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Introduction

Snow cover parameters are important in hydrological studies 
and water resource management. Accurate inventories of spatial 
and temporal variability of the snow water equivalent (SWE) and 
improved parameterizations and modeling of water and energy ex-
change processes are important for advancing the understanding 
of climate change and its impact on the environment (Rott et al., 
2008). As increasingly sophisticated snow models are applied to 
water, weather, and climate research, the need for accurate snow 
parameters (such as the SWE, snow cover area, and snow depth) is 
rapidly increasing (Key et al., 2007). In mountainous areas, deriv-
ing the snow parameters from ground measurements and airborne 
remote sensing observations is costly and limited in scope (Che 
et al., 2012). Satellite remote sensing technology provides a new 
technique for snow monitoring. Previous studies have shown that 
optical remote sensing can only be used to observe snow surface 
properties and that the SWE cannot be derived from optical remote 
sensing data. Although passive microwave remote sensing has been 
successfully used to retrieve the SWE (Chang et al., 1987; Foster 
et al., 2005; Che et al., 2008; Dai et al., 2012), it is not suitable for 
deriving the SWE on a watershed scale because of the low spatial 
resolution. Compared to optical and passive microwave remote 

sensing, active remote sensing in the microwave band is sensitive 
to the majority of snow parameters (Shi and Dozier, 2000), and its 
resolution is moderate.

Beginning in the 1990s, scientists have extensively studied the 
derivation of the SWE from synthetic aperture radar (SAR) data. Ul-
aby and Stiles (1980) found a positive relationship between the back-
scattering coefficient of dry snow and the SWE at a frequency of 9 
GHz. Kendra et al. (1998) found the same relationship in the C-band 
and X-band. Arslan et al. (2006, 1999) developed a semi-empirical 
backscattering model of the SWE in forested areas. Bernier and 
Fortin (1998) found that there was a positive relationship between 
the SAR backscattering coefficient and the SWE only when the soil 
under the snow is frozen, and this relationship did not hold for non-
frozen soil conditions. During early stages of snow accumulation, 
the freeze-thaw cycle in the underlying snow may cause a negative 
correlation between the backscattering and the SWE (Arslan et al., 
2011). The thermal resistance of snow affects the soil temperature, 
and the dielectric constant decreases with decreasing tempera-
ture when the soil temperature is below freezing. The temperature 
drop will be greater at a site with a lower thermal resistance and 
will cause the signal ratio to be smaller than at other sites (Bernier 
and Fortin, 1998). Accordingly, Bernier and Fortin (1998), Bernier 
et al. (1999), and Gauthier et al. (2001) developed methods for esti-

Abstract
The spatial distribution of the snow water equivalent (SWE) of ground snow cover is one 
of the most important variables for understanding and simulating cold-region hydrologi-
cal processes in high mountain areas. In this paper, the characteristics of C-band synthetic 
aperture radar (SAR) data in an area of shallow dry snow cover were analyzed based 
on microwave backscattering models and field snow cover measurements. The analysis 
revealed that the backscattering of shallow dry snow cover was dominated by the scatter-
ing of the snow-ground interface, and the dielectric constant and roughness parameters 
of the underlying frozen soil were the primary factors that affected the total scattering. 
The dielectric constant of the soil depended on the amount of liquid water present in the 
soil, and the amount of liquid water was primarily determined by the soil temperature. 
Furthermore, the insulation properties (thermal resistance) of the snow cover affected the 
underlying soil temperature. Consequently, the snow cover characteristics affected the 
backscattering signal recorded by the SAR sensors. Based on an investigation involving 
ENVISAT-ASAR data and simultaneous ground-based snow observations conducted on 
14 March 2008, we found that the snow temperature decreased with increasing snow 
depth when the snow depth was less than 20 cm, and the temperature increased with de-
creasing snow depth when the snow depth exceeded 20 cm. Additionally, the amount of 
liquid water in the underlying frozen soil rapidly increased with increasing temperature. 
To estimate the SWE, we used a small number of field measurements data and SAR ratio 
images to develop two equations. The first equation defined the relationship between the 
snow’s thermal resistance and backscattering ratio, and the second equation yielded the 
SWE from the estimated thermal resistance of the snow-covered area. The root mean 
square and relative errors of the estimated SWE were approximately 7.41 mm and 6.17%, 
respectively. The derived SWE also indicated that blowing snow and sun radiation were 
two primary factors that determined the spatial distribution of snow cover in mountainous 
areas.
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mating the SWE using SAR data and a small number of field snow 
measurements. The relationships between backscattering and snow 
parameters are complex, and the microwave scattering models are 
the basis for understanding these complex relationships. Many sur-
face scattering models have been developed since the 1980s, includ-
ing Kirchhoff models, which consist of a geometrical optics model 
(GOM) and a physical optical model (POM) (Ulaby et al., 1982); 
the small perturbation model (SPM) (Ulaby et al., 1982); the integral 
equation model (IEM) (Fung, 1994; Fung and Chen, 2010); and the 
advanced integral equation model (AIEM) (Chen et al., 2000, 2003). 
The commonly used volume scattering models include the Ray-
leigh approximation model (Ulaby et al., 1982; Drinkwater, 1989), 
Mie scattering theory (Tsang et al., 2004), strong fluctuation theory 
(SFT) (Tsang and Kong, 1981; Jin and Kong, 1984), and the dense-
medium radiative transfer (DMRT) model (Tsang et al., 1985). In 
this study, we used the IEM and Rayleigh approximation models to 
analyze the surface scattering, volume scattering, and total scattering 
characteristics of dry snow. Based on the models and field measure-
ments analyses, we attempted to estimate the SWE in our study area 
using SAR data and a small number of field measurements. Finally, 
the estimated SWE mapping was validated using field (in situ) snow 
measurement data.

The paper is organized into six sections. The study area, SAR 
data, and field snow measurements are described in the first sec-
tion. In the second section, the backscattering coefficients simulat-

ed using the microwave radiative transfer models are presented and 
analyzed. Details of the SWE retrieval methodology are presented 
in the third section, and the estimated SWE values are validated 
in the fourth section. The fifth section presents a discussion of the 
findings. The conclusions and directions for future study are pro-
vided in the last section.

STUDY AREA AND DATA

As a component of the Watershed Allied Telemetry Ex-
perimental Research (WATER) project (Li et al., 2009a), we 
performed the Cold Regions Hydrological Remote Sensing and 
Ground-based Synchronous Observation Experiment near the 
upper reaches of the Heihe River in March 2008 (Wang et al., 
2009). We selected the Binggou watershed as the study area for 
the snow remote sensing study, and basic snow parameters were 
measured simultaneously during the EVISAT-ASAR transit on 
14 March 2008.

STUDY AREA

The Binggou watershed has an area of 30.48 km2 and is lo-
cated on the edge of the Qinghai-Tibet plateau (Fig. 1). The wa-
tershed is in the upstream portion of the Heihe River basin at el-
evations between 3428 m and 4400 m. The majority of the terrain 

FIGURE 1.  Location of the study 
area and field measurement sites.
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below elevation 3950 m is characterized by alpine meadows, and 
the terrain above elevation 3950 m primarily consists of bare rocks 
and weathered gravel. The majority of the soil is seasonally frozen; 
however, at an elevation of 3500 m, the soil below a depth of 50 cm 
remains frozen until late May. More snow falls during the spring 
and autumn than during the winter (Li et al., 2009a; Wang et al., 
2009; Li et al., 2009b).

SAR DATA

The advanced synthetic aperture radar (ASAR) is the SAR 
sensor mounted on the European Space Agency (ESA) ENVI-
SAT-1 satellite. This sensor operates in the C-band and provides 
multimode, multipolarization, high-resolution SAR data. We 
acquired several alternating polarization ASAR data sets of the 
Binggou watershed in 2008 and 2009. In mountainous areas, 
SAR data are affected by the topography and imaging modes, 

which produce layovers, shadows, and inappropriate local in-
cidence angles. Therefore, an appropriate SAR beam mode is 
crucial for creating high-quality images of mountainous areas. 
In studies of mountainous areas, SAR data collected using a 
higher incidence angle were preferred (Nagler and Rott, 2004). 
To reduce the effect of the incidence angle on the ratio image 
calculation, reference data with beam modes that are the same 
as or similar to those of the snow data are preferred. After con-
sidering all of these issues, we selected the ASAR images of 14 
March 2008 and 6 September 2009 as the snow image and refer-
ence image, respectively. Table 1 lists the details of the ASAR 
images.

All of the ASAR images were processed using ESA’s NEST 
software. First, the ASAR images were calibrated to convert the 
SAR data to backscattering coefficient images. Then, the snow 
image was matched to the reference image to an accuracy of one 
pixel. To reduce the speckle noise of the SAR images, a Frost filter 

TABLE 1

ENVISAT-ASAR data sets used in the SAR snow cover study.

Datea

Time 
(UTC) (A/D)b Beam

Center incidence 
angle(°) Snow condition

2008.03.14 15:22 A IS7 43 Dry snow

2009.09.06 03:08 A IS6 40 Snow free

aDates are in the form yyyy.mm.dd.
bA, ascending. D, Descending.

FIGURE 2.  The processed EVISAT-
ASAR image on 14 March 2008 
(polarization, VV). 
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with a 9 × 9 pixels window was applied to the images. In addi-
tion, because of the strong influence of the topography, a correction 
was performed using a 30 m resolution DEM (produced by AS-
TER GDEM) (Fig. 2). In order to get the layover-shadow pixels, a 
simulation process was also applied. Finally, the ratio image was 
calculated, and the pixels involving layover, shadowing, and inap-
propriate incidence angles were masked.

FIELD SNOW MEASUREMENTS

For this study, we selected seven snow cover measurement 
sites (Fig. 1) in the Binggou watershed and measured the snow 
parameters during the EVISAT-ASAR transit. Because we did not 
measure the parameters at site C on 14 March 2008, we will discuss 
only the measurement data from the other six sites in this paper. 
The measured parameters included the snow dielectric constant 
and snow density measured using snow fork, the snow temperature 
measured using a thermometer, the snow depth measured using a 
ruler (Fig. 3, parts a and b), and the snow grain size measured using 
an optical microscope with 80× which can read in a resolution of 
0.05 mm. To obtain the meteorological data, soil parameters, and 

other auxiliary data, we also built two automatic weather stations 
in the watershed (Fig. 3, parts c and d).

Because of the high elevations, wind conditions strongly af-
fected the snow distribution in the Binggou watershed, and the 
snow distribution varied substantially. At the six sites, the various 
parameters of the snow cover were measured at several neighbor-
ing locations. The average values and standard deviations were 
calculated and recorded (Tables 2 and 3). As shown in Table 2, 
the average snow depths at sites B and D exceeded 30 cm, and the 
snow depths at the other sites were 20–30 cm. The average liquid 
water content of the snow was less than 1% on a volume basis, the 
snow densities were approximately 200 kg m–3, the snow grain 
sizes were between 0.9 and 1.2 mm, and the real parts of the snow 
dielectric constant were less than 1.5. The weather stations data 
indicated that the average wind speed in the Binggou watershed 
on 14 March 2008, was 3 m s–1 and that the air temperature was 
above 0 °C from 12:00 to 18:00 and below 0 °C at other times. 
The soil temperature was below 0 °C throughout the 24-hour 
measurement period. The volumetric soil moisture varied with 
depth, and the average volumetric water content at a depth of 5 
cm was approximately 4.8%.

FIGURE 3.  Observations of snow cover and soil parameters in the Binggou watershed. (a) Snow depth and temperature observation; (b) 
snow fork observation; (c) automatic weather station; and (d) soil temperature and moisture sensors.
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Simulation of Microwave Radiative Transfer
Electromagnetic waves of a given frequency will vary sig-

nificantly, in terms of their backscatter, upon striking wet snow 
or dry snow. During our investigation of the Binggou watershed, 
the snow was dry. Therefore, only the C-band SAR backscatter-
ing of the dry snow will be discussed. For an area of snow cover 
with low vegetation (h < 30 cm), the effect of vegetation on SAR 
backscattering is not significant and can be ignored (Pivot, 2012). 
The vegetation of the Binggou watershed was primarily alpine 
grassland, and thus we ignored the influence of vegetation in this 
study.

MODEL DESCRIPTION

In general, the total backscattering signal from dry snow 
consists of scattering by the snow volume itself, by the snow-air 
interface, and by the snow-ground interface (Ulaby et al., 1986). 
The snow volume scattering primarily depends on the amount 
of energy that is transmitted into the snow and its effective pen-
etration depth. The volume scattering of dry snow takes place 
from the ice grains and free-water inclusions, and its intensity 
is governed by their sizes and the losses caused by extinction 
within the layers (Ulaby et al., 1986; Drinkwater, 1989). The 
Rayleigh approximation model can always be used for calculat-
ing the volume scattering of dry snow (Drinkwater, 1989; Ulaby 
et al., 1981; Guneriussen, 1997; West, 2000) and the model is a 
simple and easy calculation. The model is based on the assump-

tion that dry snow consists of small ice grains with little varia-
tion in their particle sizes, small free-water inclusions, and air, 
and the total volume scattering can be calculated by summing 
the individual backscattering components from the ice grains and 
water inclusions (Fung and Chen, 2010). Studies have shown the 
Rayleigh approximation provides accurate results for media with 
small spherical scatterers (r < 0.1λ) and small relative dielectric 
constants (ε˝ < 2) (Ulaby et al., 1982; Fung and Chen, 2010). The 
model is based on the following equation:

 σ π θ
λ θv
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where θ' is the angle of refraction in snow; k
e
 is the extinction 

coefficient of snow and λ is the free-space wavelength; f
1
 and 

f
2
 are the volumetric fractions of ice and water scatterers, re-

spectively; and r
1
 and r

2
 are the radii of the ice and water scat-

terers, respectively. L(θ'   ) is the one-way propagation loss in the 
snowpack. K

1
 is a complex quantity defined with the dielectric 

constant of the ice relative to the background medium, while K
2
 

is defined with the dielectric constant of the water relative to the 
background medium.

Low-frequency microwaves can easily penetrate dry snow, 
and the backscattering signal recorded by the SAR sensors is pri-
marily produced by the scattering of the rough snow-ground in-

TABLE 2

Average snow cover data measured at the field sites.

Site
Sample 
number

SD 
(cm)

SWE 
(mm)

Grain size 
(mm) ε'a ε"b

Density 
(kg m–3)

f
water

c 

(%)

A 40 21 40.98 0.91 1.4054 0.0074 195.14 0.8465

B 14 34 68.73 1.03 1.4228 0.0069 202.14 0.8337

D 9 53 97.38 1.18 1.3697 0.0093 183.74 0.9446

E 9 28 47.99 1.03 1.3043 0.0052 171.39 0.5887

F 20 25 45.98 1.04 1.3668 0.0094 183.90 0.7801

H 18 20 36.40 1.07 1.3925 0.0098 182.12 0.8673

a ε', Real part of dielectric constant.
b ε", Imaginary part of dielectric constant.
c f

water
, Liquid water volume fraction.

TABLE 3

The standard deviation of snow parameters at each field site.

Site SD (cm) SWE (mm) Grain size (mm) ε' ε" kg m–3 f
water

 (%)

A 5.48 12.59 0.1726 0.0856 0.0012 27.85 0.1489

B 6.39 13.99 0.1579 0.0649 0.0011 15.29 0.1326

D 10.80 17.06 0.1593 0.0453 0.0014 6.13 0.1144

E 9.87 17.77 0.1524 0.0215 0.0009 11.13 0.0913

F 5.37 12.50 0.2508 0.0736 0.0046 15.02 0.0611

H 6.43 9.97 0.2314 0.0642 0.0038 11.20 0.0592
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terface. The IEM combines the GOM, POM, and SPM and can be 
applied to surfaces that vary greatly in terms of their roughness. 
The standard deviation of the surface height of most natural soil 
surfaces is small, and the single scattering term dominates. The 
IEM always ignores the multiple scattering terms, and its use is 
based on the assumption that the surface correlation function is 
isotropic (Gupta and Jangid, 2011). The backscattering coefficient 
is given by the following equation:

 σ
π

σ θ θ
pp

n

pp
n

nk
k I

w k

n
0

2
2 2 2

1

2

4
2

2 0= −
=

∞

∑exp cos( ) | |
( sin , )

!
  (2)

where p is the polarization symbol, and p = v or h. The parameter 
| |I pp

n  is given by Fung et al. (Fung et al., 1992; Fung and Chen, 
2010). wn (2k sin θ, 0) is the Fourier transform of the nth power 
of the normalized surface correlation function and is given by the 
following equation:

 w k
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n kl
n( sin , )

[ ( sin ) ] .
2 0
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θ π

θ
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In the above equations, k is the wave number, ε
r
 is the relative 

dielectric constant of the medium, and θ is the incidence angle.
The IEM can be applied to a randomly rough surface over 

a wide range of roughness scales or frequencies and is an ideal 
model for a scattering surface of k σ < 3 (Fung et al., 1992). In the 
following section, we describe our use of the IEM in calculating 
the scattering caused by the snow-ground interface and snow-air 
interface. As studies have shown, the snow-air interface scatter-
ing is small and can always be ignored (Ulaby et al., 1986). Using 

the “Cloud” model (Ulaby et al., 1982), the total scattering can be 
determined using the following equation:

  σ θ γ θ σ θ σ θ θtotal sv soil L0 2 0 0 2( ) ( )[ ( ) ( )]( )= ′ + ′ ′−  (4)

where σ θsv
0 ( )′  and σ θsoil

0 ( )′  are the backscattering coefficients of 
the snow volume scattering and the snow-ground interface scatter-
ing, respectively, and γ   (θ) is the transmission coefficient, which is 
calculated from the Fresnel reflection coefficient.

MODEL SIMULATION AND APPLICATION

In this section, we used the Rayleigh approximation and 
IEM models to analyze the surface scattering, volume scatter-
ing, and total scattering characteristics of dry snow. Figures 4 
and 5 show the volume scattering calculated using the Rayleigh 
approximation model and the snow parameters listed in Table 
2. Figure 4 shows that the volume scattering increases with in-
creasing snow grain size and depth, and the volume scattering 
coefficient is less than –20 dB when the grain size is less than 
1.5 mm and the snow depth is less than 50 cm. As shown in 
Figure 5, the volume scattering decreases with increasing inci-
dence angle, and the effect of the incidence angle is insignifi-
cant, which may be because the C-band electromagnetic waves 
can easily penetrate dry snow and the refractive index of dry 
snow is approximately 1.

Figure 6 shows the simulation backscattering coefficient of 
the snow-ground interface in the Binggou watershed on 14 March 
2008. For a surface of average roughness, the surface scattering 
decreases with an increasing incidence angle, and the scattering 
coefficient decreases rapidly as the incidence angle is rapidly 
narrowed. For any constant value of l, the scattering coefficient 
increases with an increasing value of σ. The scattering coeffi-

FIGURE 4.  Volume scattering as a function of mean snow grain 
radius at various snow depths. The following parameters were 
used: frequencies, C band; polarization, VV; incidence angle, 
45°; snow density, 187.26 kg m–3; radius of water inclusions, 1.5 
mm; snow dielectric constant, (1.35, –0.007); and water dielectric 
constant, (86, –36).

FIGURE 5.  Volume scattering as a function of incidence angle 
and various snow depths. The following parameters were used: 
frequencies, C band; polarization, VV; snow density, 187.26 kg 
m–3; radius of ice, 1 mm; radius of water inclusions, 1.5 mm; snow 
dielectric constant, (1.35, –0.007); and water dielectric constant, 
(86, –36).
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cient is greater than –20 dB when σ is greater than 0.4 and the 
incidence angle less than 60°. Because of the low dielectric con-
trast between the surface of the snow and the overlying air (West, 
2000), the surface scattering of the snow-air interface is always 
negligible. As shown in Figure 7, the scattering due to the snow-
air interface is much less than that of the snow-ground interface 
shown in Figure 6.

Using Equation 4, the total backscattering with various snow-
ground roughness conditions was calculated and compared with 
the backscattering measured on 14 March 2008 (Fig. 8). The 
variation in the total backscattering is similar to that of the snow-
ground interface backscattering, which was calculated using the 

FIGURE 7.  Snow/air interface scattering as a function of 
incidence angle and various standard deviations of surface 
height. The following parameters were used: frequencies, 
C band; polarization, VV; correlation length, 1.5 cm; snow 
dielectric constant, (1.35, –0.007); and air dielectric constant, 
(1.0, 0.0).

FIGURE 8.  Total backscattering as a function of incidence angle 
and various standard deviations of surface height. The following 
parameters were used: frequencies, C band; polarization, VV; 
radius of ice, 1 mm; radius of water inclusions, 1.5 mm; correlation 
length of soil, 6.5 cm; snow depth, 30 cm; snow dielectric constant, 
(1.35, –0.007); and water dielectric constant, (86, –36).

FIGURE 6.  Snow/ground interface scattering as a function 
of incidence angle and various standard deviations of surface 
height. The following parameters were used: frequencies, C band; 
polarization, VV; correlation length, 6.5 cm; snow dielectric 
constant, (1.35, –0.007); and soil dielectric constant, (5.0, –0.2).

IEM. Figure 8 shows that the total backscattering coefficient de-
creases rapidly with a decreasing incidence angle and increases 
with an increasing standard deviation of the height. Comparing the 
total backscattering coefficient with the values measured using the 
ASAR image, we found that the calculated and measured backscat-
tering coefficients agree well with the σ between 0.5 and 0.6 cm. 
In summary, the backscattering of C-band SAR data is governed 
by the snow-ground interface scattering, and the dielectric constant 
and roughness of soil are the most important factors that determine 
dry snow backscattering.

Estimation of the Snow Water Equivalent
THE SWE RETRIEVAL ALGORITHM

As discussed in the previous section, the backscattering of 
dry snow is governed by the snow-ground interface surface scat-
tering. The roughness of the scattering surface, the dielectric con-
stant and other physical properties are the primary parameters 
that affect the backscattering. The mixture of various minerals 
and ice in the frozen soil has a relative dielectric constant be-
tween 2 and 4, and this value is independent of temperature (Ul-
aby et al., 1986). Liquid water has a high dielectric constant, and 
the presence of a small amount of liquid water in the soil signifi-
cantly increases the soil’s dielectric constant. Even at very low 
temperatures, a soil’s dielectric constant may exceed that of ice 
and dry materials (Hallikainen et al., 1985; Dobson et al., 1985), 
which indicates that a small amount of liquid water in the soil 
remains unfrozen. The amount of liquid water in the frozen soil is 
primarily determined by the soil temperature, total water content, 
and soil texture. In general, the temperature is the most important 
factor (West, 2000). Therefore, in soil with a high liquid water 
content, the dielectric constant is sensitive to variations in soil 
temperature, particularly when the soil temperature is below 0 °C 
(Liou and England, 1996).

Bernier and Fortin (1998), Bernier et al. (1999), and 
Gauthier et al. (2001) determined that the thermal resistance 
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of snow affected the underlying soil temperature, the dielec-
tric constant of the soil varied with the soil temperature when 
it was less than 0 °C, and the snow-ground interface scattering 
was sensitive to the soil’s dielectric constant. Based on these 
findings, these investigators developed a method for estimat-
ing the SWE using only a few field snow measurements and 
SAR data. To reduce the effects of the topography and the 
speckle of the SAR images, a ratio image was used instead of 
a single snow image.

FIGURE 9.  Relationships between the snow depth and 
temperature. (a) Site D, (b) Site E, and (c) Site F.

FIGURE 10.  Relationship between the soil temperature and 
volumetric water content on 14 March 2008.

Before apply this algorithm to the Binggou watershed, we first 
analyzed the primary snow and soil characteristics. We used the 
measured snow layer data to analyze the relationship between the 
snow temperature and thermal resistance. As shown in Figure 9, we 
selected three snow pits at sites D, E, and F and analyzed the snow 
temperature variations at various depths. At site D, the snow tem-
perature decreased from –3.7 °C to approximately –8 °C between 
the surface and a depth of 20 cm and then increased below a depth 
of 20 cm. The snow temperature was approximately –5 °C at a depth 
of approximately 65 cm. The average snow depths at sites E and 
F were approximately 30 cm, and the trends there were similar to 
those observed at site D (Fig. 9, parts b and c). This trend in varying 
temperatures with depth was caused by the insulation property of the 
snow, which was described by the following equation:

 R d
C

=   (5)

where R (°C m2 s J–1) is the thermal resistance, d is the snow depth, 
and C (J °C–1 m–1) is the snow’s thermal conductivity, which is a 
function of the snow’s density expressed in kg m–3. In this paper, C 
was calculated using the equation given by Raudkivi (1979):

 C = 2.83056*10-6 * ρ2 - 9.09947*10-5 * ρ + 0.031974 (6)

The weather station data were used to analyze the trend in 
the soil’s volumetric water content with variations in the soil tem-
perature within the uppermost 5 cm (Fig. 10). As shown in Fig-
ure 10, the liquid water content increases rapidly with increasing 
soil temperature. The AWS1 (the weather station 1) shows that 
when the soil temperature increases from –9 °C to –5.8 °C, the 
volumetric soil water content increases from 2.6% to 6.5%. Be-
cause the elevation of AWS2 is much less than that of AWS1, the 
temperatures of AWS2 (the weather station 2) were higher than 
that of AWS1. The AWS2 shows that when the soil temperature is 
greater than –5 °C, the trend in the volumetric water content is in 
accordance with that of AWS1.

Figures 9 and 10 show that the thermal resistance of the 
snow cover affected the underlying soil’s temperature and that the 
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temperature of the underlying frozen soil determined the soil’s 
volumetric water content. Because the soil’s dielectric constant is 
sensitive to the soil’s volumetric water content and the backscat-
tering signal of soil is determined by the soil’s dielectric constant, 
the snow’s characteristics affect the backscattering signal record-
ed by the SAR sensors. Therefore, the SWE can be estimated 
using the snow’s thermal resistance. To derive the SWE using the 
algorithm developed by Bernier and Fortin (1998), two equations 
were developed. The first equation is an exponential relationship 
between the snow’s thermal resistance and the backscattering ra-
tio image:

  R = exp (σ
ratio

 + a / b) + c  (7)

where σ
ratio

 = σ
s
- σ

r
; σ

s
 and σ

r 
are the backscattering coefficients of 

the snow image and reference image, respectively; and a, b, and c 
are empirically derived variables.

The second equation is a linear relationship between the 
snow’s thermal resistance and the SWE:

  SWE = αR + β (8)

Because of the variation in snow density over a large area, α may 
be a function of snow density. In this study, an average value of the snow 
density was used, and α and β were variables that are to be derived em-
pirically. Finally, after the coefficients in Equations 7 and 8 are deter-
mined, the R image can be calculated from Equation 7, and a map of 
the SWE can be derived from the estimated R image using Equation 8.

RESULTS

After all of the SAR data were processed, we calculated the ratio 
image and the snow thermal resistance using approximately half of the 
experimental data from each site (the other data were used to validate 
the inversion results). Figure 11 shows the relationship between the 

TABLE 4

Comparison of estimated average SWE values and measurement data.

Sites
Measurement  
SWE (mm)

Standard deviation 
(mm)

Estimated  
SWE (mm)

Standard deviation 
(mm)

Absolute 
errors (mm)

A 36.7 7.8 42.6 13.5 –5.9

B 62.5 6.7 67.0 7.7 –4.5

D 80.9 28.8 74.7 16.4 6.2

E 59.8 21.1 46.2 11.0 13.6

F 41.1 11.6 36.1 10.3 5.0

H 35.2 6.9 30.1 4.6 5.1

FIGURE 11.  Relationship between the 
measured thermal resistance and the ratio image 
values of the field measurement sites.
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ratio image values and the calculated snow thermal resistance values. 
All of the values of R exceed 0.5, and there is a natural logarithmic 
relationship between σ

ratio
 and R. Thus, Equation 7 can be written as:

 R = exp (σ
ratio

 / 2.4519 + 8.6316 / 2.4519) + 0.4538
 
 (9)

The snow’s thermal resistance is determined by the snow 
depth and density. Because we assumed an average density, the 
values of R reflected the snow depth distribution. Sites with low 
thermal resistance will display large temperature drops, result-
ing in smaller signal ratios than those of other sites (Bernier and 

Fortin, 1998). The opposite is the case at sites with high thermal 
resistance.

By analyzing the relationship between R and SWE using a 
portion of the field measurement data (Fig. 12), Equation 8 can be 
written as

 SWE = 19.6176R + 7.4909 (10)

The distribution of R reflects the distribution of the snow 
depth. As indicated by Equation 5, the values of R increase with 
the snow depth; Figure 11 also shows this relationship. The snow 

FIGURE 12.  Relationship between the ratio 
image and the SWE measured at the field 
measurement sites.

FIGURE 13.  Distribution of the 
SWE retrieved from EVISAT-ASAR 
data on 14 March 2008.
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depths at sites D, B, and E were greater, and these sites exhibited 
greater thermal resistance.

When using SAR data to measure snowpack parameters 
in mountainous areas, topographic distortions must be consid-
ered. In this study, we excluded all pixels that were affected 
by layover, shadows, or inappropriate local incidence angles 
(Nagler and Rott, 2000; Sun et al., 2013). After all of these 
distorted pixels were masked, we estimated the R image using 
Equation 9 and then retrieved the SWE map using Equation 
10 (Fig. 13). The SWE map shows that the SWE of the snow 
cover in the southern regions was generally greater than that 
of the northern regions and that the snow accumulations were 
thicker in the valley areas.

Validation
Because of the effects of the topography and wind, there 

was great variability in the spatial distribution of snow in the 
Binggou watershed (Table 2). To validate the SWE estimates, 
we compared the remaining SWE measurement data that were 
not used (described in the previous section) to the estimates 
of SWE (Table 4). The average estimated SWE and measured 
SWE values were 49.45 mm and 52.7 mm, respectively. The 
average mean absolute error was approximately 3 mm. The root 
mean square and relative errors were 7.41 mm and 6.17%, re-
spectively. The measurement data indicated that the estimated 
SWE varied greatly from one site to the next. The snow cover at 
site H contained the minimum estimated SWE (30.1 mm), and 
the snow at site D contained the maximum SWE (74.7 mm). The 
SWE at site E exhibited the maximum mean absolute error (13.6 
mm), and the SWE at site B exhibited the minimum mean abso-
lute error (4.5 mm). The mean estimated SWE in the Binggou 
watershed measured 41 mm, and the maximum SWE was 215 
mm. Because of the large spatial variation in the distribution of 
snow cover, there was a large standard deviation in the SWE 
data (32 mm).

Figure 13 shows that the variation in SWE measurements 
in the Binggou watershed is clearly due to topographic and el-
evation variations. The SWE of the snow cover in the higher 
elevation portions in the southern part of the watershed were 
generally greater than those of the lower elevation portions in 
the northern region. Due to the effects of blowing snow, snow 
accumulations were thicker in the valley areas, such as at site 
D. Solar radiation was also an important factor in the distribu-
tion of snow across the watershed. By analyzing the snow water 
storage and the topography, the data revealed that snow accu-
mulated primarily on the northeast-facing slopes, followed by 
the north-, west-, and northwest-facing slopes. The south- and 
southeast-facing slopes had the least snow (Fig. 14, part a), and 
the snow was concentrated between elevations 3700 and 4200 
m (Fig. 14, part b). These findings indicate that the distribu-
tion of snow at the lower elevations was determined by the tem-
perature, and wind redistributed the snow in the high-elevation, 
vegetation-free areas.

After performing the SAR snow cover investigations on 
14 March 2008, we also estimated the SWE in the Binggou 
watershed by way of airborne microwave radiometry on 29 
March 2008 (Che et al., 2012). After comparing these micro-
wave radiometry SWE estimates with their corresponding SAR 
estimates, we noted that the snow water storage estimate using 
SAR was slightly lower than that estimated using microwave 
radiometry (1.14 × 106 m3 versus 1.18 × 106 m3). This discrep-

ancy was due to a snowfall event that occurred between 14 and 
29 March 2008. The characteristics of the snow water storage 
distribution were also compared (Figs. 14 and 15). Figure 14 
shows that the topographic and elevation characteristics of the 
radiometry SWE estimates are similar to that of the SAR SWE 
estimates, and there was a good agreement between the SWE 
estimates using the two methods.

Discussion
In this study, we used the Rayleigh approximation model 

and the IEM to simulate the snow volume backscattering and 
surface backscattering with field snow cover data. The results 
indicated that the volume backscattering coefficient was less 
than –20 dB when the snow depths were 20–50 cm and the grain 
sizes were 1.5 mm. The backscattering coefficient of the snow-
ground interface exceeded –20 dB when the standard deviation 
of the height was greater than 0.4 and the incidence angle was 
less than 60°. Because the dielectric constant of the dry snow 
at the surface was similar to that of air (1.35 and 1.0, respec-
tively) and the reflection coefficient of the snow-air interface 
was small, the backscattering coefficient of this interface was 
relatively small and was ignored. The calculated backscattering 
coefficient by using these models and the measured backscat-
tering coefficient were compared. In this case, when the σ value 
was between 0.5 and 0.6, there was good agreement between the 
measured and simulated backscattering coefficients. This find-
ing indicated that the C-band SAR backscattering coefficient of 
dry snow was governed by the scattering of the snow-ground 
interface, and the roughness parameters and dielectric constant 
of the soil were the factors that most strongly affected the SAR 
backscattering coefficient of the dry snow.

Based on the previous analysis, we estimated the SWE of 
the Binggou watershed using Equations 9 and 10. Although 
this method underestimated the SWE by approximately 3 mm, 
our analyses indicate that it was possible to estimate the SWE 
of dry shallow snow cover using C-band SAR data and a small 
number of ground measurements. The variations in the densi-
ties of snow layers must be taken into consideration in areas 
of deep snow cover, where the SWE may be a function of the 
snow density and thermal resistance. In addition, the param-
eters of Equations 9 and 10 may vary from one region to the 
next due to the terrain and climatic factors. The snow’s depth 
and density determine its thermal resistance, and these varia-
tions in snow density and depth also determine the coefficients 
of Equations 9 and 10.

Conclusions
We performed a study of snow cover in the upper reaches of 

the Heihe River on 14 March 2008 using ENVISAT-ASAR data 
and ground-based snow observations. Specifically, we used mi-
crowave scattering models to analyze the C-band SAR scattering 
characteristics of snow-covered areas and estimated the distribu-
tion of the SWE using SAR data and snow cover data measured 
in the field. The analysis of the models indicated that the C-band 
SAR backscattering coefficient of the dry snow was governed by 
the scattering of the snow-ground interface, and the dielectric con-
stant and roughness parameters of the soil were the primary factors 
that affected the dry snow backscattering. The field snow cover 
measurements indicated that the snow temperature decreased with 
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increasing snow depth when the snow depth was less than 20 cm, 
and the temperature increased with increasing snow depths below 
a depth of 20 cm. The soil observation data indicated that the liquid 
water content of the soil rapidly increased with increasing tem-
perature. The snow thermal resistance affected the underlying soil 
temperature, and the amount of liquid water within the frozen soil 
strongly increased with the temperature. The dielectric constant of 
the soil was sensitive to the liquid water content, and the scatter-
ing by the snow-ground interface was strongly determined by the 

soil dielectric constant. In other words, the snow’s thermal resist-
ance affected the dielectric constant and the backscattering signal 
recorded by the SAR sensors. Accordingly, we estimated the SWE 
of Binggou watershed using the SAR data and limited field snow 
measurements, and the results indicated that the SWE was under-
estimated by approximately 3 mm.

This study indicates that the SWE can be estimated using C-
band SAR data and a small number of snow ground measurements 
in areas of shallow dry snow cover, such as in northwestern China. 

FIGURE 14.  Snow water storage 
distribution based on SAR SWE 
mapping. (a) Aspect, and (b) 
elevation.

Downloaded From: https://bioone.org/journals/Arctic,-Antarctic,-and-Alpine-Research on 19 Mar 2024
Terms of Use: https://bioone.org/terms-of-use



SHAOBO SUN ET AL. / 325

Future work may include the analysis of the backscattering char-
acteristics of areas of deep snow cover and the retrieval of corre-
sponding SWE maps.
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