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Abstract— Snow-covered forests are widely distributed in
middle- and high-latitude regions of the Northern Hemisphere
and have significant impacts on global climate change and albedo
feedback. However, knowledge of the radiative transfer mecha-
nism in snow—canopy—-atmosphere systems is insufficient. Existing
bidirectional reflectance models often oversimplify, assuming
that snow only persists on the floor, and neglect the interac-
tions between the atmosphere and snow-covered forests. In our
previous snow-covered forest bidirectional reflectance (SFBR)
model, we considered ground snow, the concentration of soot
pollution, needle leaf characteristics, and discontinuous canopy
distributions. Furthermore, this study proposed an improved
snow-covered forest bidirectional reflectance (SFBR2) model
by considering canopy-intercepted snow (CIS) and atmospheric
effects. Specifically, the SFBR2 model was constructed by a series
of analytical models for CIS, ground snow (asymptotic radiative
transfer (ART) snow model), soil [brightness shape moisture
(BSM)], needle leaf [leaf incorporating biochemistry exhibiting
reflectance and transmittance yields (LIBERTY)], canopy [two-
layer version of four-stream scattering by arbitrarily inclined
leaves (4SAIL2)], and atmosphere [simplified method for atmo-
spheric correction (SMAC)], in which the CIS is parameterized
by snow optical properties and two-stream theory, and the
interaction between the atmosphere and snow-covered forests is
optimized by a four-stream theory. It makes the model able to
simulate the reflectance at the top of the canopy/atmosphere
(TOC/TOA). Validations against 3-D large-scale remote sens-
ing data and image simulation framework over heterogeneous
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3-D scenes (LESS) model, unmanned aerial vehicle (UAV)
observations, and MODIS data indicated a good consistency
with SFBR2 model in the reflectance simulation. The established
model has the ability to simulate the bidirectional reflectance of
different snow-covered forest scenes whether CIS exists or not.
Potential applications include satellite signal simulation, radiation
mechanism analysis, and parameter inversion in snow-covered
forests.

Index Terms— Atmosphere, bidirectional reflectance, canopy-
intercepted snow (CIS), radiative transfer, snow-covered forests.

I. INTRODUCTION

EASONAL snow is prevalent in coniferous forests of

middle- and high-latitude regions, which occupy 1/5 of
the snow region in the Northern Hemisphere [1]. In winter,
snow-covered forests create strong heterogeneity in surface
reflectance because snow has a high reflection, while canopy
has strong absorption characteristics [2], and the reflectance
differences can reach 30% when compared with snow-free
forests [3], [4]. Moreover, the variations of snow-covered
forests are connected to the Earth’s surface albedo and
greatly influence biophysical effects [5], radiation budget [6],
[7], and carbon cycling [8]. Optical remote sensing, which
can identify snow areas [9], retrieve snow albedo [10],
and extract snow/vegetation phenology [11], is an important
way to monitor snow-covered forests. However, the applied
methods do not provide a detailed description of relation
between snow—canopy parameters and bidirectional reflectance
because a deep understanding of the radiation mechanism in
snow-covered forests is deficient. Therefore, further study on
the bidirectional reflectance distribution function (BRDF) and
the establishment of a forward model for snow-covered forests
are urgently needed.

The canopy reflectance model may help simulate the BRDF
of snow-covered forests with different scene complexities.
Such models include radiative transfer, geometric optical,
hybrid geometric optical-radiative transfer (GORT), and 3-D
computer simulation models [12], [13], which are well devel-
oped and widely applied to soil-canopy systems [14]. The
presence of snow is the main challenge in applying current
canopy reflectance models to forests because snow can be
distributed in the above and bottom canopy, and the multiple

1558-0644 © 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Nanjing University. Downloaded on August 28,2024 at 07:27:36 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0002-0192-3865
https://orcid.org/0000-0003-2739-3302
https://orcid.org/0000-0001-6188-0257
https://orcid.org/0000-0001-9672-3024
https://orcid.org/0000-0002-9828-7139

4302117

scattering between canopy and snow is extremely complex.
Moreover, the forward scattering characteristics of snow,
needle leaf spectral characteristics, vegetation distributions,
fractional snow cover (FSC) on the land surface, and atmo-
spheric effects all have different influences on the BRDF
simulation of snow-covered forests [4], [15].

Efforts on BRDF modeling of snow-covered forests in
previous studies can be divided into single-directional sim-
ulations and bidirectional simulations. For single-directional
simulations, the model can be used only for simulating nadir
reflectance or albedo. For example, linear mixing models sim-
ulate snow-covered forest reflectance based on a linear com-
bination of ground component reflectance and area rates [16];
the representative algorithms include snow-covered forest
reflectance model (SnowFor) [17], MODIS snow-covered area
and grain size algorithm (MODSCAG) [10], and multiple
endmember spectral mixture analysis algorithm (MESMA)
[18]; and the lack of forward simulation of the component
area ratio is the primary distinction with geometric optical
model. Moreover, linear mixing models are unable to consider
multiple-scattering effects. The GeoSail canopy reflectance
model [19] was combined with a two-stream theory-based
snow model [20] to simulate the nadir reflectance of snow-
covered forests [21], which is primarily used to improve the
accuracy of snow mapping in forested areas. Some researchers
simulated the albedo of snow-covered forests by establishing
the relation between P-theory and leaf area index (LAI) [22],
[23], and the multiple scatters between snow and canopy were
well parameterized by a spectral invariant [24]. Such a model
can be effectively used for albedo simulation but not as a
bidirectional reflectance model for snow-covered forests.

For bidirectional simulation, a zeroth-order radiative transfer
model was used to simulate the reflectance of conifer forests
with full snow cover on the ground [25], and this model is an
improved version of the snow-covered area model (SCAmod)
[26], [27]. The reflectance of snow-covered forests was sim-
ulated by snow reflectance, forest reflectance, and two-way
canopy transmissivity, without considering shading effects and
multiple-scattering characteristics. The snow model, proper-
ties spectra (PROSPECT) broadleaf model [28], and GORT
canopy model [29], [30] were also combined to simulate
reflectance and investigate the influence of view angles on
snow mapping in forested areas [31], [32]. Such a snow
model is parameterized by snow grain size based on a two-
stream theory [20] or Monte Carlo ray tracing [33], and
the crown is assumed to be a discrete ellipsoid distributed
randomly on flat ground with FSC. To further consider the
anisotropic reflection characteristics of snow, concentration
of soot pollution within snow, needle leaf characteristics,
discontinuous canopy distribution, and topographic effects, our
previous snow-covered forest bidirectional reflectance (SFBR)
model [15] coupled leaf incorporating biochemistry exhibit-
ing reflectance and transmittance yields (LIBERTY) [34],
asymptotic radiative transfer (ART) snow model [35], a new
canopy geometric optical model for sloping terrains (GOST2)
[36], and four-stream scattering by arbitrarily inclined leaves
(4SAIL) [37] to simulate the BRDF of snow-covered forests,
while the 3-D large-scale remote sensing data and image
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simulation framework over heterogeneous 3-D scenes (LESS)
[38] was employed to verify the effectiveness of the simulation
results.

The above studies have made milestone contributions to pro-
moting accurate simulations of BRDF in snow-covered forests,
but challenges and uncertainties persist. In natural conditions,
snow is not just distributed on the floor. Snow intercepted
by canopy is a general phenomenon in forest areas [3], [39],
and this proportion can reach 60% of the total snowfall [40].
The disordered distribution of canopy-intercepted snow (CIS)
alters the scattering, absorption, and reflection characteristics
of the original canopy [41], [42], but CIS has not been con-
sidered in BRDF simulations. Moreover, previous simulations
of snow-covered forest reflectance were limited to the bottom
of atmosphere. Considering that atmospheric effects and estab-
lishing a forward model for snow—canopy—atmosphere systems
will be convenient for directly inverting snow-covered forest
parameters based on satellite data, this viewpoint has been
proven in snow or soil-canopy environments [43], [44].

Therefore, we aim to develop an SFBR model with con-
sideration of CIS and simulate the BRDF at the top of
canopy/atmosphere (TOC/TOA). Moreover, the anisotropic
reflection characteristics of snow, concentration of soot pol-
Iution, FSC, and needle leaf characteristics are all integrated
to depict the complex snow-covered forest scenes and quantify
the impact of structural parameters on BRDF. This improved
snow-covered forest bidirectional reflectance (SFBR2) model
can output bidirectional reflectance flexibly and efficiently.
More details about the modeling process of the SFBR2 model
are given in Section II. In Section III, model validation is
performed based on the 3-D LESS model, unmanned aerial
vehicle (UAV)-based multiangle reflectance, and MODIS data,
and a global and local sensitivity analysis to the TOC/TOA
reflectance is also conducted. Sections IV and V present the
discussion and conclusions, respectively.

II. SFBR2 MODEL
A. Overview

A system of snow-covered forests consists of three layers:
the fractional coverage of snow and soil in the understory, the
canopy and intercepted snow at the intermediate layer, and the
atmosphere at the top layer. To balance model accuracy and
efficiency for better application in the future, the SFBR2 model
is constructed from a series of analytical models, including
the ART snow anisotropic reflectance model [45], brightness-
shape-moisture (BSM) soil isotropic reflectance model [46],
LIBERTY needle leaf optical properties model [34], two-layer
version of 4SAIL (4SAIL2) canopy reflectance model [37],
and modified simplified method for atmospheric correction
(SMAC) atmospheric radiative transfer model [44]. Modifi-
cations include that: 1) the reflectance/transmittance of CIS
is parameterized by a two-stream theory; 2) the BSM model
is combined with the Walthall model [47] to simulate soil
anisotropic reflectance; and 3) the interaction between the
atmosphere and snow-covered forests is optimized by a four-
stream theory. The interactions between snow-covered forests
and solar radiation are shown in Fig. 1, and the model
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Fig. 1. Interaction between snow-covered forests and solar radiation. The
white snow partly covers the ground surface, with some intercepted by
the canopy; gray dots represent soot pollutions in the snow; and the solid
and dashed lines depict the process of solar radiation passing through the
atmosphere, canopy, snow, and soil, undergoing scattering and reflection
before ultimately being received by a sensor.

parameters and coupling process are summarized in Table I
and Fig. 2. Both the TOC and TOA reflectance can be output
at different viewing angles.

B. Components of Snow-Covered Forests

1) Canopy-Intercepted Snow: Until now, CIS has not been
considered in the BRDF model of snow-covered forests,
and how to parameterize optical properties and simulate
the radiative transfer of CIS has always been a challenge.
Under natural conditions, CIS mainly adheres to leaves; thus,
we assume that CIS is a large leaf with a certain thickness, and
then, reflectance and transmittance of CIS can be simulated
by parameterization of snow optical properties and radiative
transfer models.

The inherent optical properties for ice and snow (ISIOP)
tool [48] based on the Mie theory was used to calculate
the optical properties of snow (single-scattering albedo w,
effective optical depth t, and asymmetry factor g)

0. 0s
= m? T = nangHsno(Qa +0p); 8= g(l Q)
a

(1)

where go is the asymmetry factor for nonabsorbing particles
and is equal to 0.89 for snow and Q, and Q) are the absorption
and scattering efficiency of snow, respectively,

0, =094[1 —exp(Q,/094)]; 0y =2-0, (2

Q; _ 16371/1aef7: [n3 B (n2 B 1)3/2]; Q}, 9 3)
where a.r is the snow grain size; A is the wavelength; Hy,, is
the thickness of the snow; and n and m are the real and imagi-
nary parts of the refractive index, respectively. The number of
snow particles per unit volume is N = (1/ (4na2f/3))ps/ Dis
where p; and p, are the densities of pure ice and snow,
respectively. In the real environment, soot pollution has a
notable influence on the absorptivity of snow, and the absorp-
tion efficiency of soot pollution can be calculated by the Mie
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TABLE I

PARAMETERS USED IN THE SFBR2 MODEL

Element Parameter Unit Default Range

value

Air pressure (Pa) hPa 1013.25 500-1300
Aerosol optical depth at -

Atmosphere 550 nm (AOD) 0.325 0-18
Ozone content (Uos) cm-atm  0.35 0-0.8
Water vapour (Ut20) gcm? 1.41 0-8.5
Cell diameter (D) pm 40 20-100
Leaf thickness (Hiea) - 1.6 1-10
Intercellular air space (Xu) - 0.045 0.01-0.1
Baseline absorption (4bas) - 0.0005 -

Leaf Albino absorption (4an) - 2 0-4
Chlorophyll content (C.v) mg m 200 0-600
Lignin content (Cy) gm? 40 10-80
Nitrogen content (Cn) gm? 1 0.3-2
Water content (Cw) gm? 100 0-500
Leaf angle distribution . .
(LAD) Spherical Spherical
Total (leaf + snow) area
index(TAI) 43 0-7
Hot spot (q) - 0.01 0-0.2
Fractional canopy-

Canopy intercepted snow (Fcis) 0 0-0.8
Thickness of canopy-
intercepted snow (Hsno) mm 20 1-100
Dissociation factor (Diss) - 0.1 0-1
Vertical crown cover
fraction (Cy) ) 0.55 0-1
Tree shadow factor (Zeta) - 0.5 0.1-0.9
Snow grain size (aef) pum 500 100-2000
Concentration of soot

Snow pollution (Csoot) ppb 0 0-2000
Fractional snow cover in 1 0-1
land surface (FSC)
Soil brightness (B) - 0.3 0-0.5
Soil spectral latitude (lat) - 0 -30-30

Soil Soil spectral longitude 100 80-120
(lon)
Soil moisture content
(SMC) 20 5-55
Solar zenith angle (6s) deg 40 0-70
Solar azimuth angle (ps)  deg 0 0-360

Geometry View zenith angle (6v) deg 0 0-70
View azimuth angle (¢,) deg 180 0-360

[ ) / /Atmospheric
prol;veear:ies LIBERTY / pﬁ)apneorﬁgs ’ / / properties
o ' !

Snow

: Modified
properties

ISIOP + \ / [ A (
Two-stream ras /fcis 4SAIL2 }—5 SMAC
theory L |

VA

p \
Ground snow N
e | Szl

— {
‘ BROT \_geometries /
\\‘%7 . o
]
i BSM+ ' o0 —

ros::lties Walthall Soil BRDF ||
preP model
i Geometry Model output

Fig. 2. Flowchart of the SFBR2 model. riear and #ieof are the reflectance and
transmittance of leaf, respectively; and rcys and fcys are the reflectance and
transmittance of CIS, respectively.

theory Q3°°" = 3.2 aso0i$ /34 [49], where the optimal value of
the snow shape factor { = 1.6 is retrieved from a simulation
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experiment [50] and a0 1S the grain size of soot pollution.
Therefore, the effects of soot pollution are considered for snow
by adding Q3°°* weighted by concentration to Q, in (2).

After completing the calculation of the optical properties of
snow, the effects of CIS are simulated by the delta-Eddington
method and two-stream theory [51], which have been success-
fully applied to calculate pure snow albedo [20]. Specifically,
7, w, and g are transformed to ¥ = (1 — a)gz)r, w* =
(1 - g>w/(1 — g*w), and g* g/(1 + g) for handling
asymmetric phase functions, and the reflectance/transmittance
of CIS (rcis/tcis) is obtained by solving equations under
simplified boundary conditions [51]

w*

1—k23) [tk + yn)ek™ + (k — y)e™ ']
x [(1 = kpo) (e + kys)e*™

— (1 + kpo) (o — kys)e ™™™

— 2k (y3 — aapg)e " ]

wre T /1o

(1 = k2ug) [k + yneke + (k — ype= ']
x [(1+ ko) (@1 + kya)e'™
— (1 = kpo) (o — ky)e ™™

rcis = (

“4)

tos = e T /M —

— 2k (ys — a1 jro)e” ] (5)
where
o=yt nrny o=nytrynm k= m
(6)
vi=[T-w'@+3g9]/4 pn=-[1-0"@4-3g9]/4
Y3 =2 —=3u0g"/4 va=1l-ys; po=1. (7

2) Ground Snow: Snow is a non-Lambertian reflector on
the land surface, and field measurements reflect obvious for-
ward reflection characteristics [52]. In previous studies, many
methods based on radiative transfer and photon tracing were
developed to simulate the snow BRDF [53], in which the ART
model [35], [54], developed based on the nonabsorbing, semi-
infinite snow layer assumption, was widely used for snow
modeling and retrieval studies. The ART can calculate the four
reflectance factors of snow in an exponential form flexibly

Ronow _ rd’ Tad
ol Tdo
_ { exp(—yKs) exp(—y) ®
roexp(—yKsKy/ro)  exp(—yKy)

where r( is the reflectance of the nonabsorbing medium; and
K; and K, are the escape functions for different solar and
view zenith angles, respectively, and these are angle-related
variables that are well described in the previous study [45].
Teao, red ", rae ", and rji®™ are the bidirectional, directional-
hemispherical, hemispherical-directional, and bihemispherical
reflectances of snow, respectively.

The intermediate variable y can be parameterized by the
optical properties of snow y 4((1 — w)/[3(1 — g)D'/?
[55] when snow is assumed to constitute a semi-infinite
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medium layer in the geometric optic theory [56]. How-
ever, the semi-infinite assumption cannot be applied to CIS
with a specific thickness. Thus, the asymmetry factor g and
single-scattering albedo w are also used in combination with
the ISIOP tool for simulation, which maintains the consistency
of optical properties between CIS and ground snow.

3) Soil: Soil simulations are not a core component of
snow-covered forests, but land surface mixtures of FSC and
soil prevail during snow accumulation and melting periods.
We employed the BSM model for simulating soil reflectance,
which calculates the spectra by linear combination of dry (0qry)
and wet (pwer) soil reflectance [44]

[o¢]
proit = PUL=0) - pary + > _ P(D) - puee(D)
k=1

9

where [ represents the number of elementary water films,
P 0) is the proportion of dry soil and P(I)
e~ (SMC=3)/25) . (SMC — 5)/25)! /1!, and SMC represents the
soil moisture content. The wet soil reflectance is described by
the water film coating approach [57], which assumes that wet
soil is composed of dry soil and / thin water layer; thus, pye
can be simulated by inputting pq4y and SMC.

The core of BSM model is spectra simulation of dry soil by
two shape parameters (lat and lon) [46], brightness (B), and
three spectral vectors [58]

B sin(lat)
G3 ] B cos(lat) sin(lon)
B cos(lat) cos(lon)

pay = [G1 G (10)

where G|—G3 are the dry soil spectral vectors derived from
23871 soil spectra worldwide by the matrix decomposition
algorithm. These global soil spectral vectors are more repre-
sentative than spectral vectors in the Price model [59], and it
only used local soil spectra as the training dataset.

In the BSM model, the anisotropic characteristics of soil
reflections are not considered, but soil BRDF plays a dominant
role in sparse forests when sensors observe the Earth at dif-
ferent viewing angles [60], [61]. Thus, we combined the BSM
model with the Walthall soil model [47], [62], which is widely
used in parameter inversion for soil-canopy systems [63], [64],
to calculate the bidirectional reflectance of soil
[a (67 + 67) + bO76; + 6,0, cos(p) +d] (11)

soil __ Psoil
SO

Po

where a, b, ¢, and d are —4.3, 7.702, 7.363, and 16.41, respec-
tively; po equals 13.76; 6, and 6, are the solar and view zenith
angles, respectively; and ¢ is the relative azimuth angle. The
soil directional-hemispherical reflectance 55!, hemispherical-

directional reflectance r{o, and bihemispherical reflectance

soil

rig can be easily integrated by (11). Thus, the soil reflectance
factors can be represented as a matrix
soil soil
il Fsaw Tad
R = |:rssoil rgoil :| . (12)
SO (o)
4) Leaf, Canopy, and  Atmosphere: LIBERTY
adopts a radiative transfer theory to determine leaf

reflectance/transmittance (rieq/tiear) [34], [65]. This approach
is suitable for simulating needle leaf optical properties
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because it considers leaves as finite dimensions in the cross-
light direction. The LIBERTY and canopy radiative transfer
model (SAIL) have been coupled to reflectance simulation
of coniferous forests [66]. 4SAIL2, the latest version of
the SAIL model, is suitable for two-layer canopy structures
and can effectively consider two different leaves [37]. Thus,
it can be employed to handle the radiative transfer process of
canopy with mixed leaves and CIS.

In the 4SAIL2 model, the clumping effects of the canopy
were considered by the forest-light interaction model [67]
with the parameters of vertical canopy coverage (C,) and
tree shadow factor (Zeta). Thus, the areas of sunlit canopy
(Fs), sunlit floor (Fys), shaded canopy (F.q), and shaded floor
(Foq) can be acquired when C, > 0. These proportions are
important for combining the reflectance of snow and canopy.
Moreover, we used the total (leaf + snow) area index (TAI) to
describe the structural characteristics of snow-covered forests
TAI = SAI+LAI, where SAI and LAI are the snow area index
(SAI) and LAI, respectively. The specific simulation process
is given as follows.

1) Based on the reflectance/transmittance of leaf and CIS,

the input parameters of reflectance (ry, r,), transmittance
(t1, ), and total area index (TAI;, TAI,) in each layer
are calculated as

ri =[1 — (1 = Diss)(1 — Feis)lrcrs
+ (1 — Diss)(1 — Feis)rieat
ty = [1 — (1 = Diss)(1 — Fcis)ltcrs
+ (1 — Diss)(1 — Fcis)fear
ry = (1 — Diss) Fersrers + [1 — (1 — Diss) Fers[riear
tr = (1 = Diss) Festers + [1 — (1 — Diss) Fers fear
TAI, = FeisTAI

TAL = (1 — Fois)TAI (13)

where Fcis = SAI/TAI and Diss represents the dissoci-
ation factor. When Diss equals unity, all CIS is in the
top layer, while all leaves are in the bottom layer. When
Diss equals zero, CIS and leaves are homogeneously
mixed over both layers.

2) r/t, r/ty, and TAI;/TAI, are input into 4SAIL to
simulate the canopy scattering matrix for each layer, and
the results of the two layers are combined.

3) The clumping effect is applied to the vegetation canopy
to obtain the final canopy scattering matrix (14), as
shown at the bottom of the next page, where the sub-
scripts of the left matrix indicate the top (t), bottom (b),
upward (u), and downward (d); the subscripts of the right
matrix indicate the solar (s), observed (o), and diffuse
(d) radiation fluxes; and the variables with superscripts
¢’ and c represent the simulated results of steps 2 and 3,
respectively. R and T represent the reflectance and trans-
mittance matrices, respectively, while p and 7 denote
their respective reflectance and transmittance values,
respectively; and C, and C are the projected canopy
coverages in the view and sunlit directions, respectively.

For the atmosphere effects, the SMAC model is utilized
to simulate the radiative transfer process [68], this process
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predetermines the semiempirical fitting functions, and the

coefficients are calibrated by the 6S model [69] for a given

spectral band; a fast computing speed can be achieved. The

original SMAC model is only used to couple Lambertian

surfaces, but the modified SMAC can be used for anisotropic

surfaces by separating diffuse and direct atmosphere transmit-

tances [44]. Thus, the scattering matrix of the atmosphere can
be acquired

T 0 0 0

{Tda Rﬁ] | Ta Ta P
R T} | P P Ta O
Po Pdo  Tdo  Too

15)

where R, T, 7, and p are consistent with (14) but are applied
for the atmosphere. The superscript “a” indicates atmospheric
variables.

C. TOC and TOA Reflectance Simulation

Before simulating the TOC reflectance, the solar
zenith/azimuth angle (6/¢s) and view zenith/azimuth
angle (6,/¢y) are input into the ART snow model and BSM
soil model to simulate the reflection matrix of the land surface

1 1
R — {r?’d r?d} =FSC- R™" + (1 —FSC) - R (16)

Tso T'do

where FSC is the fractional snow cover. The superscript “1”
indicates the variables of the land surface.

Furthermore, the interaction between the land surface and
canopy is simulated by the four-stream theory [70]. The
surface reflectance R! and the scatter matrix of the canopy RS,
Ri, T, and T are the main input parameters. The clumping
effects of the canopy and intercepted snow are effectively
considered in the 4SAIL2 model, which indicates that radiation
through the canopy effectively includes the contribution of
the nonvegetation-covered part, and radiation reflected by the
canopy includes the contribution of intercepted snow. Finally,
the TOC reflection matrix is expressed as

rC rC _
SO (s

where
c _ ¢ c 1
rso - pso + Tssoorso

c..l c ..l c c c,.l ¢ 1 ¢
+ (Tssrsd + Tsdrdd)rdo + (Tsd + Tssrsdpdd)rdofoo

1 ¢
1 — r4apga
c 1 ¢ 1 ¢
¢ _ ¢ Tsa (TaaTho + o Too)
Tdo = Pdo 1/ oe
T'4aPdd
[ c..l c
c ¢ (T&ria + Taria) Téa
Tsa = Psd + 1— 1 ¢
T4d4Pdd
c ..l c
T aqT,
¢ _ ¢ dd”ddTdd
Taa = Pdd T— 1 e (18)
— T'4dPdd
where 15 = FuaToo, + FosTs, + FoaTs, + Fos, Which better

accounts for shadowing between trees [71], and &, is the
bidirectional gap probability.
At the bottom of the atmosphere, the reflectance observed

by satellites includes direct and diffuse fluxes. Thus, the TOC
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reflectance is weighted by the atmospheric transmittances 73
and 74

S8S° SO

a a
Tss + Tsd

where SKYL is the fraction of diffuse skylight.

TOA reflectance can also be simulated similarly, but the
snow—canopy system acts as the background and atmosphere
layer on the top. At the atmosphere’s upper boundary, the
solar radiation consists solely of direct flux, and thus, the
TOA reflectance observed by satellites can be expressed as
a bidirectional reflectance factor

a.,.c a..c
r[oc_ Tss!" +Tsdrdo _

= (1 — SKYL)rS, + SKYLrS,  (19)

a.c_a
+ Tss”s0 Too

a.c a.c a a a,.c ~a \,.C ra
+ (Tssrsd + Tsdrdd)Tdo + (Tsd + 7'—ssrsdlodd)rdo‘roo

C a
1 — rgaPda

toa __ .a
r - pso

(20)

III. MODEL VALIDATION AND ANALYSIS
A. Validation Methods and Data

Comparisons with 3-D radiative transfer models, UAV
observations, and MODIS data are adopted in our study to
estimate the model’s effectiveness. In theory, the 3-D model
yields highly accurate reflectance simulations for discontin-
uous forests but at low running speeds, and thus, the 3-D
model is an excellent tool for model validation. The 3-D LESS
model is a remote sensing simulation framework based on
the ray-tracing technique [38] and is widely used to validate
analytical models about directional brightness temperatures
and reflectance simulations in soil-canopy systems [72], [73].
In our previous study, the ART snow model and LIBERTY
needleaf model were coupled to the LESS model [15],
which makes LESS also have ability to validate bidirectional
reflectance of snow-covered forests. Thus, the SFBR2 model
can be estimated via the LESS with the same input parameters.

The LESS model simulation involves several key steps.
Initially, a 3-D landscape for flat ground is created, and
the crowns are randomly distributed in a region of 100 x
100 m (Fig. 3). Next, the essential parameters, including the
optical characteristics of snow and leaves and the solar-view
geometry, are input to the simulation. Finally, the bidirectional
reflectance is generated using either an orthographic or photon
tracing pattern. The LESS model is also coupled with the 6S
atmosphere model [69] and can be easily utilized in the graphic
user interface tool. Thus, both TOC and TOA reflectance can
be estimated by the LESS in different scenes of snow-covered

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 62, 2024

Fig. 3. Snow-covered forest scenes simulated by LESS at different view
zenith angles (6y). (a) 6, = 0°. (b) &, = 10°. (c) 6, = 20°. (d) 6, = 30°.
(e) 6y = 40°. (f) 6, = 50°.

forests. Meanwhile, the SFBR models are also compared
with the LESS model in terms of reflectance simulation to
comprehensively assess the performance of SFBR2.

Evaluating the simulation performance of SFBR2 on CIS
by the 3-D model is difficult because the scenario established
by the LESS involves full snow cover on the land surface
and no intercepted snow on the canopy. Therefore, we carried
out an aerial campaign to further validate the bidirectional
reflectance of forests with CIS. Three experimental sites of
50 x 50 m in flat terrain were selected from Lesser Khingan
Mountains, Northeast China [Fig. 4(b)], where there is a wide
distribution of coniferous forests (Korean pine), and its snow
season persists for more than half a year. The field experiments
were conducted on January 12, 2024, for site 1; January 6,
2024, for site 2; and January 12, 2024, for site 3 because
both understory and canopy have partial snow cover and the
weather is clear.

A DIJI M3M UAV was used to acquire multiangular mul-
tispectral images. The equipped camera records four spectral
bands at 560 nm, 650 nm (red), 730 nm, and 860 nm (NIR).
Before the field experiment, we predesigned the waypoint and
pitch angle in the principal plane (PP) based on the flight
time, flight altitude, and target position. The view zenith angles
of UAV with a 10° interval are from —60° to +60° in the
PP and the distance between drone and target point was set
to 200 m. During the UAV flight, the camera automatically
captured multispectral images based on the waypoint flight
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Fig. 4.

Overview of the field campaign. (a) Location of the verification area. (b) Google Earth image of three experimental sites (red circles) in Lesser

Khingan Mountains. (c) Average reflectance spectra of soil, leaves, and snow from multiple sampling points. (d)—(f) Nadir views of three experimental sites
based on UAV RGB images, the red squares represent specific boundary ranges (50 x 50 m). (g) and (h) Google Earth images of two experimental plots in
the Altai Mountains. (i) and (j) Realistic scene photos of plots 1 and 2, captured on September 28, 2023, and March 9, 2023, respectively.

mode. A total of 13 images are generated in each mission,
with a spatial resolution of approximately 3 cm in the nadir
direction. The UAV also captured images of reference panels,
which have known reflectance and are used for radiometric
calibration. Finally, the mean value of the experimental area
was extracted to serve as TOC reflectance.

At the same time, the spectra of snow, soil, and leaves in
the nadir direction were measured by a FieldSpec HandHeld 2
[Fig. 4(c)]. Crown diameter (d), trunk height (4;), and tree
height (h;) were measured by a ruler and laser altimeter,
TAI was measured by an LAI-2200 plant canopy analyzer
(Table II). These ground gauges are mainly used to acquire
input parameters for the three experimental areas. We first
retrieved snow, soil, and leaf parameters via measured spectra
based on an iterative optimization algorithm [74], and the
optimal values were acquired by minimizing the difference
between the ART, BSM, and LIBERTY simulation and mea-
sured spectra. The crown cover fraction (Cy) is determined
through the supervised classification of UAV-based multi-
spectral images. The tree shadow factor is calculated by the
measured canopy structure parameters Zeta = 2d/(h, + hy).
The other input parameters (such as FSC, thickness of CIS,
dissociation factor, and SKYL) are also acquired based on
an iterative optimization algorithm by comparing the SFBR2
simulation and UAV-based reflectance data.

The MODIS reflectance data are also considered obser-
vational data for model validation. Two plots of 4.5 km?

in the Altai Mountains, Northwest China, were selected as
the experimental area [Fig. 4(g) and (h)], where there is a
large amount of coniferous forests (spruce, fir) and CIS was
observed on September 28, 2023 (Plot 1), and March 9, 2023
(Plot 2). The MODO09GA reflectance is utilized to estimate
the simulated results of SFBR2 in real snow-covered forests.
Considering the absence of field-measured data, the main
influential parameters (FSC, C,, B, def, Csoor, and TAI),
identified through global sensitivity analysis in Section III-C1,
along with SKYL and Fcrs, are treated as free parameters,
and the other parameters are set to default values, in which
C, is obtained through a meticulous process of supervised
classification and aggregation of high-resolution Google Earth
images and Cy,o is ignored because the field data show that
the snow in the Altai Mountains has less pollution [75]. The
remaining six parameters were inversed in the same way as
for UAV verification.

B. Validation Results

1) Comparison With 3-D Model: When comparing the
simulation results between the SFBR2 and 3-D LESS models,
the scene is set to full snow cover on the land surface, and there
is no intercepted snow in the canopy because the LESS model
is unable to simulate CIS and a mixed state of snow and soil on
the land surface. The same input parameters, including snow,
leaf, canopy, atmosphere, and solar-target-view geometry, are
used for both models. Polar plots of the TOC/TOA reflectance
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Comparison of the TOC/TOA reflectance from the SFBR2 and LESS models in the hemispherical space with solar zenith angle of 40°.

(a)—(d) Reflectance simulated by SFBR2 model. (e)-(h) Reflectance simulated by LESS model. (i)—(1) Reflectance difference between the SFBR2 and LESS
models (Ar). Columns 1 to 4 represent the simulated TOC reflectance in the red band, TOC reflectance in the NIR band, TOA reflectance in the red band,

and TOA reflectance in the NIR band, respectively.

at wavelengths of 650 nm (red) and 860 nm (NIR) with the
default parameters (Table I) are shown in Fig. 5.

Compared with the LESS-simulated results, the SFBR2
results exhibit similar reflectance variations in hemispherical
space. The difference of simulated reflectance is also consis-
tent in TOC and TOA. The reflectance difference of red band
is larger than that NIR band, and the difference increases
as the view zenith angle increases. This is mainly because
the atmosphere has more effects on the visible than on the
NIR reflectance. Meanwhile, SFBR2 overestimates the red
reflectance near the hotspots. This is because the radiance
contribution of the shaded surface of the crowns is not fully
considered in 4SAIL2. Specifically, the difference of simulated
reflectance between the SFBR2 and LESS model in TOC/TOA
reflectance is 0.010/0.025 and —0.034/—0.017 for the red and
NIR bands, respectively [Fig. 5(1)—(1)].

Furthermore, the TOC/TOA reflectance simulated by LESS,
SFBR2, and SFBR in the PP with different scenes is shown in
Fig. 6. In contrast to the SFBR models, SFBR2 eliminates the
need for assumptions about canopy shape and offers a flexible
simulation of reflective matrix at TOC. In addition, it exhibits
higher computational efficiency than the 3-D LESS model.
The parameter settings include default values and change only
one key parameter (vertical crown cover fraction, LAI, snow
grain size, concentration of soot pollution, and aerosol optical
thickness at 550 nm) from Table I. The TOC reflectance of the
red band simulated by the three models has similar shapes in
the PP, but SFBR has obvious underestimations at a low crown
cover fraction (Cy = 0.35); this underestimation was also

TABLE 11
FIELD MEASUREMENTS IN THREE EXPERIMENTAL SITES

c Tree Trunk Crown Thickness
Ca;lv"gy TAI  height  height  Diameter of CIS
(m) (m) (m) (mm)
Site 1 0.64 2.26 13.92 1.47 4.61 15
Site 2 0.67 3.13 17.17 1.79 4.92 12
Site 3 0.80 3.25 15.53 8.75 3.56 7

reported in the previous study [15]. In the NIR band, SFBR
and SFBR2 have good consistency with the LESS-simulated
TOC reflectance. Moreover, the coefficient of determination
(R?) and the root-mean-square error (RMSE) are used to
estimate the model accuracy (Table III). SFBR2 shows the
best accuracy with LESS for TOC reflectance simulation, with
R? values of 0.984/0.943 and RMSE of 0.022/0.046 in the
red/NIR band. SFBR only has the ability to simulate TOC
reflectance. Thus, the comparison of TOA reflectance in Fig. 6
is limited to the SFBR2 and LESS models, for which R? and
RMSE are 0.948/0.931 and 0.024/0.025, respectively, in the
red/NIR band. In summary, the SFBR2 model more accurately
simulates the TOC reflectance of snow-covered forests than
other models and has more functions in simulating TOA
reflectance.

2) Comparison With UAV and MODIS Data: The UAV
observations at the three experimental sites are compared with
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Fig. 6. Comparisons of the TOC/TOA reflectance simulated by the SFBR, SFBR2, and LESS models in the principal plane with solar zenith angle of 40°.

(al)—(a4) Simulated reflectance based on the default parameters in Table 1. (b1)—

reflectance with only LAI changed to 2.5. (d1)—(d4) Simulated reflectance with

(b4) Simulated reflectance with only Cy changed to 0.35. (c1)—(c4) Simulated
only aer changed to 2000 um. (el)—(e4) Simulated reflectance with only Csoot

changed to 2000 ppb. (f1) and (f2) Simulated reflectance with only AOD changed to 0.8. Columns 1 to 4 represent the simulated TOA reflectance in the red

band, TOA reflectance in the NIR band, TOC reflectance in the red band, and

TABLE III

STATISTICAL RESULTS OF COMPARING SIMULATED REFLECTANCE
FrROM THE TWO MODELS AND LESS

Red NIR
R? RMSE R? RMSE
SFBR TOC 0.970 0.060 0.920 0.049
SFBR2 TOC 0.984 0.022 0.943 0.046
TOA 0.948 0.024 0.931 0.025

the simulated TOC reflectance in Fig. 7. The results reveal
significant underestimations of red and NIR reflectance in the
SFBR model (blue dots in Fig. 7), with R2/RMSE values of
0.626/0.352 and 0.577/0.227 (blue dots in Fig. 8), because
SFBR does not have the ability to simulate the effects of

TOC reflectance in the NIR band, respectively.

CIS. The SFBR2 model further enhances the reflectance sim-
ulation performance in snow-covered forests, demonstrating
strong agreement for red and NIR reflectance in the PP when
compared with UAV reflectance (red dots in Fig. 7), with
R%/RMSE values of 0.934/0.020 and 0.891/0.022 (red dots
in Fig. 8). The disparities between SFBR2 and SFBR could
be attributed to the increase of reflectance associated with the
appearance of CIS in forested areas.

When comparing SFBR2 simulations and MODIS data,
the reflectance in plots 1 and 2 agreed well in most
bands, with R?/RMSE values of 0.953/0.024 and 0.948/0.040
[Fig. 9(a) and (b)], respectively. However, the simulated
results underestimate the reflectance of band 5 in plot 2,
and the reason may be attributed to the interference of
branches and trunks in the canopy, which have different
reflective features and are not considered in the SFBR2 model.
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The simulation results from SFBR show a larger bias, with
R?/RMSE values of 0.596/0.081 and 0.741/0.106 in plots
1 and 2 [Fig. 9(c) and (d)], respectively. All the validations by
UAV and MODIS data jointly confirm that the SFBR2 model
has a strong capability to simulate reflectance in snow-covered
forests and that considering CIS can effectively improve
simulation accuracy.

C. Sensitivity Analysis

1) Global Sensitivity Analysis: Sensitivity analysis of
SFBR2 model is vital for model application and parameter
retrieval in snow-covered forests, which can effectively quan-
tify how much each parameter contributes to reflectance. The
extension of Fourier amplitude sensitivity testing (EFAST) is
a global sensitivity analysis tool that is widely used to ana-
lyze mechanistic models [76], [77] and has stable sensitivity
results [78]. Thus, we use the EFAST method to calculate the
total-order sensitivity index (TSI) and determine the sensitive
parameters. The ranges of the parameters are shown in Table 1.

MODIS bands 1-7 are selected to interpret the sensitivity
of the TOC/TOA nadir reflectance to all the parameters. The

UAV reflectance

Scatter plots between the simulated reflectance and UAV observations in the red (a) and NIR (b) bands.

center wavelengths of the selected bands are 470, 555, 650,
860, 1240, 1640, and 2130 nm. The TSI results for the
different bands and the main influential parameters are shown
in Fig. 10 and Table IV. For TOC reflectance, FSC, Cy, B,
aets Csoot, and TAI are the six most influential parameters. The
FSC and C, have the highest sensitivity indices, revealing that
land cover has a significant impact on reflectivity. Meanwhile,
the structural parameters (such as FSC, C,, and TAI) are
sensitive in all seven bands, but the characteristic parameters
(such as B, a.f, and Cyoor) are sensitive in partial bands, which
is conducive to establish a multiobjective inversion strategy
for snow-covered forests. For TOA reflectance, FSC, C,, B,
AOD, acg, and Cy are the six most influential parameters. The
impact of AOD on snow-covered forest reflectance is mainly
concentrated in the visible and NIR bands.

BRDF of snow-covered forests can be well simulated by the
SFBR2 model in hemispherical space. Thus, in-depth analysis
of the effects of solar-view geometry is also important for
future parameter retrieval. Here, we plot the sum of the TSI
over all the parameters in the different solar and viewing direc-
tions (Fig. 11). In general, the sum of TSI over all parameters
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Fig. 9. Comparison of simulated reflectance and MODIS reflectance using
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represent plots 1 and 2, respectively.

TABLE IV

MAIN INFLUENTIAL PARAMETERS AND MEAN TSI
FOR THE SEVEN MODIS BANDS

Sensitivity ranking 1 2 3 4 5 6
TOC  Parameters FSC Cy B Qe Csoot TAI
Mean of 0374 0.238 0.161 0.135 0.088 0.077
TSI
Parameters  FSC Cy B AOD Qef Csoot
TOA
Mean of 0.359 0.175 0.170 0.165 0.126  0.069
TSI

in TOC and TOA reflectance has similar values in the visible
band and the smallest value in the NIR band. Meanwhile,
the sum of TSI increases with the increase of wavelength
in the shortwave infrared band. A possible explanation is
that the visible band has similar sensitivities to all parameters,
and the NIR band is sensitive to a few influential parameters
in snow-covered forests. Moreover, as the view zenith angle
increases, the sum of TSI also increases in different bands,
which indicates that parameter inversion based on large view
zenith angles has greater uncertainty.

2) Sensitivity to Snow and Atmosphere Parameters: Global
sensitivity analysis reveals the contributions of different
parameters to snow-covered forest reflectance. The key param-
eters of snow and atmosphere are further analyzed based
on single-factor experiments. Specifically, we analyze the
reflectance sensitivity to FSC, fractional CIS (Fcis), and
aerosol optical depth (AOD) at 550 nm under different canopy
conditions, which include low and high crown cover fractions
with C, equal to 0.35 and 0.55, respectively. The other
undeclared parameters are set as in Table L.

The dependence of the TOC reflectance on the FSC in the
PP is shown in Fig. 12. In the red band, the BRDF changes
from a slight dome shape to a typical dome shape when the
FSC is increased from 0 to 0.8. However, the BRDF in the
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NIR band changes from a typical bowl shape to a slight bowl
shape as the FSC increases. This indicates that the forward
scattering of snow significantly affects the reflectance of snow-
covered forests. Compared with that of high crown cover,
the reflectance change with FSC has a greater amplitude in
low crown cover because the contribution of snow becomes
dominant in sparse canopy.

The effects of CIS on TOC reflectance are shown in Fig. 13,
where the land surface has full snow cover. CIS significantly
affects red reflectance, while it has a weak impact on NIR
reflectance. In a sparse canopy, the average difference of red
reflectance in the PP can reach 0.24 when the fractional CIS is
increased from O to 0.8 [Fig. 13(a)], and the average difference
in NIR reflectance is only 0.08 [Fig. 13(b)]. A dense canopy
has a greater reflectance difference in the PP when CIS appears
because a dense canopy can intercept more snow under natural
conditions.

The sensitivity of the TOA reflectance to the AOD at
550 nm is shown in Fig. 14. In the red band, the reflectance
decreases with increasing AOD at small view zenith angles,
but the opposite trend occurs at large zenith angles because
the path length of light in the atmosphere is larger at large
zenith angles, and the contribution of atmospheric reflectance
is strengthened in this part. In the NIR band, the TOA
reflectance decreases in the PP as the AOD increases. The
different performances in the red and NIR bands indicate that
the atmospheric effects are more sensitive to low-reflection
bands.

IV. DISCUSSION
A. CIS and Atmospheric Effects

Unlike ground snow, CIS has a limited thickness and is
fully exposed to the air, which drastically alters the sur-
face albedo [4] and hydrological processes [79]. Up to now,
understanding and quantifying the effects of CIS on satellite
reflectivity are still lacking. In this study, SFBR2 combines
the ISIOP snow parameterization scheme [48] and two-
stream theory [51] to simulate the reflectance/transmittance
of CIS. When snow persists on the canopy, some leaf
reflectance/transmittance is substituted by CIS; then, the radia-
tive transfer process of canopy with snow and leaves was
simulated by the 4SAIL2 model [37].

After the simulation and analysis of CIS, we found that not
considering CIS resulted in a significant underestimation of
snow-covered forest reflectance in the visible and NIR bands
(Figs. 7 and 8). A previous study on albedo simulation also has
similar conclusions [22], which revealed that ignoring CIS has
significant uncertainties in snow-covered forests. The global
sensitivity analysis revealed that the contribution of CIS to
reflectance is lower than ground snow, and the latter has the
most pronounced impact (Fig. 10). This conclusion is based
on an analysis of the gradually transitioning environment from
a soil-canopy system to a snow—canopy system, which can
represent the sensitivity of parameters in the global terrestrial
environment to reflectance. However, for most forested regions
situated between 45°N and 65°N, snow fully covers the ground
surface during the winter, in which CIS significantly changed
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the reflectivity compared with snow-free canopy (Fig. 13), and The atmospheric effects are forward-modeled by the SMAC
the sensitivity of the red band is greater than that of the NIR model in our study, which separates diffuse and direct
band. transmittances to couple with non-Lambertian surfaces. The

Authorized licensed use limited to: Nanjing University. Downloaded on August 28,2024 at 07:27:36 UTC from IEEE Xplore. Restrictions apply.



CHEN et al.: IMPROVED SNOW-COVERED FOREST BIDIRECTIONAL REFLECTANCE MODEL

Red (C,=0.35 NIR (C,=0.35
0 (G ) 1.0 (C, )
(@) (b)
08 0.8
8 3
§ §
So06 S06
(") [}
2 2
13 3
© 04 o 04
O ]
= -
0.2 . .ﬁ: 0.2
0.0 T 0.0 —
-80 -60 -40 -20 0 20 40 60 80 -80 -60 -40 -20 0 20 40 60 80
VZA(°) VZA(°)
Red (C,=0.55 NIR (C,=0.55
10 (G ) 10 (N )
() (d
08 0.8
3 3
& 06| — FSC=00 —e— FSC=0.6 806
H —e— FSC=02 —e— FSC=0.8 3
13 = 2
S04 FSC=0.4 204
O ]
= =
) M N

0.0 0.0
-80 -60 -40 -20 0 20 40 60 80 -80 -60 -40 -20 0 20 40 60 80
VZA(°

) VZA (%)

Fig. 12.  Sensitivity of TOC reflectance to FSC with different crown cover
fractions (Cy) in the principal plane. (a) and (b) Simulated reflectance in the
red and NIR bands with Cy = 0.35. (c¢) and (d) Simulated reflectance in the
red and NIR bands with C, = 0.55.

Red (C,=0.35 NIR (C,=0.35
10 ed (€,=035) 10 (€,=0.35)
(a) (b)
0.8 0.8
[ @
e £
806 8064 \
5 5 \
% s ,WM} \.
© 2
0.4 0.4
§ § —— Fs=00 —e— F(s=0.6
—o— Fgs=02  —o— F=0.8
02 0.2 FCIS:04 CIs
CIs™¥
0.0 0.0
-80 -60 -40 -20 0 20 40 60 80 -80 -60 -40 -20 0 20 40 60 80
VZA (%) VZA(%)
Red (C,=0.55) NIR (C,=0.55)

o
™

o
N
o
N

TOC reflectance
o o
EN o
_
LL o
<
TOC reflectance
o o
IS =)

0.0
60 80 -80 -60 -40 -20 0 20 40 60 80

VZA (%)

0.0
-80 -60 -40 -20 0 20 40

VZA ()

Fig. 13.  Sensitivity of TOC reflectance to fractional canopy-intercepted
snow (Fcys) with different crown cover fractions (Cy) in the principal plane.
(a) and (b) Simulated reflectance in the red and NIR bands with C, = 0.35.
(c) and (d) Simulated reflectance in the red and NIR bands with C, = 0.55.

forward modeling process involving surface BRDF and atmo-
sphere can be combined by the four-stream theory. Previous
studies usually assumed a Lambertian surface for atmospheric
correction, which may cause significant systematic errors in
surface reflectance inversion [80], [81]. The SFBR2 model
can avoid the process of atmospheric correction and enable
direct inversion of surface parameters from TOA reflectance.
Moreover, good consistency with the LESS simulation ensures
model effectiveness (Fig. 6).

B. Model Limitations and Applications

The existing snow-covered forest models, such as
zeroth-order radiative transfer model [25], coupling snow and
GORT model [31], [32], and SFBR model [15], often assume
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that snow is distributed only on the land surface and mainly
focus on TOC reflectance simulation. In this study, the SFBR2
model was proposed to address the complex radiative transfer
process in snow-covered forests containing different compo-
nents. To our knowledge, SFBR2 is the first BRDF model for
snow-covered forests with considering CIS and atmospheric
effects. Validation by 3-D models, UAV observations, and
MODIS data indicated that SFBR2 has good accuracy for
TOC/TOA reflectance simulation.

Nevertheless, limitations and uncertainties also exist in this
modeling framework.

1) The model neglects the branches of forests, which may
cause some errors when deciduous forests (such as
birch) persist in snow-covered forests [17]; thus, further
efforts on the radiation transfer of wood elements in
canopy [71], [82] are beneficial for improving model
accuracy.

2) The model assumes that the ground is composed of
FSC and soil, without treating the ground snow as a
medium layer with a certain thickness. Solar radiation
can only be reflected by ground snow and cannot pene-
trate it, which may introduce errors for thin snow cover.
Meanwhile, considering running speed and flexibility,
the ART model and combined BSM-Walthall model are
currently used for simulating the BRDF of snow and
soil. It is worth further exploring the integration of more
effective snow or soil models, such as the improved
ART model [60] and Hapke model [83], [84], for snow-
covered forests.

3) The lack of terrain modeling in SFBR2 may cause
radiometric distortion in mountainous areas. A solo
slope assumption is an effective strategy for addressing
terrain effects with high-resolution data, which involves
several core steps such as topographic transformation,
crown shape transformation, and leaf angle resimu-
lation [85], [86]. Under low-resolution data, a pixel
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contains numerous solo slopes and has different microto-
pography features (such as subpixel reflectance property,
subpixel slope, subpixel aspect, and shadow), which
will influence the reflectance characteristic of the pixel
overall [87], [88], [89]. Therefore, the development of
a solo slope or composite slope may further improve
SFBR2 simulations in snow-covered forests.

From the perspective of model application, SFBR2 achieves
better accuracy than SFBR when compared with the 3-D
model (Fig. 6). Moreover, SFBR2 has more functions for
simulating CIS and TOA reflectance, which means that SFBR2
is an excellent tool and can be used for parameter inversion in
snow-covered forests. FSC and albedo products usually have
low accuracy in winter forests [4], [90] because snow com-
plicates canopy radiative properties. SFBR2, combined with
an optimization method [63], lookup table method [91], and
machine learning techniques [9], has the potential to improve
product retrieval accuracy based on surface reflectance or
TOA reflectance data. Another application is the quantitative
analysis of the radiation mechanism of snow-covered forests.
For example, the impact of CIS on reflection characteristics,
the main influencing factors of snow-covered forest albedo,
and the uncertainties of vegetation index and snow index in
snow mapping can be effectively analyzed by the SFBR2
model. Ultimately, SFBR2 emerges as a comprehensive tool
not limited to snow-covered forests but can be applicable to
the modeling and analysis of soil, snow-free forests, and snow
surface.

V. CONCLUSION

In this study, the novel SFBR2 model is designed to improve
the BRDF simulation of snow-covered forests in both TOC and
TOA. The model not only comprehensively considers partial
snow cover, snow anisotropy, and needle leaf characteristics
but also first quantifies the role of canopy-interception snow
and the atmosphere. According to model comparison and
validation, SFBR2 achieves better accuracy than SFBR when
compared with the 3-D LESS model (R? > 0.931 and RMSE
< 0.046) for the snow-free canopy, and the simulation results
are consistent with UAV and MODIS reflectance (R> >
0.891 and RMSE < 0.040) for the snow-covered canopy.
Moreover, the sensitivity analysis shows that FSC and C,
are the most influential parameters for TOC/TOA reflectance,
which revealed that land cover has a significant impact on
reflectivity. CIS also has significant effects on snow-covered
forest reflectance, and the sensitivity of red band is greater
than that of NIR band. All the simulation and analysis results
collectively indicate that SFBR2 provides an efficient physical
tool for the quantitative analysis of radiation mechanisms and
parameter inversion in snow-covered forests.
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