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Abstract

The purpose of this paper is to study about the interrelationship between the backscattering in-
tensity of PALSAR data and the laboratory measurement of dielectric constant and soil moisture.
The characterization of the dielectric constant of arid soils in the 0.3 - 3 GHz frequency range, par-
ticularly focused in L-band was analyzed in varied soil moisture content and soil textures. The in-
terrelationship between the relative dielectric constant with soil textures and backscattering of
PALSAR data was also analyzed and statistical model was computed. In this study, after collecting
the soil samples in the field from top soil (0 - 10 cm) in a homogeneous area then, the dielectric
constant was measured using a dielectric probe tool kit. For investigated of the characteristics and
behaviors of the dielectric constant and relationship with backscattering a variety of moisture
content from 0% to 40% and soil fraction conditions was tested in laboratory condition. All data
were analyzed by integrating it with other geo-physical data in GIS, such as land cover and soil
texture. Thus, the regression model computed between measured soil moisture and backscatter-
ing coefficient of PALSR data which were extracted as same point of each soil sample pixel. Finally,
after completing the preprocessing, such as removing the speckle noise by averaging, the model
was applied to the PALSAR data for retrieving the soil moisture map in arid region of Iran. The
analysis of dielectric constant properties result has shown the soil texture after the moisture con-
tent has the largest effected on dielectric constant. In addition, the PALSAR data in dual polariza-
tion are also able to derive the soil moisture using statistical method. The dielectric constant and
backscattering shown have the exponential relationship and the HV polarization mode is more
sensitive than the HH mode to soil moisture and overestimated the soil moisture as well. The va-
lidation of result has shown the 4.2 Vol-% RMSE of soil moisture. It means that the backscattering
analysis should consider about other factors such a surface roughness and mix pixel of vegetation
effective.
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1. Introduction

In recent years, the Synthetic Aperture Radar (SAR) becomes one of the special applicable methods in land re-
mote sensing. A remote sensing scientist has approached to SAR application due to an optical sensor limitation,
particularly when it uses the optical data. The soil moisture has a key role in analyzing land cover change, hy-
drological model, agriculture application and the application in ecosystem management. SAR observations data
of the Earth’s physical surface have great potentials to information production, since the backscattered radar
signal depends on the volumetric moisture content of soil layer. Many researchers in remote sensing approach
trying to find out the algorithms for extracting information’s from the Earth’s surface (e.g. soil properties) due to
its potential where there are difficulties for access to a study area frequently and revisit for measuring and mon-
itoring with low cost.

In the active and passive microwave remote sensing, the dielectric constant is the most important parameter
for the study of soil properties particularly soil water content. The SAR backscattered signal from soil is sensi-
tive to surface parameters mainly to soil moisture and surface roughness. In microwave soil moisture remote
sensing, determining the soil moisture by measuring the value of dielectric constant is important. This is because
of the emissivity and backscattering coefficient of soil at each frequency is simulated and the soil moisture on
the ground surface is extracted from the satellite data. In an alternating electric field, permittivity varies with ap-
plied frequency [1] [2].

A knowledge of the dielectric constant properties such an emissivity and permittivity of the soil is useful for
the efficient use of soil and for sensor design in microwave remote sensing [1] [3]. The dielectric constant de-
pends on the type of material as well as its moisture state [2] [4]-[7]. These dielectric properties are going to be
functions of signal frequency, the amount and nature of water content in the soil, the chemical characteristics of
the soil such as minerals and organic matters, and the physical properties of the soil such as its structure, texture
and its bulk density [1] [8]. The base for microwave remote sensing of soil moisture is strongly dependence on
its water content due to the large contrast between the dielectric constant of Air (1), water (80) and dry soil (3 - 5)
[1] [9] [10]. The dielectric constant of soil is the physical property being very sensitive on water content.

There are several reports for finding their own studies on dielectric constant in soil particularly in wet soil
with developed soil layers and not often research has down in the arid region for dry soil with undeveloped soil
layer and less organic matter [11]-[14]. Arid soils occupy around 12% of the Earth’s ice-free land area [15]. But,
no deep knowledge is available about the mineral soil in arid area. This research aims to study about the dielec-
tric constant properties of arid soil.

Many types of remote sensing data and active and passive microwave can be used in the methods for soil-
moisture estimation [16]-[19]. By understanding the electromagnetic scatterings previously, some theoretical
models which can generate the soil moisture such as Integral Equation Model (IEM) and standard Small Pertur-
bation (SP) Model have been developed. Beside the scatter model, the statistical methods are used to retrieve the
soil moisture as well. This statistical method is based on calculations on the data to appeal a relationship be-
tween variables [2]. In active microwave remote sensing, the scatter from the remote sensing sensor information
and the field soil moisture and dielectric constant are variables. A linear regression analysis is represented
mostly by a statistical method [20]. Many statistical methods that have been realized to retrieve soil moisture are
based on converting the emitted microwave radiation, from the surface to the sensor, into mathematical values
that can be statistically analyzed [21].

This study consists of field and laboratory experiments intended to characterize the relative dielectric constant
of arid soils, in the 0.3 - 3 GHz frequency range. The interaction between soil moisture content, soil types and
dielectric constant is also covered and findings are applied the statistical method to PALSAR data for retrieving
the soil moisture.

2. Study Area and Field Work

The study area is located in northern part of Iran (Figure 1). The climate type of study area is arid and semi-arid,



S. Gharechelou et al.

- (‘w\_:’ IRAN

e 2 . = s N

§ AF N " ™\ 73 a A
9 ) \\' } Tab-rm ‘( Caspian Sea f P

L TCIITE;.;I ~ jl
. r
Kashan J
Study area [] {
¢
4 Yazd \
i N 22 \
E Ardakan b}
Study area ]
I“\/\\

\ \ ™~

b L
\_ ' — ?

) ‘\‘,ﬁ,\_ﬁ,ﬂ C B

\\

\

=

“ i
)

‘ = \S/ ") Persian Gulf, o

{ J

{ &

Figure 1. The study area using Google Earth image.

and the average of annually precipitation is 120 mm. According to the temperature and humidity regime of soil
classification, the soil of this region is categorized in Aridic. The soil in arid region in the US soil taxonomy ca-
tegorized on Aridisols class (from Latin aridus, “dry”) exhibits at least some subsurface horizon development
[15]. Land use of this area is mainly range, wildlife, recreation and non-used and agriculture and land cover in
study area is mostly the bare land, sparse vegetation and cropland in north part. Aridisols have a very less con-
centration of organic matter, reflecting the paucity of vegetative production on these dry soils.

3. Data Sets
3.1. Satellite Remote Sensing Imagery

The Advanced Land Observing Satellite (ALOS) Phased Array L-Band Synthetic Aperture Radar (PALSAR)
image from September 16, 2010 was acquired for the study area in the Fine Beam Mode (FBD). We have been
acquired the SAR data in dry season which is in September as the driest month in study area with the lowest
precipitation. The information of the SAR dataset is shown in Table 1. Before using the SAR data, radiometric
calibration, filter processing, speckle noise removing and geometric correction were done (Figure 3).

3.2. Field Observation and Laboratory Experiment Data

We went to field work on September, 2012 at the same month of PALSAR data for soil sampling from 0 - 10 cm
top soil. In addition in the field observation, the land cover and surface roughness were investigated. The thirty
five samples were collected and transported to the laboratory for experiment analysis. Sampling method was
randomly in each land unit base on homogenous area which was made by land unit map. In each sample point
on the four directions with 10 m distance sample token and after mixing the one sample prepared. To overcome
the uncertainties of the dielectric constant values for the different types of soil and moisture conditions measured
by TDR (Time domain reflectance). Soil samples were collected for dielectric constant and soil moisture content
analysis in the laboratory in Table 2. The properties of the some measured soils are presented.

The measurement of the dielectric constant was performed in seven steps by changing the moisture constant
of each sample in the natural field soil, 10%, 20%, 30%, 40% and saturated soil, and finally oven soil (Figure 2).
In order to reduce the error on the obtained values, the same measurements were repeated five times. Consider-
ing the cap sizes in Figure 2, the according the sample volume in ml and the water volume for each studied wa-
ter volume are presented on Table 3.

For each soil texture, the measurement procedure was the following:

o Measurement of the soil moisture of natural filed by TDR, weighed the samples then, measured the dielectric
constant.

To completely dry the soil inside an oven at 110°C in 24 hr.

Introduction of the soil sample inside the regular cup and to weight it after sieving the gravel.

Dielectric tool kit calibration.

Measurement of sample’s dielectric constant.

()
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Table 1. The acquired SAR images in study are.

Frequency GHz (band)

1.27 (L-band)

Wavelength (cm) 23.62
Polarization HH, HV
Acquisition mode FBD
Processing level 11
Orbit ascending Ascending
Acquisition date 16.9.2010
Table 2. Physical properties of soil samples in study area.
Field No. Soil texture Sand% Silt% Clay% Bu(llg/g;rgity n:ggjg& Gr?r\]/(i)rir;gfrri; /joil Land cover
23 Loam 30.2 54.1 15.7 1.58 3.3 4.12 Sparse vegetation
21 Silt loam 18.2 68.2 13.6 1.82 8.6 7.92 Bare land
14 clay 51.6 333 15.1 1.60 10.6 9.6 Bare land
9 Silt clay 9 52 39.1 1.50 25 27.11 Sparse vegetation
1 Sand 82.1 12.6 53 2.30 2.3 1.8 Bare land

Table 3. Water quantity vs. volumetric soil moisture.

Soil moisture volumetric (%) Water volume (ml)

10 15
20 24
30 @
40 57

o Introduction of 15 ml of water (10% water content) uniformly distributed in the cavity.

o Weight of the new sample for gravimetric soil moisture.

e Measurement of samples dielectric constant for each soil type and computation of the dielectric constant for
the next water content for instance 20% then repeat for same soil type.

4. Analysis Method

4.1. Image Preprocessing for PALSAR

In this study, the PALSAR image was converted from the provided format in the Digital Number (DN) values,
to the backscattering intensity information also known as the backscattering coefficients or the normalized Ra-
dar cross section expressed using Equation (1):

o =10x1og10(DN)’ +CF @
where o is the backscattering intensity represented in decibel units (dB) and CF (equal to —83.4) is the cali-
bration factor for the data obtained, depending on the observation period and polarization [22].

4.2. Dielectric Constant Analysis

The dielectric constant is the complex measurement form water, mineral soil, organic and salinity. The real and
imaginary parts of the complex dielectric constant of different soil texture in different land cover with varied
moisture content have been determined experimentally under laboratory conditions. Dielectric permittivity (¢')
is a complex function with real and imaginary components and is defined as:

g =¢-je" )
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Figure 2. The land cover of sparse vegetation (a), field soil sampling (b), the
soil moisture changing in laboratory (c) and the dielectric constant measure-
ment at microwave remote sensing laboratory (d).

Figure 3. The ALOS PALSAR image (HH mode in dB) of study area.

where j is the square root of —1. The real part (&’) is often expressed as the relative permittivity (er), which is
the ratio of the electric-field storage capacity to that of free space [8] [11] [16]. The relative permittivity is a
frequency dependent variable and decreases with increasing frequency [5]. The imaginary part (&") of the di-
electric permittivity is usually expressed in terms of dielectric losses, which include dispersive losses, as well as
free-water relaxation and bound-water relaxation losses.

In this study, we have completed dielectric constant measurements for thirty five samples with different mois-
ture contents (from dry soil to 40% moisture content in a seven steps). The dielectric constant of soil samples
was measured in a microwave remote sensing laboratory using a network analyzer with an open air probe tech-
nique (Agilent 85070E dielectric tool kit) [23]. The measurement frequency was from 0.3 to 3 GHz with 200
sampling points. We tried to this frequency range because we have supposed to cover the L-band (1.27 GHz)
same as ALOS PALSAR data.

4.3. Statistical Analysis between Field Observation Data and Satellite Data

Statistical model distinguished such a method to investigate the relationship between the remote sensing DN
values with the geo-physical characteristics normally is based on the statistical relationship. We have carried out
a statistical analysis for formulating relationships among the laboratory experiment and field observation data of
the soil moisture content and the SAR data. The process will be taken by analyzing the relationships between
SAR backscattering intensity (o) and the dielectric constant (&’ ), soil moisture content in different soil type.

10 m pixel spacing PALSAR image compare with varied soil moisture content in different soil type. The pro-
cedure for the relationship analysis was taken through multiple approaches:



S. Gharechelou et al.

a) Each soil texture in different moisture content.

b) Specific soil texture in different level of moisture content (from 0% to 40%).

c¢) Combine the all samples to gather in same soil moisture condition.

We tried to do the above approaches due to the SAR backscatter mechanisms complexity in the soil surface
areas are. Typically, the backscattering of soil has relationship with soil moisture and trough the understanding
the soil moisture necessity to find out the dielectric constant of soil in different level of moisture and soil texture
as well. It is difficult to observe any trends when we come across making relationships with the backscattering
and dielectric constant of different soil texture with varied soil moisture content. For the reason that, the back-
scattering even so affected by moisture content but, the surface roughness and vegetation water content and
sensor characteristics like frequency and incident angle also affected to SAR backscattering. Then, we tried to
break the whole samples to a smaller group and see how the backscattering will respond to those structures.

5. Results and Discussion
5.1. Relationship Analysis among the Soil Moisture Dielectric Constant and Backscattering

Overall, more than 520 measurements, for a total of 40 samples, of ¢’ and &" were performed, from 0.3 to 3
GHz, on four different soil texture subjected to various moisture conditions. The first step in the analysis of the
data was to compare the measured values with those calculated on the natural soil basis of the & and &" out-
lined in the dielectric constant tool kit (Figure 2 and Figure 3).

The volumetric water content range at laboratory was in 10% to 40%. The graph trend shown that typically,
the real part ¢’ slowly decreases with an rising of frequency, the imaginary part &” rapidly reducing with an
increase of frequency, especially in the low frequency range, however we did not used the wide frequency range
and it was tough to discriminate. Furthermore, the ¢" value is always bigger than the &" and it never gives
the negative value. Other researchers have shown the dependence of & and &" on soil composition as well
[2] [8] [10] [13]. According to interaction of soil texture, it seems the soil texture after the moisture content has
the largest effect on the dielectric constant with assign the same frequency. Although, by this expression we are
able to find the relationship with dielectric constant and backscattering that has linear relationship but the vege-
tation water content if the land cover is not bare area should be minded. Other items which have an important
role in the soil surface roughness can influence backscattering coefficient [11] [12].

The backscatter always has linear correlation with dielectric constant since with increasing the dielectric con-
stant the backscatter is increasing. The dielectric constant has linear correlation with soil moisture as well. We
plot the dielectric constant against the backscattering intensity of two HH and HV polarization of study area in
Figure 4. Figure 4 has shown that when the soil moisture increases the backscattering rises due to the dielectric
constant. But, the relationship is polynomial since if the soil is very wet and/or muddy, the backscattering starts
to decrease. The graph shows that the HV polarization mode is also more sensitive than HH mode to soil mois-
ture and HV compared to HH mode which has higher backscattering. The dielectric constant plots out with va-

14
#S1: Sand E59:Silty Clay . #S1: Sand m S9:Silty Clay
S14:Clay %$21:Slity Loam 3 S14:Clay % S21:8Slity Loam

10 #823:Loam

REAL PART

IMAGINARY PART
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Figure 4. Frequency variations of the real (a) and imaginary (b) parts of the dielectric constant of the sample derived from
laboratory measurements at 10% moisture content levels.
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ried soil moisture content of different soil texture in Figure 5. The result showing each specific soil has different
trends which are based on that how much the soil can reserve or save the moisture content depend on the physi-
cal and chemical characteristics. For intense, the clay soil can keep the much amount of soil moisture than the
sandy soil.

The particle size of different soil textures can affect the speed and height of water movement through capil-
lary action in the soil. In general, the capillary water in loamy soil rises relatively quicker and to a greater height
compared to clay and sandy soils. The four different soil textures are analyzed, and the representative texture
types of this region are sandy and clay, silt and loam soils, which are thoroughly analyzed at L-band frequency
(Figure 5 and Figure 6).

5.2. Statistical Analysis of Backscattering vs. Soil Moisture

Many approaches have been developed to retrieve soil moisture from microwave measurements, which can be
grouped into two main categories: statistical techniques and forward model inversion [10]. Statistical approaches
are generally based on the regression analysis between measured physical parameter, backscattering and surface
soil moisture. For each group of satellite observations, regression relationships are established between meas-
ured parameter and backscattering. Statistical approaches are simple and efficient, which have demonstrated the
capabilities of microwave remote sensing techniques for monitoring soil moisture.

Linear inversion is based on a simple least squares fitting of the desired parameter and model simulations of
the backscattering coefficient, and is often applied at larger spatial scales [17] [19]. While the accepted relation-
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Figure 5. The comparison between the soil moisture and backscattering intensity in HH (a) and HV (b).
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Figure 6. Dielectric constant behavior of clay (a) and silt soil texture (b) with varies mois-
ture content.

ship between backscatter and soil moisture is non-linear, the relationship between radar backscattering signal
and surface soil moisture could be approximated by a linear function. If the relationship is assumed non-linear,
the form of the non-linear model used in inversion varies from exponential to polynomial [17].

In this research, we derived the land unit map and found the surface roughness average with field observation
and made the polynomial regression in multi inversion for retrieving the soil moisture map. In order to retrieve
the soil moisture, a regression model (Equation (3)) with dielectric constant data and backscattering was made
and applied to PALSAR data in HH and HV polarization mode (Figure 7 and Figure 8).

The result of soil moisture map indication of the low moisture content is located in bare area and the higher
are in lowland, herbaceous and crop residue since the vegetaion water content in the vegated cover areas achives
the higher backscatter. It also depends on the surface roughness of the type of land cover.

Mv? = —0.285207,, +3.040307,, —32.518 ®)
Mv? =0.0042¢7,,, —0.182157,, —15.324

6. Conclusion

As expected, both real and imaginary parts of the dielectric constant increase with water content. The result of
dielectric constant properties has shown therewas notconsiderably variation of the real and imaginary part of the
dielectric constant with frequency of L-band (1 - 2 GHz) also it was appreciated for any soil texture and mois-
ture content. However, at frequencies above about 1 to 1.5 GHz the &" rises with increasing water content. At
frequencies below 1.5 GHz ¢’ is only weakly frequency dependent and dielectric losses are generally low. The
dielectric constant &’ is more sensitive than ¢" to soil moisture in low frequency but, for saline soil &" is
more sensitive and is good for identifying the saline soil area. Soil moisture content has the biggest effect on the
dielectric constant. Soil texture was the second biggest impact on the value of the dielectric constant, followed
by soil salinity. However, the moisture content also depends on soil texture and soil type. The clay soil has
demonstrated the highest emissivity values, followed by loam, silt and sandy soils types, in that order. The land
cover also has good agreement by dielectric constant in each level of soil moisture content even in same soil
types led to affect the vegetation water content on the soil and also effect on the backscatter because of the
roughness. For instance in vegetated cover soil even the vegetation suction the water from soil but still the di-
electric constant was higher than the bare soil, it might be cause of the soil in more developed and evaporation
from the soil surface is less than the bare soil. The image classification need to improve the regression model
and increase the correlation, addition in relief area observed the some noise which because of roughness and
geometric characteristics. The soil moisture result of SAR Image compression shown the HV mode has overes-
timated soil moisture particular in sparse vegetation land cover and sandy soil with light roughness. Trying to
soil moisture deriving by inversion, empirical and semi-empirical model would be helpful for finding the best
model in the study area with better accuracy. We validated the soil moisture map using ground truth soil mois-
ture and then we observed the 4.2 Vol-%RMSE in soil moisture accuracy for the soil moisture map. Although,
the accuracy is not high, it is acceptable. Since the statistical method is similar to the forward model, therefore it
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Figure 7. Dielectric constant behavior of loam (a) and sand soil types (b) with varies
moisture content.
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the soil moisture map using ALOS PALSAR dual mode.

might be the other item such as roughness that is not considerable and the one lacking of potentiality of this me-
thod. This technique is proposed by researchers when we have no other data for mapping and also at first time-
when this method is possible to get overview of the study area. The correlation between the variable seems low
even the other researchers also were not be able to provide more higher than it. It is because of the backscatter-
ing complexity and the reasons which are mentioned above and particularly mixed pixel of vegetation and its
attention and water content. Recently, by the new SAR sensor such as ALOS-2 and better revisit time it might
be able to improve the difficulties.
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