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Evaluation of the environmental and agricultural potential of arid lands is often limited
by the lack of information on soil surface roughness and water content. The current
study proposes an efficient method to retrieve these parameters of bare soil from sin-
gle-channel ERS-1, -2 synthetic aperture radar (SAR) data. New equations were derived
by combining the model for vertically co-polarized mode backscattering coefficient σ 0

vv,
the model for the real part of dielectric constant ε, and the empirical equation inter-
relating parameters of roughness. These equations allowed for calculation of the root
mean square (RMS) height h of small surface roughness (h ≤ 1 cm) for naturally sandy,
flat areas of the Negev desert (Israel) during dry periods when θ is extremely low and
generally known. As soil roughness was found to be sufficiently constant under the arid
environment, this study showed that calculated h could be reliably used to retrieve θ dur-
ing the wet period. Statistical analysis of the relative errors of retrieved h and θ showed
their high independence on the absolute values. Retrieved values of h and θ obtained
from ERS-2 SAR data showed acceptable correlation with the direct ground measure-
ments. Therefore, the effectiveness of the proposed methodology for h and θ retrieval
was proved.

1. Introduction

Surface soil roughness parameters (root mean square (RMS) height, h, and correlation
length, l) and soil water content, θ , are important parameters influencing rainfall distribu-
tion among runoff, evaporation, and infiltration. They are also important in determining
the surface energy balance which governs the partitioning between latent and sensible heat
(Sud et al. 1990; Carmi and Berliner 2008). From a practical standpoint, these parameters
are important determinants of aeolian erosion and deposition, which are intimately related
to desertification and deterioration of agricultural lands in arid environments (Blumberg
and Greeley 1993; Rees and Arnold 2007).

Information on spatial and temporal distribution of θ is important for environmen-
tal monitoring and evaluation of the suitability of undisturbed lands for arid agriculture.
However, since continuous monitoring of rainfall and θ by conventional ground methods
is expensive and time consuming, rapid and inexpensive mapping and monitoring methods
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are needed for this purpose, especially in the Negev desert region of southern Israel, where
extensive undisturbed lands exist with the potential for conversion to agriculture.

Remote sensing in the microwave range is such an effective method for retrieving soil
moisture information because the detected microwave signal is greatly influenced by the
dielectric properties of soil, which are a function of the soil water content (Ulaby, Moore,
and Fung 1986; Peplinski, Ulaby, and Dobson 1995; Blumberg, Freilikher, Ben-Asher, et al.
2006; Blumberg, Freilikher, Kaganovskii, et al. 2006; Verhoest et al. 2008). For environ-
mental monitoring, space-borne platforms are preferred since these allow surveying at
regular time intervals. Space systems with active microwave imaging sensors having the
required spatial resolution for capturing small-scale soil moisture patterns are available.
Synthetic aperture radar (SAR) is the most suitable tool among these.

Various empirical, semi-empirical, and theoretical models have been developed relating
the backscattering coefficient σ 0 to θ , h, and l. These models are used to calculate either θ

or roughness parameters (Fung and Chen 2004; Walker et al. 2004; Verhoest et al. 2008).
In most cases, h is the main parameter used in radar backscattering models for retrieving
values of surface soil moisture content from radar images. Some studies on determination
of surface roughness by remote sensing use θ values obtained from direct ground mea-
surements as an input (Lin 1994; Walker et al. 2004). Other studies rely on time series
solutions which follow the changes of σ 0 and assume no modification of target variables
such as soil texture and roughness (Blyth 1997; Moran et al. 2000; Blumberg, Freilikher,
Kaganovskii, et al. 2006). There are also methods based on multiple imaging in various
domains (polarization, wavelength, λ, or incident angle, θI ) in order to separate the relative
impact of roughness and water content on backscattering (Oh, Sarabandi, and Ulaby 1992;
Oh, Sarabandi, and Ulaby 1994; Dubois, Van Zyl, and Engman 1995; Bindlish and Barros
2000; Blumberg and Freilikher 2001; Zribi, et al. 2005; Baghdadi, Holah, and Zribi 2006;
Blumberg, Freilikher, Ben-Asher, et al. 2006; Baghdadi et al. 2007; Baghdadi et al. 2008;
Verhoest et al. 2008; Gherboudj et al. 2011).

Many studies on environmental change require time series data on soil moisture, but
this information is often lacking. Archive data from the European Remote Sensing (ERS)
satellite have been collected since 1991 and have the potential to provide time series data
on soil moisture. Estimation of θ from single-channel ERS SAR data, however, requires
concurrent measurements of h whereas estimation of h requires measurements of θ .

The objective of this study was to solve the above problem by developing a new method
that uses certain unique qualities of arid lands. According to Carmi and Berliner (2008),
rainfall has no effect on surface roughness when h < 0.7 cm. Moreover, the surface
roughness of natural arid ecosystems does not change significantly with time (Verhoest
et al. 1998; Moran et al. 2000; Walker et al. 2004; Álvarez-Mozos et al. 2006; Thoma
et al. 2006; Verhoest et al. 2008). In addition, during the dry period (June–October), θ

is extremely low (corresponding to air-dried soil), varies insignificantly, and is gener-
ally known. Therefore, the laborious estimation of θ required for retrieval of h can be
avoided.

The method developed utilizes a combination of three models: (1) the semi-empirical
model of Oh, Sarabandi, and Ulaby (1994) for vertically co-polarized mode backscattering
coefficient, σ 0

vv, of bare surfaces; (2) the empirical equation of Baghdadi et al. (2004), which
derives the correlation length of roughness, l, as a function of h; and (3) the semi-empirical
model of Peplinski, Ulaby, and Dobson (1995) for the dielectric constant, ε. Values of h
obtained during drought conditions were used for θ retrieval during wet conditions. To val-
idate the output, h and θ determined by conventional ground methods were compared with
h and θ determined by the remote method developed.
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2. Materials and methods

2.1. New modeling method for the retrieval of h and θ

The semi-empirical backscattering model of Oh, Sarabandi, and Ulaby (1994) is based on
several existing theoretical backscattering models (Ulaby, Moore, and Fung 1986), in con-
junction with extensive experimental data. It is an extension of an empirical model (Oh,
Sarabandi, and Ulaby 1992) and includes both magnitude and phase of the backscattering.
The experimental data used to solve for the unknown constants were collected from a
truck-mounted L-, C-, and X-band polarimetric scatterometer over a range of incidence
angles from 10◦ to 70◦. Surface roughness covered the ranges 0.1 < h < 5.0 cm and
2.0 < l < 18.0 cm. The model calculates vertically co-polarized (VV) mode backscattering
coefficient, σ 0

vv, as a function of h (cm), l (cm), θ , λ (cm), and θI (rad).
The empirical equation of Baghdadi et al. (2004), developed for the calibration of

theoretical integral equation model (IEM) of Fung (1994) with reference to ERS-2 SAR
data, was also found to be suitable for the semi-empirical backscattering model calibration
used in this study. According to Baghdadi et al. (2004), under given conditions, correlation
length, l, as a function of h can be written as a power-type relationship:

l = ϕ hξ , (1)

where ξ and ϕ are fitting constants (ξ = 0.88, ϕ = 15.22 cm) obtained from an independent
set of ground-measured h and remote sensing σ 0

vv data to ensure a better agreement between
modelled and experimental σ 0

vv values.
In the model of Oh, Sarabandi, and Ulaby (1994), the dielectric constant, ε, of the

soil can be expressed through θ (% by volume), employing the widely used soil–water–air
dielectric mixing model of Peplinski, Ulaby, and Dobson (1995). It has validity for bands
K, X, C, and L and accounts for the most important factors including observation frequency
(Hz), soil texture (fractions of sand and clay), and temperature, T (◦C).

To build the new model, given sets of h (0.1–1.0 cm, step 0.05 cm) and θ (1–30% by
volume, step 1% by volume) were used as input to the models of Oh, Sarabandi, and Ulaby
(1994) and Peplinski, Ulaby, and Dobson (1995) and Equation (1) under constant θI = 23◦,
λ = 5.65 cm, T = 10, 20, and 30◦C for both sand and sandy loam. A set of σ 0

vv values
(dB) corresponding to each pair of h and θ was obtained as output. Numerical analysis of
all received σ 0

vv showed that h could be fitted as a function of σ 0
vv and θ with high precision

(R2 ≥ 0.999, residual mean square error (RMSe) ≤0.01 cm). As a result, the following
equation was acquired:

h = eb(θ)(σ 0
vv + c(θ)), (2)

where b is a second-degree polynomial fitting function of θ :

b = α0 + α1θ + α2θ
2, (3)

c is a logarithmic fitting function of θ :

c = k ln θ + μ, (4)

and α0, α1, α2, k, and μ are fitting parameters.
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Analogously, θ could be fitted as a function of σ 0
vv and h (R 2 ≥ 0.991, RMSe ≤ 0.06%

by volume):

θ = eb1(h)(σ 0
vv+c1(h)), (5)

where b1 is a second-degree polynomial fitting function of h:

b1 = β0 + β1h + β2h2, (6)

c1 is a logarithmic fitting function of h:

c1 = k1 ln h + μ1, (7)

and β0, β1, β2, k1, and μ1 are fitting parameters.
The new model was tested using the following algorithm. First, values of θ known

for a particular date from ground measurements or other sources were substituted into
Equations (3) and (4) to determine b and c. Then, the obtained values of b and c were
substituted into Equation (2) to determine h. Finally, the determined values of h were sub-
stituted into Equations (6) and (7) to determine b1 and c1, which in turn were used in
Equation (5) to retrieve θ on any other date for which σvv is known.

2.2. Study area

The study area was located in the Besor River basin (Northern Negev desert, Israel), with
the focus on the Secher stream catchment. Four test sites (1 ha) were selected in which the
undisturbed land consisted of either broad valleys surrounded by hills (sites 1 and 2), or
broad alluvial valleys with terrace systems (sites 3 and 4). Each site was uniform in terms
of surface soil colour and texture, characterized by flat topography, and devoid of vegetation
due to lack of soil moisture. Sites 1 (farm Zeelim, latitude 31◦ 10′ 53′′ N, longitude 34◦ 32′
35′′ E) and 2 (farm Rivivim, 31◦ 07′ 28′′ N, 34◦ 37′ 50′′ E) were on sandy Aridisols and
sites 3 (farm Wadi Mashash, 30◦ 04′ 13′′ N, 34◦ 50′ 49′′ E) and 4 (farm Wadi Mashash,
30◦ 04′ 21′′ N, 34◦ 51′ 32′′ E) were on sandy loam soils along the Nahal Secher Stream.
Classification and properties of soils on the test sites are presented in Table 1.

The study comprised the years 1996, 1997, 1998, and 2000. Rainfall during the wet
period (November–May) was 100–140 mm, whereas rainfall during the dry period (June–
October) was absent. The average soil temperature at a depth of 1–2 cm varies between
15 and 30◦C, and soil water content is insufficient for plant growth most of the year. During
the wet period, θ reaches the maximum of 30% by volume in sandy loam and 20% by
volume in sand.

Table 1. Classification and properties of soils on the research sites.

Texture

Site
Soil
type Taxonomy

Parent
materials Physiography

Clay
(%)

Silt
(%)

Sand
(%)

Bulk density
(kg m−3)

1 and 2 Sand Aridisols Sand Broad valleys surrounded
by hills

4 8 88 1670

3 and 4 Sandy
loam

Aridisols Loess, sand Broad alluvial valleys
with terrace systems

15 30 55 1460
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2.3. ERS-2 SAR data

For this project, four ERS-2 archival SAR images were obtained from the European Space
Agency. ERS-2 is the follow-on mission to ERS-1 and was launched in 1995. The images
were provided in precision image (PRI) format with a pixel spacing of 12.5 m. The ERS-
2 SAR sensor operates at the C-band (operating wavelength λ = 5.65 cm) vertically
co-polarized with an image centre incidence angle of 23

◦
(reference incident angle). The

same orbit is repeated every 35 days. There was an overlap of ascending (south–north)
and descending (north–south) scenes within 12.5 h over the region of interest. In this
study, descending scenes obtained at 10:00 a.m. LST (local standard time) on 23 May
1996, 22 August 1997, 24 April 1998, 25 December 1998, and 24 March 2000 were used.
All images were geometrically transformed to the Universal Transverse Mercator (UTM)
coordinate system by ERDAS IMAGINE software (version 8.5; Intergraph Corporation,
Huntsville, AL, USA) using ground control points. Then, to identify the research sites on
the imagery, the ground-determined coordinates (using a GPS receiver) of the sites were
applied. For each site, the backscattering coefficients of pixels were calculated and cor-
rected for variation in incident angle using the equations of Laur et al. (2004). The local
incidence angle, θI, for each individual pixel was calculated using the geometry of the SAR
and topographic information using the expression given by Robinson (1966).

Each 1 ha test site was represented by an 8 × 8 neighbourhood of 64 pixels on an ERS
SAR image. The σ 0

vv data obtained over the four test sites were filtered by a 5 × 5 pixel
median filter to reduce speckle noise. Average values of backscattering coefficients, σ 0

vv,
were calculated for each test site and used for further retrieval of h and θ (Table 2).

2.4. Determination of roughness

In December 2000, three-dimensional surface roughness was directly measured within
each site using an automated surface roughness profiler, BGU GSS1800, developed at the
remote sensing laboratory, Department of Geography and Environmental Development,
Ben Gurion University of the Negev (Blumberg et al. 2002; Blumberg, Freilikher, Ben-
Asher, et al. 2006). The profiler integrates a laser source, charge-coupled device (CCD)
camera, onboard central processing unit (CPU), and encoder, mounted on a tripod and
positioned at a distance of 2.0 m from the scanned area. The device scans by moving along
a fixed horizontally positioned rail. The laser illuminates a line (length 60 cm) on the soil
surface while the CCD camera captures the laser reflection from the surface. After each
scan, the rail automatically rotates around a vertical axis at an angle of 1◦ to perform the
next scan (i.e. the total number of scans on each plot is 360). The CPU and encoder deter-
mine the offset of the laser beam and generate a digital file with the values for elevation

Table 2. Mean values of backscattering coefficient σ 0
vv, (dB) obtained over the research sites reduced

to θ I = 23◦.

Date of survey

Site Soil type
23 May
1996

22 August
1997

24 April
1998

25 December
1998

24 March
2000

1 Sand −17.13 −23.34 −20.8 −22.34 −17.58
2 Sand −17.27 −22.35 −19.9 −21.77 −20.55
3 Sandy loam −15.96 −21.12 −19.7 −20.08 −19.68
4 Sandy loam −17.46 −20.62 −19.9 −19.86 −16.18
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at a height resolution of 0.015 cm and spacing of 0.5 cm. The area captured is a circle of
diameter 1.2 m, with an enclosed square of 0.84 × 0.84 m.

The data scanned by BGU GSS1800 were then reduced to RMS height h and correlation
length l (Blumberg and Freilikher 2001) for all 64 pixels, and mean h and l were then
calculated for each test site. As an isotropic surface is independent of azimuth, h could be
calculated in one dimension (Verhoest et al. 2008).

Retrieving of h for a given soil type was carried out using Equations (2), (3), and
(4) for known σ 0

vv, θI, θ , and T . Values of l were calculated according to Equation (1)
using retrieved values of h. Retrieval of mean values of h for each site was based on mean
values of σ 0

vv obtained for both the dry and wet periods and the known values of θ to verify
their temporal stability.

2.5. Determination of soil water content

SAR observation depth (i.e. thickness of the top soil layer influencing the backscattering
signal) is important for the verification of retrieved θ by direct ground measurements.
Considering the dielectric properties of soil, the observation depth Z increases with increase
in λ and decrease in θ . According to Walker et al. (1997, 2004) and Owe and Van de Griend
(1998), Z varies from 0.1 to 0.25 λ (cm) depending on soil moisture content. Since the λ

of ERS-2 SAR is 5.65 cm, the practical limit for soil water content in the arid region under
study was retrieved at a depth of 1–2 cm. During the dry period, the retrieved value for
θ was also valid for depths up to 6 cm, since θ was uniform up to this depth (Carmi and
Berliner 2008).

Ground reference measurements of soil water content θg were performed using the
following methods.

(1) Time domain reflectometry (TDR) with 5 cm probes, allowing in situ measure-
ments. This method was used for most measurements of θg.

(2) Gravimetric method: weighing the wet soil samples, drying them in an oven at
105◦C for 24 h, and then re-weighing them. Obtained gravimetric θg was then con-
verted to volumetric θg using soil bulk density values. This method was used only
for control and TDR calibration in order to avoid overestimation typical of TDR
(Bittelli, Salvatorelli, and Rossi Pisa 2008).

At each test site, 64 measurements of θg were obtained (one for each pixel of the satel-
lite image), and then the mean value θg was calculated. According to Agam and Berliner
(2004), θ is uniformly low in the study area during the dry period. Based on field measure-
ments at the time of the satellite survey (10:00 a.m. LST), the values of θ in the top 1 cm
of soil were highly invariant (1 ± 0.1% by volume for sites 1 and 2, and 2.3 ± 0.2% by
volume for sites 3 and 4). Therefore, during the dry period, θ could be considered as known
and labour-intensive ground measurements for the retrieval of h were not required.

As a control during the wet period, θg of each test site was also determined by TDR
within 2 h of the satellite survey. Since during the wet period the variation of θ with time
was not negligible, the measured values of θg were interpolated to match the time of the
survey. Interpolation was accomplished by linear regression in MS Excel, with time as an
independent variable.

Relative errors (δθ = Δθ/θ ) of θg did not exceed ±0.1 at the confidence level of 95%.
Retrieval of θ for each soil type under known σ 0

vv, θI, h, and T was carried out using
Equations (5), (6), and (7) described in Section 2.1. Retrieved soil water content for one
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pixel was defined as θr. The mean value of soil water content for each test site θ r was
retrieved using the corresponding average value of σ 0

vv.

2.6. Error analysis

According to Equations (2) and (5), the absolute error Δσ 0
vv for determination of σ 0

vv leads
to absolute errors in the retrieved values of roughness, Δhσ o , and soil water content, Δθσ o .
Then, using Equations (2) and (5), Δhσ o and Δθσ o can be presented as (Taylor 1997)

Δhσ o = ∂h

∂σ 0
vv

Δσ 0
vv = bhΔσ 0

vv, (8)

Δθσ o = ∂θ

∂σ 0
vv

Δσ 0
vv = b1θΔσ 0

vv. (9)

Accordingly, the relative errors δhσ o and δθσ o are

δhσ o = Δhσ o

h
= bΔσ o

vv, (10)

δθσ o = Δθσ o

θ
= b1Δσ o

vv. (11)

Analysis of Equations (10) and (11) reveals that δhσ o and δθσ o are proportional to σ 0
vv and

do not depend on the absolute values of h and θ .
Using Equations (2)–(4), the absolute error of retrieved h caused by the absolute error

of determination of θ can be presented as

Δhθ = ∂h

∂θ
Δ θ = kbh θ−1Δθ + (α1 + 2α2θ )b−1h ln (h)Δh. (12)

Using Equations (5)–(7), the absolute error of retrieved θ caused by the absolute error of
determination of h can be presented as

Δθh = ∂θ

∂h
Δh = k1b1θh−1Δh + (β1 + 2β2h)b−1

1 θ ln(θ )Δh. (13)

In Equations (12) and (13), Δh and Δθ are absolute errors of ground measurements of
h and θ ; α0, α1, α2, k, μ, β0, β1, β2, k1, and μ1 are the same fitting parameters as in
Equations (3), (4), (6), and (7). Fitting parameters for the two different soil textures under
θ I = 23◦ and T = 20◦C are presented in Table 3.

Table 3. Parameters for the Equations (3), (4), (6) and (7) under θ I = 23◦ and T = 20◦C.

Soil
type

α0
(dB−1)

α1 (dB−1

(vol%)−1)
α2 (dB−1

(vol%)−2)
k

(dB)
μ

(dB)
β0

(dB−1)

β1
(dB−1

cm−1)

β2
(dB−1

cm−2) k1 (dB)
μ1

(dB)

Sand 0.07 14.00 × 10−5 −1.83 × 10−6 −1.98 9.57 0.42 0.15 −0.05 −14.31 9.47
Sandy

loam
0.07 9.43 × 10−5 −3.98 × 10−7 −2.35 11.53 0.34 0.11 −0.04 −14.45 11.84
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Thus, the relative errors of retrieved h and θ can be presented as

δhθ = Δhθ

h
= kbθ−1Δθ + (α1 + 2α2θ ) b−1 ln(h)Δθ , (14)

δθh = Δθh

θ
= k1b1h−1Δh + (β1 + 2β2h)b−1

1 ln(θ )Δh. (15)

According to Taylor (1997), if the errors in σ 0
vv and θ are independent and random, then the

total absolute error, Δhσ oθ , and relative determination error, δhσ oθ , can be presented as

Δhσ oθ =
√

Δh2
σ o + Δh2

θ =
√

(bhΔσ 0
vv)2 + (kbhθ−1Δθ + (α1 + 2α2θ ) b−1h ln(h) Δθ )2,

(16)

δhσ oθ =
√

δh2
σ o + δh2

θ =
√

(bΔσ 0
vv)2 + (kbθ−1Δθ + (α1 + 2α2θ ) b−1 ln(h) Δθ )2. (17)

In the same way, if the errors in σ 0
vv and h are independent and random, then the total

absolute error, Δθσ oh, and relative determination error, δθσ oh, can be presented as

Δθσ oθ =
√

Δθ2
σ o + Δθ2

h =
√

(b1θΔσ 0
vv)2 + (k1b1θh−1Δh + (β1 + 2β2h) b−1

1 θ ln(θ ) Δh)2,
(18)

δθσ oθ =
√

δθ2
σ o + δθ2

h =
√

(b1Δσ 0
vv)2 + (k1b1h−1Δh + (β1 + 2β2h)b−1

1 ln(θ )Δh)2. (19)

As calculations show, the contribution of the term (α1 + 2α2θ )b−1 ln(h)Δθ in the value
of δhσ oθ was 1.6% for sand and 2.5% for sandy loam, while the contribution of the term
(β1 + 2β2h)b−1 ln(θ )Δh in the value of δθσ oh was 2.7% for sand and 3.2% for sandy loam.
This means, that δhσ oθ and δθσ oh are almost independent from h and θ , and can be expressed
by the following simplified equations:

δhσ oθ =
√

δh2
σ o + δh2

θ ≈
√

(bΔσ 0
vv)2 + (kbθ−1Δθ2), (20)

δθσ oθ =
√

δθ2
σ o + δθ2

h ≈
√

(b1Δσ 0
vv)2 + (k1b1h−1Δh)2. (21)

3. Results and discussion

Comparison with the data from the roughness profiler allowed evaluation of the retrieval
accuracy of h and l. The difference between retrieved and measured mean values of h did
not exceed 0.017 cm (4.1%) for sand and 0.025 cm (5.6%) for sandy loam (Table 4).

In Table 4, the difference between mean values of h retrieved during the wet and
dry periods did not exceed 0.014 cm (3.5%) for sand and 0.020 cm (4.4%) for sandy
loam. These values are close to the relative errors for the retrieval of h calculated using
Equation (20) (3.8% for sand and 3.9% for the sandy loam), which are shown in Table 5.

The general stability of h under arid conditions was proved by the small standard devi-
ation (SD) of retrieved h during the whole period of surveillance: SD = 0.007 cm (1.8%)
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Table 4. Retrieved and measured values of h (cm) and l (cm) over the four research sites.

Retrieved
for 23 May

1996

Retrieved
for

22 August
1997

Retrieved
for 24 April

1998

Retrieved for
25 December

1998

Retrieved
for

24 March
2000

Measured on
17–20

December
2000

Site
Soil
type

h
(cm)

l
(cm)

h
(cm)

l
(cm)

h
(cm)

l
(cm)

h
(cm)

l
(cm)

h
(cm)

l
(cm)

h
(cm)

l
(cm)

1 Sand 0.387 6.6 0.390 6.6 0.393 6.7 0.390 6.6 0.404 6.8 0.406 6.7
2 Sand 0.386 6.6 0.396 6.7 0.402 6.8 0.384 6.5 0.385 6.6 0.387 4.6
3 Sandy

loam
0.432 7.3 0.441 7.4 0.43 7.2 0.440 7.4 0.419 7.1 0.444 8.7

4 Sandy
loam

0.433 7.3 0.457 7.6 0.431 7.3 0.446 7.5 0.464 7.7 0.447 8.4

Table 5. Relative errors for the RMS height h, calculated using Equations (10), (14), and (20) for
two different soil textures.

Relative errors for h

Soil type
Δσ 0∗

vv
(dB)

θ (%
by vol.)

b
(dB−1) kb

Δθ (%
by vol.) δhσ0 δhθ δhσ0θ

Sand ±0.5 1.00% 0.0708 −0.14 ±0.10 ±0.035 ±0.014 ±0.038
Sandy loam ±0.5 2.30% 0.0706 −0.166 ±0.20 ±0.035 ±0.017 ±0.039

*After 3 × 3 median filtration

Table 6. Mean remotely retrieved θ r and mean ground measured θg on the four research sites
(% by vol.).

23 May 1996 24 April 1998
25 December

1998 24 March 2000

Site Soil type
θ̄r (%

by vol.)
θ̄g (%

by vol.)
θ̄r (%

by vol.)
θ̄g (%

by vol.)
θ̄r (%

by vol.)
θ̄g (%

by vol.)
θ̄r (%

by vol.)
θ̄g (%

by vol.)

1 Sand 15.2 14.0 1.6 2.0 1.3 1.7 12.3 14.3
2 Sand 12.9 13.2 3.1 2.7 1.5 1.7 2.8 3.2
3 Sandy loam 18.4 19.0 4.0 4.4 3.9 3.7 4.5 5.7
4 Sandy loam 8.6 10.5 3.1 4.0 3.5 3.7 14.1 13.1

for sand and SD = 0.013 cm (3.1%) for sandy loam. These results confirm the suitability of
the approach proposed. As can be seen from Table 4, the difference between calculated and
measured mean values of l (≤ 40%) was much greater than that for h, reportedly because
of difficulties in obtaining ground measurements of l (Baghdadi et al. 2004).

As values of θ r and θg at the wet period were affected by the specific weather conditions
during the survey, the increased values of θ r and θg on 23 May 1996 and 24 March 2000 are
explained by rainfall, high air humidity, reduced solar radiation, and dew on the eve of the
survey (Table 6).

In Table 6, the differences in θ among sites during the wet period demonstrate the
uneven distribution of precipitation, which is typical for the Northern Negev desert. Low
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Figure 1. Comparison of mean soil water content, θ r, retrieved from mean values of σ 0
vv, derived

from SAR imagery on 23 May 1996, 24 April 1998, 25 December 1998, and 24 March 2000 and soil
mean water content, θg, measured on two sandy and two sandy loam sites.

Table 7. Relative errors for the surface soil water content θ , calculated using Equations (11), (15)
and (21) for two different soil textures.

Relative errors for θ

Soil type
Δσ 0∗

vv
(dB) h (cm)

b1

(dB−1) k1b1 Δh (cm) δθσ0 δθh δθσ0h

Sand ±0.5 0.4 0.469 6.709 ±0.015 ±0.234 ±0.251 ±0.343
Sandy loam ±0.5 0.45 0.378 5.461 ±0.018 ±0.189 ±0.218 ±0.288

Note: *After 3×3 median filtration

θ r and θg on 24 April 1998 and 25 December 1998 are explained by the absence of
precipitation during these months.

A scatter plot between retrieved θ r and directly measured θg demonstrates a strong
linear relationship, with a slope near unity and intercept near zero (Figure 1).

The relative error of θ r was 0.15 for sandy soils and 0.13 for sandy loam soils.
Averaging decreased the relative error, δθ r, 2.3-fold in comparison with δθσ oθ for a sin-
gle pixel (Table 7). This confirms the ability of the method proposed for the retrieval of θ

and the effectiveness of 64 pixel averaging for reduction of Δθr and δθr.
At the same time, while averaging led to a deterioration in spatial resolution in the

mapping of θ , the use of the 5 × 5 pixel median filter on σ 0
vv for each site pixel alleviated

this problem. For example, to obtain the distribution of θr at site 4, filtered values of σ 0
vv

derived from the remote data survey of 24 March 2000 were used. The necessary values of
h for each pixel of the site were also calculated using corresponding filtered values of σ 0

vv
derived from the remote data surveyed on 22 August 1997 (dry period) under θ = 2.3%
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Linear fitting

Y = 1.1X – 0.32 
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 = 0.73

Figure 2. Comparison of soil water content, θ r, retrieved from filtered values of σ 0
vv, derived from

SAR imagery obtained on 24 March 2000 and soil water content θg, measured on site 4.
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Figure 3. (a) Distribution of soil water content, θ r (% by vol.), retrieved from values of σ 0
vv, derived

from SAR imagery obtained on 24 March 2000 for site 4; (b) Distribution of soil water content, θg

(% by vol.), measured on the same site on the same date.

by volume. The values of θr were then calculated as described in Section 3.4. In situ TDR
measurements of θg compare well with the retrieved values of θr for site 4 (Figure 2).

Correlation between θr and θg is lower than that between θ r and θg, due to filtering, but
is adequate for mapping purposes. At 0.153, the value of δθr calculated as δθr = RMSe/θ r,
is 1.9-fold less than δθσ oθ calculated for one pixel (Table 7). For the sandy sites, δθr was
reduced twice due to filtering.

The main advantage of the median filtering method is its ability to reduce δθr while the
spatial resolution of θr mapping remains practically the same. Visual comparison of maps
of θr and θg for site 4 shows that the spatial distribution of our radar-retrieved θ is similar
to in situ measurements of θ (Figure 3).

A map of θr distribution within the Wadi Mashash catchment is shown in Figure 4.
Parameter θr was retrieved from σ 0

vv derived from remote sensing imagery on March 24
2000. The values of h for each pixel were calculated using σ 0

vv from remote sensing on
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Figure 4. Distribution of soil water content, θ r (% by vol.), retrieved from values of σ 0
vv, derived

from SAR imagery obtained on 24 March 2000 within the Wadi Mashash catchment.

August 22 1997. Rainfall occurred one day before the survey on 23 March 2000, and thus
the heterogeneous distribution of θr shown in Figure 4 may be due to lateral redistribution
and accumulation of water in the topographically variable conditions. The mean value of θr

over the whole area was 12.2% by volume, with higher values (16–24% by volume) found
between stream banks and lower values (4–8% by volume) in upper slope positions.

4. Summary and conclusions

The new algorithm for retrieving surface roughness and soil water parameters was success-
fully applied to ERS-2 imagery of undisturbed lands in the Negev desert of Israel. The
importance of the method proposed for retrieval of θ and h lies in its ability to model h and
θ as functions of σ o

vv for soils with little roughness, provided one of the two parameters is
known. Furthermore, this study demonstrated the possibility of concurrent determination
of h and θ from single-channel ERS data using specific conditions of an arid environment.

Analysis of variations of θ and h showed that θ remained practically constant at the
time of survey (±0.2% by volume) during the dry period, and variation in h was less than
3% during the whole observation period. Therefore, our assumption that surface roughness
does not change significantly over time and that surface water content varies insignificantly
during the dry season was correct, and our method is deemed warranted.

Error analysis of the proposed algorithm showed that the relative determination errors
of h and θ were not dependent on their absolute values. To reduce these errors, methods of
averaging and median filtering of σ o

vv were tested. Averaging over an 8 × 8 neighbourhood
of 64 pixels reduced the relative error of retrieved θ by a factor of 2.3, at the expense of
spatial resolution. In comparison, application of a moving 5 × 5 median filter reduced δθr

2-fold while maintaining spatial resolution. Retrieved h and θ obtained after averaging and
filtering of σ o

vv were in agreement with ground reference measurements.
The numerical analysis demonstrated low sensitivity of σ 0

vv to l within the range
2–20 cm typical of many natural surfaces. This suggests that Equation (1) is usable for
any type of soil without a significant error increase. Although this study focused on only
two soil types, the results are sufficiently promising to suggest that the method described is
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applicable to any soil in an arid environment. In addition, the method proposed will be suit-
able for processing data from other radar satellites, including the European Space Agency’s
Envisat and the Canadian Space Agency’s Radarsat-2.
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