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Monitoring and modelling surface moisture in

north-east Jordan using ERS SAR data

Kevin James Tansey

Abstract

The monitoring and modelling of soil moisture is important both for hydrological and
geomorphological studies. In semi-arid and arid regions the measurement and
monitoring of soil moisture conditions is made more difficult because of unpredictable
rainfall, the nature of desert soils and sediments, accessibility and the costs of financing
projects. Remotely sensed data offers good temporal and high spatial coverage at a
reasonably low cost. To assess the usefulness of a remote sensing approach to soil
moisture monitoring in desert regions, a time series of ERS-1 and ERS-2 SAR images
were acquired between March 1995 and April 1998 of the north-eastern desert of
Jordan. Previous research has demonstrated the sensitivity to soil moisture and surface
roughness of the backscatter coefficient of the ERS SAR system. The following
objectives were addressed: (1) To assess and exploit the ability of the ERS SAR
instrument to monitor geomorphological and hydrological changes in the desert
environment. (2) To calibrate theoretical microwave scattering models using field
reference data (soil moisture, surface roughness, soil texture, climatic parameters and
vegetation) and assess their application to desert environments. (3) To simulate the
dependence of the backscatter coefficient on soil moisture fluctuations and surface
roughness changes with the aim of improving the understanding of microwave
interactions with desert surfaces. (4) To investigate the potential for extraction of
quantitative soil moisture estimates from ERS SAR data.

Analysis of multitemporal backscatter coefficients, expressed in decibels (dB), for some
desert surfaces show fluctuations of up to 6 dB during or after periods of rainfall. Basalt
boulder or stone surfaces show very stable backscatter properties regardless of soil
moisture conditions. This is because the roughness parameter dominates the scattering
mechanism. Detailed analysis of surface roughness measurements and calculations are
presented. To understand the scattering processes, the physical optics (PO), geometric
optics (GO), small perturbation (SP) and integral equation models (IEM) were
calibrated using field data. The results show the limitations of using the PO, GO and SP
models in this natural environment, caused by the restrictive model validation domains.
The calibration of the IEM yielded much better results, correlation coefficients greater
than 0.8 were achieved between predicted and observed backscatter coefficients.
Retrieval of soil moisture estimates with the IEM yielded a confidence level of 80%.

ERS SAR has demonstrated an ability to detect changes in the surface properties of
desert surfaces. However, to improve model accuracy, detailed information on surface
roughness properties, or a second image band of data is necessary. Future research
should focus on interferometry and multi-parameter systems (e.g. ENVISAT) to
improve dryland soil moisture estimates.
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Figure 4.14. (p. 149): Mean daily air temperatures recorded at the Menara AWS for the
period August 1994 to August 1996 (excluding January 1995), (Kirk 1997).

Figure 4.15. (p. 151): Mean diurnal wind speeds at the Marab Salma station for the
months of January, March, July and October 1996; (note: only 29 days for March and
27 days for October, caused by battery failure).

Figure 4.16. (p. 153): Diurnal wind direction variation for the months of January,
March, July and October 1996 recorded at the Marab Salma station. The black line

represents the mean wind direction for that hour.
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Figure 4.17. (p. 154): Diurnal wind direction variation recorded between the period
August 1994 and August 1996 at the Menara AWS (Kirk 1997).

Figure 4.18. (p. 156): Total daily evaporation rates calculated at the Menara station
using an approximation of the Penman Equation. These are plotted against rainfall (bold
line) for the period 7th August to the 20th October 1994 (from Kirk 1997).

Chapter 5:
Figure 5.1. (p. 165): The procedure for calculating the roughness parameters outlined
in a hydrological study in the Abruzzo region of Italy (Chiarantini et al. 1995).

Figure 5.2. (p. 167): (a) Power spectra of dated basalt lava flows, showing surface
roughness evolution with age, and (b) linear fits showing the slope and offset values to

the power spectra (Farr, 1992).

Figure 5.3. (p. 170): The surface height profile for Marab Shubayka derived in the
spring 1997 field campaign. The peaks and troughs correspond to hummocks and cracks

on the marab surface.

Figure 5.4. (p. 172): Probability density functions of surface heights for Marab
Shubayka. These are displayed for the full transect of 2.88 m (a); (b), (c) and (d) show
the P.D.F. of the three ~1 m transects.

Figure 5.5. (p. 174): Autocorrelation relationships derived using the two estimates
(simple and Pearson) of autocorrelation for two sites, Marab Shubayka and Marab
Wassad. The estimates of the correlation length for the sites shown above are:
Shubayka, 12 and 11.9 cm, and Wassad, 19 and 21.6 cm for the simple (Equation 5.2)

and Pearson (Equation 5.4) estimates respectively.

Figure 5.6. (p. 177): The influence of transect length on the autocorrelation coefficient
is shown for the three ~1 m profiles that comprise the full profile length (shown as a
solid black line) for Marab Shubayka.
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Figure 5.7. (p. 179): The influence of surface slope on the RMS height (top) and the
correlation function (lower) for a hammada site. The values of the parameters estimated

are listed in the text.

Figure 5.8. (p. 181): Theoretical  functions plotted against the measured
autocorrelation function at the full profile length, Marab Shubayka. The best fit model

is Gaussian, 1is 11.9 cm.

Figure 5.9. (p. 182): Measured ~1 m correlation functions (1,2,3) shown against
theoretical functions, Marab Shubayka.

Chapter 6:

Figure 6.1. (p. 191): Sensitivity of the dielectric constant to soil moisture for two soil
types. The clay soil comprises 45% clay and 10% sand sized particles, the sand soil
comprises 60% sand and 5% clay particles in this example. For a given soil moisture

above 0.03 (by volume) a sand soil has a greater dielectric constant.

Figure 6.2. (p. 192): Sensitivity of the backscatter coefficient to soil moisture for a
specified soil type. The IEM simulation assumes a constant silt particle size content of
30%.

Figure 6.3. (p. 193): Sensitivity of the backscatter coefficient to soil moisture
accounting for the variation in incidence angles across an ERS SAR image. The

simulation displayed is for a 1” increment in incidence angles between 20 and 26’.

Figure 6.4. (p. 195): Sensitivity of the backscatter coefficient to RMS height for a
specified correlation length (1). The autocorrelation function used in this simulation is

Gaussian.
Figure 6.5. (p. 195): Sensitivity of the backscatter coefficient to RMS height for a

specified correlation length (1). The autocorrelation function used in this simulation is

exponential.
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Figure 6.6. (p. 197): Sensitivity of the backscatter coefficient to RMS height
accounting for the variation in incidence angle across an ERS SAR image. The
simulation displayed is for 1° increments for incidence angles between 20 and 26'. This

variation is accounted for in the image pre-processing stages of the analysis.

Figure 6.7. (p. 199): Sensitivity of the backscatter coefficient to soil moisture for the

four main land cover types.

Figure 6.8. (p. 200): Sensitivity of the backscatter coefficient to RMS height for the

four main land cover types.

Figure 6.9. (p. 202): Illustration of the validation criteria of the SP, PO, GO models
and IEM used in this study. Field data, excluding basalt sites, are plotted in a roughness
feature space comprising correlation length (1) against RMS height (o), k is the
wavenumber and ~ 1.11 at 5.3 GHz. In this example, ~1 m profiles have been used to
calculate the roughness parameters and the simple method adopted for calculating the
correlation length. Those sites that lie within the validation domains of the SP, PO and
GO models (dashed polygons) are displayed as hollow circles, those that fit the criteria
of only the IEM (solid polygon) are displayed as solid circles.

Figure 6.10. (p. 205): Kirchoff and small perturbation model calibration results for the
ten scenarios listed in Table 6.1. Observed backscatter coefficients are derived from
ERS SAR PRI data. Predicted backscatter coefficients have been calculated from the
SP, PO and GO models using field data that have satisfied all of the validation criteria.

The calibration coefficients between observed and predicted measurements are shown.

Figure 6.11. (p. 208): IEM calibration results for the ten scenarios listed in Table 6.2.
Observed backscatter coefficients are derived from ERS SAR PRI data. Predicted
backscatter coefficients have been calculated from the IEM using field data that have
satisfied the validation criteria. The correlation coefficients between observed and

predicted values are shown.
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Figure 6.12. (p. 210): IEM calibration results for the selected optimal parameterisation

with two correlation length methods.

Figure 6.13. (p. 213): Soil moisture - backscatter coefficient curves generated for Qa’a
Qattafi using the calibrated IEM. The input parameters are; ERS-1 data, RMS height =
0.16 cm, correlation length = 4.5 cm, autocorrelation function = Gaussian, incidence
angle = 23", ERS-2 data, RMS height = 0.23 cm, correlation length = 4.5 cm,

autocorrelation function = Gaussian, incidence angle = 23 .

Figure 6.14. (p. 214): Estimated soil moisture values for Qa’a Qattafi, over the winter
of 1995, calculated from backscatter coefficients derived from ERS-1 SAR data. Actual
estimates of soil moisture from in-situ measurements (taken at the same time as the
satellite acquisition) are shown for comparison. Rainfall data from the Safawi station

are also presented.

Figure 6.15. (p. 215): Soil moisture - backscatter coefficient relationship curves
generated for Qa ‘a al Wassad using the calibrated [EM. The input parameters are; ERS-
2 data, RMS height = 0.17 cm, correlation length = 5.9 cm, autocorrelation function =

exponential, incidence angle = 22",

Figure 6.16. (p. 217): Soil moisture - backscatter coefficient curve generated for Qa’a
al Bugayawiyya. The input parameters are; ERS-1 data, RMS height = 0.76 cm,
correlation length = 25 cm, autocorrelation function = exponential, incidence angle =

21.2°.

Figure 6.17. (p. 218): Estimated soil moisture values for Qa ‘a al Bugayawiyya, over the
winter of 1995, calculated from backscatter coefficients derived from ERS-1 SAR data.
Actual estimates of soil moisture from in-situ measurements (taken at the same time as
the satellite acquisition) are shown for comparison. Rainfall data from the Safawi
station are also presented. The last estimation on May 16th 1996 shows good agreement

with the measured value of soil moisture.
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Figure 6.18. (p. 220): Soil moisture - backscatter coefficient curves generated for
Marab Suwaiid. The input parameters are; ERS-1 data, RMS height = 0.2 cm,
correlation length = 3.2 cm, autocorrelation function = exponential, incidence angle =
23.7". ERS-2 data, RMS height = 1.38 cm, correlation length = 13.9 cm, autocorrelation

function = Gaussian, incidence angle = 23.7".

Figure 6.19. (p. 221): Estimated soil moisture values for Marab Suwaiid, over the
winter of 1995, calculated from backscatter coefficients derived from ERS-1 SAR data.
Actual estimates of soil moisture from in-situ measurements (taken at the same time as
the satellite acquisition) are shown for comparison. Rainfall data from the Safawi

station are also presented.

Figure 6.20. (p. 222): Soil moisture - backscatter coefficient curves generated for
Marab Wutaydat. The input parameters are; ERS-1 data, RMS height = 0.87 cm,

correlation length = 7 cm, autocorrelation function = Gaussian, incidence angle = 25"

Figure 6.21. (p. 224): Estimated soil moisture values for Marab Wutaydat, over the
winter of 1995, calculated from backscatter coefficients derived from ERS-1 SAR data.
Actual estimates of soil moisture from in-situ measurements taken at the same time as

the satellite acquisition are shown for comparison.

Figure 6.22. (p. 225): Soil moisture - backscatter coefficient curve generated for the
chert hammada. The input parameters are; ERS-1 data, RMS height = 0.7 cm,
correlation length = 5.5 cm, autocorrelation function = exponential, incidence angle =

o

21.

Figure 6.23. (p. 226): Estimated soil moisture values for the chert hammada surface,
over the winter of 1995, calculated from backscatter coefficients derived from ERS-1
SAR data. Actual estimates of soil moisture from in-situ measurements (taken at the
same time as the satellite acquisition) are shown for comparison. Rainfall data from the

Safawi station are also presented.
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Figure 6.24. (p. 227): Soil moisture - backscatter coefficient curve generated for the
limestone hammada. The input parameters are; ERS-1 data, RMS height = 0.66 cm,
correlation length = 5.5 c¢m, autocorrelation function = Gaussian, incidence angle =

19.8".

Figure 6.25. (p. 228): Estimated soil moisture values for limestone hammada, over the
winter of 1995, calculated from backscatter coefficients derived from ERS-1 SAR data.
Actual estimates of soil moisture from in-situ measurements (taken at the same time as
the satellite acquisition) are shown for comparison. Rainfall data from the Azraq station

are also presented.

Figure 6.26. (p. 230): Soil moisture - backscatter coefficient curve generated for the
Fahda Vesicular basalt. The input parameters are; ERS-1 data, RMS height = 2.3 cm,
correlation length = 7.2 cm, autocorrelation function = Gaussian, incidence angle =

219,

Figure 6.27. (p. 231): Estimated soil moisture values for Fahda Vesicular basalt, over
the winter of 1995, calculated from backscatter coefficients derived from ERS-1 SAR
data. Actual estimates of soil moisture from in-situ measurements (taken at the same
time as the satellite acquisition) are shown for comparison. Rainfall data from the

Safawi station are also presented.

Figure 6.28. (p. 233): Estimates of soil moisture from ERS-2 SAR data compared
against soil moisture estimates derived in-situ in 1998. Apart from the outlying over
prediction of soil moisture at Qa’a al Wassad, the inversion model slightly under

estimates the value of soil moisture estimated in the field. The line x =y is shown.

Figure 6.29. (p. 236): Location of Qa'a al Buqayawiyya (shown in red) in the north-

eastern Jordan Badia.

Figure 6.30. (p. 237): Soil moisture distribution maps of Qa’a al Bugayawiyya, derived
from ERS-1 and ERS-2 SAR imagery. The images covers 9 by 8 km, north is to the top.
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Chapter 7:
Figure 7.1. (p. 257): Dependence of the backscatter coefficient to changes in soil
moisture (m® water m™ soil) expressed as a function of polarisation and roughness. The

RMS height of the hammada surface is 0.7 cm, and the ga’a, 0.22 cm.

Figure 7.2. (p. 258): Dependence of the backscatter coefficient to changes in soil
moisture (m® water m™ soil). The simulation indicates that a surface (e.g. Marab Salma)
with a RMS height of 1.16 cm does not display different scattering intensities at VV and
HH. At a lower RMS height (0.72 cm), the differences in backscatter are greater, a

measurable indication of the absolute roughness of the surface.
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1. Introduction

Monitoring soil moisture dynamics, both in space and time, is important for
understanding soil-vegetation-atmosphere interactions. It is especially important in
dryland environments as soil moisture, a critical parameter, is crucial in the effective
utilisation of the soils and vegetation in these arid and semi-arid regions. Population
growth in many dryland nations, combined with changes in land tenure systems, has
forced settlers onto areas previously used only for seasonal grazing (Dutton 1998).
These are increasingly being converted to rain-fed cultivation and permanent grazing,
both of which are marginal economic activities. Such areas are vulnerable to climatic
fluctuations and any developments in them need to be carefully sited with respect to
water availability and carefully monitored. This study focuses on a dryland region in
Jordan, a country which has seen one of the highest natural population increases in the

world (Maani et al. 1998).

Section 1.1 describes the location of the study region and briefly introduces the history
of the Jordan Badia Research and Development Programme (BRDP). The nature of the
dryland surfaces that characterise this region are also introduced. Section 1.2 outlines
some of the methods of soil moisture measurement and discusses the advantages and
disadvantages of different methods. Furthermore, this section introduces the concept of
remote sensing for soil moisture studies, discussed in greater detail in Section 1.4 and
Chapter 2. Section 1.3 describes some of the issues concerning the soil moisture
characteristics of the main desert surfaces that are found in the study region, with a
specific interest in some of the geomorphological processes that may occur over the
time frame of the research. The remote sensing of soil moisture is described briefly in
Section 1.4. Research objectives are stated in Section 1.5. An outline of the thesis

structure is given in Section 1.6.



1.1 The Jordan Badia Research and Development Programme

Jordan, a country with a population at present of approximately 4 million people, has a
predicted population growth factor that could see the population double in 17 years
(Findlay and Maani 1998). Population growth has been predicted to occur outside the
main urban regions, in economically and ecologically marginal areas, which will put
pressure on the natural resources in these areas. Where people in arid lands are truly
dependent on their environment for their livelihood, they tend to treat it with great
respect (Dutton 1998). This situation exists in the dryland regions of Jordan.
Improvements in technology lead to a greater demand for dryland resources and a
requirement for new products and services. Furthermore, a desire for an improvement in
lifestyle that cannot be fully supported by the natural environment has emerged from the
community. This growth of natural resource demand may ultimately lead to social
instability being created. In the physical environment, consequences of instability may
be the mis-management of land resources, over-exploitation of the vegetation or the

pollution or salinisation of the water resource.

The Jordan Badia Research and Development Programme (BRDP) was established in
1991 to try and improve understanding of the desert environment in Jordan. The word
‘Badia’ means arid land. The Badia of Jordan comprise over four-fifths of the total land
area. In the combined words of HRH Crown Prince El Hassan bin Talal and HRH The
Duke of Kent (Patrons of the project), “The wonderful world of the desert is revealed in
all its glories and challenges in the Jordanian Badia. With its dunes and pavements,
Bedouin and cultivators, its wadis and oases, oryxes and gazelles, it stretches from the
Fertile Crescent into the heart of the Arabian peninsula”. The Jordan Badia Research
and Development Programme focuses on a region of Badia landscape in north-east
Jordan. The project is currently approaching the stage where research becomes
development. An initial aim of the Programme was to develop a better understanding of
the natural resource base and the traditional and evolving uses of these resources in
order to protect these resources and to ensure their long-term sustainability for future
local populations (Dutton 1998). Research focused on specific themes including

livestock, climate, earth science, plant taxonomy, biodiversity, development
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anthropology, water resources, demography and education and health studies. A field
study centre was established in Safawi, located on the highway interchange between
Ruwayshid, Mafraq and Azraq. The second phase framework, comprising data

collection, analysis and interpretation is about to be completed (1996-1998).

The project area covers 11,210 km2 of the north-eastern Badia of Jordan (Figure 1.1)
and is bounded by Syria to the north and Saudi Arabia to the south. To the west, the
boundary follows the edges of the Azraq Basin; the eastern boundary comprises the
western boundary of the Hammad Basin Project, centred at Ruwayshid. A description of
the physical resources in the study area are given by Al-Homoud ef al (1996) and

Allison ef al. (1998) and are summarised in the following sub-sections.

1 e e
Programme area Highways
Land above 1000m IRAQ
_ 33+
SYRIA
luwayshid
-Jr 5 Amman
Jerusalem
Dead Sea SAUDI ARABIA
JORDAN 01 kilomietres l(iO

Figure 1.1.  Location ofthe Badia Research and Development Programme area.



1.1.1 Climatic characteristics

The study area lies within an arid climatic zone (50-200 mm/a). Rainfall is infrequent,
sporadic and unpredictable. The region is also exposed to large annual and diurnal
temperature ranges, especially in the spring and autumn months. The study region is
recognised as being in the transition zone between the wetter environment o f the Jordan
Valley and the dry, desert interior. The region experiences high evaporation rates,
estimated to be in the region of 1,500 to 2,000 mm per annum, equivalent precipitation

depth. The average precipitation distribution for Jordan is shown in Figure 1.2.

RUWAYSHID

SAFAWI

'AZRAQ

PRECIPITATION

MA'AN 50-100 mm

100-150 mm

Figure 1.2.  Precipitation distribution in Jordan.



In the north-west of the study area rainfall exceeds 150 mm, on average, due to higher
relief and its westerly location. This value declines further south and east, reaching
average precipitation amounts totalling 50 to 100 mm at Safawi, to less than 50 mm in

the southern regions, close to the Saudi Arabian border.

1.1.2 Geology and topography

A comprehensive investigation into the geology of Jordan was undertaken by Bender
(1974). Although the majority of Jordan is covered by sedimentary rocks, Tertiary-
Quaternary continental basalt flows cover most of the study area (Figure 1.3). These
comprise lava flows and tuffs, of alkali-olivine composition, ranging in age between
13.7 Ma to less than 0.5 Ma. Ibrahim (1993) classified the basalt outcrops in terms of
their age, distribution and surface characteristics. The volcanic extrusion, known as the
Harrat ash-Shaam super-group is comprised of five main groups; Bishriyya, Asfar,
Safawi, Wisad and Rimah. Four flows within these groups are found in the Programme
area, the Abed, Salaman, Madhala and Bishriyya (to which the Fahda Vesicular
formation belongs), three are important, described in Table 1.1. All of these flows
impose significant influence on large-scale geomorphological processes, such as erosion
and deposition. To the south of the region, Tertiary sediments are present, overlain in
places by Quaternary pelitic sediments, i.e. mudflats or recent alluvial deposits of sand

and gravel.

The geology has a major influence on the topography of the study area. The difference
in altitude, between the north-west of the study area (1,150 m) and the southern
boundary (c. 400 m), is approximately 750 m. At Safawi, the mean altitude, above sea
level, is approximately 700 m. The topography is best described as gentle to undulating
hills with extensive flat regions. This is disrupted in localised sites by volcanic tuffs
(mainly in the north of the project area) and sedimentary depressions (such as those

found near to the Saudi Arabian border) to the south.
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Figure 1.3. The geological divisions within the eastern Badia of Jordan (after
Burdon 1959).

1.1.3 Geomorphology

Among the most fascinating aspects of deserts is their geomorphological diversity
(Oberlander, 1994). The Badia of Jordan can be used as supporting evidence for this
statement. On a large scale, differences in landforms and the processes that act on these
forms occur as a result of differences in climatic and geologic setting. The lack of
vegetation cover is of considerable importance for geomorphological processes and the
development of landforms. Aeolian erosion is a major geomorphological agent. The role
of moisture is also important in terms of geomorphological activity, especially during
high energy flood events. The geomorphological characteristics of the study area are
now presented, followed by a discussion on the similarity of these desert surfaces with
those in other arid zones. Present, within the Programme area, are well developed
catchment systems, drainage divides and channel features (wadis). On the basalt

surfaces, the development of a drainage system is dependent upon the age, physical and
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mineral characteristics of the basalt flows. For older flows, the landscape is more

weathered and therefore the basalt boulders are more rounded, channel networks have

developed and rill networks are present. More recent flows display irregular network

patterns that are often disconnected and contain silt-filled depressions. A summary of

the age, location and surface characteristics of the basalt flows found within the BRDP

area are given in Table 1.1. Channel development within the sedimentary rocks is

mostly well-established with obvious, incised wadis present.

Group Formation | Age Location Characteristics
Safawi Abed 8.45 - 9.3 Ma | Widespread and Hummocky large
Olivine dominant around Al | boulders, light to
Azraq and Al Safawi | dark brown
and in Wadi el Abed. | weathering colour.
Asfar Madhala 2.33 - 3.4 Ma | Three separate Smooth ground
Olivine upland areas; Jebel surface, stones 5-30
Druze, Tllul el cm in diameter, dark
Ashagqif, and near to | brown to black in
Saudi Arabian colour. A lime crust
border. may be present.
Bishriyya | Fahda <2 Ma Several outcrops Young, fresh, blocky
Vesicular occur; W of Jebel aa. Rubbly, vesicular
Aritayn, and 9 km E | surface. Purplish-
of Safawi are the black colour.
main locations.
Table 1.1. Basalt flow age, location and surface characteristics (after Ibrahim
1993).




Greater than half of the total surface area is covered by basaltic boulders of varying size
and shape. The fields of basalt rock are distinguished from each other by the age of
flow, amount of stone cover, angularity and the size of the stones. Towards the west of
the region, lichens cover the boulders, reflecting increasing moisture availability. A full
description of the boulder characteristics measured at the basalt sites studied is given in
Section 4.6. An extensive region to the south of Safawi has been described as a stone
pavement, comprising deposits of gravel and stone sized chert and limestone clasts. A
more detailed description of the properties of these surfaces, locally referred to as

hammada, can be found in Section 1.3.

Two important geomorphological features that are found within the project area are ga’a
and marab. Qa’a are flat, sometimes extensive, deposits of fine-grained sediment. They
have similar characteristics to playa deposits, in that there is a flow of sediment and
water into the ga’a system, but no obvious outflow. The ga’a found in the BRDP area
are not saline, compared with those found in Tunisia (Archer 1995) and so can be
classified as mud pans. The ga'a also vary in size and shape. Many small, and often
interconnected, ga’a (of the order of tens of metres across) have developed in the
youngest basalt flow, situated to the immediate north of Safawi. Larger ga’a (>1
kilometre square in area) can also be found within the eastern Badia. A detailed

description of the moisture properties of ga ‘a surfaces is given in Section 1.3.

Marab are systems that are similar in many respects to ga’a, but they have a well-
defined input flux and output drainage, normally in the form of a wadi channel. The
marab in the project area can be quite extensive and support both seasonal and
ephemeral vegetation growth. The surface sediments are normally coarser than for a
ga’a surface. A number of marab have been developed within the project area to
implement rain-fed cultivation, often close to water harvesting projects that have been
set-up by the study. These regions support the growth of barley and other fodder crops
that supplement the natural vegetation. Locations where desert cultivation practices are
employed are Qa’a ash Shubayka and parts of Qa'a al Bugayawiyya, which are referred
to in this study. Cultivation has been undertaken in the region towards Mafraq (west of

the BRDP area) for over 50 years. The growth in cultivation practices and permanent



fields has expanded further east towards Safawi over time. Therefore, the region is

increasingly becoming more dependent on rain-fed and irrigated agriculture.

For the purposes of this study, the desert surfaces that are considered to characterise the
eastern Badia of Jordan are divided into four main types. These are basalt regoliths,
hammada, qa’a and marab. Each surface plays an important role in the issues

surrounding the availability of soil moisture and vegetation.

On a wider scale, these surfaces are represented in other desert regions. Thomas (1992)
summarises data on the proportion of different landscape environments for five regions
(southwest United States, Sahara, Libya, Arabia and Australia). The data shows that
qa'a (playa) surfaces comprise, on average 1% of the surface area of these deserts. The
percentage of land area occupied for dry watercourses is also 1% in the Sahara, Libya
and Arabia, this figure rising to 3.6% in the southwestern United States. Desert flats
(hammada) and low-angled bedrock surfaces occupy between 10 and 20% of the
landscape in these desert regions. The proportion of recent volcanic deposits is reported
to be less than 3% (Sahara), with no volcanic deposits in Australia and 2% in Arabia.
These value bear some similarities between the proportion of land covers in the study
area and with other desert region. These similarities are in the proportion of dry
watercourses and ga'a (playa) surfaces However, there are greater proportions of
volcanic deposits (> 50%) and desert flats (40%) compared to other extensive arid areas.
Sand surfaces, which are well represented in the Saharan, Libyan, Arabian and
Australian desert regions (> 20%) are not well represented in the study area, apart from
a small area in the southeastern corner of the study area, occupying < 5% of the study

arca.

The potential for expanding this study outside the realms of the Jordan Badia is high,
due to the fact that surfaces that characterise the Badia can be found in other dryland
regions. This potential will increase if data on climatic and geomorphological properties

of the desert environment are already available.



1.1.4 Flora and fauna

The species diversity of the Jordan Badia is very great, with over 322 species of flora so
far having been recorded in 46 vascular plant families (Cope and El-Easawi 1998). Most
plant growth is restricted to marab and wadi surfaces, where an influx and concentration
of water occurs. A sparse cover of vegetation growth also occurs on the basalt surfaces,
and in localised depressions on hammada surfaces. The main species growing both on
the limestone and basalt surfaces are Artemesia herba-alba, Artriplex halmus, Siedlitzia
rosmarinifolia, Chenopodiacae and ephemeral grasses. The desert also supports both
small, burrowing mammals and larger mammals. Over 100 species of bird have also
been identified and recorded in the region. A detailed account of the vegetation found at

the study sites is given in Chapter 4.

1.1.5 Soils

During the early 1990’s, a major soil survey (The Soils of Jordan) was conducted for the
whole of Jordan. Sites within the study area were included in levels I and II of the
project. Data from the National Soil Map and Land Use Project (The Soils of Jordan
1993, 1994) have been utilised for this study, the relevant details of which can be found

in Section 4.5.

The first taxonomic distinction of the soils of Jordan is concerned with the soil
temperature regime. For the majority of the study area, the soils lie in a thermic
temperature regime, which is defined as an average annual temperature between 15 and
22°C. In the south-west and south-east of the project area the soils are classified as being
within a hyperthermic temperature regime, defined as an average annual temperature
which is greater than 22°C. The second distinction is concerned with the soil moisture
regime. The majority of the project area, apart from the far north-west, is classified as
having an aridic moisture regime. The north-west lies within the transition zone between
xeric and aridic regimes. Three distinct soil groups are present in the project area,

mainly associated with the geologic parent material. The first group are soils situated on
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the east Jordan limestone plateau. The soils are classified as Entisols and Aridisols of
variable depth and parent material composition. In depressions, bedrock merges into
sequences of gravel fan and gravel terraces; mudflats (ga’a) also occur. The second
group are associated with the north Jordan basalt plateau. Different series occur in
response to variations in topography and weathering. The development of the soil is
related to the age of the basalt flow. Well-developed xerochrepts, sometimes with
gypsic or calcitic horizons, occur on older basalt flows, weak structured xerothents
occur on weakly developed basalt flows. The third group is associated with the north-
east Jordan basalt plateau. A wide range of soils exist in this area, dependent on
weathering factors of the basalt. These include gypsiorthids, camborthids and
calciorthids on the older surfaces and torriothents and lithic soils on the younger

surfaces (The Soils of Jordan 1993, 1994).

The difference between soils and sediments in dryland environments is important to
distinguish. Soils are different to sediments by the presence of an organic layer (rare in
arid regions), aggregated and structured horizons having characteristic chemical
properties (helping to classify the soil type). In the study area, the hammada surfaces
comprise mainly of unconsolidated sediments covered by a crust of coarser-grained
sediments and stones. For the other land surfaces under study, evidence indicates that

soil development has occurred.

1.1.6 Water resources and requirements

The water demand for Jordan has been predicted to reach 2,105 million m® by the year
2020 (Allison et al. 1998). If the present trend of usage continues, potable water
supplies will decrease from present values, of approximately 200 m’ per capita per year,
to less than 100 m® by the year 2020 (Jaber et al. 1997). If steps are not taken in the
short-term then future supplies may be restricted. The main drainage basin covering the
project area is in Azraq surface water basin. Runoff occurs usually every year in
response to precipitation events that exceed infiltration capacity and/or saturation values

of the soil. The distribution of groundwater in Jordan is fairly well understood from the
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work by Blake (1928, 1930) and later by Bender (1968). Groundwater in the study area

occurs in three complexes (Parker 1971), (Figure 1.4).

Ruwayshid

Harrat ar-Rujayla
1000n 1y NE

Fuluk
Fault

ddleiafluite/jsystem
Lower aquifer system

vertical exaggeration x50

-500-
| Quaternary sediments CRETACEOUS
Chalky limestone, dolomite, chert
H Basalts (Amman / Wadi Sir)
TERTIARY Limestone, marl, sand intercalation
jrferfi Chalky or marly limestone Sandstone (Kurnub)
Chert, marl, limestone (Rijan) JURASSIC & OLDER
Soft marl, limestone intercalated Sedimentary rocks
with chert and phosphate
Water table in upper aquifer
Figure 1.4. Cross-section between Azraq in the south-west and Ruwayshidin the

north-east showing the major aquifers o fthe project area.

The upper aquifer comprises Quaternary basalts and the underlying Rijam cherty
limestone. The middle aquifer comprises Cretaceous limestones of the Amman-Wadi
Sir and Hummar aquifers located at a depth between 300 and 1,000 m. These aquifers
are characterised by variable productivity and water quality. The lower aquifer
comprises Cretaceous and older sandstones at depths between 1.3 and 3.4 km. The
exploitation of the groundwater resource for industrial and public use has been well
documented, as have the geochemistry and recharge rates of the aquifers (Dotteridge
1998; Drury 1998; Haaland 1998; Noble 1998). The main conclusion fromthisresearch

is the great depth that has to be drilled to reach the water table.
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The demand for water in the eastern Badia of Jordan comes mainly from the people
living in the town of Safawi and the villages in the north-west of the study area. The
demand has increased over recent years because of changes in land-tenure, farmers who
were previously nomadic being forced to become settled, partially as a result of
overgrazing in the Badia. In addition irrigated plantations and cultivated fields are
expanding and create increased water demand. Waddingham (1998) studying water
demand in Umm al-Quttayn, one of the larger villages, concluded that the management
of water resources needs to be co-ordinated at the catchment level. Investment in the
mains system is also required to reduce leaks, and irrigation systems need to be water

efficient.

1.1.7 Social and environmental aspects

The eastern Badia of Jordan, of which the study area covers a significant amount, is one
of the few remaining regions in the Middle East where nomadism is still practised.
Lancaster and Lancaster (1997) describe Badia landscapes as being used by different
groups of people with different means of livelihood and management strategies, at
different times of the year and during different years. In the Badia, mobility between
areas is essential, especially in the winter and spring months in response to available
vegetation and water supplies. Lancaster and Lancaster (1997) suggest that the users of
the Badia see their environment as a series of islands and corridors of grazing and water,
areas of shelter and warmth for the winter and cooler uplands for the summer. This
system, which has been in place for seven to eight thousand years (Briant 1982,
Lancaster and Lancaster 1991) has started to change since the First World War
(Campbell and Roe 1998). The changes have been mainly caused by a combination of

three factors:

(1) Changes in herding practices; including a restriction of grazing areas caused
by increased cultivation, border crossings, changes from camel to sheep livestock and
greater demand for meat and dairy products from the urban centres and since 1996 a

withdrawal of feed subsidies by the Jordanian government.
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(i) Increases in population. This increase places high demands on land

productivity and natural resources.

(iii) Users of the Badia see their current environment as both stable and resilient
over time, but they appreciate the unpredictable and arid climate (Lancaster and
Lancaster 1997). An alternative hypothesis may suggest that farmers believe conditions

are becoming more arid and are resorting to permanent cultivation in less arid regions.

1.2 Soil moisture

In this section some of the concepts and sources of soil moisture in arid regions are
presented. The different techniques and measuring devices that are available to measure
soil moisture are discussed. Also, the advantages and disadvantage of using different
approaches in dryland environments are presented. Soil moisture is a critical parameter
governing environmental issues in the eastern Badia. Soil moisture has a key role to play
in surface water availability, runoff potential and the growth of vegetation. The

vegetation depends on soil type and available soil moisture.

Sources of soil moisture in desert areas include rainfall, a high water table, frost, snow
and dewfall (Agnew and Anderson 1988). The rainfall is mainly convective and highly
localised, (as is described in Chapter 6), which can lead to sudden increases in soil
moisture occurring over a small area, which may be difficult to monitor on the ground.
In Jordan, frost and snow are rare, but not unheard of, even in the Badia. In addition,
research has been undertaken by Clive Agnew in Jordan (personal communication) on
the amount of dewfall under certain atmospheric conditions. Given these climatic
conditions and the possibly highly localised occurrence of increased soil moisture, a
measurement technique is required that can view large areas but provides enough detail
(spatial resolution) to monitor variations in soil moisture over the order of metres to tens
of metres. The pathways and movement of moisture within the profile after rainfall are
upwards through evaporation, drainage in sub-soil layers, sub-surface lateral flow into

ephemeral river channels and overland flow. If the infiltration capacity is exceeded by
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an intense rainfall event then surface flow of water can occur. The drainage and water
retention capacity of a soil depends on its physical properties. For example, a coarse
textured surface soil allows rapid penetration and infiltration of water, but will also dry
out quickly. A fine textured soil, with smaller pore sizes, allows storage of moisture
under higher soil water tensions than for a coarse textured soil. Evaporation will still
occur in a fine textured soil but at a slower rate. The distribution of different soil types
will have an important influence on the infiltration and evaporation of soil moisture.
Herbel and Gile (1973) measured soil moisture suction in southern New Mexico over a
ten year period. The authors concluded that the most favourable conditions for plants,
were landscapes that were level or almost level, had a thin coarse textured surface
horizon to permit maximum infiltration of moisture, and a fine textured subsoil to

prevent excessive deep drainage.

1.2.1 Methods of soil moisture measurement

Schmugge et al. (1980) state that there are three general approaches to measuring soil
moisture: in-situ or point measurements, soil water models and remote sensing methods.
The majority of studies involving the measurement of soil moisture use in-situ methods.
In-situ methods include gravimetric and volumetric moisture determination (sample
collected of known volume), neutron scattering, electromagnetic (capacitance probe),
tensiometric (measures the capillary tension) and hygrometric (humidity) techniques.
The theory, advantages and disadvantages of using in-situ methods are summarised in
Table 1.2. A disadvantage of in-situ measurements is that single measurements do not
account for spatial variations in soil moisture. Multiple measurements may establish any
spatial variability but these measurements are difficult and costly to implement on a
large scale in difficult terrain. Furthermore the nature of desert soils make them prone to
surface disturbance that is both damaging and irreparable (this is especially a problem
when using tensiometers, neutron scattering and capacitance probe techniques). In the
Badia, soils are often capped by a tough, protective layer, especially the ga’a and
hammada surfaces. Insertion of the measuring device is problematic, more so in very

dry soils, due to loss of cohesion between the probe and the surrounding soil.
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The advantages of making in-situ measurements are that they are often more accurate
then other methods, such as water balance models (when care is taken during
installation), the majority of methods enable the data to be recorded and logged at
regular intervals and subsoil moisture contents can be measured by placing, for
example, capacitance probes at different depths within the profile. Furthermore, using
tensiometers at different depths, allows the direction of water movement in the soil

profile to be determined.

In addition, in-situ measurements in desert environments are also difficult to obtain due
to the general inaccessibility of many areas. This is particularly true in the Badia, which
has few roads, and the basalt boulder fields prevent access. A final problem is the
limited usefulness of point data compared to spatial data. In desert environments, soil
moisture may vary significantly over small spatial scales, as indicated by the patchiness
of vegetation and localised precipitation events. Point measurements may not be able to

quantify this small-scale variation with sufficient accuracy.

The use of soil water models to determine the moisture content utilises the conservation
of mass balance of water in a soil column. At any one time the soil moisture of a soil
column can be calculated using the relationship between precipitation, surface runoff,
subsurface outflow, evaporation, transpiration, capillary rise, percolation and the
antecedent soil moisture content. Models have been developed mainly for agricultural
applications. Saxton et al. (1974) for example, simulated soil-plant-atmosphere-water
interactions using physics-based and semi-empirical approaches. Hydrologists have also
developed models to estimate soil moisture. Hillel (1977) describes several physically-
based models under bare soil conditions. An advantage of using soil water models is
that they can provide timely soil moisture information without the necessity of field
visits. A disadvantage is the errors involved in making estimations (Schmugge et al.
1980). These errors may be further exaggerated in desert regions, where accurate and
timely data about the parameters that influence soil moisture, such as precipitation and

evaporation, may be limited.
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METHOD THEORY ADVANTAGES DISADVANTAGES REFERENCES
Gravimetric Oven-drying to a constant | Samples easily obtained with an Obtaining representative sample is | Brakensiek et al.
weight. Vol. water content | auger, inexpensive, difficult, sample contamination (1979),
requires bulk density. estimate easily calculated. caused by destruction of the site. Black (1965).
Neutron Measures the thermal or Moisture measured in any state, Inadequate depth resolution, value | Visvalingham and
scattering slow neutron density. data logged, measure any depth depends on chemical and physical | Tandy (1972),
Emits a neutron field from | profile, quick response to changing | properties of soil, health risk, Rawls and
a radioactive source. conditions. cannot measure surface moisture. | Asmussen (1973).
Electromagnetic | Moisture dependence on With calibration, can yield absolute | Minimise disturbance, long-term Wang et al. (1978),
the dielectric properties of | values of moisture, placed at any calibration may be unreliable, cost | Nadler and Lapid
the soil medium. Resistor | depth, control of volume of soil of logging and telemetry devices is | (1996),
or capacitor device. medium tested, high precision. high. Zegelin et al. (1989).
Tensiometric Measures the capillary Easy to design and construct, Knowledge of soil properties Anderson and Burt
tension, or energy with cheap, system response is rapid, required, easily broken, results can | (1977), Richards
which the water is held by | system can make measurements in | only be accurately obtained in the 0 | (1949)
the soil. saturated or unsaturated states. to 800 cm water tension range.
Hygrometric Exploits the relationship Simple apparatus required and low | Deterioration of the sensing Phene et al. (1971,
between moisture content | cost. element through interaction with 1973).
in a porous material (soil) the soil, special calibration of each
and the relative humidity. material required.
Table 1.2. A summary of in-situ methods available to determine soil moisture, and specific advantages and disadvantages of their
application.
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The remote sensing of soil moisture depends upon the measurement of electromagnetic
energy that has either been reflected or emitted from the Earth’s surface (Schmugge et
al. 1980). Remote sensing can yield information about the spatial distribution of soil
moisture and therefore can be used as input to distributed models that account for soil
moisture in two dimensions. Water is unique in that it is near the extremes in its thermal
and dielectric properties, these properties are discussed in greater detail in Chapter 2.
Remote sensing techniques makes use of this property of water by using sensors that are
sensitive to variations in temperature (thermal infra-red) and dielectric properties
(microwaves). Further details on the measurement of soil moisture using remote sensing

techniques are presented in Section 1.4.

The users of the Badia are very much aware of the requirements of winter rainfall. For
good grazing, rainfall is needed during November and December and once again in
February and March (Lancaster and Lancaster 1997). Usually four or five steady
downpours, lasting up to a week, are required, to regenerate the perennials and also to
bring about the growth of ephemeral plants considered essential for good milk
production. Observations made in the spring months of 1996, 1997 and 1998 indicated
that widespread grass growth occurred only in 1997. The winter of 1995 recorded less

than average rainfall for the eastern Badia region.

Accurate mapping of areas of soil moisture accumulation or regions of active soil
moisture dynamics is an aim of this research. Soil moisture can be related to rainfall and
other parameters, which together determine the availability of water to support plant
growth. Thomas and Squires (1991) propose a land capability assessment on the basis of
soil moisture availability, ultimately to derive estimates of potential productivity.
Information about the distribution of soil moisture will be useful to research scientists
from different disciplines and will also be useful for the users of the Badia because of

the increased accuracy and availability of the information.
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1.3 Soil moisture characteristics of the Badia surfaces

Arid environments have been classified under a number of different schemes. Heathcote
(1983), in reviewing published literature concerning drylands, found definitions that
continuously referred to these environments as being ‘inhospitable’, ‘barren’,
‘unvegetated’ and ‘devoid of water’. Other scientific definitions, based on physical
criteria include: Climatic parameters based on plant growth (Koppen 1931); drainage
patterns (de Martonne and Aufrere 1927); erosion processes (Penck 1894); and
vegetation types (Shantz 1956). All of these classifications involve a consideration of
the moisture availability, which is normally expressed as a relationship between
precipitation and evaporation. Dryland environments can be categorised as hyper-arid,
arid and semi-arid, based on the precipitation record and the seasonal precipitation
regime (Meigs 1953), whose classification is based on Thornthwaite’s moisture index
and includes an evaporation term. The classification by Meigs (1953) estimated that
36.3% of the total global land area is arid. This amount comprises 15.8% semi-arid
lands, 16.3% arid lands and 4.3% hyper-arid lands. Other estimates (see Heathcote
1983) do not vary greatly from this classification.

The general shortage of soil moisture has a major impact on plant growth in these
regions. The amount of vegetation present in drylands affects not only wind-driven
processes but also water-driven processes. Therefore, the distribution and type of
vegetation has considerable influence on the nature of geomorphological processes and
hence the development of landforms (Thomas 1988). The spatial variability of the
geology, topography and climatic variations in the eastern Badia of Jordan has also

contributed to the development of different landscapes.

Rainfall occurs more often than may be supposed in deserts, the number of rainy days
are sometimes comparable with more humid areas (Goudie 1992). Moisture is also
available in the form of dew although little data are available to quantify the
contribution of dew to the total precipitation values in arid environments. Effective
management of these sources of moisture is therefore an important issue in dryland

regions to maximise its use.
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Moisture is available in a variety of forms that may promote weathering and erosion
processes. The role of moisture in landscape development can be recognised in many
desert landforms. The evolution of desert crusts (calcrete, gypcrete or silcrete) are, more
often that not, the products of specific hydrological or pedological processes,
characteristic of arid and semi-arid environments (Watson 1992). Other landforms,
found within the study area that are the products of geomorphological processes in
which moisture has played a significant role, are playas (ga 'a), ephemeral river channels
(wadis) and their associated outflow spreads (marab) and desert pavements (hammada).
The role of moisture and moisture availability on their development over a long time

scale and over the time scale of the study are discussed in more detail in Section 1.3.1.

1.3.1 Basalt and desert stone pavement surfaces

Stone surfaces are characteristic of many desert areas but their origin remains a matter
of contention (Dixon 1994). The term desert pavement usually refers to a uniform
mantle of stones, of one or two stone thickness and of small axial dimension, which
overlie finer material ranging from several centimetres to metres thick (Cooke 1970;
Wells et al. 1985; McFadden et al. 1984, 1987). The local term hammada encompasses
the desert pavements found in the central and southern parts of the project area. Basalt
pavements, considered here as a separate desert surface, are located in the north and east
of the area. Stone pavement surfaces are remarkably flat and smooth. They can be found
in central Sahara (Peel 1960), eastern Sahara, Australia, western United States and in
north-western China. A review of the morphology, genesis and gravel source of stone

pavements is presented by Dixon (1994).

Stone pavement sediments are understood to be remnants of old alluvial deposits that
have been preserved by Quaternary aridity (Breed et al. 1992). The process of sediment
sorting, deflation and water movement in the evolution of desert pavements is illustrated

in Figure 1.5. Four such evolutionary models have been proposed.
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ORIGIN PROCESS

(a) Weathering profile Deflation of fine particles by wind

2 Erosion of fine sediment by overland flow

3 Upward migration of coarse particles

(b) Rubbling of lava flow Aeolian infiltration “lifting" coarse clasts

lorizoi

Figure 1.5.  Four hypotheses ofdesert pavement surface evolution (after Higgitt and
Allison 1998).

In the original state, the stone clasts are mixed throughout the sediment. Hypotheses 1, 2
and 3 provide explanations for mechanisms which lead to clasts being exhumed from
the finer sediment. The finer sediment may be removed by wind or runoff, or
alternatively the coarse particles may migrate towards the surface during ffeeze-thaw or
wetting-drying cycles. Hypothesis 4 suggests that the original substrate is clast free, and

deposition of finer sediment over time increases the thickness of the sediment layer
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raising the elevation of the desert pavement (McFadden er al. 1987). The accretion
hypothesis replaces the deflation hypothesis as a mechanism for stone pavement
formation and is consistent with other geomorphological processes acting on stone
pavements, such as the uniform application of fine sediment by winds blowing over
large areas. Research into the morphological properties of basaltic lava fields has been
undertaken in the Mojave Desert of California (Farr 1992) and in the Jordan basalt
plateau (Higgit and Allison 1998; Ibrahim 1993). From these research findings it
appears that basalt surfaces provide protection for the underlying surface from aeolian
deflation and also encourages deposition of fine aeolian sediment as a result of boundary

layer disturbance of desert winds (Figure 1.5, hypothesis 4).

The surface soil moisture retention and storage properties of these surfaces are difficult
to ascertain. After rainfall, evaporation from the stone surface will be very quick and
penetration of the ground surface will only occur after a certain amount of rainfall has
thoroughly wetted the surface. Observations made in the field indicate that after
significant precipitation the finer sediment beneath and in-between boulders retain soil
moisture for longer than other surfaces. This is most likely due to reduced evaporation
caused by a combination of sheltering from the wind and less direct insolation.
Vegetation is almost non-existent, the exception is in topographic depressions and
channel systems. In the eastern Badia, growth in the basalt regions is a little more
abundant especially after good winter rains, ephemeral grasses thriving in the relatively
sheltered environment. This source of natural vegetation is very important for the

grazing livestock as often basalt fields need to be crossed to reach new grazing areas.

1.3.2 Playa (qa’a) surfaces

The origins of playas have been ascribed to many different sources. These range from
simple desiccation of depressions filled under seasonal rainfall or wetter palaecoclimates
to tectonic activity or aeolian deflation (Shaw and Thomas 1992). A hydrological
classification, linking morphology, groundwater-surface water interactions and

evaporite sequence is illustrated in Figure 1.6.
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HYDROLOGICAL CLASSIFICATION
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Figure 1.6.  Hydrological classification, idealised morphology, and groundwater-surface water interaction of evaporative
Bowler 1986).

basins (after
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Playas are highly variable in size and shape, hydrology, morphology and pedology,
reflecting the complex interactions between the local setting and evolutionary paths.
Playas are generally classified as depositional environments (Bryant 1993). Dominant
sediment types are fine grained and brought in by either surface flows and precipitated
solutes. The main ions are derived from both surface water and ground water sources
and comprise SiO,, Ca**, Mg®*, K*, Na’, CI', HCO;,, CO;" and SO, (Shaw and
Thomas 1992).

Playas are generally found in regional or local topographic lows. They lack any surface
outflows, usually have flat surfaces, demonstrate a hydrological budget where
evaporation exceeds inputs of moisture and are normally devoid of vegetation. The latter
criteria is not always satisfied, vegetation may exist in specific locations and
associations. In the eastern Badia, playa lakes do not occupy a large proportion of the
area, relative to other land cover types. The pathway of water and salt exchange of playa

surfaces is illustrated in Figure 1.7.

INPUTS EXCHANGES OUTPUTS
Precipitation » SURFACE _ Possible limited
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Figure 1.7.  Diagrammatic representation of the possible exchange pathways for

water and salts in a playa (qa’a) system (after Torgersen et al. 1986).
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Three stores of water are evident; at the surface, in the sediments and deeper into the
ground. All of the exchanges have implications for the magnitude and frequency of the
processes that act upon the surface (Figure 1.7). Playas are sometimes saline, due to an
accumulation and subsequent evaporation of waters high in salts. The presence or
absence of salt minerals in a playa environment can have a significant influence on the
type of surface desiccation and fracture. However, due to a combination of hydrological
and climatic factors, the ga’a surfaces of the eastern Badia of Jordan are generally low
in salt content. Therefore the depositional classification that can be assigned to them
would be a clay-floored basin with low groundwater input. They often display
pronounced desiccation features due to the high smectite clay content. These are known
as gilgai or patterned ground, produced as a result of heave between cracks, heave above
cracks, contraction over cracks and heave due to loading (Knight 1980). Surface
polygonal cracking is also present, ranging in size from centimetres through to tens of
metres in scale (Cooke and Warren 1973). These features are primarily the result of

desiccation of crusts that are rich in swelling clays.

Observations made of ga’a surfaces located within the study area indicate that surface
water is the dominant control of ga’a processes. The depositional environment can be
described as less arid (Figure 1.6) due to the lack of saline evaporites at the surface and
relatively regular inundation by surface flows. As mentioned previously (Section 1.1.3)
the ga’a vary in size. Furthermore, the surface morphology between ga’a is highly
variable. Polygonal cracking is present to some extent on all of the ga’a observed, but
the scale, size and degree of cracking is variable and is dependent upon local
environmental factors. During each field visit it was deemed important to note the
surface characteristics and register any temporal variation in surface morphology. Some
of the surface features of ga ‘a are the most ephemeral of geomorphological phenomena,

lasting no longer than the interval between the rainfall events (Shaw and Thomas 1992).

The knowledge that might be gained about ga’a surfaces from this study include the
monitoring of surface processes and fluctuations. Furthermore rainfall events that cause
flooding of these ga’a surfaces can be identified. The geomorphological response to

wetting and drying cycles may also be monitored.
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1.3.3 Marab and wadi surfaces

Ephemeral channel systems found in dryland environments are different to their
perennial counterparts. A major difference is the generation of the flood wave.
Ephemeral rivers do not usually have a characteristic hydrograph as different parts of the
catchment may be contributing to the flood at any one time, responding to the cellular
convective nature of rainfall events in desert regions. The amount of water that is lost
through transmission into the surface sediments is greater than in perennial systems.
Transmission depends on the porosity, depth of the channel fill layer and the hydraulic
conductivity of the least permeable layer. During flood events ephemeral rivers can
move vast quantities of sediment. Sediment is readily available to be transported, both
from the channel sides and the stream bed. Ephemeral stream deposits appear to have
three attributes (Reid and Frostick 1992). The first is thin beds of sands and pebbly
sands between 0.1 and 0.3 m thick, this thickness depending on the depth of scouring.
The second is the presence of horizontal lamination of sediments. The third is the
presence of mud drapes and mud intraclasts, in the region of 0.1 m thickness, thought to

be laid down by stagnant flood water in the final stages of flow.

The wadi systems that drain the eastern Badia are extensive. The main channel system,
the Wadi Rajil, drains from north of the border in Syria (from the Jebel al Arab) into the
Azraq Basin and on to the border with Saudi Arabia. Furthermore, the drainage plane is
incised with smaller wadis which feed into the Wadi Rajil. Marab surfaces develop
where there is a lessening of the slope angle and the wadi channel is allowed to spread
laterally over the flood plain. They are characterised by shallow surface slopes and
vegetated by perennial shrubs and ephemeral grasses. Their surface sediments are
mainly dominated by silt and sand-sized particles, and are therefore more coarser
grained than ga’a surfaces. The soil moisture characteristics of marabs are very
important as they provide significant moisture reserves for the vegetation communities
that are found on them. After winter storms, wadi and marab regions often flood.
However, the water quickly drains away either down channels or into sediments. The
presence or absence of vegetation gives an approximate indication of the water holding

capacity of wadi and marab sediments.
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1.4 Remote sensing of soil moisture

Two types of electromagnetic radiation can be utilised to extract information about soil
moisture; thermal infra-red (10.5< A <12.5um) and microwaves (0.1< A <100cm).
Microwave radiation is more commonly used than thermal infra-red radiation. In
microwave applications, two approaches are considered, active and passive methods. A
justification for the approach that is taken in this project is presented. Three approaches
to the remote sensing of soil moisture have been developed: thermal infra-red, passive

microwaves and active microwaves.

1.4.1 Remote sensing methods: thermal infra-red

The factors that influence the diumal variation in soil surface temperature are internal
factors (e.g. thermal conductivity and heat capacity) and external factors (e.g. solar
radiation, relative humidity and wind). Increases in soil moisture lead to an increase in
the values of the internal factors and, hence, any changes in soil moisture should be
measurable in the thermal infra-red wavelengths (10.5< A <12.5um). An important
limiting factor is surface evaporation, which reduces the net energy input at the Earth’s
surface. Idso et al. (1975a, 1975b) showed that maximum diurnal temperatures ranges
were significantly different before and after irrigation. Their results also showed that the
amplitude of the diurnal range, plotted as a function of soil moisture, yielded good

relationships at soil depths between 0 to 4 cm.

The lack of a suitable airborne or spaceborne sensor with a high (30 m) spatial
resolution and providing an extensive areal coverage (100 km?) prevents this technique
from being further exploited. Soil moisture variation in desert regions can be extremely
variable and therefore a fine spatial resolution is an important sensor characteristic. In
addition, an absence of accurate and timely meteorological data for regions where this
method could be used (e.g. dryland regions), make this approach disadvantageous.

Cloud cover is also a problem, even in a desert environment (Edwards 1999). Cloud can
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frequently be observed on images acquired of the eastern Badia of Jordan by optical and

thermal sensors (TM and ATSR-2).

1.4.2 Remote sensing methods: passive microwaves

The dielectric properties of a soil medium are strongly influenced by its water content.
This relationship is discussed in greater detail in Chapter 2. In simple terms, the amount
of water influences the propagation of the electromagnetic wave within the soil medium.
A microwave radiometer measures the intensity of emission from a soil surface,
therefore the measuring system is passive. The emission of radiation from a soil is
proportional to the product of the surface temperature and the surface emissivity referred
to as the brightness temperature (7). Due to the fact that at microwave wavelengths > 5
cm the atmospheric transmission is almost 99% (Engman and Chauhan 1995) the

expression for the brightness temperature is given as (Schmugge 1990):

T = (1-r) Tsoir = eTsoil (1.1)

where, 7 is the smooth surface reflectivity, Ty is the thermometric temperature of the
soil and e = (1-7) is the emissivity of the soil surface and is dependent on the dielectric

properties and surface roughness of a bare soil.

Various experiments have been conducted to assess the sensitivity to soil moisture of
the brightness temperature (Njoku and Entekhabi 1996; Pampaloni and Paloscia 1986;
Jackson and Le Vine 1996; Owe ef al. 1992; John 1992). The main advantages of using
a passive microwave system are; the relatively small number of parameters that
influence the brightness temperature (Equation 1.1); cloud free operation for airborne
and spaceborne systems (discussed in the following section); and the ability of the
microwave emission to penetrate vegetation (this depends on the wavelength of the
microwaves and the density of the vegetation biomass). A major disadvantage of using a
space-borne passive radiometer is the poor spatial resolutions obtainable (5 to 10 km at
best). This would be totally unsuited for the spatial scale of the application investigated

in this study. At this pixel size, interference in the resolution cells of emissions from
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different sources, such as from urban regions, introduces errors when assuming

homogeneity, known as the mixed pixel effect.

1.4.3 Remote sensing methods: active microwaves

Active microwave remote sensing of soil moisture is based on the same principles as
passive systems, namely the differences in the electromagnetic dielectric properties
between dry and wet soils. An electromagnetic signal is produced at a power source,
propagated through space to the target, and is reflected off the surface at an off-nadir
angle. The sensor then receives the returned signal. The phase and amplitude of the
return signal is recorded. From this information a received/transmitted power ratio (or
backscatter coefficient) is calculated. Different surfaces have characteristic backscatter
coefficients at different wavelengths caused by the interaction of the radiation with
scatterers of different sizes. In addition, the amount of soil moisture influences the
return signal by affecting the amplitude of the backscatter coefficient. The amount of
change is related to the dielectric properties of the soil. Reviews of the status of
microwave soil moisture measurements using remote sensing techniques are given by
Engman and Chauhan (1995) and Schmugge (1983). Comprehensive details of the
theory and application of this method for soil moisture determination are presented in

Chapter 2.

An active microwave approach is the method adopted in this study for the following

reasons.

e The availability of radar imaging systems and imagery is extensive and an
opportunity to obtain data under a European Space Agency (ESA) investigation scheme
from the European Environmental Remote Sensing (ERS) Synthetic Aperture Radar
(SAR) (Figure 1.8) was exploited (project AO2.UK.125)

e There is an extensive literature available on the method based on field and

laboratory studies from the 1970’s to the present day.
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* The spatial resolution of the imaging systems (a spatial resolution of less than
30 metres) was good enough to be able to map and monitor soil moisture estimates in
desert regions to an appropriate spatial scale that enables change in landcover type to be

established and accounted for.

* The ability of the microwave system to operate regardless of cloud cover and
atmospheric conditions due to almost perfect (99%) atmospheric transmission at the
wavelength of the radar system. An active system generates its own energy, therefore,

the image acquisitions were also independent of solar illumination.

Figure L& The European Space Agency (ESA)first European Remote Sensing (ERS-
1) Satellite.

The disadvantages of using an active microwave system are the system noise, referred to
as ‘speckle’, that is caused by interference of the radar signal (Chapter 2). Speckle is

inherent in any imagery of this type. A limited swath width, the influence of vegetation
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on the scattering process and calibration of the signal are also disadvantages of using
this approach. The temporal resolution of space-borne systems is generally not good for
monitoring such a dynamic variable as soil moisture. The system used had a repeat
overpass cycle of 35 days. However, some sites were covered twice in this period lying

in the overlap between satellite tracks.

The first spacebome active radar system was on board the Seasat satellite flown in 1978
by the National Aeronautics and Space Administration (NASA). Although in orbit for
slightly over 3 months the instrument clearly demonstrated the potential of using SAR
systems for geological, land and sea surface surfaces. A review of Seasat imagery is
given by Ford et al. (1980). The Seasat SAR was succeeded by Shuttle Imaging Radars
(SIR-A, B and C) which incorporated multi-incidence angles and variations in other
system parameters. These satellites were followed by Cosmos 1870 and ALMAZ-1
(USSR) launched in 1987 and 1991 respectively. The launch of the ERS-1 satellite
(Figure 1.9) in July 1991 provided the first opportunity for scientists to obtain global
and multitemporal radar imagery for significant parts of the Earth’s surface. This
satellite was quickly followed by a Japanese SAR system (JERS-1) operating at a longer
wavelength and more recently the Canadian RADARSAT. Future SAR missions
planned include the ENVISAT (ESA) and LightSAR (USA) platforms expected to be

operational in the year 2000.

Schmugge et al. (1980) states that an optimal soil moisture monitoring experiment must
utilise all three approaches and not to rely on just one. /n-situ measurements must be
used for calibration and validation of soil moisture models and models developed from
remote sensing applications. Ultimately, the approach adopted must reflect the aims and
objectives of the research and what method, or combination of methods, best answer

these aims.
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1.5 Research objectives

The research described in this thesis is concerned with the application of microwave
remote sensing to the study of soil moisture monitoring and measurement in a dryland

environment. Specifically, the project has the following objectives:

(1) To assess and exploit the ability of the ERS SAR instrument to monitor
geomorphological and hydrological changes in the environment of the north-

eastern Badia (desert) of Jordan.

(2) To calibrate theoretical microwave scattering models using field reference data
(including soil moisture, surface roughness, soil type and vegetation) and assess

their application to desert environments.

(3) To simulate the dependence of the backscatter coefficient on soil moisture
fluctuations and surface roughmess changes with the aim of improving the

understanding of microwave interactions with desert surfaces.

(4) To investigate the potential for extraction of quantitative soil moisture

estimates from ERS SAR data.

These four research objectives were investigated in north-east Jordan as part of the

Jordan Badia Research and Development Programme (BRDP).

1.6 Thesis structure

Chapter 2 describes the theory behind microwave remote sensing of land surfaces.
Commencing with background information on the development of this technique, the
chapter describes the technical specification and characteristics of the ERS SAR
instrument that is utilised in this study. Following on, Section 2.3 describes the image

structure and the data acquisition periods. The next section outlines the method of
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calculating the backscatter coefficient. The microwave scattering models that are

utilised in this study are then introduced (Section 2.6).

Chapter 3 focuses on the information that can be extracted from a sequence of ERS
SAR images acquired for the study area. Using multitemporal analysis, an indication of
the potential for monitoring environmental variables is illustrated. The interpretations

expressed at this stage are qualitative.

Chapter 4 describes the field sampling strategy adopted for the calibration of the
scattering models presented in Chapter 2. Sites selected for monitoring are described.
The methodology and instrumentation employed to collect in-situ measurements of soil
moisture, surface roughness, soil type and vegetation are presented. Climatic data

obtained from automatic weather stations installed in the area are analysed.

Chapter 5 discusses the various methods of measuring and determining the roughness of
a natural surface. Although the model input parameters are fixed, different algorithms
are available to determine the roughness parameters which have a significant influence

on the overall model performance.

Chapter 6 presents the model calibration results for estimating soil moisture. Simulation
of various soil moisture conditions are displayed in an attempt to gain further
understanding of the hydrological and geomorphological processes that are influencing
the microwave scattering. Site specific inversion algorithms are developed to relate
changes in the backscatter coefficient to soil moisture. A time series of soil moisture
maps are presented for some test sites. The models are validated using field data from

image acquisitions obtained in the spring of 1998.

Chapter 7 summarises the results obtained from previous chapters and relates these to
the objectives set out in the previous section. The application of the results to desert
regions in general are discussed, though particular attention is paid to the interests of the
Jordan BRDP. The final section suggests topics for future research with particular

reference made to ENVISAT, the next generation ESA satellite.
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2. Microwave Remote Sensing of Soil Moisture

This chapter introduces general concepts of microwave remote sensing and explains the
theories and approaches to the remote sensing of soil moisture. Section 2.1 defines the
main concepts referred to throughout the study and looks at the dependence of the
microwave signal to surface parameters including soil moisture. Section 2.2 describes
the technical specification and characteristics of the satellite sensor (ERS SAR) used in
this study. Section 2.3 looks at the data structure and the periods of data acquisition over
the study region. To be able to locate study sites within the image, the data have to be
corrected to a geographical co-ordinate system, Section 2.4 covers image analysis and
Section 2.5 describes how information is extracted from images. Finally, Section 2.6
discusses modelling approaches used in this study in an attempt to understand the

interactions that are occurring between the incident energy and the Earth’s surface.

2.1 Principles of active microwave remote sensing

Active microwave instruments generate their own energy. This energy is in the form of
an electromagnetic wave that propagates through the atmosphere at the speed of light
and interacts with the ground surface. The frequency of the microwave can vary from
very low values such as 3 MHz (wavelength, A = 100 m) which can travel long distances
to very high frequency radars of 35 GHz or more (A = 1 mm) that have selected
wavelengths dependent on atmospheric absorption. The microwave spectrum has been
classified into different bands that have been assigned names. These are shown in Figure
2.1 and reference is made to these letters throughout this study. The major attraction of
radar systems are their ability to produce high resolution images of large areas from
space irrespective of solar illumination and cloud cover. This is due to the fact that, at
wavelengths of the order of cms (of which C-band, X-band and L-band are most

popular), the atmospheric transmission is almost 100%.
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Figure 2.1.  The microwave bands as elements of wavelength and frequency (Trevett
1986).

The most commonly used radar instruments are side-looking airborne radars (SLAR)
where the antenna points to the side of the platform that is in motion. SLARSs transmit a
radar signal and receive the signal after it has returned from the target surface, noting
any change in intensity and phase, the latter indicating the range position of the
scatterer. SLARs are grouped into two systems. First, real aperture systems, whose
resolution is dependent on the width of beam produced at the antenna (so ultimately
dependent on antenna size). Secondly, synthetic aperture radar systems (SAR) that
depend upon signal processing techniques that account for a smaller beam width and

uses the Doppler frequency shift to increase the resolution of the image in the azimuth

direction.
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The Doppler shift is a measure of the change in signal frequency as the surface scatterer
enters the beam of energy until the scatterer leaves the irradiated area. For a single
scatterer, on each pulse of the radar the two-way propagation to and from the antenna

causes the phase (¢) to change by:
2r .
¢, =2 73, [radians] 2.1

where, s; is the distance between the radar and the scatterer when the /th pulse is

emitted.
The Doppler frequency is directly related to the speed of the platform and is given by:

_2uy

- 2.2)

fo=

where, uy is the speed in the R-direction. The use of Doppler synthesis enables high

resolution imagery to be acquired without the need for a large antenna.

The multitude of pulse returns contains the unique phase history of that scattering
element. The phase histories of the scattering elements are resolved in the processing of
the imagery. Another advantage of a SAR system over a real aperture system is that the
resolution in the along track (azimuth) direction is independent of range (Ulaby et al.
1981, Kingsley and Quegan 1992). For a SAR system an increased spatial resolution can
be gained using a shorter antenna, the complete opposite to a real aperture system. The
advantage of a synthetic aperture approach over a real aperture approach is illustrated in
Figure 2.2. Resolution in the along track direction (r,), for a SAR, can theoretically be

as small as:
re =12 (2.3)

where, / is the length of the antenna in the along track direction.
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For a real aperture system the resultant along track resolution is:
ro = BrR (2.4)
where, B is the beamwidth ~ A// (radians) and R is the slant range, the distance from

radar to target.

Real Aperture roy = AR/2

Synthetic Aperture r, = £/2
(lgen thhtq t Wavelength
ynthetic Example: 4cm Waveleng
Aperture) -~ ¢J P Spacecraft Radar

2km¢¢
'
o
%\ 400km
(Len?th of
Rea Resolution
Aperture) Am of Synthetic
Aperture
2km
Resolution
of Real
Aperture

Figure 2.2.  Example of the synthetic aperture radar (SAR) approach, in a
spaceborne application (Ulaby et al. 1981).

The across track resolution (range) of the image is dependent on the pulse duration and

the angle of incidence angle given by:

c
ro= :
P 2Bsinf

2.5)

where, B is the frequency modulated chirp pulse of bandwidth B, ¢ is the velocity of
light and 6 is the incidence angle. The imaging geometry of a SAR system is shown in

Figure 2.3.
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2.1.1 The radar equation and other system parameters

The SAR system transmits pulses of energy that interact with the target surface, the
level of this interaction is dependent on the wavelength and on the energy required
within the medium to cause molecular excitement. The pulse of energy is normally
polarised as a horizontal or a vertical waveform. On contact with the target, the form
breaks up, the returning signal being received possibly being both vertically and/or
horizontally polarised. This enables multi-polarisation observations to be made. The
abbreviation VV therefore refers to a system that transmits and receives the vertical
component of the energy wave. Other possible combinations are HH, HV and VH. The

ERS SAR sensor used in this study has a VV polarisation specification.

Off nadir angle, look angle. . ... 8
Depression angle............. V
Beam width. ................. B

=ground res.
element

A Look

Swath direction

width

Figure 2.3.  SAR imaging geometry (Trevett 1986).
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The ability of a radar system to detect a target is expressed in terms of the radar
equation. The power received at the antenna is a function of the energy transmitted by
the radar and the power received at the target. The amplitude is also dependent on the
ability of the target to re-radiate the energy (referred to as the radar cross-section or
RCS), gain factors of the receiving antenna and any system loss factors (Kingston and

Quegan 1992). The power received (P,) by the antenna from the target is given as:

P - P,G,G,acliLs (2.6)
(47)'R

where,

P, is the mean power received by the antenna,

P, is the mean power transmitted by the antenna,

G, and G; are the gain factors for the receiving and transmitting antennas respectively,

o is, in this case, the radar cross-section (RCS),

Ly is the system loss factor, and

R is the distance to the target.

The RCS determines the variation in intensity of the radar image because of the radar’s
ability to detect the apparent area of the target or surface under study. The RCS depends
initially on the wavelength, polarisation and also the angle of incidence (Champion
1996). This dependency accounts for the fact that some surfaces are detectable on SAR
images at some wavelengths but invisible at other wavelengths (Blom 1988). The

following general conditions apply (Kingston and Quegan 1992):

e For target sizes >> A, the RCS is roughly the same size as the real area of the

target (normal to incidence), known as the optical region.
o For target sizes ~ A, the RCS varies greatly with changes in wavelength.

o For target sizes << A, the RCS o A%, known as the Rayleigh region.
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In Earth surface applications, the size of the target area can be approximated to a
roughness measure of the surface. The Rayleigh criterion stipulates that a surface will be

radiometrically ‘flat’ if:

A
8cosb

o <

@2.7)

where, o is the standard deviation of surface height (defined in Section 4.4), and 6 is the
incidence angle. At the wavelength of the SAR system used in this study, the Rayleigh

criterion shows that a surface will be radiometrically flat if ¢ <0.76 cm.

As the incidence angle becomes smaller (tending towards nadir) the radar energy field is
coherent and can only give an indication of the surface slopes in the target area. As
incidence angles approach 90 much of the energy is specularly reflected away from the
receiver and information content within images is generally poor. As incidence angles
tend away from nadir the scattering at the surface becomes dependent on system and
surface parameters. It is the dependence of the RCS to these system and surface
parameters that enable the monitoring of important environmental variables such as soil

moisture to be achieved.

The RCS of various targets forms the basis for theoretical modelling studies.
Assumptions are made which are related to the properties of soil surfaces and
vegetation. For example, trees are modelled as cylinders and plates of material with
known RCS. Similarly, soil surfaces are modelled, in simple terms, as planes of
homogeneous mediums with a constant RCS. The RCS is, therefore, directly related to
the backscatter coefficient of a resolution cell. Estimates of the backscatter coefficients

for soil, rock and vegetation are given in Ulaby and Elachi (1990).
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2.1.2 Energy-target interactions: surface and volume scattering

When incident microwave radiation strikes the interface between two media with
different dielectric properties the wave form is changed. The complex dielectric constant
of a medium is given as a measure of the propagation characteristics of an
electromagnetic wave in the medium. It therefore affects the emissive and reflective

properties at the surface. The complex dielectric constant, ¢, is given as:

e=¢' —jg" (G =1-1) (2.8)

where, ¢’ is the permittivity of the material, the real component defining the velocity and
wavelength of the refracted wave in the material; and ¢” is the dielectric loss factor, the
imaginary component expressing energy lost through absorption of the wave in the
medium. Further information of experimental work carried out into the dielectric

properties of natural materials is given by Ulaby et al. (1986).

The incident energy is effectively absorbed or scattered. Two types of scattering can
occur which are dependent on system parameters, surface roughness and surface
dielectric properties. These are known as surface scattering and volume scattering. Also
of importance is the ability of the microwaves to penetrate the surface layers. If the
lower medium is homogeneous then a portion of the transmitted wave proceeds into the
surface medium, the rest being scattered at the surface. This could therefore be treated
as a surface scattering problem. However, if the lower medium is inhomogeneous
(comprising materials with mixtures of dielectric components, such as a vegetative
layer) then the transmitted wave may be scattered in all directions and may re-bound
back over the boundary surface (Ulaby et al. 1982). Scattering within the lower medium
is referred to as volume scattering. Figure 2.4 illustrates both surface and volume

scattering processes.

41



Incident
Wave Scattering
Pattern

(a) Surface scattering

Smooth
Incident Incident
Wave Wave
Scattering Scattering
Pattern Pattern
N\ 7\
S ~—" N’
Medium Rough Rough

(b) Volume scattering

Beam of Incident IHlumination

Figure 2.4.  Examples of (a) surface scattering and (b) volume scattering processes

(Ulaby et al. 1982).

The depth to which volume scattering occurs, known as the penetration depth, is a
function of frequency and moisture content (Figure 2.5). It is usually assumed that, for a
wet soil, the penetration depth is small enough to ensure that any inhomogeneities in the
soil layer cause negligible amounts of volume scattering. In Figure 2.5 the penetration
depth between 4 and 10 GHz is < 5 cm, for soil moisture contents >0.05 m> water m”
soil (or g cm™). The frequency of the radar system used in this study is 5.3 GHz (Section
2.2) indicating that surface scattering is likely to be the dominant scattering process for
the soil surfaces under consideration. Also, due to the complex nature of volume
scattering (Ulaby ez al. 1982, Chapter 13), deriving a suitable model and collecting the
field data for calibration purposes is beyond the scope of this study.
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Figure 2.5.  Penetration depth expressed given as a function of volumetric soil
moisture (g cm™) of a loamy soil at three frequencies (Ulaby et al. 1982). As the
[frequency of the microwave increases the penetration depth decreases. Interpolation at
~ 5.3 GHz, the wavelength of the ERS SAR system, between 4 GHz and 10 GHz
indicates the penetration depth is approximately 3 cm at a volumetric soil moisture of
0.1, decreasing to less than 1 cm at a volumetric soil moisture of 0.4. At very low

moisture levels the penetration depth increases significantly.

The backscatter coefficient of a non-periodic random surface can be expressed as the

product of two functions (Ulaby et al. 1986):

c°(0) = f.(,,0) - £,(p(5),0) (2.9)

where, f;; (&, 0), the dielectric function, accounts for the dependence of the backscatter
coefficient on the relative dielectric constant of the surface g, and f; (p (&), 6), the
roughness function, accounts for the dependence of the backscatter coefficient on
surface roughness p (&).
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The first series of papers discussing the dependence of the backscatter coefficient on
these functions and function parameters were published at the end of the 1970’s and
addressed bare soil, vegetation covered soil and soil moisture situations (Ulaby et al.

1978, 1979, Dobson and Ulaby 1981).

2.1.3 Microwave backscatter dependence on dielectric properties

The theoretical basis for measuring soil moisture using microwave remote sensing is
based on the large contrast between the dielectric properties of liquid water and dry soil
(Engman and Chauhan 1995). At L-band wavelengths, the dielectric constant for water
is approximately 80 compared to a value between 3 and 5 for dry soil. Very wet soils
can have a dielectric constant of around 20. Values are similar at C-band wavelengths.
As volumetric soil moisture increases both components of the complex dielectric

constant, real and imaginary, increase (Figure 2.6).

This rate of increase is frequency dependent. As frequency increases in the microwave
spectrum, the sensitivity to increasing soil moisture decreases for the real component
and increases for the imaginary component. These relationships are illustrated in Figure
2.6 for a loamy soil. At 6 GHz, (the frequency approximating that which is used in this
study) the sensitivity of the real component (&’sy) is significant and the sensitivity of the
imaginary component (£”;,;), a measure of losses, is reduced compared to the other
frequencies shown. C-band radar should, therefore, be more appropriate than other

frequencies for measuring soil moisture.

Two distinct features can be identified in the relationship between the soil dielectric
constant and the amount of water in the soil. Firstly, as soil moisture values (which are
initially at zero) increase, the dielectric constant increases slowly. After a transition
value of soil moisture (), the dielectric constant increases sharply with increasing soil
moisture. The second feature is that the transition soil moisture content is dependent on
the soil texture; it is lower for sandy soils and greater for clay soils (Wang and

Schmugge 1980).

44



Loam
30.6% Sand
55.9% Silt
13.5% Clay
5 1.4 GHz

12

Dielectric Constant €soil

0
0.0 0.1 0.2 0.3 0.4 0.5
Volumetric Moisture m, (g cm=3)

Figure 2.6. The complex dielectric constant, comprising real (¢'s,;) and imaginary

(€"50i) parts, shown as a function of volumetric moisture content at four frequencies

(after Ulaby et al. 1986).

One explanation of this occurrence is that, at moisture levels less than the transition soil
moisture content, water is tightly bound to the soil particles by matric and osmotic
forces (bound water). It is difficult for these water molecules to polarise. As soil
moisture increases, water is able to move more freely around the soil particles and this
free water will have a dominant effect on the dielectric constant. Hence, the greater the
amount of free water in the soil medium, the greater the dielectric constant. For a given
volumetric soil moisture, a sandy soil has a greater amount of free water compared to a
clay soil. This is due to a smaller amount of particle surface area being available in a
sandy soil which will, therefore, exhibit a greater dielectric constant. A fuller

explanation of the dependence of soil-water parameters on the soil texture is given by

45



Schmugge (1980). The dependence of the dielectric constant to soil texture and an
estimate of the transition soil moisture content (W;) are shown in Figure 2.7. In this

diagram, best-fit lines are fitted to values derived experiments.
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Figure 2.7.  The complex dielectric constant, comprising real (€'} and imaginary (")
parts, shown as a function of volumetric moisture content for three soil types at 5 GHz.
Also shown are the approximate transition volumetric soil moisture values (W)

discussed in the text (after Wang and Schmugge 1980).

The relationships between soil moisture, texture and the dielectric constant has been
empirically derived through mixture modelling of various soil types and dielectric
measurements. Wang and Schmugge (1980) presented a mixture model with porosity,
volumetric water content and dielectric constants of air, water, rock, ice and absorbed
water. Hallikainen et al. (1985) and Dobson et al. (1985) noted that previous

investigations into the determination of these relationships had reported differences in
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terms of the absolute level of the dielectric constant for similar soils and in terms of the
dependence of the dielectric constant on soil texture. None of the existing techniques
allowed mixture modelling of the soil-water medium using soil physical parameters.
They aimed to establish an accurate empirical model that accounted for several
frequencies between 1 and 18 GHz and several soil types based on soil physical
parameters. Concentrating at the frequency approximating that of the system used in this

study (5.3 GHz), the results of their experiments are illustrated in Figure 2.8.
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Figure 2.8.  Measured dielectric constants for five soil types as a function of

volumetric soil moisture at 5 GHz (Hallikainen et al. 19835).
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This shows that the measured dielectric constant (g) for five soil types is a function of
volumetric moisture content at 5 GHz. An interesting point to note is the similarity of
the imaginary component of the dielectric component and the approximate similarity of

the real component at this specific frequency.

Polynomial expressions were constructed for selected frequencies for both the real and

imaginary components, the general expression is given as:

£ =(a, +a,8+a,C)+ (b, +bS+b,C)m, +(c, +¢,8 + c,C)m’ (2.10)

where, S and C are the sand and clay components of the soil (percent by weight)
respectively, m, is the volumetric soil moisture and qy ... ¢; are constants. The constants
can be found in the article by Hallikainen et al. (1985) for each class of frequency. The
constants used in this study were calculated for a 6 GHz frequency (even though Figure
2.8 shows data for a 5 GHz SAR only 6 GHz model parameters were tabulated) as this
most closely approximated the frequency of the ERS SAR system.

The relationship between dielectric constant and the backscatter coefficient is
approximately linear up to a volumetric soil moisture of 0.35. When the reflectivity is
expressed in decibels (dB), in a log form, the relationship takes the form shown in
Figure 2.9 (overleaf). The Fresnel reflectivity is a measure of the amount of signal return
and is expressed at an incidence angle normal to the surface. The relationships still hold
for incidence angles up to 207, due to the small angular variation in the Fresnel
reflectivity (Le Toan 1982) and therefore is comparable with the incidence angle of the
SAR system used in this study (see Section 2.2). The two curves represent soils of
different texture, one a sandy loam and the other a silty clay. The dependence of soil

type decreases with increasing frequency.
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Figure 2.9.  Fresnel reflectivity at normal incidence (an expression of the backscatter
coefficient), in dB, described as a function of soil moisture for two soil types at 5 GHz
(after Ulaby et al. 1986).

2.1.4 Microwave backscatter dependence on roughness properties

The roughness of a surface influences the type of radar scattering. Even though Le Toan
(1982) showed that the variations in intensity to changes in soil moisture are not
influenced by surface roughness, the magnitude of the backscatter coefficient is
determined by roughness properties. A complete and accurate description of the
roughness of a surface is difficult to obtain. Therefore, in practice the roughness of a
surface is expressed as a variation in the surface heights and a description of the
relationships between surface heights in the horizontal direction. A full definition and
discussion of these roughness parameters are given in Section 4.4. For a range of
frequencies between 1 and 10 GHz, the backscatter coefficient increases with increasing
surface roughness for incidence angles greater than 10". These relationships are shown
in Figure 2.10 at frequencies of 4.25 and 7.25 GHz. The relationships become less

strong as the frequency increases. Although expressed for HH polarisation, the results
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are not significantly different for a VV polarising radar system. Figure 2.10 shows that,
for maximum soil moisture monitoring capability, the incidence angle of a SAR system

should be between 10 and 20" at C-band wavelengths.
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Figure 2.10. The dependence of the backscatter coefficient on RMS height and
incidence angle at two microwave frequencies; 4.25 GHz and 7.25 GHz (Ulaby et al.
1978).

2.2 Technical specification and characteristics of the ERS SAR

The synthetic aperture radar (SAR) on board the European Environmental Remote
Sensing (ERS) series of satellites is used in this study. The ERS SAR operates at a fixed
wavelength (C-band), fixed mean incidence angle (23") and VV polarisation. The
chosen specification incorporated knowledge gained from previous spaceborne SAR
missions such as SEASAT, SIR-A and SIR-B, all of which operated at longer
wavelengths (L-band) and at HH polarisation. These previous missions provided the
first real opportunity to realise the full potential of a spaceborne SAR instrument for
estimating soil moisture (Wang et al. 1986, Dobson and Ulaby 1986). Following work
by Ulaby et al. (1978) the optimal specification of a SAR system for maximum soil
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moisture sensitivity was a C-band system operating at an incidence angle between 10
and 20°. The European Space Agency selected the characteristics of the ERS SAR
(Table 2.1) to maximise surface scattering as opposed to volume scattering (due to the
shorter wavelength), to be more sensitive to small scale surface roughness and to have
an increased sensitivity to soil moisture. ERS-1 was launched in 1991 with its successor
ERS-2, launched in May 1995. The SAR instruments on board have outlived their
expected life cycle and have shown to be radiometrically stable while operational (Laur

et al. 1993).

ERS SAR Satellite Specification

Incidence angle - near range ~20.1°
Incidence angle - mid range ~23°
Incidence angle - far range ~259
Frequency 5.3 GHz (C-band)
Bandwidth 15.55+0.1 MHz
Polarisation Vertical transmit, vertical receive (VV)
Antennae size 10mbylm
Spatial resolution - azimuth <30m
- range <263 m

Temporal resolution (during this phase) 35 days

Radiometric resolution <25dBats =-18dB
Dynamic range >21dB
Radiometric stability <0.95dB
Maximum operation time 10 minutes per orbit
Swath width 102.5 km (telemetered)

82.5 km (full performance)
Swath stand-off 250 km to right of satellite track
Localisation accuracy azimuth < 1 km; range < 0.9 km

Table 2.1. Technical specification of the ERS-1 SAR instrument (ESA 1992).
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2.3 Data structure and acquisition periods

ERS SAR imagery was collected and archived at the Italian Processing and Archiving
Facility (I-PAF) under a data exploitation agreement with ESA (Project AO2.UK.125).
ERS SAR precision image (PRI) data was used as this was most applicable for remote
sensing applications involving soil moisture estimation. PRI imagery is generated from
raw SAR data using algorithms that have been developed by ESA to account for the
effects of the SAR antenna pattern and range spreading loss. PRI data are also multi-
look reducing the effects of speckle, by taking the average of three independent looks of
each pixel. The 16 bit data can also be converted to a backscatter coefficient (c) for
geophysical modelling, which is essential to this particular study. The imagery has not
been geo-coded, this was carried out separately. Nor has it been corrected for the
influence of the terrain in the scene (layover and foreshortening), these corrections are

discussed in the next section. The specification of PRI data is given in Table 2.2.

ERS SAR Precision (PRI) Data

Pixel size Eastings — 12.5 m

Northings - 12.5m

Scene area range - 100 km

azimuth — 102.5 km

Scene size range — 8000 pixels per line

azimuth — at least 8200 lines

Pixel depth (data type) unsigned 16 bit

Product location accuracy range - 100 m

azimuth — 200 m

Total product volume ~ 131 Mbytes

Annotation in image lat./long. of scene centre and four corners
Projection ground range

Number of looks 3

Table 2.2. ERS SAR PRI product characteristics (ESA 1993).
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2.3.1 SAR image geometric effects

The effects of geometric distortions are caused by the surface being non-uniform or
sloping. PRI data are projected into ground range co-ordinates (i.e. the distance from the
satellite’s nadir point on the Earth’s surface to the specified target) as opposed to slant
range co-ordinates (i.e. the distance from the satellite to the target). The ground range
projection is sensitive to the local incidence angle and is therefore dependent on the
slope conditions at the target. The slant range is measured by determining the time that
it takes the pulse of radar energy to reach the target and return to the satellite and is
invariably more accurate. The terrain characteristics at the target will therefore have an
influence on the characteristics of the returned radar signal. These influences produce
effects such as foreshortening, layover and shadow. They are discussed in the context of

their influence in this study.

2.3.1.1 Foreshortening

In areas of high relief, for all slopes facing the satellite, the projected image distance
between the foot of the slope and the slope summit will appear shorter than the actual

distance (Figure2.11).

Figure 2.11. The distortion known as foreshortening caused by high relief (after
Trevett 1986).
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This distortion is shown in Figure 2.11 where the actual distance a-b” is greater than the
projected image distance a-b’. The radar returns on the slopes facing the satellite are
more perpendicular to the signal and are compressed into a smaller radar cross section

than those facing away. The effects of foreshortening are increased at near range.

2.3.1.2 Layover

In areas of exaggerated relief, or when the incidence angle is particularly great, the
foreshortening causes the summit of the slope to be detected before the foot of the slope.
In Figure 2.12 the actual projection point should be 5”. However, the radar return of
point b is b’, ahead of a’. In the study region the surface terrain is mainly flat to
undulating and any localised regions of high relief, such as incised wadi channels and
volcanic cones, have been avoided. High backscatter return can be observed in some of
these regions on those slopes facing the satellite and can therefore be delineated. Such

areas are not considered in this study.

Figure 2.12.  Radar layover distortion in areas of extreme relief (after Trevett 1986).

2.3.1.3 Shadow

Regions of shadow occur in imagery when relief is high or the incidence angle is large.
They comprise regions in the lee slopes of hills and contain no data. Figure 2.13 shows

how shadow in radar imagery is formed. The radar energy striking target b, is projected
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as point b’, beyond which the next point on the ground surface that the radar energy
strikes is point d. In between these points the radar has not targeted any of the ground
surface and therefore in the space b’ to d’ on the image plane no data has been recorded.
In this study the effects of shadow are observed only locally, on the lee slopes of
volcanic cones that are present in the study region. These areas have not been

considered.

Area of no
/ signal record
‘radgr shadow’

Near range”a ¢ d “Far range

Figure 2.13. Radar shadow (after Trevett 1986).

2.3.2 SAR image speckle effects

Scattering elements on the Earth’s surface generate a backscattered wave whose
amplitude and phase has been changed by the nature of the scatterer (Quegan 1995). The
actual measurement made by the SAR system is a weighted average of the vertically
polarised wave component contributed by all the scatterers within the resolution cell.
Speckle causes backscatter measurements made over a uniformly distributed target to
have an intensity, /, whose probability density function, p (7), is a negative exponential

described as:
1 -llo
p)=—e 2.11)
o]

where, o > 0 and is proportional to the average radar cross-section (RCS) of the target.
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During the integration of all these scattering elements comprising different amplitudes
and phases, constructive and destructive interference occurs causing speckle, an
interference phenomena, to occur. Speckle is often thought of as being unwanted noise
within an image scene and manifests itself on a per-pixel basis, even when the surface
under consideration is homogeneous. However, interferometric SAR research (InSAR)
uses speckle noise as a real electromagnetic interaction phenomena (phase). InSAR uses
data collected at different times (repeat pass) to correlate the speckle between channels
to derive phase difference images. Applications of InSAR techniques have included
digital elevation model generation from space (Zebkar and Goldstein 1986);
geotectonics, in particular the elevation of seismic displacements (Massonnet et al.
1993); the retrieval of vegetation parameters (Wegmuller and Werner 1997) and more

recently to characterise arid land surfaces (Wegmuller et al. 1998).

At the pixel level and for small scale geophysical modelling, speckle reduces the
information content of the image and, in an attempt to solve this, algorithms have been
designed to suppress the influence of speckle. If the interest is in single images of
distributed targets then one way to reduce speckle is using a multi-look process. ERS
SAR PRI data effectively forms three intensity sub-images, each using one third of the
available Doppler bandwidth, which are averaged to form the PRI image. Many
algorithms alter the original pixel values (DN) so speckle reduction has not been applied
in this study as original pixel DN values were required. Backscatter coefficients were
derived for the average of a number of pixels in accordance with the recommendations
of Laur et al. (1996). These techniques are discussed in Section 2.5. Hence, apart from
multi-look averaging undertaken at the I-PAF, no specific speckle reduction algorithms
have been applied to the imagery. Archer (1995) applied several speckle reducing
algorithms, to an ERS SAR image, including mean, median, Lee adaptive (1980), Kuan
et al. (1985) and Frost et al. (1981) filters, with no significant enhancement of the image
observed. The remaining component that comprises a radar image is referred to as the
image texture. Texture is the spatial variability in the scattering properties of the scene

illuminated by the radar (Posner 1993).
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2.3.3 Data coverage and acquisition

SAR data were acquired from the ERS satellite in the 35 day repeat overpass mode. Due
to the location of the receiving stations, all but one of the scenes acquired were from
ascending passes. The time of the overpass was approximately 10 p.m. local time.
Figure 2.14 shows the ERS SAR coverage of the study area. In the proposal presented to
ESA, two scenes that covered the study area were to be collected every month over a
period of 24 months, effectively totalling a maximum of 48 scenes. However, to fully
encompass the whole of the study area 6 scenes were needed. It was decided at an early
stage that the two centre scenes were most important for monitoring the surface changes
for the majority of the study area and that it was essential to acquire as many of the two
centre scenes as possible on a 35 day repeat overpass basis. In addition, when field work
were being undertaken, the scenes adjacent to the centre scenes were acquired to
maximise the amount of image data that was acquired. Unfortunately, the schedule was
altered by the European Space Agency because of sensor conflicts, missing data and
faulty telemetry. In some cases, satellite data were not acquired when field work was
undertaken (27 April 1996 and 17 April 1998) which limited the usefulness of the field
data. Table 2.3 lists the dates and locations of the ERS SAR PRI images used in this
study.

The first scenes were acquired in March 1995, before the first field visit. These scenes
were acquired because local reports indicated that the winter rainfall was greater than
average providing an opportunity to investigate an image obtained under wet conditions.
Areas of localised flooding surrounded by regions of high backscatter indicating high
soil moisture levels can be observed. Good temporal coverage was acquired over the
winter and spring of 1995/96 which covered two field visits (see Table 4.1). ERS-1 was
replaced by ERS-2 during the winter of 1996 but, due to sensor conflicts, no further
images were obtained until March 1997. This coincided with the third field visit. After
this period I had to negotiate with ESA for an extension of the number of images that I
could receive. The argument was based on the cross calibration of the ERS-1 and ERS-2
SAR sensors discussed in Section 3.3. The project was granted an extension and

obtained images during the spring of 1998, coinciding with the final field visit. I also
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acquired two images from November 1995. These were collected when the ERS sensors
were in tandem mode, i.e. ERS-2 collecting data 24 hours after ERS-1 had collected
data. One descending overpass was collected the day after the failed 27 April 1996

overpass, this coverage shown in Figure 2.14 (dashed line).

Satellite Date Orbit-Track | Frames Ref. No.
(Figure 2.14)

ERS-1 23-March-95 19283-257 639/621 3 and 4
6-July-95 20786-257 639 3
19-Oct-95 22289-257 639/621 3 and 4
23-Nov-95 22790-257 639/621 3and 4

ERS-2 24-Nov-95 03117-257 639/621 3and 4

ERS-1 9-Dec-95 23019-486 639/621 5and 6
12-Dec-95 23062-028 639/621 1 and 2
28-Dec-95 23291-257 639/621 3and 4
1-Feb-96 23792-257 639/621 3 and 4
7-March-96 24293-257 639/621 3 and 4
11-April-96 24794-257 639/621 3 and 4
28-April-96 25030-493 2961 7 (descending)
30-April-96 25066-028 639/621 1 and 2
16-May-96 25295-257 639/621 3 and 4

ERS-2 9-March-97 09859-486 639/621 5and 6
28-March-97 10131-257 639/621 3 and 4
13-April-97 10360-486 639/621 5and 6
6-Feb-98 14640-257 639/621 3 and 4
29-March-98 15370-486 639/621 5and 6

Table 2.3. Information related to the ERS SAR images used in this study;

acquisition date, coverage and orbit details.
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Figure 2.14. ERS SAR scene coverage o fthe Jordan Badia Research and Development Programme area. The ascending scenes are shown as
solid lines, the one descending scene is shown as a dashed line. ERS SAR track andframe numbers are shownfor each image. Refer to Table 2.3

forfurther information.
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2.4 Image geometric correction

To be able to locate study sites within the SAR image it is necessary to rectify the image
to an ellipsoid that represents the Earth’s surface. This can be achieved through a variety
of methods; e.g. using a geographic map, a digital elevation model or using the network
of orbiting satellites to fix points that can be located, with accuracy, both in the field and
on the imagery. The latter method, utilising the global positioning system (GPS) of
orbiting satellites to collect ground control points (GCPs), was adopted in this study.
The first stage of the rectification process involved visual analysis of the images to
identify suitable GCPs. SAR is very good at distinguishing between rough and smooth
surfaces and was therefore able to detect the edges and junctions of roads, small piles of
basalt boulders surrounded by smooth mud pans (ga’a) and headlands of basalt
protruding into these abundant mud pans. In addition, corners of cultivated fields were
also used. The points were located in the field and their geographic location derived
using a hand-held Garmin 45 GPS, set-up to display the latitude and longitude (degrees)
of the GCP. The GPS was also used to record the location of the study sites. In most
cases, three separate recordings were made at each GCP and the average calculated.
Recordings were made after the GPS display remained constant for several seconds. The
GPS was calibrated to the WGS84 ellipsoid, a global datum that approximates the
Earth’s surface. In total 33 GCPs were collected, although it was found that 13 of these
could not be located in the image with accuracy. For the best results, GCPs should be
collected at random locations over the image. Unfortunately the pattern of GCP
collection followed the main roads in the region and for large parts of the study area, no
GCPs were obtained due to the region’s low accessibility. The full size images were also
reduced to fit the programme area, this increased the accuracy of the correction process

given the GCPs available.

The next stage was to identify the GCPs within the SAR scene. The pixel location could
then be assigned a geographic location and the whole image transformed to latitude-
longitude co-ordinates. The processing was undertaken using IMAGINE software
developed by ERDAS. It was assumed that once one image was accurately geo-rectified,

then this image could be used to correct the other images. In all cases, at least six points
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were used as this was the minimum requirement to undertake a second-order polynomial
transformation. In all cases nearest neighbour re-sampling was used, as this method
maintains the original pixel values. This was achieved with an RMS error of
transformation of <1 pixel. To test the accuracy of the transformation some of the
original GCPs that were not used in calculating the transformation were located in the
imagery and their geographic co-ordinates compared to the co-ordinates calculated with
the GPS. The accuracy of the transformation was also tested using the location of study
sites and knowledge of their location and surroundings. No major errors in geo-

rectification were observed.

The final stage involved correction of similar scenes by relating GCP points from the
corrected image. This enabled scenes to be overlain and sites to be located in all of the
available images. In regions where GCPs are infrequent, the image to image
transformation calculations will not be as accurate as in regions where GCPs were more
frequent. It is therefore important to have GCPs reasonably near to the study sites and

this was achieved in nearly all cases.

2.5 Derivation of the backscatter coefficient

ERS SAR PRI data generated by ESA can be calibrated to a backscatter coefficient (o)
to aid geophysical modelling of the scattering properties of the Earth’s surface. The
properties of the backscatter coefficient were discussed earlier in this chapter (Section
2.1). This section discusses how backscatter estimates are calculated from PRI data and

how this information can be used to interpret characteristics of land surfaces.

2.5.1 Calibration methods and assumptions

The PRI image is a standard product from ESA and has the following characteristics
(Laur et al. 1996):

e The pixel value in the image is proportional to the square root of the intensity.
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» The intensity value is proportional to the radar brightness f°.

e The radar brightness 3°, is proportional to the backscattering coefficient °,

divided by the sine of the pixel incidence angle.

e The image is corrected for the in-flight elevation antenna gain.

e The image is compensated for the range spreading loss.

It is possible, therefore, to derive a simple equation to calculate the backscatter
coefficient. However, ESA have identified various sources of radiometric and stability
errors and have proposed an alternative comprehensive equation to calculate the
backscatter. These sources of error have been attributed to on-board instrumentation and
processing at the PAFs. In this study, estimates of the backscatter coefficient were
calculated using both the simple method and a version of the comprehensive equation.

The derivation procedure assumes the following:

e Flat terrain. The incidence angle is dependent only of the ellipsoid and varies

from 19.5° at the near range pixel to approximately 26.5° at the far range.

¢ Any change in incidence angle across a distributed target is neglected.

e To reduce statistical uncertainties in the imagery caused by speckle (Section

2.2) the backscatter coefficient is calculated using intensity averaging.

The third assumption accounts for the speckle effects by increasing the equivalent
number of looks (ENL). Speckle (Section 2.3.2) is defined here as the inverse of the
normalised variance of the signal intensity in the image of a homogenous target (Bally
and Fellah 1995). The radiometric resolution of an image is defined in terms of the

radiometric confidence intervals, or how well an individual pixel intensity represents the
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true intensity given the effects of speckle. The backscatter coefficient expressed in a

linear form is given as:
.1 2
G=ﬁ2@ (2.12)

where, A;; is the amplitude corresponding to the pixel location (i, j) in the image, and N

is the number of pixels within the area of interest (AOI).

To determine N, consideration must be given to the size and homogeneity of the target
and to the likely radiometric confidence intervals required. Figure 2.15 shows
radiometric confidence intervals as a function of the equivalent number of looks as ENL
is ranging from 3 to 370. This shows that, in the case of PRI products (3 look) the 90%

radiometric confidence interval bounds are + 4.5 dB.
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Figure 2.15. The 95%, 90% and 50% radiometric confidence intervals versus ENL for
ESA products. The ENL range from 3 (PRI product) to 370. The two horizontal dashed

lines represent the + 1 dB interval (after Laur et al. 1998).
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In an example cited by Laur et al. (1996) a value of N of 240 (pixels) yields 90%
confidence interval bands of + 0.5 dB (shown as the second curve from the bottom in
Figure 2.15). In consultation with other researchers and after reviewing literature (e.g.
Archer 1995), it was decided that an AOI of 25 by 20 pixels would be used. This would
yleld a large ENL value (500) and increase the confidence limits to yield backscatter
estimates within 0.5 dB (> 99% confidence); n.b. these confidence limits are actually off
the limits of the diagram shown in Figure 2.15. It was also a primary criteria of the site

selection process that the sites could be assumed to be approximately homogeneous over

an area of 500 by 500 m (Section 4.2).

2.5.2 Calculating the backscatter coefficient

The backscatter coefficient (c°) is usually expressed in decibels (dB) taking the form of

a logarithmic relationship:
c°ws) =10.log,, o° (2.13)

For Equations 2.14 and 2.15 the backscatter coefficient is expressed in its linear form.

2.5.2.1 Simplified equation

Taking into account the assumptions outlined above, and not allowing for radiometric

and stability fluctuations, the backscatter coefficient is calculated as follows:

ij=N

1 1 sina
"=|—. Y. DN? | —. 2.14
° |:N UZ=1 ”:|K sina,, 19)

where,
K is the calibration constant, specific to the type of data product and the processing

centre (K = 686379 for ERS-1 and 944000 for ERS-2 SAR),
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DNj; is the digital number corresponding to pixel located at co-ordinates (i, j),
a is the average incidence angle within the distributed target and,

aer 1S the reference incidence angle, i.e. 23 degrees at mid-range.

2.5.2.2 Comprehensive equation

The full equation to calculate the backscatter coefficient from PRI products using the

comprehensive method that accounts for radiometric and stability errors is given as:

.Powerloss

1 =N . .
o =| L Z D i sina ProductRephc.aPower
K ReferenceReplicaPower
(2.15)
where,
C is the factor that accounts for updating the gain due to the elevation antenna pattern,

ProductReplicaPower

- is the replica pulse power variations correction factor and,
ReferenceReplicaPower

Powerloss is the analogue to digital converter (ADC) power loss.

For the source of these values refer to Laur et al. (1996).

2.5.2.3 Application of corrections to ERS SAR PRI products

Within each of the AOIs in the image product for which backscatter coefficients were
derived, the incidence angle of the radar energy did not change enough to influence the
scattering pattern thereby satisfying assumption (ii) of the derivation process (Section
2.5.1). The location of the AOIs in the range direction and the local incidence angle
were required to satisfy the parameter sin o / sin o in Equations 2.14 and 2.15. The
relative incidence angle of any pixel in the image product can be calculated based on
information related to the processed scene centre latitude, the near range incident angle
and the zero Doppler range time of the first range pixel (Laur et al. 1996). These data
are obtained from the product header files. The ellipsoid model used is the Goddard
Earth Model 6 (GEM6) and does not account for local surface slopes. The model
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parameters were entered into a spreadsheet to calculate estimates of incidence angle,
look angle and both simple and comprehensive estimates of the backscatter coefficient

for all AOIs used.

The value of the parameter C, for products generated at the I-PAF after the 16th July
1995 is 1. This is because the improved antenna pattern algorithm had already been
applied. Although three images were acquired before this date, they are not directly
related to fieldwork periods, for which it is essential to derive the most accurate

estimates of backscatter.

The product replica power is the power of the replica pulse used to generate the
imagery. The reference power is the replica pulse power of the reference image. To
perform automatic internal calibration successfully, the replica pulse power should be
directly proportional to the transmitter’s pulse power (Laur et al. 1996). This is not so
(Smith et al. 1994), and therefore the replica pulse power variations introduced by the
SAR processor need to be removed. Product replica power values are located in the
image header products; reference replica power values of ERS-1 and ERS-2 are 205229
and 156000 respectively.

The power loss factor is related to saturation occurring when the input signal to the
analogue to digital converter is high. Power gain may also occur when the input signal
level is low. The general recommendation given by ESA for ERS-1 SAR products is
that if the backscattering coefficient, using the simple equation over a large distributed
target, is greater than -7 dB, then the correction should be applied. A large distributed
target, is defined as an area covering 1200 (range) by 400 (azimuth) pixels (this usually
applies to rough seas or a large town). In this study, only basalt areas are capable of
producing backscatter estimates that exceed -7 dB. However, backscatter coefficient
measurements calculated for three basalt areas (from a July 1995 image) indicate that
these surfaces do not have average backscatter coefficients that exceed the critical value.
For a Fahda Vesicular basalt (32.3275 N, 37 .1649° E) the average backscatter is -7.81
dB, for a Madhala Olivine basalt (32.1513o N, 36.9854 E) the average backscatter value
is -8.63 dB, and for an Adeb Olivine basalt (32.4157 N, 37.3750" E) the average
backscatter value is -7.03 dB. ERS-2 SAR ADC powerloss is much reduced due to
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improvements in the system. Correction only needs to be applied for large distributed
targets with an average backscatter coefficient > -2 dB for ERS-2 SAR data. This does
not occur over any of the sites in the Jordan Badia programme area. Therefore the value

of power loss used in this study is 1 for both ERS-1 and 2 SAR products.

The comprehensive method therefore takes into account the fluctuations in the product
replica power only. The geometrical data and relevant header information were entered
into the calibration spreadsheet with corresponding values of the average intensity / to

calculate both simple and comprehensive estimates of the backscatter coefficient.

2.6 Modelling the backscatter coefficient

Geophysical modelling of the backscatter coefficient attempts to simplify the complex
interactions that occur between electromagnetic energy and the Earth’s surface. This has
been achieved with laboratory experiments that have defined the parameters that
influence the backscatter coefficient, discussed in Section 2.1, utilising mathematical
and physical principles. The objectives of theoretical modelling can be summarised as

(Fung 1994):
e To assist data interpretation by providing a relation for the measured quantity
as a function of the electromagnetic, geometric and target parameters, based on

the physics of the problem.

e To study the sensitivity of the measured quantity to various parameters of

Interest.

e To provide a tool for interpolating and interpreting data.

e To provide simulated data in simulation studies or training of neural networks

for classification and inversion procedures.

e To assist in the design of experiments through model prediction.
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Richards et al. (1987) suggested that radar backscatter modelling can be viewed from
three different positions. The first is based on an analytical framework in which models
are derived upon electromagnetic theory and well know physical expressions. However,
it must be made clear what assumptions are made about this theoretical approach when
geometrical surfaces represent the actual physical structure. The second approach
consists of regressing preconceived mathematical expressions to backscatter data. A
problem with this empirical approach is that it does not explain specific surface
medium-energy interactions merely that the two parameters may have something in
common. The third approach would be to consider the system under study to be
represented by a completely unrelated system but which behaves in a similar manner.
This approach has been used to model backscattering from crops by adopting a cloud

model (Attema and Ulaby 1978). These models are sometimes referred to as conceptual.

The selection of a theoretical model rather than a regression model in this study was
done to firstly, test how well theoretical models could be calibrated in this desert
environment. Second, due to the logistics of the data collection campaign and the
limitations on the numbers of people in the field an empirical model would have been
ineffective. Empirical models are available, such as the one developed by Oh et al.
(1992), based on a limited data set and reducing the numbers of parameters of interest to
the standard deviation of surface height, wave number and the relative dielectric
constant. Another empirical model (Deroin et al. 1997) interprets relationships between
backscatter and arid land surface roughness. Empirical models often utilise multi-
polarisation or -frequency data that are not available in this study. An example of such a
model, with a particular focus on measuring soil moisture, is presented by Dubois e al.

(1995).

As outlined in Section 2.1.2 the incident radar energy is either scattered at the surface or
within the upper surface volume. Accounting for the general availability of scattering
models and the complex nature of volume scattering, the models used in this study
account for surface scattering only. In this study, we accept that volume scattering is an

important process, especially in areas of low soil moisture (Le Toan e al. 1994), but
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only the processes of surface scattering and the modelling of such phenomena are

examined here.

2.6.1 A brief review of microwave modelling

The earliest models of scattering were based on surfaces comprising many point
scatterers, often spherical in nature. For example, Clapp (1946) analysed how the
backscatter coefficient was influenced by the incidence angle for such a surface. Other
approaches used facets. This involved approximating the surface through a number of
small planar facets, each of them tangential to the actual surface. This idea was

developed further with the introduction of curved facets.

Among the many surface scattering theories, the Kirchoff or Physical Optics
formulation is one of the most widely used (Beckmann and Spizzichino 1963). The
basic assumption of the Kirchoff method is that, at any point on the surface, the total
radar field can be computed as if the incident wave is impinging upon an infinite plane
tangent to the point (Ulaby er al. 1982). The Kirchoff method is applicable to surfaces
whose average horizontal dimension is large compared with the incident wavelength
and has gentle undulations. Two types of approximation were considered. Firstly, for
surfaces with large standard deviations of surface height, a stationary phase
approximation (meaning that scattering can only occur along directions for which there
are specular points on the surface) was used (Wu and Fung 1972). A geometrical optics
(GO) solution is used in this case. Secondly, for surfaces with small slopes and a small
to medium standard deviation of surface height, a scalar approximation is used. In this
case, a physical optics (PO) or small perturbation (SP) solution is considered. The two
approximations are used in this study as they give a simplified appreciation of the
scattering processes that are occurring. The limitations of the Kirchoff method are
highlighted by specific regions of validity based on the roughness of the surface

compared to the wavelength of the incident radar energy.

These validity conditions and model derivations are discussed in the following sub-

section, but it should be noted here that there were large gaps where surfaces with
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certain roughness parameters did not conform to the validation criteria of the Kirchoff
scattering model. It was the occurrence of these gaps, where the scattering processes

could not be resolved, that prompted the search for a more complex scattering model.

The integral equation model (IEM) was developed by Fung et al. (1992) and is also
described by Fung (1994). The model is expected to be applicable to a wide range of
roughness scales. This is achieved by computing terms for both single and multiple
scattering elements. When surface roughness is large but the surface slope is small, only
the single scattering term corresponding to the standard Kirchoff model is significant. If
the surface slope is large then multiple scattering becomes important and needs to be
accounted for. Because the model is an integrative iteration of the Kirchoff method,
reduction to single scattering terms yield components of the Kirchoff method: first-order
solutions of the geometric optics (GO), small perturbation (SP) and second-order
perturbation model for slightly rough surfaces. The validation ranges in terms of surface
roughness are significantly increased. Figure 2.16 shows the validity conditions of the
IEM, compared to the first-order small perturbation model (SPM) and Kirchoff

approximations.

In Chapter 6, there are detailed examples showing where these models have been
utilised in land surface, remote sensing applications. It is the purpose of this section to
explain the background to the models, derive them mathematically and to discuss their

regions of validity.

70



10

k_Sigma
[,

AL U A N N NN
A U N S N NN
< <« <K<K« «

g aaaal

<
AN NANRN

<
AN
<

0.1

Figure 2.16. Validity ranges for the integral equation model (tick points that have
been confirmed by experiment), first-order small perturbation model (FPM) and
Kirchoff model (KM) plotted in the standard deviation of surface height (Sigma) -

correlation length (L) feature space, k is the wavenumber (Fung et al. 1992).

2.6.2 Model derivations, assumptions and ranges of validity

The models described here estimate the backscatter coefficient of a random, distributed
target. They are a function of sensor characteristics (polarisation, incidence angle,
wavelength) and surface characteristics (roughness, dielectric properties). Each of the
models make generalisations about the interactions that occur at the Earth’s surface and
the nature of the scattering as outlined in previous sections. In some cases further
assumptions were made. The models can be divided into two sub-groups. The first
contains the classical Kirchoff (comprising the geometrical optics GO, and physical
optics PO) and small perturbation (SP) models. The second contains the integral

equation model.
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2.6.2.1 Kirchoff and small perturbation models of surface scattering

The selection of the Kirchoff approach adopted (either a stationary phase or a scalar
approximation) depends on the relative roughness of the target surface. The Kirchoff
approach is only valid for like-polarised predictions as it is a first order solution. The
physical optics solution is applicable to surfaces with gentle undulations, and whose

non-coherent backscattering coefficient is given by:

o, (8) = 2k* cos’ 6T, (0) exp[~(2ka cosH)*]

S [(4k6* cos’ 8" / n1]. [ p" @7, kesino)ae

(2.16)
where, G ,» is the non-coherent like-polarised backscattering coefficient,
0 is the incidence angle, o is the standard deviation of surface height,
k is the wavenumber = 27t/A (A is the wavelength),
p" (&) is the autocorrelation function for the incoherent scattering component 7,

Jo () is the zeroth-order Bessel function of the first kind, and

.. 2
[',(0) = Fresnel reflectivity = ,Rpp(B)l 2.17)

As the coherent backscattering term is only important at near nadir incident angles then

the total backscattering coefficient approximates Equation 2.16.

For rougher surfaces whose backscattering coefficient remains almost independent of
the incidence angle at angles near nadir, the geometrical optics solution of the Kirchoff
method under the stationary phase approximation is more suitable. It is stated in Ulaby
et al. (1986), that, as the standard deviation of surface height usually is such that ko is of

the order of unity, then the coherent term is once again not important.
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Hence, the total backscattering coefficient approximates the non-coherent term and is

given by:

['(0)exp(—tan® 0 /2m?)

" (0) = 2m?* cos* 0

(2.18)

where, m is the RMS slope (calculated by dividing the standard deviation of surface
height by the correlation length). The value m is also dependent on the autocorrelation

function. I" (0) is the Fresnel reflectivity at normal incidences.

The validity conditions of these Kirchoff approximations are determined by the
assumption that plane-boundary reflection occurs at every point on the surface (Ulaby et
al. 1982). The surface horizontal scale roughness (/) must be larger than the wavelength.
Furthermore, the vertical scale of surface roughness must be small enough that the
average radius of curvature is larger than the wavelength. These restrictions can be

summarised as:

ki>6
P >2.766A (2.19)

Additional conditions are imposed for the geometrical optics approximation to be valid

(Equation 2.20) and for the physical optics model to be more accurate (Equation 2.21):

(2ko cos )2 > 10 (2.20)
m<0.25 (2.21)
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For conditions where k/ < 6 and the surface roughness is very slight, the small
perturbation model introduced in the previous section may be used. The expression for

the non-coherent backscatter coefficient is given by:
o (0) = 8k*c? cos* Blat , (6)] W (2ksin6) (2.22)
where,

sin’ @ — g, (1 +sin’ 9)
(e, cosB + (g, —sin® 6)* T’

,(0)=(s -1) (2.23)

and, p is the polarisation and equals vertical or horizontal,
& 1s the permittivity of the surface,
W () is the normalised roughness spectrum, i.e. the Bessel transform of the correlation

function p (&), evaluated at the surface wave number of 2sin6.

For a Gaussian correlation function (which is assumed for the Kirchoff and perturbation

models), given by p (§) = exp (-E* / %), the normalised roughness spectrum is given by:

W(2ksin0) = %12 exp[—(klsin0)] (2.24)

The validity conditions for the small perturbation method are given where the standard
deviation of surface height is very much less than the wavelength (< 5%) and the
average surface slope is less than or equal to the surface standard deviation multiplied

by the wavenumber.
Mathematically this is expressed as:

ko<0.3
m<0.3 (2.25)
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In Section 6.3 the validity ranges are plotted with corresponding points of surface
roughness that have been estimated from field measurements. The reasons why these

models are, in most cases, invalid for natural desert surfaces are discussed.

The models were adapted from the Michigan microwave canopy scattering (MIMICS)
model (Ulaby et al. 1990, McDonald and Ulaby 1993). Individual components of the
scattering model, if not required (e.g. branches, trunks and leaves), were flagged to zero
and removed from the scattering simulation. The code was written in Fortran 77
programming language and was compiled on the University of Leicester UNIX system;
processing time was very quick. The inputs to the model are the soil standard deviation
of surface height (cm), soil correlation length (cm), volumetric soil moisture (m® water
m™ soil) and soil type. The two latter parameters are expressed as a relative dielectric
constant through the empirical relationships derived by Hallikainen et al. (1985) given

in Equation 2.10. The model is independent of soil temperature.

2.6.2.2 The integral equation model (IEM) of surface scattering

The complex version of the IEM presented by Fung ef al. (1992) and Fung (1994)
accounts for a wide range of surface roughness and radar frequencies. For this purpose,
an approximate solution is used (Altese et al. 1996). The limitation on this
approximation is that the standard deviation of the surface height times the wavenumber
must be less than three (ko < 3). Two further assumptions are made. Firstly, that only
the real part of complex dielectric component is used; Sreenivas et al. (1995) state that
this is a reasonable approach. Secondly, that the autocorrelation function is assumed
isotropic and is explained by either a Gaussian or an exponential function (Section
5.3.2.6) (Su and Troch 1996). The model is written in C programming language and was
compiled on the University of Leicester UNIX system, processing time was again very
quick. The specified dielectric constant of the surface was calculated using the empirical

equations given by Hallikainen et al. (1985) (Equation 2.10).
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The backscatter coefficient, for any polarisation combination is given by Altese et al.

(1996):

. 2 X
O pg =L(2_eXp(_2kz20'2) o™
n=1

2 W (-2k,,0)
n!

Lo (2.26)

where,

I, = (2k,)" f,, exp(-c’k}) + k! [F,, (-k,,0) + F, (k,,0)]/ 2

p, q = vertical (v) or horizontal (h) polarisation,

S, =2R_/cosB
S =—(2R, /cosB)

2sin’ (1 + R_)? .[(1_§)+ pe —sin’ @ — g cos’ 9]

F (-k.,0)+F, (k. ,0)=
cos@

g’ cos’@

Em (—kx »0) + F;lh (kx ,O) =

2sin’ 6(1+R,)* 1, 1y, pe—sin’6—pcos’ 0
cosg——LA-2)+ ]

p? cos’ 0
R_,R = Fresnel reflection coefficients, for vertical and horizontal polarisations,

respectively at 6 angle of incidence in the low frequency region or slightly rough

surfaces,

R _scosO—\/E—sinZO
" gcosO++/e—sin’ 0
R _ cosf—+e—sin’ O
Y cos@++e—sin’ 0 (2.27)

and at normal incidence in the high frequency (frequency > 4.2 GHz) region,

1-e .

L (2.28)

R_,(0)=
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where, € = dielectric constant,

{1 = magnetic permeability,

k,=kcos 0,

k;=ksin 0,

0 = incidence angle,

W™, v) = roughness spectrum of the surface related to the nth power of the surface

correlation function p( & ) by the Fourier transform given by:

2n 1 © n . .
W vy =—— [ p" (&6 exp(~jut ~ jvg)deds
- (2.29)

In Section 6.3 the validity ranges are also plotted with corresponding points of surface
roughness that have been derived from data collected in the field. Comparison with the
validation criteria of the Kirchoff and small perturbation methods shows that the scope

for using the integral equation model is much greater.

2.6.3 Assumptions made concerning the nature of desert surfaces

The models described above predict the radar backscatter response from soil surfaces
where surface scattering is the dominant scattering process, as opposed to volume
scattering processes (Section 1.3.1). With reference to the desert surfaces mentioned in

Section 1.3, two further issues are of concern.
(i) Using the models described above, can the scattering pattern be modelled
over all non-soil covered surfaces, such as the basalt and desert pavement

surfaces that occupy large parts of the region?

(ii) Is the vegetation at the regional and local scales dense enough to influence

the backscatter signal in deserts?
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2.6.3.1 Modelling the non-soil surfaces

Two of the main land cover units, the basalt flows and desert pavements, cannot be
accurately classified as soil surfaces. In common with all such stone surfaces, some soil
was exposed (as much as 60% of the ground surface, Section 4.6) but it was usually
overlain by stones, rocks or boulders that increased the surface roughness significantly.
Ideally these surfaces would be modelled as a two-component dielectric surface,
comprising a rough, randomly distributed layer of rocks that have dielectric properties
which are approximately constant and could be estimated from Ulaby et al. (1990a) with
an occasional gap revealing a smooth, soil dielectric with known characteristics.
Unfortunately, no such model was available, although an approach to the problem of
simulating the scattering from an inhomogeneous surface is given by Sarabandi ef al.
(1996), the calculations involved are beyond the scope of this study. Therefore it was
assumed that the basalt surfaces were comprised of randomly distributed, sometimes
isolated clumps of soil medium that were surrounded by a flat region of the same soil
medium. The assumption was also used for the stone pavement (hammada), the clumps

and overall surface roughness being smaller.

2.6.3.2 The influence of dryland vegetation

Section 4.8 gives vegetation cover estimates for the selected study sites in the eastern
Badia of Jordan. In brief, percentage cover in any of the vegetated study sites did not
exceed 10%. Vegetation decreases the sensitivity of the backscatter coefficient to soil
moisture, due to increased scattering and attenuation of the signal. Dobson et al. (1992)
stated that the presence of a sparse vegetation layer would have little influence on the
backscatter coefficient, attenuating the backscatter by less than 0.2 dB, with the soil
moisture and roughness parameters still having the dominant influence on the
backscatter signal. Mo et al. (1984) found that the scattering component from vegetation
covered soils only becomes dominant at incidence angles > 300, i.e. greater than that for

the ERS SAR system. Other studies in drylands (e.g. Ridley ez al. 1996) have considered
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scattering from the vegetation component using a cloud model of randomly oriented
disks and cylinders (Chuah and Kung 1994). The combination of model availability and
complexity with the reported low vegetation covers estimated, has led to the effects of
vegetation to be assumed negligible and therefore, vegetation was not considered in this
study. It is acknowledged that volume scattering may be an important mechanism in

dryland regions and further work, beyond this study, needs to clarify the scattering

responses of dryland vegetation.
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3. Multitemporal SAR Image Interpretation

Observations made of the temporal behaviour of the backscatter coefficient from ERS
SAR data are interpreted in this chapter. These interpretations are based on information
related to soil moisture, surface types and lithologies. They enable changes in surface
topography (roughness, of the order of cm's), that occur during the year and between
years, and soil moisture and standing water to be monitored. Section 3.1 introduces the
methods used, discusses what surface parameters may be distinguishable from the
imagery, and also examines the geomorphological processes that are responsible for
changes in surface topography. Section 3.2 looks at the specific land surface units that
characterise the eastern Badia of Jordan, where SAR has been able to identify features
related to dryland environmental processes and how these are interpreted. Intensity
images, both single band and multitemporal colour composites, are presented. The
importance of monitoring these surfaces lies in the implications these surfaces have for
the possible extraction of soil moisture information based on these observations. The
data indicate a poor correlation between the backscatter coefficients derived from the
ERS-1 and the ERS-2 SAR instruments. Section 3.3 discusses the differences between

these data and presents a solution to overcome the problem.

3.1 Introduction

In the previous chapter, the potential of using a fixed-polarisation and a fixed-
wavelength system for modelling is limited due to the number of parameters influencing
the backscatter coefficient. As other radar data were not available for use within this
project, multitemporal data analysis of ERS SAR was conducted to try and understand
the causes of any fluctuations in the backscatter signal. Certain assumptions were made
concerning the nature of the SAR system and processing factors. It was important that as
many of the parameters that influence the backscatter coefficient (described in Chapter
2) were kept constant. These parameters include the local incidence angle at each site,

SAR orbit geometry, and image processing and calibration.
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In Chapter 1, it was shown that remote sensing methods could be utilised for a wide
range of applications in dryland regions. Geomorphological processes in dryland regions
occur over a range of spatial and temporal scales (Millington ez al. 1995) and it is
important to establish which processes are occurring over the temporal resolution of
satellite data collection. For example, Archer (1995) distinguished seasonal and episodic
changes in multitemporal ERS SAR imagery of a salt playa in Tunisia. Seasonal
changes were caused by the development of salt crusts in response to fluctuations in
rainfall, soil moisture and evaporation. Episodic changes are caused by the formation of
ephemeral lakes, the movement of water through ephemeral channels, and the
development of temporary surface crusts. Similar seasonal and episodic processes may

be applicable to the drylands studied in Jordan.

The aim of multitemporal backscatter coefficient analysis is often to relate empirically
changes in the backscatter coefficient with changes in the parameter of interest on the
ground surface. Cihlar et al. (1992) established estimates of the relative mean
backscatter values and the annual backscatter range for a range of different surfaces. The
data was obtained by C-band SAR over a test site in Ottawa. When these estimates are
plotted against each other the different land covers were distinguished. Surfaces that
appeared relatively radiometrically stable were lake bodies, urban areas and water
courses. Surfaces with moderate stability were coniferous and deciduous forests, and
hay fields. Corn fields and marshes displayed high annual variations in backscatter
values. Multitemporal change detection techniques with SAR are hindered by the
speckle phenomena. However, by increasing the equivalent number of looks, either by
averaging or a speckle reduction algorithm, the influences of speckle on the backscatter
coefficient is reduced. Other change detection techniques are discussed by Rignot and
van Zyl (1993). Through multitemporal methods it is possible to assign a temporal
profile (or signature) to different land covers, which can help to interpret, and even
classify, single polarisation and frequency radar images. Examples of backscatter
signatures of commonly found crops are given by Borgeaud et al. (1994). The temporal
signatures of dryland surfaces situated in the eastern Badia region of Jordan are

discussed in the following section.
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Processes that may induce a change in the surface topographic properties also need to be
considered. These processes range over a time scale from thousands of years, such as
rock weathering, to days and weeks, for example the growth of salt crystals in a saline
pan. It is the processes that are likely to influence surface roughness over a time scale of
weeks to a few years that this study is most interested in. Surface cracking is one such
process that has been observed in the Jordan Badia. The cracks are formed by the
desiccation and subsequent cracking of soils and crusts rich in swelling clays, such as
montmorillonite. These variations are associated with both diurnal and seasonal changes
in temperature and moisture. Extensive cracking and thrusting of surface soils and

sediments are associated with the influx of salt-rich ground water (Dixon, 1994).

The action of strong winds on exposed desert surfaces which have weathered material
available to be entrained and transported will result in topographic surface changes. The
amount of erosion, removal and deposition of sediment by the wind depends on the
texture of the surface, vegetation cover, degree of cohesion and crusting and the nature
of air flow across the surface (Lancaster and Nickling, 1994). The trapping of moving
grains of sand by vegetation leads to hummocks being formed (known as rebkhas)
around the base of the vegetation increasing the roughness of the surface. Subsequently,
during high wind energy events this sand is removed. In the Jordan Badia, only a small
region in the south-east is covered by a blanket of sand. The sand layer reaches up to 5
cm in depth and provides protection, against evaporation, to the finer layer below.
Vegetation is present, in relative terms (< 10% cover), and hummocks of sand (< 5 cm
tall at the highest point) form around the base of the plants. With such diverse land
cover types in the Jordan Badia, monitoring the effects of wind-induced surface
roughness change is difficult. No studies have been conducted into wind erosion in the
study area. Another processes that may induce surface change is erosion by surface
water during flood events. This process can lead to a flattening of the surface by the
action of flowing water and rill and gullies where flows are concentrated. Human
modification of the natural landscape can also lead to changes in topographic roughness.
Any kind of development needs to monitored, especially agriculture which can lead to

very significant changes of surface roughness over short time scales, e.g. ploughing.
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3.2 Multitemporal backscatter variation of desert surfaces

The desert surfaces of the Jordan Badia provide a range of land cover types. These
different types of land cover are very interesting as, in geomorphic terms, they may
indicate various stages of landscape evolution and indicate different levels of
susceptibility to environmental change. They can be divided into four major land surface
units: basalt lava flows, desert stone pavement (hammada), marab and ga’a. Sections
1.1 and 1.3 give detailed explanations of the geomorphological characteristics of these
surfaces. The sites referred to in the following section can be located on Figure 3.1. It is
important to derive temporal profiles for each of these land surfaces and interpret the
profiles in terms of geomorphological or hydrological change. Furthermore, from these
temporal profiles, it is possible to gain a first indication of the likelihood of retrieving
information on soil moisture from ERS SAR data. A full ERS SAR PRI amplitude
scene of the northern section of the Programme area is shown in Figure 3.2. The image
was acquired on the 7th March 1996 and shows the town of Safawi and locations of

important land surface types. The image covers 100 by 100 km.

To aid our interpretation of the temporal variation in the backscatter coefficients,
precipitation data collected at four locations in the study area are displayed in Figure
3.3. Monthly precipitation totals were obtained from two permanent weather stations
located at Safawi (F0002-H5 evaporation station) and Azraq (F0009 evaporation
station). This information was obtained from the Water Authority of Jordan (see Section
4.7). Further precipitation data from weather stations in the north of the study area
located at Menara (32.20° N, 36.75 E, from October 1994 to August 1996) and north of
Marab Salma (32.44° N and 37.27 E, from December 1995 to October 1996). Further
analysis of the precipitation and other climate data is presented in Section 4.7. Reference
is made to Figure 3.3 in the following sections. It is interesting to observe that records
show the winters of 1994 and 1996 were wetter on average, eventually producing
extensive grass growth. This is reflected in the distribution of the rainfall at the Safawi
and Azraq stations. The winter of 1995 shows very little rainfall recorded, except at the

higher, wetter Menara site.
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Figure 3.1.  Location ofthe study sites analysed in Chapter 3. Each site is displayed as a colour representing thefour main land cover units:

basalt, hammada, qa a and marab.
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Key to figure:

* Fields to the north of Azraq Safawi town

e Qaa surface ¢ Basalt surface
* Qa'a al Bugayawiyya (Marab)

e Chert hammada surface

Figure 3.2. ERS-1 SAR PRI full scene of the northern section of the Programme

area. The image was acquired on the 7th March 1996 and covers 100 by 100 km. The
corner co-ordinates o fthe image are: 36.9157 °E, 31.786 °N (bottom-left); 37.9497 °E
31.9695 °N (bottom-right); 37.7300 °E 32.8739 °N (top-right); 36.6845 °E 32.6902 °N
(top-left). The solid line indicates the approximate position o fthe border with Syria (the

northern border ofthe project area).
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Figure 3.3.  Monthly rainfall totals for Safawi, Azraq, Menara and Marab Salma

precipitation stations. Please note boundaries o fdata collection listed in the text.

3.2.1 Basalt and desert stone surfaces

3.2.1.1 Basalt surfaces

Greater than half of the study region is covered with a regolith of stones of varying size
and lithology. Because of the dependency of the backscatter coefficient on surface
roughness and dielectric properties, regions of relatively recent volcanic activity can be
distinguished. The basaltic lava flows can be distinguished (i) between each other; and
(ii) from desert stone pavement, as the latter comprise smaller, more angular fragments
of basalt or chert The distinction between lava flows is caused by a number of factors
including different ages of basalt, variations in the exposure time weathering regimes and
basalt mineralogy. The temporal profiles of three basalt flows are shown in Figure 3 .4a.
In Figure 3.4b error bars (+ 1 standard error of estimation) are displayed for the same

data.
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Figure 3.4.  Multitemporal backscatter variation for three basalt formations located

within the eastern Badia of Jordan (a) and associated error (1 standard error of

estimation)

bar (b). The temporal scale is expressed as a Julian Day, corresponding to

the day of the year. The backscatter coefficients are calculated using the comprehensive

equation given in Section 2.5. ERS-2 SAR measurements commenced in 1997 (day 87).
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The Fahda Vesicular formation, the youngest flow (0.1 - 1.45 Ma.) is characterised by a
rough, angular surface with little exposure of the underlying soil surface. The surface
has a very rugged appearance (Ibrahim 1993). The Madhala Olivine Basalt formation,
part of the Asfar group (2 - 3.5 Ma.) covers considerable areas in the north-west of the
study region. This basalt is characterised by smaller stones, compared to other basalt
flows, covering over 60% of the ground surface (Tansey et al. 1996). The Safawi Group,
which dominates the region, contains the Abed Olivine Phyric formation, which is
characterised by lighter colours, relatively low ground coverage of stones
(approximately 50%) which are smooth and rounded. Detailed descriptions of these
stone surfaces are given in Higgitt and Allison (1998) and Sections 4.1 and 4.6. The
standard errors of estimation are of the order of + 0.2 dB, due to the number of pixels
that are used to derive the backscatter coefficient (500 pixels). The error interval for the
estimate of the backscatter coefficient are similar to estimates for other desert surfaces
studied in this project. Therefore, error bars are not displayed for temporal profiles of

the remaining desert surfaces.

Close examination of Figure 3.4a indicates that these surfaces are relatively stable at
microwave wavelengths. This makes sense when the time scale of observations and the
time scale of the processes acting upon these surfaces are taken into account. It is very
unlikely that significant changes in surface roughness would occur over these surfaces
during the three years of radar observations. A rainfall event recorded at the Menara and
Azraq stations, and also observed at Qa’a al Bugayawiyya (10 km south of Safawi), on
the 23 November 1995 (Julian Day 327 in 1995) that must have deposited water onto
the stone surfaces seems to have a small effect on the backscatter coefficient. A similar
event occurred on the 7 March 1996 (Julian day 67) resulted in a similar response. This
small increase, compared to other surfaces (as will be shown later in this chapter) may
be due to any water deposited onto the boulders and surrounding soil either quickly
draining off into the soil below or evaporating. On the basis of these findings a basalt
surface, would make a good calibration surface for future microwave remote sensing
missions. The second point to note is the distinction between formations. The mean and
standard deviations of backscatter coefficients (derived from ERS-1 SAR data) for the
three formations are; Fahda Vesicular, -6.74 and 0.66; Madhala Olivine, -7.86 and 1.12;

Abed Olivine, -5.92 and 0.37. The estimates of the standard deviations are small when
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compared to the errors in deriving the backscatter coefficient caused by system noise.
This shows that the basalt formation possibly could be distinguished in terms of their
backscatter signatures. The reasons why basalt surfaces can be distinguished appears to
be mainly due to the roughness of the surface (Tansey et al. 1996). Deroin ef al. (1997)
established empirical relationships between the backscatter coefficient and maximum
boulder height and standard deviation of surface height. These relationships are shown
in Figure 3.5. They show that both parameters have a significant influence on the
backscatter coefficient. Field measurements show that the average stone size of the
Abed Olivine formation (refer to Table 4.6 for details) is significantly greater than for
the other two formations and therefore would, according to Figure 3.5, yield a greater
backscatter. The distinction between the Fahda Vesicular and Abed Olivine formations,
essentially having the same average stone size properties, can possibly be attributed to
differences in the stone coverage on the ground and stone angularity. The Fahda
Vesicular formation has higher values for both of these parameters and therefore is
likely to have a greater surface scattering component and, consequently, an increased

backscatter return.

Furthermore, the magnitudes of the peak responses in backscatter are possibly
dependent on the location and magnitude of the rainfall event. It appears that the more
westerly the formation is located the greater the response of the backscatter coefficient
to a rainfall event (Tansey et al. 1996). This is related to a rainfall gradient that exists
both from west to east and north to south in the study area. In this example, the Madhala
Olivine formation is located furthest west and the Abed Olivine formation located

furthest east.
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Figure 3.5.  The relationships between the backscatter coefficient and (a) maximum
height of rocks (h max); and (b) the standard deviation of surface height (s) obtained
empirically for arid land surfaces (Deroin et al. 1997).

A further interesting observation is the reduction in the estimate of the backscatter
coefficient calculated from the ERS-2 SAR instrument compared to estimates from
ERS-1 SAR. The values do not correspond well with the stability of measurements
obtained from the ERS-1 SAR instrument. There are several reasons for this

phenomenon which are discussed in more detail in the Section 3.3.
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The ability of SAR to differentiate basalt flows of different ages is shown in Figure 3.6.
Displayed is a subset of an image for the north-central part of the study area, acquired
on the 23 March 1995. The basalt surfaces, which are strong scatterers, appear as white
to light-grey regions on a grey-scale image (Figure 3.6). The boundaries of the basalt
flows have been overlaid on the image. However, it is not just the small scale of
roughness properties that enable basalt surfaces to be distinguished, but also the larger
scale surface form and morphology and the landscape development within the basalt

regolith (e.g. the presence or absence of small clay ga a basins).

IFahda Vesicular Abed Olivine

Madhala Olivine'

Figure 3.6.  ERS-1 SAR intensity image (dB) ofthe north-central region o f'the study
area. The image was acquired on the 23 March 1995. It demonstrates the ability o fSAR
to qualitatively distinguish between basalt flows, mainly due to the large-scale
morphological features (qa'a). The image covers approximately 35 by 16 km. The
approximate image corner co-ordinates are; 37.007 E, 32.323 N, top-lefi; 37.022 E,
32.203° N, bottom-left; 37.398°E, 32.245° N, bottom-right; 37.357°E, 32.384° N, top-

right. The Safawi to Ruwayshid road is clearly seen in the bottom o fthe image.

Data on the physical properties of the basalt surfaces is provided in Table 1.1. The
multitemporal characteristics of a basalt surface are shown in Figure 3.14. When
displayed as a multitemporal false colour composite the basalt surfaces appear as bright,
light-grey areas. This is caused by large amplitude coefficients and stable temporal

characteristics.
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3.2.1.2 Stone pavement (hammada) surfaces

The temporal signatures of desert stone pavements (hammada), which cover most of the
southern part of the study area, are different from those of the basalt surfaces. In an ERS
SAR intensity image they are displayed in mid-grey tones, indicating a reduction in the
intensity of the return signal, compared to light grey tones for basalt surfaces. This is
almost entirely due to the scattering interaction with less rough surfaces (desert stone
pavements usually have a standard deviation of surface height < 1 cm, see Chapter 4).
Three hammada sites were studied (Figure 3.1); the first is located south of Safawi
(32.0031° N, 37.1210" E) lying on stone fragments of basalt and chert; the second and
third are situated on limestone hammadas, east of Azraq (northern site (N), 31.7104" N,
36.9731" E and the southern site (S), 31.6412° N, 37.1638" E). The temporal profiles of
these three stone pavement surfaces are shown in Figure 3.7. They are compared to the

temporal profile of the Abed Olivine basalt surface.

The profiles of the hammadas show a reduction in the average backscatter coefficient
compared to that of the Abed Olivine basalt surface. The temporal profiles of two of the
hammada surfaces, the northern limestone site and the chert hammada display greater
seasonal fluctuations in their backscatter responses than for the basalt surface and the
southern limestone hammada. The observation of a stable temporal profile at the
southern hammada site may be caused by a reduction in the amount of rainfall received
at the southern boundary of the study area. Over a five year period, 1992/93 to 1996/97
the average rainfall at the Safawi and Azraq recording stations were 68.7 and 43.4 mm
respectively (Water Authority of Jordan, 1998). As the backscatter coefficient is
sensitive to surface moisture, the more arid the climate, the more stable the temporal
profile would be. To support this theory, obvious peaks in the temporal signatures (1995
day 327 and 1996 day 67) are noted at the dates of known rainfall events (November
1995 and March 1996) discussed in the case of the basalt surfaces (Figure 3.3). The
fluctuations are shown in this study to be caused by soil moisture changes (assuming
radiometric calibration stability) because these surfaces are very stable with regard to

changes in surface roughness.
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Figure 3.7.  The temporal profiles of backscatter of the desert stone pavements
(hammadas). Three hammada are shown, along with the temporal profile of the Abed
Olivine basalt for comparison. Backscatter coefficients have been derived using the

comprehensive equation.

The processes that lead to the development of these remarkably flat, smooth desert
pavements have been investigated thoroughly by Cooke (1970) and McFadden et al.
(1984, 1987) and have been discussed in Section 1.3.1. Due to the sharp precipitation
gradient between the semi-arid north and central part of the study area and the very arid
southern reaches, it is possible that rainfall events and high soil moisture levels recorded
at sites in the north which are detected by SAR, do not fall and are not recorded in the
south (Figure 3.3, Safawi and Azraq stations). This highlights the potential of SAR to

map the limits of local precipitation events that have occurred prior to the overpass date.

The distinction between hammada and basalt surfaces can easily be made using a single
intensity image. Figure 3.8 is an image sub-scene, which clearly shows the basalt
boundary with a chert hammada. The basalt displays strong scattering properties, the
hammada to the south displaying more moderate scattering. The darker areas within the
image are small mudflats (qa’a) that are radiometrically smoother than their
surroundings and hence have lower backscatter coefficients. A multitemporal image
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(refer to Figure 3.14) displays hammada surfaces in subtle colours reflecting moderate

fluctuations in the backscatter coefficient.

Basalt Regolith

Chert Hammada

Figure 3.8.  ERS-1 SAR image sub-scene ofthe central region ofthe study area. The
image was acquired on the 6 July 1995 and is displayed as an intensity image. It
demonstrates the ability of SAR to qualitatively distinguish between rough basalt
surfaces and less rough desert pavements (hammada). The image covers approximately
19 by 12 km. The approximate image corner co-ordinates are; 37.232 OE, 32.002 ON,
top-left; 37.446°E, 31.868°N, bottom-right, north is up.

3.2.2 Playa (qa'a) surfaces

Playa surfaces, also referred to as mud-pans or by the local name, ga a, are extremely
flat surfaces that are devoid of vegetation (Section 1.3.2). They are important in desert
hydrological and geomorphological systems as they are stores of water and sediment.
The sediments are characterised by high proportions (> 50%) of clay-size minerals that
form a hard, compact surface layer. This impedes infiltration and, during periods of
rainfall where the intensity of precipitation exceeds the infiltration rate, these surfaces

become flooded. More importantly, ga'a also become flooded because they comprise
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the low points in the regional drainage network. The texture of the sediments and the
very low surface roughness signifies that the intensity of the backscattering component
of the incident wave is small. However, as was noted in Figure 3.5, the backscatter
coefficient is highly dependent on the surface roughness at RMS height values < 0.5 cm.
Therefore, very small changes in surface roughness of the ga’a surfaces could yield
large differences in the backscatter coefficient. The implications of these relationships
have a significant bearing on the possibility of retrieving soil moisture information from
these surfaces (Tansey and Millington, in press). The dependence of the backscatter
coefficient to surface roughness changes may be too great to detect variations in the
dielectric properties of the surface, even if roughness change in the order of millimetres

occurred.

The temporal profiles of ga 'a are characterised by a low average backscatter coefficient,
normally less than -15 dB. Observations indicate that the average annual variations in
the backscatter coefficient are different for the ga’a surfaces monitored in this study
(Figure 3.9). The amount of variation in the backscatter coefficient is thought to be
dependent on several factors, including the geographic location, surface sediment
properties, seasonal roughness change characteristics, position within the hydrological
system and the probability of flooding. The geographic location of the ga’a is also
important when considering precipitation events as ga’a in the north and west will
receive more precipitation (Chapter 1 and Figure 3.3). The clay mineralogy, comprising
mainly the smectite group of clays formed as a result of basalt weathering, controls
surface swelling and shrinking caused by repeated wetting and drying. These processes
ultimately affect the surface roughness. Desiccation cracking, that often form natural
polygons that range in size and scale, from centimetres to metres, are features that are
relatively abundant on ga’a surfaces in the study region. Seasonal changes have been
recorded in these. During wetter periods the clay minerals expand and desiccation
cracking is almost absent. During dry periods significant cracking of the surface has

been seen in response to mineral contractions.
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Figure 3.9.  The temporal backscatter profiles of Qa’a Qattafi and Qa’a al Abd. The
two surfaces have a different backscatter signature caused by different surface

roughness properties.

The ga’a in the Badia area are unaffected by excessive salinity. The amount of soluble
salts in soils increase as rainfall decreases, these exceptions being wadi soils which have
additional leaching. Leaching occurs when there is excessive flow of water down the
profile, if flow is impeded at depth then concentrations can occur. When this
concentration is found at the surface, possibly as a result of very low rainfall, then salt
crystal growth can occur. In the study areas covered by level II of the National Soil Map
and Land Use Project (The Soils of Jordan 1993, 1994) most of the soils have
undergone sufficient leaching. For those soils lying within xeric moisture regimes, their
calculated salinity value, expressed as an exchangeable sodium percentage (ESP) are
0.9% (topsoil) and 3.3% (subsoil). Soils of transitional moisture regimes have ESP
values of 3.0% (topsoil) and 7.3% (subsoil) and aridic soils exhibit values of 16.4%
(topsoil) and 17.1% (subsoil). Generally, soils derived from basalt have lower ESP
values than the equivalent soils derived from limestone. The dielectric constant of soil
water is dependent on the salinity content and hence this would influence the backscatter
coefficient if salts were present in great amounts. The backscatter is also influenced by
the presence of salts on these surfaces, and crystal growth and decay can have
significant effects on the surface roughness (Archer 1995; Wadge et al. 1994;
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Millington et al. 1995). The ga’a used as test sites in this study have not been observed
to exhibit symptoms associated with salt crystal growth and excess salinity. The ga’a in
the Badia region can be distinguished as dry mudflats on the basis of an abundance of

desiccation features over intrasediment evaporites (Smoot and Lowenstein 1991).

The variations in surface roughness and soil moisture are reflected in the magnitude of
the backscatter coefficient derived. The temporal profile of two ga’a (located in Figure
3.1) are displayed in Figure 3.9. Both ga’a are devoid of vegetation but have very
different surface roughness properties. Qa ‘a Qattafi, which is situated in the central part
of the study region, lacks any major surface desiccation features. This observation was
consistent during all field visits (November 1995, spring 1996, 1997 and 1998). The
backscatter coefficient values of Qa’a Qattafi are very low (-16 to —20 dB) and do not
fluctuate by any significant amount. The small increases in the backscatter coefficient
during the spring months of 1997 may reflect increases in soil moisture as rainfall in the

central parts of the Badia region were higher than average (Figure 3.3).

Qa’a al Abd, which is located in the north of the study region near the Syrian border
(Figure 3.1), displays significant and pronounced surface cracking during dry periods.
The spatial distribution and physical size of the desiccation cracking is not constant
between seasons and consecutive years. This observation is a reflection of the variable
distribution of soil moisture for a given precipitation event and also the variation in
morphological response of the surface to different precipitation amounts. Furthermore,
Qa’a al Abd was inundated after two periods of prolonged rainfall, in the springs of
1995 and 1998 which would cause clay surface expansion and a decrease in surface
roughness after the surface water has evaporated. The average backscatter coefficient of
Qa’a al Abd almost approximates to that of a hammada surface (Figure 3.7), making
any attempt to differentiate ga’a and hammada using multitemporal SAR potentially
erroneous. The sharp reduction in the backscatter coefficient estimated from ERS-2
SAR data, is thought to be due to cross-calibration differences observed between ERS-1
and ERS-2 SAR backscatter data acquired for the study area.
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The temporal fluctuations in the backscatter properties of Qa’a al Abd are illustrated in
Figure 3.10. A sequence of images were acquired, which start in March 1995 and
continue to May 1996. Qa’a al Abd is almost totally surrounded by basalt. The .basalt 1s
characterised by high backscatter values and is displayed as bright, light grey regions in
the backscatter coefficient image (Figure 3.10, Al). The areas of basalt display a
constant intensity throughout the temporal sequence. The ga’a surfaces are depicted as
dark grey or black regions. A line of volcanic cones (A2) can be clearly seen extending
in a diagonal from the bottom right to the middle left of the image. A number of
interesting observations can be made. Many parts of the ga’a do not appear to fluctuate
a great deal, unless experiencing extreme conditions; e.g. areas include the northern
protrusion (A3) and the area south of the volcanic cones (A4). However, the north-
western protrusion (A5) does show seasonal fluctuation, which may be caused by a
combination of fluctuating soil moisture and/or surface roughness changes. The image
acquired on the 23 March 1995 shows that sections of the ga 'a were flooded (A6), these
areas characterised by low values of backscatter caused by the specular nature of
microwave scattering at the boundary of a water surface. Rainfall records from Safawi
show that 42.4 mm of rain fell in February 1995. Although values were lower in March
1995, (3.0 mm), these measurements are only approximations to the true depths of
rainfall that would have occurred in the higher, wetter northern regions of the study area
into Syria. The flooded areas are surrounded by pixels with high backscatter values.
These are most likely areas with high soil moisture that are almost saturated. In Chapter
2, it was shown that increases in soil moisture, through influencing the soil dielectric
properties, increases the backscatter coefficient of the surface. This increase is
detectable using a C-band SAR system. The response of the ga’a surface to non-
flooding rainfall events (Figure 3.3 for Safawi, Menara and Marab Salma sites) prior to
the image acquisition can be seen in Figure 3.10g, acquired on the 7 March 1996. The
majority of the ga’a surface is indistinguishable from the surrounding basalt surface

apart from a small area towards the south of the ga ‘a.
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(@) 23 March 1995 (b) 6 July 1995 (c) 19 October 1995

(d) 23 November 1995 (e) 28 December 1995 () 2 February 1996

(@ 7March 1996 () 11 April 1996 (i) 16 May 1996

Figure 3.10. ERS-1 SAR image sequence ofQa a al Abd situated in the eastern Badia
ofJordan. The images have been converted to an estimate o fthe backscatter coefficient.
The area covers approximately 7.3 by 6.9 km, the scene is located at; 37.193 OE 32.515 0
N, top-left; 37.274° E, 32.438° N, bottom-right, north is up. Refer to the textfor a

description o fthe annotatedpoints (Al ... A6) shown in the images. Rainfall data to aid

the interpretation are presented in Figure 3.3.
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The image acquired at the next overpass (11 April 1996) shows that conditions on the
ga & have returned to conditions that enable the ga & surface to be distinguished from
surrounding land surface covers. SAR, in this example, provides a useful tool in

mapping the size and extent of standing water as this presents a huge hazard for the

movement o f vehicles.

If the images acquired on the 7 March 1996, 6 July 1995 and 11 April 1996 are
displayed as a false colour composite (red, green, blue) of actual backscatter values then

patterns of surface changes are observed (Figure 3.11).

Figure 3.11.  Multitemporal colour composite of Qaa al Abd. The following
date/colour combinations, 7 March 1996 (red), 6 July 1995 (green) and 11 April 1996
(blue) show the ability of ERS SAR to detect temporal fluctuations in the backscatter

coefficient. Refer to the textfor a description ofthefeature atpoint A 7.

The dominant backscatter signal comes from data acquired on the 7 March 1996. This
coincides with an increase of soil moisture across the ga a, caused by significant
amounts of rainfall in this month (Figure 3.3). Purple hues in northern sections of the

g a a may indicate that levels of soil moisture were still high on 11 April 1996. Rainfall
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and temperature data presented in Figure 3.3 and Section 4.7 show that by the first week
in April 1996, air and soil temperatures did not increase significantly and that a large
precipitation event occurred during the month of March. As expected the backscatter
signal acquired on the 6 July 1995 overpass is far less than the other two image
acquisitions. By July, temperatures will have risen, resulting in high evaporation rates
and no surface water left. Hence, backscatter decreases. However, there is one section of
the ga’a (A7) where the backscatter, on the 6 July 1995, was greater than on the other
two dates. This observation may be caused by an increase in surface roughness caused

by surface cracking in dry conditions.

A multitemporal colour composite of Qa’a Qattafi (Figure 3.12) shows radiometric
stability for all of the three scenes in the centre of the ga’a (Figure 3.12, area B). The
band combinations for this image are 7 March 1996 (red), 19 October 1995 (green) and
11 April 1996 (blue). Water and sediment are carried into this ga’a from the north-east
through a vegetated marab which is displayed in red and green hues (C). Sediment is
trapped between the distinctive lines of vegetation that grow on pronounced (of the
order of 10s of cm’s) hummocks of sandy material. These are clearly distinguishable on
the image (D). Part of the ga 'a appears to have a fluctuating backscatter signal (E). This
is an area at the lower end of the ga’a where pathways of water through the qa’a will
congregate, thereby yielding temporal variations in the backscatter coefficient. This is
also an area of gravel and stone accumulation on the surface of the ga’a, thereby
increasing surface roughness. The reddish hues may be due to increased soil moisture
caused after rainfall events at the beginning of March 1996 (Figure 3.3). The
surrounding basalt stone and gravel fields also display slightly red hues. No speckle

reduction filter has been applied to the data.
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Figure 3.12.  Multitemporal colour composite of Qa a Qattafi, showing relative stable
backscatter properties in the centre ofthe qa 'a compared to the stony and vegetated
surrounding areas. The images displayed are T March 1996 (rved), 19 October 1995
(green) and 11 April 1996 (blue). Observations B-E are explained in the text. The image
covers approximately 4.9 by 4 km, the corner co-ordinates are; 37.427°E, 31.872° N
top-left; 37.482 FE, 31.828 N bottom-left; north is up.

3.2.3 Vegetated marab surfaces

The temporal profiles of the vegetated surfaces {marab) in the eastern Badia are
markedly different from other surfaces because of the observed temporal variation in the
backscatter coefficient. The temporal profiles also vary a great deal from site to site.
These site to site differences are due to differences in their geographic location, surface
roughness and textures of the surface sediments of different marabs. The presence of
vegetation, even at low percentages (<10%) indicates that soil moisture conditions at
certain times of the year are sufficient enough to support plant growth. Therefore,
differences in soil moisture levels will also lead to changes in backscatter from season to
season. Although most of the land surfaces within the study region can support some

species of vegetation it is within the ephemeral wadi channels and marab where growth
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is most abundant. A description of the soil moisture properties of marab surfaces is

given in Section 1.3. The temporal profiles of three marab are shown in Figure 3.13.
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Figure 3.13. The temporal profiles of three marab surfaces, Qa’a (marab) al
Bugayawiyya, Shubayka and Wutaydat. Marab sites showed the greatest variation in
seasonal backscatter, believed to be caused by the increase of soil moisture and storage

of the available moisture in the upper layers of the soil.

Qa’a al Bugayawiyya (although known as a ga’a it is in fact vegetated) is a silt-clay
marab south of Safawi (Figure 3.1). A detailed description of this marab can be found
in Section 4.2. Parts of the marab have been cultivated, however the temporal profile
shown is for a naturally vegetated area. The variation in seasonal backscatter is quite
pronounced, the backscatter increasing significantly during the winter months. Much the
same is true for Marab Shubayka, a vegetated expanse of land to the south of Qa’'a al
Abd (Figure 3.1). Variations in the order of 6 dB are seen between wet and dry seasons
at both of these sites. Marab Wutaydat is located in a more arid region (Figure 3.1). The
surface sediment contains > 80% sand. The temporal profile records a lower fluctuation
in the backscatter coefficient than those observed for the other two marab. Furthermore,
the two peaks estimated of the backscatter coefficient for the November 1995 and
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March 1996 images are absent reflecting the localised precipitation in the region. The
peaks in the backscatter coefficient can be related to the occurrence of precipitation

prior to image acquisition (Figure 3.3).

A multitemporal colour image showing the seasonal fluctuation in the backscatter
coefficient of Qa'a al Bugayawiyya is displayed in Figure 3.14 using similar band
combinations to the other multitemporal scenes (7 March 1996 (red), 6 July 1995
(green) and 11 April 1996 (blue)).

Figure 3.14.  Multitemporal colour composite of Qaa al Bugayawiyya and
surrounding terrain, displayed using 7 March 1996 (red), 6 July 1995 (green) and 11
April 1996 (blue) images. For a description ofpoints F, G and H, refer to the text. The
image covers approximately 9.6 by 14 km, the corner co-ordinates are; 37.084 E,
32.140 N, top-left; 37.181 E, 31.985 N, bottom-right; north is up.
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The strong increase in the backscatter coefficient for the March 1996 overpass becomes
obvious with the full extent of the vegetated region being highlighted (F). The increase
in the backscatter coefficient at the time of this acquisition is due to an increase in
surface soil moisture across many parts of the marab. Large quantities of rainfall were
recorded at locations throughout the study area at the beginning of this month (Figure
3.3). A strong backscatter signal is received from the small agricultural fields that have
been ploughed (G). This is because of greater surface roughness properties of these
surfaces (RMS height > 3 cm). A smaller response to the rainfall occurring at this time
is observed on the hammada plains to the south of the marab (H). This observation is in
agreement with the small peak recorded for the chert hammada and the northern
limestone hammada sites for the March 1996 acquisition (Figure 3.7). The basalt
regolith, making up the majority of the northern half of Figure 3.14 is displayed as light
grey tones reflecting the stable nature of the temporal backscatter coefficient profile for

these surfaces (Figure 3.4).

A similar multitemporal image of Marab Shubayka is shown in Figure 3.15 using the
same band combinations as in Figure 3.14. Once again the backscatter coefficient
derived from the 7 March 1996 image, after a rainfall event (Figure 3.3 and field
observations), dominates the image (I). Again, it is interesting to note that the
surrounding basalt land units do not react to rainfall events in the same way as the
marab surfaces (J). The areas displayed in black tones in Figure 3.15 are characterised
as flat, ga’a surfaces, displaying low values of backscatter coefficient for each of the
three images (K). These examples show that multitemporal SAR is useful in defining
areas in which surface parameters are fluctuating and areas where they are not. If this
change was caused by soil moisture increasing in the wet season, then it is important to

quantify this change to predict the growth of, or ‘greening-up’, of vegetation.
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Figure 3.15.  Multitemporal colour composite of Marab Shubayka and surrounding
terrain using 7 March 1996 (red), 6 July 1995 (green) and 11 April 1996 (blue) images.
The backscatter coefficient estimates on the 7 March 1996 acquisition clearly dominates
the scene. The image covers approximately 7.5 by 5.3 km, the corner co-ordinates are;
37.184 E 32422 N, top-left; 37.268 E, 32.364 N, bottom-right; north is up.

Descriptions o fsites I, J and K are given in the text.

3.2.4 Implications of surface differentiation and temporal backscatter

monitoringfor soil moisture modelling

Previously in Section 3.2, it has been shown that ERS SAR is able to detect fluctuations
in the backscatter coefficient of relatively undisturbed desert surfaces that are not
attributable to errors introduced in the image acquisition and signal processing stages.
Of the four main land surface types studied, the basalt surfaces (which comprise > 50%
of the study area) display very stable radiometric properties. This is probably due to the
dominance of the surface roughness parameter over all other elements contributing to
the backscatter. This observation may make the retrieval of soil moisture information
from the fine textured ‘soil’ between basalt boulders difficult. Some variation is
observed in the temporal signature of hammada surfaces; this may be linked to the
occurrence of rainfall and the distribution of surface soil moisture. Both the basalt and

hammada surfaces are important resources for vegetation for the reason that they
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provide much of the food stuffs for the flocks of sheep and goats as they move between
one vegetated region and another. Today though, most farmers choose to transport their

flock from grazing areas using vehicles (Campbell and Roe 1998).

Fluctuations in the temporal profiles of ga’a surfaces appear to be strongly influenced
by textural characteristics of the sediments and the frequency of water inputs. Given the
mesotopographic flatness of ga'a surfaces and the strong sensitivity of the backscatter
coefficient at these values of surface roughness, the extraction of soil moisture
information from microwave data of these surfaces is difficult. The errors involved in
measuring microtopographic variations increase this difficulty beyond that which may
be considered acceptable for soil moisture studies (errors of + 0.1 m® water m™ soil can
be made, at this scale of roughness). The land units that yield the greatest temporal

variation in backscatter are the vegetated marab surfaces.

Overall, variations observed especially at northermn marab sites are significant. However,
it is through quantitative modelling of changes in surface parameters that influence the
backscatter coefficient that will facilitate a greater understanding of the

geomorphological and hydrological processes that are present in these desert regions.

3.3 Comparison of ERS-1 and ERS-2 SAR data

It has been noted in Section 3.2 that the differences between backscatter coefficients
derived from ESA PRI data from ERS-1 and 2 can be large. Although the temporal
coverage of the region has not been as complete for ERS-2 data as for ERS-1 data, if
future investigations are to be made, within the context of the Badia research and
development programme, then the differences between the two instruments need to be

quantified as ERS-2 is now fully operational and ERS-1 is in stand-by mode.

The differences arise from the observed reduction in the backscatter coefficient
calculated from the ERS-2 instrument. The ERS-2 SAR images were collected during
the wet season, at the end of winters which had higher than average rainfall amounts.

Backscatter estimates are more likely to be greater at this time than during dry winters.
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This reduction is consistent for the majority of the sites studied (see Figures 3.4, 3.7, 3.9
and 3.13). The reductions are noted for all surfaces (except Qa’a Qattafi), including
those that have very stable radiometric properties, e.g. basalt surfaces (Figure 3.4).
Reasons for this observed difference might be due to the calibration constants that are
used to calculate the backscatter coefficient. These may be erroneous. Furthermore, the
two methods available to derive the backscatter coefficient (Laur e al. 1996) can yield
different estimates of the backscatter coefficient (Section 2.5.2). This is especially true
for the ERS-2 instrument. To illustrate this point, the simple estimate of the backscatter
coefficient for a basalt site calculated from the 28 March 1997 image is -6.78 dB. The
comprehensive equation, which accounts for the ratio between product replica power
and the reference replica power (Section 2.5.2), gives a value of -7.82. This difference is
even greater for the image acquired on the 6 February 1998. The values calculated were
-6.98 dB and -8.68 dB respectively. In most cases, backscatter coefficients from ERS-2
SAR data, calculated using the simple equation, are more comparable to ERS-1 SAR

data.

Table 3.1 shows estimates of the backscatter coefficient calculated using both methods
for the tandem acquisition dates for a number of sites already discussed in this chapter.
This phase of the ESA ERS mission was to provide coherence images (interferometry
applications) of the same region with only 24 hours difference. One tandem pair was
acquired, on the 23 (ERS-1) and 24 (ERS-2) November 1995 for the central part of the
study region. The data shown in Table 3.1 do not indicate any cause for concern as the
comprehensive estimates in both cases approximate to the simple estimates. However,
large differences are calculated between ERS-1 SAR data and ERS-2 data for 1997 and
1998 data (see for example Figure 3.4). Therefore simple estimates of the backscatter
coefficient were used, for ERS-2 SAR data, in the analysis phase of this study. These
estimates of the backscatter coefficient were undoubtedly more comparable to ERS-1
SAR data than those derived using the comprehensive method. Further investigation of

the cross-calibration problem is required.
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Backscatter
Estimation Simple Comprehensive Simple Comprehensive
Method

Site Name ERS-1 23 November 1995 ERS-2 24 November 1995
Fahda -5.06 -5.17 -6.76 -7.08
vesicular basalt
Abed olivine -5.65 -5.75 -6.11 -6.43
basalt
Chert -7.99 -8.1 -9.21 -9.52
hammada
Limestone -8.03 -8.32 -8.89 -9.19
hammada
Qa’a al Abd -9.01 -9.12 -9.73 -10.05
Qa’a Qattafi -18.51 -18.63 -16.45 -16.75
Qa’a -8.6 -8.71 -9.16 -9.48
Bugayawiyya
Marab -9.46 -9.56 -9.72 -10.04
Shubayka

Table 3.1. Backscatter coefficients (in dB) of different surfaces calculated from ERS
SAR tandem images. These have been derived using the two methods presented by Laur
et al. (1996). The data indicate that a small reduction in the backscatter coefficient
occurred for the majority of the sites shown (apart from Qa’a Qattafi). This data show
that the relative radiometric correlation between the two instruments is acceptable at

this particular time of image acquisition.

After submission of this thesis, it was acknowledged that revisions of the document
'Derivation of the Backscattering Coefficient Sigma-Nought in ESA ERS SAR PRI
Products' made in 1997 and confirmed in June 1998 stated that the replica pulse power

variations correction is not needed for ERS-2. Results shown in Chapter 6 assume that
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this correction is not needed and therefore the assumption stated in the data analysis is

scientifically supported by the ESA publication (Laur ef al., 1998).

3.4 Conclusions

e This chapter has demonstrated the ability of ERS SAR to detect temporal
fluctuations in the backscatter signal from the main desert surfaces that characterise the

eastern Badia of Jordan.

e Much of the land surface in the study region is covered by a regolith of basalt,
chert or limestone. These surfaces are radiometrically stable at microwave wavelengths
and have the potential to become ‘control’ surfaces to compare with more

radiometrically active surfaces.

e The fluctuations in the backscatter coefficient between consecutive months,
and between wet and dry seasons, is significantly greater than the fluctuation that might
be due to system noise for some marab and ga 'a surfaces. The variations in backscatter
coefficient may be attributable to changes in surface roughness (e.g. on ga’a), or

changes in soil moisture (e.g. on marab) or a combination of these processes.

e Analysis of the temporal signatures of desert surfaces has highlighted a
potential problem in comparing backscatter coefficients between the ERS-1 and the
ERS-2 SAR instruments. In nearly all cases a significant reduction in the backscatter
occurs when estimates are derived from ERS-2 data. Without resorting to detailed
analysis, the simple method of calculating the backscatter coefficient from ERS-2 data
has been selected as this best represents the trend of previous observations. Further

information on the calculation of the backscatter coefficient can be found in Section 2.5.
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4. Field Data and Methodology

4.1 Introduction

To fully understand the interactions between microwave electromagnetic radiation and
the desert surfaces, all of the main surface types were considered. The land surface
types found in the eastern Badia of Jordan fall into four main surface units. Within each
of these main units (basalt, marab, ga’'a and hammada) sites were chosen that
represented the major land unit but that were also unique in terms of their properties or
surroundings. The field methodology was continuously modified and improved as a
consequence of data analysis and interpretation. Data were collected on the surface soil
moisture content, surface roughness, soil texture, vegetation cover and climatic data at
the sites chosen. This chapter outlines the procedures for data collection and describes

the preliminary analysis conducted on the parameters measured.

4.2 Site selection and description

Four field campaigns were carried out between October 1995 and September 1998. The
dates are given in Table 4.1; also given in this table are the acquisition dates for the
ERS SAR imagery. The first field visit during November and December 1995 served
the following purposes. First, to select sites through a combination of studying imagery
and visiting areas, second, to test methods of data collection given limited human
resources and the requirement for the team to fulfill all their data collection targets and,
third, to obtain ideas about selected physical processes occurring in the Jordan Badia.
Future field campaigns were carried out after the winter rains, in March and April, to
obtain measurements when soil moisture levels were at a maximum before conditions

became too hot and dry reducing surface soil moisture levels to zero
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Dates of field campaigns ERS SAR image overpass dates

18-November-1995 to 23-November-1995 (track 257)
18-December-1995 09-December-1995 (track 486)
12-December-1995 (track 028)
27-March-1996 to 11-April-1996 (track 257)
17-May-1996 28-April-1996 (descending track 493)

30-April-1996 (track 486)
16-May-1996 (track 257)

26-March-1997 to 28-March-1997 (track 257)
28-April-1997 13-April-1997 (track 486)
25-March-1998 to 29-March-1998 (track 486)
20-April-1998 17-April-1998 (track 257- missing lines)

Table 4.1. Dates of field campaigns and associated ERS SAR image acquisitions.

4.2.1 General site criteria

To minimise the influence of other factors that would affect the backscatter return, sites

were chosen based on a set of general criteria:

(i) There are no large significant surface slopes that would have to be accounted
for with a digital elevation model (DEM). Areas with significant relief are easily

distinguishable in the study region.

(i1) Each site was assumed homogenous over an area of at least 500 by 500 m to
allow for possible errors in site location on the imagery. To expand on this further each
site was located within a larger square that had approximately the same surface
characteristics. For example, no one part of the area was ploughed, no major changes in
surface slope angles or in surface roughness properties occurred that could not be

observed and accounted for.
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4.2.2 Specific site overview

During the four field campaigns many sites were visited, 26 of which were used in the
final analysis. These sites are grouped into the four major land surface types, (Table
4.2). Selected sites that were relatively accessible and considered important after initial
data analysis were ear-marked for further study. Of these sites, 8 became known as
permanent monitoring sites (PMS). The PMS sites are listed in Table 4.3 along with
their location (Figure 4.1) and description information and a photograph displaying the
site characteristics. These areas were visited at times of satellite data acquisition for the
majority of the field campaigns. The remaining sites, which are termed short-term
validation sites, either have been identified later on during a field campaign or have
been excluded from long term monitoring because of accessibility or a preference for a

similar site elsewhere. The pattern of site development can be summarised as follows:

(1) Winter 1995 campaign: 18 sites were established but due to logistical
problems with the equipment some data could not be used. This campaign yielded 16

sample points.

(i1) Spring 1996 campaign: 7 new sites were visited and 2 sites were excluded

from further analysis. This campaign yielded 10 sample points.

(iii) Spring 1997 campaign: After a major review of data collection methods, 2
new sites were visited and 6 sites were excluded from further visits. This was done to
undertake more detailed studies on the PMS sites. This campaign yielded 14 sample

points.

(iv) Spring 1998 campaign: Field data collection strategies were now focused on
the PMS and the validation of the relationships developed by the models for the PMS
(Chapter 6). 19 sample points were acquired, of which 11 were used in the model

validation.
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Major land | Site name Geographic co-ordinates Years visited in the field General field characteristics

unit Permanent monitoring site | (N, E), WGS 84 datum

Qa’a Qattafi (PMS) 31.8508 N, 37.4438 E 1995, 1996, 1997, 1998 Qa‘a are very flat regions of alluvial in-fill
al Abd 32,4653 N, 37.2555 E 1995, 1997, 1998 of fine particles. As Inftltration rates are low,
atRa’d 32.4098 N, 37.3676 E 1997 ga'a sometimes collect and store surface
al Wassad (PMS) 31.8992 N, 38.0018 E 1995, 1996, 1997, 1998 pater. e surfaces are. compact with
al Wutaydat 31.8478 N, 37.7538 E 1996, 1997, 1998 esiccation features.

Basalt Fahda Vesicular (PMS) 32.3275N, 37.1649 E 1995, 1996, 1997, 1998 As described in Chapter 1, basalt covers a
Madhala Olivine Phyric 32.1513 N, 36.9854 E 1995, 1996 large proportion of the region. The basalt is a
Abed Olivine Phyric 32.4157N, 37.3750 E 1995, 1996, 1997, 1998 surficial coverage of varying age reflecting
Madhala Olivine Phyric 32.0775 N, 37.0557 E 1995, 1996 the d“.”"a‘?“““g fegime over 2 soil of mostly
Harrat edh Dhirwa 31.6383 N, 37.4161 E 1996 meciim fo coarse sized particles.

Hammada Chert gravel (PMS) 32.0031 N, 37.1210 E 1996, 1997, 1998 The hammada refers to surfaces of coarse,
Limestone gravel (PMS) 31.7104 N, 36.9731 E 1995, 1996 angular fragments of rock be it basalt or
Shahbat el Hazim 31.6412 N, 37.1638 E 1996, 1998 limestone. Beneath this desert pavement is a
Shumaysaniyyat 31.7620 N, 37.7667 E 1995, 1996 soil of mainly sand sized particles.
Sandflat 31.7588 N, 37.6423 E 1996 Vegetation is very sparse in these regions.

Marab Feidat ed Dihikiya 31.5620 N, 37.1483 E 1995, 1996, 1998 Marab’s form the outwash plains of the
Hashad 32.4789 N, 37.2586 E 1995 ephemeral channel systems that dissect the
Wadi el Hazim 31.5967 N. 37.2475 E 1996 region. Vegetation growth occurs naturally
Qattafi 31.8588 N’ 37.4668 E 1995. 1997 although some of the sites are utilised for the
Salma 32'4370 N’ 37'2684 E 1996’ 1997. 1998 cultivation of barley. The soils are normally

) e ’ ’ ilt d d d ore

al Wassad 31.8826 N, 37.9897 E 1995, 1996, 1997, 1998 cvactured than other wolls in the region. The
al Wutaydat (PMS) 31.8272 N, 37.7554 E 1995, 1996, 1997, 1998 slopes in the marab’s are shallow. The soils
al Bugayawiyya (PMS) 32.0544 N, 37.1416 E 1995, 1996, 1997, 1998 are increasingly heterogeneous in these
al Bugayawiyya (cultivated) 32.0759 N, 37.1130 E 1995 areas.
ash Shubayka 32.3944 N, 37.2450 E 1997, 1998
Suwaiid (PMS) 32.2789 N, 37.4580 E 1995, 1996, 1997, 1998

Table 4.2. Location and general characteristics of study sites located within the eastern Badia of Jordan.
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Figure 4.1.  Location ofthe permanent monitoring sites (PMS).



Site name and unit

classification

Qa’a Qattafi

Chert gravel (hammada)

Location N, E (degrees)

31.8508 N, 37.4438 E

32.0031 N, 37.1210 E

Site description and major features

A very flat ga & forming the sediment and water
store for a marab to the north-west. The surface
soil comprises nearly 65% silt content and is also
high in clay content. The upper surface layers are
heavy and compacted. The ga'a shows very little
surface cracking and flaking in response to
changes in the soil moisture status. In roughness
terms the surface is flat with only small

undulations, there is no significant surface slope.

The large, flat expanse of gravel fragments
covering large parts of the central section of the
study area. The site is characterised by chert
fragments overlying a well structured soil surface.
The fragments cover approximately 60% of the
ground surface and are much smaller than those at
the basalt sites. The hammada pavements are
almost devoid of vegetation, which is restricted to

localised depressions.

Field Photograph

Table 4.3. Field descriptions ofthe permanent monitoring sites (PMS), Qa 'a Qattafi and the chert gravel hammada.
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Qa’a al Buqayawiyya

(marab)

Limestone hammada

Table 4.3 (cont.).

32.0544 N, 37.1416 E

31.7104 N, 36.9731 E

Qa’a ‘Wia is the most intensively studied site. The
flat, massive expanse drains several wadi's south
of Safawi. Vegetation is present through most
times of the year in a senesced state greening up
after winter rains. Grass growth can be significant
The surface soil is quite platy and cracking is
visible in some parts. These cracks can be up to a
few cm’s wide. The texture of the soil is mainly
silt but high quantities of clay particles are also

present.

Located south at the Saudi Arabian border there is
an extensive regolith of calcite fragments, lying on
the compact, unstructured surface. The soil
beneath is more compact and lies within the hyper-
aridic soil temperature classification, the
topography of the site studied is mainly flat
although there are regions of undulating anticlines
and synclines. Vegetation is almost totally absent

on these hammada surfaces.

Field descriptions o fthe permanent monitoring sites (PMS), Qa & al Buqayawiyya and the limestone hammada.
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Fahda Vesicular basalt

Marab Suwaiid

Table 4.3 (cont.).

32.3275 N, 37.1649 E

32.2789 N, 37.4580 E

The youngest basaltic regolith is still in the stages
of being weathered and eroded. The boulders are
not well developed, the average major axis length
being 10.3 cm. Surface cover is approximately 84
% the underlying soil is quite loose and
unconsolidated. The soil beneath comprises on
average 31% sand and 55% silt content. In
roughness terms the surface has a large standard
deviation of surface height but also has smaller
scale roughness properties due to the vesicular
pock-marked nature of the boulders. Much of the
eastern Badia is overlain by basalt boulders.

Marab Suwaiid is a intensively monitored and
studied marab along the main road towards
Ruwayshid. The marab is well vegetated and in
response to experiments being undertaken was
ploughed during the autumn of 1996. The changes
in surface roughness have been accounted for. The
soil is considered to be quite nutrient poor and
contains high quantities of sand and silt sized

particles.

Field descriptions o fthe permanent monitoring sites (PMS), Fahda Vesicular basalt and Marab Suwaiid.
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Marab Wutaydat

Qa’a al Wassad

Table 4.3 (cont.).

31.8272 N, 37.7554 E

31.8992 N, 38.0018 E

Marab Wutaydat is a large vegetated marab in the
south-east of the region. It lies within an area that
is overlain with a blanket of sand sized particles
that come across from the sand seas in Saudi
Arabia. This is reflected in the texture of the
surface soil with nearly 75% being sand-size
particles. The vegetation cover is low, the main
species being shrubs and occasionally some

ephemeral grass and flowers.

Qa’a al Wassad is located in the far south-eastern
comer of the study area. The area is characterised
by a very flat, compact surface. Small-scale
desiccation cracking is present, having a negligible
influence on the surface roughness. There is no
vegetation present on the gqa#, it is however
present on the adjacent marab that has coarser
sediments, hummocky roughness and provides

suitable grazing and nesting for animals and birds.

S,

Field descriptions o fthe permanent monitoring sites (PMS), Marab Wutaydat and Qa & al Wassad.
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4.2.3 Sampling strategy

An area of 30 by 30m was located within the larger square defined in the general criteria
for site selection. This covered approximately 3 by 3 pixels within a SAR scene, each
pixel having a size of approximately 12.5 by 12.5m on the ground. Within each 30 by
30m area information was collected on the surface soil moisture, surface roughness and
texture and vegetation cover (Figure 4.2). Please see the individual sections for a

complete description of the methodology used to acquire these data.

4 Measurements:
* "™ Profiles for surface
roughness measurement, located

° randomly.

* Soil sample for particle size

% 30m estimates, 10 samples located

randomly.

/{ ° ° °Soil moisture estimates with
Thetaprobe, 30 samples, located

° randomly.

v
> M Vegetation sampling,

random transects if present.
Figure 4.2.  Schematic diagram showing the general field methodology undertaken at

each site. Data on the soil moisture, texture and roughness were collected and also data

related to the vegetation if significant amounts were present.
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4.3 Soil moisture

4.3.1 Instrument

Data was collected on the surface soil moisture content using a ThetaProbe soil
moisture sensor designed by Delta-T devices and the Macaulay Land Use Research
Institute. The instrument derives a measure o f the volumetric soil moisture, 0V measured
in cm3 water cm'3soil, by responding to changes in the apparent dielectric constant. The
instrument converts the signal into a direct current (dc) voltage shown to be almost
proportional to the soil moisture content. The probe (Figure 4.3) comprises four
sharpened prongs of 6 cm in length. An estimate is obtained for a 30 cm3 column of soil

within these prongs.

Figure 4.3. The dielectric ThetaProbe measuring the volumetric soil moisture in

Qaa ash Shubayka.

A comprehensive description of the operating principles of the probe are given by
Gaskin and Miller (1996). The impedance of the emitted 100 MHz signal is influenced
by two properties; the apparent dielectric constant and the ionic conductivity. The signal

frequency minimises the effect of changes in the ionic conductivity to maximise the
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sensitivity of the signal to changes in the dielectric constant. The reported absolute
accuracy of the probe is given as between + 0.02 and + 0.05 cm’® water cm™ soil
depending on which calibration method is used. The output voltage readings (V) were
recorded on a digital voltmeter.

4.3.2 Sampling methods

The first task was to check that the probe was operating normally and that the probes
were clean, any small offset in voltage was noted before sampling began. The probe was
then inserted into the soil, perpendicular to the soil surface. The voltage reading was
allowed to stabilise and then this value was noted. Thirty estimates were taken at
random locations within the 30 by 30m area to account for the spatial heterogeneity of
soil moisture within the quadrat. The average of the recordings was then calculated and
considered representative of the soil moisture content at that particular site. Due to the
compactness of some of the desert surfaces, the upper layers had to be loosened using a
trowel (this increased the amount of air in the sampled layer). This was thought
necessary in some cases as, during the first field campaign, one of the outer prongs
became detached from the instrument due to constantly driving it into compacted
sediment. The instrument was kept in use as realistic readings were still being derived
and correspondence from Delta-T Devices stated that the missing prong should not
effect the reading too much. To check this, tests were carried out with the probe once it
was returned to Leicester by taking readings in a soil with known moisture contents
with the instrument having three prongs and then four prongs once it had been repaired.
Approximately similar values were recorded. For the future safety of the instrument in
taking measurements in compact soils it was required that the surface layers were
loosened with a trowel and then compacted down again before a measurement was
taken. In addition a metal instrument that resembled the probe was used to create four

holes in the surface soil before insertion with the moisture probe.
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4.3.3 Calibration

The stated relationship between the output voltage of the ThetaProbe and the volumetric
soil moisture content is non-linear and dependent on the type of soil analysed. The
calibration relationship chosen in this study is for the mineral soils. There is an absence
of either organic or humus layers in all the soils observed in the Badia region. The
relationship between the output voltage (V) and the square root of the dielectric constant
(V) can be expressed very accurately (R* = 1.0) by the 5th order polynomial (Whalley
1993):

JE =1+619V —9.72V? +24.35V° - 30.84V* +14.73V° 4.1)
The simple relationship between Ve and 6, can be expressed in the form:

Je=a,+ap, (4.2)
giving

_[VE =1+619V -9.72V* + 2435V —30.84V* +14.73V°] - a,

v

0

4.3)

a,

The coefficients chosen for @y and a; are given as 1.6 and 8.4 respectively. These are
derived from a large number of tests carried out on mineral soils. The value of 6, was
used as an input to the theoretical models when this parameter was specified. Otherwise,
if the real component of the dielectric constant was specified as an input to the models
used, the relationship given by Hallikainen et al. (1985) was used. This relationship
utilises both soil moisture and textural information to give an estimate of the dielectric

properties. The models are described in Section 2.6.
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4.3.4 Data verification

For selected sites, gravimetric samples were collected to compare moisture
measurements made by the ThetaProbe and laboratory methods. The standard procedure
was to collect 10 samples in the region where measurements were taken with the
ThetaProbe. A representative sample was collected using sections of plastic gutter
piping 6 cm in length and approximately 4 cm in diameter. The initial weight of the
sample was taken, oven dried at 105°C for over 24 hours, and then re-weighed. The
average gravimetric moisture content, normally expressed as g water g soil (oven

dried) or as a percentage, was then calculated using the following formula:
gravimetric moisture = mass of water lost / mass of oven dried soil 4.4

Conversion to an estimate of the volumetric moisture content is achieved with
knowledge of the bulk density of the dry soil sample. Problems were encountered in
keeping the structure of the soil constant during removal of the sample. This was caused
by low values of soil moisture and the poor, unconsolidated structure of desert soils.
Therefore, values of bulk density were derived from published work conducted under a
National Soil Map and Land Use Project undertaken in parts of the region (The Soils of
Jordan 1993, 1994). Their method involved a sharp edged cylinder being hammered
into the ground, thus reducing compaction of the soil at the cylinder sides. Due to the
low number of observation sites their survey only produced five locations that had
corresponding gravimetric moisture and bulk density measurements. The formula that

converts gravimetric moisture content to volumetric is given by:
0, = gravimetric water content * bulk density 4.5)

The results of this data verification exercise are shown in Table 4.4. The results show
poor approximations of measurements made by the ThetaProbe compared with more
time-consuming laboratory methods. There seems to be a general under-estimation of
the volumetric moisture using laboratory methods. This could possibly be due to the
loss of small amounts of moisture before samples were analysed in the laboratory

caused by the lack of laboratory facilities at the field centre. Weighing of the samples
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could only be done, in some cases, up to several days later in the laboratories of the
University of Jordan. More estimates, particularly of bulk density, are required to fully
test the validity of the readings. However, due to the problems in collecting this data, it
was decided that the recording made by the ThetaProbe would be used and not

measurements that relied on gravimetric and bulk density estimates.

Site name Volumetric moisture Volumetric moisture
estimate with ThetaProbe | estimate in the lab.
(cm"' water cm” soil) (cm’ water cm’ soil)

Qa’a ash Shubayka 0.08 (mean of 30 samples) | 0.04 (mean of 10 samples)

Chert gravel (hammada) 0.12 0.03

Qa’a al Abd 0.11 0.04

Qa’a al Buqayawiyya (1) 0.12 0.08

Qa’a al Buqayawiyya (2) 0.11 0.09

Table 4.4. Results of the data verification experiments of comparing volumetric

moisture readings from the ThetaProbe and more standard laboratory methods.

4.4 Surface roughness

4.4.1 Definitions

As outlined previously (Chapter 2) it is essential to quantify the roughness properties of
a surface as this parameter can influence the backscatter signal to some degree. There
are two statistical parameters that have been shown to be important in radar studies and
which feature as inputs to the theoretical models used in the study. They are known as
the standard deviation of surface height, also known as root mean square (RMS) height
and abbreviated as o; and the correlation length /. Both are presented in units of
centimetres. The method of measurement and derivation of each of these parameters are

discussed below. This information is reflected in the specification of the equipment used
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and the field methodology employed. Outlined below are the basic definitions of these
parameters and the procedures that were adopted in the field. Various issues are raised
on the usefulness of the roughness data, in particular the correlation length, in such
studies. These were based on observations made during the data analysis phase of the

research and are discussed in Chapter 5.

4.4.2 RMS height

The RMS height of a surface indicates to what degree discrete measurements of the
height of a surface above an arbitrary plane varies. Obviously the greater the spread of
height measurements, the greater the value of RMS height. For studies with radar, in
particular radar at wavelengths of the order of centimetres (C band = 5.6 cm), the
general rule of thumb is that the spacing interval, Ax, between measurements is such
that Ax < 0.1A4 (Ulaby et al. 1982). Therefore, it has been established that the optimal
sampling interval to derive discrete height measurements is approximately 0.5 cm. For

the series z;; I=1, 2, ..., n the RMS height for the discrete one-dimensional case is given

by:

L& T
o= [—N — (z1 (z))’ - N(z)z)} (4.6)
where,

- 1 &
Zzﬁzzi

i=]
and N is the number of samples.

In all cases the number of discrete height measurements exceeded 58. The actual
number taken was varied in two ways. Firstly, with respect to deriving the correlation
coefficient value, and secondly, in an attempt to derive an optimised methodology of

data collection with the aim of making the data collection process more efficient.

126



4.4.3 Correlation length

The relationship between the height above an arbitrary plane of one point located at
point a and the height of another point a’ distant from a can be statistically expressed in
the form of an autocorrelation coefficient. The variation in the value of the
autocorrelation coefficient as the distance between the two points increases is referred to
as the autocorrelation function. On occasion this function can be mapped to a
mathematical function such as the exponential or Gaussian (normal) distributions. The
correlation length (/) is the displacement from the original point, a, when there exists no
statistical relationship between the two points. The normalised autocorrelation function,

p(a’) in the discrete case, is given by:

N+l-j

ZZiZj+i—1

pla’)=—"g— 4.7

>z
i-1

for a spatial displacement a’= (j-1)Ax, where j is an integer > 1.

The surface correlation length, / is usually defined as the displacement a’ for which
p(a’) is equal to 1/e:

p(a)=1/e (4.8)

Consider, for example, two of the natural surfaces found in the study region, the basalt
and ga’a surfaces. The randomly distributed, non-uniform shape and size of the basalt
should yield relatively short correlation lengths because of a quickly diminishing
relationship between displacement from the origin and the surface height measurement.
Alternatively on a ga’a surface, which is characteristically very flat, with almost
undetectable variations in surface height, even points with a large displacement from the
origin will be highly correlated with the height measurement of the origin point. It also

makes sense that a perfectly flat surface will have a correlation length of infinity as all
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points that could be sampled will be of the same height and therefore fully correlated. In
addition, an increase of surface slope, with respect to an horizontal reference surface,
would lead to an increase in the correlation length. Therefore, measurements were taken

in areas where surface slope was negligible.

4.4.4 Autocorrelation function

The autocorrelation function describes the relationship between how the correlation
length behaves as the distance a, becomes larger. To satisfy the model criteria,
explained in more detail in Section 2.6, the measured data should approximate either
exponential or Gaussian distributions. Figure 4.4 shows two examples from sites that
approximate exponential and Gaussian theoretical distributions. A number of sites
analysed displayed autocorrelation functions that did not approximate to a theoretical

distributions, in which case further analysis of these profiles were undertaken.

12 7 — Qaa Wutaydat

e Marab Suwaiid
- = = = Gaussian

Autocorrelation Coefficient

Displacement (cm)

Figure 4.4.  Measured autocorrelation functions derived from field data shown

against approximate Gaussian and exponential functions.
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4.4.5 Theprofilometer

The equipment used to derive both the RMS height and the correlation length was
referred to as a pin profilometer. The device initially was constructed with 60 pins with
a separation of 0.5 cm; a larger profilometer was constructed later which comprised 96
pins. The pins were attached to a frame with locking clips that could trap the pins
against the frame. Also fixed to the frame was a spirit level to enable the frame to be on
a horizontal plane. Behind the frame was attached a sheet of thin wood covered with
graph paper, this providing a reference with which the pins would be shown against.
The profilometer fully set is shown in Figure 4.5 for a basalt surface (upper) and a ga a

surface (lower).

Figure 4.5. 48 cm (96 samples) profilometer used for measuring surface height

values set up to record on a basalt surface (upper) and a qa a surface (lower).
The procedure was first to reset the pins, to place the profilometer vertically on the

surface and adjust the metal rods at the side so that the spirit level indicated that the

frame was horizontal. The pins were then released and would assume the shape of the
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surface below. When all of the pins were just touching the ground a photograph of the
pins was taken against the background of graph paper.

4.4.6 Roughness profile length

It was intended that for each of the sites visited a surface roughness measurement would
be obtained. The method and number of samples was also modified in light of further
understanding gained after fieldwork. Ideally many profiles would be needed to fully
describe the surface roughness properties, but the type of equipment and the human
resources available deemed a reduced sampling methodology the only feasible option.
At random locations within the 30 by 30 m quadrat consecutive profiles were collected.
During the first two field visits, each profile was 30 cm long and the number of profiles
at each site varied between three and eight. This yielded surface height measurements,
at a resolution of 0.5 cm, over a length between 60 and 240 cm. Care was taken to
ensure the start and finish points were in the same place and that the surface slope over
the whole length of transect was minimal. Following modifications to a more structured
and consistent methodology, and using a longer profilometer (48 cm) during the spring
1997 field visit, a transect length of 2.88 m, consisting of six individual profiles were
collected at each of the sites visited. In some cases two transects were collected, making
a total of 12 individual profiles per site. The analysis phase after this particular field
visit was very time-consuming and it was thought that one three meter transect was
adequate, this technique being used in the final field visit (spring 1998). Data were
therefore available for calculating the roughness parameters from a range of transect
lengths which, developed considerable interest in the author and is discussed in more

detail in the next chapter.

4.4.7 Photograph analysis

The photographs were developed to A4. The photo was then digitised using ARC INFO
software by choosing a horizontal level and digitising the top of the pins with reference
to this plane. This was carried out until all of the pins were digitised. The relative

heights of the pins were then converted to centimetres by transforming the edges of the
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graph paper to units of length. For example, the length of the background of graph paper
was 50 cm and the height 20 cm. This yielded the height of the pins (cm) for the whole
transect. It should be noted that the absolute value of the heights are less important, than
the statistics of their heights. The measurements were entered into a spreadsheet for
further analysis. Profiles were stitched together by assuming that the first height
measurement on profile 2 was the last height measurement of profile 1 and therefore
these heights could be matched and the adjustments made for subsequent points on
profile 2. Figure 4.6 shows two example profiles collected for a ga’a and a basalt

surface. In both cases the values fluctuate around a mean of zero.
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Figure 4.6.  Example profiles recorded for a qa’a (black line) and a basalt (dashed

line) surface. Both surfaces have a mean height of zero cm.

The profiles show the ga’a surfaces are characteristically very flat with only small
fluctuations in height caused by cracks, small depressions and uplifts. Basalt surfaces
are comparatively rough with large deviations in surface height being caused by stones
and boulders lying on the surface. The underlying soil surface is reasonably flat. Care
was taken to correctly record each point accurately. A review of the potential sources of
error in deriving the roughness parameters, from a similar pin profilometer, is given by
Archer (1995) who digitised profiles taken on a smooth, flat glass surface. Likely

sources of error would come from small differences in the length of the pins and in the
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digitising process. Archer (1995) approximated the error term to be + 0.105 mm. Some
points in each profile were checked to make sure the digitising and transformation
procedures had been correctly implemented. Each profile took approximately fifteen

minutes to process.

4.4.8 Problems and alternative methods

Using the pin profilometer method, there are numerous ways in which errors can be
introduced into the analysis. Initially, the profile has to be horizontal and checks need to
be made to ensure all the pins are touching the ground. The photograph should also be
taken on the level. When digitising, it is important that the very tip of the pin is
registered for every profile. However these errors can be minimised with proper due
care and attention. Other methods of obtaining the surface roughness measurements
required were investigated. The laser profilometer (Huang and Bradford 1990) is one
such method. This instrument, originally developed to look at micro-relief in wind
erosion studies, measures surface elevation data by storing the elevation data recorded
by a laser beam returning from the surface of the soil. The resolution of the sampling
can be controlled from a computer and typically would be 0.5 cm over a 1 by 1m grid,
this would yield over 40, 000 readings per plot. Obviously such a high resolution of
readings would not be required for this study, five transects of 1m at the sampling
resolution of 0.5 cm would be ideal. However, the advantages for such a device are
numerous; surface elevations and roughness statistics could be calculated directly using
a simple computer program, human error would be negligible and other work could be
undertaken, soil moisture sampling for example, while the laser profilometer was
operating. Investigations into obtaining such an instrument led to correspondence being
made with the United States Department of Agriculture, specifically to Ted Zobeck of
the Agricultural Research Service (personal communication, 1996) who informed me
that the only device in Europe was located in Belgium. There was no such equipment
available in the UK. Attempts at locating one in the UK proved fruitless, no such device
were owned by the equipment pools of the NERC and EPSRC. The cost of building
such a device in-house was beyond the budget of the research funding. Therefore the
pin profilometer was used throughout the duration of the study period and any potential

sources of error minimised.
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4.5 Soil texture

4.5.1 Particle size analysis

The texture of the soil influences the dielectric properties of the soil medium, described
in Section 2.1.3 and therefore it is important that these properties are measured. The
methodology uses two sources of data. First, primary data consisting of original samples
being collected in the field and analysed in the laboratory. Secondly, secondary data
collected by soil scientists for the National Soil Map and Land Use Project (The Soils of
Jordan 1993, 1994) during the early 1990’s. Parts of the project area were covered by
reconnaissance and semi-detailed surveys by the project (levels I and II). The locations

of the sites analysed for their textural properties are displayed in Figure 4.7.

Data on the particle size distribution of the soil at 16 sites were analysed in the
laboratories of the Universities of Leicester and Jordan. At each site, within the 30 by
30m quadrat, 10 samples were collected from the upper 5 cm of the surface material.
The mass of the sample was approximately 100 grams. The method for deriving the
particle size distribution in terms of percentage sand, silt and clay uses a sedimentation
technique followed by sieving. The particle size class distinction is one commonly used
in the United Kingdom; sand-size particles are greater than 63 um, clay-size particles
are less than 2 um and silt-size particles are in between these class boundaries. The sand
fraction is separated using a 63 um sieve, whereas the clay fraction is determined by
particle settling times in distilled water of a constant temperature. The standard

laboratory procedures followed are given in Rowell (1994).

The methods used here to determine the particle size distribution are suitable for most
soils and sediments. Dry sieving can only be conducted if high proportions of sand are
present. As most soils contain significant amounts of silt and clay pipette and
hydrometer methods (based on sedimentation techniques) have to be used. However,
prior to textural analysis, it is necessary to pretreat most soils. This involves two

processes, the removal of organic matter and the disaggregation of the soil.
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Figure 4.7.  Location o fthe sites where soil texture analysis was undertaken in the BRDP study area.
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The former step can sometimes be omitted, as is the case in this study, when organic
matter levels are very low. The second step is essential, normally using the dispersant
sodium hexametaphosphate. If this step is not carried out then the amounts of clay -size
particles will be under-represented. The technique of sedimentation is based on
theoretically derived settling times for particles of different sizes. These times,
calculated using Stokes' Law assume that the particles are spherical, are of constant
density and that the density of the settling liquid is constant. Obviously, the soil
particles are not spherical, clay particles are often platy, and therefore at least some
errors are expected in this procedure. The density of the settling liquid is kept constant
using a water bath, set at a constant temperature of 20°C, and great care is taken not to

disturb the samples after they have been thoroughly mixed.

The results of the particle size analysis for the samples collected are shown in Table 4.5.
Figure 4.8 shows the particle size characteristics of the main land surface units. The
ga’a surfaces are characterised by large quantities of clay and silt-size particles and
small amounts of sand-size particles. The basalt and hammada surfaces show a high
representation of sand and silt-size particles. The marab surfaces mainly have large
proportions of silt-size particles but also show the greatest variation in particle size. The

example cited in Figure 4.8 is for Marab Salma.

Data were also utilised from analysis conducted by Dawn Scott at the University of
Durham for a number of sites that are used in this study. The samples were firstly
treated to remove traces of organic material using hydrogen peroxide and then
disaggregated using sodium hexametaphosphate. They were analysed using a Coulter
LS 230 Lazer granulometer. The particle size classes are from the Wentworth grain size
classification. Five samples were collected at each site of which six sites were useful for

this study. The results from this analysis are shown in Table 4.5.
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Land unit | Site % % Sand | % Silt | % Clay | Bulk density
Gravel (gem?)
Analysis by K. Tansey, in the labs. of Universities of Jordan and Leicester, 1997
Qa’a al Abd N/A 2.3 67.6 30.1 N/A
Qattafi N/A 4.5 65 30.5 N/A
Witadi N/A 5.2 71 23.8 N/A
alRa’d N/A 7.4 77.4 15.2 N/A
Basalt Abed N/A 35.6 59.8 4.6 N/A
Fahda N/A 31 549 14.1 N/A
Hammada | gravel N/A 49 48.7 2.3 N/A
sand N/A 95.3 33 1.4 N/A
Marab Shubayka N/A 6 87.2 6.8 N/A
Salma N/A 14.8 71.9 13.3 N/A
Suwaiid N/A 41.5 439 14.6 N/A
‘Wia agri. N/A 13.1 56.3 30.5 N/A
Qattafi N/A 25.7 51.7 225 N/A
‘Wia N/A 1.6 81.3 17.1 N/A
al Wassad N/A 88.7 8.8 2.5 N/A
Wutaydat N/A 74.4 22.8 2.8 N/A
Analysis by D. Scott in the labs. of the University of Durham, 1997
Basalt near Abed 1.6 55.1 27.8 17.5 N/A
Hammada | Hazim 2 84.9 8.4 4.7 N/A
Marab Dihikiya 0.2 32.2 29 38.6 N/A
‘Wia 1.6 36.1 30.2 32.1 N/A
Hashad 2.6 63 19.3 15.1 N/A
Salma 0 68.5 18.4 13.1 N/A
Analysis by scientists of the National Soil Map and Land Use Project, 1991
Qa’a al Abd N/A 33 60 36.7 1.36
nr. Fahda N/A 4.5 62.1 334 N/A
Basalt near Abed N/A 47.2 36.1 16.7 N/A
Hammada | chert 1 N/A 1.5 524 46.1 1.58
chert 2 N/A 48.6 37.2 14.2 1.58
Marab ‘Wia N/A 1.2 68.1 30.7 1.54
Shubayka N/A 1.5 44.0 51.5 1.35
Table 4.5. Soil analysis results of particle size and bulk density measurements.
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Figure 4.6. Generalised soil particle distribution percentages for the four main

surface types, (a) qa 'a surface, (b) basalt surface, (c) hammada surface and (d) marab

surface.

4.5.2 Bulk density

The bulk density of a soil is a parameter that has to be determined if the volumetric
moisture content is to be calculated by the gravimetric moisture content. For a detailed
explanation of the method of extracting a soil sample and measuring bulk density the
reader is referred to Rowell (1994, pp. 67-69). The most popular method is using a plate
and cylinder that is driven into the soil. A similar method, using sections of thin
drainpipe, was used in the field. However due to the dry, structureless nature of the

soils, reliable intact samples could not be collected as they tended to break up. These
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soils can be described as problem soils, consisting of large pores, cracks and are
sometimes stony. An alternative method was to use the results obtained from the Soil
Survey of Jordan. This data was considered to be more accurate than the pipe method

described above.

Analysis was carried out in a number of similar land units that were studied in this
project. Figure 4.7 shows the location of seven profiles that are used. The analyses
procedures, which were conducted on ‘representative’ samples, included particle size
analysis, bulk density, soil moisture retention, calcium carbonate content, total nitrogen,
organic matter, and total and available phosphorus. Of interest to this study are the data
related to the particle size and bulk density. The laboratory method of extracting the
particle size information is similar to using the pipette method. Samples (20 g) are
treated with hydrogen peroxide to derive the mineral component then disaggregated
with sodium hexametaphosphate, shaken and then after standing for a determined
period of time the clay fraction is pipetted off. The sediment is then emptied into sieves
for analysis of the sand fraction. The only difference between their method and the
method I used is a sand-size limit of > 53 um, in accordance with the USDA soil survey
classification standards. The bulk density is determined using the core method described
above. Once in the laboratory the samples are oven dried overnight at 105 'C and
weighed. The bulk density is calculated by dividing the mass of the oven dried soil by
the volume that it occupied in the core cylinder. The results from the analyses are also
shown in Table 4.5.

4.6 Specific basalt site analysis

It was considered important to collect data relating to the distribution, size and cover of
basalt rocks in the three basalt covered sites visited in the field. The aim of this exercise
was to produce relationships between the satellite signal and the basalt rock properties.

The following data were collected (Table 4.6) and are described in Tansey et al. (1996).
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Parameter Fahda Vesicular | Madhala Olivine | Abed Olivine
(B1) (B2) (B3)

Percentage Cover

(5 X 30m transect):

Mean soil cover % 16.1 44.7 479

Mean rock cover % 83.9 55.3 52.1

Stone Dimensions

(3 X 2* 2m quadrat):

Average x, y, z axis 10.3,7.6,4.9 cm 10,7.5,4.8 cm 17,12.5, 8.7 cm

s.d. x, y, z axis 5.6,4,2.8cm 6.7,53,3.2cm 9.3,6.7,54 cm

Total no. of stones 669 N/A 334

Stones / quadrat 223 155 111

Mean stone volume 715 cm’ 2245 cm® 3539 cm’

Table 4.6. Stone characteristics measured at the three basalt sites included in the

study.

4.6.1 Percentage cover

Five 30m transects were taken at random angles from a point to measure the amount of
soil cover recorded as a distance along the transect. This yielded an estimate of the
percent of soil cover and hence percent rock cover at the surface. The results are shown
in Table 4.6, the percentage cover varying for the different sites and related to the age of

the basalt flows, described in Section 1.1.

4.6.2 Average stone dimensions

Three 2 by 2m quadrats were completely stripped of stone cover (stones being
considered anything larger than 2 cm in any major axis). Each stone was measured in

the directions of the three major axes, x, y and z. Once all the stones were measured, the
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average and standard deviation of the dimensions and number of stones per quadrat
were calculated. These are shown also in Table 4.6 for the Fahda Vesicular (B1) and
Abed Olivine (B3), data were not collected for Madhala Olivine basalt flow (B2), but is

shown instead from a basalt formation within the same Group (Asfar) as the B2 basalt.

4.7 Climate data

4.7.1 Introduction

Weather conditions prevalent over desert regions have a major influence on soil
moisture levels. Therefore measuring climatic parameters is important in understanding
their effects on the water content of soils. In Jordan, the majority of the information
about the weather and climate are obtained from either the Water Authority of Jordan or
the Department of Meteorology, measurements being recorded on a hourly or a daily
basis (Table 4.7). These permanent recording stations are thinly scattered in the study
area (Figure 4.9). To support the data already being collected, data from two temporary
weather stations have been used. The first, owned by the University of Leicester, was
set-up to the north of Marab Salma, adjacent to a large ga’a near to 32.44027° N and
37.27084" E (Figure 4.8). The station was operational at the following times; 15-
December-1995 to 29-March-1996 recording values every minute and averaging over
20 minutes, 14-May-1996 to 28-October-1996 taking values every 5 minutes and
averaging these over an hour. The second station, owned by NERC, was set-up at
Lower Farm, Menara situated at approximately 32.2° N, 36°.75 E (actually outside of
the study area) and was operation from between August 1994 and August 1996. The
station at Menara obtained samples every 10 seconds downloading an output to the
logger every hour. Unfortunately, during the summer of 1997 the AWS belonging to the
University of Leicester (located at Marab Salma) was stolen, no recovery was ever
made. Both stations were equipped to monitor the following parameters; incoming solar
radiation, net radiation, temperature and humidity, wind direction and speed and
rainfall. In addition the station situated near Marab Salma also monitored the soil

temperature and soil heat flux. Data was output to a logger and downloaded to a PC.
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Station name Palestinian grid | Altitude tate Eﬁpe of

ireference (N,E)| (ma.s.l) [Established ingauge'
Deir al Kahf 185°  325° (1025 1963 D
Umm El-Quttein 192°5 303°5 | 986 1947 D & R
HS — As-Safawi 180°  348°5 | 715 1968 D &R
Azraq evap. station 141°5  320° 533 1962 D & R

' D: Manual daily, D & R: Automated daily and recorder.

Table 4.7. Rainfall stations within the Azraq Basin. Adapted from Water Authority
of Jordan (1998).

The locations of these weather stations are classified into topographically affected (Deir
al Kahf, Umm El-Quttein and Menara) or non-topographically affected (Safawi, Azraq
and Marab Salma) stations. Figure 4.9 shows the approximate locations of these
stations (apart from the Menara station which located west of Umm El-Quttein outside
of the study region) and the precipitation record for the winter of 1995/96. Data from

these stations are analysed in the following sections.

4.7.2 Precipitation

4.7.2.1 Long-term rainfall patterns

Rainfall is probably the most important influence on the distribution and amount of soil
moisture. The nature of rainfall in semi-arid and arid regions is very different from that
in temperate regions. Briefly summarised, it normally consists of events of high
intensity, short duration with sporadic and inconsistent return periods. The climate of
the eastern Jordan Badia is influenced by synoptic scale weather conditions in the
winter caused by cyclones and low-pressure systems over the Mediterranean, and also
by smaller-scale orographic effects caused by the Jebel Hauran in the north of the study
area. The majority of the precipitation falls between the months of October and April.

141




Syria

Ruwayshid

Umm el Qutteln
Marab Salma

Deir al Kahf

Safawi

Azraq

Saudi Arabia

km

Figure 4.9. Locations o fthe automatic weather stations in the study area (Menara station is outside the study area).
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However there are significant differences between when and where rainfall falls in the

eastern Badia on a year to year basis.

Analysis of the long-term data available from the gauges owned by the Jordanian Water
Authority, show large annual fluctuations of precipitation since measurements began,
resulting in a large standard deviation of measurements at all sites. Also, that
topographic effects, on the amount and distribution of precipitation, are significant and
do not form any clear relationships with the rainfall recorded at sites without any
topography. Therefore, cross-correlation of rainfall values estimated at these weather
stations is difficult. A synthesis of the long-term (1963-1989) variation in rainfall in the
study area is given by Kirk (1998). The main findings of Kirk’s analysis are that the
standard deviation in annual values account for 45% of the annual total. Furthermore,
the topographic affected sites show a decrease with time in average annual rainfall
values and the non-topographic affected sites (Safawi and Azraq) show more consistent,
stable annual rainfall values. The mean annual rainfall totals for topographic affected
sites, Umm EI-Quttein and Deir al Kahf for all records are 169 and 136 mm
respectively. During 1980 to 1989, mean values decrease to 137 and 110 mm
respectively. Additional data for the winters of 1992 and 1993 further confirm a
decrease in rainfall totals, 13 and 80 mm recorded in these winters at the Umm El-
Quttein station. However, the following winter was the wettest since 1979 (the annual
total at the Menara site was 204 mm). Rainfall at the non-topographically affected
stations appears not to follow this trend. The inter-annual mean rainfall totals display
significant fluctuation. The mean annual rainfall at the Safawi site for the period 1963 to
1989 being 76 mm, the same value for the Azraq site is 70 mm. These data seem to

resemble a somewhat random distribution with no specific trends recognisable.

The pattern of rainfall distribution over the winter period (1980-1990) is shown in
Figure 4.10. The maxim of rainfall at all stations with long-term records occurs in
December. Umm El-Quttein has the highest rainfall at approximately 122 mm a year on
average. Deir al Kahf, situated further east, receives an average of 113 mm of rainfall a
year. At topographically affected sites most of the rainfall falls in December, significant
amounts can fall through until March. The rainfall distribution for the non-
topographically affected sites, Safawi and Azraq, bears little resemblance to the pattern

of distribution at the stations in the higher north-west of the region. The Azraq station
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also shows an average October rainfall value that is almost double for any other site and
more rainfall falls during the month of April in the region of Safawi than at any other
station. The Safawi and Azraq graphs show no distinct intra-seasonal trends and no

particular maximas (Kirk 1998).

35
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Figure 4.10. Mean monthly precipitation values for the five long-term monitoring

stations located within the study areafor theperiod 1980 to 1990.

4.1.22 Short-term rainfall patterns

In order to investigate the amount and distribution of soil moisture content it is required
to obtain information related to the location, amount and duration of precipitation
events. It is especially important in relating the occurrence of a precipitation event to the
acquisition date of satellite imagery. Precipitation data from the winter 1994/95 to the
winter of 1996/97 are presented from the four permanent weather stations described
previously. In addition, data from the temporary weather stations at Marab Salma and

Menara (Figure 4.11) are presented.
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Rainfall at the three topographically affected sites (Umm El-Quttein, Deir al Kahf and
Menara occurs during most of the winter months. During individual months up to 50
mm of rainfall was recorded at these stations, although no pattern of rainfall can be
detected in the measurements (Figure 4.11). This is, of course, assuming that the
monthly totals is a reflection of the number of rainfall events, for which there are no
daily data available. The temporal distribution of rainfall events can best be described as
random. During January 1995, October 1996, May 1996 and May 1997, no rainfall was
recorded at any of the stations. A more accurate indication of the average precipitation
values for large parts of the study region is obtained by examining the measurements
from the Safawi and Azraq stations. The winters of 1994/95 and 1996/97 were wetter
than average. This can be easily seen in Figure 4.11 by comparing these two winters
with the winter of 1995/96. Large amounts of rainfall were recorded in individual
months at Safawi (34 and 42 mm) and Azraq (39 and 28 mm) during the 1994/95
winter. In November 1996, 44 mm of rain was recorded at Safawi; during the rest of the
winter, average values were recorded. Comparison with the 1995/96 winter, which
suffered a very dry first few months (no rain recorded until December in Safawi) and
small monthly totals (5 mm of rain fell in Azraq during January 1996, this being the

largest amount in any one month that year).

Analysis of individual rainfall events at Marab Salma for two time periods (December
1995 - March 1996 and May 1996 - October 1996) is presented in Figure 4.12. 14
precipitation events were recorded resulting in a total of 30.5 mm. Seven events
occurred during March were concentrated around two dates (not shown in Figure 4.12),
the 6th and 25th. The highest intensity recorded was 6 mm h™' (6 March 1996). The low
amount of precipitation recorded during the winter of 1995/96 can be explained in two
ways. First, as described previously, winter rainfall was lower than average. Second, the
plastic raingauge used was constructed by Environmental Measurements and the type
and size of tipping bucket used may have led to an underestimate being made. One
reason is that 52% of rainfall events recorded at the Menara site were less than 0.5 mm
in magnitude and the bucket size used at the Salma site was calibrated to tip every 0.5
mm of rainfall, possibly indicating that half of the rainfall events were not recorded at
all (Kirk 1997). However, in tests conducted by Tansey (1994) it was shown that at low

intensities the gauge tended to over-estimate the amount of rainfall by up to 2 %.
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Figure 4.11.  Rainfall values recorded at permanent (Umm El Quttein, Deir al-Kahf Safawi and Azraq) and temporary (Menara and Marab

Salma) weather stations in the eastern Badia ofJordan (1994/95 to 1996/97). Please refer to the textfor the dates that these stations were used.
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Figure 4.12. The temporal distribution and the magnitude of rainfall events recorded

at the Marab Salma raingauge over a time period of 1 hour.

Analysis of individual rainfall events at the Menara station located farther to the west
than Marab Salma yielded the following statistics. Between August 1994 and August
1996, 190 hours of precipitation was recorded. During the winter of 1995, 66% of
rainfall hours were of 0.5 mm (suggesting that by the time the storm cell reached the
Marab Salma and Safawi stations it may have diminished in size and become
undetectable). Storms with intensities > 4 mm h! are recorded in small numbers, the

maximum intensity registering at 20 mm h’.

4.7.2.3 The utility of the rainfall data

The rainfall data are used in this study to relate the soil moisture conditions that are
measured in the field to the climatic conditions prior to and at the time of the satellite
overpass. Therefore particular interest is given to the temporal and spatial distribution of
rainfall from the period March 1995, when the first image was collected, through to the

spring of 1998 when the last image was acquired. By correlating the occurrence of
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precipitation events with the acquisition of satellite imagery it is possible to study the
influence of increases in surface soil moisture on the response of the radar signal.
Furthermore, studying these surfaces when there has been no rainfall is important to
determine the scattering behaviour in dry conditions. It was shown in Chapter 3 that

precipitation data is critical to the interpretation of SAR imagery.

4.7.3 Temperature

4.7.3.1 Air temperature

A brief introduction to the range of air temperatures experienced in the eastern Badia
was given in Section 1.1. The variation in air temperature is marked but not extreme
over diurnal and annual periods. Greater extremes of temperature exist the further east
one progresses as the influence of Mediterranean climate diminishes. The air
temperature at the Marab Salma station was measured at a height of 2 m above the
ground and was recorded along with relative humidity. The mean daily temperature,
shown in Figure 4.13, ranged between 34.8 'C in July and 4.6 ‘C in January. The air
temperatures rarely ventured above 40 °C, occurring on 19 days and only descended
below 0 °C on 11 nights, usually in the hours of darkness just before the sun came up.
The highest and lowest recorded hourly temperature was 424 'C and -2.5 'C

respectively.

The measurements fit well with observations taken at the Menara station shown in
Figure 4.14. The mean daily temperatures are slightly lower as the station is situated
further to the west and enjoys a more Mediterranean climate. The greatest diurnal
variation in temperature occurs with the onset of hot, daytime winds blowing from the
Saudi Arabian peninsula combined with cold clear nights. This occurs at the end of

April and May each year. Least diurnal variation occurs in the winter months.
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Figure 4.13. Mean daily air and soil temperatures recorded at the Marab Salma
station for the period December 1995 to October 1996 (excluding April 1996).
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Figure 4.14. Mean daily air temperatures recorded at the Menara AWS for the period
August 1994 to August 1996 (excluding January 1995), (Kirk 1997).
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4.7.3.2 Soil temperature

At the Marab Salma station the average temperature of the soil between 2 cm and 6 cm
was measured using thermocouples manufactured by Campbell Scientific Instruments.
Measurements were taken at least every 20 minutes and averaged over an hour. The
variation in soil temperature is shown as the dashed line in Figure 4.13. The soil
temperature is almost always greater than the air temperature even in winter, the
difference being greatest in the summer. The shape of the line resembles that of the air
temperature although the fluctuations are not so massive and the small fluctuations, or
noise, in the air temperature recordings have been smoothed out. To highlight these two
points, the mean and standard deviation (s.d.) of daily temperatures ('C) in January
1996, of the air, are 8.1 (mean) and 2.36 (s.d.), and of the soil, are 9.7 (mean) and 2.27
(s.d.). The same values for July 1996 are 32.0 (mean) and 1.66 (s.d.) for air
temperatures and 38.5 (mean) and 1.09 (s.d.) for soil temperatures. Also it should be
noted that the maximum variation in daily temperatures in both the air and soil occur in

the late spring and at the end of the summer in October.

4.7.4 Wind speed and direction

Wind is an important control on the amount of evaporation that takes place in the Badia
and this ultimately will affect the amount of soil moisture in the surface layers. It is
therefore important to establish the predominant wind direction and the strength of the
wind at particular times of the day and year. This information may help to explain some
of the weather patterns observed over the Badia region. Hourly averages were obtained
from the Marab Salma station. These directional data were compared to values obtained
by the Menara station. The sampling resolution of the data limits the likelihood of
detecting gusts that may be important in terms of erosion and transport of airborne

material.
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4.7.4.1 Wind speed

The diurnal variation in wind speed for four months covering the four seasons of 1996
are shown in Figure 4.15 for Marab Salma. These values have been derived by

averaging the hourly recordings made during every day of the month.

Wind Speed (ms™)
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Figure 4.15. Mean diurnal wind speeds at the Marab Salma station for the months of
January, March, July and October 1996, (note: only 29 days for March and 27 days for
October, caused by battery failure).

The trends for each month are very similar indicating that average wind speeds during
each month shown, and therefore season, do not vary significantly in magnitude. Wind
speeds tend to increase around 7 a.m., from an average speed of slightly over 1 m s,
continuing to increase through midday to a peak at around 4 p.m. of 5 m s, Over the
next two hours there is a reduction in average speed to between 3.5 ms" and 4 m s,
then suddenly the winds pick up, accelerating sharply to reach a peak of over 6 m s'in
all seasons around 7 p.m. The decline in wind speed during and after the sun has set is
rapid, reaching a stable value almost always by 10 p.m. Another interesting observation

is the sharp decline just past the midnight hour, especially in the winter, to a lower

151



stable average value stated previously of just over 1 m s™' on average. Average wind

speeds are slightly higher over the winter months.

4.7.4.2 Wind direction

Directional data may be useful in predicting what sort of wind vector and speed are
common during precipitation events and to look at the variation in direction over the
different seasons. Figure 4.16 shows the diurnal variation in wind direction for the
months of January, March, July and October 1996, depicted as circles, from the Marab
Salma station. The black line shows the mean of the values for each hour. There appears
to be no major trends that can be clearly detected. In fact, there is a wide spread of
directions recorded at all times of the year, the only noticeable gaps being winds from
the north-west to the north-east during daylight hours. In January, the wind direction is
random distributed, although some trends can be detected (Figure 4.16). The winds are
southerly during the night (Figure 4.16) and, as shown in Figure 4.15, are on average
weak. After sunrise there is a slight movement of the winds to a south-west (2250)
direction which stabilises around 10 a.m. After sundown and maybe associated with the
sharp increase in wind speed around 7 p.m. the wind shifts back towards a southerly
direction stabilising at this direction for the rest of the night. After this time the spread

of recordings is large indicating that there is no one dominant wind direction.

The situations for March and October are similar, in that the average direction shifts
from a southerly through to a westerly direction during daylight hours. This is indicated
by a high proportion of circles in the westerly quarter as the sun sets. After sun down
the winds tend to shift back to the south. In October there are very few recordings from
a north-westerly direction during the night. During the summer the fluctuation of the
mean diurnal wind direction becomes more pronounced. The standard deviation of the
hourly mean wind directions for July is 36.9° compared to 21.5" in January. However
the trend in wind direction change during the day is still approximately the same,
although the shift from south-easterly (just before midnight) to south-westerly (at
around 7 p.m.) is constant; and is seemingly unaffected by sun-rise. The transition back
to a mean south-easterly wind is quickly accomplished in about three hours between 7

and 10 p.m.
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Figure 4.16. Diurnal wind direction variation for the months of January, March, July
and October 1996 recorded at the Marab Salma station. The black line represents the

mean wind direction for that hour.

If comparison is made to wind direction data collected at the Menara station (Figure
4.17), it can be seen that the situation is significantly different. During the winter
months at Menara the wind direction is mainly from the south-east shifting through a
southerly direction to the west. Once again conditions resemble each other in the
months of April and October. During darkness the average wind direction is from the
north and east. In daylight hours the winds shift to a more southerly and westerly
direction. Winds in the early hours predominantly come from the north-east. During the
day there seems to be three options; either to shift south completely through west and
north until once again blowing from the north-east shift south like the previous example
but after the sun sets reverse and resume the north-easterly direction, or remain constant

from a northerly direction during the day. In summer the winds very rarely blow out of
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the south, the only such occurrence recorded during the morning hours after sunrise.
The winds are almost dominantly from the north-east at night shifting through north to
the north-west during daylight hours. There are numerous explanations for the
differences between the two stations, including their setting in relation to the local
topography. The directional data are important in understanding the links between

prevalent wind direction and precipitation events.
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Figure 4.17. Diurnal wind direction variation recorded between the period August

1994 and August 1996 at the Menara AWS (Kirk 1997).

4.7.5 Evaporation

The rate of evaporation will have an important influence on the amount of moisture in
the upper layers of the soil profile. Desert regions are characterised as having low
rainfall and high rates of evaporation, caused by strong humidity gradients, high

amounts in incoming solar radiation and persistent winds. These conditions prevail for
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many months of the year in arid regions, during which time a negative water balance
exists. The presence of a soil crust will reduce the capillary rise and evaporation
demand due to the compaction and reduction in the number of micro and macro pores
(Bresler and Kemper 1970, see Kirk 1997). During winter months, temperatures are
low, incoming solar radiation is reduced and moisture vapour in the atmosphere is at a
maximum. These parameters affect evaporation rates, to such an extent that there may
be a positive soil moisture flux. Kirk (1997) measured a positive water balance at
Menara occurring, for a few days, as early as October (sporadic ‘end-of-summer’
precipitation events). From data collected at the Menara AWS, Kirk (1997) calculated
the evaporation rate (£) using a formula based on the Penman Equation, an
approximation given in Equation 4.9 (Penman 1948). Input parameters were net

radiation, wind speed and humidity:

E=

A y (2.3uS 4.9)

A+y (R)+ A+y > vy

where,

A = gradient of saturation vapour pressure / temperature curve (hPa/ ‘C)
y = psychometric constant (0.61 hPa/ "C at 800m a.s.1.)

R, = net solar radiation (W m)

u = wind speed (ms™)

S = saturation deficit (hPa)

Figure 4.18 shows the results of these calculations from the beginning of August 1994
through to near the end of October 1994. As expected, evaporation rates in the summer
are high and, although the fluctuations on a daily basis can be significant there is a
general pattern of decreasing values as autumn sets in. After and during rainfall events
there is a reduction in the calculated evaporation rate and as the end of October is
reached values are below 5 mm per day. Given the mean altitude of the Badia at ~800m,
the Penman Equation (using the psychometric constant value) predicts a reduction in
importance of the wind speed and humidity terms. The net radiation parameter becomes
more important. As wind speeds at the weather station locations have been shown to be

relatively constant, the humidity and radiation parameters become even more influential
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on the amount of evaporation. Unfortunately, evaporation data were not available from

the Safawi or Azraq sites even though evaporation pans are present at these locations.
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Figure 4.18. Total daily evaporation rates calculated at the Menara station using an
approximation of the Penman Equation. These are plotted against rainfall (bold line)
for the period 7th August to the 20th October 1994 (from Kirk 1997).

4.8 Vegetation sampling and analysis

Data were collected on the main vegetation species present in the marab monitoring
sites. It is important to determine the percentage cover of the vegetation, the main
species present, spatial distribution and greenness of these species. This is because the
backscatter signal is influenced by the dielectric properties and shape distribution of the
vegetation layer (Section 2.6.3). In desert regions, vegetation cover is low, but can
significantly vary both spatially and temporally. Therefore, vegetation covers at

different marab monitoring sites need to be determined as well as repeating the
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measurements during consecutive field visits. Vegetation was sampled at the marab

sites listed in Table 4.2 and the results are summarised in Table 4.8.

Site name % Vegetation cover
Autumn 1995 Spring 1996 Autumn 1997

Marab Salma 10.7° 28 29

Qa’a Qattafi 3.7 8 7.9
Wadi el Hazim N/A 224 15.6
Feidat ed Dihikiya 3 52 13.6
Marab al Wassad 6 3.8 5.6
Marab al Wutaydat 4.7 4 N/A
Qa’a al Bugayawiyya 8.2 6.2 15.1

? different area measured to the following two years

Table 4.8. Percentage vegetation cover measured at the marab sites.

4.8.1 Sampling methods

Three quadrats, 30 by 30 m square, were analysed at each marab location. Commencing
at random coordinates and displaced at a randomly generated orientation, ten line
transects of 20 m in length were measured in each 30 by 30 m area. The following
parameters were recorded over the length of the transect; amount of bare ground,
amount of vegetated ground, shrub length, width and height, species type and shrub
greenness. In the instances where grasses were present, the amount of their cover was
estimated as well. From these measurements, an average vegetation cover can be
estimated for each quadrat. In addition, the main species characteristics and vegetation
shapes were determined for further research into semi-arid vegetation modelling. By
making measurements at three quadrats, any large-scale heterogeneity in the marabs
could be accounted for. Each quadrat was fixed using a GPS to ensure that during
consequent field visits, the same areas could be analysed. Field sites were visited during

the autumn of 1995, the spring of 1996, and the autumn of 1997.
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4.8.2 Vegetation analysis results

Table 4.8 describes the percentage vegetation cover measured in the field. Marab
Wutaydat and Marab Wassad show very little change in percentage cover between field
visits. These sites, located in the south-east of the region, are characterised by woody
perennials and show very little evidence of ‘greening-up’ after winter rains. There is
also little ephemeral grass growth. For Feidat ed Dihikiya and Qa’a Qattafi, an increase
in vegetation cover was observed between the autumn of 1995 and the spring of 1996
suggesting a response to winter rains and increased moisture availability. At Marab al
Bugayawiyya a large increase in vegetation cover was measured in the autumn of 1997
compared to previous field visits. A similar observation was calculated at Marab Salma.
The winter of 1996 was wetter than average and the amount of vegetation has increased

in response to this rainfall.

The dominant species, lifeforms and palatability of the vegetation found at the marab
sites are listed in Table 4.9. Analysis of all transects measured in the eastern Badia
region show that 64 % of the plants were classified as being spherical. The next
dominant group were spiky in shape. Plants were classified spiky if they were present in
low densities and had no distinct shape (Edwards 1999). 322 species, in 46 vascular

groups, have been identified in the eastern Badia region (Cope and El-Easawi 1998).

4.9 Summary of field data and methodology

This chapter has outlined the methods of ground-based data collection. These data will
aid interpretation of the microwave remote sensing imagery acquired from the ERS
SAR series of satellites. The data were collected with consideration to the input
requirements of the theoretical models that were to be calibrated in a desert

environment. The following measurements were obtained:
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Site name Dominant species Lifeform Palatable
Marab Salma Archillea fragrantissima | bush Palatable
Artemisia herba-alba bush palatable
Qa’a Qattafi Seidlitzia rosmarinus bush palatable
Salsola vermiculata bush palatable
Wadi el Hazim Atriplex halimus shrub palatable
Hammada eigii bush palatable
Feidat ed Dihikiya Archillea fragrantissima | bush palatable
Tamarix tetragyna shrub palatable
Marab al Wassad Anabasis articulata bush palatable
Zilla spinosa herb unpalatable
Marab al Wutaydat Anabasis syriaca bush palatable
Qa’a al Buqayawiyya | Capparis ovata herb unpalatable
Archillea fragrantissima | bush palatable

Table 4.9. Dominant species, lifeform and palatability of vegetation found within

the eastern Badia of Jordan.

¢ Soil moisture measurements were taken using a dielectric probe that estimated
with volumetric water content of the upper 6 cm of soil. These measurements were

compared to the values obtained using gravimetric methods.

e Surface roughness measurements were taken using a pin profilometer. The
equations for the extraction of the RMS height, correlation length and autocorrelation
function were derived. Methods of data analysis and sources of error were also

discussed.

e The methods of data collection concerning the nature of the soils and basalt

regolith in the eastern Badia region were presented.
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e Climatic data obtained from two temporary and five permanent automatic
weather stations located in the project area are displayed. Climatic parameters discussed
in this chapter are the precipitation, temperature, wind speed and direction, and

evaporation.

e The field methodology for obtaining percentage vegetation cover at marab

monitoring sites is presented.
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5. Roughness Properties: Theory, Measurement and Analysis

5.1 Introduction

The roughness of a surface is described by Wesemael et al. (1996) as a dynamic
property which, determines to a large extent, erosion and infiltration rates. Although this
statement is very generalised, it clarifies the important role that surface roughness plays
in geomorphological processes. Roughness is also an important parameter in
hydrological and aeolian studies (McCarroll 1992, McCarroll and Nesje 1996). The
roughness of the surface also influences the backscatter coefficient of electromagnetic
radiation at radar wavelengths (Section 2.1.4). Oh et al. (1994) stated that the causes of
backscatter variation in radar image scenes are, in order of importance, surface
roughness, moisture content, correlation length, soil type and soil temperature.

Therefore, it is very important to quantify roughness as accurately as possible.

To accurately quantify the roughness of a surface is difficult, as roughness is scale-
dependent. Therefore defining roughness parameters that can be universally applied in
many surface models where roughness is a critical factor is still a current focus of
research. The main problem is to parameterise the roughness of a surface with
parameters which, are related to radar energy. The parameters chosen should also be
directly comparable with values obtained from other work and which are relatively easy
to collect and analyse. Lersch e al. (1988) investigated eight parameters that describe
the surface roughness; two relate to elevation extremes, two relate to frequencies of
extreme elevations and four give direct values of elevation variation. In a review of the
literature given in the following section, the two most popular roughness parameters of
the soil surface used in remote sensing studies are the RMS height (o) and correlation
length (/) introduced in Section 4.4. This chapter reviews some of the literature that has
used roughness parameters in radar and other studies and describes how the roughness
parameters were calculated in this research and these implication of the results for radar

studies.
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5.2 Literature review: Surface roughness and SAR

This section describes methods and techniques that other researchers have considered in
measuring and analysing roughness parameters. The case studies presented are collated
from a wide range of climatic regions, from temperate to arid zones; and from a
selection of surfaces, from major catchments to individual agricultural fields. Some
fundamental issues, related to the selection of the parameters that describe the surface
roughness, are discussed. In addition the choice of autocorrelation function that best
describes the data, the calculation of the correlation length and how this is influenced by
the length of the profile, are discussed in addition to other similar issues that address the

data collection procedures.

5.2.1 Random data

A sample record of data for a random physical phenomena may be thought of as one
physical realisation of a random process (Bendat and Piersol 1986). Random processes
can be categorised as being either stationary or non-stationary. Stationary data can be
approximated at any time by calculating average values for a selection of sample
functions that describe a random process. If such values as the mean and autocorrelation
function of the samples are time-variant, then the random process is described as non-
stationary. Non-stationary random processes are often simplified for analysis and
measurement procedures. There are a number of ways to analyse non-stationary random
data. First-level analysis might include deriving the RMS height (o), the probability
density function and the autocorrelation function (p(£)). The latter parameter is a
measure of the distance- (or time-) related properties of the random process. Second-
level of analysis would include the autospectral density function (also known as the
power spectrum) which represents the rate of change of mean square value with
frequency. In this study the roughness data is considered as a non-stationary process in
that, at the spatial scales that roughness elements are being considered, the relationships

will change if the resolution of measurements are varied. In most cases there will not be
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enough sample records available to permit accurate representation of the surface.
Problems associated with quantifying roughness become evident when testing different

sampling methods in the field.

5.2.2 Case studies

Many roughness studies have focused on cultivated fields Wegmuller et al. (1994)
derived height profiles using a laser profilometer and calculated the autocorrelation
function. They found that the fields could be characterised in general by exponential
functions as opposed to Gaussian functions. Engman and Wang (1987) studied a range
of bare soils in California. They digitised field survey photographs to derive ¢ and /.
Each of the 52 profile lengths were 1 m. They found no correlation between o and /, low
correlations between the backscatter coefficient o~ and / (* = 0.04) and, reassuringly,
some correlation between o and o (7 = 0.59). They concluded that the measurements of
surface roughness appeared to be a potential limitation of the data. Engman and
Chauhan (1995) confirm that roughness may be equal to or greater than the effects of
soil moisture on the backscatter. The effect of roughness needs to be established
independently if estimates of soil moisture are required (Engman and Chauhan 1995).
This is resolved by simulating the effect of roughness using the scattering model

(Section 2.1.4).

Natural surfaces exhibit several spatial scales of roughness, from micro-roughness to
large-scale topography. For example, Ridley et al. (1996) looking at desert surfaces in
the Simpson Desert (Australia) argue that there are three distinct, independent scales of
roughness which are important in all backscatter models. The small-scale roughness was
characterised by wind ripples and uplifts of soil adjacent to plants. They used a pin
profilometer, similar to the one used in this study, to measure the surface height every
0.5 cm over a length of 1 m. Two other scales of roughness were medium-scale,
comprising hummocks of trapped sand and ridges on dune crests, and large-scale,
comprising the dune system itself and regional slopes. Consideration was made only to
the small-scale (cm) roughness variation as this was the scale that radar scattering was

most dependent upon.
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A two scale roughness model was used by Mo et al. (1988) representing a large scale
correlation length, L, and a small scale correlation length, /. The autocorrelation function

is given by:

p(&) = eXp[—ﬁ] (5.1)

which reduces to a Gaussian form when & approaches zero and becomes exponential
when £ becomes large. This is a useful approach for modelling as the simulated
backscatter becomes very large and negative when the correlation length is large and the
autocorrelation is defined as Gaussian. Similarly, two roughness scales were collected
by Oh et al. (1992); the first using a laser profilometer at a horizontal resolution of 1
mm for a transect length of 1 m, the second roughness scale was calculated from two 3
m profiles, using chart paper and spray paint. Their study uses radar at centre
frequencies of 1.50 (L-band), 4.75 (C-band) and 9.50 GHz (X-band). A profile length of
1 m was believed to be too short to accurately determine the correlation length for
analysing 1.28 GHz SIR-B (Shuttle Imaging Radar) data, indicating that the optimum
transect length and sampling interval may also be frequency dependent (Wang et al.
1986). As this study only used 5.3 GHz (C-band) radar imagery, ~1m profiles, sampled

every S mm, were considered optimal.

On natural surfaces the surface height distributions can often be considered as being
either random or displaying a theoretical distribution such as the exponential
distribution. They do not normally display any periodicity (a ploughed surface might
display surface height distributions that are periodic due to troughs and peaks in the
surface). Periodicity was not taken into account in this study as most surfaces were
considered to be in a natural or semi-natural (minor surface modification) state.
Consideration of the periodic component of surface roughness and the use of longer
profiles was made by Chiarantini et al. (1995) who used transects between 4 and 6 m,

both parallel and perpendicular to the direction of tillage in ploughed fields. Their
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statistical program developed to analyse the roughness data collected is shown in Figure

5.1. This diagram shows the stages of calculating surface roughness parameters.

| Picture A/D Conversion and Retrieval of Roughness Profile |

| Picture Geometric Corrections: Parallax, Drift and Average Value |
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Figure 5.1.  The procedure for calculating the roughness parameters outlined in a

hydrological study in the Abruzzo region of Italy (Chiarantini et al. 1995).

In other studies only the RMS height was calculated (Ulaby et al. 1978) although the
authors state that a complete characterisation of the surface roughness cannot be
obtained solely with this measurement. Dubois et al. (1995) collected roughness data in

an Oklahoma catchment using a 1 m laser profilometer. In their model they did not
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explicitly use the correlation length parameter as it was too difficult a parameter to
determine accurately. The variation in correlation length of their samples varied as much
as an order of magnitude while the RMS height was accurate to within 10%. The model
proposed by Oh et al. (1992) also does not include a correlation length parameter. The
models used in this study require the correlation length parameter. Therefore it was

considered necessary to estimate this value while considering the likely errors involved.

5.2.3 Higher levels of data analysis

Research into the relationships between radar backscatter parameters and other
descriptors of the surface roughness have been undertaken for a range of natural
surfaces. Several studies have focused on the remote sensing of lava flows and rocky
terrain that would have approximately similar roughness properties to the basalt and
hammada surfaces that are found in the eastern Badia of Jordan. A summary of the main
findings are discussed in this section. An important issue that has been raised is to
define a parameter whose behaviour can be understood when different scales of
roughness are analysed. Power spectrum density analysis (P), an indication of the
relative importance of each spatial harmonic component in constructing the measured
surface (Campbell and Garvin 1993), is one approach that has been adopted. The power
spectra of topography at many scales, usually exhibits the relationship P = bk™, where b
is the offset and m, is the slope of the spectrum (m lies between -2 and -3 when plotted
in log-log space) (Sayles and Thomas 1978; Brown and Scholz 1985). In this case, the
units of P, are m? cycle'l m! or m? ; and the spatial wavenumber, £, is calculated by
multiplying the reciprocal of the spatial scale by 27. The drawback 1s that many profiles

have to be collected to average out the noise and error effects.

Farr (1992) used this type of analysis to distinguish lava flows of different ages. Profiles
were collected every 1 cm over a range between 5 and 30 m. The number of profiles at
each site ranged between 2 and 50. The power spectra were calculated with different
curves being obtained for flows of varying age (Figure 5.2a) displayed with the values
of the slope and offset derived (Figure 5.2b). The data show that between 0.016 and

0.14 Ma the offset decreases and the slope steepens, implying an overall loss of
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roughness. Breaking up of the surface observed on the younger flows (similar to that
observed on the Fahda Vesicular basaltic flow in this study) may also explain the greater
loss of centimetre scale roughness. Between the flows of age 0.14 and 0.56 Ma the
changes are more uniform. On the oldest flows surfaces become rough again, with
similar values to the youngest flows. The results enable models of basalt pavement
evolution to be developed and can be applied to other flows around the world to
establish the stages of landscape development. Other studies established estimates of
aeolian mantling and deposition (Evans et al. 1992) and power estimates of a flat

mudpan (ga ‘a) surface (van Zyl et al. 1991).
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Figure 5.2.  (a) Power spectra of dated basalt lava flows, showing surface roughness
evolution with age, and (b) linear fits showing the slope and offset values to the power

spectra (Farr, 1992).

Campbell and Garvin (1993) collected topographic profile data at 5 and 25 cm
resolution from a Hawaiian lava flow. Lengths of transects varied between 5 to 8.5 m
and 100 to 200 m respectively. They derived the RMS height, correlation length and the
power spectra density. Their effective slope parameter, 6 / /, appears to be a more useful
estimator of large scale roughness for radar studies and in conclusion they stated that the
correlation length is best suited when there is only one dominant scale of roughness,
such as may be the case on a ga’a surface. One further issue is related to the profile

length and the subsequent calculation of the correlation length.
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The arguments presented above are supported by field data. Analysis of roughness data
is given in the following section. Ultimately, the choice of field method was controlled
and restricted by the equipment and time available to collect roughness and other data
given the number of people in the field to act as assistants. Therefore data were
collected on roughness parameters satisfying the requirements of the scattering models

that are used in this study.

5.3 Data description and analysis

5.3.1 Data collection methods

Discrete data related to the surface heights of natural surfaces were collected in the field
using a profilometer (Section 4.4.5). Initially, there was no standard procedure for the
number of profiles taken, the profilometer in use was only 30 cm in length. During
subsequent field campaigns the size of individual profiles were made up to 48 cm.
During the 1997 field campaign a total of 12 profiles were taken at each site (comprising
two times six profiles). The digitising and analysis phase of these data was too time
consuming and it was decided that six profiles taken at each site (a total transect length
of approximately 3 m) provided an appropriate balance between data volume and time
available. This means that power spectrum analysis cannot be applied to these data, due

to the small number of samples obtained at each site.

The selection of the transect length has a major influence on the roughness values
calculated. Too short a transect length may yield an under-estimation of the correlation
length. The number of discrete height measurements sampled may also be
unrepresentative of a population. Too long a transect will begin to account for larger
scale surface topography that is not important for radar studies using centimetre
wavelengths. The literature reviewed in the previous sections indicate that there is no
standard length of transect from which the roughness parameters are calculated. In

addition, the reported low correlation coefficients between the correlation lengths of
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surfaces and the backscatter coefficient contribute to make this a grey area, which could
produce significant errors in any model validation and calibration. In an attempt to
address these problems, RMS height, correlation length and autocorrelation function
were calculated at each site for individual transect lengths (30 or 48 cm), ~1m transect
lengths and the full transect length (up to 3 m). As the aim was to derive input
parameters for the scattering models described in Section 2.6, this analysis indicated the
optimal transect length that gave the best results in the model validation stages. A small
number of profiles demonstrated trends attributed to a shallow slope angle present at
some of the sites. Where slope effects are present, the data have been detrended by
determining the average value and either subtracting or adding this to the original value.
Over the small spatial scale of measurements (order of metres) considered in this study,

this analysis was not necessary for the majority of sites.

5.3.2 Roughness profiles: Analysis and results

Instructions describing the field use of the profilometer were given in Section 4.4. The
digitised individual heights from the profilometer were input into an Excel spreadsheet.
The site used as an example of the analysis is Marab Shubayka, a large vegetated marab
to the north of Safawi which has a characteristically rough surface comprising clods of
silt- and clay-sized particles. The surface height profile is shown in Figure 5.3. The data
(six profiles of 48 cm in length) were collected during the 1997 field campaign. A
summary of the roughness data collected is given in Table 5.1a. These data equate to
three sample profiles (by joining together 2 profiles each of 48 cm) of approximately 1
m in length and one long transect (by considering all six profiles in a line) of 2.88 m in

length.
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5.3.2.1 RMS height

The RMS height of each of the transect lengths were calculated using the Equation 4.6

(Section 4.4.2). An average value was derived for each of the six individual profiles,

each of the three ~1 m profiles and the full profile (Table 5.1).
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Figure 5.3.  The surface height profile for Marab Shubayka derived in the spring
1997 field campaign. The peaks and troughs correspond to hummocks and cracks on the

marab surface.

In this case, the values for Marab Shubayka do not confirm the hypothesis that the
longer the transect that is used for calculating the RMS height the larger the calculated
value will be; in this example the difference is not large. Data from a further site (Marab
Wutaydat) also from 1997 show that an increase in the magnitude of the RMS height
occurs with increasing profile length (Table 5.1b). The estimates of RMS height for the
48 cm, ~1 m and 2.88 m profiles are 0.64, 0.96 and 1.54 cm respectively. The estimates
of the correlation length also increase with increasing profile length for Marab
Wutaydat (Table 5.1b). This observation is noted for many sites.
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(a) Marab Shubayka — roughness data summary for the 1997 field campaign

Profile length RMS height Correlation length | f (autocorrelation)
(cm) (simple, Pearson)
(cm)
Individual (48 cm) 1.72 7.8 Gaussian
~l m 2.02 10.5, 13.5 Gaussian
Full (2.88 m) 2.04 12,119 Gaussian
(b) Marab Wutaydat — roughness data summary for the 1997 field campaign
Individual (48 cm) 0.64 4.5 Gaussian
~l m 0.96 10, 14.3 Exponential
Full (2.88 m) 1.54 33,46.3 Exponential

Table 5.1. Data summary of the roughness parameters for (a) Marab Shubayka and

Marab Wutaydat. Refer to the text for an explanation of the terms listed.

5.3.2.2 Probability distribution functions of surface heights

It is an assumption of the scattering models that the probability density functions
(P.D.F.) of the surface heights approximate a normal distribution (Section 2.6). The
probability functions were calculated for the three ~1 m and the full transect (2.88 m) to
check this assumption. The results from the Marab Shubayka site are shown in figure
5.4. In this example the ~lm distributions (b, ¢ and d in Figure 5.4) are poor
approximations to a normal distribution (distribution (b) probably being the most
normal). The full transect (Figure 5.4a) displays the most normal distribution, due to the
greater number of sample points. The ~1 m profiles were much more varied in their
approximation to normal distributions. At other sites distributions were observed to be
sometimes bimodal or skewed. This was possibly due to some predominant land surface
feature that had been detected, for example deep cracks on an otherwise smooth surface.
However, there was usually at least one example of a 1 m transect that approximated a

normal distribution.
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Probability density functions of surface heights for Marab Shubayka.

These are displayed for the full transect of 2.88 m (a); (b), (c) and (d) show the P.D.F.

of the three ~I m transects.

5.3.2.3 Correlation length

The autocorrelation of surface heights defined in Section 4.4.4, was calculated at a lag k,

for the series x;; I =1, 2, ..., n using the following (Equation 4.7):

n-k

Z(xi = X)(X;4 = X)

i=1
n
Z (x,. - f)2
i=1

Py =

where,

(5.2)
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f=lixi (5.3)

1s the mean of the whole series.

Equation 5.2 is a simplification of the Pearson correlation. Cox (1983) discusses
alternative methods of estimating the spatial autocorrelation in geomorphological
studies and how well simplifications of the Pearson correlation represent the more
complex formula. Three different simplifications are given, Equation 5.2 being the most
reduced formula. This study uses correlation lengths calculated using the simple

equation (5.2) and the Pearson correlation (5.4) given as:

n—k
(xi - fl)(xiu - f”)

pk = n—ki=l n—k (54)
\/[z (x,‘ _ f!)ZZ(XHk _ fn)Z ]
i=1 i=1
where,
1 n—k
= _ x. 5.5
i S ] (5:5)
is the mean of the leading values, and
1 n—k
¥ — x. + k 5.6
=D (5.6)

is the mean of the lagging values.

The purpose of this exercise was to observe if the two methods produced different
estimates of the correlation length. The value of the correlation length will influence
which model can be used and how well it describes the observed data. Figure 5.5 shows

examples of autocorrelation functions for Marab Shubayka for full length transects. The
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results from the two methods for this particular set of profiles are very similar and
therefore data from another site are shown, Marab Wassad. The results shown here, and
those derived from other sites produce several interesting points for discussion. For
Marab Shubayka, both methods give approximately similar results. This is by no means
an isolated example. Table 5.2 lists selected estimates of the correlation length for full
and ~1 m transect lengths at all of the study sites. The two estimates give approximately
similar results for many sites, especially on the basalt surfaces, at both the profile
lengths. If, however, the calculated correlation length is greater than approximately 12
cm, then the differences between the two methods becomes greater to the extent that
some correlation lengths are undefinable. Put another way, the smaller the calculated
correlation length, the more likely that the two methods will produce the same value.
This result is in agreement with results from Section 6.3, where the data are used to

validate scattering models.
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Figure 5.5.  Autocorrelation relationships derived using the two estimates (simple
and Pearson) of autocorrelation for two sites, Marab Shubayka and Marab Wassad.
The estimates of the correlation length for the sites shown above are: Shubayka, 12 and
11.9 ecm, and Wassad, 19 and 21.6 cm for the simple (Equation 5.2) and Pearson
(Equation 5.4) estimates respectively.
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Site name Full profile length | ~1 m profile length Campaign
(values are in cm) Simple Pearson | Simple Pearson year
Qa’a Qattafi undefined  undefined 10 20.7 1997
Qa’a al Abd undefined 48 8.5 3.7 1997
Qa’aat Ra’d 33 34.7 10.3 14.4 1997
Qa’a al Wassad 17.5 35 6.2 7.7 1997
Qa’a al Wutaydat 22 24.6 11.5 222 1997
Fahda Vesicular (B1) 8 8 4.8 5.2 1997
Madhala Olivine (B2) 8.5 8.9 7.3 7.5 1995
Abed Olivine (B3) 7 6.9 6.3 6.6 1996
Madhala Olivine 7.5 7.8 8 8.2 1995
Harrat edh Dhirwa 5 49 9.5 12 1996
Chert gravel hammada | undefined  undefined 8.2 17.7 1997
Limestone hammada 7 7.3 4.8 5 1995
Shahbat el Hazim 4 4.2 5.8 6.1 1996
Shumansaniyyat 6 6.3 6 6 1995
Sandflat 2 1.9 2 22 1996
Feidat ed Dihikiya 10.5 10.8 6 8.55 1995
Hashad 4 39 45 43 1995
Wadi el Hazim 2 23 2 21 1996
Marab Qattaﬁ 27 399 10.2 11.1 1997
Marab Salma undefined  undefined 12.7 23 1997
Marab al Wassad 19 21.6 9.3 11.5 1997
Marab al Wutaydat 33 46.3 10 143 1997
Qa’a al Bugayawiyya 41.5 43.2 10.2 12.4 1997
al ‘Wia (cultivated) 6 6.1 5.5 5.6 1995
Shubayka 12 11.9 10.5 13.5 1997
Marab Suwaiid undefined 47 7.8 8.9 1997

Table 5.2.

Comparison of the two methods for calculating the correlation length.
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Another interesting observation is that the estimate of the correlation length is often
greater when calculated using the Pearson estimate. This is a disadvantage for model
validation when the correlation length is large (the predicted backscatter values will be
large and negative) and advantageous when the correlation length is small as the model
input specification is more likely to be met. This seems to be the case for both of the
profile lengths analysed. In the final analysis, both methods were considered at all sites

as neither technique had major advantages or benefits over the other.

5.3.2.4 The influence of transect length on the correlation length

There are a number of sites with correlation lengths that are either large (above 25 cm)
or undefinable. Correlation lengths obtained for the ~1 m transects, also described in
Table 5.2, give very different results. It appears that the autocorrelation of a surface is a
non-stationary process that is influenced by the length of the measurements. This
observation is confirmed by Sayles and Thomas (1978). They stated that the variance of
the height distribution of a surface structure is related to the length of sample used. At
this level of analysis, however, the relationships between the correlation length and the
length of the transect are not easily definable. With further analyses, such as power
spectrum analysis, relationships can be approximated to linear conditions (Sayles and
Thomas 1978). However, power spectrum analysis is not considered in this study due to
the limited number of transects obtained. Figure 5.6 shows the correlation functions
derived using the Pearson method for the three ~1m transects compared to the full
length profile. It can be seen that there is much more noise in the 1 m profiles. In this
example the estimate of the average correlation length for a profile of ~1 m is greater
than that calculated for the full profile length. This is not the general case as a
comparison between correlation length values confirms (Table 5.2). The effect of
reducing the profile length to =1 m usually reduces estimates of the correlation length
and also influences the autocorrelation function that the data best describes. In the
example shown (Figure 5.6) the estimates of the correlation length are 11.9 cm for the

full profile and 7.6, 20.9 and 12 c¢m for the three ~1 m profiles.
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Figure 5.6.  The influence of transect length on the autocorrelation coefficient is
shown for the three ~I m profiles that comprise the full profile length (shown as a solid
black line) for Marab Shubayka.

Therefore, there appears to be no standard profile length and the transect length affects
the value of the correlation length. The majority of studies reviewed in the previous
section used transects of 1 m (in this study a 96 cm profile length was used because of
the profiling tool being 48 cm long). Other profile lengths have been used, Archer
(1995) states that a 30 cm profile length used to calculate the correlation length was,
‘too short to accurately determine the correlation length of a playa surfaces’ (p.127) in
Tunisia. This would, in most cases, produce a small estimate of the correlation length
and this would be a limitation when validating the Small Perturbation Method, as
Archer discovered. Leland Pierce (University of Michigan, personal communication,
1997) stated that, as a general rule of thumb, if the profile length used is less than about
50 times larger than the calculated correlation length, then the correlation length is
probably wrong and you need to use a larger profile length. Overall the field data
indicates that the shorter the transect length, the smaller the calculated correlation
length. The outcome of this analysis was to consider all three profile lengths (individual,
1 m and long), as well as the two methods of calculating the correlation length when
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deriving estimates of the roughness parameters. The usefulness of the calculated value
for validating the scattering models was then tested. The results are described in Section
6.3. To prompt the discussion in Section 6.3, the ~1 m profiles were the most suitable

for further analysis.

5.3.2.5 The influence of slope angle on the RMS height and correlation length

The general relationships are that as slope angle increases, the RMS height and
correlation lengths increase (shown in Figure 5.7 for a hammada site). The relationship
between slope angle and correlation length is due to the slope having non-random height
properties. The data distribution has a trend, be it upwards, or downwards. When
analysed, profiles collected at several sites displayed significant slope characteristics. In
cases where this could be easily distinguished and the slope was calculated at being over
2%, the slope effect was removed by subtracting the contribution of the slope across the
profile. Roughness parameters were then re-calculated. Figure 5.7 (top) shows the
surface profile for a hammada site located east of Azraq. The hammada surface is
partially covered by small, angular fragments of chert and sedimentary rocks. The solid
line is the non-slope corrected data, the dashed line showing the surface profile after the
influences of slope angle have been averaged out. The RMS height is reduced from 1.19
to 0.75 cm. Figure 5.7 (lower) shows the autocorrelation functions for the same profiles.
The estimate of correlation length is significantly reduced from 33.8 to 3.8 cm, a much
more realistic value. There are potential problems in de-trending profile data. These
problems are related to the length of the profile used and the scale of the slope trends
that are being measured by the profilometer. It was noted that the removal of slope
effects was required for longer profiles (2.88 m). Profiles of  1m, in most cases, did not
require the removal of the slope. In addition, it was important to distinguish between
surface slope (linear trends) and natural surface variations that occurred over a
horizontal scale of 1 m and greater. Generally though, it was important to focus on

regions where the slope angle could be considered as negligible.
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Figure 5.7.  The influence of surface slope on the RMS height (top) and the

correlation function (lower) for a hammada site. The values of the parameters estimated

are listed in the text.
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5.3.2.6 Comparison of the autocorrelation function with theoretical models

The autocorrelation function describes the relationship between the heights of two
points as the distance changes between those points. For a surface to be modelled
accurately it is necessary to fit the autocorrelation function to a theoretical function. In
Section 2.6, the RMS slope parameter, m, was introduced as the ratio of the RMS height
over the correlation length. It is necessary to calculate this parameter to satisfy the
criteria for the scattering model. The autocorrelation functions were plotted (see
examples in Figures 5.5 and 5.6). Based on the estimated correlation length, theoretical

functions were also plotted for an exponential function, given as:
(&) = exp(| & |/ 57
or for a Gaussian function:

2 2
p(G)=exp(=§ /1) (5.8
where, p (&) is the autocorrelation function and / is the correlation length.

The surface slope parameter, m, is calculated from
m = o +[|p"(0) (5.9)

where, p”(0) is the second derivative of p (§) evaluated at £ = 0. This yields m = o/I for

an exponential function and m = V207! for a Gaussian function.

The theoretical functions calculated for Marab Shubayka at the full profile length are
shown in Figure 5.8. The measured autocorrelation function was closer in this instance
to a Gaussian (normal) function, therefore m = V20/l was used to calculate the RMS

slope parameter.
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Figure 5.8.  Theoretical functions plotted against the measured autocorrelation
Sunction at the full profile length, Marab Shubayka. The best fit model is Gaussian, [ is
11.9 cm.

For the individual profiles, it was assumed that the surface height autocorrelation
function fitted approximately to a Gaussian function (30 or 48 cm transect length). The
situation was slightly different for the three ~1 m profiles studied. At some sites all three
profiles would yield the same approximate theoretical function, in which case this
would be the one chosen for the model calculations. At other sites, two profiles fitted
one distribution and the third the other distribution; e.g. Marab Shubayka where two
profiles fitted approximately to Gaussian conditions and one profile approximately fitted
an exponential function (Figure 5.9). The correlation lengths calculated in this example
were 7.6, 20.9 and 12 cm respectively. In the case of Marab Shubayka, the Gaussian
function was selected as the input criteria as it was represented twice. All of the profiles
analysed were assigned to either an exponential or a Gaussian function, regardless of
how different the measured data were to the theoretical data. The selection of the
autocorrelation function can have a major influence on the modelled backscatter

response of surfaces. This will be illustrated in Section 6.2.
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Figure 5.9.  Measured ~I m correlation functions (1,2,3) shown against theoretical

functions, Marab Shubayka.

5.3.3 Annual fluctuations in surface roughness properties

Any changes in the properties of surface roughness must be detected and quantified.
Geomorphological processes that might induce changes in the surface roughness
properties might be clay swelling, shrinking and desiccation, salt crystal growth, gravity,
human modifications, animal disruption, vegetation growth and the erosion or
deposition of surface sediment by wind or water action (see Section 1.3). The influence
of roughness fluctuations on the backscatter returned to the satellite system can be at
least as important as changes in the surface soil moisture. The sensitivity of the
backscatter coefficient to changes in roughness properties was considered in Section
2.1.4. Due to the ambiguity of the correlation length outlined in the previous section,
only the changes in the perceived RMS heights are considered in this section. Table 5.3

lists the RMS height measurements, for ~1 m profiles, made when sites were visited.
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Site name Average RMS height (cm) for the ~1 m profiles
Autumn 1995 Spring 1996 Spring 1997
Qa’a Qattafi 0.22 0.16 0.23
Qa’a al Abd N/A N/A 0.30 & 0.26
Qa’aat Ra’d N/A N/A 0.22 & 0.17
Qa’a al Wassad N/A N/A 0.17 & 0.16
Qa’a al Wutaydat N/A 0.24 N/A
Fahda Vesicular (B1) 2.87 2.83 1.71
Madhala Olivine (B2) 2.5 3.55 N/A
Abed Olivine (B3) 343 4.0 N/A
Madhala Olivine 3.96 N/A N/A
Harrat edh Dhirwa N/A 1.12 N/A
Chert gravel hammada N/A 0.7 0.53
Limestone hammada 0.47 0.66 N/A
Shahbat el Hazim N/A 0.63 N/A
Shumansaniyyat 2.19 0.68 N/A
Sandflat N/A 0.38 N/A
Feidat ed Dihikiya 0.62 N/A N/A
Hashad 0.3 N/A N/A
Wadi el Hazim N/A 0.49 N/A
Marab Qattafi 0.53 N/A 0.35
Marab Salma N/A N/A 1.16 & 0.72
Marab al Wassad 0.32 N/A 1.16 & 0.67
Marab al Wutaydat 0.87 N/A 0.43 & 0.96
Qa’a al Buqayawiyya 0.85 0.76 0.33 & 0.83
al ‘Wia (cultivated) 2.32 N/A N/A
Shubayka N/A N/A 2.02 & 1.65
Marab Suwaiid 0.2 N/A 1.38

Table 5.3. Calculated RMS heights for dryland surfaces from three field visits.
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Several points can be raised. Firstly, there are sites that could not be visited in the field
during the field campaigns, due to problems of equipment availability and access, these
are denoted as N/A. Secondly, during the 1997 campaign two sets of three 1 m profiles
were collected, the two values shown in the 1997 column. For ga’a surfaces, the
estimates of surface roughness correspond well with each other over all years. For
marab surfaces, the two estimates do not correspond as well with each other. These
values reflect the variation of surface topography of marab surfaces, compared to ga’a
surfaces. Thirdly, no major changes in the RMS height, between years, were observed at
any of the sites except for Marab Suwaiid and Shumasaniyyat. During the autumn of
1996, Marab Suwaiid was used to conduct seedling emergence, fertiliser application and
irrigation experiments. The outcome of these experiments was to furrow the surface
soil, perpendicular to the direction of water flow in the wadi and hence increase the
surface RMS height value from 0.2 cm to 1.38 cm. This new surface profile is then
accounted for in the modelling. Another marab which may have been influenced by
human activity is Marab Shubayka, where no ploughing of the surface was understood
to have taken place during the period of study; and a cultivated area near Qa’a al
Bugayawiyya, which was only considered during the 1995 field campaign and has not
been used since for any analysis. At Shumasaniyyat the surface is made up of a coarse
sand soil, with randomly distributed boulders. It is likely that in 1995 the surface profile
measurement included one of these boulders, the measurement in 1996 most likely did
not. No major human or natural induced surface change was observed at this site
Finally, the annual changes in the RMS height for the basalt sites are quite marked. This
is most likely due to the location of the profile within the basalt field, as the exact
location of the profile could not be determined for repeat measurements, even though
the surface was considered homogeneous. Taking the example of the Fahda Vesicular
basalt site (B1) the data from 1995 and 1996 are quite similar (2.87 and 2.83 cm).
Comparing these with the reduced RMS height value of 1.71 cm, the difference is quite
significant. A recommendation would be to collect more 1 m profiles to obtain an
average RMS height based on a large sample. However the time and equipment
available made this impossible. Another approach would be to mark clearly the end of
each profile so that repeat sampling can be undertaken each year. However, given the

characteristics of the sites visited this was difficult.
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The recommendation above applies to the whole data set. Many profiles would be
required to determine the average roughness properties of a surface. During the 1997
field season, two sets of three 1 m profiles were taken at different locations within the
30 by 30 m quadrat. Pairs of estimates of the RMS height derived for ga’a surfaces are
similar, whereas estimates for marabs are quite different. This emphasises that, even
within a quadrat, the surface roughness is heterogeneous even if the large scale
roughness can be considered homogeneous. Unfortunately the method used here cannot
characterise this variability; other techniques (outlined in Section 4.4.8) may be more

suitable.

5.4 Conclusions

This chapter has reviewed some of the methods for parameterising surface roughness
using statistical descriptors. The physical roughness of a surface has a major influence
on many geomorphological processes, and also affects the backscatter signal of an
imaging radar. There are many parameters that can quantify surface roughness and many
different levels of analysis to process the information. The approach taken here is model
driven, therefore the models input criteria need to be satisfied. As the study is focusing
on single polarised imagery at a single frequency, the measurements in the field are kept
simple and are limited to calculating the RMS height, the autocorrelation function and
correlation length. The profile data set was too small to consider power spectral density
analysis, although this may be an option for future work. The main conclusions

concerning the analysis of the roughness data can be summarised as follows.

e Two methods of deriving the correlation length were compared; no real
advantages were gained by using the Pearson correlation method over the simple

method.
e The correlation length appears to increase with increasing profile length and

also with increasing slope angle. Therefore, care was required to maintain consistent

profile lengths and to avoid surfaces with excessive slopes.
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e A profile length of 1 m gave the most representative estimates of correlation
length. They were also the most useful estimates when validating the surface scattering

models used in this study (Section 6.2).

e The RMS height gave the most useful characterisation of the roughness of a

surface.

e The autocorrelation function of a surface was described by either a Gaussian or
exponential function. The major land units studied could not be characterised clearly by

a particular autocorrelation function.

o There was limited flexibility when collecting roughness data for this study e.g.
no major funding to purchase a laser profilometer, which would have yielded more

accurate results, was available.
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6. Deriving Soil Moisture Estimates with Theoretical Models

The results of the application of the theoretical models, described in Chapter 2, for
understanding scattering processes in a desert environment are presented. The desert
surfaces under consideration are the permanent monitoring sites (PMS) introduced in
Chapter 4. This chapter is divided into several sections. Section 6.1 discusses the main
results obtained by other researchers that have utilised these models in different
environments or for other applications. Simulation of the sensitivity of the backscatter
coefficient under varying soil moisture and surface roughness conditions are shown in
Section 6.2. Furthermore, the influence of local incidence angle on the magnitude of the
backscatter coefficient is also shown. Section 6.3 describes physical optics, geometric
optics and small perturbation model calibration results, followed by model calibration
results for the integral equation model. Section 6.4, discusses the implications for the
retrieval of soil moisture information from SAR images through model inversion. The
eight permanent monitoring sites are used in this analysis. Section 6.5 shows the results
from the validation testing of the inversion algorithms. This testing is carried out on
Qa'a al Bugayawiyya using soil moisture data collected during the spring 1998 field

trip. Finally, Section 6.6 summarises the main findings and concludes the chapter.

6.1 Introduction

Theoretical scattering models have been used to predict the backscatter response for a
range of surfaces. However, their validation has been tested mainly on agricultural fields
with known surface roughness characteristics. Evaluation of the Kirchoff and small
perturbation methods, the classic solutions, was achieved for 150 agricultural fields by
Engman and Wang (1987), who conclude that the small perturbation (SP) method gave
the best results when fields with a definite row structure were not included in the
analysis. To obtain soil moisture estimates without any ambiguity, a multi-data set
approach is required. The multi-data set approach was adopted by Rao et al. (1993),

who used a multi-frequency system to estimate soil moisture to within 2% and surface
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roughness to within 10%. Mo et al. (1988) used C and L band data to estimate surface
roughness parameters. Autret et al. (1989) concluded that a combination of HH and VV
polarised data would minimise the sensitivity of the backscatter coefficient to surface
roughness. Ridley et al. (1996) used both the coherent and non-coherent components of
the Kirchoff approximation to model the backscatter coefficient from altimeter data.
Backscatter from altimeter data, having a nadir look angle, is independent of the
polarisation of the signal. Field data collected in the Simpson Desert, Australia showed
that the Kirchoff methods gave excellent representation of the backscatter coefficient
measured with TOPEX NASA radar altimeter (Ridley et al. 1996). Observations of the
backscatter coefficient in the desert environment indicated large fluctuations in response
to rainfall events. A 2 mm rainfall event produced a step increase of 5 dB with a
constant decay over 48 hours afterwards. Other measurements indicate that in areas with
high evaporation rates and well-drained soils, detection of rainfall induced increases in

soil moisture is only possible with a repeat pass of two to three days.

Previous studies have also highlighted the limitations of using a theoretical approach for
soil moisture estimation. The main restrictions of the Kirchoff approximations are their
validation regimes in relation to surface roughness parameters. Oh et al. (1992) derived
the following conclusions from their analysis of the Kirchoff and SP methods. First,
some natural surface conditions fall outside the regions of validity for all three models,
this certainly is the case for the desert surfaces considered in this study (Section 6.3).
Second, none of the models provide good agreement with the measured data,
particularly at incidence angles greater than 40°. Third, the physical optics (PO) model
predicts that the VV polarised backscatter is less than the HH polarised backscatter. This
is contrary to all observations. Therefore Oh et al. (1992) proposed an empirical
approach while other researchers developed second-order theoretical approaches to the

problem (Fung et al. 1992).

Backscatter measurements were compared to estimates derived from the integral
equation model (IEM) and Kirchoff methods by Chiarantini e al. (1995) for natural
surfaces in a Mediterranean environment. They found that the agreement between
measured and observed backscatter coefficients was within a mean error of 2.5 dB for

the PO model, 2.7 dB for the IEM, and 3.2 dB for the geometrical optics (GO) model.
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Further multi-parameter problems were introduced by local slope angle affects. The
IEM has also been widely tested, focusing on simplified versions of the originally
complex equation. Chen et al. (1995) used a simple version of the IEM to simulate the
backscatter coefficient of a wide range of surfaces with known radar parameters.
Favourable results are obtained when estimates from the model are compared to
experimental data. However, inversion of the model to derive estimates of soil moisture
requires a value of the ratio between like-polarised backscatter coefficients (6 hs / w)
which are not available in this study. It is important to re-iterate once again the
limitations of using a fixed polarised, fixed wavelength and fixed incidence angle
system to extract soil moisture or surface roughness information from the backscatter
coefficient when it is possible that several surface parameters are influencing the signal.
Ulaby (1998) recently stated that it is far more difficult to extract biophysical
information from multi-date, single channel observations than multi-channel, single date

observations.

The distribution and nature of precipitation events in semi-arid and arid regions is very
important as it influences the degree of surface wetting and the amount of surface soil
moisture. The study area suffers a lack of evenly distributed raingauges. They are
concentrated either in the large towns (Safawi and Azraq) or in the villages located in
the wetter north-west of the study area. Therefore, correlation between field sites and
fixed raingauge locations is necessary. However, the errors in doing this cross-
correlation can be significant. In a study located in south-west Saudi Arabia, Wheater et
al. (1991) collected hourly data from 100 raingauges distributed in 5 wadis. The main
conclusions of this research were that rain on any day was strongly associated with
elevation, most point rainfall events were of 1 to 2 hours duration and, most
importantly, that the spatial distribution of the rainfall was highly localised and that
even where distances between raingauges was 8 km, the probability of rainfall at both
sites is less than 0.4. Where raingauges were separated by distances of approximately 20
km they found maximum probabilities of rainfall occurrence of 0.2. Even at a minimum
raingauge separation of 8 km, their data was considered spatially independent. In a study
under similar climatic conditions but with a more raingauge dense network, in Walnut
Gulch, Arizona, showed again the localised nature of rainfall in arid regions (Osbom e?

al. 1979). The Walnut Gulch results showed that the correlation between total storm
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rainfall was 0.8 where raingauges were separated by a distance of 2 km, falling to
almost zero at a separation distance of 15-20 km. The implications of these studies on
rainfall data acquired in the study area are that interpretations between increases in soils
moisture detected, with the SAR instrument, and rainfall recorded at a raingauge site
need to account for the distance between the two sites. This problem is addressed

individually for each permanent monitoring site analysed in Section 6.4.

6.2 Backscatter sensitivity to soil moisture and surface roughness

Chen et al. (1995) stated that the first step of an inversion algorithm is to conduct a
sensitivity analysis of the parameters affecting the backscatter coefficient. This is done
to establish relationships and correlations between parameters. For the satellite-sensor
system used in this study, this is a relatively simple process as many of the parameters
are fixed (wavelength, polarisation) but for multi-sensor and parameter studies, data
simulation can generate a great amount of data. In this section, the integral equation
model is used because the relationships are approximately the same as the Kirchoff and
SP methods and the IEM’s range of validity is greater. More detailed simulations of the
IEM are given by Su and Troch (1996) and Altese et al. (1996). In this section, the
sensitivity of the backscatter coefficient to changes in soil moisture, soil type, surface
roughness parameters and local incidence angle are analysed. The analysis is helped by
the fact that the sensitivity of the backscatter coefficient to changes in soil moisture is
independent of the roughness of the surface and that the opposite, i.e. that the sensitivity
of the backscatter to surface roughness change is independent of soil moisture (offsets
just occur), is also true. Section 6.2.3 displays general simulation results for the four
main land cover types. All of the simulation results use the frequency of the ERS system
(5.3 GHz), at VV polarisation and, unless stated, an incidence angle of 23°. In all of the
figures, which display a volumetric soil moisture parameter, the units used are m’ water

m™ soil.
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6.2.1 Sensitivity to soil moisture

The dependence of the backscatter coefficient on soil moisture is related to the dielectric
properties of the soil medium. The dielectric constant of a soil medium is calculated
using the empirical relationship derived by Hallikainen et al. (1985). Figure 6.1 shows
the sensitivity of the real component of the dielectric constant to volumetric soil
moisture values between 0.0 and 0.4. The results are for both a clay-size dominated

(45% clay, 45% silt and 10% sand) and a sand-size dominated (60% sand, 35% silt and
5% clay) soil.
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Figure 6.1.  Sensitivity of the dielectric constant to soil moisture for two soil types.
The clay soil comprises 45% clay and 10% sand sized particles, the sand soil comprises
60% sand and 5% clay particles in this example. For a given soil moisture above 0.03

(by volume) a sand soil has a greater dielectric constant.

The sensitivity of the backscatter coefficient to changing dielectric conditions and soil

type is shown in Figure 6.2 simulated using the IEM. For each of the soils described the
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silt-size particle content remains constant at 30% with the percentage of sand-size
particles increasing from 10 to 60% in 10% increments. The following parameter values
are used in the simulation; RMS height = 1 cm, correlation length = 8 cm,

autocorrelation function = Gaussian, frequency = 5.3 GHz, polarisation = W , incidence

angle = 23 .
Volumetric Soil Moisture
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

0

-2
0
r -4
5
IE -6 10% Sand
A8 — 20% Sand
§ — 30% Sand
jg -io — 40% Sand
ig — 50% Sand

-12 — 60% Sand

Figure 6.2.  Sensitivitylof the backscatter coefficient to soil moisture for a specified

soil type. The IEM simulation assumes a constant silt particle size content of30%.

Two important points can be stated from the results shown in Figure 6.2. First, that the
dependence of the backscatter coefficient on soil moisture changes can be assumed to be
almost independent of the soil type. The maximum difference caused by the two
extremes of soil particle size is approximately 2 dB at two ranges of soil moisture values.
The first occurs when soil moisture values are extremely low, less than 0.03 m3 water m'3
soil, and second, when volumetric soil moisture values are in the region of 0.1. However,
in this study as much information as possible about the surface was obtained so that the
most accurate estimate of the backscatter properties were derived, this included

information on the soil type. For an error such as 2 dB, an inversion algorithm would
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yield misleading estimates of soil moisture. Second, the radiometric range of the
backscatter coefficient for the values of soil moisture is large for all soil texture
combinations For a clay-size dominated soil, the model predicts a 6.5 dB increase in
backscatter as volumetric soil moisture increases from 0.0 to 0.4 m3 water m'3 soil. For a
sandy soil the same increase in soil moisture leads to a 10 dB increase in backscatter.
Furthermore, sensitivity to changes in soil moisture is greater at low values of soil
moisture (<0.2 m3 water nr soil). These are values that are very likely to be found in

desert regions

The dependency of the backscatter coefficient on soil moisture may also be influenced by
the location of the site in the range direction of the SAR image. This is because of the
small change in incidence angle across the image from approximately 20 at near range to
26 at far range. The influence of local incidence angle effects are shown in Figure 6.3. A
surface with a RMS height = 1 cm, correlation length = 8 cm, autocorrelation function =

Gaussian, sand = 30%, clay = 15% is used in the simulation.

Volumetric Soil Moisture

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
0
2
4
)
20 deg.
8 21 deg.
10 22 deg.
23 deg.
12 24 deg.
25 deg.
-14 &
26 deg.
-16
Figure 6.3.  Sensitivity of the backscatter coefficient to soil moisture accounting for

the variation in incidence angles across an ERS SAR image. The simulation displayed is

for a I increment in incidence angles between 20 and 26.
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The results indicate that the sensitivity of the backscatter coefficient is independent of
the incidence angle between 20 and 26 . However, the relative position of the study site
in the range direction affects the intensity of the backscatter coefficient. As most of the
information extracted from the images was from successive 35-day repeat overpass the
range location for each site was approximately the same. The precise value of local
incidence angle (between 20 and 26°) was accounted for in both the observed
backscatter coefficient, calculated from the SAR data, and the predicted backscatter

coefficient, calculated from the models.

6.2.2 Sensitivity to surface roughness

For model calibration, information is required on the RMS height, correlation length
and autocorrelation function of the surface. Therefore, the influence of each of these
parameters on the backscatter coefficient needs to be established. Figures 6.4 and 6.5
show the dependency of the backscatter signal on the RMS height for a given correlation
length and autocorrelation function. For both simulations presented, volumetric soil
moisture = 0.1 m®> water m> soil, sand = 30%, clay = 15%, incidence angle = 23°,
frequency = 5.3 GHz and polarisation = VV. Figure 6.4 displays the simulation results
as RMS height increases from 0.2 to 2.6 cm, at 5 correlation lengths (4, 6, 8, 10 and 12
cm) for a surface described by a Gaussian autocorrelation function. Figure 6.5 shows the
simulation results under similar conditions (note the y-axis scale change) as Figure 6.4,
but for a surface described by a exponential autocorrelation function. The following

points need to be raised:

¢ Focusing on Figure 6.4 (a Gaussian surface), the backscatter coefficient is very
sensitive to fluctuations in RMS height for surfaces with a RMS height < 1 cm. This
sensitivity is reduced as the correlation length of the surface is reduced. For large
correlation lengths (> 10 cm), the dependency of the backscatter coefficient on the RMS
height is still significant up to a value of approximately 1.5 cm (RMS height).
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Figure 6.4. Sensitivity of the backscatter coefficient to RMS height for a specified

correlation length (I). The autocorrelationfunction used in this simulation is Gaussian.
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Figure 6.5.  Sensitivity of the backscatter coefficient to RMS height for a specified
correlation length (I). The autocorrelation function used in this simulation is

exponential.
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e At a RMS height greater than 1.2 cm, the backscatter coefficient is almost
independent of surface roughness, unless the calculated correlation length is large, i.e.

greater then 10 cm, or small, i.e. less than 4 cm (Figure 6.4).

e For surfaces with a large RMS height and small correlation length, the
backscatter coefficient decreases for an increase in roughness (Figure 6.4). The field
measurements indicated that surfaces with low roughness usually exhibited low values
of correlation length and surfaces with high roughness do not usually yield very low

estimates of the correlation length.

e For surfaces with a small to moderate RMS height, characterised by a large
correlation length and a Gaussian autocorrelation function, the resultant estimate of
backscatter coefficient would be very large and negative. Therefore it was important to
account for any local slope effects that would increase the correlation length (Section
5.3.2.5), to reduce the chance of this result being obtained. The lowest estimates of the
backscatter coefficient found on the SAR imagery was approximately -25 dB over very
flat, specular surfaces. Hence predicted backscatter coefficients less than -25 dB were

ignored.

e For a surface best described by an exponential distribution function (Figure
6.5), the backscatter coefficient is also very sensitive to surface roughness, at all the
correlation lengths tested, when the RMS is less than 0.5 cm. The magnitude of this
dependence is much reduced compared to a Gaussian surface but is still sufficiently

large not be considered independent.

e Figure 6.5 indicates that the backscatter coefficient is approximately
independent of surface roughness if the RMS height of a surface is between
approximately 0.8 and 1.5 cm and the correlation length is greater than 5 cm. After 1.5
cm the backscatter coefficient is once again significantly influenced by an increase in

surface roughness resulting in a decrease in the estimated backscatter coefficient.
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The sensitivity of the backscatter coefficient to RMS height for a specified incidence
angle is shown in Figure 6.6. In the simulation the following variables are specified.
Volumetric soil moisture = 0.1 m3 water m'3 soil, sand = 30%, clay = 15%, correlation
length = 8 cm, autocorrelation function = exponential, frequency = 5.3 GHz, polarisation

=VV

RMS Height (cm)
0.5 1 1.5 2.5
H 1 —1—

20 deg.
21 deg.
- 22 deg.
23 deg.
24 deg.
25 deg.
26 deg.

-20 .

Figure 6.6. Sensitivity of the backscatter coefficient to RMS height accounting for
the variation in incidence angle across an ERS SAR image. The simulation displayed is
for 1 incrementsfor incidence angles between 20 and 26. This variation is accounted

for in the image pre-processing stages o f the analysis.

The model indicates that the position of the target in the range direction has a direct
influence on the intensity of the signal received, the intensity of a scatterer at near range
(20 ) having a backscatter coefficient 2 dB greater than the same scatterer registering at
the far range (26°) of an image. This result is consistent with surfaces having RMS height
values less than 1.2 cm. The backscatter coefficient of a surface with a RMS height

greater than 1.2 cm is almost independent of the change in incidence angle across
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a SAR scene. Therefore, it is important to account for any significant change in range

location of a study site in an image and then re-calculate the local incidence angle.

It can be seen from the simulation experiments that the relationships between the
surface roughness parameters, required as data input, and the backscatter coefficient are
complex. It is necessary, therefore, to obtain the most accurate information about the
study sites as possible to yield the most accurate model predictions. Chapter 5 discussed
the problems surrounding the measurement and application of the correlation length
parameter in radar studies as an example. Even so, it is still important to test the
application of theoretical models in a semi-arid or desert environment for soil moisture

studies.

6.2.3 Sensitivity analysis: Main land cover types

Given the simulation results, the sensitivity of the backscatter coefficient to soil
moisture variations and small changes in surface roughness can be calculated for the
main land cover types: basalt, marab, qa’a and hammada. The simulation uses input
data that characterise the general properties of these desert surfaces. For example, the
basalt surfaces generally have a higher RMS height than the hammadas. Marab
surfaces, cannot be characterised by a general relationship as the roughness of the marab
varies from site to site. Figure 6.7 displays the sensitivity of the backscatter coefficient
to soil moisture for selected general land cover types. The simulation shows that the
backscatter coefficient is almost independent of surface roughness properties, the
roughness of a surface influencing only the offset of the curve and the gradient of the
marab surface (caused by the autocorrelation function). Small variations in curve shape
are caused by differences in the particle size distribution of the surface soil. All of the
surfaces show a significant dynamic range of C-band backscatter over the range of soil

moisture simulated, on average 10 dB for an increase of soil moisture from 0.0 to 0.4 m’

water m™ soil.
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Figure 6.7. Sensitivity of the backscatter coefficient to soil moisture for the four

main land cover types.

The sensitivity of the backscatter coefficient to small fluctuations in the RMS height of
the main land cover types, is illustrated in Figure 6.8. The simulation shows that the
backscatter is highly dependent on the RMS height when the surface is relatively flat, e.g.
for a gau surface. The greater the RMS height the less influence small changes in RMS
height has on the backscatter coefficient. For rough surfaces displaying Gaussian
autocorrelation functions, changes in RMS height have negligible influences on the

backscatter, as do exponential surfaces when the RMS height approximates to 1 cm.
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Figure 6.8.  Sensitivity ofthe backscatter coefficient to RMS heightfor thefour main

land cover types.

6.3 Model calibration

To test the usefulness of the models in predicting the backscatter coefficient from the
ERS SAR system, observed values of backscatter were compared with predicted values.
This section is divided into four sub-sections. The first describes the calibration results
obtained using the small perturbation (SP), physical optics (PO) and geometrical optics
(GO) models. The second sub-section describes the calibration results obtained from the
integral equation model (IEM). The third sub-section describes what are perceived to be
the optimal results obtained using the IEM with selective estimates of the observed
backscatter coefficient. The fourth sub-section presents concluding remarks. Four
controls and assumptions apply. Please note, for clarity in this section, where simple
estimates of the correlation length are referred to, the word will be followed by the
roughness in brackets, i.e. .simple (roughness) estimates of the correlation coefficient.
Where simple estimates of the backscatter coefficient are referred to, simple will be

followed by a in brackets, i.e. ...simple (a) estimates of the backscatter coefficient.
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(1) The results are shown for several scenarios. These are using the three
different profile lengths, short (30 or 48 cm), ~1 m and full (2.88 m). They are also
given for two separate estimates of the correlation length, the simple (roughness) and
Pearson methods (Chapter 5). [Note that only the Pearson estimate of correlation length

was calculated from the short profile lengths].

(11) Results are given for two estimates of the observed backscatter coefficient
calculated from the satellite data, the simple (o) and comprehensive estimates. In
addition there is a third estimate using comprehensive estimates from ERS-1 data and

simple (o) estimates from ERS-2 data described in Section 3.3.

(i11) The model calibration procedure has only been undertaken for field data that
conforms to the validation criteria of the models. These data are from all sites visited in

1995, 1996 and 1997.

(iv) In some cases, field data have yielded values what I have assumed to be
unrepresentative, that have resulted in erroneous estimates of the backscatter coefficient.
These data came from large value estimates of the correlation length that resulted in
unrealistic estimates of the backscatter coefficient. These data have been ignored in the

final analysis.

Therefore, for each model grouping, 10 different analyses are displayed. Point (iii),
concerning the validation criteria, is very important as it stipulates the number of sample
points that can be used to calibrate the model of interest. As an example, the validation
conditions for the SP, PO, GO and IEM, discussed in Section 2.6 are illustrated in
Figure 6.9. Calculated roughness parameters collected during the first three field seasons
are plotted within the validation domains. The data are calculated from ~1 m profile
lengths, using the simple (roughness) method of calculating the correlation length.
Basalt sites have not been included in this example. These results indicate the
limitations of using the classical models of surface scattering for predicting the
backscatter of natural desert surfaces. A number of sites have roughness properties
characterised by a moderate RMS height and short correlation length or a small RMS
height and moderate correlation length, regions that the classical models do not account
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for. In the example shown (Figure 6.9) there are potentially 11 points that could be used
to calibrate the classical models whereas there are 28 points that could be used to

calibrate the IEM. This observation is consistent for all of the scenarios tested.
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Figure 6.9.  Illustration of the validation criteria of the SP, PO, GO models and I[EM
used in this study. Field data, excluding basalt sites, are plotted in a roughness feature
space comprising correlation length (1) against RMS height (o), k is the wavenumber
and =~ 1.11 at 5.3 GHz. In this example, =1 m profiles have been used to calculate the
roughness parameters and the simple method adopted for calculating the correlation
length. Those sites that lie within the validation domains of the SP, PO and GO models
(dashed polygons) are displayed as hollow circles, those that fit the criteria of only the
IEM (solid polygon) are displayed as solid circles.

6.3.1 SP, PO and GO model calibration

It is evident that a basic limitation in using these classical solutions are the lack of data
that can be used to fully test the models in a desert environment. Table 6.1 summarises

the results obtained. Listed are the methods of calculating the roughness parameters, the
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number of sites that can be used to validate the models, and the correlation coefficient

calculated when the predicted model backscatter coefficients are compared with

observed backscatter coefficients.

Summary of the Calibration Results of the SP, PO and GO Classical Models

Length of | Correlation Observed backscatter | No. of sites for | Correlation
transect function (simple coefficient (simple calibration coefficient
(roughness) or (0'0) or
Pearson) comprehensive)
Short Pearson Comprehensive 9 0.89
~l m Pearson Comprehensive 10 0.8
Simple (roughness) 16 0.65
Full Pearson Comprehensive 11 0.78
Simple (roughness) 9 0.77
Short Pearson Simple (o) 10 0.8
~1' m Pearson Simple (o) 10 0.8
Simple (roughness) 16 0.63
Full Pearson Simple (o) 11 0.8
Simple (roughness) 9 0.8
Table 6.1. Summary of the results of the calibration of the SP, PO and GO models

using field data acquired during three field seasons. The models have been tested using

10 scenarios of different estimates of the correlation length, profile length and the

calculation of the observed backscatter coefficient.

The results show the small number of sites that were used to calibrate the models. Using

a ~1 m profile length and the simple method of deriving the correlation length, up to 16

sites can be used, although this yields a poor correlation (0.65). In contrast, the results

using a short profile, the Pearson method and a comprehensive estimate of the observed
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backscatter coefficient yields a correlation coefficient of 0.89. However this is based on
observations made at only 9 sites. There seems to be no clear advantage in using the
comprehensive estimate of the backscatter coefficient or using the Pearson method of
calculating the correlation length when long profile lengths (>1 m) are used. The results,

however, do seem to be dependent on these criteria if the other profile lengths are used.

The calibration results are illustrated in Figure 6.10 for the scenarios listed in Table 6.1.
To compare the results obtained when using the two different methods of calculating the
backscatter coefficient (simple and comprehensive) from ERS SAR imagery at a given
profile length the graphs adjacent to each other need to be interpreted. The two different

methods of calculating the correlation length (simple and Pearson) can be compared

using the graphs above each other within each box.
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Figure 6.10.  (continued on the following page).
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Figure 6.10. Kirchoff and small perturbation model calibration results for the ten

scenarios listed in Table 6.1. Observed backscatter coefficients are derived from ERS

SAR PRI data. Predicted backscatter coefficients have been calculated from the SP, PO

and GO models using field data that have satisfied all of the validation criteria. The

calibration coefficients between observed and predicted measurements are shown.
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6.3.2 IEM calibration

The IEM has more potential than the classical models for the current application, due to

a larger validation domain that encompasses most the roughness parameters that were

measured in the field. Table 6.2 shows the calibration results obtained using the IEM,

displayed in a form similar to that shown in Table 6.1.

Summary of the Calibration Results of the Integral Equation Model (IEM)

Length of | Correlation Observed backscatter | No. of sites for | Correlation

transect function (simple or | coefficient (simple or | calibration coefficient
Pearson) comprehensive)

Short Pearson Comprehensive 35 0.79

~l m Pearson Comprehensive 34 0.86
Simple (roughness) 36 0.84

Long Pearson Comprehensive 28 0.87
Simple (roughness) 30 0.86

Short Pearson Simple (o) 36 0.78

~l'm Pearson Simple (o) 32 0.88
Simple (roughness) 36 0.84

Long Pearson Simple (o) 28 0.87
Simple (roughness) 30 0.85

Table 6.2. Summary of the results of the calibration of the IEM using field data

acquired during three field seasons. The models have been tested using 10 scenarios of

different estimates of the correlation length, profile length and the calculation of the

observed backscatter coefficient.

In all cases the IEM is calibrated with a greater number of sites. Better correlation

coefficients were obtained between observed and predicted backscatter coefficients for

all of the scenarios tested. Although the results are very similar to each other, the most
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accurate method appears to be with the use of ~1 m profiles using the Pearson method
of calculating the correlation length, and comparing the values to either the simple (c")
or the comprehensive estimates of the backscatter coefficient. It is interesting to note
that the accuracy is not significantly increased using the comprehensive equation to
derive the backscatter coefficient from the SAR data. The same is almost true of the
selection of the method to derive the correlation length, neither method having
significant advantages over the other. The recommendation that a 1 m (or as near to 1
m) profile should be used in future studies is enforced here as the use of too short a
profile leads to a decrease in the prediction accuracy of the model, and too long a
profile, apart from introducing potential slope influences, reduces the potential number
of calibration data points that can be used. The results from IEM calibration are

displayed in Figure 6.11.

Profile length = 1m Profile length = Im
_."24 7 Corrclation length = Pearson __"24 7 Correlation length = Pearson
9 ' Observed backscatter = comp. o o 9 Observed backscatter = simple o
%’ 20 + R¥=086 L ‘-é-’ 204 R*=0388
2 | No. sites = 34 b . ‘3 No. sites = 32 .,
3] : . [ 3 = . @
8 -16 1 L IE R & -l6 oo o
T (e 5 8L
| .
§-127 o ',,{ g-IZ- .
% ‘ flv':. ° "3 .’p'o, X
g -8 T *’® * : -8 .. . °
g : 0. o% 8 .0 %
B y By y
l
0 ‘ - + + | 0 + + + + — —
0 -4 -8 -12 -16 -20 -24 0 -4 -8 -12 -16 -20 -24
Observed Backscatter Coefficient (dB) Observed Backscatter Cocefficient (dB)
Profile length = Im Profile length = Im
i T Correlation length = simple __24 7 Correlation length = simple
g Observed backscatter = comp. g Observed backscatter = simple
= .20+ R*=084 » = .20+ R*=0.84
£ No. sites = 36 o« £ E,- No. sites = 36 . >,
E [ ] e = e
ERLE oo 8161 . o
e .’ oo
§12 o o 8 °° §-|2 o se®®
o .0' e 40
] e [ J Q (YL X )
2 g + e “ < é -8 a’® b <
[ L4 o
'g oo, E ° o,
E . B g
0 t-- B T R B e 0 + 4 } + + 4
0 -4 -8 -12 -16 -20 -24 0 -4 -8 -12 -16 -20 -24
Observed Backscatter Coefficient (dB) Observed Backscatter Cocfficient (dB)

Figure 6.11. (continued on the following page).
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Figure 6.11. IEM calibration results for the ten scenarios listed in Table 6.2.
Observed backscatter coefficients are derived from ERS SAR PRI data. Predicted
backscatter coefficients have been calculated from the IEM using field data that have
satisfied the validation criteria. The correlation coefficients between observed and

predicted values are shown.
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6.3.3 Optimal calibration results

In addressing the problems created by possible calibration errors observed in the
derivation of the backscatter coefficient from ERS SAR PRI data (Section 3.3) by using
different methods of deriving surface roughness parameters, an optimal methodology
can be suggested for the most accurate model calibration results. This methodology is
based on the results shown in Figures 6.10 and 6.11 and for both ERS-1 and ERS-2
data.

e The model most appropriate for this study is the IEM. This recommendation is
based on the number of samples that can be used for calibration and the increased

confidence gained by having a larger dataset.

e A 1 m (or 1 m) profile length is selected because it is relatively easy to
determine in the field, has been utilised in other studies (Chapter 5) and appears to give

accurate results.

¢ The final recommendation is for the use of the comprehensive estimate of the
backscatter coefficient when considering ERS-1 SAR data, and the simple (o) estimate
to be used when considering ERS-2 SAR data. This result is shown in Figure 6.12, for

both simple (roughness) and Pearson estimates of the correlation length.

It is still unclear which method of deriving the correlation length gives the best results,
in terms of a larger correlation coefficient as opposed to a larger sample dataset. The
results indicate that no significant improvement in the models’ predictive ability can be
gained by changing the data related to the observed backscatter coefficient. However,
due to the large differences between the two estimates of the backscatter coefficient
observed in ERS-2 data acquired in 1997 and 1998, this approach is going to be adopted
for the model inversion and calibration stages. The recommendation is actually being
enforced by ESA, who have removed the correction for the product replica power

variations from the calibration of ERS-2 SAR PRI products (see Section 3.3)
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Figure 6.12. IEM calibration results for the selected optimal parameterisation with

two correlation length methods.

6.3.4 Model calibration: Conclusions

The procedure of model calibration assesses the application of the model in predicting
the outcome of the process under study. The results indicate potential shortfalls and
errors, but also give confidence in the model’s general flexibility and accuracy. The
Kirchoff and small perturbation solutions have been shown to be inappropriate to the
desert surfaces discussed in this study. The nature of many of the surfaces visited have
properties that fall into regions of surface roughness that the classical solutions cannot
adapt to. The geometrical optics (GO) solution, however, does account for the
backscatter of the basalt surfaces well, where the approximation of the IEM cannot
derive a solution. However, the basalt surface permanent monitoring site (Fahda
Vesicular basalt) has a measured RMS height that can be validated with the IEM (ko <
3). The IEM has been shown to predict, with good agreement, the backscatter coefficient
for a range of desert surfaces, under different seasonal conditions. The results are
encouraging for all of the different measurement criteria, although the best results are
obtained using a ~1 m profile length. Small improvements in accuracy are gained using
the Pearson method of calculating the correlation length and by varying the method of
calculating the backscatter coefficient discussed in Laur et al. (1996). The good

agreement between predicted and observed backscatter coefficients, provides a degree
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of confidence in the model’s ability to predict the scattering characteristics of these
desert surfaces. This enables simple inversion algorithms to be developed for specific
sites and the potential to extract soil moisture information from ERS SAR images to be

fully exploited.

6.4 Model inversion: Results and limitations

The possibility of model inversion to predict the soil moisture of desert surfaces using
ERS SAR data depends on one major assumption. This assumption states that surface
roughness is not a variable parameter over the series of observations made. Field data
indicate that this may be the case in some of the sites studied, however the limited
roughness data acquired, and the method of measurement, mean that the assumption
cannot be fully verified in this study. Nevertheless, this assumption has to be accepted,
unless strong evidence suggests that surface roughness changes occurred during this
study. In certain circumstances, the backscatter has been shown to be almost
independent of surface roughness. There are some desert surfaces for which this
assumption cannot be applied. These are mainly ga’a surfaces, which are so flat that
millimetre-scale variations in roughness can significantly influence the backscatter
coefficient. Moreover these variations cannot be detected with the present method of
measuring roughness. For each of the permanent monitoring sites (PMS) an inversion
algorithm has been generated. Detailed monitoring of soil moisture distribution at Qa’a

al Bugayawiyya is presented. The inversion algorithm is based on the following criteria.

e There are no general inversion methods that cover the main land cover types.
For example, no general soil moisture - backscatter relationship can be derived for all

marab surfaces because of the differences in surface roughness between marabs.

e Assumptions are made concerning the calculation of the correlation length
before a simulation of soil moisture estimation is made for each of the PMS. The
correlation length parameter is chosen partly because of concerns expressed over the
validity of the parameter previously in this study, the methods of deriving the correlation

length and the potentially significant errors encountered. Correlation lengths were
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therefore optimised using the model to extract the value that would best describe the

observed backscatter coefficient.

e Actual estimates of the RMS height, autocorrelation function and soil
parameters were used in generating the inversion algorithms for each of the PMS
comprising a third order polynomial equation with a best fit correlation coefficient

greater than 0.99. The roughness parameters were derived from ~1 m profile lengths.

e The model used was the IEM. Predictions are made for the 1995/96 winter
because of the greater availability of temporal SAR data. Units of volumetric soil

moisture presented in the thesis are m’> water m™ soil.

6.4.1 Soil moisture retrieval: Qa’a Qattafi

The specific soil moisture - backscatter coefficient relationship, derived in accordance
with the assumptions listed above, for Qa’a Qattafi is displayed in Figure 6.13. Due to
the inconsistency between ERS-1 and ERS-2 backscatter coefficients recorded at this
site, two calibration curves have been developed and calibrated with data from
consecutive field seasons. The requirement for a second relationship, for use with ERS-
2 SAR imagery, is backed up with predictions from the ERS-1 curve of very high soil
moisture levels on the ga’a during March 1997. The values were not confirmed with
field measurements made at this time. From this simulation curve, an inverse algorithm
has been developed that mathematically characterises the relationship. For the ERS-1
data the equation for an estimate of the volumetric soil moisture (m,) given the

backscatter coefficient (o) can be expressed as a third order polynomial:

m, = 0.000557c > +0.03660 >+ 0.81860 + 6.2694 (6.1)
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and for the ERS-2 data,

m, = 0.000560 > + 0.0308c 2+ 0.5847c + 3.8498 (6.2)

Volumetric Soil Moisture

0 0.1 0.2 0.3 04
0 f { t !

Backscatter Coefficient (dB)

Figure 6.13. Soil moisture - backscatter coefficient curves generated for Qa’a Qattafi
using the calibrated IEM. The input parameters are; ERS-1 data, RMS height = 0.16
cm, correlation length = 4.5 cm, autocorrelation function = Gaussian, incidence angle
= 23", ERS-2 data, RMS height = 0.23 cm, correlation length = 4.5 cm, autocorrelation

function = Gaussian, incidence angle = 23 .

From Equation 6.1 it is possible to generate estimates of the volumetric soil moisture for
all of the ERS-1 scenes acquired for Qa’a Qattafi. The result for ERS-2 data is validated
separately by predicting the soil moisture from the imagery acquired in the 1998 field
season (Section 6.5). The predicted soil moisture curve through the winter of 1995 and
spring of 1996 is displayed in Figure 6.14. The data are compared with precipitation
data from the station at Safawi, even though this station is over 30 km away. It is

acknowledged that correlating rainfall between regions 30 km away is very erroneous in
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semi-arid environments and therefore these values only illustrate the relationships
between surface soil moisture and rainfall (see Section 6.1). No rainfall data are

available in the central parts of the study area.
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Figure 6.14. Estimated soil moisture values for Qa’a Qattafi, over the winter of 1995,
calculated from backscatter coefficients derived from ERS-1 SAR data. Actual estimates
of soil moisture from in-situ measurements (taken at the same time as the satellite
acquisition) are shown for comparison. Rainfall data from the Safawi station are also

presented.

The results of the model inversion algorithm shown in Figure 6.14 indicate that levels of
soil moisture at this site reach approximately 0.14 m®> water m™ soil. These are at times
when precipitation events are occurring or have just occurred (7 March 1996) or when
antecedent soil moisture values are high, after a prolonged season of higher than average
rainfall totals (23 March 1995). Compared to actual values of soil moisture taken in the

field there is a slight over prediction, however estimates are reasonably accurate. The
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result shown assumes that significant variation in surface roughness did not occur over
this period. For such a flat surface any change can be interpreted as being significant and
also difficult to detect. Therefore, the result described may be erroneous and without a
multi-parameter dataset the true result is difficult to establish. These surfaces are sinks
for water and sediment and field observations show that soil moisture in the dominantly

clay soils may never reach very low values.

6.4.2 Soil moisture retrieval: Qa’a al Wassad

The soil moisture - backscatter coefficient relationship simulated with the IEM for Qaa

al Wassad is shown in Figure 6.15.

Volumetric Soil Moisture
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Figure 6.15. Soil moisture - backscatter coefficient relationship curves generated for
Qa’a al Wassad using the calibrated IEM. The input parameters are; ERS-2 data, RMS

height = 0.17 cm, correlation length = 5.9 cm, autocorrelation function = exponential,

incidence angle = 22"
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The surface is characteristically very smooth with no major variations in surface
roughness observed during each of the four field seasons. Qa’a al Wassad is also
located in the far south-eastern part of the study area, and is beyond the limit of the
image track that covers the majority of the study area (track 257). Therefore, the
temporal coverage of this site is not as good as the other PMS and no predictions of the
soil moisture over the 1995/96 winter can be calculated. No distinction is made between
comprehensive backscatter observations made by ERS-1 and simple estimates made by
ERS-2, therefore only one general relationship is simulated. Even so, given the data
acquired in the field, comparison with SAR imagery resulted in a mathematical
relationship expressed as a third order function. The volumetric soil moisture (m,) of

Qa’a al Wassad can be calculated from the backscatter coefficient (o) by the following:

m, =0.000583c >+ 0.03650 2 +0.77570 + 5.6282 (6.3)

The relationship has been developed using field data acquired in 1997 and the
correlation length optimised for maximum soil moisture prediction. The pattern of soil
moisture values over the winter of 1995 cannot be shown for Qa’a al Wassad as the
temporal coverage by the ERS satellites was not as consistent or concise as for the sites
located within the central sub-satellite track. Equation 6.3 is validated by predicting the
soil moisture value for Qa’a al Wassad from satellite data collected during the 1998

field season.

6.4.3 Soil moisture retrieval: Qa’a al Bugayawiyya

The soil moisture - backscatter coefficient relationship for Qa’a al Bugayawiyya is
illustrated in Figure 6.16. Qa’a al Bugayawiyya shows a fluctuating temporal
backscatter signature (see Figure 3.13) thought to be caused by changing soil moisture
contents over the winter. The vegetated surface is rough (of the order of 0.5 to 1 cm),
reducing the sensitivity of the backscatter coefficient to variations in the surface height
and maximising the sensitivity to soil moisture changes. The relationship has been

derived using the IEM, with an optimised value of the correlation length. If simple
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estimates of the ERS-2 backscatter coefficient are used, these are comparable with ERS-

1 estimates. Therefore only one curve is required.

The third order polynomial equation that best represents the relationship given in Figure

6.16 can be expressed as:

m,=0.00061c >+ 0.02650 2+ 0.38660 + 1.9622 (6.4)

Volumetric Soil Moisture
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Figure 6.16. Soil moisture - backscatter coefficient curve generated for Qa’a al
Bugayawiyya. The input parameters are; ERS-1 data, RMS height = 0.76 cm,

correlation length = 25 cm, autocorrelation function = exponential, incidence angle =

21.2°

Figure 6.17 shows the predicted volumetric soil moisture values at Qa’a al
Bugayawiyya over the winter 1995 period. The predicted relationships have been
established by assuming an exponential autocorrelation function. Figure 6.5 shows that
exponential surfaces with a RMS height in the region of 1 cm do not have any
significant influence on the backscatter coefficient. Therefore if the roughness
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parameters calculated are accurate, then any fluctuation in the backscatter coefficient
may be assumed to be caused by changing soil moisture conditions. The data in Figure
6.17 indicate a significant increase in values at times of the images acquired in
November 1995 and March 1996. During March 1995, the region was partially flooded.
The values recorded are sufficiently high for vegetation to be able to establish itself on
the marab as was witnessed during the spring of 1995. Observations at the exact time of
overpass at Qa’a al Abd (north of Safawi) on the 23 November 95 recorded that rainfall

was falling. Rainfall data for the Safawi weather station are presented in Figure 6.18.
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Figure 6.17. Estimated soil moisture values for Qa’a al Bugayawiyya, over the winter
of 1995, calculated from backscatter coefficients derived from ERS-1 SAR data. Actual
estimates of soil moisture from in-situ measurements (taken at the same time as the
satellite acquisition) are shown for comparison. Rainfall data from the Safawi station
are also presented. The last estimation on May 16th 1996 shows good agreement with

the measured value of soil moisture.
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Comparison with in-situ measurements of volumetric soil moisture shows that in-situ
measurements do not characterise the variability of surface moisture contents indicated
by the SAR data. The most obvious mis-representation is the measurement that
corresponds to the 23 November 1995 image. The model predicts a soil moisture
content of approximately 0.2 m® water m™ soil, in-situ, a value of 0.07 m> water m™ soil
was recorded. However, the difference can be explained because of a delay in collecting
in-situ soil moisture data at this site of 36 hours. The precipitation event observed in the
north of the study area (that wasn’t actually recorded at the Safawi weather station) may
have deposited a covering of moisture on to the surface of Qa’a al Bugayawiyya. Once
again though this result demonstrates the highly spatial nature of semi-arid precipitation
and the need for increasing numbers of rainfall gauges to be sited in the project area.
The SAR is very sensitive to small increases of soil moisture when surface conditions
are originally dry. Another theory might suggest that moisture deposited on the night of
the 23 November may have evaporated when in-situ measurements were taken on the 25
November. Again, this is difficult to prove, therefore assumptions have to be made
concerning the occurrence of rainfall at these sites. The model will be validated in

Section 6.5 on field data and imagery acquired during the 1998 field season.

6.4.4 Soil moisture retrieval: Marab Suwaiid

The soil moisture - backscatter coefficient relationships simulated with the IEM for both
ERS-1 and ERS-2 missions are displayed in Figure 6.18. Marab Suwaiid is
distinguished from other PMS and marab sites, because of modifications to the surface
roughness that occurred in the autumn of 1996. The modifications involved some
ploughing and direct drilling to conduct seed emergence experiments. Therefore, a
relationship can be generated for ERS-1 SAR data, but another relationship that
accounts for the increase in surface roughness is required for ERS-2 data. The increase
in surface RMS height, measured from 0.2 to 1.38 cm between 1996 and 1997, increases
the overall magnitude of the backscatter coefficient but does not influence the sensitivity

of the signal to variations in soil moisture.
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For data acquired from the ERS-1 system (i.e. before autumn 1996), the equation for an

estimate of the volumetric soil moisture (m,) given the backscatter coefficient (o) can

be expressed as a third order polynomial:

m, = 0.00052c >+ 0.02916 2+ 0.52120 + 3.3407

and for the ERS-2 data (i.e. after autumn 1996),

m, =0.00063c > +0.02880 %+ 0.45360 + 2.4926
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Figure 6.18. Soil moisture - backscatter coefficient curves generated for Marab

Suwaiid. The input parameters are; ERS-1 data, RMS height = 0.2 cm, correlation

length = 3.2 cm, autocorrelation function = exponential, incidence angle = 23. 7" ERS-

2 data, RMS height = 1.38 cm, correlation length = 13.9 cm, autocorrelation function =

Gaussian, incidence angle = 23.7",
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Equation 6.5 yields a prediction of the pattern of volumetric soil moisture change
through the 1995 winter (Figure 6.19). Also, shown in Figure 6.19 are in-situ estimates
of soil moisture and precipitation data recorded at Safawi (the nearest weather station,
Safawi, is 40 km from Marab Suwaiid). Equation 6.6 is needed if future estimations of

soil moisture are to be made that account for the new roughness of Marab Suwaiid.
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Figure 6.19. Estimated soil moisture values for Marab Suwaiid, over the winter of
1995, calculated from backscatter coefficients derived from ERS-1 SAR data. Actual
estimates of soil moisture from in-situ measurements (taken at the same time as the
satellite acquisition) are shown for comparison. Rainfall data from the Safawi station

are also presented.

The temporal fluctuation of soil moisture on this marab is significant, reaching values
of around 0.15 m® water m™ soil during October 1995 and March 1996. Measurements
made in the field during the 1997 field season were calculated to be 0.18 (by volume)

indicating that this particular marab is active, in terms of soil moisture fluctuations.
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Comparison with in-situ measurements show that the model predicts the moisture
content reasonably well, although measurements were not taken at times of significant
levels of soil moisture (7 March 1996) as estimated from the SAR data. It is difficult to
relate precipitation data collected in Safawi, some distance away, with increases of soil
moisture measured with the satellite SAR. Marab Suwaiid has been ear-marked for
detailed studies on the effects of soil crusting, tillage and the incorporation of organic
matter on seed emergence and crop growth. Accurate estimates of rainfall are required

for these studies and investment into a raingauge network in this region is required.

6.4.5 Soil moisture retrieval: Marab Wutaydat

The soil moisture - backscatter coefficient relationship simulated with the IEM, using

field parameters collected during the 1995 field season, is displayed in Figure 6.20.
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Figure 6.20. Soil moisture - backscatter coefficient curves generated for Marab

Wutaydat. The input parameters are; ERS-1 data, RMS height = 0.87 cm, correlation

length = 7 cm, autocorrelation function = Gaussian, incidence angle = 25 °
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Marab Wutaydat is located in the far south-eastern part of the study area. The surface is
characteristically very sandy, vegetation is present but does not fluctuate in amount
during the wet season (Section 4.8) and it has a moderate roughness (slightly below 1
cm, RMS height) caused by aeolian depositional forms (e.g. ripples) and stones. The
marab does not display a backscatter profile which fluctuates by much over time. This
observation is understandable considering that the site is located in one of the most arid
regions of the study area and the 1995/96 winter was very dry. Expressing the
relationship shown in Figure 6.20 as a third order polynomial function of the backscatter
coefficient the model can be used to predict the volumetric soil moisture (m,) of Marab

Wutaydat from ERS SAR imagery.

m,=0.00058c > + 0.02040 2+ 0.24860 + 1.09 (6.7)

The predictions from the IEM are shown in Figure 6.21 for the 1995-1996 winter.
Comparison is made with in-situ measurements of soil moisture, limited to a single
measurement during 1995/96. It does not make sense to compare the pattern of soil
moisture with precipitation data because of the huge distance to the nearest station, ~
100 km (see Section 6.1). The results show the very stable nature of this particular
marab, therefore no realistic soil moisture predictions can be made for marab regions.
The small increase, of no real significance, in soil moisture predicted by the model
occurring on the 19 October 1995 cannot be explained fully as no weather station
information is available in the south-east of the region. This particular marab is
vegetated by shrubs. The vegetation must therefore tap into moisture located in sub-
surface layers. The chances of greater soil moisture levels at depth are increased due to
the soil properties. The soil surface is protected by a layer of sand that varies in
thickness. This layer would reduce the amount of evaporation in the upper surface layers
during the spring months, thus enabling plants to tap into this potential water source

situated in the finer substrate beneath.
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Figure 6.21. Estimated soil moisture values for Marab Wutaydat, over the winter of
1995, calculated from backscatter coefficients derived from ERS-1 SAR data. Actual
estimates of soil moisture from in-situ measurements taken at the same time as the

satellite acquisition are shown for comparison.

6.4.6 Soil moisture retrieval: Chert hammada

The specific soil moisture - backscatter coefficient relationship of the chert hammada is
shown in Figure 6.22. Only one curve is shown, as the ERS-2 simple (with respect to
the method of deriving the observed backscatter coefficient) backscatter coefficients can
be related to the ERS-1 comprehensive coefficients in this example. The equation for an
estimate of the volumetric soil moisture (m,) given the backscatter coefficient (0'°) can

be expressed as a third order polynomial:

m, = 0.00052¢ > +0.01590 %+ 0.170 + 0.6712 (6.8)

224



Volumetric Soil Moisture

0 0.1 0.2 0.3 0.4
0 + } + |

g "]
g 4
[>)
= -6 -
Q
(o]
@)
5 8
o
<
2
2 -10 |
[$)
(5]
m

-12 4

-14 -

Figure 6.22.  Soil moisture - backscatter coefficient curve generated for the chert
hammada. The input parameters are; ERS-1 data, RMS height = 0.7 cm, correlation

length = 5.5 cm, autocorrelation function = exponential, incidence angle = 21",

Based on the relationship represented in Equation 6.8, the seasonal soil moisture
characteristics of the hammada surface can be determined. Figure 6.23 displays the
predicted trend in soil moisture values over the winter of 1995, actual estimates of soil
moisture from in-situ measurements and precipitation data from Safawi, (the nearest
weather station). The model indicates that soil moisture levels do not vary by any large
amount even during periods of wet weather, and do not reach any significantly high
value. This prediction is confirmed by low values of soil moisture measured in-situ in
1996 and 1997 at this site and similar hammada surfaces located further south towards
Azraq. The reason that fluctuations in soil moisture are detected on these surfaces
(Chapter 3) may be due to the strong sensitivity of the backscatter coefficient to
increases in soil moisture when low antecedent values exist (discussed previously in this
chapter). Therefore, the detection of soil moisture changes on hammada surfaces are
dependent on the occurrence of rainfall events immediately prior to the satellite

overpass. Furthermore, fluctuations of surface soil moisture may be more severe on
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hammada surfaces because of their exposure to climatic parameters (strong winds and

more insolation) resulting in an increased chance for water evaporation.
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Figure 6.23. Estimated soil moisture values for the chert hammada surface, over the
winter of 1995, calculated from backscatter coefficients derived from ERS-1 SAR data.
Actual estimates of soil moisture from in-situ measurements (taken at the same time as
the satellite acquisition) are shown for comparison. Rainfall data from the Safawi

station are also presented.

6.4.7 Soil moisture retrieval: Limestone hammada

The soil moisture - backscatter coefficient relationship predicted using the IEM is
illustrated in Figure 6.24. The limestone hammada sites situated near to the town of
Azraq lies towards the south within one of the most arid parts of the study region.

Precipitation in this region is infrequent. The lack of rainfall is reflected in the very low
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estimates of soil moisture measured in the field. The surface has approximately the same
roughness characteristics as the chert hammada region situated further north, but does

not exhibit the same seasonal fluctuation in the backscatter signature.
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Figure 6.24. Soil moisture - backscatter coefficient curve generated for the limestone
hammada. The input parameters are; ERS-1 data, RMS height = 0.66 cm, correlation

length = 5.5 cm, autocorrelation function = Gaussian, incidence angle = 19.8",
The limestone hammada was found to exhibit mainly Gaussian surface autocorrelation
characteristics. The equation for an estimate of the volumetric soil moisture (m,) given
the backscatter coefficient (o) can be expressed as:

m, = 0.00058c > +0.01390 2+ 0.12130 +0.4123 (6.9)
Using the retrieval formula given in Equation 6.9, volumetric soil moisture values were

calculated for the limestone hammada surface over the winter of 1995/96 (Figure 6.25).
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Figure 6.25. Estimated soil moisture values for limestone hammada, over the winter
of 1995, calculated from backscatter coefficients derived from ERS-1 SAR data. Actual
estimates of soil moisture from in-situ measurements (taken at the same time as the
satellite acquisition) are shown for comparison. Rainfall data from the Azraq station

are also presented.

The values predicted are low, soil moisture never attaining 0.05 m® water m™ soil. Small
peaks are observed on the November 1995 and March 1996 acquisitions at times of
recorded precipitation in the north of the study region (Marab Salma station).
Comparison with in-situ measurements cannot confirm the ability of SAR to detect
changes in soil moisture because of the small range of soil moisture values observed. In-
situ measurements again never reached above 0.05 m® water m> soil, this is not
surprising given the exposure of these surfaces to climate and soil conditions that
increase potential evaporation and that large areas of hammada do not support the

growth of vegetation.
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Precipitation data from the Azraq weather station are also shown in Figure 6.25. The
winter of 1995/96 was, on record, significantly dryer than average winter totals and this
is reflected in the amounts of precipitation recorded at Azraq. The data indicate that a
small amount of rainfall may have fallen over the limestone hammada site at this time.
However, the fluctuations in the temporal backscatter signal may also be caused by SAR
system noise as the fluctuations are generally less than 2 dB. Therefore, the potential for
SAR to extract soil moisture information from this surface may be limited. However, it
cannot be fully verified whether this site (and other similar sites) can be monitored

during periods with higher amounts of rainfall.

6.4.8 Soil moisture retrieval: Fahda Vesicular basalt

The Fahda Vesicular basalt site is difficult to characterise in terms of its roughness
properties. However, for the purpose of moisture retrieval from the spaces between the
stones where the soil is exposed, the surface has a high RMS height (o = 2.3 cm from
1997 roughness data) and measurements indicate a Gaussian surface autocorrelation
function. These parameters ensure that the backscatter coefficient is independent of
changes in surface roughness. The temporal signature of the basalt surfaces calculated
from ERS-1 SAR data is very stable for reasons discussed in Section 3.2.1. Very small
fluctuations are observed and, if these fluctuations are to be interpreted as changes in
volumetric soil moisture, the soil moisture - backscatter coefficient relationship needs to

be established (Figure 6.26).

Inversion of this relationship leads to an equation for the estimate of volumetric soil

moisture (m,) given the backscatter coefficient (o), expressed as:

m,=0.00061c >+ 0.01450 2+ 0.1214c + 0.4056 (6.10)
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Figure 6.26.  Soil moisture - backscatter coefficient curve generated for the Fahda
Vesicular basalt. The input parameters are; ERS-1 data, RMS height = 2.3 cm,
correlation length = 7.2 cm, autocorrelation function = Gaussian, incidence angle =

21.9"

Calculated volumetric soil moisture values over the winter of 1995 are shown in Figure
6.27. The values indicate that the soil moisture of the basalt site is very constant. A
slight increase is estimated for the 23 November 1995 overpass where rainfall was
observed falling close by to the Fahda Vesicular basalt. An increase in backscatter is not
registered for the 7 March 1996 acquisition, for which a precipitation event occurred
just prior to this date. One possible interpretation of this phenomenon is that if the basalt
boulders and surrounding soil are covered with water (the case on the 23 November
1995) then the SAR will detect this. If the rainfall event occurred prior to the image
acquisition (the case on the 7 March 1996) then it would most likely have evaporated
from, or drained off, the boulder surface which have most influence on the intensity of
the signal, due to the roughness of the surface. Comparison with in-situ estimates of soil
moisture taken at the Fahda Vesicular basalt site are limited because measurements at
this site were not taken during the spring 1996 field trip. This was because fieldwork

time (alongside colleagues) had to be concentrated on other basalt sites. The cross-
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comparison with ERS-2 data acquired in 1997 yielded some problems discussed in the
following paragraph. The potential for soil moisture retrieval over basalt surfaces is
again limited by the very small changes in backscatter coefficient that are detected and

the possibility that these can be attributable to system noise and processing errors.
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Figure 6.27. Estimated soil moisture values for Fahda Vesicular basalt, over the
winter of 1995, calculated from backscatter coefficients derived from ERS-1 SAR data.
Actual estimates of soil moisture from in-situ measurements (taken at the same time as
the satellite acquisition) are shown for comparison. Rainfall data from the Safawi

Station are also presented.

Simple estimates of the backscatter coefficient calculated from ERS-2 SAR data used to
calculate volumetric soil moisture values using Equation 6.10 indicate a reduction in
soil moisture to around 0.05 (by volume) for the images acquired in the spring of 1997
and of 1998. Both images were acquired during wet periods. It is evidence such as this

that indicates possible inter-calibration problems between the ERS-1 and ERS-2 SAR
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systems. However, the possibility of a reduction in soil moisture occurring during these

overpass acquisitions cannot be ruled out, due to the limited field data available.

6.5 Model Validation

The IEM results were validated by comparing satellite-derived estimates of the soil
moisture content with in-situ measurements taken in a different part of the site (but still
within the 500 by 500 m homogeneous area, see Section 4.2). Unfortunately, the model
validation results were hampered by the failure of the ERS-2 SAR instrument (too many
missing lines) to acquire data on the 17 April 1998 for the two central image scenes
(track 257). The majority of the model validation testing was undertaken in relation to
this overpass. The acquisition on the 29 March 1998, covering the eastern section of the
study region was successful, although only two of the permanent monitoring sites were
covered by this overpass (Marab Wutaydat and Qa’a al Wassad). It was decided to
apply the model results to the data acquired on the 6 February 1998, and to use the soil
moisture values collected during the March and April of that month to try and establish
the soil moisture conditions at that time. It is fully acknowledged that the inversion
algorithms cannot be fully tested as the observed values of soil moisture do not relate in
time to when the predictions are made. However, as 1998 was a particularly wet year on
average, with conditions similar in February to that observed in March and April, cold
and cloudy with regular precipitation events, at least some validation of the model’s
abilities could be obtained. The eight permanent monitoring sites were visited during the
1998 field visit. Soil moisture, roughness and field descriptions were recorded. Detailed
analysis was conducted at the Qa 'a al Buqayawiyya as this site was in the vicinity of all
major land cover types and was easily accessible. The observed volumetric soil moisture
(m, ops.), backscatter coefficient (o) calculated from either the 6 February or 29 March
1998 image, and predicted volumetric (m, pres) S0il moisture using the algorithms stated
in Section 6.4 are presented in Table 6.3. The predictive ability of the model can be

viewed more clearly in Figure 6.28.
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PMS

c (image date)

Mvpnd. m, obs.
Limestone hammada -10.79 (6-Feb-98) 0.00 0.01
Qa’a Qattafi -16.15 (6-Feb-98) 0.08 0.10
Chert gravel -10.81 (6-Feb-98) 0.04 0.08
Fahda Vesicular basalt -8.27 (6-Feb-98) 0.05 0.11
Marab Suwaiid -13.61 (6-Feb-98) 0.07 0.09
Marab Wutaydat -10.96 (29-Mar-98) 0.05 0.08
Qa’a al Wassad -13.64 (29-Mar-98) 0.36 0.12
Qa’a al Buqayawiyya 1 -10.88 (6-Feb-98) 0.11 0.13
Qa’a al Bugayawiyya 2 -11.95 (6-Feb-98) 0.09 0.11
Qa’a al Buqayawiyya 3 -12.82 (6-Feb-98) 0.08 0.12
Qa’a al Bugayawiyya 4 -11.02 (6-Feb-98) 0.10 0.09
Table 6.3. Model validation results, developed for the retrieval of volumetric soil
moisture information from 1998 ERS-2 SAR imagery.
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Figure 6.28.  Estimates of soil moisture from ERS-2 SAR data compared against soil

moisture estimates derived in-situ in 1998. Apart from the outlying over prediction of

soil moisture at Qa’a al Wassad, the inversion model slightly under estimates the value

of soil moisture estimated in the field. The line x =y is shown.
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In the example described here, the null hypothesis states that there is no regression line
slope (B), i.e. the mean of the observed soil moisture does not change at all when the
predicted soil moisture changes. The alternative hypothesis suggests that there is a
relationship between the two parameters. In this example, a one-sided test is adopted,
stating that there is a positive association between the predicted and observed soil
moisture estimates (Moore, 1995). The hypothesis statements are summarised below

followed by the statistical results.

Hy: B =0 (null hypothesis)
H;: B> 0 (alternative hypothesis), where B is the slope of the relationship.

e Considering all 11 sample points the regression analysis (degrees of freedom =
9 {=11-2}) yielded a ¢ value of 1.78 and a two-sided P value of 0.108. Dividing the P
value by two (for a one-sided test) gives a new P value of 0.054. This indicates that
there is strong evidence (the null hypothesis can be rejected at a 10% level of
significance for a one-sided test) that a relationship exists between the predicted and
observed soil moisture values. This means that the confidence level in using the model

to predict soil moisture is approximately 80%.

e By incorporating a knowledge of the physical interaction of SAR waves (with
the ground surface) and having a brief description of the surface properties the
confidence level of the model can be improved. This is done, for one example, by
removing surfaces that are extremely flat, for reasons discussed previously. In this case,
the outlying sample point (for Qa’a al Wassad) is removed from the analysis. The new ¢
value calculated is 4.276 and the associated two-sided P value is 0.0027 (degrees of
freedom = 8). Dividing P by two a value of 0.00013 (for a one-sided test) shows that the
null hypothesis can be rejected with a 99% level of significance. This indicates that
there is a very strong positive relationship between the two parameters and that the
model predicts the observed values with a confidence level in excess of 98%. However,
the amount of confidence that should be placed on estimates derived from SAR imagery
should be considered carefully using as much information on surface properties as

possible.
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The results indicate that the model predictions are, in most cases, lower than the values
of soil moisture measured in the field. The exceptional case of Qa’a al Wassad can be
explained by the fact that heavy and sustained rainfall occurred for two days prior to the
data acquisition on the 29 March 1997. Due to the surface sediment characteristics of
ga’a, penetration of the moisture into the lower strata, may not have occurred. The soil
moisture ThetaProbe (Section 4.3) derives an estimate from the upper 6 cm of the soil
and not the very surface layers. In this particular example, all of the radar interactions
and scattering of the signal may have occurred in the upper few cm of the surface and
not at lower depths. Another explanation for the increase in backscatter might be caused
by small increases in surface roughness that were not measurable in the field. The
inversion algorithms have been shown to yield realistic estimates of the volumetric soil
moisture for a range of desert surfaces given the backscatter coefficient from ERS-2,

now it is operating alone.

The inversion algorithms can be exploited further by transforming an ERS SAR image,
which has been initially converted to an estimate of the backscatter coefficient, to a
thematic map of surface volumetric soil moisture. This is carried oﬁt at Qa'a al
Bugayawiyya, one of the permanent monitoring sites, shown in red in Figure 6.29. The
spatial and temporal pattern of surface soil moisture distribution in Qa’a al
Bugayawiyya (described in Section 3.2.3) is illustrated in Figure 6.30. The key to the
classification map and a location diagram (Figure 6.30a) are shown on the following
page. Qa'a al Bugayawiyya is surrounded to the north by basalt boulders and to the
south by a chert h<ammada. In the north-west of the marab, small agricultural fields have
been developed by ploughing of the soil. These areas of temporal cultivation (dependent
on the amount of rainfall) are clearly distinguished on the images that follow. In Figure
6.30, ERS SAR PRI data have been converted to a backscatter coefficient (ERS-1 SAR
to a comprehensive backscatter estimate, ERS-2 SAR to a simple backscatter estimate)
using the equation given by Laur et al. (1996), assuming that the change in incidence
angle across the image sub-scene has a negligible effect on the backscatter coefficient.
The estimates of backscatter coefficient have been transformed into a volumetric soil

moisture value using Equation 6.4 and have been divided into soil moisture classes.
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Figure 6.29.
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(b) 23 March 1995 (c) 6 July 1995 (d) 19 October 1995

(e) 23 November 1995 (f) 24 November 1995 (g) 28 December 1995
(h) 1 February 1996 (i) 7 March 1996 G) H April 1996
(k) 16 May 1996 (1) 28 March 1997 (m) 6 February 1998

Figure 6.30. Soil moisture distribution maps of Qaa al Bugayawiyya, derived from
ERS-1 and ERS-2 SAR imagery. The images covers 9 by 8 km, north is to the top.
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The sequence shows the ability of SAR to make quantitative estimates of the volumetric
soil moisture both over a winter period (1995 - 1996) and between consecutive seasons
(spring 1995, 96, 97 and 98). The maps have been classified to indicate regions of low
soil moisture (light blue) to regions of moderate soil moisture (blue to dark blue) to
areas of high soil moisture (purple, red and yellow). It should be stated that the
conversion algorithm for soil moisture estimation is only meaningful on the marab
region and not applicable to the surrounding basalt or desert pavement surfaces (Figure
6.30a). The soil moisture map on the 23 March 1995 (Figure 6.30b) distinguishes
clearly the extent of flooding, shown in white due to the low backscatter properties of
calm water. Surrounding the standing water and also an area stretching towards the
south are regions of high soil moisture, which is likely to be almost saturated (displayed
as zones of yellow and red). However, immediately surrounding areas of standing
water, there are regions indicated by light blue colours signifying low soil moisture. It is
difficult to fully explain this observation; one possible reason is that a reduction in the
backscatter coefficient may be caused by volume scattering within vegetation, that is
flourishing in the high soil moisture conditions. Volume scattering processes, are not
considered in this research, although the author acknowledges that volume scattering
may be an important factor at times when vegetation cover becomes greater than 30%.
The southern reaches of the marab appear to have low soil moisture values, indicating
that the ephemeral water body had not extended to this region prior to the image being

acquired.

The next acquisition, on the 6 July 1995 (Figure 6.30c), displays the marab in mainly
blue hues indicating that average soil moisture levels across the region are low. The
cultivated region in the north-west section of the map is easily distinguished as is the
surrounding basalt. The estimates indicate that the volumetric moisture of the surface
soil is between 0.05 and 0.1 m> water m™ soil. In dry conditions, volume scattering
from sub-surface layers may be contributing to the overall backscatter signal; this
scattering factor is not accounted for in this study. During October (Figure 6.30d),
conditions are much the same, as temperatures are still high, rainfall is almost totally
absent (and had been since May) and surface soil moisture levels are minimal (see

Section 4.7 for climate data). The two following image acquisitions, are from ERS-1
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and ERS-2 operating in tandem mode (Figure 6.30e and f). A precipitation event
occurring on the day the image was collected (as discussed in Section 6.4.3) is reflected
by an observed increase in soil moisture values for large parts of the central and
southern sections of the marab. Twenty-four hours later, the soil moisture map suggests
that these areas are already starting to dry up, these areas are indicated by increasingly
blue hues. A large area, located in the upper central part of the marab appears to be
almost unaffected by the precipitation event as the low soil moisture values remain
relatively constant. The tandem images highlight the potential of SAR to detect rainfall
events that increase soil moisture levels in the surface soil, but also illustrate the
variable nature of soil moisture in desert regions and the limitations of depending on

images acquired every 35 days.

During December and January of the 1995/96 winter, small increases in soil moisture
are observed in localised regions of the marab, particularly for January (Figure 6.30h).
The large increase in soil moisture that is estimated over almost all of Qa’a al
Bugayawiyya is due to a large precipitation event (Section 4.7) that occurred prior to
and during the image acquisition on the 7 March 1995 (Figure 6.30i). Increases in soil
moisture are detected in the southern parts of the marab. Even though the image
indicates high levels of soil moisture across the marab, the winter of 1995/96 was not
particularly wet and no vigorous ephemeral grass growth occurred. Conditions in April
and May of that year (Figures 6.30j and k) show diminishing estimates of the soil

moisture content in response to the cessation of rainfall.

The remaining two images, acquired during March 1997 (Figure 6.301) and February
1998 (Figure 6.30m), display relatively low soil moisture levels across large parts of the
marab. In both of these years, average rainfall values were higher than normal, although
this is not reflected in the upper soil moisture estimates that the C-band SAR system is
most sensitive to. It is evident here that the temporal coverage of the ERS SAR system
(35 days) is too coarse to give any realistic indication of the likelihood of vegetation
growth in desert regions. It is acknowledged, however, that one main image every 35
days in the wet season is the best that we can hope to obtain. The exploitable aspect of
SAR in this example has been to demonstrate the ability to detect changes in soil

moisture in response to precipitation events and general seasonal conditions. Similar
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multitemporal soil moisture maps can be produced for all PMS. It is not important here

to display similar results for the other PMS.

It is impossible, in this example, to state the accuracy of the inversion algorithm. Further
testing is required. However, in the example cited above for Qa’a al Buqayawiyya,
realistic estimates of surface soil moisture have been derived for most of the designated
site area. The estimation has been made, in accordance with the over-riding assumption
that surface roughness variation in the marab is negligible or at least minimal, based on
the measured roughness properties and the model simulation results. Any significant
fluctuations across the marab will not influence the sensitivity of the backscatter
coefficient to changes in soil moisture, but will affect the absolute value of the
backscatter coefficient. For example, if a region of marab has a significantly greater
surface roughness than the validation sites, then it will be assigned a soil moisture value
of 0.2 m® water m™ soil during the summer months. This is clearly an error, but
assumptions like the one stated above have to be made if the potential of using single

band data is to be fully exploited in such an application.

6.6 Conclusions

Studies cited previously in this chapter have established that information about the
surface soil moisture of a surface can be derived most easily from a multi-parameter
system. This approach is required because of other surface parameters, mainly surface
roughness, that influence the scattering of the radar wave. Any attempt to extract soil
moisture from a fixed SAR system is inherently difficult (Ulaby, 1998). To get around
this, an assumption is made that surface roughness does not significantly change on an
inter-annual and intra-annual time scale. For surfaces that are radiometrically rough, the
dependence of the backscatter coefficient on changes in surface roughness is negligible.
For surfaces that are radiometrically smooth, any change in surface roughness needs to

be quantified. The following conclusions are stated.

e Simulation of variations in the model parameter values show that the

backscatter coefficient is sensitive to changes in surface roughness when the RMS
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height is less than 0.5 cm, regardless of the amount of soil moisture. The dependence of
the backscatter coefficient to changes in the dielectric properties of the soil medium is

large and therefore encouraging.

¢ The backscatter coefficient is particularly sensitive to soil moisture increases
from 0.0 to 0.2 m® water m™ soil, and is independent of the roughness of the surface.
The soil texture has a small impact on the sensitivity, a dominantly sand-size soil having
a larger dynamic range for a change in soil moisture from 0.0 to 0.4 m®> water m™ soil,

than a dominantly clay-size soil.

e The type of autocorrelation function that best describes the surface under study
has an important influence on the sensitivity of the backscatter coefficient. Whether a
natural surface is described best by a Gaussian or an exponential autocorrelation
function has implications on whether or not the backscatter coefficient is dependent on

variations in the RMS height.

e In this chapter the classical scattering models (Kirchoff and Small Perturbation
methods) have been validated for their use in interpreting the scattering relationships for
desert surfaces located within the eastern Badia of Jordan. Field data acquired during
field visits to a number of regions yielded only a small number of potentially useful sites
that could be used for model calibration. This is because the roughness characteristics of

some of the Badia surfaces did not fit the validation criteria.

e The IEM, which has a larger validation domain, is shown to give good
agreement between observed and predicted backscatter coefficients. Correlation
coefficients calculated are in excess of 0.8. The number of samples that can be used to
calibrate the model and the accuracy of the predictions depends on the length of profile
used, the method of calculating the correlation length, and the observed backscatter
estimate to which the predicted value is compared. Two methods are available to

determine this latter parameter.
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e The best results were obtained using a profile approximately 1 m in length.
Different statistical methods of calculating the correlation length were investigated
though no one method was obviously superior. Furthermore, an experiment was
conducted to test different estimates of calculating the backscatter coefficient from ERS
SAR imagery (based on differences between the product replica power of ERS-1 and
ERS-2 imagery). Only slight improvements in model accuracy were obtained and these
recommendations were discussed. An optimal method for model calibration is presented

to yield the most accurate results.

A relationship was derived between the soil moisture and the backscatter coefficient for
each of the eight permanent monitoring sites (PMS). This relationship was
mathematically described by a third-order polynomial equation and inverted to give a
site-specific equation that yielded an estimate of the volumetric moisture content given
the average backscatter coefficient value calculated from either ERS-1 or ERS-2 SAR

data. The following conclusions are stated.

e For each of the eight sites the predicted soil moisture levels over the 1995
winter were reasonable and realistic given the geographical locations of the sites, their

surface characteristics and relating these factors to climatic data.

e Validation of the inverse model was achieved by comparing soil moisture
estimates calculated from the model with measurements made in the field during the
spring 1998 field visit. Due to an unforeseen problem with the satellite data, field data
were compared with a ERS-2 SAR image collected on the 6 February 1998. For selected
surfaces that fit certain site criteria of roughness and stability the results showed that
model predictions have confidence levels greater than 80%. There was a general under-
prediction of the soil moisture content. To improve the accuracy of the model, detailed

information on surface characteristics (e.g. surface roughness parameters) are essential.

The results, however, illustrate the difficulties in making predictions of soil moisture
content of surfaces that do not match certain criteria of surface roughness (e.g. ga’a,
smooth marab and rough basalt surfaces). The inversion algorithms can be applied on a

larger spatial scale by assuming that the larger area is approximately homogeneous and
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similar to the smaller study site. This assumption only holds if verification of the
homogeneity of the general site and specifically surface roughness conditions are made.
This introduces problems of up scaling the method to larger areas. The spatial
distribution of roughness conditions needs to be quantified before extraction of soil
moisture values is possible. This yields a map of surface soil moisture distribution for
the region of interest. Illustrated in the previous section is an example of Qa’a al
Bugayawiyya which is a seasonally vegetated marab that is of great importance in
supplying natural sources of vegetation. The maps show the spatial and temporal
variations in the surface soil moisture in response to precipitation events, the
evaporation of surface moisture and inundation by water causing a flooding event. The
ERS SAR system shows that that the marab is very dynamic in terms of fluctuations in
soil moisture and data can be used to provide reasonable quantitative estimates of
volumetric soil moisture distribution. This sort of thematic map can be used as input to a
spatial vegetation model to predict, for example, the on-set of ephemeral grass growth in

the region.
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7. Conclusions

7.1 Objectives

The active microwave instruments on board the European Space Agency ERS-1 and
ERS-2 satellites provide the scientific community with high quality, global microwave
imagery of the Earth’s surface. The scattering of microwave radiation is dependent upon
the dielectric properties of the surface medium. For a soil, an increase in soil moisture
leads to a corresponding increase in the dielectric constant of the surface. The ERS SAR
instruments operating at a fixed wavelength (A = 5.3 cm), a fixed incidence angle (23" at
mid-range), and a fixed polarisation (VV), have been utilised to address the following

objectives:

(1) To assess and exploit the ability of the ERS SAR instrument to monitor
geomorphological and hydrological changes in the environment of the north-

eastern Badia (desert) of Jordan.

(2) To calibrate theoretical microwave scattering models using field reference data
(including soil moisture, surface roughness, soil type and vegetation) and assess

their application to desert environments.
(3) To simulate the dependence of the backscatter coefficient on soil moisture
fluctuations and surface roughness changes with the aim of improving the

understanding of microwave interactions with desert surfaces.

(4) To investigate the potential for extraction of quantitative soil moisture

estimates from ERS SAR data.
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These four research objectives were investigated in north-east Jordan as part of the
Jordan Badia Research and Development Programme (BRDP). Multitemporal images
were acquired, from the spring of 1995 through to the spring of 1998. Field data
(including soil moisture, surface roughness estimates and climate data) were obtained
from four separate visits (winter 1995, spring 1996, 1997 and 1998) to aid interpretation
of the microwave data. The BRDP area, located in the western half of the ‘pan-handle’

of north-eastern Jordan, has the following characteristics:

e A total land cover area of approximately 11,200 km®. A semi-arid to arid

moisture regime and a large annual temperature range.

e Desert surfaces comprising over 50% basalt plateau. This plateau mainly
covers the north and east of the study area. Further south, desert pavements (hammada)
of cherts and limestone dominate the landscape. Superimposed within these major
geomorphic units is the drainage system comprising ga’a (flat, unvegetated mud-pans),

wadis and marab (vegetated, outwash zones from the ephemeral wadi network).

e A region of increasing population, imposing further restrictions on the limited
natural resources. Increasing use of irrigation water places further demand on

groundwater and surface water supplies.

7.2 Multitemporal image analysis

In Chapter 3 multitemporal ERS SAR data were converted to an estimate of the
backscatter coefficient so that geophysical modelling could be undertaken. The time
series of backscatter coefficients was analysed for the four main surface cover types
located in the eastern Badia region; namely basalt regolith, hammada, ga’a and marab.
The analysis shows that the ERS SAR instrument is able to detect temporal fluctuations
in the backscatter coefficient for selected land cover types (marab and qa’a). The
instrument has also shown an ability to detect relative stability’s in the backscatter
coefficient for other surface types (basalt regolith and hammada), which are less than

the estimated noise fluctuation of the ERS SAR instrument. The results show that the
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radiometric calibration, particularly of the ERS-1 SAR, is consistent and reliable. The
fluctuation in backscatter coefficient observed on marab and ga’a surfaces is greater
than the estimated fluctuation due to noise. The observed fluctuations can be attributed

to two main processes:

e Changes in soil moisture content. The dependence of the backscatter
coefficient on soil moisture is independent of the surface roughness properties of a
surface. This implies that for a given input of surface soil moisture, a hammada
(moderately rough) and a ga’a surface (relatively flat), should respond, radiometrically,
by a similar amount. This study has shown that different desert surfaces respond to
changes in surface moisture in different ways. This is caused by the way in which soil
moisture is stored or drained from the surface layers and also due to the dominant
scattering processes (surface, double-bounce and volume scattering). Natural marab
surfaces have low vegetation coverage and a surface of mainly coarse sediments that
help to stabilise the surface, reducing erosion. If surface roughness remains
approximately constant, then any fluctuations in the backscatter coefficient will be

caused by changes in the dielectric properties of the soil surface.

e Changes in surface roughness. The backscatter coefficient is very sensitive to
changes in surface roughness, at low values of RMS height (< 0.5 cm) with respect to
wavelength. Qa ’a surfaces are characteristically very flat and therefore have a low RMS
height. Any small changes in surface roughness are difficult to measure using a pin
profilometer, the only method available in this research to determine this parameter.
Hence, the contribution of surface roughness change to the fluctuation in backscatter
observed is inherently difficult to determine. As marab surfaces are relatively rough,
having larger RMS height estimates, the sensitivity of the backscatter coefficient to
variations in RMS height is reduced.

These qualitative observations were numerically analysed using theoretical scattering
models. Field data of soil moisture, surface roughness and soil particle size were used as
inputs to the models. Additional information on the vegetation characteristics and

climate were also collected.
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Objective (1), concerning the ability of the ERS SAR to monitor geomorphological and
hydrological processes in dryland regions, has been fulfilled by the observations made

above.

7.3 Parameterisation of roughness

In Chapter 5 the usefulness of the parameters that describe the roughness of natural
surfaces and that are specified as input data to the scattering models were investigated.
Three parameters of roughness are required as input data; RMS height, correlation
length and autocorrelation function. There are a number of methods available to
estimate surface roughness. A number of factors influence the estimates derived, for
example, the length of the transect and the surface slope. Data were acquired from four
field seasons using a pin profilometer, the instrument itself having several disadvantages
over a laser profiling method. These profiles were digitised and roughness estimates

calculated. The following conclusions were reached:

e The RMS height parameter describes the roughness of a surface better than the

correlation length.

e The estimate of correlation length was dependent on the length of transect
used. Correlation length increased as the transect length increased. No method of

estimating the optimal transect length is specified in the research literature available.

e Roughness parameters were estimated for three profile lengths; short (30 or 48
cm), ~1 m and long (up to 3 m). The best and most reliable results were obtained for ~1
m transect lengths. A short transect length yielded too small a correlation length for
model calibration to be achieved, while too long a transect length incorporated slope and

larger scale roughness effects.

e The influence of surface slopes on the estimate of roughness parameters not
only altered the RMS height, but also increased the correlation length. Ideally therefore

a level surface is required to determine the roughness parameters.
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e Two methods of deriving the correlation length were compared, the Pearson
method and a simplification of this method. In this research no real advantages were

gained in using the Pearson method.

e The autocorrelation function, describing the horizontal relationship between
surface heights, for the natural surfaces studied can be described mathematically as
approximating a Gaussian or an exponential function. Analysis of field data, for basalt,
hammada, qa’a and marab sites show that there is no preference for either function for
any of these major land units. The function that best describes the data varied spatially
(collected at a different position within the site) and temporally (collected during

different seasons and years) in some cases.

e A laser profilometer would reduce the time-consuming process of obtaining
pin profilometer measurements, and would increase the sample data-set and accuracy.
Errors introduced in the collection (photography), digitising and processing stages are
difficult to quantify. Higher levels of data analysis, e.g. power spectrum, could also be

used with this amount of data.

7.4 Theoretical modelling

The small perturbation (SP), Kirchoff (comprising the geometrical optics (GO) and
physical optics (PO)) methods and the integral equation model (IEM) were tested for
their application in a dryland environment. Prior to calibration, it was necessary to
simulate the sensitivity of the backscatter coefficient to changing surface roughness and
soil moisture conditions. The main findings of the simulation experiment results,

illustrated in Chapter 6, are:
e A large sensitivity of the backscatter coefficient to surface roughness, when the

RMS height was <0.5 cm. This relationship is independent of the amount of moisture in

the soil.

248



e The soil type, parameterised by the particle size distribution, has a relatively
small (maximum 2 dB difference between a clay-rich soil and a sand-rich soil) influence

on the backscatter coefficient.

e The selection of the autocorrelation function parameter, described by either a
Gaussian or an exponential relationship, has a significant influence on the sensitivity of

the backscatter coefficient to changes in surface roughness.

Having acquired an understanding of how surface parameters influence the backscatter
coefficient, the models were calibrated to test their accuracy in predicting the
backscatter response of desert surfaces. Field data were input into the model to generate
predicted backscatter coefficients. These values were compared to estimates calculated
from ERS SAR PRI data, acquired synchronously. The model calibration process was
divided into two stages. Stage 1 was concerned with calibration of the first-order
scattering models; SP, GO and PO methods. Stage 2 was concerned with the calibration
of an approximation of the second-order IEM. Field data were acquired in the
November 1995, spring 1996 and 1997 seasons. The main conclusions of the stage 1

calibrations are:

e Significant limitations in the use of the SP, GO and PO methods. The
roughness characteristics of the desert surfaces studied often did not fall within the

validation criteria specified by these approaches.

e The number of sample points that could be used to calibrate the SP, GO and
PO methods were a limiting factor in obtaining confidence in the future use of these
models. For ten different scenarios tested, i.e. using different estimates of the correlation
length as previously stated, the number of sample points ranged between 9 and 16.
Correlation coefficients between predicted and observed estimates, varied between 0.63

and 0.89.
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Stage 2 calibration of the IEM yielded better results. The main conclusions are:

e A greater range of the model’s application, restricted only in the prediction of

the backscatter coefficient from very rough surfaces (RMS height > 2.7 cm).

e For ten different scenarios tested, the number of sample points that were used,
ranged between 28 and 36. Correlation coefficients calculated between predicted and

observed estimates of the backscatter coefficient ranged between 0.78 and 0.88.

e The best results were obtained using a transect length of ~1 m to calculate the
roughness parameters, a result previously confirmed in analysis of roughness parameters

(Section 7.3).

e Due to calibration discrepancies observed between ERS-1 and ERS-2
backscatter coefficients, results could be slightly improved using two different methods
to calculate the backscatter coefficient. For ERS-1 SAR data, a comprehensive equation
was used to calculate the backscatter coefficient. For ERS-2 SAR data, a simple

equation was used.

Objectives (2) and (3) have been fulfilled in this section of the research. The results
show the restricted application of the classical scattering models in a dryland
environment. However, encouraging results were obtained with the IEM in predicting
the backscatter response of the desert surfaces that characterise the eastern Badia of
Jordan. Although this approximation of the IEM is not applicable to very rough basalt
surfaces, understanding of the scattering processes has been improved through model

simulation and calibration.

Consequently, from the encouraging results obtained with the IEM, the potential of
model inversion for the extraction of soil moisture values from ERS SAR imagery was
investigated, fulfilling Objective (4) of this thesis. Two major assumption were
specified in undertaking model inversion. The first assumption stated that the roughness
of the natural desert surfaces was constant or any changes did not have a major

influence on the backscatter coefficient i.e. when the RMS height is > 1 cm. This
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assumption is almost definitely not true for ga’a surfaces in the eastern Badia but is
assumed for the other main surface types. The second assumption was related to the
correlation length. This parameter has been shown to be unrelated to the backscatter
coefficient and was difficult to determine accurately from field measurements.
Therefore, an optimal value of the correlation length was assigned to each permanent
monitoring site studied. This enabled a realistic simulation of changing soil moisture

conditions to be achieved.

Soil moisture simulation and inversion procedures were undertaken for eight permanent
monitoring sites located in basalt, desert pavement (hammada), ga’a and marab land
units. Using input data that parameterised field conditions at each site, a third-order
polynomial equation was calculated that best described the relationship between the
backscatter coefficient and the volumetric soil moisture content. The main conclusions

derived from this procedure were:

e For imagery acquired over the winter of 1995, the soil moisture levels are
shown to increase in response to rainfall events recorded prior to the image being
collected. This is consistent for the majority of the permanent monitoring sites. Under
the assumption that surface roughness change is not responsible for any of the variations
observed in the backscatter coefficient, realistic estimates of volumetric soil moisture

are derived for all of the sites.

e The soil moisture characteristics of the basalt surfaces are relatively constant
throughout the year with only small reductions in predicted soil moisture occurring in
the summer months. The greatest seasonal variation in soil moisture occurs in marab
regions. The assumption that roughness is not changing in these regions, is validated

through field observation and measurement.

e Conversion of the backscatter coefficient image to a volumetric soil moisture
image show the spatial distribution of surface soil moisture. These show areas of
temporary moisture accumulation, areas of prolonged moisture retention and areas of

seasonal inundation. Regions that show relatively large estimates of soil moisture
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accumulating over consecutive images highlight zones of possible ephemeral vegetation

growth.

The inversion procedure, a simple best-fit line approach, was tested by predicting the
volumetric soil moisture for the permanent monitoring sites in the spring of 1998.
Unfortunately the inverse algorithms could not be fully validated due to the failure of an
image scheduled for acquisition in April 1998, caused by too many missing lines. To
avoid wasting the large amount of field data that were collected for this purpose, the
observed moisture levels were compared to predicted moisture levels from an image
acquired in February 1998. Although no direct comparison can be made, conditions, it
seems, were not that different, in terms of rainfall levels, during these months. The
results showed that there was a general under-prediction of the soil moisture content
from ERS SAR imagery. Regression analysis on the predictive ability of the model
indicated confidence levels were in excess of 80%. Improvement of the model’s
predictive ability can be achieved by incorporating some local knowledge about surface
characteristics and then making informed judgements about the suitability of the surface

for extracting soil moisture estimates.

Objective (4), therefore, can only be partially fulfilled. Complete testing of the ability to
extract quantitative soil moisture estimates of desert surfaces using ERS SAR has not be
achieved here, due to an instrument malfunction. No future opportunity to acquire
satellite data and field data is possible in this research. Even so, the potential for the
ERS SAR instrument to be used to extract soil moisture information has been shown.
By overcoming the problems of a fixed wavelength, incidence angle and polarisation
system, in assuming that surface roughness and soil type are fixed parameters, realistic
quantification of the soil moisture and seasonal change in soil moisture levels can be

determined for natural desert surfaces in the eastern Badia of Jordan.
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7.5 Application of results: Jordan Badia Research and Development

Programme

The results contained within this thesis show the potential for soil moisture
measurement using microwave remote sensing techniques in a dryland environment.
Having basic information about surface conditions, and a series of multitemporal radar
images, soil moisture monitoring and mapping can be achieved through the method
described here. Spatial maps of soil moisture can be used as input to distributed
hydrological models or vegetation growth models, or more simply used to locate zones
of soil moisture change, accumulation and drainage that may also indicate regions of
vegetation growth. The data presented here are of importance to both the Bedouin
people of the Badia landscape and research scientists. As well as providing information
related to surface water resource, the SAR data have also proved to be sensitive to
surface roughness variations of desert surfaces, complementing existing archives on the
geology and geomorphology of the region. Furthermore, SAR provides a tool for the
accurate mapping of the distribution and size of flooding events. The satellite data and
soil moisture maps will become important information layers in the Jordan BRDP GIS,

a regional tool to aid decision making for all aspects of development in the area.

The real potential for the estimation of surface soil moisture levels will only be achieved
if near-real time imagery is collected and delivered to the user. Implementation of the
algorithms described here can produce real-time estimates of the spatial distribution of
soil moisture levels and, furthermore, yield a quantification of these levels. This can
only be achieved with an investment into the acquisition of frequent and real-time

imagery.

On a wider scale, the results show that the extraction of representative soil moisture
values is possible using a fixed wavelength, incidence angle and polarisation system.
This is achieved by assuming that roughness conditions of specific desert surfaces do
not fluctuate by an amount that affects the backscatter coefficient. For some desert
surfaces found within the eastern Badia of Jordan and in other desert environments, this

assumption cannot be accepted. Literature cited in this thesis indicates that playa (ga‘a)
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surfaces are very active, their surface responding to changes in surface moisture by
forming cracks, caused by swelling and shrinking of the salt and smectite clay-rich
surfaces. Other desert surfaces studied in this thesis, basalt regolith, hammada and
marab, are considered to have stable roughness properties over the time scale
considered in this study (three years). In some cases, human modifications to natural
desert surfaces through cultivation practices, modify the roughness. These roughness
changes need to be quantified to model the corresponding change in the microwave

backscatter coefficient.

To accurately determine the individual contribution of changes in soil moisture and
surface roughness, a multi-parameter (e.g. polarisation, wavelength) approach is desired.
Models that require multi-parameter field data for their calibration are widely available
for soil moisture applications (Chapter 2). Unfortunately multi-parameter data, either
from the L-band JERS-1 system or the RADARSAT multi-incidence angle system,
could not be utilised in this project even though limited coverage from these satellites

are available.

7.6 Recommendations for future research and ENVISAT

Further areas of research that would build on the results of this project are:

e Calibration of a sub-surface soil moisture model that can utilise spatial surface
soil moisture data, obtained from this research, to predict the penetration of moisture

into the critical rooting zones of perennial shrubs and ephemeral grasses.

e Investigate interferometric SAR products (e.g. coherence) for dryland studies.

e In the analysis of the parameters that describe surface roughness, estimates of
the correlation length parameter, were found to be inconsistent and were dependent
upon the length of profile and surface slope. Future research should investigate other
methods of determining the horizontal roughness of a natural surface. A sampling

method that enables a large number of transects to be acquired would increase the
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confidence level of roughness measurements and reduce the noise variations introduced

by a limited sample number.

¢ The space-borne SAR instrument used in this study, has a temporal resolution
of 35 days. On desert surfaces, soil moisture fluctuations can be rapid, for example, a
rainfall event between image acquisitions could go totally undetected by the satellite. In
this thesis, the ERS SAR instrument has been able to detect fluctuations in the
backscatter coefficient of vegetated desert surfaces in response to precipitation events
occurring prior or during the acquisition. Future research might involve the use of an
airborne SAR that acquires images on consecutive days after a precipitation event. This
would yield useful information on the spatial distribution of surface soil moisture and
fluctuations occurring after the surface has been wetted. As rainfall in desert regions is
often unpredictable and inconsistent, it is only good fortune that the overpass occurs at
the same time as a rainfall event. Ideally, the temporal resolution needs to be as large as

possible for accurate monitoring of dryland soil moisture.

¢ To determine the magnitude of changes in surface roughness on the backscatter
coefficient and to enable empirical and semi-empirical modelling of scattering, multi-
parameter data are required. The following section discusses the advantages of using a
multi-parameter system, namely, the next generation ESA satellite, ENVISAT, carrying
the advanced synthetic aperture radar (ASAR) instrument. Case studies of fluctuating
soil moisture and surface roughness are presented, using field data from the eastern

Badia. The extra information that ENVISAT can potentially offer is discussed.

7.6.1 ENVISAT

ENVISAT will be launched in 1999 and will have on board a very sophisticated radar
system having a number of modes of operation; image, wide swath, wave, alternative
polarisation and global monitoring. The orbit will be similar to that of ERS-2 giving a
repeat cycle of 35 days. ENVISAT will be able to operate at different imaging
resolutions, from the image mode similar to that of ERS-2 (approx. 30 m spatial

resolution) to global monitoring (approx. 1 km spatial resolution). The latter mode
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covers a swath width of over 400 km. The main advantage for the application presented
in this thesis is the alternating polarisation mode that enables scenes to be imaged
simultaneously in vertical (VV) and horizontal (HH) polarisation (ESA 1997).
Exploitation of the various modes have already been established for general remote
sensing science, earth science (land), marine and ice science applications (DRA 1997).
To illustrate the potential benefits of alternating polarisation data, for soil moisture
studies, examples of model simulations are presented. The model used is the integral
equation model, calibrated with data used in this study. For both VV and HH
polarisations, the dependence of the backscatter coefficient on changes in volumetric
soil moisture (m® water m™ soil) and surface roughness are modelled. The main findings

of the experiments are:

e The smaller the estimate of RMS height, the larger the difference between the
two polarisations becomes, especially at low levels of soil moisture. Figure 7.1 shows
the dependence of the backscatter coefficient to changes in volumetric soil moisture (m’
water m” soil), for a hammada surface and a ga’a surface. An increase in soil moisture
should be detectable by monitoring the size of the difference between polarisations of

multitemporal images.

e The integral equation model (IEM) indicates, at these surface and satellite
system configurations, that the HH polarised backscatter coefficient is always less than

the VV polarised backscatter coefficient.

e For rough surfaces (RMS height >2 cm), the difference between HH and VV
backscatter coefficients is negligible, for all values of soil moisture. The difference is
also independent of other roughness parameters. The value of RMS height at which the
differences between HH and V'V polarisations become negligible may give an indication
of the absolute roughness of a surface. Two estimates of the RMS height were
calculated, from an average of three ~1 m profiles, for Marab Salma during 1997. The
two estimates of RMS height measured were 0.72 and 1.16 cm. Both profiles were
assigned a Gaussian autocorrelation function and calculated correlation lengths were 8
and 12 cm respectively. The sensitivity of the backscatter coefficient to changes in soil
moisture at these two roughness estimates is shown in Figure 7.2.
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Figure 7.1.  Dependence of'the backscatter coefficient to changes in soil moisture (m3
water m 3s0il) expressed as afunction ofpolarisation and roughness. The RMS height

ofthe hammada surface is 0.7 cm, and the ga a, 0.22 cm.

The simulation results illustrated in this section present a case for further research into
the monitoring and modelling of dryland soil moisture, using the eastern Badia of Jordan
as a test site. With ENVISAT ASAR data it is possible to obtain surface RMS height
estimates if soil moisture levels are known, these are easily obtained using the single

polarised method discussed in this thesis or from in-situ measurements.
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Figure 7.2 Dependence ofthe backscatter coefficient to changes in soil moisture (m-
water m 3soil). The simulation indicates that a surface (e.g. Marab Salma) with a RMS
height of 1.16 cm does not display different scattering intensities at W and HH. At a
lower RMS height (0.72 cm), the differences in backscatter are greater, a measurable

indication ofthe absolute roughness o fthe surface.

The results achieved in this study highlight the encouraging potential for dryland
resource monitoring applications. The European Space Agency’s ‘Strategy for Earth
Observation’, is for a series of complementary polar-orbiting and geostationary satellites
to study the Earth’s environment and resources, to continue to improve meteorological
observations (ESA 1997). Microwave remote sensing has become a growing component
of this overall strategy. For the future, SAR, will be a useful tool in mapping and

monitoring natural resources in dryland regions.
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