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Evaluating Snow Bidirectional Reflectance of
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Data and Field Measurements
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Abstract—Because of the anisotropy of snow surface
reflectance, it is essential to select a proper snow bidirectional
reflectance model for extracting snow cover and inverting snow
properties from remote sensing image, especially during the
period of snow rapidly changed. In this letter, the ability of
reproducing snow bidirectional reflectance by three semiem-
pirical bidirectional reflectance distribution function (BRDF)
models (Ross-Li, Roujean, and Raman-Pinty—Verstraete) and the
asymptotic radiative transfer theory (ART) model was evaluated
using the polarization and directionality of the earth reflectance
(POLDER) data. In addition, the ART model was compared with
the bicontinuous geometric optics (bic-GORT) model based on
field measurements. The results indicated that the root mean
square errors (RMSEs) are small and similar for all models
during the stable-snow period. The physical models perform bet-
ter than the semiempirical models in capturing the bidirectional
signatures of snow during the periods of snow rapidly changed.
The bic-GORT model achieves higher accuracy, while the ART
model holds the advantages of simple and efficient to be used.

Index Terms—Bidirectional reflectance distribution func-
tion (BRDF) model, evaluation, polarization and directionality
of the earth reflectance (POLDER), remote sensing, snow.

I. INTRODUCTION

EASONAL snow is an important part of the cryosphere
and a sensitive indicator of global climate change [1], [2].
Remote sensing is able to monitor snow cover in a wide range.
Considering the anisotropy of snow surface reflectance, it is
necessary to make use of a bidirectional reflectance distribu-
tion function (BRDF) model to correct the anisotropic effect
for extracting snow cover [3] and inverting snow properties,
e.g., albedo [4], snow grain size, and pollutants [5].
The BRDF models can be classified into empirical, semi-
empirical, and physical (or radiative transfer) models [6].
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The semiempirical models are widely used for produc-
ing reflectance or albedo products (including snow cover).
For example, the Ross—Li model was successfully used
to produce Moderate Resolution Imaging Spectroradiome-
ter (MODIS) BRDF/albedo products [4] and Nadir BRDF-
Adjusted Reflectance [7]. The Roujean model [8] and the
Raman—Pinty—Verstraete (RPV) model [9] were developed for
correcting surface bidirectional effect in time series of satel-
lite observations. Although the semiempirical models were
not built explicitly for snow surfaces, they can seize the
geometric-optical effect caused by the shadowing of rugged
or undulating snow surface [10]. As usual, the kernels of
the semiempirical models can be simplified from the physical
models, but the estimation of model parameters requires many
observations with different view angles [11]. Generally, the
satellites (such as MODIS, Landsat, and Sentinel-2) only
provide reflectance value at a specific view zenith angle. This
means that multiday observations are needed to obtain the
multiangle reflectance for snow surface. Therefore, when using
the semiempirical models, we need to ignore the change of
snow’s anisotropy characteristics within a period of multiple
observations. However, the characteristics of snow change
rapidly (e.g., during the periods of ablation or accumulation),
which may bring uncertainties for estimating snow properties
by using the semiempirical models.

Several physical models of snow BRDF have been devel-
oped and validated with field measurements [12]. The Wis-
combe and Warren (WW) model could accurately estimate the
change of directional-hemispherical albedo with solar zenith
angle [13], but it could not reproduce the BRDF trait of
snow [14]. The discrete ordinates radiative transfer (DISORT)
model [15] was proposed to simulate the BRDF characteristics
of snow under the assumption of spherical snow particles [16],
but it was limited in describing the anisotropy of snow using
the radiative transfer models of spherical snow particles at
large view zenith angle [17]. The geometric optics theory
was used to solve the single-scattering characteristics of the
bicontinuous medium of snow microstructure [referred as
bicontinuous geometric optics (bic-GORT) model], which can
simulate the directional reflection of pure and flat snow [18].

The asymptotic radiative transfer theory (ART) model was
developed based on the semiinfinite and weak absorption
medium of snow [19]. The assumption of fractal snow grain
is closer to real snow than the assumption of spherical
snow grain. After a series of improvements, the ART model
comprehensively considered the influence of snow grain size
and pollutant on the directional reflection characteristics of
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snow [20], [21], and was used to retrieve snow albedo,
grain size, and absorption coefficient of pollutants [22], [23],
showing a great potential to be used for snow in terms of both
simulating and retrieving snow properties.

In this letter, we aim at comparing the performance of
three widely used semiempirical BRDF models (i.e., Ross-Li,
Roujean, and RPV) with the ART model on reproducing
multiangle reflectance of snow based on the polarization
and directionality of the earth reflectance (POLDER) data,
especially during the period of snow morphology changed
rapidly. In addition, the physical models ART and bic-GORT
were compared with each other based on field measurements.
These comparison results could help users to understand both
the advantages and limitations of different models for different
snow status [6], [20].

The rest of this letter is organized as follows. The five
involved BRDF models are briefly introduced in Section II.
The POLDER and field measurement data are presented in
Section III. The evaluation method and results are described
in Sections IV and V, respectively. The discussions and con-
clusions are made in Sections VI and VII, respectively.

II. BRDF MODELS

Five widely used BRDF models are compared in this
study, including the linear kernel-driven models Ross—Li and
Roujean, the nonlinear semiempirical model RPV, and the
physical models ART and bic-GORT.

A. Linear Kernel-Driven Models

The Ross—Li model is a classical linear kernel-driven model
used to produce MODIS BRDF/albedo products [4]. It is
described as the weighted summation of an isotropic para-
meter and two kernel functions where the volume scatter
kernel is derived from the volume-scattering radiative transfer
model [24] and the geometry optical kernel is derived from the
surface scattering and geometric shadow casting theory [25].

The Roujean model [8] has the same volume scatter kernel
as the Ross—Li model but a different geometry optical kernel,
which can reduce the bidirectional effects of multitemporal
remote sensing data [6]. The two linear kernel-driven mod-
els have three parameters that need to be estimated from
observations.

B. RPV Model

The RPV model [9] is a nonlinear semiempirical model
describing the bidirectional reflectance of natural surfaces. It is
derived from both physical and geometrical considerations of
radiation transfer through a porous medium. The RPV model
can be used to generate theoretical bidirectional reflectance,
and thus to quantitatively analyze the surface bidirectional
reflectance using remote sensing data [26]. The RPV model
also has three parameters.

C. ART Model

The ART model assumes snow layer as a semiinfinite and
weak absorption medium. The single-scattering property of
the particles is calculated by the geometrical optics method,
and the asymptotic solution is obtained by the asymptotic
radiation transfer theory [27]. The ART model has two
parameters: effective optical grain size and pollutant [20].
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The value of pollutant is proportional to the imaginary part
of the refractive index of pollutants, which depends on the
wavelength [28], [29]. The effective optical grain size can
be retrieved from sensitive spectral bands, e.g., 1020 nm
[20], [30].

D. Bic-GORT Model

In the bic-GORT model, the bicontinuous medium is used to
simulate the snow microstructure, considering its randomness
and complexity. The geometric optics theory is used to simu-
late the scattering of snow [18]. The model is able to simulate
the albedo, multiangle reflectance, polarized reflectance, and
the specific surface area of snow [31], [32].

The parameters of the semiempirical models need to be
estimated using multiangle reflectance data obtained by remote
sensing or field measurements. It requires that the data cover
angles as wide as possible. However, the parameters of the
ART model could be retrieved from reflectance by the model
itself [20], [28]-[30], and the parameters of the bic-GORT
model can be obtained by field measurements [18], [31], [32].

III. DATA

The multiangle reflectance of snow obtained by POLDER-3
was used for evaluating the semiempirical models and the ART
model. The multiangle data were obtained by overlapping the
field of view of the sensor. Each pixel was observed at a
maximum of 16 (average is 14) different view angles during
a single transit of the satellite. The view zenith angle along
orbit direction can reach £61°, and the view zenith angle
perpendicular to the orbit direction can reach £50° [32]. The
POLDER-3 data passed the cloud detection for each month
(https://doi.pangaea.de/10.1594/PANGAEA.864090), in which
the reflectance of snow was specifically used [33]. We chose
the multiangle reflectance of snow pixel with homogeneity =
100% and blue band (490 nm) reflectance > 0.4 to make
sure that the multiangle reflectance was collected from snow
surface [26]. Accordingly, the data from February to Octo-
ber 2008 in the Arctic were selected.

Since the parameters of the bic-GORT model, such as snow
depth, density, and effective optical grain size, cannot be
obtained through the POLDER-3 data, the field measurement
data were used for evaluating the bic-GORT model and the
ART model. The field measurement was implemented over a
flat snow surface after a snowfall on April 12, 2018 in Tian-
shan Mountains, northwestern China. The snow multiangle
reflectance was measured by the ASD FieldSpec-3 spectro-
radiometer. The relative view azimuth angles include 0°, 45°,
90°, 135°, 180°, 225°, 270°, and 315° from the principal plane.
For each view azimuth angle, the reflectance was measured at
the view zenith angle range from 0° (the nadir) to 70° with a
resolution of 10°. In addition, we measured the snow depth,
density, and effective optical grain size, which can be used for
running the bic-GORT model.

Snow shows an obvious anisotropy at the near-infrared
bands, and tends to be isotropic at visible bands [34]. Thus,
we selected the near-infrared bands to evaluate the ability
of capturing the snow bidirectional signatures for different
models including wavelengths 765, 865, and 1020 nm.

IV. METHODOLOGY

For the three semiempirical models, the parameters were,
respectively, estimated by the multiangle reflectance data
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Fig. 1. Example of the comparison of the multiangle reflectance reproduced
by (a) ART model and (b) POLDER data, where the constant viewing zenith
angles are represented as circles every 20° and the principal plane is on the
horizontal straight line with backscattering to the right. (c) and (d) AEs and
scatter plot of the modeled and measured reflectance, respectively.
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Fig. 2. Example of the comparison of the multiangle reflectance reproduced
by the ART model (a) and the semiempirical models (b)—(d) based on the
POLDER data.

obtained by the POLDER through minimizing the root mean
square error (RMSE) [6]. For the ART model, the effective
optical grain size was retrieved from the reflectance at the
wavelength of 1020 nm [20]. For the bic-GORT model,
the snow depth, density, and observation geometry conditions
were obtained by field measurements, and the other parameters
were set as the default values. The RMSE, Pearson correlation
coefficient (), and absolute error (AE) between the modeled
and observed multiangle reflectance were calculated for com-
paring the BRDF models [6].

V. RESULTS
A. Model Evaluation Based on POLDER Data

Fig. 1 shows an example of comparing the multiangle
reflectance reproduced by the ART model with the POLDER
data. It is shown that the shape of the snow BRDF likes a
bowl. The snow reflectance is small in the center of the circle,
whereas it is large in the outside of the circle, especially in
the forward detection at the solar principal plane. The AE
between the multiangle reflectance reproduced by the ART
model and the POLDER data ranges from —0.3 to 0.3. The
large AE mainly occurs at a large view zenith angle. At the
solar principal plane, the multiangle reflectance reproduced by
the ART model is smaller than that of the POLDER data in
forward direction, but it is greater in backward direction. The
AE is small at the small view zenith or at the perpendicular
principal plane of the solar. The RMSE at the wavelength
of 1020 nm is 0.04, and r is 0.80.

Fig. 2 shows an example of the multiangle reflectance of
snow reproduced by the ART model and the semiempirical
models based on the POLDER data. These models can effec-
tively reproduce the bowl-like shape of the snow BRDF. They
both reflect the strong forward radiation characteristics of snow
surface, but present differences in the back radiation. Specially,
there is a valley value at backward direction reproduced by the
Ross—Li model, but it has a peak value by the RPV model.
The reason is that the Ross—Li model has a theoretical valley
value in the backward direction. By contrast, the RPV model
enlarges the backscattering, thus it has a peak value in the
backward direction. Nevertheless, there is no obvious valley
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Fig. 3. Comparison of the RMSEs of differentt BRDF models.
(a)—(c), (d)—(f), and (g)—(i) Comparison of the RMSEs of the ART and the
semiempirical models at 765, 865, and 1020 nm, respectively. N is the number
of observations.

or peak value of multiangle reflectance reproduced by the ART
and the Roujean model in the backward direction.

Fig. 3 shows the RMSEs of the multiangle reflectance repro-
duced by different models with reference to the POLDER data.
The RMSEs are centralized on 0.05 for all the models. The
number of points with RMSE difference less than 0.1 accounts
for 97% at the wavelength of 1020 nm, and even reaches 99%
for other wavelengths, showing that all the models hold the
ability to capture the bidirectional characteristics of snow.

B. Model Evaluation on Sites With Large RMSEs

Among the results in Section V-A, we found two sites with
ART RMSEs greater than 0.15 at 1020 nm, where one RMSE
is 0.19, and the other is 0.16. The first site is located in
Iceland with the POLDER data collected in September 2008.
The second site is located in Canada with the POLDER data
collected in June 2008. The reasons for the large ART RMSEs
are explored as follows.

The site located in Iceland with the largest RMSE of 0.19 is
investigated in Fig. 4. The snow reflectance could be appar-
ently separated into two groups. One group was collected on
September 3, and the other was collected on September 23 and
30. The reflectance at 1020 nm was ranging from 0.35 to
0.45 and from 0.60 to 0.90 in the two groups, respectively,
indicating that the morphology of snow changed apparently
during September. The retrieved effective optical grain size
based on the aggregated reflectance could not represent all
the different grain sizes in September because the snow
morphology changed rapidly, which results in the large RMSE
of this site. However, after separating the data into two groups,
the RMSE of the ART model decreases to 0.02 as shown
in Fig. 4, demonstrating the effectiveness of the ART model
on dealing with rapidly changed snow.

In order to further illustrate the influence of rapidly changed
snow morphology, the RMSEs of the semiempirical and the
ART models at the wavelength of 1020 nm in the two sites
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Fig. 4. Details of the site with the largest RMSE. (a), (d), and (g) are

observed data in September. (b), (e), and (h) are AEs of the ART modeled
and measured reflectance. (c), (f), and (i) are scatter plots of the ART modeled
and measured reflectance.

TABLE I
RMSES OF THE SEMIEMPIRICAL AND THE ART MODELS AT 1020 nm

Observation Ross-Li Roujean RPV ART
September aggregated 0.12 0.13 0.15 0.19
3 September 0.02
23 and 30 September 0.02
June aggregated 0.14 0.14 0.14 0.16
Before 23 June 0.06
After 24 June 0.04

are shown in Table I. The snow reflectance of the site located
in Canada was also separated into two groups based on the
reflectance difference caused by snow morphology change.
One group of snow reflectance was collected before June 23,
and the other group was collected after June 24. Table I shows
that both the semiempirical and the ART models have high
RMSEs when aggregating the three observations, i.e., they are
negatively influenced by the snow morphology changes when
using the multiday satellite images. The ART model would
have larger RMSE because of the sensitivity to effective optical
grain size. During an observed circle with snow morphology
change, one retrieved effective optical grain size could not
represent all the effective optical grain size. However, after
separating the observed circle into groups in which the snow
morphology does not change significantly, the RMSE of the
ART model decreases apparently and becomes much lower
than the semiempirical models. These results further demon-
strate that the ART model holds the advantage of overcoming
the problem of snow morphology change without dependence
on multiple observations.

C. Physical Model Evaluation Based on Field Measurements

The physical models ART and bic-GORT were evaluated
based on the field-measured multiangle reflectance of snow.
The RMSEs of the ART and the bic-GORT model are both
small as shown in Table II. The bic-GORT model has relatively
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TABLE 11
RMSES OF THE ART AND THE B1c-GORT MODELS

Model 765 nm 865 nm 1020 nm
ART 0.088 0.083 0.074
bic-GORT 0.051 0.049 0.045

lower RMSEs than the ART model at the three wavelengths.
The reason may be that the bicontinuous medium adopted by
the bic-GORT model is closer to the real snow microstructure.

VI. DISCUSSION
A. Advantages of the ART Model

The parameters of the ART model have physical signifi-
cance and can be applied to all bands (the pollutant even can
be ignored at the long wavelength bands), while the parameters
of semiempirical models do not have physical significance
and need to be estimated from multiangle reflectance. The
parameters of the semiempirical models are different for
different spectral bands, which increases the computational
complexity and is not conducive to generalization. When we
use the semiempirical models, we need to ignore the changes
of snow’s anisotropy caused by the changed snow morphology
within a period of multidays. However, the physical models
simulate the multiangle reflectance conveniently without the
dependence on multiday observations. Comparing the ART
model with the bic-GORT model, the latter has more para-
meters that are demanding to be obtained. However, the two
parameters of the ART model can be retrieved from the
reflectance at a sensitive wavelength, which makes the ART
model simple and efficient to be used.

B. Limitation of the ART Model

The pollutant of the ART model is proportional to the
imaginary part of the refractive index of pollutants [28],
which cannot meet the different properties of snow. The ART
model is sensitive to the absorption coefficient at the short
wavelength. Therefore, we can find that the RMSEs of the
ART model are slightly greater than that of the semiempirical
models at short wavelength in Fig. 3. Furthermore, the specular
light reflection by partially oriented snow plates on the snow
surface is not considered by the ART model, which can play a
role for measurements in the principal plane [27]. Therefore,
the AEs are large in the forward direction in the solar principal
plane. The bic-GORT model uses the bicontinuous medium
that is closer to the microstructure of actual snow than the
ART model, which may be the reason that the accuracy of
the ART model is not as high as the bic-GORT model in the
evaluation results.

C. Influence of the Change of Snow Morphology

When the snow morphology changes rapidly, such as dur-
ing the periods of ablation and accumulation, the snow’s
anisotropy changes significantly. The semiempirical models
require multiangle reflectance to estimate the parameters.
Generally, satellites (such as MODIS, Landsat, and Sentinel-2)
only provide reflectance value at a specific view zenith angle
by one observation. This means that multiday observations are
needed to obtain the multiangle reflectance of snow surface.
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The performance of the semiempirical models would thus be
negatively influenced by using the multiday satellite images.
In this case, the physical models such as the ART shows
the advantage to overcome the problem of snow morphology
change by obtaining the parameters from a single observation.
These are very important for extracting snow cover and
retrieving snow properties by using remote sensing data when
snow morphology changes rapidly.

VII. CONCLUSION

We adopted the POLDER-3 and field measurement data to
evaluate the ability of the five BRDF models on capturing
the bidirectional signature of snow surface, especially for
snow with rapidly changed morphology. The following con-
clusions can be obtained through the results and discussions:
1) the accuracies of the five BRDF models are high and
similar during the stable-snow period; 2) the physical model
performs better than the semiempirical models during the
periods of snow rapidly changed without the dependence on
multiple observations for estimating the parameters; and 3) the
bic-GORT model achieves higher accuracy than the ART
model, while the ART model holds the advantage of simple
and efficient to be used by obtaining the parameters more
easily.
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