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Abstract. A Japanese Earth Resources Satellite (JERS)-1 L-band synthetic
aperture radar (SAR) dataset was used for estimating topsoil thickness, of
different types, in arid and semi-arid areas in north-eastern Jordan. In this
research, the relationship between remotely sensed data, backscattering
coefficient and the thickness of topsoil was investigated. Based on the dielectric
constant properties of the topsoil samples, the relationship between the
backscattering coefficient and the topsoil thickness was obtained by developing
a multilayer modelling analysis. Using this model, the topsoil thickness had been
estimated by means of the derived backscattering coefficients from JERS-1 SAR
image. The estimated thickness values of the different topsoil types were found
to be comparable with field ground data. The estimated minimum thickness for
hardpan topsoil is 55 cm; Qaa topsoil, 74 cm; and topsoil of herbaceous area,
46 cm, while the estimated maximum thickness is more than 98 cm, more than
100 cm, and 82 cm, respectively. Ground data, on the other hand, revealed the
minimum thickness for hardpan topsoil to be 50 cm; Qaa topsoil, 70 cm; and
topsoil of herbaceous area, 40 cm, while the maximum thickness is more than
120 cm, more than 100 cm, and 80 cm, respectively.

1. Introduction

In the past few years, the utility of space-remote sensor platforms has been

demonstrated and their potential applications for environmental monitoring

recognized. Synthetic aperture radar (SAR) data have great potential for terrestrial

observations, as has been demonstrated by L-band SAR on Seasat (Ulaby et al.

1983) and the shuttle imaging radars SIR-A and SIR-B (Brisco et al. 1983, Dobson

and Ulaby 1986, Wang et al. 1986). The strengths of the SAR as a land observation

tool reside in the sensitivity of radar backscatter to the media and all weather, day

or night imaging capability. The wavelength is one of the main parameters

determining the depth of penetration and the amount of interaction with target

(Dobson et al. 1995). Therefore, Japanese Earth Resources Satellite (JERS)-1 SAR
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L-band and other L-band radar systems gave a unique opportunity for the

monitoring of land surface and land cover characteristics (Tetuko 2002, Tetuko

et al. 2003a, b).

The goal of this research is to present the capabilities of the JERS-1 SAR L-

band data to estimate the thickness of different topsoil types. For this purpose and

based on the dielectric constant properties of the collected samples, the relationship

between the backscattering coefficient and the topsoil thickness was obtained by

developing a multilayer modelling analysis.

2. The study area and ground data

Jordan is situated in the western part of Asia, encompassing an area of about

90 000 km2; about 75% of Jordan’s area is desert. The study area is located in the

north-eastern part of Jordan, which includes Ruwashid town (figure 1). A generally

Figure 1. Location of the study area. The inset shows location and description of some topsoil
profiles of the ACSAD (1983) report.
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arid desert climate prevails in the studied area with small annual precipitation, with

average rainfall less than 100 mm and large potential evaporation between

1500 mm y21 and 2000 mm y21. The study area is considered among the most

important natural grazing lands in Jordan, where it is rich in herbaceous rain-fed

grazing plants, such as Artimisia alba and Rattamus. Previous studies showed that

the maximum production capacity in the studied area is located in lands

surrounding valleys (Arab Center for the Studies of Arid Zones and Dry Lands

(ACSAD) 1983). The majority of the local population in the study area are

involved in livestock production.

Field survey was conducted in March 2002 to measure surface characteristics

(surface roughness, herbaceous rain-fed grazing plants types and their distribution)

and to collect 30 samples of different topsoil types for dielectric constant

measurements. In this research, the ACSAD report (ACSAD 1983) was also used.

The report described the topsoil, depth and total thickness in three locations in the

studied area (refer to figure 1). Some of the 30 topsoil samples were similar to those

in the report. The thickness range of herbaceous area topsoil, which was suitable

for rain-fed grazing plants growing, is between 40–80 cm in the studied area.

Therefore mapping of the topsoil types and thickness was important in this area.

A modified version of Sato-Tateishi land cover guideline scheme (Sato and

Tateishi 2002) was adopted and used as a classification scheme design for this

study. In total, five land use/cover classes were included in the scheme: urban area,

hardpan topsoil, Qaa topsoil, topsoil of herbaceous (rain-fed grazing plants) area,

and wadi (valley) deposit. Detailed definitions and descriptions for these five

categories of land use/cover are summarized in table 1.

3. Analysis method
Based on the analysis method, which was developed by Tetuko et al. (2003b) a

model of scattered waves from different types of topsoil was considered. Figure 2(a)

shows a two-dimensional model of analysis that is composed of multilayer of

media; infinite length of air, thickness ji of ith layer of topsoil, and infinite depth of

limestone rocks. Based on the ground measurements and to simplify the analysis,

the impact of surface roughness on the scattered waves was not considered, where

field measurements showed that the surface roughness was extremely shorter than

the L-band wavelength (23.5 cm) (Ulaby et al. 1986, Sabins 1997). Additionally,

ground data revealed that all topsoil profiles of the three dominant types, namely

hardpan topsoil, Qaa topsoil, and topsoil of herbaceous area, are composed of two

slightly different layers: the first 10–20 cm and the second below 20 cm until the

surface of the bedrock (refer to table 1 and figure 1). Subsequently, the developed

model was employed with the assumption that the topsoil profile is composed of

two layers: 0–20 cm and below 20 cm until the surface of the bedrock. The incident

wave was assumed to be a plane wave with an incident angle hi.

The equivalent circuit of the model used in this analysis is shown in figure 2(b),

where the effective series impedance of the ith soil, the parallel impedance of ith

soil, and total input impedance are ZCi, ZLi and Ztotal, respectively. To simplify the

analysis, the parallel impedance of soils (ZLi) is neglected and assumed as zero, and

the bedrock layer is assumed to be an infinitely deep perfect conductor,

consequently, ZL‘ is zero. Based on the transmission line theory method, the
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total input impedance Ztotal is derived from figure 2(b) and determined by

Ztotal~
X?

i~1

Zi ð1Þ

Zi~ZCi

ZLizZCi tanh cCiji

ZCizZLi tanh cCiji

ð2Þ

where cCi and ji are propagation constant and thickness of ith layer of soil,

respectively. By considering the propagation of the wave transmitted from the air to

the soils and referring to this figure, the propagation constant cCi is derived from

Maxwell’s equations as

cCi~j
2p

li

ffiffiffiffiffiffiffiffiffiffi
erimri

p
cos hti ð3Þ

where eri, mri, hti, and li are complex dielectric constant, complex specific

permeability, transmission angle, and wavelength of ith soil, respectively. j is

Table 1. Land use and land cover classes and definitions used in this study.

Class Definitions

Urban Construction materials, e.g. asphalt, concrete,
etc.; typically commercial and industrial
buildings, residential development including
most of single/multiple houses, transportation
facilities, e.g. airports, parking lots,
highways, and local roads.

Hardpan topsoil Thickness of this class is usually between 50 cm
and more than 120 cm. The first 15–20 cm is
very hard, below that it is hard, pale-brown to
dark-brown sandy silty clay to sandy silt. Few
gravels of limestone rock, chert and sometimes
basalt fragments exist on the surface. The
surface of the soil is cemented or indurated
by calcium carbonate to the extent that dry
fragments do not slake in water and roots
cannot penetrate.

Qaa topsoil Flat plain area. Thickness of this class is
usually exceeding 100 cm. The first 5–15 cm is
very hard, below that it is fine sediments,
pale-brown to yellow, sandy silt. The surface
of the soil is cemented or indurated by gypsum
to the extent that dry fragments do not slake
in water and roots cannot penetrate.

Topsoil of
herbaceous (rain-fed
grazing plants) area

Varies in thickness between 40 cm and 80 cm,
in some areas it reaches 100 cm. The first 20 cm
is firm to hard, brown to pale-brown, clayey
silty sand to sandy silty clay, with fine roots
and few gravels. Below 20 cm firm to hard
yellowish brown silty clay. This class is a
natural grazing land rich in herbaceous rain-fed
grazing plants, such as Artimisia alba and Rattamus.

Wadi (valley) deposits This class consists of gravels, stones and boulders
and other unconsolidated and loose materials (mostly silty clay).
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equal to
ffiffiffiffiffiffiffiffi
{1
p

. The wave impedance ZCi of transmitted wave in soil is obtained

from component of electromagnetic field perpendicular to the propagation axis.

ZCi~Eyti

�
Hzti~Z0

ffiffiffiffiffiffiffiffiffiffiffiffi
mri=eri

p
cos hti ð4Þ

where Z0 ~
ffiffiffiffiffiffiffiffiffiffiffi
m0=e0

p� �
is the wave impedance in air or free space (~120 p ohms).

Based on Snell’s law, the relationship between incidence angle hi and transmission

angle hti at the boundary yields

sin hi=sin hti~
ffiffiffiffiffiffiffiffiffiffi
erimri

p ð5Þ
By substituting equations (3) to (5) into equation (2), wave impedance Ztotal of

incident wave in ith soil becomes

Zi~
Z0

eri

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
erimri{ sin2 hi

q
tanh j

2pji

li

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
erimri{ sin2 hi

q� �
ð6Þ

Figure 2. (a) Two-dimensional analysis model that is composed of a multilayer of media;
infinite length of air, thickness ji of ith layer of topsoil, and infinite depth of
limestone rocks. (b) The equivalent circuit of the model.
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Furthermore, the total input impedance is obtained by substituting equation (6) into

equation (1); therefore the reflection coefficient becomes:

C~
Ztotal{Z0 cos hi

ZtotalzZ0 cos hi

ð7Þ

Then the backscattering coefficient s0 is defined as:

s0~20 log Cj jð Þ ð8Þ
Finally, the relationship between backscattering coefficient s0 and total

thickness j of soil can be obtained from equations (6) to (8), where

j~j1zj2zj3z... Dielectric constants eri of ith soil were measured experimentally

using dielectric probe kit HP85070B in frequency range from 0.3 to 3.0 GHz.

4. JERS-1 SAR data processing

A subset of JERS-1 SAR dataset processed by the National Space Development

Agency of Japan (NASDA) (path 248, row 246) acquired on 22 March 1995 was

used. It was resampled to the universal transverse mercator (UTM) with the pixel

size of 12.5 m in both the azimuth and range directions. A JERS-1 SAR image was

georeferenced to UTM map projection zone 37 and WGS84 ellipsoid using more

than 50 ground control points collected during the field survey period and from

topographic maps scale of 1 : 50 000. A first-degree polynomial equation was used in

image transformation and the resultant rms error was less than 0.5 pixels. The

nearest neighbour resampling method was used to avoid altering the original pixel

values of the image data. For speckle noise reduction, firstly, a 363 pixel median

filter was employed; secondly, a 565 average filter was employed. Those two filters

showed good capabilities for reducing speckle-related noise (Tetuko 2002). Then,

for each topsoil class, the average, minimum and maximum backscattering

coefficients (s0) was derived by extracting the average pixel intensities (I ) and the

standard deviations of the SAR image. The relationship between pixel intensity (I )

and backscattering coefficient (s0) is given in its simplest form by Shimada (1998):

s0~20 logI268.5.

The SAR dataset was used as an input for supervised classification purposes.

Maximum likelihood algorithm had been used. In total, five land use/cover classes

were included for this study: urban area, hardpan topsoil, Qaa topsoil, topsoil of

herbaceous (rain-fed grazing plants) area, and wadi (valley) deposit (refer to §2 and

table 1).

5. Results and discussion

Figure 3 shows the classification of the JERS-1 SAR data. Accuracy assessment

is necessary for testing the accuracy of the resultant classes from the classification

image. According to Congalton (1991) the confusion (or error) matrix, which can

be used as a starting point for a series of descriptive and analytical statistical

analyses, was used to represent the accuracy assessment. To obtain the confusion

matrix, a random sampling was carried out.
A total of 482 pixels were selected, which were then checked with reference to

the Landsat Thematic Mapper (TM) data (1992 and 2001), topographic map

(1 : 50 000) and the collected ground data. The result shows an overall accuracy of

90%.

Based on the classified image result, and in quantitative terms, about 28% of the
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studied area is herbaceous area class, while it is about 34% and 32% for Qaa class

and hardpan class, respectively.

Based on the ground data, and assuming that the topsoil profiles of the different

classes in the studied area are composed of two layers—0 to 20 cm and below 20 cm

until the surface of the bedrock (refer to §3 and table 1)—and assuming that the

thickness of the bedrock is infinite, a multilayer modelling was conducted to analyse

the relationship between the backscattering coefficient (s0) and the total thickness

of the topsoil (§3). Since the main objective of this research is to estimate the total

thickness of the different topsoil types, and given that the physical properties of

both layers for each topsoil type are comparable (table 1), the averages of the

backscattering coefficients (s0) for both layers of the hardpan topsoil class, Qaa

topsoil class, and topsoil of herbaceous area class were obtained. Figure 4 shows the

relationship between the average backscattering coefficient (s0) and the topsoil

thickness, which were obtained from the multilayer modelling analysis.

Figure 3. Supervised classification results of JERS-1 SAR data (path 248, row 246, 22 March
1995).
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By plotting the derived backscattering coefficients from JERS-1 SAR image on

figure 4, the average, minimum and maximum thickness of each class was obtained.

Table 2 shows that the average s0 is 234.0 dB, 234.5 dB and 232.4 dB, and the

estimated average topsoil thickness is 73 cm, 84 cm and 54 cm for the hardpan

topsoil class, Qaa topsoil class, and topsoil of herbaceous area class, respectively.

Using the average pixel intensities and the standard deviations the minimum and

the maximum thickness of the different topsoil types were estimated. The estimated

minimum thickness is 55 cm, 74 cm and 46 cm, while the estimated maximum

thickness is more than 98 cm, more than 100 cm, and 82 cm for hardpan topsoil

class, Qaa topsoil class, and topsoil of herbaceous (rain-fed grazing plants) area

class, respectively.

By comparing the estimated values with the ground data (tables 1 and 2), the

thickness for the different topsoil types is comparable, where field data revealed

that the minimum thickness is 50 cm, 70 cm and 40 cm, while the maximum

thickness is more than 120 cm, more than 100 cm, and 80 cm for hardpan topsoil

class, Qaa topsoil class, and topsoil of herbaceous (rain-fed grazing plants) area

class, respectively.

Figure 4. Relationship between topsoil thickness and backscattering coefficient.

Table 2. Relationship between average backscattering coefficients (s0) and topsoil thickness.

Class name

Average
backscattering

coefficients
(s0) (dB)

Estimated
thickness (cm)

Ground data
thickness (cm)

Average Min. Max. Min. Max.

Hardpan topsoil 234.0 73 55 w98 50 w120
Qaa topsoil 234.5 84 74 w100 70 w100
Topsoil of herbaceous area 232.8 54 46 82 40 80
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6. Conclusion

JERS-1 SAR L-band data hold great potential for the monitoring of land

surface and land cover characteristics. The investigation demonstrates the

capabilities of SAR data to estimate the thickness of different topsoil types in

arid and semi-arid areas of north-eastern Jordan. For this purpose, the analysis

method of two-dimensional model was developed to investigate the relationship

between backscattering coefficient and its thickness. Based on the results of this

relationship and by deriving backscattering coefficients from JERS-1 SAR dataset,

the thickness of the topsoil profiles was estimated. The obtained estimated average

topsoil thickness was 73 cm, 84 cm, and 54 cm for the hardpan topsoil class, Qaa

topsoil class, and topsoil of herbaceous area class, respectively. By comparing the

estimated values with the ground data, the thickness of the different topsoil types

was found to be comparable. The estimated minimum thickness for hardpan topsoil

is 55 cm; Qaa topsoil, 74 cm; and topsoil of herbaceous area, 46 cm, while the

estimated maximum thickness is more than 98 cm, more than 100 cm, and 82 cm,

respectively. Ground data, on the other hand, revealed the minimum thickness for

hardpan topsoil to be 50 cm; Qaa topsoil, 70 cm; and topsoil of herbaceous area,

40 cm, while the maximum thickness is more than 120 cm, more than 100 cm, and

80 cm, respectively. The methodology developed in this study could be implemented

for other areas using SAR L-band images to map topsoil types and thickness.
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