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Abstract: Soil salinization is a major concern for agricultural development in arid areas. In this paper, a modified
Dobson dielectric model was applied to simulate the dielectric constant of saline soil in the Ugan-Kuga river delta
oasis of Xinjiang Uygur autonomous region, northwestern China. The model performance was examined through
analyzing the influences of its parameters on the soil dielectric constant and the relationship between radar back-
scattering coefficient and the dielectric constant of saline soil. The results of the study indicate that: (1) The real part
of the soil dielectric constant is affected by soil water content at low radar frequencies; the imaginary part is closely
related with both the soil water content and soil salt content. (2) The soil water and salt contents are related with the
coefficient of dialectical loss, which is consistent with the natural conditions of saline soil in arid areas and provides
valuable references for the study of soil dielectric properties. (3) The changes of soil water content and soil salt
content have instant influences on the dielectric constant of saline soil. Subsequently, the radar backscattering
coefficient is affected to respond to the dielectric constant of saline soil. The radar backscattering coefficient is most
responsible to the radar’s cross polarization pattern with a correlation coefficient of R?=0.75. This study provides a
potential method to monitor soil salinization and soil water content by using a soil dielectric model and radar tech-
niques.
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Soil salinization is one of the most common processes
harming soil quality, especially in arid and semi-arid
regions (Wang, 1993). It is estimated that salinized
land accounts for 4.88% of the total useable land areas
in China, and the percentage is up to 9.40% in the arid
and semi-arid western China. That is to say, more than
two-thirds (69.03%) of China’s salinized soil is in the
arid and semi-arid regions of the country (Tian et al.,
2000).

Apart from salinization due to natural processes,
soil salinization is also more likely a process which is
affected by increasingly intensive human activities.
This is evident in the fact that most fast salinized soils
are often found in oasis regions in the arid and
semi-arid areas. Such spatial overlapping of soil
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salinization and human activity in the arid and
semi-arid regions points to a potential vicious cycle
(Zhao, 1991). On one hand, soil salinization causes
further degradation of soil quality hence reduces soil
usability and crop productivity. On the other, the re-
duced land carrying capacity might cause further in-
tensification of human activities hence aggravate fu-
ture soil salinization. This is especially true in western
China under the current regional development strategy
of developing the Great West (Ha, 2009). To mitigate
further soil salinization, it becomes imperative to de-
velop effective and efficient means that can evaluate,
monitor, and possibly forecast soil salinization in arid
and semi-arid regions (Dehaan and Taylor, 2002;
Dong et al., 2007).
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In recent years, monitoring and evaluating soil salt
contents via remote sensing images has become an
increasingly useful approach in arid and semi-arid
regions (Amezketa, 2006). Many researchers (Qiao,
1996; Saysel and Barlas, 2001; Stasyuk, 2001; He et
al., 2004; Shi et al., 2004; Pankova, 2007) have car-
ried out various studies on soil salinization by concen-
trating on salinization monitoring and modeling.
Though in the early stages, visible, infrared and
near-infrared spectra have been used to monitor and
evaluate soil water and salt contents, they often be-
come much less effective if there are clouds over the
study regions (Shi et al., 2002). On the other hand,
microwave radar can penetrate clouds rather effort-
lessly (Bindlish and Barros, 2001). In addition, vege-
tation scattering models such as water-cloud model
(Attema and Ulaby, 1978) and MIMICS model (Ulaby
et al., 1990) are often employed to remove the effects
of vegetation cover on radar signal, which renders
microwave radar to be a primary choice to monitor
and evaluate soil water contents. Studies employing
microwave radar for soil salt content monitoring
and evaluating, however, still remain quite limited.
The few available studies focus primarily on con-
ceptual and qualitative discussions (Yang et al.,
2003; Davenport et al., 2005; Wang et al., 2005; Wu,
2006).

This study aims to propose a new, more quantified
approach to monitor and evaluate soil salt contents in
arid and semi-arid regions via microwave radar. The
approach is based on the dielectric model of saline soil
and the backscattering coefficient of the microwave
radar image. According to Shao et al. (2002), the
imaginary part of the dielectric constant is closely re-
lated with the salt content of saline soil. In the mean-
time, the backscattering coefficient of the radar image
comes as a composite indicator of various soil pa-
rameters, and are also parameters used to calculate the
dielectric constant. This study hence attempts to build
a relationship between the backscattering coefficient
of the radar image and the salt contents of saline soil
via the dielectric constant. Apparently, being able to
accurately identify how the salt content of saline soil
is associated with the backscattering coefficient of the
radar image requires accurate calculation of the di-
electric constant. The traditional dielectric model of-

ten fells short for providing proper accuracy to obtain
the dielectric constant in arid and semi-arid areas. On
the other hand, the corrected dielectric model, i.e. the
Dobson dielectric model, seems to give better results.

1 Study area

The current study focuses on the Ugan-Kuqa river
delta oasis which is located to the south of the Tian-
shan Mountains and at the north of the Tarim Basin,
with geographic coordinates of 41°06'—41°38'N and
81°26"-83°17'E (Fig. 1). The climate is very dry with
an aridity index of 44.37 and an annual precipitation
ranging from 46.4 to 64.5 mm, which is practically
negligible compared with the potential evaporation of
1,992-2,863 mm/a. Precipitation is too scarce to re-
move the accumulated salt from the soil. The oasis
used to have sufficient water resources to support its
agricultural development. Situation has changed
since the 1970s, however, due to the faster devel-
opment at the upper reaches of the rivers. An in-
creased use of water has led to the decrease of water
resources in the lower reaches. Gradually, the water
courses of the rivers dried up; the desert expanded;
and the primary vegetation covers degenerated. At
present, the oasis has a typical desert vegetation
which shows further degradation (Zhang et al., 2009;
Ma et al., 2011).

2 Methods and data processing

2.1 The modified Dobson dielectric model

Hu (2003) has collected soil samples with five differ-
ent textures, and produced 150 soil samples with dif-
ferent salt and water contents. Using Microwave net-
work analyzer coaxial probe technique, they measured
the dielectric constants of the samples. In addition,
basing on the standards generated by the soil texture
triangle used by the Department of Agriculture, USA,
they calculated the contents, along with soil texture
types and other parameters, of differently-sized parti-
cles of the soils via the standard measurement meth-
ods of soil science (Hu, 2003). The final data were
analyzed and used to correct the Dobson model to
better fit the saline soil.

The modified Dobson dielectric model of saline soil
can be expressed as follows:
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Fig. 1 Landsat 7 image (R:7, G:4, B:1; left) and the distribution of sampling points in a quad-polarization Radarsat image (April 2010;

right) of the study area
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Where p; is soil particle density, and is often assigned
the value of 2.65 g/em’; p,, is soil bulk density; S is
soil salt content; m, is volumetric water content; « is
the shape factor, and is assigned a value of 0.65; and
is the combined water correction coefficient, which
takes the values:

B =(127.48-0.5198,,, —0.512C,, ) /100.  (2)

By =(133.797-0.603S,,, —1.66C,,, )/100.  (3)

Y is root-mean-square height, and takes the value:

_ A& (p=ps) Py
=L IR “)
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Where 4 is determined by the types of salt ions in the
soil solution. For NaCl, A4 is usually 1. & is the first
order coefficient of electric conductivity and salt con-
tent in the Stogrny salt water model (Stogrny, 1971),
and it often takes the value of 0.14; &, is the dielectric
constant in the vacuum. S,,,is sand content of the soil,
Clay is clay content of the soil, and y is temperature
correction coefficient, expressed as:

% =[1-1.962x107A+8.08x10°A* AN
{3.02><10-5 +3.922x10°A+ N Q)

(1.721x10° —6.584><10’6A)}].
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Where N is the ion concentration, and A=25-t.

2.2 Analysis of the relationships between dielectric
model parameters and dielectric constant

Apparently, the above-mentioned corrected Dobson
dielectric model is more suitable to deduce the dielec-
tric constant of saline soil. Hu (2003) has summarized
the various parameters of the five soils with different
texture and particle sizes. To analyze the relationships
between these parameters of dielectric model and the
dielectric constant, we designed the value ranges for

other parameters (Table 1). In the meantime, this
study focuses on a sandy silt soil, with a sand content
of 20.84% and a clay content of 1.02% (Hu, 2003),
which resembles closely to soil types in the arid and
semi-arid regions. We simulated the soil bulk density
with soil temperature /=26°C and p;=1.4 g/cm’. The
real and imaginary parts of the dielectric constant were
then calculated via the dielectric model of saline soil. In
so doing, we are able to examine the relationships be-
tween the model parameters and the dielectric constant.

Table 1 Input parameters of the dielectric model of saline soil

Volumetric water content (%) Frequency (GHz) Salt content (z/kg) Soil temperature (°C) Ton concentration (%)  Bulk density (g/cm®)
Min. 5 0.1 1 —40 3 0.8
Max. 95 48.0 48 40 75 2.0
Step 5 2 2 5 3 0.05

2.3 The backscattering characteristics of saline soil

Fung et al. (1992) proposed that the backscattering
coefficient can be expressed as an Integral Equation

Model (IEM) as follows:
k2 ) X
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n
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Where k is space free beam, k,=kcos6, k,=ksind,
W"(-2k,,0) is surface roughness spectrum, pp is po-
larization pattern, o’ is the variance of the surface, and
n is scattering term.

In Eq. 6:
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F,(-k.,0)+F,,(k.,0) in Eq. 7 are expressed as

follows:
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R,, and R;;, are Fresnel reflectance coefficients of hh
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It can be seen that the dielectric constant is a com-

v =

(10)

hh

posite index of soil water, salt content and measuring
frequency (Eq. 1). The backscattering coefficient of
sample surface is closely related with its Fresnel re-
flective coefficient, while the latter is directly related
with soil dielectric constant (Eq. 6). In this paper, we
attempt to first calculate Fresnel reflective coefficient
and analyze how it is related with soil water and salt
contents through the dielectric constant. Then the
relationship will be linked with the backscattering
coefficient, hence providing a basis for using mi-
crowave radar images to evaluate and monitor soil
salt content.

2.4 Data acquisition and analysis

The radar image data used in this study are the Radar-
sat-2 four polarization products. The four polarization
modes are HH, HV, VH and VV. The image was ac-
quired on 13 April 2010. In the meantime, the re-
search team collected field data during the same pe-
riod (the main parameters are reported in Table 2).
The Radar band used in this study is the C band,
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which can penetrate up to 5 cm under the soil. For this
reason, we collected 28 samples at the 0—10 cm soil
depth and extracted soil characteristics as our in situ

verification reference. The backscattering coefficient
at the sample sites can also be acquired from the four
polarization images directly (Fig. 1).

Table 2 Primary parameters of Radarsat-2 system

Band Polarization mode Band width

Antenna size Active antenna Insulation degree

C-Band HH, HV, VH, VV

11.6, 17.3, 30, 50, 100 MHz

15.0 mx1.5m C-Band, T/R module >25dB

Being different from the relative smooth tone of
visible, infrared and near-infrared images, however,
radar images often contain large amount of white
noise, especially when the resolution is fine. The
backscattering coefficient of a specific pixel is often
an average of the backscattering coefficients of
neighboring pixels. In this study, the pixel of the radar
image has a resolution of 3.125 m. The backscattering
coefficient of the particular pixel is then averaged us-
ing pixels that are about 30 m from the center.

Using soil water and salt contents obtained via
fieldwork, we are able to calculate the soil dielectric
constant and Fresnel reflective coefficient via the di-
electric model of saline soil at the sample sites. A scat-
terplot of Fresnel reflective coefficient and the back-
scattering coefficient of the radar image were produced
to study the potential relationship between the two.

3 Results and discussion

3.1 Relationship between dielectric constant and
volumetric water content

We simulated the relationships between the dielectric
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real part of saline soil and volumetric water content
under six different frequencies (0.5, 1.5, 3.0, 5.0, 10.0
and 20.0 GHz). For the imaginary part, we simulated
six different relationships with volumetric water con-
tents under different salt contents (15, 20, 25, 30, 35
and 40 g/kg). The results are presented in Fig. 2.

Apparently, the real part of soil dielectric constant
is most responsive to soil water content under 0.5
GHz frequency, in which it has the highest curvature
(Fig. 2a). As the frequencies increase, the curvature
decreases, and reaches the lowest point at 20.0 GHz
frequency. The real part of the soil dielectric constant is
positively related with soil water content, and follows a
typical exponential trend.

Under the same water content, the soil dielectric
constant reaches the highest point when salt content
reaches 40 g/kg. This is also where the imaginary part
of the dielectric constant is most responsive to volu-
metric water content (Fig. 2b). As the salt content de-
creases, the curvature decreases as well, and reaches
the lowest point when soil salt content is 15 g/kg. It is
also found that the other model parameters, such as
soil sand content, clay content and soil bulk density
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Fig. 2 The relationship between soil water content (a), volumetric water content (b) and dielectric constant
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are also heavily related with the imaginary part. Yet
the relationship between the imaginary part and volu-
metric water content is the most prominent, and also
follows a typically negative exponential trend.

3.2 Relationships between dielectric constant and
frequencies

For the real part of the dielectric constant, we simu-
lated its responses to frequencies under different
volumetric water contents (Fig. 3a). For the imaginary
part, by setting volumetric water content at 30% and
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ion concentration at 0.2%, we simulated its response
to frequencies at different salt contents (10, 20, 30, 40,
50 and 60 g/kg; Fig. 3b).

The real part of the dielectric constant is most re-
sponsive to frequencies when the volumetric water
content is 60% (Fig. 3a). The curvature decreases as
the water contents decreases. The other parameters do
not seem to have strong influence over the real part. It
also suggests that as the frequencies increase, the real
part of the dielectric constant decreases (Fig. 3a).
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Fig. 3 The relationship between frequency and soil dielectric constant

The imaginary part of the dielectric constant is
most responsive to frequencies when soil salt content
is at 60 g/kg, in which the curvature reaches the
maximum (Fig. 3b). Along with the increase of fre-
quencies, the response of salt content to the imaginary
part of the dielectric constant decreases (Xiong, 2005).
Other model parameters (sand, clay contents and soil
bulk density) are not quite influential to the imaginary
part (not reported here). Figure 3b also suggests that
the imaginary part of the dielectric constant is often
quite high (over 100) at lower frequencies (less than
2.0 GHz), though it remains within reasonable ranges
(10-40) at other frequencies (Hu, 2003). As frequen-
cies increase, the imaginary part decreases, which is
more so when the soil contains higher levels of salt
content.

3.3 Relationships between dielectric constant and
soil temperature

For the real part of the soil dielectric constant, by set-

ting the frequency at 3.0 GHz, we simulated its re-
sponses to soil temperature at different volumetric
water contents (10%, 20%, 30%, 40%, 50%, 60%; Fig.
4a). For the imaginary part, by setting the volumetric
water content at 30% and ion concentration at 0.2%,
we simulate its responses to soil temperature under
different soil salt contents (10, 20, 30, 40, 50 and 60
g/kg; Fig. 4b).

Figure 4a indicates that the real part is most re-
sponsive to soil temperature when the volumetric wa-
ter content is 60%. The curvature is the highest, and
decreases as the volumetric water content decreases.
In addition, when the soil temperature is below zero,
as temperature increases, the real part of the dielectric
constant increases. Yet the trend reverses itself once
the temperature is over zero, with smaller range of
fluctuation. We argue that this might be due to the
difference of dielectric constant for water and ice.
Since the dielectric constant of water (80.0) is far
greater than that of ice (3.15), there is a large amount



702 JOURNAL OF ARID LAND 2015 Vol. 7 No. 5

W
5

@) Volumetric water content
*10% = 20% 430% <40% ~ 50% e 60%
e © © o o .
() i ® o P

o 7

W
?
L[]

Real part of permittivity (F/m)
o3
ol

20
15—| AAAAAAAAAAAAAA
04 4 °
.....--l---....
-
59 € ¢ & & & & & 6 6 6 0 0 0 0 o o
0I T

T T T
-40 -30 -20 -10 0 10 20 30 40

Soil temperature (°C)

40
® Soil salt content (g/kg)
=35 + 10
g 1 = 20
= 4 ig .
30
E 50 °
2 . 60 ~
g 254 o
Q ]
< 20+ o
2 L]
b=
8, 154 C Al
E L] A A
£ 10 ¢ 3 R L.
L]
é‘) ° * At . . v "
= 54 (] At s " - * ¢ "
[] A & L] " o ¢ L
. A g4 = o & ® *
0 s 8§ 8 o o
T T T T T T T 1
40 30 20 -10 0 10 20 30 40

Soil temperature (°C)

Fig. 4 The relationship between soil temperature and soil dielectric constant

of ice in the soil when the soil temperature is below
zero. As soil temperature increases, part of the ice
gradually melts to become water, which leads to an
increase in the real part of the dielectric constant, es-
pecially when the soil temperature is near zero and the
water content increases drastically. Once the soil
temperature is above zero, the real part of the dielec-
tric constant decreases as temperature increases,
though at a slower pace. This could be because that
higher soil temperatures enable water to contain
higher levels of soluble salt, hence reduce the real part
of the dielectric constant.

Figure 4b suggests that the imaginary part of the
dielectric constant is most responsive to soil tempera-
ture at higher salt contents, and reaches the highest in
our simulation when the salt content is 60 g/kg. It also
indicates that the increase of soil temperatures (re-
gardless of it being below or above zero) causes an
increase in the imaginary part of the dielectric con-
stant, and the relationship shows a typical exponential
trend.

3.4 Relationships between dielectric constant and
soil salt content

Soil salt content mainly influences the imaginary part
of the dielectric constant (Eq. 1). This is also one of
the primary reasons why the dielectric constant model
was used to study saline soil. We simulated the rela-
tionships between the imaginary part and soil salt
content under different frequencies (Fig. 5).

The results agree well with the common recognition
that under the same salt content, the imaginary part of
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Fig. 5 The relationship between soil dielectric constant and soil
salt content

the soil dielectric constant is the highest at lower fre-
quencies. The curvature decreases as the frequencies
decrease. In addition, other than at 0.5 GHz frequency,
the relationships between the imaginary part and soil
salt content are rather reasonable, especially at 1.5, 3.0
and 5.0 GHz frequencies. It almost follows a linear re-
lationship with higher salt contents incurring higher
imaginary part of the dielectric constant.

3.5 Relationships among other parameters and
dielectric constant

Further analyses suggest that soil bulk density and ion
concentration are also influential over the dielectric
constant of soil, though less salient than soil water and
salt contents. To keep the writing concise, we won’t
list all the results here. In addition, the real and
imaginary parts of the dielectric constant remain rela-
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tively stable within the soil temperature range of
0-20°C, which is common under natural conditions
(Fig. 3). In this regard, we conclude that it is fairly
reasonable to study soil water and salt contents via the
dielectric constant model of saline soil.

3.6 Relationship between Fresnel reflective coef-
ficient and backscattering coefficient

From field work and laboratory measurements, we
plotted Fresnel reflective coefficient of saline soil and
the radar backscattering coefficient of the sample sites
under the four aforementioned polarization modes
(Fig. 6). Figure 6 indicates that the two are mostly
positively related. Since Fresnel reflective coefficient

is a function of dielectric constant (positive), we argue
that the increase of the latter might cause the former to
increase as well. The changing range, however, re-
mains relatively small, often within 20.

Furthermore, it seems that the relationships be-
tween Fresnel reflective coefficient and radar back-
scattering coefficient are strongest at HV and VH po-
larization models. Under the other two modes, the
relationships are less obvious. This result suggests that
under the cross-polarization modes (HV and VH),
radar backscattering coefficient is probably a better
predictor for the dielectric constant of saline soil,
while it is less effective under the other two modes.
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Fig. 6 The relationships between backscattering coefficient and Fresnel reflective coefficient under different polarization modes

4 Conclusion

The real part of the soil dielectric constant responds
reasonably well to volumetric water content at lower
radar frequencies, and the imaginary part is highly

correlated to not only soil water contents but also soil
salt content. The use of soil dielectric model might be
an effective approach to monitor and evaluate soil salt
content and soil salinization processes. The experi-
ment and simulation results suggest that the dielectric
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constant agrees well with soil salt contents when soil
water content is about 10%-40%. Hereby, using soil
dielectric properties would be of particular value in
studying soil salt content and soil salinization in arid
and semi-arid regions where soil water contents are
relatively low.

Moreover, our study suggests that the relationships
among soil dielectric constant, soil water and salt
contents can be further explored via radar images. The
backscattering coefficient that can be derived from the
latter is strongly related with Fresnel reflective coeffi-
cient (especially under the cross-polarization radar
images), which is again strongly related with soil salt
contents. The results demonstrate the potential of us-
ing radar images to monitor and evaluate soil saliniza-
tion processes in arid and semi-arid regions.

Our study investigated the relationships between
the soil dielectric constant and soil salt and water con-
tents. We didn’t, however, explore the possibility of
estimating soil salt content via the corrected dielectric
model. The task apparently merits further discussion.
The immediate next step would be to establish a soil
salt estimation model using various data sources in-
cluding optical, microwave and electromagnetic re-
mote sensing techniques. In addition, we also noticed
that other factors, i.e. vegetation cover, local terrain,
surface texture, etc., might play important roles in
determining soil backscattering coefficient. Future
studies shall focus on separating these influences and
singling out the relationship between backscattering
coefficient and soil salt content.
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