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ABSTRACT
Soil salinisation is a major problem in coastal and inland Australia. This thesis
focuses on the use of airborne multi frequency quadpolarised synthetic aperture radar
data for mapping soil salinity. Four major contributions have been made. The first is
the application of known soil moisture inversion algorithms to the tropical wetlands in
northern Australia. This required the development of an appropriate filter for selecting
data, from a highly heterogeneous environment, that satisfy the known validity region
of the models. The second is a new methodology developed for isolating the
imaginary part of the dielectric constant, which is correlated to the electrical
conductivity of the target. The third is a non-linear model for vegetation correction of
the airborne radar data for mapping soil salinity. The fourth is a highly accurate
methodology for mapping bio-indicators of saltwater intrusion using a data fusion
process.
The first contribution provides an analysis of the application of existing inversion
algorithms to the tropical wetlands. This is a significant step from their common
application, primarily homogeneous agricultural environments. This lead to the
development of the data selection filter which also allowed assessment of the degree
of vegetation cover and density beneath which soil parameters could be assessed.
These contributions demonstrate the transportability of the algorithms to the natural
tropical wetlands of northern Australia. However, these algorithms are not able to
determine soil salinity.
Soil salinity information is known to affect the radar backscatter data. The second
contribution outlines the development of the Combined Model (CM), providing a
methodology to extract the soil salinity information from these data. However,
vegetation cover proved to be a problem for this model. The third contribution deals
with vegetation cover problems experienced in the development of the Combined
Model. Vegetation cover is known to attenuate the radar backscatter resulting in an
underestimation of the dielectric constant. The development of a non-linear regression
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model for vegetation correction significantly improved the results of the Combined
Model inversion for all cover types and densities that were accepted by the data
selection filter.

The fourth contribution further improves the salinity mapping procedure by analysis
of recent saltwater intrusion. Recent Saltwater intrusion is often characterised by dead
trees, which are excluded from assessment using the vegetation corrected combined
model by the data selection filter. Melaleuca spp. are known to be excellent bioindicators of wetland health and are particularly good indicators of recent saltwater
intrusion. The developed classification methodology of the fused Landsat Thematic
Mapper data with Claude decomposed radar data achieved highly accurate results.
The location and spatial extent of dead Melaleuca, assessed using this methodology,
is extrapolated as a measure of recent saltwater intrusion.

A synergism of the vegetation corrected combined model results, with the results
obtained from the data fusion process, provides a map of classified saline soils and
clearly identifies recent saltwater intrusion.
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1.1.

DESCRIPTION OF THE IMPORTANCE OF WETLANDS AND THE

IMPACTS OF SALINISATION
1.1.1. Global

Over the past twenty years appreciation of the value of internationally significant
wetlands and water resource management culminated in the Ramsar convention which
Australia joined in 1971.
'Wetland' is a generic term that encompasses swamps, billabongs, lakes, saltmarshes,
mudflats and mangroves. Wetlands are areas that have acquired special characteristics
from being wet/inundated on a regular or semi-regular basis. The term also applies to
depressions in the landscape of the arid regions that only occasionally hold water but
which, when they do, teem with life and become environmental focal points (Peck
1998).
Article 1.1 of the Ramsar Convention defines wetland as:
"areas of marsh, fen, peatland or water, whether natural or
artificial, permanent or temporary, with water that is static or
flowing, fresh, brackish or salt, including areas of marine water the
depth of which at low tide does not exceed six metres."
Article 2.1 of the Convention provides that wetlands: "may incorporate riparian and
coastal zones adjacent to the wetlands, and islands or bodies of marine water deeper
than six metres at low tide lying within the wetlands."
Under the convention, wetland types are divided into five system forms:
•

Marine (coastal wetlands including rocky shore);

•

Riverine (wetlands along rivers and streams);
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•

Estuarine (including deltas, tidal marshes and mangrove swamps);

•

Lacustrine (wetlands associated with lakes);

•

Palustrine (marshes, swamps and bogs).

Wetlands are a vital element of national and global ecosystems and economies. At the
most fundamental level, wetlands are a key part of the water cycle, playing critical
roles in maintaining the general health of the world's rivers, estuaries and coastal
waters. Wetlands protect our shoreline from wave action, mitigate the impact of
floods, absorb pollutants and provide habitats for animals and plants, including a
number of species that are threatened or endangered.
Wetlands are also critical to maintaining and improving our quality of life. They
provide tangible benefits to the world economy, such as employment opportunities.
Wetlands purify our water and are focal points for recreational activities. They form
nurseries for tish and other freshwater and marine life and as such are of critical
importance to the commercial and recreational fishing industries. In some areas,
wetlands support grazing, forestry and cropping.
Despite a growing understanding of their many values and functions, wetlands remain
one of our most threatened resources. Continued degradation of, once abundant,
wetlands impacts on bio-diversity, productivity, economy, social and cultural value,
which in tum affects our quality of life.
In summary, wetlands are ecologically, economically and socially important for: Biodiversity conservation; Nursery and breeding grounds, especially for fish and
waterbirds: Improved water quality; Biological productivity; Aesthetic, cultural and
heritage values; Recreation: Nutrient cycling; Flood mitigation through water storage
and retention: Water storage; Ground water recharge; Scientific research; Education;
Foreshore protection from wave action and erosion; Soil and water conservation; and
Grazing, forestry and cropping (Peck 1998).
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lt is useful to make a distinction between loss, which is normally the result of

deliberate intent, and degradation, which may be an indirect and unanticipated
consequence of actions within wetlands and their catchments. The distinction between
loss and degradation is not absolute. Continued degradation may result in the
complete loss of wetland functions and values.
Development of urban areas and agriculture has involved substantial loss of wetlands
and the conversion of watercourses into drainage lines resulting in loss of in-stream
habitat both in Australia and worldwide. Agricultural management and maintenance
of wetlands can be compatible, and agriculture need not involve complete loss of
wetland function and values. Sustainable natural resource management necessarily
involves wetland management as part of a whole systems approach (Peck 1998).
It is arguable whether saltwater intrusion is considered a degradation or conversion of
wetland types. Notably signiticant saltwater intrusion can occur as a naturally cyclic
process (Heerdegen and Hill 1999). Countries experiencing saltwater intrusion,
natural or otherwise, include: Australia, Belgium, Egypt, France, Greece, Germany,
Indonesia, Iran, Israel, Libya, Lebanon, Malaysia, Netherlands, Philippines, Thailand,
Spain, United Kingdom, United States and Vietman (Ghassemi et al. 1995). The
mechanisms operating in these situations is often poorly understood (Beven 1989).
There are also significant wetlands (and also drylands) which are affected by
salinsation (seawater intrusion or otherwise) that is not due to natural processes.
Rising watertables of saline aquifers due to increased recharge or the upward leaking
from deeper aquifers not only causes land salinisation, but will increase the seepage of
saline groundwater into rivers and watercourses, enhancing their salinisation as well
(Ghassemi eta!. 1995). This can lead to the transportation of the problem to other
areas (Kuecher 1997).
Agricultural and urban infrastructure such as dams, weirs and locks in regions where
groundwater is saline can generate or aggravate salinisation problems (Ghassemi eta!.
1995).
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Estimates of the area of land affected by salinity vary widely. Estimates by the
Internation Commission on Irrigation and Drainage (ICID) who surveyed the irrigated
and salt-affected lands in 24 countries, where about 90 Mha were irrigated, indicated
27 Mha, or about 30% of the irrigated land was salt-affected (Framji 1976). At this
time, soil salinisation was increasing by about 1 to 1.5 Mha per year by both natural
and human-induced causes (Kovda 1983 ). More recent estimates of the extent of
secondary salinisation indicate about 20% or 45.5 Mha out of a total 227 Mha of
irrigated land are salt-affected (Ghassemi eta!. 1995).
Like land resources, water resources are also affected by salinisation due to human
activities, primarily the discharge of irrigation return flow or accelerated saline
groundwater seepage to surface water systems. In almost all countries with major land
salinisation, water salinisation is an accompanying or integrated problem (Ghassemi
eta!. 1995).

Waterlogging is often the forerunner of land salinisation. It damages plant growth and
adversely affects production. In the early stages of resultant soil salinisation, a
reduction of soil productivity is observed, with progression to the destruction of all
original vegetation. Transforming fertile and productive land to barren land and
involving loss of habitat and reduction in bio-diversity (Ghassemi et al. 1995).
Environmental damage also occurs when saline water from drainage schemes or
groundwater is stored in off-stream flood plain areas or wetlands. As part of salinity
mitigation programs, these areas are either left to evaporate naturally or discharge
when high flow rates in the main stream prevail (Williams 1987). In the case of
natural evaporation, damage occurs directly in the areas inundated with saline water
and is often very severe. For example in the Kesterson Reservoir and Natural Wildlife
Refuge, water fowl death and deformities have been observed (Tanji et al. 1986). In
the second case, damage may occur when pulses of highly saline water are allowed to
tlush downstream (Ghassemi et al. 1995).
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No accurate global estimates of the damage caused by salinisation to the economy of
affected countries are available. The economic losses due to salinisation are difficult
to estimate considenng losses in productivity, infrastructure, bio-diversity and social
and cultural values. However, in the Murray-Darling Basin and Southwest of Western
Australia, it is estimated to be 414 million USD per year (Ghassemi et al. 1995). This
includes agricultural loss, water supply damage, waterlogging and stream salinity
only.

1.1.2. National

The ignorance of the importance of wetlands and the roles they play is exacerbated in
Australia where many wetlands are ephemeral, remaining dry for years, or parts of the
year, with temporal flooding during wet seasons or after rain.
It is estimated that approximately 50 percent of Australia's wetlands have been
converted to other uses since European settlement. In some regions the rate of loss has
been even higher. For example, 89 percent have been destroyed in the southeastern
part of South Australia (Peck 1998 ).
The Commonwealth Government of Australia has direct management responsibility
for a significant area of Australia's wetlands and also to administer a range of social,
economic and environmental programs that impact on wetland conservation and use
throughout the country. The Commonwealth is a signatory to several international
treaties relating to wetlands and must accordingly ensure that its obligations under
these treaties are met.
Australia is a strong and active supporter of the global efforts to acknowledge the
importance of wetlands and modify human practices so that these areas are retained
for future generations. The Ramsar Convention of 1971 was the first global intergovernmental treaty, which promoted the conservation and wise use of natural assets.
Australia was the tirst Contracting Party to the Ramsar Convention and in March
1996 hosted the Sixth Conference of the Contracting Parties.
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"The Wetlands Policy of the Commonwealth Govemment of
Australia, and the strategies it details, seek to ensure that the

activities of the

Commonwealth government

promote

the

conservation and ecologically sustainable use and where possible
enhancement,

of

wetland

functions.

The

Commonwealth

Government is committed to the implementation of the Ramsar's
convention 'wise-use' principles. The convention defines 'wise-use'
as "sustainable utilisation [of wetlands] for the benefit of
humankind in a way compatible with the maintenance of the
natural properties of the ecosystem." (Peck 1998).
The Ramsar Convention's broad aims are to halt the worldwide loss and degradation
of wetlands and to conserve, through wise use and management. those that remain.
With Australia's support and involvement, the Convention has developed Guidelines
for the Wise Use of Wetlands, which equate to the principles of ecologically

sustainable development.
The threat of human induced salinisation to these wetlands and indeed land and water
resources in general have resulted in the government's commitment to a number of
initiatives designed to assist in modifying human practices to ensure that these areas
retain their ecological and commercial value for future generations. Examples of this
include: the Australian coastal monitoring initiative (Lassig 1996); the River Murray
Salinity Strategy (2001- 2015) by the South Australian Government; the National
Land and Water Resources Audit 2000, funded by the Federal Government through
the Natural Heritage Trust; the National Dryland Salinity Program (1993- 2003)
funded by the Federal Government; and the recently launched National Action Plan
on salinity and water quality (2001).
In Australia, although only 0.16 Mha of the irrigated land are salt-affected, about 0.65
Mha have water tables shallower than two metres. Moreover, saline seepage in nonirrigated lands affect 0.8 Mha and salt scalds affect an additional 3.8 Mha of
croplands (Ghassemi et a/.1995). In the southeast of Australia, the River MutTay has a
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salinity of less than 25 mg L' in its headwaters and about 480 mg L·' downstream at
Morgan. In an average year the river exports 5.5 million tonnes of salt to the sea and
approximately 30% of this load is human-induced, largely from groundwater inflow
(Ghassemi et al. 1995). In the Glenelg River Basin in southwest Victoria, 95% of the
mean annual flow of the basin (approximately 689 x l06 m3 ) is classified as being
brackish to saline. This results in high river salinity leading to the use of groundwater
sources for domestic supply, stock and irrigation (Department of Water Resources
Victoria, 1989: 293-300). In the southwest of Western Australia, agricultural
development has led to extreme stream salinisation to the extent that 36% of the
divertible surface water resources is no longer portable and a further 16% is of
marginal quality (Ghassemi et a/.1995).
The loss of habitat and reduction in bio-diversity is noted by the Salinity Planning
Working Group ( 1992), which provides a preliminary list of species in Victoria
(Australia) with conservation priority that have demonstrated low tolerance to
increasing salinity. The list, which is in its infancy and generalised throughout
Victoria, contains 97 flora, 38 terrestrial vertebrates and 12 fishes. A high proportion
of the rare and threatened flora species listed occurs in areas at risk of rising
watertables and increased salinity. As salinity degrades vegetation communities (such
as woodlands, wetlands and grasslands), it adds to the threats facing animals which
rely on those communities for their survival (Ghassemi et a/.1995).
The National Action Plan on salinity and water quality aims for a holistic
management approach. It is imperative that the problem be addressed not only from a
continental and catchment overview but also at the local land manager level. Without
the support of land managers, the modification of human practices would most likely
fail. A number of options for the management of salinity are available. Engineering
options include: drainage, conjunctive use of surface and groundwater, interception
schemes, dilution flow, irrigation channel lining or piping, land-forming and grading,
changing itTigation practices, reuse and disposal options and desalinisation. Other
management options include: biological options such as modified agricultural
practices especially with respect to planting regimes and revegetation; and policy
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options such as water pricing and transferable water entitlements (Ghassemi et
a/.1995).
As state or political boundaries do not limit soil salinisation, an integrated total
catchment management approach is required. This presents a significant challenge for
Australia, as a viable approach has to include land managers, community, local and
regional councils, state and federal government agencies with a diversity of interests.

1.1.3. Local

Federal government policy, in line with the Ramsar Convention, has been actioned
within Australia and in particular in Kakadu National Park (KNP), the Alligator River
Region (ARR) and the Mary River catchment. The coastal fringes and associated
wetlands within these regions demonstrate the application of these policies within
different frameworks. KNP is a managed consortium between Federal and Territory
government agencies and Traditional Owners (T.O.s) of the region. This includes
institutions such as the Environmental Research Institute of the Supervising Scientist
(ERISS ), Parks Australia North (PAN), Parks and wildlife Commission of the
Northern Territory (PWCNT) and the Nardock and Narweilemil people (Lane 2000,
Saynor et a/. 1997). Where as the Mary River system management group, with respect
to wetland policy implementation, comprises a mixture of government agencies and
land holders I managers. These include the Department of Lands Planning and
Environment (DLPE), PWCNT and the Mary River Catchment Land Care Group. The
ARR management is a combination of the above as the area stretches across
government and private ownership.
KNP, ARR and the Mary River catchments include substantial'wetlands' as defined
by the Ramsar convention. They fall primarily within the Marine, Riverine, and
Estuarine, but mostly Estuarine, wetland categories. The area has significant
economic, biological, social (tourism in particular), and cultural (specifically
Indigenous heritage) status. Consequently management, in line with the Ramsar
convention and government policy, places signiticant responsibility onto the
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Commonwealth to ensure economic sustainability and continuing research to ensure
policy compliant outcomes.
The administration, through the above agencies, of a range of social, economic,
environmental and research programs that impact on wetland conservation and use
throughout the region ensures the application of government and Ra.msar policies.
Issues such as the degradation of wetlands through grazing, feral animals and
saltwater intrusion have been identified and have resulted in evolving mangement
plans and strategies. Other impacts on wetlands such as tourism and sustainable
recreational fishing are under stricter control, particularly in KNP.
Three major problems with respect to wetland degradation and I or loss have been
identified on the plains of the Lower Mary and Alligator River systems. First, the
plains are being affected by saltwater intrusion. Second, they are threatened by woody
weed infestation, primarily Mimosa pigra. Third, feral animals notably buffalo
(Bubalus bubalis) (up until the end of the Brucellosis and Tuberculosis Eradication

Campaign (BTEC) in the late 1980's) and pigs (Sterling 1992) have caused significant
degradation.
Saltwater intrusion is identified as a major problem in the Alligator River Region
(ARR). Extended tidal inundation and saltwater intrusion is evident through the
observation of Melaleuca (Paperbark tree) dieback. The degree of concern over
saltwater intrusion in the ARR is highlighted by the creation of physical earth
barrages, constructed by the Parks and Wildlife Commission of the Northern Territory
(PWCNT), in an attempt to curb the inundation.
A case study of the Mary River drainage system, which is located to the west of the
ARR, revealed that in the 1940s the Mary River drained as a discontinuous series of
linear billabongs and for most of the year did not reach the coast as a discrete channel.
Since that time the two major tidal creeks, Tommycut and Sampan Creeks, have
expanded, accommodating larger tidal flows and extended as far south as the
freshwater Shady Camp Billabong (Figure 1.1 ). The penetration of saltwater into the
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Figure. 1.1 Mary River catchment, NT, Australia
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plains has stressed the natural vegetation, and led to extensive dieback of paperbark
(Melaleuca spp.), grasses, and sedges across these plains. (Woodroffe and Mulrennan

1993).

Although Mimosa pigra is a significant problem within the ARR, the study site for
this thesis is relatively free of the infestation. Although the study of Mimosa pigra is,
in itself, an extensive area of research, the investigations of Mimosa pigra is not
relevant to the objectives of this project and not been investigated.
The influences of feral water buffalo (Bubalus bubalis) have played a significant role
in breaking down the fragile natural barriers (cheniers) due to the creation of swim
channels. The cheniers are the only protection against the enormous tidal influences
of the region. Historic swim channels behind the natural barriers have the capacity to
extend and speed up saltwater intrusion. Since the majority of feral buffalo have been
removed, this factor is expected to have less impact over time. Whether the
acceleration of the saltwater intrusion on the Mary and Alligator River systems is due
to human induced climate change or feral disturbance agents is unknown (Finlayson
1997).
The first stage in the ecologically sustainable development and management of the
wetlands is measurement and monitoring. Traditional methods of measurement and
monitoring are not keeping pace with the information requirements of the responsible
agencies. Additionally, the remoteness and inaccessibility of the regions significantly
increases the costs of traditional methods, hindering the implementation of Federal
government and Ramsar policies in the ARR and Mary River catchments. This is
noted in the impacts observed on wetlands of the region. Specifically, the coastline
has and is expected to undergo significant change due to saltwater intrusion
(Heerdegen and Hill 1999). The significance of being able to remotely assess soil
salinity and saltwater intrusion, in this remote region, allows the efficient and cost
effective monitoring of this key biophysical parameter.
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The results of this study provide: a methodology for rapid remote measuring of soil
salinity; a methodology for remotely measuring recent saltwater intrusion; and a
comprehensive soil salinity map with recent saltwater intrusion clearly identified as
base line data for use in future temporal studies.

1.2

TECHNOLOGICAL SOLUTIONS: REMOTE SENSING

Remote sensing is the only cost and time effective tool for monitoring such vast
unpopulated areas, common in Australia, and exemplified in the study area. In the
past, aerial photography has been used extensively for the creation of topographic
maps and for land use and land cover mapping together with ground based
assessments. However, aerial photography has limitations especially when compared
to some of the advantages offered by other remote sensing platforms such as airborne
and spaceborne radar and optical systems. These comparative limitations are
primarily associated with cost per spatial coverage (Edwards 2001). Remotely sensed
data from satellite platforms is making imagery available at widely varying scales for
the extraction of information about the surface (Green et al. 1996). The relatively
moderate cost of these data allows frequent repeat observations and thus renders it as
a useful management tool (Menges 2001). As the data is collected in digital format,
computer processing can be applied far more readily than to aerial photography. Data
from remote sensing satellites in the optical and infrared region of the electromagnetic
spectrum has been available since the 1970s. As the need for greater information
about our natural systems has increased, the limitations of the optical sensors continue
to become more apparent. One of the major disadvantages of optical technology is
their inability to penetrate cloud cover. This results in either unusable imagery or
imagery that is spectrally impaired due to haze for example. This can lead to digital
classification errors. In the tropical regions of the world, frequent cloud cover occurs.
In the study area, this results in the loss of the ability to collect optical data for nearly
six months of the year. This signiticantly inhibits studies concerned with seasonal
variation, in the absence of remotely sensed data (Hill 1996 (a), {b)).
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The well known atmospheric interference with optical and near infrared frequencies
causes problems with the utilisation of this data for resource management, especially
when utilised for temporal analyses. Various models exist for temporal atmospheric
difference correction, for example relative radiometric calibration such as the
invariant target method. However, it is often difficult or impossible to find such
targets in the natural environment. These models can be used in the absence of
detailed knowledge of the atmospheric conditions at the time of overpass or ground
based reflectance measurements. However, it is still difficult to achieve the accuracy
needed for some applications (Chavez 1996, Ferrazzoli and Guerriero 1994).
Measured reflectance limitations of optical remote sensing such as frequency related
water absorption losses, atmospheric path radiance and cloud cover are well cited in
the literature (Ahmad and Hill 1996, Chavez 1996, Green eta/. 1996, Menges 2001).
These limitations, especially in the tropics, have become more apparent with the
growing interest in imaging radar systems and airborne electromagnetics.
Optical sensors have been used successfully for the assessment of saltwater intrusion
by mapping secondary effects such as the extension or recession of the mangrove
margin (Hill et al. submitted). This has primarily been achieved through the
application of temporal analysis. It was noted that optical sensors were unable to
directly measure the level of soil salinity.
There are a number of geophysical methods for soil salinity mapping. These include
ground resistivity and electromagnetic methods, however, these are slow, labor
intensive and costly. Airborne electromagnetics can be used for soil salinity
investigations (Street 1992, Street and Duncan 1992, Cannon et al. 1994). These
methods are derived from mineral exploration technologies and measure conductivity
that correlates to salt storage in the regolith (>10m) (Ghassemi et al. 1995 ). Although
a good tool for assessing soil salinisation hazard, they lack the ability to measure
surface soil salinity, which is one of the key factors required for land managers and
catchment management authorities to develop, enact and monitor suitable
management plans.
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The recognition of optical sensor limitations in the 1970s coincided with the
improvements in radar technology as an imaging tool, whereas the airborne
electromagnetic limitations, still an emerging technology, were recognised much later.
A major factor in the improvements in imaging radar technologies was the need for
continuous information on sea ice movements to provide crucial information to ships
operating in polar regions (Menges 200 l ). Optical sensors were unable to reliably
provide this information which led to the launch of the single polarised radar satellite,
SEASAT, in 1978.
In 1981 and 1984 multipolarised Synthetic Aperture Radar (SAR) data became
available from NASA's space shuttle missions (SIR-A and SIR-B) stimulating
worldwide interest in the application of a more sophisticated imaging radar system. It
became clear that radar data was not only superior to optical data for mapping in
tropical and polar regions, but also provided information that is distinct and
supplementary to that obtained by remote sensing devices using optical and infrared
radiation.
In the past ten years there has been significant growth in research focused on
developing approaches for using SAR to study ecological processes. During this time
there has been the development of a number of advanced airborne SAR systems and
the deployment of several spaceborne SAR systems: ERS-1, JERS-1 and SIR-C/XSAR, ERS-2, and RADARSAT (Chapman 1995a, 1995b), with additional
deployments in the near future, for example ENVISAT, RADARSAT 2 and
p ALSAR. The status of imaging radar applications can be found in Kasischke et al.
(1997), Ryerson Ed. (1997) and Phinn et al. (1999).
SAR technologies have advanced to include multifrequency polarimetry, containing
information on complex phase and amplitude. This has furthered the information
available from targets and led to significant new research, using these systems, for a
variety of applications such as: Polar ice movements, age and classification; Ocean
wave modelling; Forestry and Resource management; Geology/Non-renewable
resources; Hydrology, soil moisture, hydrological modelling, tlooding, wetland
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inventories; Agriculture; Extraplanetary observation; and Arms verification
(Chapman 1995a, 1995b).
The evaluation and mapping of soil salt content from spaceborne radar only is more
tinancially desirable than the relatively expensive airborne systems. However, the
application of dielectric retrieval algorithms requires the use of full polarimetry at
frequencies lower than currently available from spaceborne platforms. This is with the
exception of occasional Shuttle missions. Also, it is observed (Chapters Four and
Five) that the lower frequencies are required to obtain a differentiable quantity in the
imaginary part of the dielectric constant that is due to salt concentration (Ulaby et al.
1981 a, 1981 b). Polarimetry is also required for the distinction from other target
influences on the radar wave, for example surface roughness (Shi et al. 1991).
A discussion on imaging radar basics can be found in Appendix 1.

1.3.

PROJECT OBJECTIVES

1.3.1. General

The major focus of this thesis is to develop methods based on remote sensing that can
be used to determine the presence, magnitude and gradient, of soil salinity in

wetlands. In particular the Alligator River Region (ARR), including the coastal
wetlands of Kakadu National Park, is used as an example of the application of these
methods. Airborne polarimetric synthetic aperture radar (AirSAR or SAR) data were
used for the study. Radar was chosen because of its ability to be acquired under cloud
conditions and its sensitivity to electrical conductivity, which is the theoretical basis
for a direct soil salinity measurement technique, as opposed to assessing secondary
features of soil salinisation, commonly achieved through optical sensor technology.
The AirSAR system provides one of the most comprehensive sets of measurements
operating at three frequencies in fully polarimetric mode.
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Minimal research has been <.:atTied out in assessing soil salt content using radar. The
radar backscatter responses from wetland targets, and in particular the effects of the
upper soil horizon, are largely unknown. This work is aimed at building information
in this area.
A small number of researchers (Moore and Acworth 1995, Acworth 1995, Taylor et

al. 1995, Billings and Odins 1995, Taylor et al. 1996) have reported attempts to
characterise saline soils using airborne radar data. Despite this work, specific soil
salinity inversion algorithms were not developed and the application of known soil
moisture inversion algorithms had not been tested in the ARR. Generally the
correlation between radar backscatter and soil/ vegetation parameters appear not to be
universally applicable and must be established for specific environments.
Taylor et at ( 1996), suggests that successful characterisation of saline soils can be
achieved using polarimetric AirSAR if soils are sufficiently moist. Pursuing this
approach required the radar acquisition to be conducted in the wet season using
sensors equipped with polarimetry and frequencies lower than about 5 GHz.
Optical sensors were tested for their ability to measure secondary effects of saltwater
intrusion, for example the mapping of dead Melaleuca spp. but were found to be
inadequate for this measure (Chapter Seven). Utilising the best qualities of both radar
and optical sensors was investigated as a method of improving the measurement of
the target biophysical factor (saltwater intrusion).
In order to complete this project, four main objectives were considered:
(i)

Determine the applicability of AirSAR data for the identification and mapping
of soil salinity;

(ii)

Assess behaviour of different AirSAR polarisation and frequency data in
characterising soil I vegetation cover;
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(iii)

Determine if the relationship between soil moisture, soil salinity and the
dielectric constant can be isolated and assessed for different targets;

(iv)

Evaluate the potential of AirSAR data in combination with data from optical
sensors for mapping saltwater intrusion.

1.3.2. Determine the applicability of AirSAR data for the identification and
mapping soil salinity

A number of remote sensing technologies and techniques have been investigated as a
means of mapping soil salinity, each with their own limitations (section 1.2).
The literature reveals (Chapter Four) a significant relationship between AirSAR
backscatter and soil roughness, composition, moisture content and dielectric constant,
as well as various vegetation parameters. The literature also indicates that the ability
to isolate the content of salt in soil using radar is questionable. However, some
reviews indicate that the characterisation of saline soils using airborne polarimetric
synthetic aperture radar imagery is achievable (Taylor et a/1995, 1996). After
reviewing the literature, it was concluded that the development of inversion
algorithms specifically dedicated to the measurement of soil salinity were required, as
well as further research to determine the transportability of the current methods and
technology to the environment of the tropical coastal wetlands of northern Australia.
NASA's (National Aeronautical Space Administration) JPL (Jet Propulsion
Laboratories) AirSAR system is equipped with a greater range of wavelengths and
polarisations than current spaceborne radar equipped platforms. This system provides
fully polarimetric SAR data and provides a scattering matrix for each of the three
wavelengths it employs, C-Band (5.9 em, wavelength I 5.3 GHz, frequency), L-Band
(24 em I 1.25 GHz), and P-Band (65 em /440 MHz). The scattering matrix contains
information on scattering intensity from different polarisations, phase shifts and
correlation coefficient data. The polarisations are based on the transmit I receive
orientations of the electromagnetic wave. All bands (or frequencies) are transmitted
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and received in Horizontal (H) and Vertical (V) orientations, thus recording HH, HV,
VH, and VV data for each frequency. According to previous research (Taylor et al
1995, 1996 ), these data are theoretically suitable for identifying and mapping soil
salinity.

1.3.3. Assess behaviour of different AirSAR polarisation and frequency data in
characterising soil/ vegetation cover

The literature reveals (Chapters Four, Five and Six) that the inversion formulae from
fully polarimetric SAR data have yielded successful results in the characterisation of
saline soils. Ratios and linear combinations of this type of data have been successful
in the classification of vegetation cover and have been used to assist in the elimination
of vegetation influences on the data. However, this study was applied to a natural
rather than an agricultural environment as reported in most studies of this nature. The
highly variable nature of the study area provided the opportunity to:
•

Test previously developed methodologies in a new study area as significant
regions contain similar biophysical characteristics to agricultural areas;

•

Test these previously developed methodologies under new or different biophysical
conditions; and

•

Compare and assess the application of newly developed algorithms and
methodologies under a variety of biophysical conditions.

In this study, the use of existing dielectric inversion algorithms such as the Small
Perturbation, Physical Optics and Dubois Models (Bertuzzi et al. 1992, Dobson et al.
1985, Dubois et al. 1995, Engman 1991, Engman and Chauhan 1995, Evans et al.
1992, Lin et al. 1994, Oh et a/. 1992, O'Neill et al. 1993, Sabburg et al. 1997, Shi et
al. 1997 1991, Taylor et al. 1996 1995, Wang et al. 1986, Ulaby et al. 1981a, 1981b,

1986, vanZyl et al. 1987), that have proved successful in other environments, were
assessed for their applicability to the ARR.
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Site specific characteristics, especially with respect to vegetation cover, will alter the
radar response. Therefore, it is necessary to know the effects of other targets on radar
backscatter in order to isolate the soil salt content response.
Vegetation cover has a 'corner reflector' and I or attenuation effect on the incident
radar wave (Taylor et at. 1996, Claude and Potter 1996 1997, Menges 2001). The
inversion models applied are only valid for single bounce radar data (Dubois et at.
1995, Shi et al. 1991 1997; Ulaby et at. 1981 a, 1981 b, 1986, vanZyl et al. 1987).
Therefore, it was necessary to know the limitations and abilities of each frequency to
yield single bounce data, with respect to vegetation cover type and density. Literature
on the vegetation influences on the radar backscatter was used to assess initial starting
points of this influence (Ahmad et al. 1995 1996, Basili et al. 1994, Chauhan and
Lang 1989, De Matthaeis et al. 1994, Dong et at. 1995, Freeman et at. 1994, Foody et
at. 1994, Kasischke et at. 1994, Lang and Sidhu 1983, Ranson et al. 1997, Rauste et
at. 1994, Sun and Simonett 1988, Sun 1990, Taconet et al 1994, Wang et al 1993

1995, Williams et at. 1995). Further analyses of the radar responses recorded from the
study site were used to quantify these effects, specific to this study (Chapters Six and
Seven).
The development of a classification methodology, using inversion algorithms, is
suggested by the literature. Therefore, correlation of the radar backscatter with field
measurements was required to achieve this objective.
The key to the assessment of soil salinity using AirSAR data lies in the isolation of
the imaginary part of the dielectric constant from the upper soil horizon (Taylor 1996
1995, Ulaby et al. 1981 ). This can then be used to calculate electrical conductivity
(E.C.), which is correlated to known soil salinity classes (Taylor 1993). Dielectric
constant is measured from the target, which is defined from the reflective surface. In
areas from bare surface to significant grass cover, this surface is known to be the soil
horizon at L-band (Jackson and Schmugge 1991).
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This work isolates the frequencies and polarisations required to assess soil salinity
(Chapters Four and Five) and develops a methodology for correcting for the
attenuating effects of vegetation cover on the radar backscatter.

1.3.4. Determine if the relationship between soil moisture, soil salinity and the
dielectric constant can be isolated and assessed for different targets

The dielectric constant (E) is a complex number. The real part of the dielectric
constant (9\(E)) is known as the permittivity and the imaginary part

(~(E))

is kno':Vn

as the loss factor (Ulaby et al. 1981 a, 1986).
Ulaby et a!. ( 1986) computes the real and imaginary parts of the dielectric constant
with respect to radar frequency. Ulaby et al. ( 1981a) have shown that the dielectric
constant's real part at 0 and 20 degrees Celsius is very similar for pure water and
saline water for frequencies from 1 to 103 GHz. However, there is a discernible
difference in the imaginary part at the lower frequencies (particularly at L band, 24
em I 1.25 GHz), which is not so pronounced at S (19.4- 7.69 em I 1.55- 3.9 GHz)
and C (5.9 em I 5.3 GHz) bands, with minimal difference at X (4- 2.2 em I 7.5- 13.6
GHz) band, at both temperatures (Figure 1.2).
The results in Ulaby et al. ( 1981 ), after consideration of the errors inherent in the
inversion process (such as 'speckle' and backscatter variation due to target
differences), indicate that the presence of salt in the soil will show minimal difference
in the real part of the dielectric constant (9\(E)). This indicates that differences in the
real part due to salinity variation will be too small to use as a salinity discriminator.
However, it has been established that (9\(E)) is a good discriminator for soil moisture
(Dubois eta!. 1995).
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Figure. 1.2. (a) Real and (b) Imaginary parts of the dielectric constant of pure
water and seawater versus frequency for ftC and 20°C.
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The imaginary part of the dielectric constant, however, can be used as a discriminator
of soil salt content, especially at L band. Taylor et al. ( 1995, 1996) has confirmed this
in at least two papers, but did not develop a methodology dedicated to soil salinity
measurement. The methodology for soil salinity measurement developed in this work
requires a certain level of soil moisture to satisfy electrical continuum requirements.
In this study a methodology for isolating the imaginary part of the dielectric constant
(~(E))

is presented (Chapter Five), which was then used to calculate electrical

conductivity (E. C.) and correlated to known soil salinity classes.

1.3.5. Evaluate the potential of AlrSAR data in combination with data from
optical sensors for mapping saltwater intrusion.

Since recent saltwater intrusion often affects heavily vegetated or tree covered areas,
the application of single bounce inversion algorithms seems questionable. Therefore a
different approach was necessary in order to achieve this objective. The approach
used was the isolation of secondary indicators. In order to incorporate secondary
indicators for model development, assessment and verification, it was necessary to
know the physical effects of saltwater intrusion on the environment. Many of these
indicators (e.g. the expansion I contraction of the mangrove margin) have
identification algorithms developed from temporal optical sensor data. The time lags
for measurable differences from optical sensors with respect to vegetation changes
due to saltwater intrusion can be considerable.
Melaleuca 5pp. (Paperbark trees) are known to be excellent bio-indicators of wetland

health (Bartolo et al. 2000a 2000b 2000c, Bell eta/. 2000a). This study developed a
classification methodology to map dead Melaleuca, which are extrapolated as a
measure of recent saltwater intrusion. The classification methodology is based on a
data fusion process between radar and landsat TM data.
The remote sensing literature (Chapter seven) indicates three main data fusion
techniques:
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•

Statistical methods (Welch and Ehler 1988, Wu 1985);

•

Dempster·Shafer Theory (Kim and Swain 1990, Lehrer et al. 1987, Lee et al.
1987); and

•

Neural networks (Jakubowicz 1988).

To achieve this objective an augmented vector approach (Chapter Seven), which is a
simple concatenation of the data from different sensors, is used. This provides a
method to classify multisource data. If (Xt.

... , xk)

is the feature vector at a pixel from

the Landsat TM, and (y,, ... , y,) is the corresponding feature vector from SAR data,
then the augmented or concatenated feature vector is (x,, ... , Xt. y 1,

... ,

y,) (Schistad

Solberg et al, 1994).
The classification methodology of the fused data produced highly accurate results and
provided a comprehensive map of recent saltwater intrusion, allowing an assessment
of the area converted from fresh to saltwater wetlands.

1.4.

THESIS OUTLINE

The research topic of this tliesis is to assess the ability of AirSAR data to determine
soil salinity and apply the methodology to the north Australian tropical wetlands to
produce a map of soil sa1inity. The thesis is divided into eight chapters. Chapter One
introduces the importance of wetlands and the effects of salinity, as well as
background information on the technology applied. Chapter Two provides a
description of the study area and relevant ecology. Chapter Three discusses the data
used, including AirSAR, Landsat Thematic Mapper (TM), ground and ancillary data.
Chapter Four describes the initial evaluation of existing dielectric retrieval algorithms
applied to the study area and sets the direction of the study based on these results.
Chapter Five explains the development of a new methodology for applying a
combination of dielectric retrieval algorithms specifically designed for mapping soil
salinity and their application to the study area. Chapter Six addresses the issue of
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vegetation attenuation of the radar signal, which significantly affects the inversion
results from the dielectric retrieval algorithms. This chapter provides a method for
vegetation correction of the AirSAR data for mapping soil salinity. Chapter Seven
presents the investigation of assessing the extent of saltwater intrusion using AirSAR
and Landsat TM data fusion. This chapter deals with areas of saltwater intrusion that
are not assessable using dielectric retrieval algorithms. Chapter Eight is a
concatenation of project results, providing a comprehensive methodology to produce
a soil salinity map with clearly labeled areas of recent saltwater intrusion. This
chapter also includes a summary of the thesis and implications for future research.
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CHAPTER TWO

THE STUDY AREA
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2.1.

STUDY AREA DESCRIPTION

2.1.1. Location and climate

The study area is located on the coastal fringe of Kakadu National Park in the
Northern Territory, Australia (Figure 2.1) and forms part of the Alligator River
System. The region was chosen as a study site because it is representative of the north
Australian coastal wetlands. It is internationally recognised by its listing in the
Ramsar convention. Also, this work supports other research being carried out in the
region by the Environmental Research Institute of the Supervising Scientist (ERISS)
and the University of NSW.
The study area is under direct control of the Commonwealth and is jointly managed
by its departments and the traditional owners of the region.
The coordinates of the study area are, in Universal Transverse Mercator (UTM), zone
53, Top Left 197400 8646600, Bottom Right 256200 8662350. The swath is
approximately lO x 60 km. The climate is monsoonal with mean daily maximum air
temperatures exceeding 30°C throughout the year. The region is characterised by a
distinctive wet and dry season of approximately equal length throughout the year. The
average annual rainfall for the region is 1300-1500 mm (Finlayson and Von Oertzen
1996) with more than 80 percent of the annual rainfall occurring during the five
month wet season from November to March (Panton 1993, Applegate 1990). The dry
season is a prolonged period of minimal to nil rainfall and low humidity (McAlpine
1969).
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Figure. 2.1 Study Area Map, Point Farewell, NT, Australia
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2.1.2. Biophysical conditions and ecology of the study area

Mangroves (Avicemzia marina) fringe the coast in the study area and extend into
extensive tracts across the saline flats. The area comprises large regions of relatively
smooth surfaces with a root mean square (RMS) of surface roughness< 1.5 em and
minimal slope for radar applications. These coastal flats also include areas covered by
some grasses and sedges, including many salt-tolerant species (Xerochloa imberbis,
Schoenoplectus litoralis, Tecticomia verrucosa, Sporabalas viginicus, Eleocharis
dulcis. Cynodon dac:tylon, Cypents and Fimbristylis). There are also some hardy

succulent shrubs (Halosarcia indica, Suaeda arbuscaloides, Tecticomia australasica
and Sesuvium portulacastrum) (Russell-Smith 1995, Heerdegen and Hill 1999). Open
forests (Eucalyptus tetradonta and Eucalyptus miniata) dominate the woodland
adjacent to the coastal saline flats.

The airborne radar data were acquired on 23 November 1996 at approximately 11 AM
central standard time (Australia). At the time of acquisition there was cloud cover
typical for that time of year and rain was falling. The volumetric soil moisture (mv)
was in excess of 30%. The textural classes of the soils are primarily silty loam, silty
clay loam, and clay, which exhibit moist swelling and dry cracking characteristics.
The salinity levels on the salt flats are in excess of 30 millisemens per em (mS/cm) in
some areas and reduce to practically 0 mS/cm in the woodland areas. These regions
are often spatially adjacent, indicating negligible transition of salinity levels.
To cater for the diversity of vegetation cover, with respect to the restrictions of the
dielectric inversion models applied (Chapter Four), the study area was divided into six
cover types I densities (Table 2.1). Cover type 1 is labeled as lower salt flat. It is
representative of bare surfaces with no vegetation cover (Figure 2.2). Cover type 2 is
labeled as upper salt tlat with up to 50% vegetation cover. These areas contain a
variety of salt resistant grass and succulent species as listed above (Figure 2.3). Cover
type 3 is labeled as upper salt tlat with greater than 50% vegetation cover.
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TABLE 2.1. COVER TYPE DIVISIONS OF THE STUDY AREA

Label
LS
(Cover type 1)
USMV
(Cover type 2)

Class name

Description

Lower salt flat

Bare surfaces with no vegetation cover. Highly

(Figure 2.2)

saline.

Upper salt flat 1

Upper salt flat with < 50% vegetation cover.

(Figure 2.3)

Vegetation includes a variety of salt resistant grass
and succulent species.

USDV
(Cover type 3)

Upper salt tlat 2

Upper salt flat with > 50% vegetation cover.

(Figure 2.4)

Vegetation includes a variety of salt resistant grass
and succulent species.

Inundated areas

These areas are characterised by continuous surface

(Cover type 4)

(Figure 2.5)

water with thick sedge cover.

M

Mangroves

Primarily Avicennia marina.

(Cover type 5)

(Figure 2.6)

OF

Open forest

(Cover type 6)

(Figure 2. 7)

lA

Primarily tropical savannas, including Eucalyptus
tetradonta and Eucalyptus miniata.
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Figures 2.2 Lower salt flat (cover type 1 as per table 2.1)

Figures 2.3 Upper salt flat 1 (cover type 2 as per table 2.1)
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Grass species found in these areas are also highly salt tolerant (Figure 2.4). Cover
type 4 is labeled as inundated areas. These areas often contain continuous surface
water with thick sedge cover (Figure 2.5). Cover type 5 is labeled as Mangroves. The
study area contains significant groves and tracts, which fringe the coastline and
extend across the salt flats (Figure 2.6). Cover type 6 is labeled as open forest and
primarily consists of tropical savannas (Figure 2. 7). Figure 2.8 shows the occurrence
of these classes in the study area.
2.2.

SOIL SALINISATION AND THE DISTINGUISHING

CHARACTERISTICS OF THE STUDY AREA

Soil salinisation and saltwater intrusion have dramatic influences on the natural
environment and the productivity of agricultural areas (Ghassemi eta/. 1995,
McFarlane et a/. 1992, Williams 1987 ). Observations of the coastal wetlands in the
Alligator Rivers Region (ARR) of Kakadu National Park in the Northern Territory,
Australia, indicate that the freshwater environments are converting to saltwater
wetlands. A consequence of the intrusion is the conversion of the freshwater
paperbark (Melaleuca .spp.) swamps into extensions of the mangrove margin. During
this process stands of dead Melaleuca result and juvenile mangroves (primarily

Avicennia marina) invade and establish in the affected areas.
The ARR has been identified as highly susceptible to saltwater intrusion. This is due
to the fact that the low-lying broad coastal plains in Kakadu National Park are located
in a narrow elevational band between three and fourrnetres above highest
astronomical tide level, Australian Height Datum (AHD). From the South Alligator
River to the edge of the Amhem Land escarpment, a distance of over 70 km, there is
an elevation difference of approximately 50 em. The region is also characterised by a
very large tidal range. The spring tide range is six - eight m and on the South Alligator
River, with a tidal influence extending 105 km up stream (Heerdegen and Hi111999).
Consequently, the movement of tidal water up and down rivers and streams with
coastal outlets is significant to their hydrological, geomorphological and ecological
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Figures 2.4 Upper salt flat 2 (cover type 3 as per table 2.1)

Figures 2.5 Inundated areas (cover type 4 as per table 2.1)
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Figures 2.6 Mangroves (cover type 5 as per table 2.1)

Figures 2. 7 Open forest (cover type 6 as per table 2.1)
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Figure. 2.8. Supervised classification ofSAR image ofthe study area showing the
occurrence of the six cover types as outlined in Table 2.1. and the location of the examples
shown in figures 2.2 to 2. 7.
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development (Chappell 1988). As a result, even small fluctuations in river discharge
and sea level associated with natural variation in climate are likely to have far
reaching effects on riverine processes and coastal wetlands, particularly on the tidal
hydrology of the streams and the distribution of vegetation (Finlayson 1996).
There is some evidence that saltwater intrusion is part of the natural dynamics of the
tropical coastal plains (Heerdegen and Hill 1999). The channel incision power is
exemplified by the large tidal range, which guarantees that rivers and streams
experience two bankfull and two lowflow discharges each day. Here, the importance
of tidally controlled fluvial processes is great because of the difference in
frequency/magnitude relationships compared with freshwater fluvial systems
(Heerdegen and Hill 1999). Where the large rivers change from an estuarine funnel to
a sinuous form, the peak spring tide flow is up to 10 times the mean annual flood
(Chappell and Woodroffe 1985 ). There are few rivers worldwide where even the 100year flood is 10 times the mean annual flood. Most are between two and fourtimes.
Hence, there is enormous geomorphic power associated with events that have
frequencies manyfold greater than their freshwater counterparts. It is not surprising,
therefore, that the system can break down rapidly and move from a non-tidal to a tidal
system (Heerdegen and Hill 1999). The region is also susceptible to episodic events
such as cyclones and exceptional wet seasons, which can result in natural tidal barrier
breakdown or construction.
This geomorphic power has been demonstrated through detailed research into the
Holocene evolution of the floodplains and through systematic accounts of major
ecological change that are currently taking place in the wetlands of the region
(Woodroffe arid Mulrennan 1993, Heerdegen and Hill 1999). However, responses of
the river systems to historic climate change and sea level fluctuation, and the effects
of these on the wetland environments of the coastal plains are largely unknown
(Finlayson 1996). This makes the ARR an important study site for environmental
monitoring due to its fragility with respect to variations in local and perhaps global
hydrology.
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As stated the PWCNT have recognised the degree of the problem and attempted to
curb the inundation by creating physical earth barrages. Identifying the location for
the expensive construction of these barrages to date has been through the observation
of significant change in secondary indicators, such as stressed or senesced vegetation,
and although temporally effective in inhibiting further salt intrusion, significant
damage has already been done. Similarly, other areas escape detection altogether. The
ability to map soil salinity, spatially and temporally, using active microwave data
provides a timely measure of a key biophysical parameter for monitoring and
managing environmental changes in the ARR.
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CHAPTER THREE

DATA AND MATERIALS

47

Soil salinity determination in northern Australia using AirSAR data

3.1. REMOTE SENSING OAT A
3.1.1. Suitability of radar platforms for salinity mapping

A number of remote sensing radar systems and platforms are available for collecting
data for research purposes. Radar satellite platforms include: the European Research
Satellite (ERS) which collects C band data only; the Japanese Earth Resources
Satellite (JERS) which collects single polarisation L band data and has recently been
decommissioned; and the Canadian radar satellite RADARSAT which collects single
polarisation C band data only. The application of the dielectric retrieval algorithms
used in this study require L band polarimetry (Shi et at. 1991, 1997, Dubois et al.
1995 ). Hence, these systems do not provide data rl:quired for this application. Several
Shuttle missions have collected C and L band polarimetric data that would be suitable
for dielectric retrieval, however, the missions did not include P band which is required
for the classification used in the dead Melaleuca project.
The interest in polarimetric and interferometric (Zebker et al. 1992) radar data has
resulted in a number of airborne radar platforms. These include the systems developed
in Germany, the Netherlands and the USA. The Environmental Research Institute of
Michigan (ERIM) now produces a commercial system (Sentry) which includes X, C
and L band polarimetry. The majority of these airborne systems are used for
commercial applications and data acquisition costs tend to be prohibitive.
Advantages of airborne systems include lower altitude acquisition and larger platform
size compared to satellite platforms. Lower altitude acquisition and the larger size of
the platform results in better spatial resolution, relatively short path length and allows
the incorporation of a more powerful transmitter, resulting in an improved signal to
noise ratio. Also, the choice of acquisitions with respect to location and time is more
flexible than for example, shuttle missions. Acquisitions are repeatable, adaptable
between polarimetry and interferometry and can acquire band, polarimetric and
interferometric data simultaneously for different bands.
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There are some disadvantages associated with airborne data acquisition. These are
primarily associated with the motion of the plane and hence platform stability
compared to satellite platforms. Azimuth ambiguities can occur in the data due to
platform instability. The nature of the side looking radar produces an incidence angle
variation across the image. How to compensate for this in many applications is still
unknown. Some work has been done in correcting for incidence angle in vegetation
classification (Menges 200 1) and dielectric retrieval algorithms include incidence
angle in the model. Other disadvantages

incl~de

costly acquisition, limited repeat

coverage, very intensive processing and associated time lags between acquisition and
product delivery, and generally poor knowledge of interpretation techniques. The
evolution of airborne polarimetric and interferometric (Zebker eta/. 1992) SAR
systems has resulted in the incorporation of significant technology that includes
motion compensation and improvements in data processing, eliminating many of
these errors.

3.1.2. NASA JPL AirSAR instrument
3.1.2.1. Overview

The NASA/JPL airborne SAR (AirSAR) system operates in the fully polarimetric
mode at P, L and C bands simultaneously or can include interferometry at the expense
of polarimetry for that frequency (Lou eta!. 2001).
With the AirSAR system, horizontal and vertical transmit polarisations are achieved
by alternating between the signal polarisations. The returns of each pulse are recorded
as a horizontally and vertically polarised component at each of the three frequencies
(polarimetric mode). The AirSAR system also includes a real-time processor capable
of processing any one of the 12 radar channels into a scrolling image. In addition to
checking the operation of the radar. the scrolling display is also used to ensure that the
correct area has been imaged. Table 3.1 provides a summary of the AirSAR system
characteristics. AirSAR can be operated in a number of modes due to the complexity
and flexibility of the instrument. For more detail refer to http://airsar.jpl.nasa.gov/
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TABLE 3.1. SUMMARY 01' AtRSAR SYSTEM CHARACTERISTICS.

The parameters in ( ) apply to 40 MHz chirp bandwidth configuration.
P- Band
Chirp Bandwidth (MHz)
Chirp Centre Freq. (MHz)

L- Band

C- Band

20 (or 40)
438.75

1248.75

5298.75

(427.5)

(1237.5)

(5287.5)

62

67

60

Peak Transmit Power (dBm)

WV dual microstrip

Antenna Polarisation
14

18

24

Azimuth Beamwidth (de g)

19.0

8.0

2.5

Elevation Beamwidth (deg)

38.0

44.0

50.0

Antenna Gain (dBi)

Antenna Size (m)

0.9

X

1.8

ADC Sampling Rate (MHz)

X

1.6

0.2

X

1.4

45 (90)

Data Rate (MB/s)
NE SigmaO (dB)

0.5

10

-4.

-4.5

-3.5

Nominal Altitude (m)

8000

Nominal Velocity (Knots)

450

PRF/Polarisation Channel

l (programmable) x ground speed in Knots

6.66 (3.331)

Slant Range Resolution (m)
Azimuth Resolution (m)

1

10- 15

Ground Range Swath (km)

(Lou et at, 2001)
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NASA's Douglas DC-8-72 Aircraft is a four-jet engine aircraft, extensively moditied
as a flying laboratory (Figure 3.1). Figure 3.1a shows the plane, Figure 3.1b the C, L
and P band antennas and Figure 3.1c the inside of the plane depicting the large radar
equipment and computer banks used to drive, record and monitor the system. This
aircraft has a range in excess of 5,000 nautical miles and a ceiling of 41,000 feet
( 12,500 meters). AirSAR flights are typically flown at an altitude of 26,000 feet. To
support various research missions there are facilities for intercom and air-to-ground
communications, aerial photography and video, and a digital data stream of ephemeris
(GPS, altitude etc.) data.
An AirSAR run starts recording data well before a point site and stops well after the
point site. Data are collected in this manner to ensure that the plane is flying straight
and level by the time it passes over the site. Once the recorders start up there are a few
seconds of calibration data, including pre-chirps and receiver noise only, followed by
the actual AirSAR data. Since 1993, data have been recorded on Sony tape recorders
at the rate of 32 MBytes per second. One cassette tape on the Sony recorder can hold
96 GBytes of data. The high-density digital tapes and Sony cassettes (HDDCs) are
extremely valuable since they are the only copies of the raw data recorded (Lou et al.
200 I). The system is also capable of simultaneously collecting other data, for example
MASTER (hyperspectral) data and videography.

3.1.2.2. NASA JPL data processing

A variety of processors and processing techniques are utilised to process AirSAR data
to imagery. A real-time correlator is part of the AirSAR radar flight equipment and is
used to produce low-resolution (approx. 25 meter) survey imagery. The same onboard equipment is used to generate a slightly higher resolution (15 metre) image of a
smaller area ( 12 km x 7 km) within 10 minutes of acquisition using the quick-look
processor.
Final processing of selected portions of the data to fully calibrated image products is a
post flight operation at JPL.
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(a)

(b)

(c)

Figure 3.1. (a) NASA/J PL Douglas DC-8-72 Aircraft at Danvin International
Airport (2000) (b) C Land P band antenna (c) Inside the DC-8- 72
52

Soil salinity determination in northern Australia using AirSAR data

The data is calibrated using the calibration tone in the receive chain and comer
reflector verification. Polarimetric images with better than 3 dB absolute accuracy, 1.5
dB relative accuracy amongst the three radar frequencies, and 0.5 dB between the
polarisation channels can be consistently produced (Freeman 2001 ). The relative
phase calibration between the HH and VV channels is better than 10°.

3.1.2.3. AirSAR data of the study area

The AirSAR was flown over the mouths of the East and South Alligator Rivers on 23
November 1996, at the beginning of the wet season and provided to the Northern
Territory University on CD-ROM, ID: CM5281. The data were reprocessed by JPL
on 21 May 1998. The AirSAR system was flown on board the NASA JPL DC-8 and
acquired fully polarimetric backscatter data at C-band, L-band and P-band in four
transmit I receive polarisations (HH, VV, HY, VH). The AirSAR data were acquired
under wet weather conditions, and rain was falling at the time of data acquisition.
These data were processed as a 10 km x 60 km strip product by JPL's radar Data
Centre using version 6.1 of the integrated processor, and supplied in 18 look
compressed Stokes matrix format. The look angle in the data range from 22.4 degrees
to 61.6 degrees in the range direction. No interferometric data was collected for this
project.
The Stokes matrix for polarimetric SAR data is a 4 x 4 matrix (van Zyl and Ulaby
1990). Due to the assumption of symmetry (i.e. Sh, = S,h) and averaging as part of the
multi-look processing, a maximum of nine independent numbers need to be stored for
each pixel (Zebker and van Zyl 1991). The compressed Stokes matrix as processed by
JPL therefore contains lO bytes of information per pixel, with two bytes being used to
store the total power. The total power is calculated as the sum of the magnitude of the
HH, VY and twice the HV components. The nine independent elements of the
scattering matrix for each pixel were extracted for each of the three bands (see Table
3.2). Nine channels of image data were thus available for each of the three frequency
bands.
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3.1.2. Landsat TM data

Landsat Thematic Mapper data were used as ancillary data for the radar classification
accuracy assessment in conjunction with ground data and in the fusion process
detailed in Chapter Six. These data from Landsat 5, path 105, row 68- 11, were
acquired in June 1996. Bands 2 (0.52- 0.60 )lm), 3 (0.63 - 0.69 )lm), 4 (0.76- 0.90
)lm) and 5 ( 1.55- 1.75 )lm) (green, red, Near Infrared and Middle Infrared) were
subset from the Landsat TM imagery as they are applicable for land cover mapping
(Townshend and Jackson 1982, Wright and Bernie 1986, Tucker and Sellers 1986,
Lillesand and Kiefer 1994 ).

The Landsat TM imagery was acquired in June 1996. As the AirSAR data was
acquired at the beginning of the wet season when significant cloud cover prevails,
simultaneous optical data acquisition was not possible. This is a common problem in
the tropical regions. This resulted in vegetation being imaged at different stages in
their seasonal cycle, but actual changes are unlikely, especially for the application
applied (Chapter Seven).

3.2. GROUND DATA

A multistage accuracy assessment procedure was used for this project. The stages
included ground data collection, aerial surveys and photography and multispectral
satellite imagery. Primary measurements and secondary features were used to confirm
and help quantify the accuracy of the mapping and inversion algorithms developed.
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TABLE 3.2 ELEMENTS OF THE SCATTERING MATRIX EXTRACTED FROM THE
COMPRESSED STOKES MATRIX FORMAT

Scattering element

Description

<SHHSHH•>

Magnitude of HH return

<SvvSvv'>

Magnitude of VV return

<SHvSHv•>

Magnitude of HV return

Re<SHHSv/>

Real part of HH- VV cross polarised return

lm<SHHSvv">

Imaginary part of HH-VV crosspolarised return

Re<SHHSHv *>

Real part of HH-HV crosspolarised return

Im<SHHSHv *>

Imaginary part of HH-HV crosspolarised return

Re<SHvSvv •>

Real part of HV-VV crosspolarised return

lm<SHvSvv·>

Imaginary part of HV-VV crosspolarised return

(After, Menges 2001)
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The protocols for the ground data collection procedures were initially determined
from the literature and finalised through discussions with the Environmental Research
Institute of the Supervising Scientist (ERISS) staff, Dr Carl Menges (NTU), Dr Waqar
Ahmad (NTU) and Professor Greg Hill (NTU). Surface roughness, soil moisture and
salinity, soil texture, vegetation cover and density and ecotone boundaries were
deemed necessary parameters for quantification for AirSAR data and the objectives of
the project. Surface roughness and soil parameter effects on SAR data are outlined in
Chapters Four and Five. Vegetation effects on SAR data are outlined in Chapter Six
and the requirement for ecotone boundaries is outlined in Chapter Seven. Laboratory
work on the soil and vegetation samples collected was carried out at ERISS.
The five stage ground data sampling procedure is outlined below.
First, a transect (Transect 1, Figure 2.1) was selected consisting of nine sites, spaced
evenly across the coastal salt flat, running from the edge of the open forest to the
mangroves on the mouth of the East Alligator River, at an oblique angle to the
direction of AirSAR flight. This transect was selected as it was originally sampled at
the time of AirSAR acquisition by researchers from the University of New South
Wales and ERISS. These data were latter made available for use in this project. Data
collected at this time included volumetric soil moisture, electrical conductivity and
photos for vegetation cover analysis. These data were used as reference for further
sampling.
Second, Transect 1 was resampled at a latter date to collect further data (described
below) that was specifically relevant to this project and not originally collected. Also
a second transect consisting of three sites, running parallel to the direction of AirSAR
flight and through a stand of dead Melaleuca was added to the sampling regime. This
transect was selected because its orientation to the AirSAR flight line allowed the
effects of the incidence angle to be eliminated. It was also selected because it
contained a specific area of interest to the study, dead Melaleuca. Information
collected at each point of the two transects during this phase of sampling included:
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surface standard deviation, soil samples for particle size analysis (percentage clay,
sand and silt), gravimetric and percentage soil moisture, E.C. (electrical conductivity)
for salinity determination, core soil samples (top 10 em) for bulk density analysis,
percentage canopy and ground cover, tree/shrub/grass height and species, vegetation
leaf litter depth, and vegetation samples for percentage moisture.
Third. a stratified random sample of 95 points across the study site, based on six
vegetation cover types/densities as described in section 2.1.2 (Table 2.1), was carried
out. Information collected at each sample point included: electrical conductivity
(E.C.), percentage canopy and ground cover, tree/shrub/grass height and species, and
vegetation leaf litter depth.
Fourth, ecotone boundaries including woodland/grassland, saltflat/mangrove,
grassland/bare ground, tidal line, drainage channel and dead Melaleuca boundaries,
were located using a differential global positioning system (DGPS). This fieldwork
included a section of the study area that comprised two major sites of interest. These
dead Melaleuca site surveys included the assessment of vegetation understorey,
percentage ground cover, soil moisture and salinity levels (E.C.), as well as the DGPS
collected boundary coordinates.
Finally, a helicopter photographic survey was used to obtain a post classification
accuracy assessment. During this survey, sites of interest (determined from the
classified fused data set) were checked and photographed using a digital DC290
camera linked to a Garmin III GPS. The aerial survey followed a path that
geomorphically indicated highest salt intrusion risk, for example along tidal creek
lines and the floodplain/woodland boundary, to include an assessment of the omission
en·or.
Laboratory work to analyse soil electrical conductivity (E.C.), soil particle size
(percentage clay, sand and silt}, gravimetric and percentage soil moisture, soil bulk
density, and vegetation percentage moisture was caJTied out at the Environmental
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Research Institute of the Supervising Scientist (ERISS ), Jabiru, Northern Territory,
Australia.

Protocols for the tield and laboratory work are included in appendix 3.

Ground data summary spreadsheets are included in appendix 4.

3.3. ANCILLARY DATA
Topographic maps of the study area were used to determine Ground Control Points
(GCP's) for the georeferencing of the AirSAR and TM data used in the project and as
ancillary cross checking for accuracy assessment. The topographic maps were 1 : 50
000 produced on the World Geodetic System 1984 (WGS84). The map sheets used in
the project are listed in Table 3.3.

AUSLIG (Australian Land Information Group) 250K raster data was used to develop
the study area map.
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TABLE

Series:

3.3 TOPOGRAPHIC MAP SHEETS

R722

1-AAS

Edition:

Sheet Number

Name

5373 1

Field Island, Northern Territory

5373 2

South Alligator River, Northern Territory

5472 1

Mount Brockman, Northern Territory

5473 2

Cannon Hill, Northern Territory

5473 3

Munmarlary, Northern Territory

5473 4

Point Farewell, Northern Territory
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CHAPTER FOUR

INITIAL EVALUATION OF DIELECTRIC
RETRIEVAL ALGORITHMS
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4.1.

INTRODUCTION

SAR backscatter has been shown to depend primarily on the dielectric constant
(Engman 1991, Wang et al. 1986) and surface roughness (Evans 1992) for bare soil
surfaces. The dielectric properties of soils are a function of their moisture content and
chemical composition. Several authors have described methods for the extraction of
surface dielectric properties from polarimetric radar data such as that acquired by the
AirSAR and SIR-C systems (Shi et at. 1991, Oh et al. 1992). This section of the study
investigates three dielectric retrieval algorithms, essentially used for soil moisture
determination, and assesses their transportability to the study area and their ability to
map soil salinity. The algorithms considered are the small perturbation (SPM),
physical optics (POM) and Dubois eta!. ( 1995) Models (OM).

The depth of penetration, surface roughness, and instrument parameters such as
incidence angle and frequency are further determinants of the backscatter (Engman
and Chauhan 1995). Any vegetation on the soil will have attenuating affects on the
backscatter.
The theoretical basis for measuring soil moisture by microwave techniques is the
large contrast between the magnitude of the dielectric constant of dry soil and water
(Dubois et at. 1995, Engman 1991 ). The large dielectric constant for water is the
result of the water molecule's alignment of the electric dipole in response to an
applied electromagnetic field. At L band frequency the magnitude of the dielectric
constant of water is approximately 80 compared to less than 5 for dry soils (vanZyl,
1999 pers comm).
The ability to apply soil moisture retrieval algorithms as salinity indicators is based on
several factors. First, the salinity effects on the dielectric constant as shown in Ulaby
et at. (1986) (Figure. 1.2). Second, the inversions of the algorithms return magnitude

and real parts of the dielectric constant, depending on the algorithm. Finally, the
environmental conditions under which the illumination occurred (Taylor et at. 1996),
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for example soil moisture. When comparing the complex dielectric constant of pure
water with saline (sea) water (S=32.54%o, Stogryn, 1971), minimal differences in the
real part is evident, but signiticant difference in the imaginary part can be detected, at
microwave frequencies lower than C band. Ulaby et al. (1986) has shown that the
variation in the imaginary part of the dielectric constant at C band is not significant
enough to use as a salinity discriminator (Figure 1.2).
Shi et al. ( 1991) describe radar scattering as a function of reflectivity and surface
roughness which can be represented as a function of dielectric constant (D) and
surface roughness (SR) functions (Equation 4.1):

a"" (f, B;) = D(f, pp, B; )x SR(f, B;, s, I)

(4.1)

where a is the scattering coefficient, pp indicates polarisation, f is frequency, sis the
standard deviation of the swface height, l is the suiface horizontal correlation length,
and fJ; is the incidence angle.

The small perturbation model (SPM) and physical optics model (POM) employ the
ratio of HH to VV backscatter to remove the frequency dependence of the surface
roughness function (Equation 4.2), allowing extraction of the dielectric constant. In
order to achieve this polarimetric SAR is required.

a hh ( f , 8 ; ) _ D ( f , hlz , 8 ; )
a ,.,. ( f , 8 ; ) - D ( f , vv , 8 ; )

( 4. 2)

Hence, the SPM (Equation 4.3) and POM (Equation 4.4) models can be arranged so
that the ratio of transmit/receive horizontally polarised to vertically polarised return is
expressed in terms of the complex dielectric constant and incidence angle only.
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(4.3)

ah" 1a v1·
(cos B; +

~c- sin

2

B; Y(ccos B;- sin B;
2

2

(4.4)

Y

where cfP indicates polarisation backscatter, ~ is incidence angle, and £is
magnitude of the dielectric constant.

Similarly the Dubois et al. (1995) model (OM) (Equations 4.5 a & b) can be
combined to be independent of the roughness function and can be solved
algebraically, using a linearisation of the response curve (Appendix 5, section A.5.6
No.4), unlike the SPM and POM models which require an iterative method of
solution.

(4.5a)

(4.5b)

where £g,·is the real part of the dielectric constant, his the RMS (Root Mean Square)
height of the surface, k is the wave number and A is the wavelength in em.

Mathematical expressions I derivations and regions of validity for the SPM and POM
can be found in Ulaby eta/. (1986), and Shi eta/. (1991). And in Dubois et al. ( 1995),
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for the OM. The incidence angle restriction domains for the POM and SPM are
complementary and the two models can be combined to return an image representing
the magnitude of the dielectric constant, for the full range of incidence angles. Unlike
the SPM and POM, which retrieve the magnitude of the dielectric constant, the DM
only retrieves the real part, which is a sufficient discriminator for volumetric soil
moisture.
The SPM assumes that variations in surface height are small relative to the
wavelength, that the surface slope is small and that the incidence angle is greater than
35°. The POM (the Kirchhoff model under the scalar approximation, Shi et al. 1991)
is valid when the radius of curvature is large, the Root Mean Square (RMS) surface
slope is small relative to the wavelength and the incidence angle is small (less than
35°).
The DM. is valid for frequencies between 1.5 and 11 GHz, for surfaces with
roughness ranging from 0.3-3 em Root Mean Square (RMS) height and for incidence
angles between 30°-65°.
The SPM, POM and DM are based on first order (or single bounce), same scattering
mechanism targets, that is bare and semi-vegetated surfaces. Targets which classify as
acceptable to the known validity region of the models are frequency dependent.
Previously reported applications of these algorithms are on agricultural and I or
homogeneous targets where the condition is valid. Indeed Dubois et al. (1995) states
that these models can rarely be applied to the natural environment for this reason.
Hence their primary reported use is on agricultural targets. This study applies to the
natural environment where the condition is not valid everywhere. Therefore, the areas
that are valid must be identified and will differ for different frequencies. Unacceptable
data must be identified and the percentage of useable data from a scene must be
assessed to determine if sufficient information can be retrieved.
Taylor et al. (1996) applied the small perturbation model (SPM) (Equation 4.3) to the
Pyramid Hill area (Victoria, Australia) when the soil moisture content was very high;
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indeed rain was falling at the time of illumination. The SPM is considered valid for
volumetric soil moisture (m") up to approximately 30%, after this the model plateaus
out and minimal variation for increasing soil moisture is observed. The Taylor study
demonstrated that although the algorithm was applied beyond its limits of validation,
variation in the magnitude of the dielectric constant was still recorded and
demonstrated to be consistent with soil salinity variations. Variations in the dielectric
constant at these higher soil moistures were attributed to changes in the imaginary
part. This is consistent with the algorithm validation limits and the results found in
Ulaby et al ( 1986 ). Therefore, if these algorithms are to be used independently for
salinity determination, they must be applied to targets with high soil moisture. In this
study the SPM, POM and OM were applied to the Point Farewell study area AirSAR
data. At the time of data acquisition the environmental conditions of high soil
moisture fulfilled the requirements, as the soil was saturated with ongoing
precipitation during the data capture as outlined in 3.1.2.7.
The four main objectives of the evaluation of these 3 dielectric retrieval algorithms
(the small perturbation (SPM), physical optics (POM) and Dubois eta! ( 1995) (DM)
models) in the tropical savanna I wetlands were to:
•

Develop a method of selecting data that fall within the known region of validity of
the models:

•

Determine if enough 'useable' data can be extracted from C, L, and P bands from
the natural environment of the study area for the application of the dielectric
retrieval algorithms;

•

Assess the best interpretation of the models under the environmental conditions in
which the AirSAR data was collected; and

•

Consider implications of the retrieval to the tropical wetlands I savannas and for
further study.
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4.2.

METHODOLOGY

In order to decrease processing time, considering the extent of the initial
investigations, a smaller subset of the data was selected that included the first phase of
the ground truthing. Results for this chapter are based on the analysis of the subset
data (Figure 4.1 ).

Figures 4.2 a & b show the stepwise procedure used in this part of the study.

The application of soil moisture retrieval algorithms to the natural environment of the
ARR required masking to extract first order scattering mechanism data according to
inversion model restrictions. The data exclusion process was applied to the data
before submitting to the retrieval algorithms. This was achieved by extracting the
111

horizontal transmit and receive polarisation (cJ

),

vertical transmit and receive

polarisation (cr''''), and the real and imaginary parts of the co-polarisation returns at C,
L and P band from the compressed Stokes matrix. These data were used for
calculating the correlation coefficient (r) (Baker eta/. 1994) (Equation 4.6) and phase
difference (lj>) (Equation 4.7) between the co-polarised returns and the co-polarisation
ratio

d'"lcr''". A 3 x 3 mean tilter was applied to reduce the effects of speckle (Mueller

and Hoffer 1989). Exclusion of data points for which the models are not valid is a
crucial step in the application of these algorithms in a natural environment.

(4.6)
(Note: Ma refers to magnitude and Sii are detined in Table 3.2)

f/J = arctan

a 5(1zhi'I')J
( a 'R< lzhl'l' l

a
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Figure 4.1 Study area map showing the subset used in this chapter
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Correlation Coefficient
mask based on I
from ROI

to x-

3cr

Phase Difference
mask (0 ± 45°)

IE I retrieval tor acceptable pixels
using SPM & POM (AM)

Slant to Ground range conversion

Ground Assessment

Figure 4.2 (a) Stepwise procedure used for the SPM/POM inversion.
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Stokes Matrix

Decision masking
cr 1"'-crV\ < -1.1, cr"''-cr1' 11 > 0 and 0"''1' > x min.

Application of Dubois Algorithm

Slant to Ground range conversion

Georeferenced 9\(£) image

Ground Assessment

Figure 4.2 (b) Stepwise procedure used for the DM inversion.
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Values of the correlation coefticient close to one indicate that the

d'1' and av'· are a

result of the same scattering mechanism i.e. single or double bounce scatter. Values
close to zero imply multiple scattering. To determine the cut off of r, a training area
was selected that was known to be acceptable to the known validity region of the
models. Any values of r exceeding three standard deviations below the mean for this
area were deemed unsuitable. For data points with high correlation coefficient the copolarised phase difference is required to be close to zero as this indicates single
bounce and, therefore, surfaces acceptable to the models. The phase difference was
selected to be within± 45°. All points satisfying these criteria were submitted to the
retrieval algorithms. The POM was applied to areas with incidence angle less than 35°
and the SPM to areas with incidence angle greater than 35°.

The SPM and POM cannot be solved algebraically but can be solved iteratively. This
was achieved by producing lookup tables during the inversion (IDL program,
Appendix 5). The lookup tables were restricted to between 0 to 100 for the magnitude
of the dielectric constant, consistent with variations found in other studies (Dubois et
at. 1995, Engman 1991, Oh et al. 1992, Shi et al. 1997, Taylor et al. 1995 1996).

The masked images were then multiplied by the
images of the

d' 17kl" ratio for all bands resulting in

d'"la" ratio that emanate from what are considered to be first order
1
'

problems. The masked image was then analysed for the percentage of useable data
and if above a certain threshold then submitted to the SPMIPOM inversion using the
IDL (ENVI, Software and Users Guide, 1997) program code developed (Appendix
5.2).

The relationship between incidence angle, the co-polarised ratio and the dielectric
constant clearly shows that the co-polarisation ratio is far more sensitive to the
incidence angle than it is to the dielectric constant. Figure 4.3 a & b show the surface
representation between

d'"lcr'''', 8; and

IE I, for the SPM (4.3 a) and POM (4.3 b).
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Figure 4.3 (a) Small perturbation model and (b) Physical optics model- surface
representation of d'"l d''' , B; and

/£/.
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The DM is an empirical algorithm that does not require an iterative method of
solution. The process initially performs a 2 x 2 mean filter to reduce speckle. The
inversion includes data restriction decision. The criteria for excluding data in the DM
algorithm are summarised in equations 4.8 a,b,c:
(4.8a)
(4.8b)
(4.8c)
(Dubois et al. 1995)
This selects data that is consistent with smooth, single bounce, same scattering
returns. The algorithm is only applied to L band. After dielectric retrieval the resulting
image is smoothed using a 3 x 3 window median filter. The dielectric retrieval is
achieved by the IDL program code supplied by 1. J. vanZyl and used with permission.
(Note: this program is not included in the appendix as it is under copyright). The code
is based on equations 4.5 a, b.

The final results of the algorithm inversions were converted to ground range and
georeferenced to a 50K topographic map. In order to register the final images, a
colour composite of P-HH, L-VV, C-HV as Red, Green, Blue (RGB) was necessary
to identify sufficient Ground Control Points (GCP's) with respect to the topographic
maps. After the slant to ground range conversion, the 64 GCP's were used to
determine a tirst order polynomial for resampling to 1Ox 10 metre pixel size with an
RMS error of less than fivemetres (0.3649 of a pixel).
As a final step the SPMIPOM and OM images were density sliced into five equal
intervals (between 0 to 100 for the SPMIPOM and -30 to 70 for the OM) for
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comparison. Note that the underestimation of the 9\(E) from the DM inversion, due to
the linearisation of the response curve, results in some negative values.

4.3

RESULTS

For this part of the study ground data were collected on two transects in the study area
and ecotone boundaries were collected using a DGPS, as described in section 3.2.
Appendix 4 contains the tield data collected from these sample sites. These data were
used to assess the accuracy of the inversion model results.
The ground data results show that the surface standard deviation was within the
known validity region of the models at all sites sampled in the two transects (RMS <
2 em). Soil moisture was consistent over the study site, ranging from 30 to 35% m,..
Soil salinity was very high, with E.C. ranging from 15 to 32 mS/cm (Class D soil
salinisation, Taylor, 1993 ).
The data selection process proved efficient in the selection of acceptable points for
dielectric retrieval for all models. For C and L band the selection process retrieved
over 50% of the data, whereas at P band only about 4% was classified as being
acceptable. The DM (L band only) selection process classified over 65% of the initial
data as acceptable for the inversion process.
The incidence angle demarcation of 35° for the SPM and POM can be clearly seen as
a black strip on the left hand side of Figures 4.4 a & b. Note: Figures 4.4 a, b & c are
subsets of the original data. The poor level of returns from areas of incidence angle
less than 35° indicates minimal information retrieved from the POM.
Comparisons of C and L bands for the SPM/POM inversion and L band for the DM
with respect to high soil moisture and salinity are summarised in Table (4.1 ). The
SPM/POM C band inversion shows significant attenuation of the returns indicated by
the low dielectric values. The DM also has low values because it does not include the
imaginary responses of the dielectric constant.
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The limited number of points classitied as single bounce data for SPM/POM inversion
at P band was attributed to volume scattering. This is because the returns were
consistent primarily with multiple bounce signatures, a surprising result considering
the ground data proved many of the areas of interest to be bare or semi-vegetated
surfaces.
The results from the SPM/POM C band were considered to be too attenuated to be
useful as a moisture or salinity indicator, according to the theory and validated by
these results. Two explanations are offered for the areas with little or no vegetation
cover. l. A high proportion of specular reflection at this frequency, reducing
output/return ratio, hence measured dielectric. 2. The application of the SPM/POM at
this frequency is at the lower end of their validation limits, indicating less reliable
inversion results. SPM/POM L band results gave the best salinity indicator and the
DM L band the best moisture indicator, and this is consistent with theoretical
dielectric values for saline and moist soils (Figures 4.4 a, b & c).
The returns from the water were not investigated in this study. The cover type
classification insert indicates the areas of interest.

4.4.

DISCUSSION

The DM has a wider range of data acceptability, which is evident in the percentage of
data that classified as acceptable to the known region of validity for the model when
compared to the SPM and POM. Initial assessment of the study site indicated that
sufficient area would fall within known validity regions of the models to make the
inversions worthwhile. It has been demonstrated that this is the case for L band for the
SPM and DM. Notably the POM returns little information overall and is not
considered suitable for this application. The lack of useable data from P band
indicated that this band could not be used as a dielectric indicator for this study site.
The returns from this frequency were not consistent with single bounce scattering
mechanisms. Volume scattering at this frequency is suggested for this result.
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(c)

Cover types (after figure 2.8)
Legend:
•
~

Lower sa lt fl at

•

Open forest

Upper sa lt flat I
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Water

-

Upper sa lt flat 2

•

Inundated I Sedge

Kilometres

HI

l J Mangroves

-

Figure 4.4 Study area subset as per figure 4.1, not georeferenced
(a). SPMIPOM, C- band retrieval, (b) SPMIPOM, L- band retrieval,
(c) DM, L- band retrieval
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TABLE 4.1. RANGE OF DIELECTRIC VALUES RETRIEVED FOR SOILS WITH E.C. IN
EXCESS OF 15MS/CM (CLASS D) AS PER GROUND DATA SURVEYS ON TRANSECTS 1
AND2.

Ground Truthing

Soil Moisture 30 - 35 o/c

SPM/POM

SPMIPOM

DM

C-band

L-band

L-band

Dielectric values

Dielectric values

Dielectric values

l - 20

80- 100

20-40

m,.

E.C. >15 mS/cm
(Class D soil salinisation)
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The addition of a vegetation correction to the inversion algorithms would improve the
accuracy of the returns with respect to the actual biophysical conditions measured on
the ground. The use of C band in conjunction with L band shows some promise as a
method of vegetation correction. Vegetation cover is considered responsible for the
attenuation of the returns at all bands and is particularly evident at C band.
Figure 4.3 a & b show that the regions of greatest variation of the POM and SPM are
consistent with the generally accepted incidence angle regions of validity for each of
the models. It was noted in the development of the lookup tables for these models that
the asymptotic relationship near the edge of the regions of validity for both models
had to be avoided to prevent inversion returns from the wrong side of the asymptote,
which would not be valid. This was achieved by ensuring the lookup table
development, within the retrieval program (Appendix 5), applied the models within
their incidence angles of validity.

The DM underestimates the dielectric values at high and low soil moistures. This is
because a linear model is fitted to the dielectric constants when the radar cross-section
is expressed in dB. Also, the DM is reported to return the real part of the dielectric
constant, whereas the SPM and POM return the magnitude. Since salinity variation is
reported to affect the imaginary part of the dielectric constant, the DM is best suited to
the study site as a soil moisture indicator. This is consistent with existing research
(Taylor eta/. 1996, Dubois et al. 1995) and the results found in this study.
Best interpretation of the models under the biophysical conditions recorded at the time
of AirSAR illumination:
l.

The retrieval was acceptable for two out of the three algorithms applied at L
band. The POM yielded little information from this study site;

2.

The SPM is reported to be useful as a soil moisture indicator for soil moisture
content less than 30% m,, where as the DM is valid for moisture content up to

77

Soil salinity determination in northem Australia using AirSAR data

JS% m... Since the soil moisture's ranged ti·om 30% to 35% m,., the SPM
retrievals were above the model validation limits;
3.

Application of the SPM inversion algorithm to soil moistures >30% mv has
been shown to correlate well with soil salinity (Taylor et al. 1996, Taylor et al.
1995). This is confirmed in the application to this study site; and

4.

The application of the OM to this study site is best interpreted as a soil
moisture indicator, since it returns the real part of the dielectric constant and is
applied to targets within it's parameter limitations.

The evaluation of these three models indicates that soil salinity is best assessed using
the SPM under very wet soil conditions and the OM for measuring soil moisture. A
combination of these models arranged to emphasise the imaginary part of the
dielectric constant and, therefore, soil salinity is suggested as the next phase of the
study. The unique environment of the tropical savanna I wetland interface provides a
perfect opportunity to apply these algorithms. First, large areas classify as acceptable
for application of these models and second, soil moisture conditions are met during
the wet season, for which data can be acquired, as radar is not affected by cloud
cover.

4.5.

CONCLUSION

This part of the study demonstrated that sufficient acceptable data for the application
of the SPM and OM, at L band, could be selected and retrieved from the natural
environment of the study site within the ARR. The assessment showed that the POM
parameters were too restrictive for application to this study site. Under the prevailing
environmental conditions when the AirSAR data was acquired, the DM proved best as
a soil moisture indicator and the SPM as a salinity indicator. A combination of these
models is suggested as a method of improving the results as a salinity indicator.
Vegetation correction is also suggested as a further improvement in order to assess
soil parameters under grass I sedge cover. The cloud penetrating capabilities of the

78

Soil salinity determination in northern Australia using AirSAR data

radar coupled with the repeatable environmental conditions of high soil moisture
required for salinity mapping, using this method. may prove to be a commercially
viable and cost effective option for land and resource management.

79

Soil salinity determination in northern Australia using AirSAR data

CHAPTER FIVE

THE DEVELOPMENT AND APPLICATION OF
DIELECTRIC RETRIEVAL ALGORITHMS FOR
MAPPING SOIL SALINITY

80

Soil salinity determillation in northem Australia using AirSAR data

5.1.

INTRODUCTION

5.1.1. Overview

In this part of the study, specitic inversion algorithms for determining soil salinity
from Airborne Polarimetric Synthetic Aperture radar (AirSAR) data are developed
and assessed.
No inversion algorithms currently exist for directly determining soil salinity from
AirSAR data. However, a number of soil moisture inversion algorithms have been
developed and applied primarily to agricultural or homogeneous cover types (Engman
1991, Dubois et al. 1995, Shi et a/. 1991, 1997, Chauhan 1997, Lin et a/. 1994,
Champion and Faivre 1997, Engman and Chauhan 1995, Bertuzzi et at. 1992, O'Neill
et al. 1993). The application of soil moisture retrieval algorithms as salinity indicators

centres on emphasising the imaginary part of the dielectric constant.
As stated earlier, the SPM is considered valid for retrieving volumetric soil moisture
(m,.) up to approximately 30%. It is very likely that after this moisture level, the soil is
saturated with water and the interaction physics between soil and radar wave is
changed. The Taylor eta/. (1996) study demonstrated that although the algorithm was
applied beyond its limits of validation, variation in the magnitude of the dielectric
constant was still recorded and shown to correlate with soil salinity variations. These
variations in recorded dielectric constant were attributed to changes in the imaginary
part. Taylor et al. (1996) improved the derivation of salinity by applying a vegetation
correction to the data before SPM application to compensate for attenuation by partial
vegetation cover.
In this part of the study the small perturbation (SPM) and Dubois (DM) models were
applied to L band (24 em I 1.25 GHz) only, based on results detailed in Chapter four.
A combination of the models that return the magnitude of the dielectric constant

( I E I) with those that return the real part was developed yielding the Combined Model
(CM), which isolates the imaginary part of the dielectric constant for salinity
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mapping. The method of vegetation correction used by Taylor eta/. ( 1996) was
applied to the data before inversion using the SPM. This, in conjunction with the DM
led to the development of a vegetation corrected combined model, or the Combined
Model, with Taylor Vegetation Correction (CM(TVC)). A synergism of the CM and
the CM(TVC) was then developed to produce an improved salinity map.
The assessment of the best interpretation of the individual application of SPM and
OM to this study site under the prevailing environmental conditions are discussed in
Bell et al. ( 1999), and in Chapter Four of this thesis.
5.1.2. Model selection and restrictions

The small perturbation model (SPM) and the empirical Dubois model (DM) were
applied to L band only, as discussed in Chapter four. Although the algorithms are
based on first-order solutions (Shi eta/, 1991 ), variations in the imaginary part of the
dielectric constant, from different targets, are expected for variations in soil salinity.
Therefore, variation in the phase is considered, which is still valid for returns from
single bounce, same surface scattering targets. To ensure that the algorithms are
applied to valid targets the data exclusion process outlined in Chapter Four was
employed.
Unlike the SPM, which retrieves

IE I, the DM only retrieves the real part of the

dielectric constant, which is a sufficient discriminator for volumetric soil moisture.
Applying a combination of the SPM and the DM, called the Combined Model (CM)
(Equation 5.1), to the AirSAR data, was examined as a possible improvement to the
estimate of the magnitude of the imaginary part of the dielectric constant (I.£)(£) I).

13 (£ ~ = .j(SPM f -

(DM )"

( 5 .l)
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5.2.

METHODOLOGY

The methodology for this part of the study required data preparation, algorithm
retrieval, vegetation correction of the data to be inverted and finally accuracy
assessment based on ground data collected (Figure 5.1).

5.2.1. Data preparation and algorithm retrieval

First, the inversions at L band frequency of the SPM were considered. The model was
subjected to the data exclusion process before submitting to the retrieval algorithms.
This process is outlined in Chapter Four and utilises equations 4.6 and 4.7. A d'"ta''v
ratio image was produced using all valid data points, according to the above criteria,
and then submitted to the retrieval algorithms. Since the SPM cannot be solved
algebraically, separate lookup tables were constructed for each incidence angle
greater than or equal to 35°. The lookup tables were restricted to between 0 and 100
for the magnitude of the dielectric constant. The resultant image is then smoothed
using a median filter (3x3).
Second, the OM was used to extract the real part of the dielectric constant from L
band. The data was mean filter (3x3), assessed for validity and then submitted to the
inversion algorithms as outlined in Chapter Four. Finally, the results from the SPM L
band inversion were combined with those of the DM inversion using equation 5.1 to
compute an estimate of the imaginary component of the dielectric constant.
5.2.2. Vegetation correction

To improve the results obtained from the CM in semi-vegetated areas, a vegetation
correction suggested by Taylor et al. ( 1996) was applied to the SPM before the
combination with the OM results. Vegetation con·ection to the OM was not required,
as this algorithm proved more robust over semi-vegetated areas (Chapter Four). This
is due to a vegetation attenuation cotTection in the retrieval program, developed by
van Zyl (1999).
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(cr""-3d"') I (d'"-3cr"v) image
(vegetation coJTection)

Application of
Dubois Model

I E I retrieved for
acceptable pixels

~~elY- (9\(cW

Veg. corrected I E I retrieved
tor acceptable pixels

~~cl)2 -(9\(c-))2

Magnitude

Magnitude of

Imaginary dielectric Image (CM(VC))
(Veg. conected Combined Model)

of Imaginary dielectric Image
(CM) (Combined Model)

Synergism of
CM and CM(VC)

Georeterenced IS(E) I image

Figure 5.1 Stepwise procedure developed for this section of the study.

---------------------------------------------------------------------

84

Soil salinity determination in northern Australia using AirSAR data

The empirical vegetation correction, developed by Taylor eta/ ( 1996), changes the

d'"lcr''' ratio, at L band, to (d"'-3d") I (c{''-3d"), improving the estimation of the
absolute value of the complex dielectric constant retrieved from the SPM. Applying
this correction and submitting to the SPM inversion, then combining with the DM
(using Equation 5.1) yielded the Taylor vegetation corrected combined model
CM(TVC). A synergism (S YN) of the CM and the CM(TVC) based on selecting the
larger response derived from either model was then constructed to obtain optimal
results for all the lower and upper salt flats and some of the inundated areas.
5.2.3. Accuracy assessment

For this section of the study, ground data sampling was carried out using three out of
the five stages described in section 3.2. The information collected from the two
transects and the stratified random sampling of 95 points across the study site was
correlated with the six classes detined earlier (Table 2.1 ). The tield data, in
conjunction with the dielectric values determined from field assessed E.C.s, was the
primary source used for accuracy assessment of the model inversions for this part of
the study. The ecotone boundaries, as described in section 3.2 were included as
qualitative comparisons with the inversion results.
In order to compare inversions with ground and ancillary data the resulting dielectric
images were resampled and registered as described in section 4.2.
Each cover type of the study area (Table 2.1) was assessed based on electrical
conductivity (E.C.) values, calculated on a 1 : 5, soil : water paste extract, taken from
the stratified random sampling. These E.C.s were used to calculate the theoretical
~(E),

(see Appendix 2), for each sample. Each ground site was then compared to the

dielectric values returned from each of the models applied, and a confusion matrix for
each cover type and model was constructed.

85

Soil salinity determination in northern Australia using AirSAR data

As a final step the SPM, OM and vegetation cmTected SPM inversions were density
sliced for comparisons. The CM, CM(TVC) and SYN images were density sliced
according to correlations between the Imaginary dielectric value and soil salinity
classifications, based on tield assessed E.C.s (Table 5.1 ), to produce a salinity map.

5.3

RESULTS

The data exclusion process retains sections of image data within acceptable model
restrictions and with sufficient phase difference to obtain measurable variations in the
complex dielectric constant. Mangroves and open forests (Table 2.1) were efficiently
masked from the data, as they were not consistent with single bounce target
characteristics. Lower and upper salt flats and inundated areas (Table 2.1) showed
varying degrees of attenuation when the algorithms were applied, especially in the
combined model due to the relative difference vegetation cover has on the two models
used.
Correlating the cover type map with the dielectric and soil salinity class figures
(Figures 5.2 and 5.3) shows:

• The returns from the L band inversion of the SPMIPOM were generally larger than
those expected from saturated soils (normally in the order of 80, Dubois et al.
1995) particularly for the lower salt flats (Figure 5.2 a). This is consistent with the
results found by Taylor et a/ ( 1996) where larger than expected dielectric values
were recorded for areas with high soil moistures and salinity;
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TABLE 5.1. SOIL SA UNITY CLASSIFICATION

Soil Salinity

Soil

Electrical Conductivity

Imaginary Dielectric

Description

Salinity

(mS/cm)

values (5(E)) (App. 4)

Class
Non-saline

Class 0

< 2 mS/cm

<7.5

Slightly saline

Class I

2-4 mS/cm

7.5- 10.4

Moderately saline

·Class 2

4- 8 mS/cm

10.4- 16.1

Very saline

Class 3

8- 16 mS/cm

16.1-27.5

Highly saline

Class 4

> 16 mS/cm

> 27.5

Based on l : 5 soil paste extract (Taylor 1993)
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Figure 5.2 (a) Magnitude of dielectric retrieval from SPM, (b) Real part of dielectric
retrieval from DM, (c) Soil salinity class from CM retrieval.
Note: th ese figures are not georef erenced.
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Figure 5.3 (a) Vegetation corrected SPM, (b) Vegetation corrected CM(TVC),
(c) Synergism of the CM and the Vegetation corrected CM(TVC)
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•

The inversions from the areas classified as lower salt flats show highly accurate
results for all inversions with respect to theoretical expectations of saline soils and
ground data as shown in Table 5.2;

•

Significant attenuation due to vegetation cover in some of the upper salt flats and
inundated areas were observed in Figures 5.2 a,c and 5.3 a,b,c;

•

The black strip on the left side in figures 5.2 a, c and 5.3 a, b, c, correlates to
incidence angles of less than 35°, which lies outside the SPM region of validity
and was excluded accordingly;

•

The OM only returns the real part of the dielectric constant and was not
anticipated to result in dielectric values in the order of 80 as expected for these
soil moisture and salinity levels (Figure 5.2 b). Also the OM is known to
underestimate the dielectric values for high and low soil moistures due to a
linearisation of the model used in the inversion process. Hence the negative values
in the OM inversion (Figure 5.2 b);

•

The OM is more robust than the SPM over a larger range of vegetation cover, due
to the vegetation correction included in the inversion program. Area 'A' is an
example of this;

•

Water inversions vary considerably, but are not the subject of this investigation.
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TABLE 5.2. CLASSIFICATION ACCURACY FOR UPPER AND LOWER SALT FLATS
WITH RESPECT TO SOIL SALINITY LEVELS.

Cover Type

Accuracy of Models Applied (%)

SPM

DM

CM

CM(TVC)

SYN

Lower salt flat

90

0

100

100

100

Upper salt flat

0

0

55

90

90

0

0

0

58

58

(<50% veg.)

Upper salt fait
(>50% veg.)
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Combining the SPM with the DM using equation 5.1 resulted in accurate
classification results for lower salt flats (Table 5.2). However, the effects of
vegetation in the other areas were greater on the SPM than they were on the DM,
resulting in poor classification accuracy for some of the upper salt flats and inundated
areas (Figure 5.2 c). Close analysis of Figure 5.2 a and 5.2 c, with respect to the cover
type map. reveals areas that are shown to be wet by their complex dielectric (Figure
5.2 a), but are not shown to be saline by their imaginary part (Figure 5.2 c). This is an
indication of the value of the CM technique. However, existing salinity maps to
support this are not available for the study area. further field data would be required.
Using Taylor's method of vegetation con·ection led to the analysis of a selected region
of interest in the C band image, based on known vegetation cover and its
classification as a first order target. This analysis showed r/'' =1/3 rJt". This
observation led to the empirical correction to the d'"laV\' ratio at L band, described in
section 5.2.2. The vegetation correction to the SPM accounted for the attenuation,
particularly in the upper salt flats with less than 50% vegetation cover (an example is
labeled 'A' in figure 5.2). Areas that had thick sedge and/or grass cover could not be
successfully accounted for using this method.
Combining the vegetation cotTected SPM with the DM resulted in more accurate
classifications in the upper salt flats, but the accuracy in the lower salt flats was
decreased (Table 5.2). This reduction in the classification accuracy of the lower salt
flats in the CM(TVC) was resolved by the synergism (SYN) of the CM and the
CM(TVC) (Figure 5.3 c). This resulted in an overall improved classification in the
lower and upper salt flats (Table 5.2).
Figure 5.4 shows the cotTelation between the I ~(E) I determined from the radar
response using the combined model methodology, in this instance from the SYN
image, and the I~(E) I determined from field measured E.C.s using Appendix 2. Data
points from the stratified random sampling that did not classify as acceptable to the
known validity region of the models were excluded from the analysis. The grouping
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Figure 5.4. Correlation between the I!J(£) I determined from the SYN image, and
the IS(£) I determined from field measured E. C.'s using Appendix 2.
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of the data points clearly indicates the effects of vegetation attenuation on the radar
response, resulting in a reduced R2, consistent with the accuracy reductions in the
upper salt flats (Table 2.1 ). The grouping is also a function of the data points cover
type origin, resulting in the lack of a l: l relationship. This indicates the need for an
improved vegetation correction technique. particularly for applications in a natural
environment, where homogeneous conditions cannot be expected.
Classification of the soil salinity was based on Taylor (1993 Table 5.1). Density slices
and accuracy assessment for the CM, CM(TVC) and SYN images were based on
imaginary dielectric values calculated from the E.C.sfor each soil salinity class. This
was achieved using the formulae in Appendix 2 (Uiaby eta/. 1986). All lower salt flat
and upper salt flat sites with < 50% vegetation cover were in the class 4 soil
salinisation (> 16 mS/cm). As the elevation and vegetation increased, more site results
fell within a lower class of soil salinisation (Table 5.3). The presence of highly saline
soils (Class 4) in some of the open forest areas was due to the classification of stands
of dead melalecua situated in class 4 soils. These areas returned similar radar
characteristics to the open forest areas and where consequently classified as such. The
final results for upper and lower salt flats are summarised in Table 5.2. Inundated
areas. mangroves and open forests were either too attenuated by vegetation to have
meaningful interpretation with respect to soil salinity or had predominantly double
bounce characteristics and were masked from the inversion process.
Inundated areas covered with thick sedge showed significant attenuation on the
inversion images. The attenuation could not be sufficiently catered for using this
vegetation correction method. Indeed, in many instances the areas were excluded in
the data selection process because double and multiple bounce characteristics were
predominant.
Mangroves and open forests are not consistent with single bounce same scattering
mechanisms and were, therefore, excluded from the application of these algorithms.
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TABLE 5.3. SOlL SALINITY OF COVER TYPES

Cover

Soil Salinity Class(%)

Type

0

l

")

3

4

1

0

0

0

0

100

2

0

0

0

0

100

3

0

0

0

25

75

4

0

0

6

6

88

5

0

0

0

8

92

6

93

0

0

0

7
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5.4.

DISCUSSION

The OM is only considered valid for L band and was therefore not investigated in
other bands. The SPM can theoretically be applied to C and P band as well as L band,
however, only L band data was found to provide useful results (Chapter Four).
The OM proved more robust over vegetated areas than the SPM. The subsequent
attenuation observed in the SPM returns from these areas resulted in higher dielectric
values from the OM than the SPM. Therefore, it was not possible to apply equation
5.1, to create the CM, for these data points. An example of this is labeled 'A' in figures
5.2 a, h & c and represents some of the upper salt flats. Theoretically, this situation
should never have arisen, as the magnitude of this complex value cannot be smaller
than its real part. However, the differing effects of vegetation on the retrieval
algorithms used and the linearisation of the OM in the retrieval process are likely
causes for this observation. In order to correct for the strong effect of vegetation a
known correction to the SPM was applied, improving the percentage of useable data
and the classification in areas that had grass cover. The correction had minimal effect
in heavily vegetated areas (e.g. cover types 4, 5 and 6). Vegetation attenuation is
indicated by the low correlation between

ah

11

and cr•·v and the relatively strong d'v

returns at C band.
The results from the synergy of the vegetation corrected combined model (CM(TVC))
and the non-vegetation corrected combined model (CM) were the most accurate in
comparison to field data. The vegetation corrected CM improved the classification in
the upper salt flats but decreased the classification accuracy in the lower salt flats. On
analysis, some data points in the lower salt flats (bare soil areas) returned a negative
result from the (cr"''-3d"') I (a''"-3d"') ratio, but a positive result from the

d'" I a'''. ,

indicating that cr'"' was larger than expected for these data points. This was attributed
to the region of interest used in the assessment of the magnitude of d"' relative to

d'"

being taken from a semi vegetated area and may, therefore, not be valid for bare soil
surfaces. This may be due to the effects of residual speckle, some degree of volume
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scattering at L band (clearly evident at P band), or Bragg resonance (Uiaby et al.
1986) caused by surface water. Constructing a synergism of the CM and the
CM(TVC) models for the whole study area eliminated this problem. Ideally the CM
~

should be used on bare surface and the CM(TVC) should be used for vegetated areas.
However, the areas with partial grass cover cannot be clearly separated from the bare
surfaces before application of the models. Application of both the CM and CM(TVC)
to all areas and the consequent synergism by selecting the larger return was
considered the best approach.
Some soil moisture conditions are required for an electrical continuum between the
wet ground surface and saline water within the pores in the upper soil horizons
(Taylor eta!. 1996). It is anticipated that the CM and the CM(TVC) will be more
applicable as a salinity indicator for a greater range of soil moistures than the SPM
alone, since the OM is only sensitive to soil moisture, whereas the SPM is sensitive to
both moisture and salinity. However, the lower limit of volumetric soil moisture to
which this methodology will be applicable, considering electrical continuum
requirements, was unable to be tested on this study site due to the uniformly high soil
moistures at the time of acquisition.

5.5.

CONCLUSION

The restriction of first order model application to the natural environment is
significant. The data exclusion process again proved an efficient method to assess the
percentage of data acceptable to the known validity region of the models from a
natural environment and screen data for the inversion process. The DM returns were
well below those expected from saturated saline soils and confirmed its application as
a soil moisture discriminator only. The SPM successfully returned values consistent
with high soil moistures and salinity but was severely attenuated by vegetation cover.
The synergism of the CM and the CM(TVC) resulted in excellent soil salinity
classification accuracy for bare soil surfaces and improved results in semi-vegetated
areas. The process shows promise as a remotely sensed method for soil salinity
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discrimination for natural environment and agricultural monitoring. Further
investigation into an improved vegetation correction is suggested as the next phase of
the study. Application of the synergism of the CM and the CM(TVC) to salt affected
soils with varying moisture content is required to assess the volumetric soil moisture
limits of the Combined Model's ability to discriminate soil salinity.
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CHAPTER SIX

VEGETATION CORRECTION OF AirSAR DATA
FOR MAPPING SOIL SALINITY
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6.1.

INTRODUCTION

6.1.1. Overview

Within the study area, there are large variations from bare, smooth (relative to
frequency) soil through rough heavily vegetated soil to savanna woodlands. These
biophysical conditions influence the backscatter of the radar to a greater degree than
conditions in previous studies of salinity concentration extraction. The variation in
cover type was used to assess the level of vegetation cover under which soil salinity
characterisation could be achieved.

Consequences of the characterisation of vegetation are:

•

A secondary indicator to confirm and help quantify the accuracy of the salinity
mapping; and

•

A measure of the type and density of vegetation cover beneath which the soil
characteristics can still be measured.

Vegetation cover is known to attenuate the radar backscatter, effectively
underestimating the retrieved dielectric constant from the inversion algorithms used in
this study (Taylor eta/. 1996, vanZyl pers comm. 1999). Taylor indicates that the
application of vegetation isolating algorithms improved their classification of saline
soils. The approximate correction to the dielectric determinations used by Taylor was
to subtract an estimate of the vegetation canopy scatter from the

d'h and crvv values

prior to calculation of the d'h!d''' ratios used in the dielectric retrieval. It is based on
the C-band data analysis. The d' '1cr''~' ratios were calculated as follows:
1

(Taylor 1996)

Utilising this algorithm the classification of salinity levels in the semi-vegetated zones
was improved (Chapter Five).
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This simple method of vegetation correction uses the third eigenvalue from the
Cloude decomposition (C-band

d") (Cioude and Potter 1996,

1997). This section of

the study applies a new method for vegetation correction of the radar returns, based
on a non-linear regression of all three eigenvalues from C, Land P Cloude
decomposition, in conjunction with Taylor's vegetation correction method, with
respect to electrical conductivity (E.C.) values measured in the field. This results in a
significant improvement in accuracy, indicated by significant correlation between the
dielectric values retrieved and field determined E.Cs.

Using the methodology and combined model algorithm described in Chapter Five

(Bell et at. 2000b 2001 b), this Chapter assesses the accuracy and effectiveness of the
new vegetation correction algorithm. The CM (Equation 5.1) is a retrieval based on a
combination of the SPM and the DM, designed to extract the .3(e) for soil salinity
determination. The CM was applied to L band data, before and after the two
vegetation correction methods and results are compared. The application of these
algorithms to the natural environment of the ARR required the use of the data
exclusion process outlined in Chapter Four. The CM was then applied to acceptable
data points only.
6.1.2. Model selection and restrictions

Based on the results from Chapters Four and Five, only the SPM and DM, applied to
L-band, were used in this analysis. Equation 5.1, restated as CM Equation 6.1, utilises
the magnitude of the dielectric constant (e) extracted from the SPM in conjunction
with the 9\(E) extracted from the DM to return the magnitude of.3(e). The CM carries
the union of restrictions from the SPM and the DM.

I~ (c ~ = .J(sPM

r - (DM

)"

( 6 .l)
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6.2.

METHODOLOGY

Initially the inversions at L band frequency using the SPM and OM were carried out
on all acceptable data points.

Before algorithm retrieval, a d'"la'" ratio image was produced using all valid data
points, according to the criteria outlined in Chapter four. The angle restriction domain
for the SPM was applied during the dielectric inversion, therefore only acceptable
data in the region greater than 35° incidence angle were considered. The

SPM

retrieval was carried out as discussed in Chapter Four. The resultant image is then
smoothed using a median filter (3x3). The OM was used to extract 9\(E) from L band.
The data is first mean filtered (2x2) to reduce the effects of speckle then subjected to a
conditional analysis for bare surface selection as described in Chapter Four. The
results of the OM inversion are an approximation of 9\(€) for single bounce, same
scattering mechanism targets. This result was smoothed using a median filter (3x3).

As discussed in the previous chapter, the results obtained from the CM in semivegetated areas were improved using the vegetation correction suggested by Taylor et

a/. ( 1996). This methodology was applied to the d'hlaw ratio before SPM retrieval
then combined with the OM results, producing the CM(TVC). Vegetation correction
to the OM was not required. Using the empirical correction developed by Taylor (~h3~'') I (cr"''-3~''), improved the absolute estimation of the complex dielectric constant

(Taylor et al. 1996). However, an underestimation of the dielectric constant (€) was
still observed in many data points that classified as acceptable to the known validity
region of the models.

The Claude decomposition was evaluated from C, Land P bands using equations (6.2

a, b & c) from the Point Farewell AirSAR Stokes matrix.
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[ cr" + cr"' +
lsr Eigenvalue

(cr" - cr'' ' )' + 4 x( (cr'"" )' + (cr'""" )' )' ]

=

(6.2a)

2

~(cr"'"''' )' + (cr"••···')' )' J

[ cr'' + cr"' - (cr' ' - cr''" )' + 4 x(
1

2'" Eigenvalue

3'cl Eigenvalue

=

(6.2b)

2

=

(6.2c)

This process reduced the 27 bands of information available from the compressed
Stokes matrices into nine independent bands containing the three eigenvalues of the
three frequencies. Note that the 151 and

znct

eigenvalues are reversed if c!" 11 "">0.

A new correction to the (d' 11 -3d"') I (cr"' -3d") ratio, to cater for all vegetation cover
types I densities that exist within acceptable data points, was developed. This
vegetation correction is based on performing a non-linear regression (Wolfram 1996)
11

of the nine eigenvalues from the Cloude decomposition and the (d' -3cf'') I (cr""-3d
ratio with respect to

11
)

d'111cr'''' values derived from forward modelling of the SPM from

field collected E.C. data (Bell et al, 200 l b). The forward-modelled results of the SPM
used in the non-linear regression were calculated from E.C.scollected during the
stratified random sampling. The result is displayed as Equation 6.3.

(d'a'.,.")"' =(0.0825313+ 5.62329* x + 2.45083*
1

x 2 - 31.3402* x 3 + 6.21 088* x4 + 0.0229844* x5 +

-3d"')

0.0197568* .t(, -4.13446* x7 -17.563* .tg + 0.0182096r9 ) *( d'h
a'"_ Jd"
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Where

l

a""
( a,., ,.,

is the vegetation corrected ratio for dielectric retrieval i11put, x, is

the 1st, 2nd, 3rd eigenvalue from C, Land P hand Cloude decomposition respectively,
and

aP''

indicates polarisation backscatter.

Applying this correction and submitting it to the SPM inversion, then combining with
the OM (using equation 6.1) yielded the new vegetation corrected combined model
CM(VC2). In order to compare inversions with ground and ancillary data the resulting
dielectric images were resampled and georeterenced using the procedure outlined in
section 4.2. For this section of the study the data from the two transects, the stratified
random sampling and ecotone boundary assessment, as described in section 3.2, were
used.

Each ground sample point was classified into cover type (Table 2.1) and soil salinity
class (Table 5.1) to produce Table 5.3. The soil salinity classification of the samples
was based on E.C. values calculated on a 1 : 5, soil : water paste extract. The CM,
CM(TVC) and the CM(VC2) were density sliced into soil salinity classes (Table 5.1)
based on their .3(E) values. A comparison between the image derived soil salinity
class with that derived from the field measured E.C.s was carried out for the lower
and upper salt flats and the inundated areas.

6.3.

RESULTS

The data exclusion process provided data acceptable to model restrictions and with
sufficiently variable complex dielectric constant. Mangroves and open forest were
efficiently masked from the data, as they were not consistent with single bounce target
characteristics. Lower and upper salt fiats and inundated areas were classified as
acceptable to the known validity region of the models. However, upper salt flats and
inundated areas showed varying degrees of attenuation when the algorithms were
applied. This was especially apparent in the combined model due to the relative
difterence vegetation cover has on the two models used.
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Combining the SPM with the OM using equation 6.1 resulted in accurate
classification results for lower salt flats (Table 5.2). However, the effects of
vegetation in the other cover types were greater on the SPM than they were on the
OM, resulting in inaccurate classification results for upper salt flats and inundated
areas (Table 5.2), as discussed in the previous chapter.

Using Taylor's method of vegetation correction, an analysis of a selected region of
interest in the C band image, based on known vegetation cover and its classification
as acceptable data points, showed d"' ==l/3

d'". This observation led to the empirical

correction to the d'"lcr''v ratio at L band (Taylor's correction). Combining the Taylor
vegetation corrected SPM with the DM (the CM(TVC)) resulted in more accurate
classifications in the upper salt flats (Table 5.2). The accuracy in the lower salt flats
was the same in the CM(TVC), according to the error matrix, however, observation of
the CM and CM(TVC) imagery, in conjunction with field knowledge, suggests a
decrease in classification accuracy for this cover type. This is noted by the existence
of unclassified data points in the lower salt flats in the CM(TVC) image that were
classified correctly in the CM image.
Comparisons of (d'''-3d"') I (cr''~'-3d"') ratio to the forward modelled results from the
SPM, with respect to varying cover types/densities, yielded significantly different
correlation equations (Figures 6.1 a. b & c). This indicates that this correction is not
valid for all cover type densities that classify as acceptable to the known validity
region of the models (see section 6.4).
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Figure 6.1. Correlation between the forward modelled tJhldvfrom ground data using
the SPM Vs the ( tJh -3 tiv) I ( dv-3 tiv) ratio determined from the AirSAR data for (a)
Cover Type 2 (upper salt flat 1), (b) Cover Type 3 (upper salt flat 2), (c) Cover Type 4
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To cater for this variation in cotTelation equation the new correction to the (d' 1'-3d' 1)
I (cr''''-3cr'") ratio was developed using Mathematica V.3 (Wolfram 1996, Bahder

1995). An empirical relationship between the eigenvalues from each frequency, in
combination with the (cr''''-3cr'") I (cr''''-3cr'") ratio, with respect to the forward
modelled cr''"lcr''" ratio was considered. This resulted in Equation 6.3, which had an R2
value of 0.81 when tested against field assessed data points from the stratified random
sample from the lower and upper salt tlats and the inundated areas (Figure 6.2).
Figure 6.3 a shows the returns achieved by applying the combined model with no
vegetation correction. The attenuated returns were attributed to the effects of
vegetation cover on the radar backscatter, see section 6.1 and 6.4. Figure 6.3 b shows
considerable improvement over the results shown in figure 6.3a. This is reflected in
an increase in accuracy from 42%, from the non vegetation corrected combined model
application, to 74% in the Taylor vegetation corrected combined model (Table 6.1).
The result of the vegetation correction method developed in this study is displayed in
figure 6.3 c. Comparing figures 6.3 a, band c demonstrates the improvement. (see
section 6.4). The large area shaded red in figure 6.3c has a high correlation with salt
flat and inundated cover types (Figure 2.1) and high soil salinity. These areas have an
accuracy of 82% with respect to ground data (Table 6.1).
Classification of the soil salinity was based on Taylor (1993) (Table 5.1). A confusion
matrix of each of the modeled results Vs. E.C. for each cover type was performed.
The final classification accuracy results for lower and upper salt flats and inundated
areas are summarised in Table 6.1. Mangroves and open forests were excluded from
the inversion process and accuracy assessment, as they did not classify as first order
scattering mechanisms.
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(b)

(c)

Figure 6.3. Depicts the density sliced salinity maps for the (a) CM without
vegetation correction, (b) CM with the Taylor vegetation correction method
(CM(TVC)) and (c) CM(VC2).
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TABLE 6.1. CLASSIFICATION ACCURACY OF EACH INVERSION FOR LOWER AND
UPPER SALT FLATS AND I NUNDA TED AREAS WITH RESPECT TO SOIL SALINITY
LEVELS.

Cover Type

Accuracy of Models Applied (%)

CM

CM(TVC)

CM(VC2)

Lower salt tlats

100

100

100

Upper salt tlats

55

90

90

0

58

67

Inundated areas

0

31

63

TOTAL

46

74

82

(<50% veg.)

Upper salt flats
(>50% veg.)
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The resultant inversion of the new vegetation corrected rilr I a''\' ratio for SPM input,
in conjunction with the DM, yielded an overall increase in classification accuracy,
with respect to ground data, from 46% to 82%.

6.4.

DISCUSSION

Comparing the regressions of Taylors vegetation correction method with field derived

d'" I a'·~· values, for each vegetation cover density, yielded a high r2 value with
ditferent correlation equations (Figures 6.1 a, b & c). Theoretically the correlation
equations should have a gradient of l with a y-intercept ofO (i.e. a 1:1 ratio). This was
not the case, indicating substantial variation for different cover densities. This is
consistent with the change in classification accuracies before and after Taylor's
vegetation correction application. The non-linear regression of the nine eigenvalues
from the Cloude decomposition to correct the cr'''' I cr~"'' ratio with respect to the field
determined d''' I cr"'' values yielded a regression equation more consistent with
theoretical expectations for the soil salinities in cover types 1 - 4 (Figure 6.2).
The combined model with Taylor's vegetation correction methodology (CM(TVC))
improved the classification in cover type 2 and 3 but, as discussed earlier, decreased
the classification accuracy in the bare soil areas (cover type 1).
The advantage of using Equation 6.3 to correct for the effects of vegetation is that it
utilises the structural information associated with the individual data point and does
not apply a 'blanket' correction. Hence the correction is applicable to all acceptable
data points. Each data point's cr"" I a~·v ratio is independently corrected based on the
structural responses derived from the Claude decomposition from that data point and
then submitted to the SPM retrieval.
Using the SPM only to map soil salinity requires the AirSAR acquisition to be carried
out under high soil moisture conditions and is only applicable to bare surfaces. It is
anticipated that the CM, the CM(TVC) and, in particular, the CM(VC2) will be more
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applicable as a salinity indicator for a greater range of soil moisture's and vegetation
cover type I densities than the SPM alone.

6.5.

CONCLUSION

The SPM successfully returned values consistent with high soil moistures and salinity,
but was severely attenuated by vegetation cover. The combination of the SPM and the
DM (the CM) returned ~(E) values consistent with those derived from the ground
determined E.C's for bare surfaces, but vegetation attenuation remained a problem.
The use of Taylor's vegetation correction method to develop the CM(TVC) improved
the results in the semi-vegetated areas. However, the application of a 'blanket'
correction proved insufficient for the vegetation cover variation observed in this
natural environment. The application of the improved vegetation correction developed
here (equation 6.3), which individually assesses and corrects each data point's d'" I
cr''' ratio, with respect to vegetation cover, significantly increased classification

accuracy in all cover types with data points that classified as single bounce, same
scattering mechanism targets. The process shows promise as an improved remotely
sensed method for soil salinity discrimination for natural environment and agricultural
monitoring. Further investigation into the volumetric soil moisture limits that will
allow the CM(VC2) to discriminate soil salinity, is still required.
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CHAPTER SEVEN

ASSESSING THE EXTENT OF SALTWATER
INTRUSION USING AirSAR AND LANDSAT TM
DATA FUSION
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7.1.

INTRODUCTION

The remote sensing literature indicates three main approaches to data fusion,
statistical methods (Welch and Ehlers 1988, Wu 1985), Dempster-Shafer theory (Kim
and Swain 1990, Lehrer eta!. 1987, Lee et al. 1987) and neural networks (Jakubowicz
1988).
In general, data fusion approaches are categorised according to the stage in the image
processing stream at which the fusion is carried out: pixel, feature, and decision-level
(Schistad Solberg et al. 1994). In pixel-by-pixel fusion the sensor measurements are
merged on a pixel-by-pixel basis (Banninger 1990, Rignot and Kwok 1990). Featurebased fusion techniques merge the different data sources at an intermediate level.
Image segmentation is often performed for the different sources, and then the
segmented images are fused together (Kropatsch 1990, Robinson and Tilton 1990). In
decision-level fusion, the outputs of each of the single-source interpretation modules
are integrated to create a consensus interpretation (Benediktsson and Swain 1992,
Kim and Swain 1990, Perlant and McKeown 1990).
Other fusion approaches include ( 1) stratification, (2) extended statistical fusion, and
(3) data fusion as a Bayesian formulation. The stratification approach categorises the
multisource data into separate stratified categories, and then treats the categories
separately (Franklin 1989, Hutchinson 1982, Peddle and Franklin 1991 ). The
extended statistical fusion treats each data source independently and then the
classification results are fused using linear combination. Weighting the different
sources according to their estimated reliability can extend this. These methods assume
that no changes with respect to the pattern classes have occun·ed between the
acquisitions of the different images. In general, the Bayesian method considers the set
of measurements or data, from n sensors for each pixel. The goal is to assign each
pixel into one of the information classes. Using a priori probabilities of the different
classes in conjunction with the conditional probabilities (a posteriori probability) each
pixel is assigned to the class, which maximises the conditional probability. Another
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approach to a Bayesian formulation of strongly coupled fusion is to treat the problem
as a single sensory module combined with a priori constraints. Allowing the
constraints to be adjusted according to the outputs of other sensory modules by
altering the probabilities in a data-dependent way. These Bayesian methods provide
an image formulation model (Schistad Solberg eta/. 1994 ).
The MPDI-NDVI (Microwave Polarisation Difference Index- Normalised Difference
Vegetation Index) relationship is a classic example of the synergism of multispectral
data with radar data. This relationship has shown some promising results in the
determination of vegetation effects on soil moisture estimations, especially in cropped
areas. This process, however, is carried out on the microwave emissivity of the targets
under consideration that is the process involves passive microwave emissions (Teng
eta!. 1995 and Teng et al. 1993) as opposed to active, which is the case with AirSAR.

This study uses the Augmented Vector approach, a statistical data fusion method, to
fuse the Claude decomposed AirSAR and the spectrally subset Landsat TM data
containing bands 2, 3, 4 and 5 (green, red, near infrared, and middle infrared) as
described in Bell et al. (200lc). In this approach the data from the two sensors are
concatenated before analysis.
The development of the salinity map could only be achieved on data points that
classified as single bounce data for the frequencies used in the inversions. This
precluded assessment of areas that had undergone recent saltwater intrusion because
the residual vegetation and tree cover (albeit dead cover) resulted in a predominance
of double bounce in the radar response. These areas were efficiently masked from the
inversion process through the data exclusion process outlined in Chapter four. This
observation indicated another approach was necessary in order to include this vital
factor in the overall assessment of soil salinity in the study area.
Therefore, the main objective of this part of the study was to identify dead Melaleuca
stems as indicators of saltwater intrusion. A consequence of the saltwater intrusion
observed in the ARR is the conversion of freshwater paperbark (Melaleuca spp.)
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swamps into extensions of the mangrove margin. During this process stands of dead
Melaleuca result and juvenile mangroves (primarily Avicennia marina) invade and

establish in the affected areas. In this chapter the use of Airborne Polarimetric
Synthetic Aperture radar (AirSAR) and Landsat Thematic Mapper (TM) are
individually assessed for their ability to map the dead Melaleuca. Then a fusion of the
AirSAR data with Landsat Thematic Mapper (TM) data is investigated as a means for
mapping Melaleuca dieback. The results are extrapolated as a measure of the extent of
the saltwater intrusion.
Changes in the density of Melaleuca swamp forest have been used as an indicator of
floodplain stability on the Magela floodplain, also located in Kakadu National Park
(Williams, 1984). Aerial photographs acquired in 1950 and 1975 were analysed for
the establishment of baseline floodplain changes prior to the commencement of
Ranger uranium mine in 1979.
Airborne Polarimetric Synthetic Aperture radar (AirSAR) provides good structural
information from different land cover types, but there is difficulty in distinguishing
between cover types that appear structurally similar, with respect to radar return
signals. Also. as dead tree trunks do not contain moisture, radar waves would not be
able to detect them. However, if a significant amount of precipitation prior to and/or
during radar acquisition occurs. then these 'transparent' targets are converted into
large dielectric cylinders, providing a characteristic backscatter signature.
The application of the Cloude decomposition emphasises the structural information
from targets and reduces the dimensionality of the radar data, with no reduction in
classification accuracy (Cioude and Potter 1996 1997, Menges et al. 2000). This is
because the decomposition integrates information from five independent elements

(cr'''', cr'", cr1"·, Correlation Coefficient and Phase Difference) extracted from the
scattering matrix, and reduces the data into three eigenvalues for each frequency band
recorded. This decomposition was developed to produce independent components that
are related to the scattering behaviour. The relative contribution of single, double and
multiple bounce characteristics is represented in the magnitude of the first, second and
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third eigenvalues respectively (Equations 6.2 a, b & c) (Claude and Potter 1996
1997).

The Landsat TM measures spectral reflectance. whereas the cloude decomposed
AirSAR data provides a measure of structural differences. Therefore the Landsat TM
data can be used to discriminate between cover types that have different spectral
signatures but may have similar structural characteristics. During the assessment of
the cover types in the study area, structural signatures derived from the radar data
classification indicated that the dead Melalecua cover type had similar structural
signatures as other cover types, for example thick sedge cover. However, cover types
with structural signature overlap have different spectral signatures, which can be
resolved by classifying Landsat TM data. For example, classification of the Landsat
TM data was unable to resolve the salt flats from the dead Melaleuca and
classification of the radar data was unable to resolve some sedge areas from the dead

Melaleuca. This observation led to the data fusion approach used to assist in
achieving this part of the studies objectives. The combined data set was evaluated for
the most useful components of the optical and AirSAR data in resolving the overlap
of land cover types and a map of Melalecua dieback was produced.

7 .2.

METHODOLOGY

The methodology for this part of the study initially required separate preparation and
classification of the radar and Landsat TM data. The data were then fused and
classified, after separability analyses were conducted (transformed divergence).
Transformed divergence measure was selected in order to assess redundant bands.
Accuracy assessment is based on ground data collected, as described in section 3.2.
The methodology is outlined in the following sections and summarised in Figure 7 .l.
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7 .2.1. AirSAR processing

The Cloude decomposition was evaluated from C, Land P bands using equations (6.2
a, b & c) from the Point Farewell AirSAR stokes matrix (see Chapter Six). This

process reduced the 27 bands of information available from the compressed stokes
matrix into three images, each with three bands, respectively the magnitudes of the
eigenvalues of the decomposition process (Cioude and Potter 1996, 1997).

The Cloude decomposition was computed from the mean filtered image and then
converted from slant to ground range using bilinear interpolation. The images were
registered using the process described in section 4.2. The C, L and P Cloude
decomposed images were then combined into a single 9-band image.

7.2.2. Landsat TM processing and data fusion

Bands 2,3,4,5 (green, red, NIR and MIR) were subset from the Landsat TM imagery.
This scene was registered to the decomposed radar image, using image-to-image
registration and subset to the same spatial extent. The fusion involved the addition of
the nine band Cloude decomposed information from C, L and P bands to the bands
2,3,4,5 (green, red, near infrared and middle infrared) from the Landsat TM data. This
yielded a 13-band image, which was subjected to separability evaluation (FIELD
GUIDE, ERDAS IMAGINE-V8.3) and subsequent classification.

7.2.3. Separability analysis and classification

The fused image was spectrally subset back into the nine band decomposed image and
the four band Landsat TM image. Separability analysis and classification were can·ied
out on the nine band Cloude decomposition data set, the four band Landsat TM image
and the 13 band fused image, within the common spatial subset.

Nine training areas were used for separability analysis. Separability was assessed
using transformed divergence (FIELD GUIDE, ERDAS IMAGINE-V8.3) where
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divergence values, before classification, vary from 0- 2000, 2000 indicating
maximum separability. Bands that were shown to be redundant were removed from
the data set, and the residual subjected to classification.
A supervised classification based on nine training areas was performed individually
on the radar and Landsat TM imagery using a maximum likelihood algorithm. The
training areas used in the supervised classifications were as per Table 7.1.
The AirSAR and Landsat TM data were used independently to identify land cover
types. Cover types not exhibiting confusion with the regions of interest, using either
sensor, were isolated and masks created. These masks were then applied to the fused
data set before separability analysis and classitication. This resulted in additional
classes, previously indistinct from the regions of interest, being revealed. The
inclusion of these three additional classes into another supervised maximum
likelihood classification on the masked and fused data set was used to produce the
final result. The areas that classified as stands of dead Melaleuca were then overlaid
on a Landsat TM image of the study area. The total area of the regions of interest was
assessed from the statistics of the classified fused data set.

7 .2.4. Region of interest selection

The cover types within the study area are very diverse. To cater for this diversity, with
respect to the methodology, the study area was initially divided into nine cover types
(Table 7.1 ). Observation of the Decomposed and TM images with respect to known
dead tree areas indicated the need for two training areas to be selected for this cover
type. This was attributed to the differences in the timing of saltwater intrusion in these
areas, resulting in variations of the A vicemzia (mangrove) understory maturity.
Similarly, the spectral and structural variations observed on the imagery from the
sedge/salttlat cover type was attributed to variations in density, hence the selection of
two training areas for this cover type.

121

Soil salinity determination in northern Australia using AirSAR data

TABLE 7.1. INITIAL CLASSES USED FOR SUPERVISED CLASSIFICATIONS

Training Area No.

Cover Type

l

Dead Trees l

2

Dead Trees 2

3

Sedge/Salttlat l

4

Sedge/Salttlat 2

5

Swamp l

6

Swamp 2

7

Eucalyptus Forest

8

Mangroves

9

Inundation
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A similar observation was made for the swamp cover type, and again two training
areas were selected for this cover type. Eucalyptus Forest, mangroves and inundated
areas classified well without the need for further separation. After analysis of the
classified fused data with respect to the known dead tree areas, a further three training
areas were defined, leading to the selection of 12 training areas used in the final
classification of the masked fused data set.

7 .2.5. Ground Data Collection

Two of the five sampling procedures outlined in section 3.2. were used during this
stage of the study. The ecotone boundaries, which include OOPS measurements of
dead Melaleuca, were used to select training areas for the supervised classification.
These ground data were also used to initially assess the results of the supervised
classification. The helicopter aerial survey was used to assess the post classification
accuracy of the tina! result produced from the masked fused data set. During this
survey sites 1, 3, 4, 5, 6, 11, 12, 13, 14, and 17 (Figure 7.4) were checked

7.3

RESULTS

The results for this section are divided into the individual image and fused data set
classifications. The final section of results shows the correlation between the
classified fused data set and the aerial survey.

7 .3.1. Radar Data Classification

The separability analysis of the Cloude decomposed image indicated that the first and
second eigenvalues of L-band, representing the magnitude of single and double
bounce respectively, have least value in discriminating the dead Melaleuca. The mean
divergence (or best average separability) measure increased by over 200 as the bands
were removed. The supervised classification carried out on the remaining data (seven
band Cloude decomposed image) was unable to separate the dead tree areas to a
satisfactory level. There was significant overlap beL ween the dead Melaleuca and
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dense sedge cover types because of structural similarities with respect to radar
backscatter, and mangroves, probably due to the juvenile mangroves invading the
dead Melaleuca sites. This can be seen in Figure 7.2 in association with the cover type
map (Figure 2.2). There was also significant confusion in the open water
classification. Open water in the image has significant variation in backscatter. This
was attributed to high sediment loads and varying degrees of swell. However,
classification on this data delineated salt flats and Eucalyptus forests with high
accuracy.

7.3.2. Landsat TM data classification

The separability analysis performed on the four band TM image resulted in maximum
separation when band l (green) was removed. Removing the redundant data increased
the mean divergence measure by over 180. The supervised classification on the three
band TM image delineated water bodies and generic swamps well but significant
overlap is evident between the dead tree regions and salt flats as they 'look' the same
spectrally. This classification is shown in Figure 7.3.
Neither of the individual sensors was able to identify regions of dead Melaleuca as
there is confusion with other cover types in the study area. The Landsat TM results
show overlap with salt flats and the Claude decomposition with dense sedge and some
mangroves, confirming the need for the fused data set.

7 .3.3. Fused data set classification
The separability analysis of the fused data set, based on the original nine training
areas (Table. 7.1), indicated maximum separability when C-band 2nd eigenvalue and
L-band 3rd eigenvalue were considered redundant. However, the best average
separability only improved by 0.1 (on a scale of 0 - 2000 as described in section
7.2.4 ), indicating that removal of this 'redundant' data would have no significant
intluence on the supervised classification and were therefore retained. The initial
supervised classification based on nine ROI's showed significant improvement
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over the individual data set classitications. However. the spatial extent of the known
dead Melaleuca regions was greater on this classified image than observed in the
tield. This allowed the selection of an additional three classes (as described in section
7.2.5), which fine-tuned the classification.
Before performing the second supervised classification on the fused data set, another
separability analysis was carried out using the new ROI's. The results of this ananlysis
were that no bands were redundant.
The tina I supervised classitication of the fused data set correlated very well with
known dead tree areas. Figure 7.4 shows the result of the classification with the areas
identified as dead Melaleuca overlaid onto a land~at TM false colour composite
image. Figure 7.4 also shows the tlight path of the aerial survey with major sites of
interest circled. The areas idemitied as dead Melaleuca vary in size from 1 to 31
pixels (or 100 to 3100 square metres) indicating small patches of intrusion, consistent
with the field data. The total area, which classified as dead Melaleuca, is
approximately 2.25 square km or 0.4% of the 10 x 60 km study area.

7 .3.4. Correlation of fused data set classification with aerial survey

Sites I, 3, 4, 5, 6, 11, 12, 13, 14 and 17 were checked and correlated with the results
from the classified fused data set, with respect to position and spatial extent. Along
the survey flight path (Figure 7.4) only dead Melaleuca predicted by the classified
fused data set were sighted, indicating no omissions on the classification from the
surveyed area, indicating an accuracy of 100%. Aerial photographs of sites 1, 5, 6, 12,
13, 14 and 17, which were located using a GPS, are shown in Figures 7.5 to 7.14. The
dead Melaleuca are circled in each photograph and the area derived from the
classitication is noted. A close inspection of the photographs shows the dead
Melaleuca as upright white dashes. The individual areas are typically located along

tidal creek lines or at the edge between floodplain and woodland. The high
identification accuracy using this methodology allows the use of Melalecua dieback
as a bioindicator of environmental change in tropical floodplain systems.
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Figure 7.4. Delineation of salt affected Melaleuca spp. (Circled) derived from the fused
data set supervised classification and the aerial survey flight path.
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Figure 7.5. Site 1, Look direction SW. Approximate area 3200 sq metres.

Figure 7.6. Site 1, Look direction SE. Approximate area 3200 sq metres.
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Figure 7. 7. Site 5, Look direction South West. Approximate area 800 square metres.

Figure 7.8. Site 6, Look direction East. Approximate area 3000 square metres.
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Figure 7. 9. Site 12, Look direction South. Approximate area 200 square metres.

Figure 7.1 0. Site 12, Look direction South East. Approximate area 200 square metres.
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Figure 7.11. Site 13, Look direction South. Approximate area 200 square metres (each).

Figure 7.12. Site 14, Look direction South East. Approximate area 400 square metres.

132

Soil salinity determination in northern Australia using AirSAR data

--

___ ..
~ -=-_. -,.,.,.--.
-

-

- .........
.-'7"

.......

- ·-~-

----

..........

--

Figure 7.13. Site I7, Look direction South East. Approximate area I 00 square metres (each).

Figure 7.14. Site 17, Look direction East. Approximate area I 00 square metres (each).
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7.4.

DISCUSSION

The relative inaccessibility of the study area precludes a comprehensive ground
assessment of the individual pixels, which were classified as dead trees. However, the
aerial survey indicates the classitication results are highly accurate and that the
methodology can be used to obtain a good measure of the extent of saltwater intrusion
within the study site.
The main reasons for saltwater intrusion in the ARR are outlined in Chapters One and
two. However. the possibility of relative localised sea level variations should also be
included in this discussion. Changes in the distribution of Melaleuca spp. are an
excellent bioindicator of changes in the coastal plain environments. Therefore, the
extrapolation of Melaleuca dieback can be used to infer the spatial extent of saltwater
intrusion and the possibility of these results as a localised sea-level variant indicators.

Melaleuca are an invasive species. They grow in most north Australian coastal areas
up to their salt tolerant limit. Any increases in salinity above this limit within a

Melaleuca zone will result in dieback. It is anticipated that measurement of the
variation in height between the edges of the dieback area (from the sea ward side to
the unaffected Melaleuca) may yield a quantitative measure of the relative rise in
localised sea level. Areas of dieback used to carry out such measurements will need to
be carefully selected. Dieback as a result of broken cheniers from feral disturbances
would not be suitable target areas for this type of analysis as these zones may already
lie below the current salt zonation level. However, dieback zones bordering tidal
channels show promise as good relative sea level change indicators.
Ultimately the extension of the methodology into a sea level rise indicator would be a
desirable outcome, however, there are many factors that need to be considered. These
factors will be site specitic. In order to establish eustatic sea level change indicators a
more spatially extensive study would be required. The selected areas would need to
incorporate stable landforms. i.e. those not susceptible to tectonic influences or
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sediment compression and minimal feral or human induced disturbances. However,
the historical evidence of the changes in sea level must still exist within the
appropriate Melaleuca dieback or invasion zones. It is left to tind these zones, their
spatial extent and assess height variation. This proposed methodology is a significant
contribution towards further studies in this area.
The measurement of the extent of saltwater intrusion has not been quantitatively
measured in north Australia. Once space borne multi-frequency SAR is available, this
remote sensing technique could be used as a method for assessing the broad scale
spatial extent of saltwater intrusion.

7.5.

CONCLUSION

Individually, the radar and optical sensors are unable to segregate dead Melaleuca
within the study area from other cover types. However, the aerial survey revealed a
high correlation ( 100% accuracy) between the classified fused data set and actual
dead Melaleuca stands observed. In order to make the stands of dead Melaleuca
'visible' to the radar, acquisition is required to be carried out under high moisture
conditions, unless they 'soak up' moisture in wet areas.
The observation of the fragility of the Melaleuca .\pp. with respect to salinity, coupled
with their growth patterns and spatial location, suggests that these species are
excellent bio-indicators of the state and history of saltwater intrusion within the ARR.
Further studies are required to test this hypothesis in other study sites and extrapolate
to consider a possible quantitative measure of relative sea level changes, or
hydrological changes in relation to tluvial processes. Hence, the assessment of 2.25
km 2 of saltwater intrusion within the 10 x 60 km study area is considered to be an
accurate measure with respect to the survey work cmTied out.
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CHAPTER EIGHT

SUMMARY
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8.1.

CONCATENATION OF PROJECT RESULTS

This section presents the combined results from Chapters Six and seven. Since the
vegetation corrected dielectric inversion results from the CM(VC2) are only available
for single bounce backscatter data from the radar and the areas that contain dead
Melaleuca (resulting from saltwater intrusion) are predominantly dominated by

double bounce backscatter. the two results are complementary. The classification of
the fused data set proved to be an effective method of assessing the location and
spatial extent of saltwater intrusion that was not able to be classified using the
inversion algorithms. The results are a more comprehensive salinity map of the region
as shown in figure 8.1. Soils are classitied into salinity classes as described by Taylor
( 1993) and areas of recent saltwater intrusion shown in black with superimposed
circles marking their location (Bell eta/. 200ld).

8.2.

SUMMARY

The major focus of this thesis was to determine if the presence, magnitude and
gradient, of soil salinity could be assessed using airborne polarimetric synthetic
aperture radar remote sensing techniques. Applying it to the coastal wetlands of
Kakadu National Park, which is part of the Alligator River Region (ARR), tests the
methodology. The development of a methodology, using a data fusion process
between optical and radar data, to assess the extent of dead Melaleuca spp. within the
study area, extended the results to also include the mapping of areas of recent
saltwater intrusion.
Major contributions include the application of soil moisture inversion algorithms
(SPM, POM, DM) to the tropical wetlands in northern Australia. The development of
an appropriate filter for selecting data, from a highly heterogeneous environment, that
satisfies the known validity region of the models. The development of a new
methodology for isolating the imaginary part of the dielectric constant used for
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Figure 8.1. Soil salinity classification of the study area with recent saltwater intrusion
identified (circled).

138

lo

Soil salinity determination in northern Australia using AirSAR data

mapping soil salinity. The development of a non-linear model for vegetation
con·ection of the airborne radar data for mapping soil salinity and finally a data fusion
process for the mapping of bio-indicators of saltwater intrusion.
The analysis methods presented lead to the development and use of the CM,
CM(TVC) and CM(VC2) algorithms as a method of mapping soil salinity. Also
presented is a fusion process, which led to the accurate classification of dead
Melaleuca spp. used as a bio-indicator for the assessment of recent saltwater

intrusion.

Existing algorithms for soil moisture were found to have limited applicability but
formed the basis for a direct salinity-mapping algorithm. The performance of this
algorithm was significantly enhanced using a newly developed vegetation correction
technique based on empirical data. The application of the algorithm is restricted to
bare surfaces with moderate grass I sedge cover. Identification of dead Melaleuca
using data fusion with radar and optical data and conventional classification was
shown to supplement the information.
The investigation into the transportability of the SPM, POM and OM algorithms led
to the conclusion that only the SPM and OM, inverted from L band data only,
produced meaningful results with respect to soil moisture and salinity in this study
site. This was confirmed for the study area by the observation and analysis of the
imagery compared to ground data.
The development of the data exclusion process was carried out in conjunction with
the initial algorithm transportability analysis. The process proved to be an efficient
method to select data from the AirSAR imagery that was acceptable to the known
validity region of the models. This process was performed before submission to the
inversion algorithms and to allow assessment of the extent of suitable data at various
freq ue nc ies.
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Existing research explains the theoretical relationship between the components of the
dielectric constant, saline water. and the inversion algorithms tested. This was
instrumental in the development of the new inversion algorithm (CM) specifically
designed to retrieve data that correlates to soil salinity. The newly developed
algorithm showed an increase in classification accuracy with respect to soil salinity
values measured in the field, but was still highly influenced by vegetation cover. The
effects of vegetation attenuation with these first order inversion models is well
documented in the literature.
Investigating known vegetation correction methods for application to the soil moisture
inversion algorithms led to the conclusion that these are inadequate in this
environment. The extension from the use of a single eigenvalue from the Claude
decomposition to the use of the full range of eigenvalues available from the three
frequency fully polarimetric AirSAR resulted in an improved accuracy from 74% to
82%, for all cover types that classified as acceptable for inversion.
Finally the development of the methodology for assessing the location and spatial
extent of dead Melaleuca !>JPP· Jed to the ability to map this key bio-indicator of
wetland health and status. The mapping accuracy proved exceptional, although it must
be noted that, in theory, this accuracy is probably only achievable under wet
environmental conditions due to the assumption that dead tree stems are transparent to
radar waves if they do not contain moisture. It is noted that stands of dead Melaleuca
in surface water soak up moisture and are assessable using this methodology. Also, if
the stands were dry and transparent to the radar waves, there would be a
predominance of single bounce data and, under such circumstances, the soil salinity
assessment would be achieved using the Combined Model technique. The
methodology was highly significant for this project and provided a necessary addition
to the salinity map produced because it indicated areas of recent saltwater intrusion
that were excluded from the direct mapping of salinity with the CM algorithm.
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8.3.

IMPLICATIONS FOR FUTURE RESEARCH

This research has made considerable contributions to the understanding of the
application of known inversion algorithms to the natural environment, the
development of specitic soil salinity inversion algorithms and the effects and
adjustments of vegetation cover to these inversions. The following are suggestions to
improve and further validate these developments.
The development of the combined model and its associated vegetation correct
methodology was only able to be tested on soils with high moisture content due to the
AirSAR data available for the study. The combined model is designed to take soil
moisture into account and retrieve data that correlates to soil salinity level. The soil
moisture limitations of this algorithm were unable to be tested in this study. It is
known that some soil moisture needs to exist in the assessment of soil salinity using
this methodology, because an environment conducive to establishing an electrical
continuum is required. It is left to further analyse this algorithm with respect to soil
moisture levels.
The development of the methodology for classifying dead Melaleuca spp. yielded an
excellent result. This methodology could be used to assess broad scale measurements
of what is seen as an important bio-indicator of the state and recent history of wetland
conditions. The extrapolation of this methodology as a localised sea-level variation
indicator is highly theoretical, however, the basis is provided for further study in this
area.
The application for a Linkage Infrastructure grant from the Australian Federal
Government, through a consortium of universities, to acquire a Ground Based MultiFrequency fully Polarimetric Synthetic Apetture Radar and Interferometer is seen as
an excellent step towards further understanding of SAR related problems. This
equipment will provide the ability to image specific targets under controlled
conditions. This experimentation will lead to the testing of algorithms and the
establishment of defined operational parameters.
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APPENDIX ONE
IMAGING RADAR BASICS
The following description of imaging radar basics is derived from Freeman, 2001.
An imaging radar works like a tlash camera in that it provides its own light to
illuminate an area on the ground and take a snapshot picture, but at radio wavelengths.
A flash camera sends out a pulse of light (the flash) and records on a film the light
that is retlected back at it through the camera lens. Instead of a camera lens and film,
a radar uses an antenna and digital computer tapes to record its images. In a radar
image, one can see only the 'light' (echo or pulse) that was reflected back towards the
radar antenna.
Unlike optical and infrared imaging sensors, which are inherently passive, radar is an
active sensor, providing its own illumination in the form of microwaves. Microwaves
are electromagnetic (EM) waves in the wavelength range 1 em to 1 m, which
corresponds to a frequency range of about 300 MHz to 30 GHz (Chapman 1995a,
1995b). Typical radar (RAdio Detection and Ranging) measures the strength and
round-trip time of the microwave signals that are emitted by a radar antenna and
reflected off a distant surface or object. The radar antenna alternately transmits and
receives pulses at particular microwave wavelengths and polarisations (waves
polarised in a single vertical or horizontal plane). For an imaging radar system, about
1500 high- power pulses per second are transmitted toward the target or imaging
area, with each pulse having a pulse duration (pulse width) of typically 10-50
microseconds (J.!S) (Freeman, 2001 ).
At the Earth's surface, the energy in the radar pulse is scattered in all directions, with
some retlected back toward the antenna. This backscatter returns to the radar as a
weaker radar echo and is received by the antenna in a specific polarization (horizontal
or vertical, not necessarily the same as the transmitted pulse). These echoes are
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converted to digital data and passed to a data recorder for later processing and display
as an image. Given that the radar pulse travels at the speed of light, it is relatively
straightforward to use the measured time for the roundtrip of a particular pulse to
calculate the distance or range to the reflecting object.
When an electromagnetic wave reflects off a surface, three basic properties of the
suri'ace come into play, the dielectric constant (or permittivity), the roughness (Root
Mean Square height relative to a smooth slope) and the local slope (Chapman 1995a,
l995b). A useful rule-of-thumb in analysing radar images is that the higher or brighter
the backscatter on the image, the rougher the surface being imaged. Flat surfaces that
reflect little or no microwave energy back towards the radar will always appear dark
in radar images. Vegetation is usually moderately rough on the scale of most radar
wavelengths and appears as grey or light grey in a radar image. Surfaces inclined
towards the radar will have a stronger backscatter than surfaces that slope away from
the radar and will tend to appear brighter in a radar image. Some areas not illuminated
by the radar, like the back slope of mountains, are in shadow, and will appear dark.
When city streets or buildings are lined up in such a way that the incoming radar
pulses are able to bounce off the streets and then bounce again off the buildings
(called a double- bounce) and directly back towards the radar they appear very bright
(white) in radar images. Roads and freeways are flat surfaces so appear dark.
Buildings which do not line up so that the radar pulses are reflected straight back will
appear light grey, like very rough surfaces (Figure A.l.l) (Freeman, 200 1).
In the case of imaging radar, the radar moves along a flight path and the area
illuminated by the radar, orfootprint, is moved along the surface in a swath, building
the image as the platform travels (Figure A.l.2).
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The length of the radar antenna determines the resolution in the azimuth (along-track)
direction of the image. For Real Aperture Radar: the longer the antenna, the finer the
resolution in this dimension. Synthetic Aperture radar (SAR) refers to a technique
used to synthesize a very long antenna by combining signals (echoes) received by the
radar as it moves along its flight track. A synthetic aperture is constructed by moving
a real aperture or antenna through a series of positions along the flight track and
utilising the Dopier shift effect. In 1951 Carl Wiley tirst realised that the Doppler
spread of the echo signal could be used to synthesize a much longer aperture,
resulting in greatly improved azimuth resolution of the radar image (Chapman 1995a,
1995b). As the radar moves, a pulse is transmitted at each position; the return echoes
pass through the receiver and are recorded in an 'echo store.' Because the radar is
moving relative to the ground. the returned echoes are Doppler-shifted (negatively as
the radar approaches a target; positively as it moves away). Comparing the Dopplershifted frequencies to a reference frequency allows many returned signals to be
"focused" on a single point, effectively increasing the length of the antenna that is
imaging that particular point (Freeman, 200 l ).
Using the Doppler eftect cannot increase the range resolution (Figure A.l.2). Range is
the direction perpendicular to the sensors flight path. The range resolution on the
ground is defined as the minimum distance (on the ground) at which two object points
can be imaged separately. Two objects can be distinguished if the leading edge of the
pulse echo from the more distant object arrives at the antenna later than the trailing
edge of the pulse echo from the nearer object (Chapman l995a, 1995b). Thus if their
distances to the antenna are different by at least half a pulse length, then the objects
are resolvable. Therefore ground range resolution is achieved through short pulse
duration. Unfortunately, to achieve a ground resolution small enough to be useful, the
pulse duration would have to be too short to generate enough energy to produce a
sufticient echo signal to noise ratio (SNR) (Chapman l995a, l995b). This problem is
resolved by using a technique known as pulse compression in conjunction with a
processing procedure of the returned signal known as match filtering, to produce both
high resolution and a high SNR.
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Backscatter for a target area at a particular wavelength will vary for a variety of
conditions: size of the scatterers in the target area, moisture content of the target area,
polarisation of the pulses, and observation angles. Backscatter will also differ when
different wavelengths are used.
Backscatter, also known as radar cross section, is measured in units of area (such as
square meters). The backscatter is often related to the size of an object, with objects
approximately the size of the wavelength (or larger) appearing bright (i.e. rough) and
objects smaller than the wavelength appearing dark (i.e. smooth). Typical values of
Normalised radar cross section (in decibels) for natural surfaces range from +5dB
(very bright) to -40dB (very dark).
Backscatter is also sensitive to the target's electrical properties, including water
content. Wetter objects will appear bright, and drier targets will appear dark. The
exception to this is a smooth body of water. which will act as a flat surface and reflect
incoming pulses away from a target. This is known as specular reflection and results
in these bodies appearing dark on the imagery.
Backscatter will also vary depending on the use of different polarization. Some SARs
can transmit pulses in either horizontal (H) or vertical (V) polarization and receive in
either H or V, with the resultant combinations of HH (Horizontal transmit, Horizontal
receive), VV, HV, or VH. Additionally, some SARs can measure the phase of the
incoming pulse (one wavelength= 2n in phase) and therefore measure the phase
difference (in degrees) in the return of the HH and VV signals. This difference can be
thought of as a difference in the roundtrip times of HH and VV signals and is
frequently the result of structural characteristics of the scatterers. These SARs can
also measure the correlation coefficient for the HH and VV returns, which can be
considered as a measure of how alike (between 0/not alike and 1/alike) the HH and
VV scatterers are.
Different observation angles also affect backscatter. Track angle will affect
backscatter ti·om very linear teatures: urban areas, fences, rows of crops, ocean waves,
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and fault lines. The angle of the radar wave at the Earth's surface (called the incidence
angle) will also cause a variation in the backscatter: low incidence angles
(perpendicular to the surface) will result in high backscatter; backscatter will decrease
with increasing incidence angles (Figure A.l.3) (Freeman 2001, Dowman 1995,
Tannous and Pikeroen 1994).
More recently there has been increasing interest in interferometric data derived from
SAR. Interferometry requires two antennas tor each of the bands (frequencies)
collecting this type of data. The distance between the antennas is known (to high
accuracy) and the return signals from each spatial grid analysed with respect to each
antenna. This produces information analogous to a stereoscopic image obtained from
optical data sets. Processing this data results in topographic of digital elevation
information. This information is also frequently used to calculate accurate local
incidence angles tor each spatial grid.
A recent shuttle mission (2000) collected almost world wide interferometric data to
produce a digital elevation model on a scale never before acquired. The results were
impressive, with vertical accuracy's of <±lOrn achieved.
At this stage of SAR evolution, collection of interferometric data is usually at the
sacritice of full polarimetry at that that band. Consequently this type of data
collection, known as TopSAR for the NASA I JPL AirSAR system, generally
comprises C band interferometry with L and P band polarimetry.
The data collected for this project was fully polarimetric inC, Land P bands. No
interferometric data was collected. As the study area has minimal relief, this
information would not have contributed significant data. The full polarimetry at C
band proved more useful for achieving the objectives of this project.
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APPENDIX TWO
ELECTRICAL CONDUCTIVITY AND DIELECTRIC CONSTANT
CONVERSION FORMULAE
Although some of the equations in this section are valid over a wider salinity range,
the combination of equations is valid over primarily the 4 to 35

%o range, which is

within the ranges of soil salinities for this study. The equations shown in this
appendix are drawn from Ulaby et al. (l98la).
The real and imaginary parts of the dielectric constant of a saline water solution are
given by

c

=E

HI'

'~\'00

+

E

,..,o

-E

·"'~

,..f.'
l + 2,'1
r,.,. )'-

(A1.la)

(

i. = 2Jif'r"' k . . o - E",J + ~
'"
J + (?-'':1
nf.'
?-Trfo. j'
r"" )2

(A2.lb)

where the subscript sw refers to saline water. a, is the ionic conductivity of the
aqueous saline solution ins* m- 1, and

£0

is the permittivity of free space

1

' S= Q- is the symbol for Siemens.
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Stogryn (1971) points out that there is no evidence to indicate that
salinity. Hence

£ ....,_

£",.~

depends on

=£,.~ = 4.9.

The dependence of £,..,0 on S"'(%o) and T(°C) is given by

E"' 0 (T, S,....)

= E,...0 (T,O).a(T,S,")

(A2.2)

where
e, .. 0 (T,O) = 87.134-1.949 x w·lr -1.276 x w- 2 r~ + 2.491x w-*T 3
a(T,S 11, ) = 1.0 + 1.613x 10-5TS11,

-

(A2.3)

3.656x 10-·~s ...

+ 3.210 x 10-s s.~. -4.232 x 10 7 s~.

(A2.4)

The form used in (Al.2) also may be used to define the relaxation time,

r, .. (T,S,") = r, .. (T,O).b(T,S"')

where

t

11

,

(A2.5)

(T ,0) = r .. (r), the relaxation time of pure water, and b(T, S.,. . . ) is a

polynomial fit to the data.
b(T,s,.. ) = 1.0 + 2.282x w- 5TS, ... -7.638 x w--~ s ....

- 7. 760 x w-6 s:,. + 1.105 x w-s s;~

The ionic conductivity

U;

(A2.6)

was later modi tied by Stogryn ( 1971) to the form

where u, (25, S"') is the ionic conductivity of sea water at 25° C and is given by
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ai(25,S,") =

s," (0.18252 -1.4619 x w-.1 s, . + 2.093x w- 5 s,~,
-l.282x

w-

7

s;~J

(A2.8)

The function f/J depends on S"'. and !l

f/J

= 25 - T ,

=!l[2.033 x 1o- 2 + 1.266 x 1o--~ !l + 2.464 x 1a-u !l2
7

- S,w(l.849 X 10- 5 - 2.551 X 10- !l

+ 2.551 X 10-8!l2 )]
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APPENDIX THREE
PROTOCOLS FOR FIELD AND LABORATORY WORK

A.3.1 Protocols for Field Work
The study area was originally sampled by Paul Adams (UNSW), several days prior to
the AirSAR data acquisition on 23 November 1996. During this sampling several
transects, for a project in radar remote sensing on Biomass, were established. One of
these transects (Transect 1: start Northing 241625.465650, Easting 8656870.4 79498;
finish Northing 242251.682851, Easting 8658099.368052) was relocated and the sites
(still pegged) resampled on 11&12 August 1997. Resampling of this specific transect
was required for comparative data analysis with further ground data collected at a
latter time (Hess 1996).
The radar illumination occured on 23 November 1996. Paul Adams sampled transect
1 on 14 November 1996 and Mike Saynor (ERISS) resampled this transect on 22
November 1996. Resampling was done by ERISS because a significant amount of
rain had fallen between initial sampling and radar illumination. The resampling by
ERISS was carried out only on transect l. Specifically this included samples for soil
moisture and E.C. analysis.
Access and time availability was limited. The sampling was time consuming and
access difficult. Camping at the site improved sampling time, however, it did not
allow for other, previously sampled transects by Paul Adams, to be reseampled on this
visit.
Ideally ground truthing should be done as close as possible to radar aquisition.
Consequently the use of Paul Adams' transect has time accurate data that is obviously
important for this project. Resampling was necessary to obtain information relevant to
this project that was not previously collected. Specifically this included: surface
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standard deviation; soil samples for particle size analysis (percentage clay, sand &
silt); gravimetric and percentage soil moisture. E.C. and salinity measurements; core
soil samples for bulk density analysis; percentage canopy and ground cover;
tree/shrub/grass height & species; dbh (diameter at breast height); canopy
architecture; vegetation leaf litter; vegetation samples for percentage moisture.
Transect 1 had nine sites, starting at the tree line and extending across the salt flat for
approximately 1.6 Km, on a bearing of024G.r, towards the junction ofthe mouth of
the East Alligator river and the Arafura sea. Each site is approximately 200 m apart.
The original Paul Adams transect had eight sites. Another site was added
approximately 200m closer to the water as during this sampling time the area was
much drier and more accessible than previous sampling times.
Transect 2 was taken to the west of transect l (start Northing 240600.658261, Easting
8656594.507781; tinishing Northing 240489.515017, Easting 8656510.163403) on a
bearing of 240°T, parallel to the line of tlight of the AIRSAR. This transect was not
sampled by Paul Adams. Transect 2 was selected because of its proximity and
accessibility to transect 1. The bearing was chosen to assist in examining the effects
of the incidence angle on the AIRSAR data. This transect consisted of only three sites.
The positioning and site locations on the transect were taken to incorporate a specific
area of interest, a stand of dead Melaleuca spp., suspected of demise through salt
water intrusion.
During this field trip, the area was surveyed using a DGPS, with expertise and
assistance provided by ERISS staff. The ditTerential GPS required a base station. As
there were no large rock outcrops or other permanent land marks, a convenient
randomly selected site was marked with a star picket, still on site, protruding
approximately 0.9m, top 50cm painted orange, location 12°8'25.49315,
132°37'33.0227E. This 'permanent' marker still exists, lasting in excess of the
duration of this project. This allowed further accuracy assessment to be completed at a
latter date. Ecotone boundaries in the general area were mapped out using DGPS
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lines, for example woodland/grassland, salt flat/mangrove, grassland/bare ground,
tidal line, drainage channel and dead Melaleuca boundaries.
Date, transect number, bearing, and orientation to flight were all recorded for each
transect. Both vegetation and soil parameters were measured at each site on the
transects.

After the first two phases of sampling (transect work) and initial analysis of the
AirSAR data another field trip was organised to the study area. The objectives of this
field data collection exercise were to sample as many points as possible based on a
stratified random sampling technique. The study area was divided into six broad cover
types as described in Table 2.1. 95 points throughout the study site were sampled
using this strategy. The data collected at each of these points is described in section
3.2.
The final ground data collection was carried out in November 2000. This collection
procedure was required to carry out a post-classification accuracy analysis of the data
fusion technique used to isolate dead Melaleuca. The areas identified by the process
were small in size but extensively distributed throughout the 10 x 60 km study area.
This precluded any 'on ground' procedure and resulted in the assessment being carried
out through helicopter survey. This survey was coordinated and conducted in
conjunction with ERISS and the University of New South Wales. This proved an
efficient and satisfactory method to assess the accuracy of the data fusion
methodology results.
Soil parameters sampled on Transect 1 & 2.
A literature review was conducted to assess the most appropriate methodologies for
soil sampling and analysis (Day 1965, Hillel 1980, Hunt and Gilkes 1992, Kemper
and Rosenau 1986, Marshall1974, McArthur 1991, Yoder 1936).
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To measure surface standard deviation, two star pickets were hammered into the
ground approximately 2m apart. A string line was stretched between them and
attached at the same height at each picket. Distance between the string line and the
ground was taken every fivecm, the results tallied and surface standard deviation
calculated. This was repeated in a random orientation at each site along the transects.
Two soil samples were taken at each site. One core sample of fixed volume for bulk
density and soil moisture were collected in sealed plastic bags and one sample to
approximately 1Ocm depth were collected in calico bags for E. C. determination for

salt content and particle size analysis.
It was observed that at many of the sites large cracking and loess flaky cover existed.
This was recorded with photographs and rulers showing the extent and dimensions of
the phenomena. This was compared with observations and photographs taken at the
time of previous sampling (Paul Adams and Mike Saynor), closer to the AIRSAR
aquistion. It was noted that the significant rainfall prior to radar aquisition had
affected the swelling clay soils to the extent that the cracks had closed and the loess
flaky surface was not evident.
Vegetation parameters sampled on Transect 1 & 2.
After discussions with Professor Hill, Dr Ahmad, Dr Menges, ERISS staff and a
review of the literature, it was clear that a 'generalisation' of the area was the most
appropriate sampling method as opposed to a pixel by pixel analysis. It may even be
more appropriate not to use transects but rather areas of homogeneity. However,
utilising existing data suggested a transect approach as part of the ground truthing
assessment procedure. Considering this, at each transect site a visual percentage
ground cover average was estimated. Each species was sampled and bagged for
species identification and percentage moisture. Also, percentage canopy cover,
tree/shrub/grass height, dbh and leaf litter depth were all measured; canopy
architecture was noted.

175

Soil salinity determination in norlhern Australia using AirSAR data

A.3.2 Protocols for Laboratory Work

A.3.2.1.
1.

Soil particle size analysis.

Soils dried for three days at 105°C. Implying gravimetric moisture

determination during particle size analysis was not required since soils were
considered completely dry;

2.

Samples manually broken up after drying;

3.

Weighed approximately 40g of dried sample into a beaker;

4.

Added 25 mL of Sodium Hexametaphosphate (NaP0 ) (dispersing agent);

5.

Mixed into a slurry using dionised water:

6.

Left over night for total dispersion:

7.

Mixed for 10 minutes in a milkshake mixer;

8.

Sieved through a 63um sieve with dionised water. Particles> 63um seperated

3 6

and dried (ie sand);

9.

Residual added to 1000mL measuring cylinder and topped up with dionised

water;

10.

Five minute and eight hour hydrometer readings were then to be taken to

assess clay and silt content. Unfortunately the excessive salt content of the samples
caused almost immediate floculation which implied hydrometer readings would be
inaccurate;

ll.

The method was adjusted to deal with this unexpected excessive floculation;
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12.

The sand component of the samples had already been removed. This was dried

overnight at 105°C, and weighed the next day to determine the percentage sand in the
original 40g sample:
13.

The sample remaining in the IOOOmL measuring cylinders was carefully

washed and allowed to settle repeatedly over a period of several weeks. When the
samples showed minimal signs of tloculation, E. C. readings were taken to ensure
most of the salt had been removed. The samples were then vigorously stirrred and
then the fiveminute and eight hour hydrometer readings were taken. The hydrometer
graduations are in grams of suspended material per litre (Kemper and Rosenau 1986);
14.

By converting hydrometer readings and oven dried weight of the sieved

material, percentage sand (from oven dried weight of the sieved material), clay (from
the eight hour hydrometer reading). and silt (from the difference between the eight our
and fiveminute hydrometer reading) was determined:
15.

Using the Triangular Texture diagram based on International Fractions

(Marshall 1974) the textural class of each sample (thus each site of each transect) can
be determined based on the percentage sand, silt and clay makeup;
16.

The results are recorded as percentage sand, clay and silt and textural class

(see Appendix 3).
(Day 1965, Hillel 1980, Hunt and Gilkes 1992)

A.3.2.2.

Soil gravimetric and percentage moisture content and bulk

density determination.
1.

The core sample was weighed intact (including the metal core). The soil was

then removed from the core and the metal core weighed to determine the sample wet
weight:
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2.

The sample was then oven dried at 105°C for three days and reweighed;

3.

Gravimetric moisture content

(OM)= {(wt of moist soil)-(wt of I05°C dry soil)} I (wt of I05°C dry soil)
4.

Using the result of this calculation we can convert the total weights of other

samples to I05°C oven dry equivalents, and calculate the field bulk density;

5.

l05°C oven dry equivalent = weight of sample x { l I (l +GM)}:

6.

The internal volume of the metal core= [{ Pi.d

2

}

I 4]. L

where d =internal diameter of the metal core (em) and L =length of core (em);
7.

Bulk density is calculated by dividing the oven dry weight of soil by the

volume it occupies;
8.

The results are presented Appendix 3.

A.3.2.3.

Soil Electrical Conductivity (E.C.) analysis.

1.

Soils "air" dried in ovens;

2.

Samples manually broken up after drying. Sieved to 2mm fraction and then

used a systematic cone and quarter method to reduce sieved bulk down to a workable
sample;
3.

Take random samples to weight for EC determinations (ie Sg 2mm fraction

soil to 25ml demineralised water) (or 20g soil to lOOm! demineralised water);
4.

Then agitated for I hour:
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5.

Settle 1 hour before measuring E.C. - generally in batches of about 30

(including blanks).
6.

two blanks and soil l repeated as outlined below

B, B. l, 2, 3. --------------> 12, l.

A.3.2.4.

Equipment.

l.

Conductivity apparatus and shaker (ERISS)

2.

Vials for soil samples for E. C. readings (-30 (incl blanks)) (NTU)

3.

Demineralised water for dispersing soils (ERISS)

4.

Sieves to 2mm fraction (ERISS)

5.

Measuring cylinder (ERISS)
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APPENDIX FOUR
GROUND DATA SPREADSHEETS
A.4.1. Ground data for Transects 1 and 2.

A.4.2. Ground data for the 95 point Random Sample.
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A4.1. Ground data for Transects 1 and 2.
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-

T

SOIL PARAMETERS

LOCATIQ.I'f_dGPS
READINGS
SURFACE ST. %CLAY
DEVIATION
lEastinQ
NorthinQ Altitude
±Error
±Error CM)
±Error
T1S1
T1S2
T1S3
T1S4
T1S5
T1S6
T1S7
T1S8
T1S9

tT2S1
LT2S2
T2S3

241625.5
±0.081477
241732.5
±0.088608
241830.6
±0.088026
241926.2
±0.081518
242019.8
±0.086793
242125.4
±0.085436
242178.2
±0.085221
242219
±0.085112
242251.7
±0.416350

8656870 36.76452
±0.025034 ±0.041226
8657063 36.85739
±0.020596 ±0.036916
8657235
36.9097
±0021138 ±0.038246
8657401 36.96245
±0.024783 ±0.041976
8657563 36.83271
±0.022239 +0.040043
8657736 38.90878
+0.023109 ±0.040556
8657813 36.87818
±0.023573 ±0.041681
8657902 36.85354
±0.023957 ±0.042639
8658099
35.4673
±0.105902 ±0.334947

240600.7 8656595 35.86994
±0.248949 ±0.128987 ±0.160314
240556.1 8656558 35.79807
+0249953 ±0.128350 ±0.168727
I 240489.5 8656510 35.71866
1±0222820 ±0.106524 ±0.131636

%SILT

0.603365 42.68293 24.39024

I
I
TEXTURAL %MOISTURE BULK
E.C.
SALINITY
TOTAL DISS. SOIL
EFFECTS OF
CONTENT
CLASS
DENSITY
READING
SALTS TDS SALINITY SOIL SALINITY
(gcm-3
at time of
mS/cm
Iroom
CLASS.
illumination
30.55556 Siltv Loam
30.18 1.00279939
15.35
9.824
9824 CLASS 0 Death of most plants except the very salt tolerant
I
T
I
I
32.92683 Clay
31.81 1.44688646
16.6
10.624
10624 CLASS D Death of most olants exceot the very salt tolerant
15.2

9.728

34.15 1.50497019

15.2

9.728

36.6 1.10807991

26.4

16.896

Death of most plants except the very salt tolerant
I
I
I
I
9728 CLASS D Death of most plants except the very salt tolerant
I
I
16896 CLASS 0 Death of most Plants except the verv salt tolerant

33.91 1.40364159

32.6

20.864

20864 CLASS 0

1.0937889

30.2

19.328

19328

31.3 1.18108559

31.8

20.352

20352

32.81 1.16601414

25.3

16.192

16192

21.68675 Silty Clay
Loam
16.84312 23.00289 Clay

1.51341144

9.47

6.0608

6060.8

1.29278288

14.28

9.1392

9139.2

17.47937 Silty Clay

0.77522735

17.63

11.2832

11283.2

35.16209 Clay

36.56716 Silty Clay
Loam
0.538491 29.91027 29.91027 40 17946 Silty Clay
Loam
0.296357 14.75652 47.95868
372848 Silty Loam
0.677407 27.44511
0.353887

26.1194

30.24

32.43513 40.11976 Silty Clay
Loam
38.59003 Silty Clay
Loam

33.16139 28.24859

1.09291

29.39759

0.817327 60.15399
1.13935

50.0125

9728 CLASS 0

34.19 0.99647652

43.6409 21.19701
37.31343

----

%SAND

0.62532 43.17789 28.37404 28.44806 Siltv Clay

0.550671

-

atom

0.889999 7.440476 62.00397

0.769756

- -

48.91566

32.50813

Death of most plants except the very salt tolerant
I
I
I
I
CLASS D Death of most plants except the very salt tolerant
-I
I
I
I
CLASS 0 Death of most p]ants excePt the very salt tolerant
I
CLASS 0 Death of most Plants excePt the very salt tolerant
I
I
I
I
I
I
CLASS D Death of most plants except the very salt tolerant
I
I
I
CLASS D Death of most plants except the very salt tolerant
I
T
I
CLASS 0 Death of most plants except the very salt tolerant

VEGETATION PARAMETERS
LOCATIOI'IdGPS
READINGS
I%
Northing !Altitude !CANOPY
EastinQ
±Error
+Error I ± Error I COVER
T1S1
T1S2
T1S3
T1S4
T1S5
T1S6
T1S7
T1S8

I 241625.51 86568701 36.76452
±0.0814 771 ±0.0250341±0.041226
I 241732.51 86570631 36.85739
±0.0886081±0.0205961±0.036916
I 241830 61 86572351 36.9097
±0.0880261±0.0211381±0.038246
I 241926.21 86574011 36.96245
±0.0815181±0.0247831 ±0.041976
1242019.8<! 86575631 36.83271
±0.0867931±0.0222391±0.040043
I 242125.41 86577361 36.90878
±0.0854361±0.0231091±0.040556
I 242178.21 86578131 36.87818
±0.0852211±0 .0235731 ±0 .041681
I 2422191 86579021 36.85354
±0.0851121±0.0239571±0.042639

%
ITREE
GROUND IHEIGHT
COVER llriif

SHRUB
HEIGHT

TREE
SPECIES

SPECIES

m>

WET
lORY
I%
I FILM I
WEIGHT (g)IWEIGHT (Q)IMOISTURE I PHOTO
NUMBER

COMMENTS

I

0%1

80%INIL

NIL

NIL

0%1

50%INIL

NIL

NIL

Xerochloa
Sporobolus Vi.'
Xerochloa

0%130- 40% I NIL

NIL

NIL

Xerochloa

2.462

2.3321 5.2802599511

0%1

50%INIL

NIL

NIL

Xerochloa

13.056

11.7481 10.018382411

0%1

0%1NIL

NIL

NIL

NIL

NIL

NIL

NIL

0%1

0%1NIL

NIL

NIL

NIL

NIL

NIL

0%1

0%1NIL

NIL

NIL

NIL

NIL

0%1

0%1NIL

NIL

NIL

NIL

NIL

64.005
3.441
12.651

56.0451 12.43652841\ 1
2.421 29.6716071
11.6051 8.268121111

15

I

2 types of Qrass. tall dry & smaller(- 15-20 em) greener.

I
4, 5

Grassland, sparse

6, 7

Scattered Loos

18

1 type of grass. dry & relatively tall.

1

8, 9

Loess flaky cover (Sedimentary from inundation)

NIL

1

10,11

Loess flaky cover (Sedimentary from inundation

NIL

NIL

1

21

NIL

NIL

1

24

Oist. betn site 6&7 <200m As site 7 was bdry of wetldry
at time of aquisition. site 7 dry, site 8 wet. I
As for site 7
I
I
I

I
I

T1S9

242251.7 8658099
35.4673
±0.416350 ±0.105902 ±0.334947

0%

50% NIL

NIL

NIL

A vicennia ma
Halosarcia hat.
Batis

49.79
34.581
60.684

T2S1

240600.7 8656595 35.86994
±0.248949 ±0.128987 ±0.160314
240556.1 8656558 35.79807
±0.249953 ±0.128350 ±0.168727
240489.5 8656510 35.71866
±0.222820 ±0.106524 ±0.131636

0%

85% NIL

NIL

NIL

Xerochloa
Sporobolus Vi

0%

50% 6-10m

NIL

0%

95% NIL

1.4 m

Dead
Mela/uca s Soorobolus Vi
NIL
Schoenoplect
(Sedge}

17.966
5.29
44.305
19.273
108.987

T2S2
T2S3

21.341 57.1379795
13.585 60.7154218
17.161 71.7207172
16.617
3.295
37.998
12.578
46.053

1

26.27

7.50862741 1 29,30,31
37.7126654
14.2354136 1 32,33,34
34.737716
57.7445016 1 35
}

Retum to ground cover. Sedimentary inundation

---

Soil salinity determination in northem Australia using AirSAR data

A4.2. Ground data for the 95 point Random Sample.
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Site No.

Site Name
Easting
1 T1S1
241625
2 T1S2
241732
3 T1S3
241831
4 T1S4
241926
5 T1S5
242019
6 T1S6
242125
7 T1S7
242178
8 T1S8
242219
9 T1S9
242252
10 T2S1
240601
11 T2S2
240556
12 T2S3
240490
13 SS1
243442
14 SS2
242992
15 SS3
242962
16 SS4
242422
17 SS5
242272
18 SS12
238812
19 SS13
238272
20 SS15
237452
21 SS17
236292
22 SS18
236332
23 SS30 (revised
235201
24 SS52(revised)
242209
25 SS54
238367
26 SS55
238647
27 SS56
239071
28 SS57
240863
29 SS60
243149
30 SS61
242732
31 SS62
242762
32 SS63
243002
33 SS64
242872
34 SS65
242732
36 R2S1
242912
37 R2S2
243944
38 R2S3
243934
39 R2S4
243957
40 R2S5
244149
41 R2S6
244407
243441
42 CAMP SITE
240510
43 CHENIER
44 SS6
239842
45 SS7
240162
46 SS8
239202
47 SS9
238402
48 SS10
238492
49 SS11
240422
50 SS14
238142
51 SS16
237222
52 SS19
236912
53 SS20
236492
54 SS21
235392
55 SS22
235652
56 SS23
234762

Northino Incidence anole(Rad
1.0058
8656870
8657063
1.00128
8657235
0.997111
8657401
0.993158
8657563
0.989146
8657736
0.984781
0.98331
8657813
0.980791
8657902
0.974466
8658099
0.999483
8656595
0.9999
8656558
1.00059
8656510
1.00266
8657788
1.01928
8657048
1.02926
8656698
1.00018
8657408
0.98331
8657848
0.953759
8657108
0.881322
8658658
0.914262
8657508
0.913509
8657008
0.930532
8656598
0.904907
8656723
1.01992
8656675
0.864305
8659077
0.945268
8657271
0.975075
8656630
1.01421
8656235
1.02739
8656845
1.01889
8656948
1.0163
8657048
1.00984
8657368
1.00607
8657428
0.995706
8657688
0.998788
8657668
1.03934
8656795
1.03562
8656921
1.03683
8656893
1.03898
8656899
1.03683
8657091
1.04088
8656509
1.0109
8656190
0.956209
8657518
0.97094
8657248
0.930532
8657908
0.920584
8657788
0.910288
8658088
1.00688
8656278
0.9152
8657808
0.901199
8657718
0.826986
8659188
0.8096
8659338
0.71457
8660498
0.831437
8658528
0.783942
8659028

E.C.
11.5
23.93333
21.3
29.33333
26.2
24.83333
30.13333
39.3
25.93333
9.47
14.28
17.63
26.3
29.2
37.5
31.8
28.5
62.5
56.5
27.5
34.5
22
6.4
13.2
24.9
24.8
36.4
0.25
23.3
25.5
29.2
52.8
28.8
30.1
28
25.8
24.5
46.3
28
12.8
0.16
0.06
28
33.2
30.1
33.2
36
20.5
33.2
33.2
36
24.5
36
33.2
36

Ground Cover
3
3
3
3
3
2
2
2
1
3
3
4
1
2
4
1
2
2
1
2
1
2
4
4
5
4
6
6
4
5
3
1
2
1
5
2
5
1
5
5
6
6
5
2
1
2
1
4
2
2
1
5
1
2
1

57 SS24
58 SS25
59 SS26
60 SS27
61 SS28
62 SS29
63 SS31
64 SS32
65 SS33
66 SS34
67 SS35
68 SS36
69 SS37
70 SS38
71 SS39
72 SS40
73 SS41
74 SS42
75 SS43
76 SS44
77 SS45
78 SS46
79 SS47
80 SS48
81 SS49
82 SS50
83 SS51
84 SS53
85 SS67
86 SS68
87 SS69
88 SS70
89 SS71
90 SS72
91 SS73
92 SS74
93 SS75
94 Pig Rut
95 Patchy Grass

234352
233912
233512
233242
233322
232762
232612
228172
228182
228002
230502
230102
230172
231972
224982
225022
225122
225062
225002
224112
223002
222362
224262
224372
223742
225682
240602
242042
243732
243972
243992
243842
242702
242682
242702
242782
243002
238234
243526

8660008
8660568
8660348
8660278
8659138
8658728
8656708
8657518
8657228
8656238
8655498
8654088
8652608
8651078
8656548
8656258
8655718
8654898
8654038
8653618
8653558
8652868
8652088
8649838
8649808
8650628
8655858
8656478
8656478
8656488
8656758
8656888
8656358
8656548
8656668
8656798
8657068
8655564
8657052

0.715265
0.666116
0.668507
0.664513
0.74005
0.74898
0.852117
0.694147
0.713175
0.767361
0.863862
0.917068
0.973703
1.04627
0.6625
0.682898
0.71975
0.767361
0.812477
0.812997
0.789291
0.810649
0.88898
0.977797
0.969082
0.971403
1.02223
1.0235
1.04546
1.04811
1.04112
1.03526
1.03562
1.02988
1.02677
1.02388
1.01889
0.997811
1.02639

36
33.2
33.2
24.5
36
20.5
20.5
24.5
36
20.5
20.5
20.6
0.2
0.2
24.5
33.2
36
20.5
36
36
20.5
20.6
20.5
20.5
36
0.2
0.2
0.2
0.2
0.2
20.6
33.2
0.2
0.2
20.5
24.5
33.2
0.2
20.6

1
2
2
5
1
4
4
5
1
4
4
3
6
6
5
2
1
4
1
1
4
3
4
4
1
6
6
6
6
6
3
2
6
6
4
5
2
6
3
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APPENDIX FIVE
SOFTWARE WRITTEN AND UTILISED FOR THIS PROJECT
A.5.1. INCIDENCE ANGLE CALCULATION OF PIXELS
The following is the source code for a program written in IDL (ENVI 5.2). The
program calculates the incidence angle of the RADAR beam for each pixel within the
data file. The near ground range, slant range and altitude is specified by the user,
allowing the program to be used on a variety of RADAR data. The output is a single
band image tile that contains the incidence angle of each pixel.
Program Angle;

pro angle ;program calculates angle for pixel location
;DON'T FORGET TO SET NEAR GROUND RANGE, SLANT RANGE,
AND ALTITUDE

samples=OI
lines=OI
bands=OI
type=OI
inter="
NR=9966.38
RSL=3.331
h=8335.7
iterations = 100
setdecimal = 1
in filename= pick file (path='E:\darren\',filter='*. *',title='Select Image File for angle
calc to Read')

187

Soil salinity determination in northern Australia using AirSAR data

outtilename= pick file (path='E:\darren',filter='*. *',title='Select File to Write')
get_lun,inf
openr,inf,infilename

get_lun,outf
openw ,outf,outfilename

read_header,infilename,samples,lines,bands,inter,type
print, infilename,samples,lines,bands,inter,type

Data 1=tltarr(samples)
Angle=tltarr(samples)

;calculate incidence angles for pixel location

eol=bytarr(2)
eoi[O]=byte( 13)
eo I[ 1]=byte(l 0)
writeu, outf, 'pixel',',','angle[rad]',',','angle[deg]',eol
for s=O,samples-1 do begin
Gr=sqrt((NR+s*RSL)/\2 - h/\2)
Angle[s]=atan(GR/h)
Angledegrees= Angle[s]*(l80/3.141593)
;print, ' pixel (sample): ', s ,'
',Angledegrees

anlge:

', Angle[s], ' degrees:

writeu, outf, string(s+ 1),',',string(angle[s]),',' ,string(angledegrees),eol
endfor ;angle calculation
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free_lun, outf
free_lun, inf
;bandnames="
;write_header,outtilename,samples,lines,bands,inter,type,bandnames
end
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A.5.2.

DIELECTRIC RETRIEVAL ALGORITHMS

The following is the source code for a program written in IDL (ENVI 5.2). The
program retrieves the dielectric constant from the radar data using the Physical Optics
model for incidence angle less than 35 degrees and using the Small Perturbation
model for incidence angle greater than 35 degrees. The near ground range, slant
range, altitude and incidence angle restriction for models is specified by the user,
allowing the program to be used on a variety of RADAR data. The input image (data)
must first be rotated 90 degrees in order to improve computation time. This is because
separate lookup tables must be calculated for each incidence angle during the retrieval
process. The output is a single band image file that contains the value of the dielectric
constant of each pixel, based on the Physical Optics and Small Perturbation model
retrieval algorithms.
Program Dielectric 2;

pro dielectric2 ;program uses Look up Table to determine deielectric constant
:DON'T FORGET TO SET GROUND RANGE ETC. FOR ANGLE
CALCULATION!
;and ANGLE RESTRICTION FOR MODELS
samples=Ol
lines=OI
bands=OI
type=OI
inter="
ValueWhenOne = 0.0
iterations = 10000
setdecimal = I00
intilename= pick tile (path='E:\dan·en',tilter='*. *',title='Select Image File to Read')
out filename= picktile (path='E:\darren',tilter='*. *',title='Select Image File to Write')
get_lun,inf
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openr,inf,intilename
get_lun,outf
openw ,outf,outtilename

read_header,infilename,samples,lines,bands,inter,type

print, infilename,samples,lines,bands,inter,type
Data=fltan·( samples)
Result=fltarr( samples)
LUTO=tltarr( iterations+ 1)
LUT 1=fltarr(iterations+ 1)
;calculate incidence angles for pixel location
;in this case image must be oriented such that angle is constant for each line!
;image has to be rotated by 90deg clockwise to have increase in angle coincide with
increase in I
NR=9013.26 ;9966.38 is for the subset, 9013.26 is for the whole image
RSL=3.331
h=8335.7
Angle=fltarr( lines)
for I=O,Iines-1 do begin
Gr=sqrt{(NR+I*RSL)"2 - h"2)
Angle[l]=atan(GR!h)
end for

for I=O,Iines-1 do begin
y =float(!)
:calculate LUT, LutO is SPM and Lut l is POM
for i=setdecimal,iterations+setdecimal do begin
x = float(i)
diel1 =x/setdecimal
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diel2=(x/setdecimal)+(y*0.002)
sinsq=(sin(Angle[l]))"2
coss=cos(Angle[l])
LutO[i-setdecimal]=((diell *coss+sqrt(diellsinsq) )"4 )/( ((coss+sqrt(diell-sinsq) )"4 )*(( diell *( l +sinsq)-sinsq)"2))
;print, LutO[i-setdecimal],i,diell
Lut l [i-setdecimal]=( (die12*coss+sqrt( diel2sinsq) )"4 )/( ((coss+Sqrt( die12-sinsq) )"4 )*(die12*coss"2-sinsq)"2)
endfor ;LUT
;print, LUTO
;print, LUT l
;use LUT to determine result
readu,inf,data
for p=O,samples-1 do begin
;for each data value find match in appropriate LUT
if data[p] LE 0 then Result(p]=O.O
if data[p] GT 0 and data[p] LT l and Angle[ I] LT 0.5236 then
Result(p]=O.O; 0.6109 is radian of 35(validation for SPM)
if data[p] GT 0 and data[p] LT l and Angle[l] GE 0.5236 then begin
;0.5236 is radian of 30degrees
;find value in LUTO
;where is data[p] = LUTO >>position
j=O
found=O
while ULE iterations) and (found EQ 0) do begin
;print, data[p]
ifdata[pJ LT LutO[j] thenj=j+l else found=l
endwhile
:print.p,data[p] .j

z =float (j)
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;error trapping required for the not found condition (not any
more)
Result[p ]=(z+setdecimal)/setdecimal
endif
if data[p] EQ 1 then Result[p ]=ValueWhen One
if data[p] GT l and Angle[!] GT 0.6109 then Result[p]=O.O
if data[p] GT l and Angle[!] LT 0.6109 then begin
;find value in LUT 1
j=O
found=O
while ULE iterations) and (found EQ 0) do begin
if data[p] LT Lut l UJ then j=j+ l else found= 1
end while
z =float

U>

Resu It [p ]=( z+setdecimal )/setdecimal+y*O. 002
endif
;print, 'data: ', data[p],' result: ', Result[p]
endfor;p

writeu,outf,result
print, I
endfor ;lines

free_lun, outf
free_lun, inf

bandnames="
write_header,outfilename,samples,lines,bands,inter,type,bandnames

end
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A.5.3.
SELECTION OF DIELECTRIC VALUES FROM SMALL
PERTURBATION MODEL AND TAYLOR VEGETATION CORRECTED
SMALL PERTURBATION MODEL INVERSIONS.

The following is the source code for a program written in IDL (ENVI 5.2). The
program compares the results from the Small Perturbation Model inversions with
those obtained from the Taylor vegetation corrected Small Perturbation Model
inversions. The program selects the greater of the two values returned and outputs to a
single band image. This provides an image with valid returns for both bare and semivegetated surfaces.
Program Combine SPM with Veg_Corrected SPM;

pro comb_sp_ vegsp

;program compares the dielectric values retrieved from the
;small perturbation model and the vegetation

corrected small perturbation
;retrievals and replaces into a new image with
the larger of the 2.
samples=Ol
lines=Ol
bands=Ol
type=Ol
inter="
ValueWhenOne = 0.0
iterations = 10000
set decimal = 100
in filename= pick file (path='E:\darren',tilter='*. *',title='Select Image File to Read')
outfilename= pickfile (path='E:\darren',filter='*. *',title='Select Image File to Write')

get_lun,inf
openr,inf,infilename
get_lun,outf
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openw ,outf,outtilename

read_header,intilename.samples,lines,bands.inter,type
print, intilename,samples,lines,bands,inter,type
Data=fltarr(samples)
Resu lt=t1tarr( samples)
LUTO=fltarr(iterations+ I)

LUT l=fltarr(iterations+ I)
;calculate incidence angles for pixel location
;in this case image must be oriented such that angle is constant for each line!
;image has to be rotated by 90deg clockwise to have increase in angle coincide with
increase in I
NR=9013.26 ;9966.38 is for the subset, 9013.26 is for the whole image
RSL=3.331
h=8335.7
Angle=fltarr( lines)
for I=O,Iines-1 do begin
Gr=sqrt((NR+l*RSL)"2 - h"2)
Angle[l]=atan(GR/h)
endfor

for I=O,Iines-1 do begin
y =float(!)
;calculate LUT, LutO is SPM and Lutl is POM
for i=setdecimal,iterations+setdecimal do begin
x = float(i)
diell=xlsetdecimal
diel2=(x/setdecimal)+(y*0.002)
sinsq=( sin( Angle[ I]))" 2
coss=cos(Angle[l))
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LutO[i-setdecimaiJ=(( die II *coss+sqrt( dielisinsq) )"4 )/( (( coss+sqrt( dieii-sinsq) )"4 )*( (die II*( I +sinsq)-sinsq)"2))
;print, LutO[i-setdecimal] ,i,diell

Lut I [i-setdecimal]=( (die12*coss+sqrt( diel2sinsq) )"4 )/( ( (coss+sqrt( die12-sinsq) )"4 )*( diel2*coss"2-sinsq)"2)
endfor ;LUT

;print, LUTO
;print, LUT I

;use LUT to determine result
readu. inf,data
for p=O,samples-1 do begin
;for each data value tind match in appropriate LUT
if data[p] LE 0 then Result[p ]=0.0
if data[p] GT 0 and data[p] LT I and Angle[!] LT 0.5236 then
Result[p]=O.O; 0.6109 is radian of 35(validation for SPM)
if data[p] GT 0 and data[p] LT I and Angle[!] GE 0.5236 then begin
;0.5236 is radian of 30degrees
;find value in LUTO
;where is data[p) = LUTO >>position
j=O
found=O
while (j LE iterations) and (found EQ 0) do begin
;print, data[p]
if data[p] LT LutOUJ then j=j+ l else found= 1
endwhile
;print,p,data[p ],j
z = float (j)
;en·or trapping required for the not found condition (not any
more)
Result[ p]=( z+setdecimal)/setdecimal
end if
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if data[pJ EQ l then Result[p]=YalueWhenOne
if data[p] GT l and Angle[!] GT 0.6109 then Result[p]=O.O
if data[p] GT l and Angle[!] LT 0.6109 then begin
;tinct value in LUT 1
j=O
found=O
while ULE iterations) and (found EQ 0) do begin
if data[p] LT Lut l UJ then j=j+ 1 else found= 1
endwhile
z =float U)
Result[p]=(z+setdecimal)/setdecimal+y*0.002
endif
;ptint, 'data: ', data[p], ' result: ', Result[p]
endfor;p
writeu,outf,result
print, I
endfor ;lines

free_lun, outf
free_lun, inf

bandnames="
write_header,outfilename,samples,lines,bands,inter,type,bandnames

end
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A.5.4.
CALCULATION OF PARAMETERS AND ANALYSIS OF FIT
FOR THE NON-LINEAR REGRESSED VEGETATION CORRECTION
EQUATION

The following is the source code for a program written in MATiffiMATICA (V3.0).
The program uses the eigenvalues from the Cloude decompostion, the empirical
vegetation correction suggested by Taylor ( 1996), and the forward modeled HH I VV
values calculated from field measured E.C.s. These are input into the program to
calculate the non-linear regression equation parameters. The output is the parameters
of best fit and a fit analysis for the regression equation used to correct vegetation
affected radar returns.

Program Calculation of coefficients and regression analysis of fit

Calculation of coefficients and regression analysis of fitting
(a+b*C 1st+c*C2nd+d*C3rd+e*Ll st+f*L2nd+g*L3rd+h*P 1st+i*P2nd+j*P3rd)*((hh3hv)/( vv-3hv) )=hh/vv
(Where (hh-3hv)/(vv-3hv) (left) is from radar returns and hh/vv (right) is derived from
the SPM (forward) using EC values from tield work)
(all angles and only for cover types 1,2,3,4)
where Ist, 2nd, 3rd are eigenvalues from the Cloude decomposition

data input order:
C-lst-Eig_Val (B) C-2nd-Eig_Val (R) C-3rd-Eig_Val (G)
L-lst-Eig_Val (B) L-2nd-Eig_ Val (R) L-3rd-Eig_ Val (G)
P-lst-Eig_Val (B) P-2nd-Eig_ Val (R) P-3rd-Eig_Val (G)
(hh-3hv)/(vv-3hv) hh/vv (as above)

datal= (Input data from prepared spreadsheets)

Needs[" Statistics' Non linearFit]
NonlinearFit[data I, (a+b xI +c x2+d x3+e x4+f x5+g x6+h x7+i x8+j x9) xlO,
{xI ,x2,x3,x4,x5,x6,x 7,x8,x9,x I01. {a,b,c,d.eJ,g.h,i,j 1. Maxlterations -> 10000]
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NonlinearRegress[datal, (a+b xl+c x2+d x3+e x4+f x5+g x6+h x7+i x8+j x9) xlO,
{x l ,x2,x3,x4,x5,x6,x7 ,x8,x9,x lO}, {a,b,c,d,e,f,g,h,i,j}, Maxlterations -> l 0000]
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A.5.5.

VEGETATION CORRECTION OF AIRSAR DATA FOR SMALL

PERTURBATION I PHYSICAL OPTICS MODEL RETRIEVAL INPUT

The following is the source code for a program written in IDL (ENVI 5.2). The
program uses the eigenvalues from the Claude decompostion and the empirical
vegetation correction suggested by Taylor (1996). These are input into the non-linear
regression equation calculated using MATHEMATICA. The output is a single band
image with HH I VV values that reflect soil parameters, correcting for vegetation
cover of the individual pixels. This provides an image with valid returns for both bare
and semi-vegetated surfaces.
Program HH I VV Correction for SPM input;

pro hh_ vv _correction ;program inputs l st. 2nd, 3rd eigenvalues from the
;claude decomposed image for C, Land P bands. As well as the (hh-3hv)l(vv-3hv)
;image and returns the corrected HHIVV values ready for input into the
;Small Perturbation Model for dielectric retrieval.
;Or for input into the Combined model for improved dielectric retrieval.
;NOTE- CLOUDE DECOMPOSED IMAGE MUST BE IN BIL I BYTE FORMAT
AND (HH-3HV)I(VV -3HV)
;MUST BE IN FLOATING POINT FORMAT.
:Order of Claude decomposed bands- c2, c3, cl, 12, 13, 11, p2, p3, pl.

samples=OI
lines=OI
bands=OI
type=OI
inter="
bandnames="
infilename2= pick file (path='E:\dan·en',tilter='*. *',title='Select Claude decomposed
C,L,P band Image File to Read')
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infilename 1= pick file (path='E:\darren',tilter='*. *'.title='Select (HH-3HV)/(VV -3HV)
Image File to Read')
outtilename= pick file (path='E:\darren',filter='*. *',title='Select Corrected HHIVV
Image File to Write')
openr,inf2,infilename2, /GET_LUN
openr,infl ,in filename I, /GET_LUN
openw,outf,outfilename, /GET_LUN
read_header, infilename 1,samples,lines,bands,inter,type
;read_header,infilename2,samples,lines,bands,inter,type
Data 1=tltarr(samples)
Data2=fltarr( samples,9)
Result=tltarr(samples)
for l=O,Iines-1 do begin
readu,infl ,data I
readu,inf2,data2
for p=O,samples-1 do begin
;for each data value in each image apply the formula and
;return corrected HHIVV
Result [p ]=(0. 261539+3.58683*Data2[p,2]+6.22945*Data2[p,0]39 .2945 *Data2[p, 1]+5.81997*Data2[p,5]+0.0520594*Data2[p,3]+27 .4248*Data2[p,4
]+3.85077*Data2[p,8]-11.5813*Data2[p,6]+0.00797063*Data2[p,7])*Datal [p]
;print, 'data 1[p ]: ','data2[p ]: ','result[p]: '
endfor;p
writeu,outf,result
print, I
endfor :lines
write_header,outfilename,samples,lines,bands,inter,type
free_lun,infl ,inf2,outf
end
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A.5.6.

PROGRAMS USED WITH PERMISSION

The following programs have been used with permission in the production of this
thesis. These programs have not been reproduced due to copyright considerations:

Program Title
1.

cloude_eigenvalues

Author

Description

J.J. van Zyl

Extracts eigenvalues from Cloude
decomposition.

2.

extract_data

C. H. Menges

Extracts data from geographically
located points within an image.

3.

dielrough3

1.1. van Zyl

Extracts the real part of the
dielectric constant using the DM
and the roughness values of the
surface.

4.

empire!

J.J. van Zyl

Extracts the real part of the
dielectric constant using the OM
and the roughness values of the
surface.

5.

interp3

C.H.Menges

Interpolates between data points
if no data exists between them.

6.

read_header

C.H.Menges

Reads the header file of the input
image.

7.

read_ map_header

C.H.Menges

Reads the header file of
georeferenced input image.

8.

stokes

J.J. van Zyl

Extracts the nine bands of
information contained in the
compressed stokes matrix.

202

Soil salinity determination in northern Australia using AirSAR data

9.

write - header

C. H. Menges

Writes the header file for an
output image.

10.

decomp

1.1. van Zyl

Carries out the Cloude
decomposition on the original
radar data.

ll.

decomp_setup

J.J. van Zyl

Sets up the data for Cloude
decomposition extraction.

12.

scroll_disp

1.1. van Zyl

Displays output images in a scroll
window.
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