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A B S T R A C T

Land surface temperature (LST) is listed as an essential climate variable (ECV) and supports quantitative esti-
mates of the energy budget while serving as a proxy for measuring the effects of climate change and extreme
events. Forested areas are considered a major land unit impacted by temperature rise; therefore, thorough moni-
toring is mandatory. An accuracy assessment of the LST of forests must consider their directional anisotropy
(DA). This latter can be well depicted by thermal infrared (TIR) radiative transfer models, but the problem is
complex for forests because many of the shaded areas generate multiscale gradients of temperature. In this pa-
per, we adapted a mature and widely used visible and near-infrared (VNIR) radiative transfer model called forest
reflectance and transmittance (FRT) to enhance the characterization of the DA of forest temperature. In the FRT
model, the vertical heterogeneity of the forest is quantified by using the discrete elements of multilayer scene
components (i.e., the tree crown, trunk, understory vegetation, and soil), thus inferring vertical thermal gradi-
ents. The Planck function and spectral-invariant theory are considered to assess the thermal emissions of the
scene components and their multiple scattering processes. The FRT model is validated using directional forest
brightness temperatures (BT) measured from an unmanned aerial vehicle (UAV) and simulated by using the
three-dimensional ray-tracing LESS (large-scale remote sensing data and image simulation framework over het-
erogeneous 3D scenes) model. The results show that FRT behaves reliably since the root mean square error
(RMSE) is lower than 1.0 °C for UAV measurements obtained at 09:20 and 13:10 and with coefficients of deter-
mination (R2) larger than 0.74 and 0.56, respectively; these results are better than the simulated results by exist-
ing models. Moreover, the comparison with ray-tracing simulations was also deemed satisfactory. According to
the analysis, large variations in BT DAs may appear for different forests and seasonal changes staged by struc-
tural and thermal stratification, thus indicating the necessity of using the FRT model for complex and dynamic
forest canopies.

1. Introduction

Land surface temperature (LST) is of vital interest in many disci-
plines, such as climate change, weather prediction and drought moni-
toring (Hu et al., 2020; Li et al., 2013a; Li et al., 2020). However, the re-
mote sensing of thermal infrared (TIR) signals for retrieving LST is
prone to angular dependence due to the specific illumination and view-
ing geometry of each pixel and the three-dimensional structure of the
surface. Enhancing the characteristics of the directional anisotropies

(DAs) of the brightness temperature (BT) is a prerequisite for analyzing
and interpreting LST and upward longwave radiation (Bian et al., 2016;
Verhoef et al., 2007). Hitherto, many TIR radiative transfer (RT) mod-
els had been proposed to support such an approach (e.g., the review by
Cao et al., 2019). Although one-dimensional RT models, such as four-
stream scattering by arbitrarily inclined leaves (4SAIL) and FR97, have
been widely used because they require few inputs and do not require a
thorough description of the canopy architecture (Francois et al., 1997;
Verhoef et al., 2007), considering geometric optical (GO) models and
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hybrid GO is still deemed necessary to treat most forested areas formed
by heterogeneous canopies (Bian et al., 2018; Du et al., 2007; Kimes
and Kirchner, 1982; Sobrino and Caselles, 1990; Yu et al., 2004).

Actually, a few research studies have been devoted to modeling the
DAs of temperatures in forest canopies. The modified geometric projec-
tion (MGP) model proposed by Pinheiro et al. (2004) has been widely
used, for example, in analyzing LST DAs and validating remote sensing
LST products (Ermida et al., 2014; Ermida et al., 2018; Rasmussen et
al., 2010). In this TIR model, four components, i.e., sunlit and shaded
crown and sunlit and shaded soil, were considered. This is insufficient
to handle the complexity of forest stands marked by a strong vertical
stratification with specific attributes for the overstory with crown, the
middle-layer trunk, the understory formed by a grass/shrub vegetation
layer and finally the soil background. Moreover, some forest canopies
may show seasonal trends, particularly deciduous canopies.

The BT of a whole forest and its DA signature is the result of the inte-
gration of the various thermal and structural characteristics of the di-
verse components. Balick and Hutchinson (1986) reported a significant
trunk effect, approximately 3 °C per 10° change in viewing angle during
a leafless period. A modified GO model was previously developed by
Bian et al. (2020a) to analyze the tree trunk effect. Such a model is,
however, limited to the treatment of dense canopies due to the assump-
tion of homogeneity for the overstory tree leaves. A model that consid-
ers both forest trunks and leaf clumping for crowns instead of a random
leaf distribution would accord more with the actual forest structure.
Moreover, because of the large shape difference between overstory el-
lipsoidal-shaped/conical-shaped tree crowns and understory grass/
shrubs, the vertical profile of vegetative attributes should be carefully
considered, especially for sparse forests.

Complex forest structures have been the focus of numerous model-
ing efforts in the visible and near-infrared (VNIR) spectrum, such as the
geometric optical radiative transfer (GORT) model, the forest re-
flectance and transmittance (FRT) model, the four-scale model and the
analytical clumped two-stream (ACTS) model (Chen and Leblanc, 1997;
Kuusk and Nilson, 2000; Ni-Meister et al., 2010; Ni et al., 1999). The
TIR domain lacks equivalent models. The main difference between the
VNIR and TIR models lies in the emission terms. Kimes et al. (1980)
proposed a TIR model that highlights the gradients of temperature be-
tween the different layers of a crop canopy. Webster et al. (2018) re-
ported that such variation can reach 5 °C based on three-dimensional
observations from an unmanned aerial vehicle (UAV) system. The rela-
tive proportions of the different layers of a forest crown seen by a sensor
vary with the viewing angle (Kimes et al., 1980). The consequence is
the highlight of different material and structure; for example, the forest
could appear as a different object according to how it is screened. In
this regard, the approach consisting of using the average temperatures
of sunlit and shaded crowns, as proposed by most TIR models, is unsat-
isfactory.

Departing from the above considerations, the aim of this study is to
propose a TIR model for the directional BT of forests, including both
structural and thermal stratification. Thermal emissions of components
(i.e., the tree crown, trunk, understory vegetation, and soil) are intro-
duced into the FRT model. A spectral invariant theory is adopted to ac-
count for the multiple scattering term using the geometry of different
compounds. The FRT modeling framework is selected because it can de-
pict the entire complex structure of the forest by reference to field ex-
periments (Kuusk et al., 2014; Kuusk et al., 2008). The proposed model
can be perceived as a thermal extension of the VNIR FRT model. The
thermal version is validated using both measured and simulated
datasets from a UAV-borne sensor and a three-dimensional ray-tracing
model, respectively. In Section 2, the thermal version of the FRT model
is described. In Section 3, UAV-based multiangle TIR observations and
simulated datasets with different vegetation types are presented. In
Section 4, the relevance of the FRT model is examined by comparing
various simulation scenarios to analyze the effects of surface stratifica-

tion. The limitations and potential applications of the approach are pro-
vided in Section 5. Section 6 summarizes the study and stresses some
perspectives.

2. Methodology

2.1. Thermal version of the FRT model

In the TIR domain, the surface-leaving radiance is divided into two
parts: the emission term from the target and the reflection term from
the downward atmosphere. The top-of-canopy (TOC) radiance (L) can
be expressed as follows:

(1)

(2)

where θs and θv are the solar zenith angle (SZA) and the view zenith
angle (VZA), respectively; φ is the sensor-solar relative azimuth angle
(RAA); Tj and εj are the temperature and the emissivity of the j compo-
nent, respectively; fj is the gap proportion of component j for the sensor;
εm, j is the emissivity of component j raised by the multiple scattering ef-
fects (this variable refers to the radiance emitted from component j and
is scattered and reflected by other components to the sensor); z repre-
sents the height of a component; εe is the effective emissivity of the
canopy as a whole; subsequently, (1-εe) represents the canopy re-
flectance according to Kirchhoff's law; εj ∙ fj(θs, θv, φ, z) + εm, j can be
viewed as the effective emissivity of the j component, and the effective
emissivity of the canopy can be calculated as the sum of the effective
emissivity of the components (Chen et al., 2004); La↓ is the downward
effective radiance from the atmosphere; and Bλ is the Planck function
that converts the component temperature to the thermal radiance with
wavelength λ. In (1), the first part in the right panel represents the emit-
ted radiance from the scene components, and the second part represents
the reflected radiance from the downward atmosphere.

We adapted the FRT model to calculate the TOC radiance in (1). As
shown in Fig. 1, the basic unit of the discrete tree crown in the FRT
model is the volume element, thus the TOC radiance of the whole forest
is calculated as the sum of contributions from all volume elements,
where the directional/bidirectional gap probability consists of gaps be-
tween individual crowns and of within-crown gaps. To account for the
stratification of the forest structure, we divided the whole forest canopy
into four layers: the overstory tree crown, the middle-layer tree trunk,
the understory vegetation, and the soil background. We further as-
sumed sublayers for the tree trunk, the understory vegetation, and the
forest crown, like the temperature, could vary at different heights of the
canopy. According to (1), assuming no atmosphere, the TOC directional
radiance of a forest scene is calculated as the sum of the direct emission
component from the target component (i.e., εj ∙ fj(θs, θv, φ, z)) and the
multiple scattering component between the target and adjacent compo-
nents (i.e., εm, j). Compared to VNIR, shaded components contribute
more to the signal in the thermal spectrum as they emit. Thus, the sunlit
and shaded areas in each layer are separated components. Although dif-
ferent tree species can be simulated by the FRT model, the forest scene
for only a tree species was analyzed in this study because the overall ob-
jective here is to demonstrate the capability of the FRT model for mod-
eling the thermal temperature of forests. For more details on the FRT
model, we refer the reader to (Kuusk and Nilson, 2000).

2.2. Direct emission from components

It is assumed that each forest component is made of isotropic mater-
ial for emission; for example, TIR radiometry drives the relative view-
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Fig. 1. (a) Sketch of the forest scene considered in this study. The tree canopies with dotted lines represent adjacent canopies depending on tree distribution and tree
density. The blue and red lines represent view and solar directions, respectively; P and Q represent the target crown and trunk elements with the cartesian coordi-
nates of (xp, yp, zp) and (xq, yq, zq), respectively. The dotted and solid lines represent the path between tree crowns and the within-crown path, respectively. (b) Three
sublayers were divided for each tree trunk based on solar and viewing directions.

ing proportions of surface elements in the sensor field of view (FOV).
Each component is modeled independently.

2.2.1. Tree crown
According to (Kuusk and Nilson, 2000), if the bidirectional gap

probability of each volume element is known, the gap proportions of
sunlit (fc, s) and shaded (fc, h) tree crowns can be calculated as follows:

(3)
(4)

(5)

(6)

(7)

where fc, k, fc, s, k and fc, h, k represent the gap proportions of the tree
crown, sunlit crown and shaded crown in sublayer k, respectively; x, y
and z represent the Cartesian coordinates of a volume element within
the tree crown; Vk represents the spatial region indicating the envelope
for a tree crown in sublayer k; rs and rv represent the solar and view di-
rections, respectively; λ represents the tree density; p0 represents the di-
rectional gap probability in a direction; p00 represents the bidirectional
gap probability of the solar and view directions of rs and rv from an ele-
ment; uL represents the leaf area volume density; μv represents the co-
sine of the viewing direction; and G represents the fraction of foliage
that is projected in the view or solar direction; this fraction is set as 0.5
for the spherical leaf inclination distribution function (LIDF). The direct
emission in the TIR domain plays a major role and is analytically calcu-
lated by the interception probability of light by using uL ∙ G(θv)/μv
dxdydz based on a Lambertian assumption of emissivity. Worth outlin-
ing that it differs from the original parameterization in the VNIR FRT
version, where the contribution of leaves in each volume to the TOC re-
flectance is expressed by the scattering area phase function of the
canopy medium or the single-parameter Henyey-Greenstein phase func-
tion (Kuusk et al., 2014). The bidirectional gap probability p00 can be
expressed as a product of two independent probabilities along the solar
and view directions as follows:

(8)

where pii represents the bidirectional gap probability at the within-
crown level, pbb represents the bidirectional gap probability at the be-
tween-crown level, and z′ represents the height of an intersection of
light in the viewing or solar direction with the crown surface.

Because leaves within the tree crown are assumed to be homoge-
neous, pii depends mainly on the position of the volume element in the
tree crown and on the leaf area volume density; therefore, pbb is con-
trolled mainly by the height z′, tree density and leaf area volume den-
sity. In calculating the interception and the gap probabilities between
contiguous tree crowns, the tree leaves located above a certain height z′
and comprised of the spherical crown are clumped. Detailed informa-
tion for calculating pii and pbb can be found in Eqs. (29) and (30) in Ap-
pendix I.

2.2.2. Tree trunk
To calculate the thermal emissions of sunlit and shaded trunks, the

entire trunk is considered because there is a large probability that the
trunk within and under the tree crown can be seen by a sensor during a
leaf-off period for a deciduous forest. The gap proportions of sunlit and
shaded tree trunks can be expressed as follows:

(9)

(10)

(11)

where ft, ft, s and ft, h represent gap proportions of the trunk, sunlit
trunk and shaded trunk, respectively; p0′(z, rv) represents the direc-
tional gap probability in a direction rv; p00′(z, rs, rv) represents the bidi-
rectional gap probability between the solar and viewing directions of rs
and rv from a sublayer at height z; dt and ht represent the diameter and
height of the trunk, respectively; T(rs, rv) represents the sun-view rela-
tive azimuth angle effect under the assumption that the trunk is cylin-
drical, being defined by (π − φ)/π. Despite the similar physical meaning
of p00′ to that in (6), there are differences in its calculation:

(12)

where pii′ represents the bidirectional gap probability of a light ray
traveling through the crown in the solar or viewing directions. Several
studies have demonstrated the role of the tree trunk in the RT modeling
of a forest canopy. A simple method proposed in (Nilson and Kuusk,
2004) and used here consisted of separating the geometric projections
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onto the horizontal plane of the tree crown and the tree trunk. As
shown in Fig. 1(b), the tree trunk was divided into three sublayers: the
top sublayer of the trunk projected by the crown in both the solar and
viewing directions, the middle sublayer of the trunk projected by the
crown in one direction, and the bottom part of the trunk outside the
crown projection region. Then, pii′ was calculated separately for each
sublayer. pbb represents the bidirectional gap probability due to neigh-
boring tree crowns and trunks. If a photon from a trunk sublayer at
height z does not penetrate the tree crown in any direction, z′ is equal to
z. When a photon can be intercepted by its own crown, z′ becomes the
height of the upward intersection of a direction line and the crown sur-
face. When z decreases, pii′ increases in trend with pii′ = 1 for the bot-
tom part of the trunk, whereas pbb decreases.

2.2.3. Understory vegetation and soil
Considering the vertical gradient of temperature that exists for a for-

est canopy, depicting the properties of the sublayer formed by the vege-
tation understory well is meaningful in regard to the multiple bouncing
of photons with forest attributes. The gap proportions of sunlit and
shaded understory vegetation were calculated as follows:

(13)

(14)

(15)
(16)
(17)

where fv, s and fv, h represent the gap proportions of sunlit and
shaded understories formed by vegetation, respectively; k represents a
sublayer in the vertical direction at height zk; and LAIk represents the
leaf area index (LAI) of the sublayer. The gap proportions of sunlit (fs, s)
and shaded (fs, h) soil can be expressed as follows:

(18)
(19)
(20)

2.3. Multiple scattering effect between components

In the original VNIR FRT model, the multiple scattering term was
modeled based on the four-flux approximation RT theory. Herein, dif-
ferent components with their own structural characteristics are consid-
ered, and an algorithm based on spectral-invariant theory (Bian et al.,
2020a) appears to be a good option. The equations for homogenous
leaves and tree trunks are provided in (Cao et al., 2018) and (Bian et al.,
2020a), respectively. Therefore, the multiple scattering effect for tree
crowns is the main focus. In this thermal version, only a single scatter-
ing effect was considered, and the interactions associated with the tree
crown were calculated as follows (Francois et al., 1997):

(21)
(22)
(23)

(24)

(25)

where ic and ic′ represent the probability of directional interception
of a photon due to the tree crown and its hemispheric averaging value,
respectively; pc represents the recollision probability, which is defined
as the probability that a photon scattered from a leaf or needle in the
canopy interacts with the canopy again; it′ and iv′ represent the hemi-
sphere interception probability due to trunk and understory vegetation,
respectively; εt, εv and εs represent the material emissivity of trunk, un-
derstory vegetation and soil, respectively; au, c and ad, c represent the
upward and downward probability, respectively, after a photon is inter-
cepted; eu, c and ed, c represent the upward and downward escape proba-
bility, respectively, of a photon from the tree crown; εu represents the
hemispheric effective emissivity of components below the tree crowns
(these components are the trunk, understory vegetation and soil); and
(1 − εu) represents the reflectance. The first and second terms in the
right part of (21) represent the radiance emitted from tree leaves but re-
flected by other tree leaves and lower components, respectively, to a
sensor.

3. Dataset

3.1. Measured dataset

Although extended work was performed in this study and satisfac-
tory evaluation results of the VNIR FRT model were obtained according
to several previous studies (Kuusk et al., 2014; Kuusk et al., 2008),
some modifications were adopted, and a test was necessary. In this pa-
per, the thermal FRT model was evaluated using multiangle TIR obser-
vations from a UAV system.

3.1.1. Experimental site
The UAV-based TIR experiment was performed at Saihanba Na-

tional Forest Park (42.38 N, 117.37 E) located in Chengde, Hebei,
China, with the Inner Mongolian Plateau standing in the northwest.
This park was established in 1993 and covers 27,300 ha of seminatural
mixed deciduous–conifer forest. The most common tree species in Sai-
hanba National Forest Park are larch, spruce, pine and birch. A two-
layer forest canopy can be observed there: the overstory consisted of
larch, and the understory was formed by young Scots pine (Pinus
sylvestris L.). Saihanba National Forest Park is in the cold temperate
monsoon climate zone and has an average annual temperature of
1.3 °C; the snow season in Saihanba lasts for approximately 7 months
each year. Therefore, a leaf-off forest canopy exists for a long time with
distinct stratification with different components, as shown in Fig. 2(a).

3.1.2. UAV multiangle protocol
UAV observations conducted on April 15, 2021 were used to evalu-

ate the thermal FRT model. Eight tracks along 4 directions were de-
signed, as shown in Fig. 2(b). There were two squares of routes with
side lengths of 50.0 m, and 0°-180° and 90°-270° directions were per-
formed first, followed by 45°-225° and 135°-315° directions. The UAV
experiments were performed on Beijing Time at approximately 09:20
and 13:10. The SZA and solar azimuth angles (SAA) at 09:20 were ap-
proximately 49.0° and 118.5°, respectively; and the corresponding val-
ues at 13:10 were approximately 35.0° and 206.1°, respectively. During
the UAV experiment, the weather was clear.

Observations with different viewing angles were obtained by a se-
ries of thermal images as the UAV flew over the study area. A UAV-
borne lightweight TIR camera (forward-looking infrared (FLIR) TAU2)
was used to obtain the TIR data. This thermal camera provides images
with 640 × 480 pixels with a spectral window of 7.5–13.5 μm. The
noise equivalent delta temperature (NedT) of thermal infrared camera
was lower than 0.05 °C. The accuracy of the radiometric calibration
from digital number to blackbody temperature was approximately
0.5 °C. A wide-angle lens (69° × 56°) was attached to the camera with
a forward inclination angle of 25°. Therefore, the maximum VZA for
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Fig. 2. A typical forest canopy (a) during leaf-fall period in Saihanba National Forest Park, in which overstory and understory canopies are larch and pine, corre-
spondingly. (b) displays a sketch of the flight tracks and their sequence, and their corresponding viewing angles can be found in (c). In (c), the radii correspond to
the azimuthal viewing directions, and the concentric circles indicate the zenithal viewing angles. Dots represent the field of view (FOV) of the camera during the
UAV measurements.

each track can reach up to 55° in the flight direction and 28° in the
cross-flight direction in theory. The designed viewing angles using 8
tracks can be found in Fig. 2(c). The actual viewing angles may vary
due to the flight stability of the UAV. During the observations, the UAV
height and speed were set to 50 m and 3 ms−1, respectively.

3.1.3. UAV data preprocessing
The data preprocessing was performed as in (Bian et al., 2020a) in-

cluding the radiometric calibration, the extraction of directional BTs
and the atmospheric correction. The TIR camera was calibrated using a
Blackbody EOI CES100 after measurements. In this process, the digital
number in thermal images was transformed into brightness tempera-
ture, i.e., blackbody effective temperature. Directional BTs of the whole
sample were extracted from all measured thermal images. The global
positioning system (GPS) and position orientation system (POS) data
were obtained synchronically for each image. Then, the viewing angle
of each pixel in the images was calculated using the coordinates of the
camera and each pixel. In this study, the GPS and POS data were refined
by a structure from motion (SfM) algorithm in Agisoft Photoscan soft-
ware (Webster et al., 2018), and the spatial resolution of the processed
images was resampled to 0.10 m. Subsequently, a simple average
method was applied to obtain effective directional observations of the
whole sample based on Stefan Boltzmann theory because of the as-
sumption of homogeneity (Lagouarde et al., 2010). It should be noted
that the aggregated measurement was a statistical result. For a specific
viewing angle, pixels in images corresponded to individual components
or their combinations. The occurrence probability of components in
these pixels was assumed equal to their visible proportions in this view-
ing angle. Detailed information can be found in (Lagouarde and Irvine,
2008; Lagouarde et al., 2004). After this extraction, directional BTs
were stored with a 1° zenithal and azimuthal step. Worth mentioning is
that a gentle smoothing was performed by averaging every BTs value
over a running window 3 × 3 in θv and φv according to (Lagouarde et

al., 2004). The atmospheric correction was performed with measured
sky effective temperatures using a Fluke 561 thermometer with a VZA
of 53° (Xiao et al., 2003). Directional canopy emissivities of this study
area were estimated based on the 3D LESS model with average and
standard deviation values of 0.986 and 0.001, respectively, for data
with VZA range from 0° to 55° at a 5° step. Because the spectral re-
sponse ranges between the Fluke thermometer (approximately 8 μm-14
μm) and Tau 2 thermometer were similar, and these two instruments
were both calibrated using blackbody measurements, sky effective BTs
were applied to eliminate atmospheric effect directly as follows:

(26)

where Tb, mea represents directional BTs after atmospheric correc-
tion, and Tb, uav and Tb, sky represent BTs from UAV-borne Tau 2 and field
Fluke thermometers, respectively. εe is the canopy effective emissivity.
This atmospheric correction was performed for each angle. Considering
the temporal variability of BTs, the DAs were also calculated by using
directional BTs minus the nadir BT.

3.1.4. Field measurements
In this study area, the shapes of overstory and understory crowns

were measured by using laser rangefinder and tape. Heights of the over-
story crown and its lowest live/death branches were measured, and
then the tree crown vertical radius and trunk height were calculated
with average values of 6.55 m and 12.05 m, respectively, and standard
deviations of 1.81 m and 0.86 m, respectively. The height of understory
crowns was obviously lower than that of overstory crowns with average
and standard deviation values of 1.74 m and 0.14 m, respectively. De-
tailed information can be found in Table 1. The soil under the vegeta-
tion canopy was sandy loam, but dry grass existed sporadically during
the period. The emissivity of the understory vegetation and soil was set
to 0.978 and 0.955, respectively, according to (Arp and Phinney, 1980;
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Table 1
Forest canopy structures for UAV-based data.

Unit First layer larch Second layer pine

Height m 18.6±1.81 1.74±0.14
Horizon radius m 1.62±0.35 0.52±0.08
Vertical radius m 6.55±0.86 0.87±0.07
ht m 12.05 –

dt m 0.31 –

LAI – 0.51 0.48
λ – 0.078 0.25
εc – 0.930 0.978
εs – 0.955 –

εt – 0.930 –

2021-04-15 09:20
Tcs, Tch °C 7.2, 4.3 6.4, 3.7
Tss, Tsh °C 17.7, 6.8 –

Tts, Tth °C 16.9, 4.1 –

2021-04-15 13:10
Tcs, Tch °C 12.6, 11.3 11.2, 9.7
Tss, Tsh °C 23.8 12.9 –

Tts, Tth °C 21.9,10.7 –

Bian et al., 2018). The emissivity of tree trunks was set to 0.930, which
was obtained from a spectral library in the DART model (Gastellu-
Etchegorry et al., 2017). Because of the paucity of tree leaves, the emis-
sivity of the tree crown was set to be the same as that of the tree trunks.
LAIs were measured by a LAI 2200 Pant Canopy Analyzer. The LAI val-
ues shown in Table 1 were calculated from measurements. The LAIs for
the whole canopy and for the crown/trunk canopy were measured sepa-
rately. The effective LAI for the crown was calculated by the LAI value
corresponding to the crown/trunk canopy minus the effective value of
the trunk. The effective LAI for understory vegetation was calculated as
the LAI value for the whole canopy minus that corresponding to the
trunk/crown canopy. During the flights, the component temperatures
of the sunlit/shaded leaves, soil and trunk were simultaneously mea-
sured using a FLIR S60 thermal camera; these temperatures were ob-
tained by averaging the temperatures of pixels for each component. Be-
cause the actual temperatures of the components were used instead of
their BTs in the considered models, a simple correction used in (Bian et
al., 2016) was adopted in this paper. In the correction process of a com-

ponent, the environmental radiance, i.e., emissions from sky and other
components, was eliminated first, which contributions were deter-
mined by their hemispheric interception probability from the processed
component multiplied by the reflectance of processed component.
Then, the remaining radiance was divided by its material emissivity to
obtain the actual temperature.

3.2. Simulated dataset

Forested areas form complex landscapes composed of diverse mater-
ial. The present simulations considering different vegetation types, al-
though these simulations may deviate somewhat from the true, are
deemed sufficient to support a thorough analysis. The vertical stratifi-
cation of the forest canopy in a TIR RT model can be divided into two
aspects: 1) the heterogeneous structure of the canopy and 2) the tem-
perature variations of the components. In this section, the structural
heterogeneity was analyzed by comparing the simulated BTs for differ-
ent forest canopies.

3.2.1. Scenes
The present approach differs from previous TIR models in that not

only the four classical components, i.e., sunlit/shaded tree leaves and
soil, are depicted, but also proposed here is a new design of the canopy
where the tree trunk and understory vegetation in a forest are also ac-
counted for. In addition to scenes with tree crowns, several scenes with
homogeneous tree leaves were also generated, as shown in Table 2. A
sketch map for these forest canopies can be found in Fig. 3. Fig. 3(a-d)
represent canopies with homogeneous tree leaves, and Fig. 3(e-h) rep-
resent canopies with tree crowns. Among these scenes, S4 and S8, with

Table 2
Forest canopies with different components.
Case Layers Tree

Crown
Homogenous Tree
leaves

Tree
Trunk

Understory
vegetation

Soil

S1 2 √ √
S2 3 √ √ √
S3 3 √ √ √
S4 4 √ √ √ √
S5 2 √ √
S6 3 √ √ √
S7 3 √ √ √
S8 4 √ √ √ √

Fig. 3. A sketch map of forest canopies with different structures, in which (a-h) represent scenes (S1-S8) in Table 2.
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eight components, can be viewed as actual cases for forests with homo-
geneous and crown-shaped tree canopies, respectively. S1 and S5 repre-
sent the most common cases in application with four components and
were selected as the reference for comparison. In contrast to S1 and S5,
understory vegetation was considered in S2 and S6, respectively, and
tree trunks were considered in S3 and S7, respectively. The effects of
the components, therefore, can be separately analyzed by comparing
the simulated results for different forest canopies. These scenes were
generated, on the one hand, because of the diversity of forests, such as
rainforests, savannas, and plantations; on the other hand, some RT
models were based on these assumptions to some extent. For example,
S1 corresponded to the 4SAIL model (Verhoef et al., 2007), S5 corre-
sponded to the MGP and UFR models (Bian et al., 2018; Pinheiro et al.,
2004), and S3 corresponded to a thermal GO model (Bian et al., 2020a,
2020b). Simple models are generally preferred for solving problems.
However, uncertainties may appear when a simple model is used for a
complex forest canopy. Therefore, different scenes were designed for
comparison.

3.2.2. Dataset
In most studies, tree leaves are usually a dominant factor for ex-

plaining the DAs of TOC BTs and for determining the contributions of
the understory components. In S5-S8, only ellipsoid-shaped crowns
were considered, with horizontal and vertical radii of 1.0 m and 3.0 m,
respectively. A spherical LIDF was assumed for both overstory and un-
derstory leaves. Then, the overstory tree leaves were characterized by
the leaf area index and tree density. The growth period of the forest was
reflected by the overstory LAIs with values ranging from 0.3 to 3.0. The
densities of the tree crowns were set to 500 ha−1, 1000 ha−1 and 1500
ha−1 for sparse, medium and dense forest canopies, respectively. The
same LAI, i.e., cumulative LAI of the overstory and understory leaves,
was used. The LAI corresponded only to overstory leaves if there was no
understory vegetation. Tree trunks can also affect the contributions of
understory vegetation and soil. In this simulated dataset, the width and
height of the tree trunks were set to 0.5 m and 10 m, respectively.

The key physical properties of the components are the emissivity
and the temperature. The emissivity of the soil, trunks and leaves was
set to 0.955, 0.930 and 0.975, respectively (Bian et al., 2020a). A com-
ponent temperature profile measured at the Huailai remote sensing test
site by using contact thermometers was considered: 33.5 °C/28.9 °C,
45.8 °C/29.4 °C and 47.8 °C/30.5 °C for sunlit/shaded tree crowns, bot-
tom soil and tree trunks, respectively. The temperatures of sunlit and
shaded understory vegetation were assumed to be 36.0 °C and 31.5 °C,
respectively. This group of temperature components was used for all
scenes in analyzing the structural heterogeneity of the forest canopy.
The spectral wavelength of simulated TIR observations was set to 10.5
μm. The solar principal plane (SPP) was selected with VZAs ranging
from −75° to 75° at a 5° step. Information on the simulated dataset can
be found in Table 3.

4. Validation and analysis

4.1. Validation result

Directional BTs from the UAV were used to evaluate the proposed
model. Simulated radiance by the model was transformed to BT based
on the spectral response function of the Tau2 radiometer using a simple
quadratic equation as follows:

(27)

(28)

where Tb, sim represents the simulated BT used for comparison with
UAV measurements; LTau, sim represents the wide-band TIR radiance,

Table 3
Inputs for simulated datasets.
Variable Unit Value/Range

Height m 16
Horizon radius m 1.0
Vertical radius m 3.0
ht m 10.0
dt m 0.5

LAI – [0.3,3.0]
λ – 0.05, 0.10, 0.15
εc – 0.975
εs – 0.955
εt – 0.930

Tcs, Tch °C 33.5 °C/28.9 °C
Tss, Tsh °C 45.8 °C/29.4 °C
Tts, Tth °C 47.8 °C/30.5 °C
Tvs, Tvh °C 36.0 °C/31.5 °C
SZA ° 30
VZA ° [−75, 75]

which was calculated by spectral integration with spectral response
function fλ and model simulated Lλ, sim at wavelength λ; and a, b and c
are fitting coefficients with values of −0.3087, 12.8253 and −64.4630,
respectively. The uncertainty of this expression is lower than 0.06 K for
a temperature range from 270 K to 310 K. In the validation, the integra-
tion was performed with a spectral range from 7.5 μm to 15.0 μm with a
step of 0.1 μm.

The polar plots for UAV-measured BTs at 09:20 and 13:10 can be
found in Fig. 4(a) and 4(c), respectively. Angular variations in BTs were
obvious in both panels, with maximum values larger than 3.0 °C. Fig. 4
(b) and 4(d) display FRT-simulated BTs at 09:20 and 13:10, respec-
tively. The scattering results between the simulated and measured re-
sults can be found in Fig. 4(e) and 4(f). The FRT-simulated results ac-
corded well with those measured by a UAV-borne sensor with RMSEs
less than 0.85 °C and 0.96 °C at 09:20 and 13:10, respectively, and the
corresponding coefficients of determination (R2) were larger than 0.74
and 0.56. However, discrepancies still appeared: BTs with high values
were underestimated, and those with low values were overestimated.
The scattering results between the simulated and measured BT DAs can
be found in Fig. 4(g) and 4(f). RMSEs and R2 for BT DAs were similar to
those for BTs. However, obvious overestimations were found in simula-
tions for both 09:20 and 13:10, with biases of 0.83 °C and 0.69 °C, re-
spectively. The overestimation of simulated BT DAs can be explained by
the fact that the simulated nadir BT was obviously underestimated.

The evaluation results of other existing models can be found in Fig.
5 with statistical results shown in Table 4. For the results at 09:20, RM-
SEs of the thermal GO/trunk, MGP and SAIL models were larger, with
values of 0.89 °C, 1.25 °C and 1.11 °C, respectively. Additionally, the R2

of these models were lower, with values of 0.73, 0.56 and 0.59, respec-
tively. Similar evaluation results can also be found for the data at 13:10.
Clear differences in BTs between models appeared. Compared with the
measurements, the simulated results by the thermal GO/trunk and SAIL
models were underestimated; this underestimation can be explained by
the underestimation of viewing fractions of components under tree
leaves because large gaps between tree crowns were not considered.
The MGP model can describe the tree crown shape in simulations, but
the simulation results were overestimated because tree trunks and un-
derstory vegetation were ignored. Table 5 provides the comparison of
BT DAs. Overestimations also appeared in simulations of these three
models.

4.2. Comparison with the LESS model

The thermal version of the FRT model was also tested using a
dataset simulated by a three-dimensional RT model, a large-scale re-
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Fig. 4. Polar plots of UAV-measured (a, c) and FRT-simulated (b, d) BTs at 09:20 (a, b) and 13:10 (c, d), respectively. (e) and (f) display a comparison between
UAV-measured and FRT-simulated BTs and (g) and (h) display BT DAs scattering plots.

mote sensing dataset and an image simulation framework over hetero-
geneous 3D scenes (LESS). The LESS model was used to allow a rapid
simulation of LSTs in various complex forest canopies based on forward
ray tracing and backward path tracing theories. The LESS model was se-
lected because it was positively evaluated based on field measurements

and comparisons with other three-dimensional models (Qi et al., 2019).
Studies in (Cao et al., 2021) and (Qi et al., 2019) have shown LESS's
performance is good for the red and NIR bands with RMSEs less than
0.0029 and 0.024, respectively. And the corresponding R2 values are
larger than 0.9. An intercomparison between LESS and SAIL model indi-
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Fig. 5. Polar plots for BTs simulated by (a, d) GO/trunk, (b, e) MGP and (c, f) 4SAIL models. (a, b and c) for data at 09:20 and (d, e and f) for data at 13:10.

Table 4
Statistical results of BT simulated by models based on UAV measurements.

Thermal FRT GO/trunk MGP SAIL

09:20 RMSE (°C) 0.85 0.89 1.25 1.11
R2 0.74 0.73 0.56 0.59
Bias (°C) 0.27 −0.19 0.75 −0.42

13:10 RMSE (°C) 0.96 0.98 1.29 1.04
R2 0.56 0.40 0.53 0.50
Bias (°C) 0.43 0.16 0.84 −0.29

Table 5
Statistical results of BT DAs simulated by models based on UAV measure-
ments.

Thermal FRT GO/trunk MGP SAIL

09:20 RMSE (°C) 1.16 1.30 1.43 1.50
R2 0.74 0.73 0.56 0.59
Bias (°C) 0.83 0.98 1.01 1.09

13:10 RMSE (°C) 1.10 1.32 1.34 1.41
R2 0.56 0.40 0.53 0.50
Bias (°C) 0.69 0.90 0.92 1.00

cates that the RMSE of temperatures is less than 0.1 °C. These valida-
tions prove a satisfactory performance of the LESS model in simulating
the viewing proportions of components, the hot spot effect and the mul-
tiple scattering effect, which are vital factors in simulating BTs and
their DAs.

Three-dimensional scenes were generated, as shown in Fig. 6(a) and
6(c), in which the overstory and understory leaves were described by
triangular facets with a spherical LIDF. The overstory leaves were uni-
formly distributed within the tree crown, and those of the understory
vegetation were randomly positioned slightly higher above the soil
layer. A tree trunk is represented by six-sided cylinders. The tempera-
tures of sunlit/shaded tree crowns, trunks, understory vegetation and
bottom soil were 30.85 °C/28.85 °C, 42.85 °C/32.85 °C, 31.85 °C/
29.85 °C and 41.85 °C/31.85 °C, respectively, i.e., 304 K/302 K,
316 K/306 K, 305 K/303 K, 315 K/305 K, respectively, in the 3D LESS
model. Fig. 6(a) and 6(c) compare LESS-simulated and FRT-simulated
BTs in the SPP in two cases with LAI values of the tree leaves of 0.5 and
2.5, respectively; and tree crown densities of 0.035 and 0.070, respec-

tively. In these two figures, DAs with VZA and solar hotspot effects are
obvious, and these DAs can be larger than 3.0 °C. The large R2 (> 0.90)
and low RMSE (< 0.50 °C) indicate that FRT-simulated BT DAs ac-
corded well with those simulated by the LESS model. Fig. 6(b) and 6(d)
compare BTs simulated by two models for the two aforementioned
cases in hemispheric space with VZAs ranging from 0° to 75° with a 5°
step size and RAAs ranging from 0° to 359° with a 30° step size. Satisfac-
tory evaluation results were also obtained: RMSEs less than 0.45 °C and
R2 values larger than 0.94. The main difference in BTs between the two
models was that the data around the solar hot spot domain were slightly
overestimated by the FRT model.

4.3. The stratification of the forest canopy

In a natural environment, structural differences among forests are
significant. Moreover, even within a forest, the canopy structure may
vary according to the season. In this section, the effects of each compo-
nent on BTs and their DAs are analyzed, and the simulated results are
compared in terms of two aspects: 1) differences between forests and 2)
seasonal variations within forests. The differences between forests were
reflected by the stand density and separation of scene LAIs for the over-
story and understory. Scene LAIs of 0.6, 2.0 and 4.0 were used to reflect
different growth periods as seasonal changes.

4.3.1. Effects of components on BT DAs
Fig. 7(a) and 7(b) display simulated results of forest canopies with

homogeneous and crown-clumped tree leaves, respectively. The LAIs
of the overstory and understory were 1.5 and 0.5, respectively, and the
tree crown density was 1000 ha−1. The effect of the crown shape can
be found by comparing simulated results for scenes with two types of
tree leaves (i.e., S1-S4 and S5-S8). The BTs and the DAs of crown-
clumped tree leaves were higher and larger, respectively, than those of
homogeneous tree leaves in most cases because the gaps between
crowns result in more viewing proportions of understory components
in the FOV of a sensor. The trunk effect can be observed by comparing
S1 and S3 or S5 and S7: a slight decrease caused by tree trunks was ob-
served for data with VZAs lower than the SZA because in the FOV, the
sunlit soil with a high temperature was replaced by shaded trunks and
shadows of trunks with low temperatures. Compared to homogeneous
tree leaves, a larger trunk effect appeared in scenes with crown-
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Fig. 6. Comparison between LESS-simulated and FRT-simulated BTs for cases with tree LAIs of (a, b) 0.5 and (c, d) 2.5 and stand densities of (a, b) 0.035 and (c, d)
0.070. (a, c) show the simulated results in the SPP, and (b, d) show the BTs in hemispheric space with VZAs from 0° to 75° at a 5° step and VAAs from 0° to 359° at a
30° step. θs, λ, olai and ulai represent the SZA, tree density, overstory and understory LAIs, respectively.

Fig. 7. Simulated results by thermal FRT in scenes with (a) homogeneous and (b) crown-clumping tree leaves. The overstory and understory LAIs were 1.5 and
0.5, respectively. The tree density was 0.1. Different colors represent vegetation canopies with different components, which are shown in Table 2.

clumping tree leaves because of larger viewing proportions of trunks
and their shadows. For scenes with homogenous tree leaves, simulated
results with understory vegetation were warmer than those without
understory vegetation because the temperatures of the understory
leaves were assumed to be slightly higher than those of the tree leaves.
However, the understory vegetation caused BTs and their DAs to drop
in forest scenes with crown-clumping tree leaves.

4.3.2. Differences in BT DAs due to different forests
As shown in Fig. 8, BTs and their DAs varied greatly, and as the

stand density and rate of the understory LAI increased, the BT DAs in-
creased. The former can be explained by the increasing trunk number,
and the latter was due to the decreasing interception probability of the
upper leaves in the viewing direction. Additionally, the impacts of the
stand density and the rate of the understory LAI were slightly different:
data with VZAs lower than SZA decreased in Fig. 8(b), whereas those
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Fig. 8. Directional BTs in the SPP simulated for canopies with homogeneous tree leaves. The tree densities for (a, c) and (b, d) were 0.05 and 0.15, respectively; the
LAIs of overstory and understory leaves for (a, b) were 0.7 and 0.3, respectively, and corresponding values for (c, d) were 0.3 and 0.7.

with VZAs larger than SZA increased in Fig. 8(c). The simulated results
by S4 with VZAs larger than 30° were significantly warmer than those
by other models. This can also be explained by the effect of trunks: with
a small overstory canopy LAI and a large stand density, the viewing pro-
portions of sunlit trunks increased. The BTs for S1 without tree trunks
and understory vegetation were the same in these four panels, which
can not indicate variations in BT DAs due to different forests.

Fig. 9 displays BTs simulated for different forests with crown-
clumping tree leaves. When the stand density increased, BTs and their
DAs decreased, contrary to the results for the cases with homogeneous
tree leaves, particularly for S5 and S6. This is because the viewing pro-
portion of the components under tree crowns decreased as the stand
density increased. When the rate of understory LAI increased, the BT
DAs also decreased because the clumping effect of the whole scene de-
creased when homogeneous understory vegetation played a consider-
able role. If the heterogeneity of the forest canopy had not been con-
sidered, these BT DAs would not have been shown correctly. When the
stand density is quite high, BT DAs may vary slightly as the rate of the
understory LAI increases.

4.3.3. Difference in BT DAs due to season
Fig. 10(a-c) display simulated results for forest canopies with ho-

mogeneous tree leaves. With seasonal changes, BTs and their DAs
changed significantly, and these changes were mainly in the early
growth period, with scene LAIs varying from 0.6 to 2.0 because as the
scene LAI increased, the effect of tree trunk and understory vegetation
decreased sharply. When there were few green leaves, the BTs and
their DAs were similar between the two types of scenes with crown
clumping and homogeneous tree leaves. As the scene LAI increased,
the difference in BT between the two types of scenes increased signifi-

cantly. Moreover, even if the scene LAI increased considerably, tree
trunks and understory vegetation still played a role in TOC BTs and
their DAs, as shown in Fig. 10(f).

5. Discussion

5.1. Model limitations and applications

In this paper, the VNIR FRT model was extended to the TIR domain
to model TOC directional BTs for a complex forest with different com-
ponents. Validation based on UAV data and comparison with a 3D
model indicated that the thermal FRT model was reliable. Nevertheless,
this modeling framework has several limitations: 1) in the FRT model,
the branches in the tree crown are considered, but its shape characteris-
tics are not well expressed; 2) when calculating multiple scattering ef-
fects between components, only a single-order term is considered,
which can be identified as a compromise solution, and further analysis
is required. Although the validation results indicate that the FRT model
performed better than other existing models, the simulated results are
unsatisfactory to some extent with respect to measurements. The two
following factors explain these results. 1) Due to the existence of ther-
mal inertia and the temporal variation in surface temperature during
the UAV experiment, the hotspot effect is somewhat biased. 2) With re-
spect to the temperature of each component, spatial variations resulting
from RT and energy balance processes under certain conditions always
appeared because the adjacent three-dimensional structure of the com-
ponent is different. In the 13:10 case, the standard deviations of sunlit
areas for tree leaves, trunks, understory leaves and soil are 0.43 °C,
0.41 °C, 1.76 °C, 0.68 °C, respectively; the standard deviations of
shaded areas for tree leaves, trunks, understory leaves and soil are
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Fig. 9. Directional BTs in the SPP simulated for forest canopies with tree crown densities of (a, c) 0.05 and (b, d) 0.15; overstory and understory LAIs of 2.5 and 0.5
for (a, b), respectively; and 1.5 and 1.5 for (c, d), respectively; and spherical LIDF.

Fig. 10. Directional BTs in the SPP simulated for generated scenes with a tree density of 0.1, scene LAIs of (a, d) 0.6, (b, e) 2.0, and (c, f) 4.0, and spherical LIDF. (a)-
(c) show the BTs for forest canopies with homogeneous tree leaves marked by solid circles. (d)-(f) show the BTs for forest canopies with tree crowns marked by hol-
low circles.
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0.39 °C, 0.33 °C, 2.44 °C and 0.77 °C, respectively. Moreover, in some
areas, particularly for the soil and trunk, the temperature may be much
higher than its average value due to long-term solar exposure. How-
ever, the temperatures of components are considered homogeneous in
the validation part, and discrepancies between simulations and mea-
surements appeared.

The 3D model and the proposed model have their own advantages
and disadvantages. Regarding the applicability of the model to the com-
plex surface, the 3D model is the most appropriate. From the perspec-
tive of application, the proposed model performed better considering
the analytical solution and the input requirement of statistical struc-
tural information rather than a detailed 3D scene, particularly for a
large-scale scene. In addition, the proposed modeling strategy can be
easily adopted and transplanted to surface comprehensive models for
estimating thermal radiation in evapotranspiration or energy budget
modules. A simple validation was also performed for the LESS model
using UAV and field data. The RMSEs of BTs were lower than 0.78 °C
and 0.96 °C for 09:20 and 13:10, respectively. This result is not signifi-
cantly better than other analytical models, which may be explained by
the fact that this validation was performed using statistical information
such as the LAI and stand density as input rather than detailed 3D struc-
tural information, which affects the evaluation result of a 3D model in-
evitably.

5.2. Performance in directional emissivity

The focus of this paper is TOC BTs and their DAs. This thermal FRT
model can also be used to calculate canopy emissivity according to (2).
Fig. 11 displays the emissivity simulated by the proposed model for a
forest scene with overstory and understory LAIs of 1.0 and 0.5, respec-
tively, and emissivities of the soil, trunk and leaves of 0.955, 0.930 and
0.975, respectively. The emissivity results, indicated by cross symbols,
from the 3D LESS model are shown for reference. The simulated results
by the 4SAIL and MGP models are also provided for comparison, in
which only tree leaves and understory soil are considered. FRT/SAIL
and FRT/spectral-invariant represent the FRT framework with 4SAIL
and spectral-invariant theories for the multiple scattering effect, respec-
tively. The effective LAI, which is calculated in Appendix II, was used in
FRT/SAIL. Compared to the results for FRT/SAIL, those for the FRT/
spectral-invariant are closer to those yielded by the 3D model because
the geometry of the components was accounted for in calculating the
multiple scattering effect. There is no multiple scattering effect in the

Fig. 11. Directional canopy emissivity for a forest scene with overstory and
understory LAIs of 1.0 and 0.5, respectively, emissivities of the soil, trunk and
leaves of 0.955, 0.930 and 0.975, horizontal and vertical crown radius of
1.0 m and 2.0 m and stand density of 0.1.

MGP model; therefore, the calculated canopy emissivity is somewhat
lower, and its angular variation is totally determined by the viewing
proportions of components. It should be noted that the results simu-
lated by the 4SAIL model also agree well with the LESS-simulated re-
sults in this case. Nevertheless, due to the assumption of homogeneous
tree leaves, the 4SAIL model is more suitable for homogeneous vegeta-
tion. Considering these comparison results, the emissivity simulated by
the proposed model has potential for studying LST retrieval by using a
split-window algorithm, which is known to be sensitive to surface emis-
sivity (Li et al., 2013b; Li et al., 2014).

6. Conclusion

In a forest RT model, tree leaves and bottom soil are usually domi-
nant factors for studying LSTs. However, the forest structure in nature is
diverse and dynamic, and LSTs and their DAs are inevitably affected. A
VNIR forest model, FRT, was therefore modified for TIR applications:
the Planck function and spectral-invariant theory were introduced for
the thermal emissions of components and the multiple scattering effect
among components, respectively. On the basis of UAV-measured BTs at
09:20 and 13:10, the thermal FRT model was viewed as acceptable,
with RMSEs of 0.85 °C and 0.96 °C and R2 values of 0.74 and 0.56, re-
spectively. Moreover, a comparison with a 3D ray-tracing model also
indicated that the proposed model for simulating BTs was reliable, with
RMSEs less than 0.5 °C and R2 values larger than 0.90.

Based on the proposed model, a series of analyses was performed to
investigate the effects of components on BTs and their DAs. BTs and
their DAs may vary greatly for different forests and seasons. As the
stand density and the understory LAI increase, BT DAs can show the op-
posite change between scenes with homogeneous and crown-clumping
tree leaves. These phenomena indicate the necessity of considering the
structural stratification of forest canopies. Because of the analytical so-
lution of the thermal FRT model, we recommend that this proposed
model be used to provide reference data for studying angular normal-
ization algorithms of LST and component temperature inversion in
forests.

Glossary

Abbreviations

RT Radiative transfer
GO Geometric optical
VNIR Visible and near-infrared
TIR Thermal infrared
LST Land surface temperature
BT Brightness temperature
DA Directional anisotropy
UAV Unmanned aerial vehicle
VZA Viewing zenith angle
SZA Solar zenith angle
RAA View-solar relative azimuth angle
SPP Solar principal plane
SAA Solar azimuth angle
FOV Field of view
TOC Top-of-canopy
GPS Global positioning system
POS Position orientation system
SfM Structure from motion
LAI Leaf area index
LIDF Leaf inclination distribution function
FRT Forest reflectance and transmittance
4SAIL Four-stream scattering by arbitrarily inclined leaves
SCOPE Soil canopy observation, photochemistry, and energy fluxes
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LESS large-scale remote sensing data and image simulation frame-
work over heterogeneous 3D scenes

Symbols

L Thermal radiance
θs, θv Solar and viewing zenith angle, respectively
φ View-solar relative azimuth angle
fj Viewing proportion of component j
εj Material emissivity of component j
Tj Temperature of component j
εm, j Multiple scattering effect of component j
B(Tj) Planck function of temperature Tj
La↓ Downward effective radiance from the atmosphere
εe Effective emissivity of the whole canopy
z Height of an element of component
fj, s, fj, h Gap proportions of sunlit and shaded component, respec-

tively
p00 Bidirectional gap probability of the solar and viewing directions
pi Bidirectional gap probability at the within-crown level
pb Bidirectional gap probability at the between-crown level
cs, ch Subscript for sunlit and shaded crowns, respectively
ts, th Subscript for sunlit and shaded trunks, respectively
vs, vh Subscript for sunlit and shaded understory vegetation, respec-

tively
ss, sh Subscript for sunlit and shaded soil, respectively
k Subscript for a sublayer in tree crown or trunk
x, y, z Coordinate for an element of a component
Vk Spatial region corresponding to the envelope for a tree crown in

layer k
rs, rv Solar and viewing directions, respectively
λ Tree density
uL Leaf area volume density
dt, ht Diameter and height of a trunk, respectively
T(rs, rv) Solar-view relative azimuth angle effect because of the as-

sumption that the trunk is cylindrical
G Fraction of foliage that is projected in the viewing or solar direc-

tion

ic Directional probability of the interception of a photon due to the
tree crown

ic′ Hemispheric averaging value of ic
pc Recollision probability
eu, c,ed, c Upward and downward escape probability of a photon from

the tree crown, respectively
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Appendix I. Appendix

The bidirectional gap probability for a volume element

(29)

where ai(s, θ) represents the proportion of gaps from the point to the crown surface with polar angle θ; CHSi is the hot-spot correction factor,
which characterizes the overlapping effect between the solar and viewing projections of within-crown leaves; s1 and s2 represent the path length
from point (x, y, z) to the crown surface in the solar and viewing directions, respectively; α represents the solid angle between directions r1 and r2;
and b is a hot-spot factor that was 16/(dLπ2) for a spherical LIDF and 4/(dLπ) for a horizontal LIDF. pbb characterizes the multiple shadowing effects
between tree crowns, which were controlled by the tree crown upward from points M1(x1, y1, z1) and M2(x2, y2, z2) as follows:

(30)
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where as(z, θ) is the average proportion of gaps in the forest canopy at height z in direction θ; and CHSb is the hot-spot correction factor, which
characterizes between-crown shading in both the solar and viewing directions. The parameter c is introduced to account for deviations in the tree
distribution pattern from a Poisson distribution; Sc(z1, z2, l12, r1, r1) is the area of the common part of the crown envelope projections in the solar and
view directions, corresponding to heights z1 and z2 and horizontal distance l12; and p0 is the joint probability of gap occurrence within the tree
crown. The gap probability as(z, θr) is calculated under the assumption of a binomial distribution of trees as follows:

(31)

where Scrown is the area of the crown envelope projection at level z, Strunk is the area of the trunk projection at level z, and a′(z, θr) is the gap proba-
bility in the crowns of trees in direction θr at level z. The function a′(z, θr) can be calculated as follows:

(32)

Appendix II. Appendix

In (Tol et al., 2009), an analytical method was proposed and adopted for the multiple scattering effect in this multilayer forest canopy. Based on
this method, the multiple scattering effect for sublayers of understory vegetation and soil was calculated directly based on the assumption of homo-
geneity. After a simple modification using an absolutely vertical LIDF, this method was applied to tree trunks. According to (Kuusk and Nilson,
2000), the multiple scattering effect for tree crowns was considered using the effective LAI (LAIeff), which was calculated with the crown shape and
clumping index as follows:

(33)

where BAI represents the branch area index, κ represents the clumping coefficient of leaves/needles in a shoot, Scrown represents the crown projec-
tion in a direction, and ΩE represents a clumping index for a canopy structure larger than a shoot. In the FRT modeling framework, θ0 was set to 40°.
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