct the SIF
spectrum. Detailed description of the FSRmethod and validation results
can be found in Zhao et al. (2014b).

The simulated SIF spectrum can then be evaluated by comparison
with the reconstructed SIF spectrum frommeasured TOC hyperspectral
radiance as shown in module C of Fig. 4.

3.2. Data sets to compare with a 1-D radiative transfer model

The SCOPE model calculates RT, photosynthesis and energy balance
for horizontally homogeneous canopies (Van der Tol et al., 2009). The
leaf level optical model Fluspect was also included to simulate leaf
reflectance, transmittance, and EF-matrixes as a function of leaf
biochemical parameters and fluorescence emission efficiencies of PSI
and PSII. The simulations by SCOPE have been evaluated using in-situ
data collected for maize crops (Van der Tol et al., 2009). SCOPE has
recently become part of a virtual laboratory for various studies
(Verrelst et al., 2016).

Since photosynthesis and energy balance calculations are not pres-
ently included in FluorWPS, mainly the modules of RT computation in-
cluding the fluorescence emission of the canopy by SCOPE (version
1.60) were compared with corresponding results by FluorWPS. RT
Table 1
Measured canopy statistical structural properties.

Crop LAI Canopy height (cm) Average leaf angle/Standard
deviation (deg.)

%cover

Soybean 3.1 35.8 30.4/20.0 92%
Cotton 3.5 78.6 29.9/18.9 95%
computation in SCOPE is formulated by the four-stream theory, which
is quite different from the ray-tracing techniques adopted in FluorWPS.
For the purpose of model comparisons, we kept the input conditions of
the two models as identical as possible. Homogeneous canopy scenes
(as assumed in SCOPE) were generated by a number of polygons (trian-
gular or 4-sided polygon), being used for FluorWPS. The statistical pa-
rameters of the canopy scene, such as LAI, leaf inclination distribution
function (LIDF), canopy height, and leaf size, were calculated for
SCOPE. Then, the same spectral and illumination conditions, such as
leaf spectral properties (reflectance, transmittance, and EF-matrixes)
simulated by Fluspect with the same leaf optical parameters, soil reflec-
tance, and solar spectral irradiance (direct sunlight and diffused sky-
light), were adopted to drive the simulation of these two models. The
leaf optical parameters are listed in Table 2. Solar spectral irradiance dis-
tribution was simulated by MODTRAN 4.0, representing a typical mid-
latitude summer day with the visibility of 23 km.

Four homogeneous canopy scenes from low LAI (0.9) to high LAI
(4.2) were generated for comparisons. Their structural statistical pa-
rameters are listed in Table 3. LIDF and the hotspot parameter sl stayed
relatively stable to focus on the influence of LAI to SIF. These LIDFs rep-
resent a canopy with leaf inclination close to a spherical type.

To systematically compare the fluorescence distributions, both
hyperspectral andmulti-angular SIF distributionswere simulated. Spec-
tral range is from 640 nm to 850 nm with a step of 1 nm. Viewing azi-
muthal angle (VAA) varied from 0° to 350° with a step of 10°, and
viewing zenith angle (VZA) from 0° to 70° with a step of 5°, totaling to
505 viewing directions. For all the comparisons below, SZA and SAA
were fixed at 30° and 140°, respectively. In the SCOPEmodel, the contri-
butions to the total SIF received by a sensor at TOC can be differentiated
in two parts: the part directly emitted by the leaves (Fem) and the
scattered part of Fem by leaves and soil (Fsc). The comparisons of
these two parts by two models besides the Ftot distributions are also
provided for some cases.
3.3. Model application to study the impact of row structure on SIF
distributions

Agricultural crops are important but complex targets for remote
sensing applications. They are complex because crops are usually
planted in rows and have a distinct row structure for a considerable
time during the growing seasons. Experimental and modeling studies
revealed that the distributions of the reflectance factor for a row canopy
were significantly different from those of a horizontally homogeneous
canopy (Zhao et al., 2010). As a versatile computer simulation model,
FluorWPS is not limited to a specific kind of canopy scene. So it is very
convenient to use FluorWPS to study SIF distribution of row crops.

Here a canopy scene with typical row structure was generated
(noted as ‘Row’) to study the impact of row structure on SIF distribu-
tions. LAI, leaf inclination distribution, leaf size, and canopy height of
Row are all closely comparable to those of the homogeneous scene
Homo1. The generated scene Row and its counterpart Homo1 are
shown in Fig. 5. The Row scene represents a north-south oriented row
canopy in an early growing stage, such as soybean, cotton and wheat,
with leaves uniformly distributed in the virtual parallelepipeds. Row
spacing (distance between rows), rowwidth (mean width of the plants
within the row), and mean canopy height of the scene were 70 cm,
30 cm and 40 cm, respectively. Leaf spectral properties and illumination
conditions were set as the same as those in Section 3.2.
Table 2
The leaf optical parameters for Fluspect.

N Cab
(μg·cm−2)

Cca
(μg·cm−2)

Cs Cw
(g·cm−2)

Cdm
(g·cm−2)

fqeI fqeII

1.5 33.0 8.0 0.1 0.01 0.005 0.004 0.02



Table 3
Structural statistical parameters of the generated homogeneous scenes.

Scene LAI Average leaf
angle/Standard
deviation (deg.)

Canopy
height (cm)

Area of leaf
triangle (cm2)

Shape factor
of leaf trianglea

Homo1 0.9 54.3/23.2 40 2.0 0.4
Homo2 2.1 54.5/23.0 140 3.9 0.4
Homo3 3.4 54.2/23.0 140 3.9 0.4
Homo4 4.2 54.6/22.9 160 5.1 0.4

a The ratio of the base to the height of the leaf isosceles triangle.
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4. Model evaluation

4.1. Comparison with field measurements

Six and five sets of coupled datasets of leaf and canopy measure-
ments were obtained for soybean and cotton, respectively. The mea-
sured leaf fluorescence distributions and inverted results for leaf-level
biochemical parameters in module A of Fig. 4 are provided in the sup-
plement data due to limited space. Shapes ofmeasured leaf fluorescence
spectra are consistent with the spectra reported in other studies (Van
Wittenberghe et al., 2013, 2015). The results of the first step inversion
for Cab, Cca, Cw, and Cdm show that retrieved values generally
agree well with their corresponding measured values. The coefficient
of determination (R2) and root mean square error (RMSE) between
the retrieved and measured values are 0.94 and 1.88 μg/cm2, 0.93 and
0.49 μg/cm2, 0.86 and 0.0018 g/cm2, and 0.82 and 0.0031 g/cm2, for
Cab, Cca, Cw, and Cdm, respectively. Retrieved values of fqeI for soybean
and cotton leaves are in the range of 0.0017–0.0026, and 0.0013–
0.0019, respectively. Generally the higher right peaks of fluorescence
spectra for soybean leaves result into higher values of fqeI, whichmainly
contributes to the right peaks. The values of feqII for soybean and cotton
leaves are in the range of 0.011–0.017, and 0.01–0.015, respectively.
These inverted values are in the ranges suggested by Verhoef (2011).

Comparison results of simulated SIF spectra by FluorWPS and the re-
constructed ones by using the FSR method are shown in Fig. 6. The
values and general shapes of simulated SIF spectra with temporal
changes agree fairly well with those by the reconstructed ones, though
some differences are noticeable. R2 and RMSE for simulated and recon-
structed SIF spectra over the range of 670–800 nm with a step of 1 nm
are 0.91 and 0.15 W·m−2·sr−1·μm−1, respectively, for the soybean
canopy, and 0.93 and 0.083W·m−2·sr−1·μm−1 for the cotton canopy.
Typical diurnal changes of both SIF spectra for soybean and cotton due
to temporal changes of incident irradiance can be observed: increasing
until mid-morning and then decreasing. Generally a more distinct con-
trast between left and right peaks for soybean than for cotton appears,
which is probably caused by the stronger re-absorption effect with the
higher chlorophyll content in soybean leaves. It can also be noted that
Fig. 5. Generated scenes to simulate a homogeneous
the magnitude of soybean canopy's SIF is relatively higher than that of
the cotton canopy. This difference can be explained by the generally
higher retrieved fqeI and fqeII values for soybean leaves, since the
canopy structural parameters for both canopies are comparable (Table
1). The radiance values of the simulated and reconstructed SIF spectra
at O2-A are in the range of 0.92–1.62 W·m−2·sr−1·μm−1 for the
soybean canopy and 0.67–1.17 W·m−2·sr−1·μm−1 for the cotton
canopy, which agree with the values reported in former studies
(Meroni et al., 2009).

The main discrepancies between simulated and reconstructed SIF
spectra come from higher simulated SIF values than the reconstructed
over the middle valley between the two peaks (around 700 nm), and
lower simulated SIF values than the reconstructed ones at the right
peaks (around 740 nm). The former discrepancy may result from
the limited sensor specifications. Besides the relatively deep and wide
O2-A absorption line, the absorption lines by O2-B around 687 nm and
by water vapor around 719 nm were applied in FSR to reconstruct the
SIF spectrum. The water vapor absorption region is susceptible to
weather conditions and requires a high spectral resolution and SNR.
The AvaField-3 spectrometer used in the experiment has a high SNR
(N1500), but a relatively low spectral resolution of 1.4 nm and a sam-
pling interval of 0.6 nm. So this limitation may affect the retrieval accu-
racies at these spectral ranges, which leads to the relatively high
deviations around 700 nm. The latter discrepancy may arise from the
experimental setup for the leaf-level fluorescence measurement. The
short-pass filter with the cut-off wavelength of 640 nm was used to
block the lamp radiance between 640 and 750 nm, and consequently
the emitted fluorescence was obtained. Indeed, the radiance between
640 and 750 nm can also excite fluorescence. The removal of radiance
in this part may potentially influence the performance of photosynthet-
ic apparatus, especially for the PSI center (Pedrós et al., 2010), which
mainly contributes to the far-red fluorescence. This potential bias dur-
ing leaf fluorescence measurements could underestimate the retrieved
values of fqeI. As a result, the EF-matrices by the underestimated
fqeI could cause lower simulated SIF values at far-red bands. However,
use of the short-pass filter is necessary to separate the whole leaf fluo-
rescence spectrum from the scattered radiance. Further studies are
needed to evaluate the potential bias with the experimental setup.
Other factors that can introduce the deviations include the neglect
of stem, flower and clumping effect of leaves during the generation of
canopy scenes.

4.2. Comparison with the SCOPE model

Due to limited space, we cannot present the comparisons of SIF dis-
tributions for all the spectral bands and viewing angles. So only typical
spectral and angular combinations are presented: the whole SIF spec-
trum for nadir viewing direction to give the general shapes of spectral
canopy (a, Homo1) and row canopy (b, Row).

Image of Fig. 5


Fig. 6. The reconstructed SIF spectra from measured data (noted as ‘Meas-FSR’) and FluorWPS simulated SIF spectra for soybean (a) and cotton (b).
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SIF, multi-angular distributions of SIF along the solar principal plane
(PP) at the positions of the red and far-red peaks (685 nm and
740 nm), and SIF distributions for 505 viewing directions at 685 nm
and 740 nm. Statistical results between the comparisons for all viewing
angles at the peak positions are also provided.
Fig. 7. The spectra of total SIF (Ftot, red line) and its components: emission part (Fem, blue line)
(dashed line) and SCOPE model (solid line) for four homogeneous canopies: a) Homo1; b) Ho
4.2.1. SIF spectrum for nadir viewing direction
The spectra of total SIF (Ftot) and its components: emission

part (Fem) and scattering part (Fsc) in nadir direction simulated by
FluorWPS and the SCOPE model for four homogeneous canopies are
shown in Fig. 7. The spectra of Ftot simulated by both models show
and scattering part (Fsc,magenta line) in nadir direction simulated by the FluorWPSmodel
mo2; c) Homo3; and d) Homo4.

Image of Fig. 6
Image of Fig. 7
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the typical red and far-red peaks, located at around 685 nm and740 nm,
respectively. With the increase of LAI, Ftot generally increases, especial-
ly for theNIR regions. Generally SIF simulated by FluorWPS agrees quite
well with that by the SCOPE model for all four canopies. Noticeable de-
viation appears in the NIR regions, with the highest at the far-red peak.
The comparisons of SIF components between these two models show
that this deviation mainly comes from Fsc because Fem agrees very
closely with each other. The difference between the formulations of
these two models mainly contributes to the deviations for Fsc, as will
be further explained in the next section.

It can also be noted that Fem at the red peak is always higher than
that at the far-red peak. This is because a relatively low chlorophyll con-
tent (33 μg/cm2) in the Fluspectmodel was adopted,which resulted in a
relatively moderate re-absorption effect in the red region and also gen-
erated backward EF-matrices with higher excitation in the red region
than in theNIR region. In the red region, the contribution from the emis-
sion part dominates. For all four scenes, Fem contributes at least 87% of
Ftot for both models at 685 nm. However, from the transition of red to
NIR (red edge) and after that, the fraction of Fsc firstly increases until
around 740 nm and then decreases. Mainly two factors determine this
spectral change of Fsc. The reflectance and transmittance of a leaf in-
crease rapidly from around 690 nm and reach a plateau at around
Fig. 8. Angular distributions of total SIF at 685 nm (Ftot685, black line), 740 nm (Ftot740, red li
(Fsc740, magenta line) along the solar principal plane simulated by the FluorWPS (dashed line
Homo3; and d) Homo4.
740 nm. Re-absorption of SIF by leaves is relatively weak because of
the high reflectance and transmittance in the red edge and NIR region.
So more excited fluorescence is scattered. Moreover, the excitations of
the two photosystems also reach their second peaks around 740 nm.
Therefore, the peak value of Fsc around 740 nm is the result and is com-
parable or higher than Fem. Results from both models show that the
fractions of Fsc at 740 nm steadily increase from about 45% for Homo1
to about 59% for Homo4. So for some cases in the later comparisons,
both Fem and Fsc will be provided at the far-red peak besides Ftot.
Among Ftot, the total re-excited contribution (Fre) is very small, b0.1%
of Ftot in most cases.

In the next section, we will explore the SIF distributions along PP,
which has most angular information, to evaluate the performance of
FluorWPS to reproduce angular SIF at the two peaks.

4.2.2. Angular SIF distributions along the solar principal plane at the
two peaks

Fig. 8 shows the comparison of fluorescence at 685 nm and 740 nm
along the PP between FluorWPS and the SCOPE model, with the nega-
tive VZAs corresponding to the forward direction and the positive
VZAs to the backward direction. The hotspot effect for BRF (a peak cen-
tered around the retro-solar direction) is also evident for fluorescent
ne), and its components at 740 nm: emission part (Fem740, blue line) and scattering part
) and SCOPE model (solid line) for four homogeneous canopies: a) Homo1; b) Homo2; c)

Image of Fig. 8
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radiances except for the scattering part simulated by both models, and
they fit well with each other. The mechanism for the formation of the
hotspot is similar to that of the reflectance factor: when the viewing di-
rection coincides with the solar direction, excited fluorescence from
leaves by direct sunlight is directly observed by the sensor, without
shadows from other leaves (or few shadows by shielding weak
skylight); away from the direction of sunlight, the shadows are partly
visible and the magnitude of fluorescence decreases. As a result, in the
Fig. 9. Polar plots of fluorescence radiance simulated by FluorWPS (left panels) and the SC
contributions (e, f) at 740 nm for canopy Homo2.
hotspot direction all leaves observed are sunlit, so a maximum fluores-
cence is observed, in spite of the lower quantum efficiency expected for
sunlit leaves. Inspection of all the components simulated by FluorWPS
shows that the hotspot effect only occurs for the first-order excitation
of direct sunlight (fss), which confirms our explanation.

Ftot at 685 nmand Fem at 740 between these twomodels agreewell
with each other for lowVZAs for all canopy scenes, but deviate a little for
high VZAs. This deterioration is especially evident for higher LAI.
OPE model (right panels): total SIF at 685 nm (a, b) and 740 nm (c, d), and scattering

Image of Fig. 9


Table 4
Statistical results of correlation between FluorWPS and the SCOPE model for four scenes.

Scene

Ftot@685 nm Ftot@740 nm Fem@740 nm Fsc@740 nm

R2 RMSE R2 RMSE R2 RMSE R2 RMSE

Homo1 0.98 0.038 0.99 0.140 0.99 0.038 0.99 0.104
Homo2 0.97 0.053 0.98 0.160 0.98 0.049 0.99 0.114
Homo3 0.93 0.062 0.94 0.137 0.95 0.055 0.98 0.084
Homo4 0.92 0.066 0.92 0.136 0.93 0.058 0.97 0.080
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Considering that only four statistical parameters are used by the SCOPE
model to describe canopy structure, in contrast with tens of thousands
of polygons used in FluorWPS, this minor deviation at high VZAs is
still acceptable. However, the systematically higher values for FluorWPS
simulated Ftot at 740 nm are noticeable. As shown in Fig. 7, the differ-
ence is mainly caused by Fsc between these two models. Fsc simulated
by FluorWPS is always higher. And the magnitude of the difference in-
creases with LAI from 0.9 to 2.1, but gradually decreases for LAI higher
than 2.1. The deviations in Fsc can be explained by the different formu-
lations of these twomodels. In the SCOPEmodel, Fsc is computed based
on the assumption of semi-isotropic incident diffuse fluxes. So, the char-
acterization of directionality for Fsc by this simplified formulation
should be less accurate than that of the ray-tracingmethodwhich is im-
plemented in a ray-by-ray tracing manner. For dense canopies with
higher LAI, photons are likely to be scattered more than once within
the canopy. Although it also depends on the canopy scattering phase
function, which in turn depends on the LIDF, the leaf reflectance and
transmittance, one may expect that the multiply scattered radiation
will tend to become closer to isotropic, such that an improved accuracy
of Fsc for the SCOPEmodel can be expected (because of the better agree-
mentwith the assumptionsmade in SCOPE). Sowe can observe that the
directionality of simulated Fsc by bothmodels becomesweak for LAIs of
3.4 (Homo3, Fig. 8c) and 4.2 (Homo4 Fig. 8d), and the agreement be-
tween them also improves. This proposition is supported by the com-
parisons for the multiple scattering contributions of the reflectance
factors (not shown here), which shows the same trend here in the
agreement of Fsc.

4.2.3. Polar plots of SIF at the two peaks
Polar plots of Ftot at 685 nm and 740 nm, and Fsc at 740 nm for can-

opyHomo2 simulated by FluorWPS and the SCOPEmodel are presented
Fig. 10. The comparison of SIF distributions for Row (solid line) and Homo1 (dashed line) sim
emission part (Fem, blue line) and scattering part (Fsc, magenta line) in nadir; b) angular dis
components at 740 nm: emission part (Fem740, blue line) and scattering part (Fsc740, magen
in Fig. 9. The polar plots of Fem at 740 nm are similar to those for Ftot at
685nm, and are not providedhere. The center of the plot corresponds to
the VZA of 0° (nadir viewing direction), and VZA increases outward
with the number above the contour indicating its value. VAA starts
from North and increases in clockwise direction, with angles for east,
south and west being 90°, 180° and 270°, respectively.

SIFs at 685 nm and 740 nm simulated by both models show a bowl
shape (Fig. 9a–d) with a local maximum at the hotspot direction. The
SIF distributions by the SCOPE model are smoother because of the
model's semi-analytical nature. Distributions by both models display a
near symmetrical distribution with respect to the PP, which is expected
for a homogeneous canopy. Minor deviations for Ftot at 685 nm be-
tween these two models appear at high VZAs (Fig. 9a–b), especially
the backward directions, as already noted in Fig. 8. Higher deviations
for Ftot at 740 nm (Fig. 9c–d) are mainly caused by Fsc (Fig. 9e–f) as ex-
plained before. A shape of an almost azimuthally symmetric bowl cen-
tered around nadir appears in polar maps for Fsc with relatively weak
anisotropy. The general shapes for fluorescence distributions of these
two models agree well with each other.
4.2.4. Summary of comparisons with the SCOPE model
Table 4 gives the statistics of these twomodels' fitting results (based

on the 505 viewing angles) at 685 nm and 740 nm for four canopy
scenes. The accordance between the two models for Ftot and Fem at
685 nm deteriorates with the increase of LAI mainly because of the dif-
ferent description of canopy structure and the different formulations of
RT. The agreement of their fitting for Fsc at 740 nm with high LAIs im-
proves with respect of RMSE, thanks to the isotropic nature of scattered
fluorescence. As a result the improvement occurs for Ftot at this band.
The high R2 and the low RMSE at two characteristic bands with highest
deviations in their respective spectral regions show the good agreement
between these two models.

The MC ray-tracing method and the four-stream theory, adopted by
FluorWPS and the SCOPE model respectively, are two totally different
formulations for modeling the RT of canopy SIF. The total SIF and its
components simulated by these two independentmodels for four struc-
turally different canopies demonstrate close agreement in the red re-
gion, and minor deviations in the NIR region, which is explicable by
their differences in parameterization and formulation. The high agree-
ment of the two models enhances the confidence in both models.
ulated by the FluorWPS model: a) spectra of total SIF (Ftot, red line) and its components:
tributions of total SIF at 685 nm (Ftot685, black line), 740 nm (Ftot740, red line), and its
ta line) along the solar principal plane.

Image of Fig. 10
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In order to evaluate FluorWPS in comparisonwith the SCOPEmodel,
simple 1-D sceneswere used in FluorWPS as described above. However,
the principle to simulate RT of SIF in FluorWPS is the same no matter
how complex the canopy structure is. So the capability of FluorWPS to
faithfully reproduce the spectral and angular distributions of SIF for
more complex scenes is still expected.
Fig. 11. Polar plots of fluorescence radiance simulated by the FluorWPSmodel for Row (left pan
contributions at 740 nm (e, f).
5. Model application on the impact of row structure on SIF
distributions

Fig. 10 shows that canopy structure has a significant impact on both
spectral and directional distributions of SIF. In the whole spectral range
of SIF emission, Ftot, Fem and Fsc in nadir direction for Row are always
els) and Homo1 (right panels): total SIF at 685 nm (a, b) and 740 nm (c, d), and scattering

Image of Fig. 11


398 F. Zhao et al. / Remote Sensing of Environment 187 (2016) 385–399
lower than their counterparts for Homo1 (Fig. 10a). This is because a
large portion of the Row canopy in nadir direction is composed of soil
between rows which does not emit fluorescence. The soil still can con-
tribute to SIF by scattering, which explains why the difference between
the Fsc for these two canopies is smaller than between the Fem. The sys-
tematic difference inmagnitude for these two canopies is alsomanifest-
ed for the angular Ftot distributions along PP (Fig. 10b). Besides, a
stronger anisotropy of SIF appears for Row than for Homo1. This differ-
ence even appears in Fsc which usually has relatively weak directional-
ity. Next, wewill check the polar plots of SIF for these two canopieswith
a more comprehensive comparison.

On the polar plots of Ftot at 685 nm and 740 nm for Row (Fig. 11a
and c), a low value stripe appears, approximately parallel to the row
orientation, which is similar to the row effect we termed for BRF
(Zhao et al., 2010). As a contrast, Ftot for its counterparts Homo1 (Fig.
11b and d) displays a nearly symmetric distribution with respect to
the PP as noted before. Since these two canopies have comparable struc-
tural parameters and the same leaf spectral properties and illumination
conditions, the only reason bringing about the discrepancies lies in the
row structure.

Away from the nadir direction, the scattering contributions increase
steadily with the increase of VZA for the homogeneous canopy because
more visible vegetation enhances the scattering process. So, Fsc for
Homo1 shows an azimuthally symmetric bowl centered around nadir
(Fig. 11f). For Fsc of Row, the contribution to the sensor will be con-
trolled by the relative geometry with respect to the row orientation.
For along-row or near-along row azimuthal angles, more soil (and less
vegetation) is visible through the void space between rows. Then, a
symmetric distribution along the row orientation appears (Fig. 11e).
For the emission part of SIF (Fem) of Row, it is conditioned by the rela-
tive geometry of roworientation, sun and viewing directions. Less shad-
ow of canopy components is visible in the backward direction than in
the forward direction. So, for Ftot at 685 nm, where Fem plays a more
important role, the low value strip appears being shifted to the forward
direction (Fig. 11a). For Ftot at 740 nm(Fig. 11c), this shift is less evident
because Fsc with a symmetric distribution has a similar (low LAI) or
even higher (high LAI) impact compared to Fem.

More row canopy scenes comparable to Homo2 and Homo3 were
also generated (not shown here) and their SIF distributions show
similar patterns: the row effect and the stronger anisotropy of SIF
distributions than their counterparts. So care should be taken when
interpreting SIF data for the canopy with a clear row structure.

6. Conclusions and perspectives

In this paper, we proposed a RTmodel (FluorWPS) with the capabil-
ity of the computation of canopy SIF based on the forward Monte Carlo
ray-tracing method. The adoption of ‘weight reduction’ and ‘photon
spread’ concepts in FluorWPS makes the simulation of canopy SIF prac-
tical on a common PC. Since canopy SIF is simulated in a physically-
based and rigorousway, FluorWPS is advantageous to reproduce the ra-
diative process faithfully and quantify the contributions in detail. The
versatile nature of FluorWPS's representation of various canopy struc-
tures is also very attractive to study SIF distributions for realistic cano-
pies. These advantages are the original features of FluorWPS.

Evaluation of a complexmodel like FluorWPS is challenging because
of the difficulty to obtain detailed leaf-level and canopy-level parame-
ters, as has been illustrated with the comparison of field experimental
data. Evenwith theuncertainties ofmodel parameterization and limited
experimental conditions, FluorWPS still reproduced the temporal SIF
spectra closely comparable with the spectra reconstructed from field
measured data. Systematic comparisons of SIF distributions simulated
by FluorWPS and the state-of-the-art SCOPE model showed that they
agree fairly well with each other, with the deviations traceable to the
different parameterization and formulation of the two models. This en-
hances the confidence in both models.
Detailed comparisons between FluorWPS and the SCOPE model for
four structurally different canopies also helped to reveal the physical
mechanisms behind the spectral and angular distributions of SIF. For
the total SIF in the visible red region, the contribution from the direct
emission part dominates. In the NIR bands, the scattered emission
plays a comparable or stronger role compared to the direct emission
part. The contribution of the total re-excited SIF is negligible in most
cases. So for the RT modeling of canopy SIF, care should be exercised
to properly take account of the scattering part in the NIR regions,
while it is safe to ignore the re-excited contributions in all spectral
bands. Both emission and scattering contributions are anisotropic
even though the bi-Lambertian scattering and emission of canopy com-
ponents is assumed. The first order excitation by direct sunlight forms
the hotspot effect of SIF due to shadowing by canopy components
with respect to the geometry of illumination and observation. SIF an-
isotropy is an intrinsic property of the vegetative surface and can pro-
vide additional information besides the spectral dimension.

Application of the FluorWPSmodel to study the impact of row struc-
ture on SIF demonstrated that row structure can significantly influence
the magnitude and directionality of SIF distributions. The row effect of
SIF, as shown by a low value stripe approximately parallel to the row
orientation in the polar plot of SIF, leads to stronger SIF anisotropy
than that for homogeneous canopy with similar LAI and LIDF. The dis-
tinctive difference of SIF between homogeneous and row structured
canopies implies that it is problematic to use a 1-D canopy RT model
of canopy fluorescence to interpret SIF measurements for the canopies
with a clear row structure. However, the relatively simpler RT models
are still needed when attempting to estimate canopy parameters from
a limited number of informationally independent observations. So, de-
velopment of simpler RT models applicable to heterogeneously two-di-
mensional and 3-D canopies is still needed in our future work.

The Fluorescence Explorer (FLEX mission) has recently been ap-
proved by the European Space Agency (ESA) tomeasure SIF of terrestri-
al vegetation. Besides the retrieval of SIF values at the two absorption
lines by O2-A and O2-B, more advanced products have been proposed
(ESA, 2015), for example SIF at the red and far-red peaks, total SIF inte-
grated over the full emission spectrum, and fluorescence emission from
PSII and PSI. Since FluorWPS is applicable to wide classes of canopies
and capable of simulating the detailed radiative processes by various
components, it can be systematically used to investigate the algorithms
of the mission objectives. The reconstruction of whole SIF spectrum is
essential to the realization of the first two products. As a first step, one
can use FluorWPS as a framework to evaluate the performance of vari-
ous methods for SIF spectrum reconstruction based on the same input
parameters. As for the separation of the contributions from the twopho-
tosystems, it is straightforward to include these contributions in
FluorWPS for arbitrarily complex 3D scenes. So, FluorWPS will be ex-
pected to contribute to these topics in future studies.
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