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Director’s foreword
Sustainable regional development is a priority for the Australian, Western Australian, Northern
Territory and Queensland governments. In 2015 the Australian Government released the ‘Our
North, Our Future: White Paper on Developing Northern Australia’ and the Agricultural
Competitiveness White Paper, both of which highlighted the opportunity for northern Australia’s
land and water resources to enable regional development.
Sustainable regional development requires knowledge of the scale, nature, location and
distribution of the likely environmental, social and economic opportunities and risks of any
proposed development. Especially where resource use is contested, this knowledge informs the
consultation and planning that underpins the resource security required to unlock investment.
The Australian Government commissioned CSIRO to complete the Northern Australia Water
Resource Assessment (the Assessment). In collaboration with the governments of Western
Australia, Northern Territory and Queensland, they respectively identified three priority areas for
investigation: the Fitzroy, Darwin and Mitchell catchments.
In response, CSIRO accessed expertise from across Australia to provide data and insight to support
consideration of the use of land and water resources for development in each of these regions.
While the Assessment focuses mainly on the potential for agriculture and aquaculture, the
detailed information provided on land and water resources, their potential uses and the impacts
of those uses are relevant to a wider range of development and other interests.

Chris Chilcott
Project Director
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a

Total Absorption Coefficient
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Absorption Coefficient by CDOM

ABS

Australian Bureau of Statistics

AGDC

Australian Geoscience Data Cube
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Absorption, and specific absorption coefficient by phytoplankton
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Adaptive Linear Matrix Inversion
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Absorption and specific coefficient by NAP
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Application programming interface
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Bi-directional Reflectance Distribution Function
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Coloured dissolved organic matter
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Chlorophyll-a

DSITIA

Department of Science, Information Technology, Innovation and the Arts
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European Space Agency
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Enhanced Thematic Mapper
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Geoscience Australia

GDV

Groundwater dependent vegetation

GEE

Google Earth Engine

IOP

Inherent optical property

MIR

Mid-infrared

MODIS

Moderate Resolution Imaging Spectrometer

MrVBF

Multi-resolution Valley Bottom Flatness index

NASA

National Aeronautics and Space Administration

NAP

Non-algal particles

NBAR

Nadir BRDF Adjusted Reflectance
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National Computing Infrastructure
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Normalised Difference Vegetation Index
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Normalised Difference Water Index
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Operational Land Imager
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Open Water Likelihood
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Principal component analysis
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First principal component
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Riparian vegetation

iv | Earth observation application in the Fitzroy, Darwin and Mitchell catchments

SHORT FORM

FULL FORM

SIOP

Specific inherent optical property

SNAP, SCDOM

Spectral slope of NAP or CDOM

SPOT

Satellite Pour l'Observation de la Terre

SWIR

Short-wave infrared

TM

Thematic Mapper

TSM

Total suspended matter

TSS

Total suspended solids

USGS

United States Geological Survey

VDI

Virtual desktop infrastructure

WOfS

Water Observations from Space
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Units
UNITS

DESCRIPTION

cm

centimetres

g

grams

GL

gigalitres, 1,000,000,000 litres

ha

hectares

km

kilometres, 1000 metres

km2

square kilometres

L

litres

m

metres

m2

square metres

µg

micrograms

mg

milligrams

mm

millimetres

ML

megalitres, 1,000,000 litres

nm

Nanometres
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Preface
The Northern Australia Water Resource Assessment (the Assessment) provides a comprehensive
and integrated evaluation of the feasibility, economic viability and sustainability of water and
agricultural development in three priority regions shown in Preface Figure 1:
• Fitzroy catchment in Western Australia
• Darwin catchments (Adelaide, Finniss, Mary and Wildman) in the Northern Territory
• Mitchell catchment in Queensland.
For each of the three regions, the Assessment:
• evaluates the soil and water resources
• identifies and evaluates water capture and storage options
• identifies and tests the commercial viability of irrigated agricultural and aquaculture
opportunities
• assesses potential environmental, social and economic impacts and risks of water resource and
irrigation development.

Preface Figure 1 Map of Australia showing the three study areas comprising the Assessment area
Northern Australia defined as that part of Australia north of the Tropic of Capricorn. Murray–Darling Basin and major
irrigation areas and large dams (>500 GL capacity) in Australia shown for context.
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While agricultural and aquacultural developments are the primary focus of the Assessment, it also
considers opportunities for and intersections between other types of water-dependent
development. For example, the Assessment explores the nature, scale, location and impacts of
developments relating to industrial and urban development and aquaculture, in relevant locations.
The Assessment was designed to inform consideration of development, not to enable any
particular development to occur. As such, the Assessment informs – but does not seek to replace –
existing planning, regulatory or approval processes. Importantly, the Assessment did not assume a
given policy or regulatory environment. As policy and regulations can change, this enables the
results to be applied to the widest range of uses for the longest possible time frame.
It was not the intention – and nor was it possible – for the Assessment to generate new
information on all topics related to water and irrigation development in northern Australia. Topics
not directly examined in the Assessment (e.g. impacts of irrigation development on terrestrial
ecology) are discussed with reference to and in the context of the existing literature.
Assessment reporting structure
Development opportunities and their impacts are frequently highly interdependent and,
consequently, so is the research undertaken through this Assessment. While each report may be
read as a stand-alone document, the suite of reports most reliably informs discussion and decision
concerning regional development when read as a whole.
The Assessment has produced a series of cascading reports and information products:
• Technical reports, which present scientific work at a level of detail sufficient for technical and
scientific experts to reproduce the work. Each of the ten activities (outlined below) has one or
more corresponding technical reports.
• Catchment reports for each catchment that synthesise key material from the technical reports,
providing well-informed (but not necessarily scientifically trained) readers with the information
required to make decisions about the opportunities, costs and benefits associated with irrigated
agriculture and other development options.
• Summary reports for each catchment that provide a summary and narrative for a general public
audience in plain English.
• Factsheets for each catchment that provide key findings for a general public audience in the
shortest possible format.
The Assessment has also developed online information products to enable the reader to better
access information that is not readily available in a static form. All of these reports, information
tools and data products are available online at http://www.csiro.au/NAWRA. The website provides
readers with a communications suite including factsheets, multimedia content, FAQs, reports and
links to other related sites, particularly about other research in northern Australia.
Functionally, the Assessment adopted an activities-based approach (reflected in the content and
structure of the outputs and products), comprising ten activity groups; each contributes its part to
create a cohesive picture of regional development opportunities, costs and benefits. Preface
Figure 2 illustrates the high-level links between the ten activities and the general flow of
information in the Assessment.
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Preface Figure 2 Schematic diagram illustrating high-level linkages between the ten activities (blue boxes)
Activity boxes that contain multiple compartments indicate key sub-activities. This report is a technical report. The red
oval indicates the primary activity (or activities) that contributed to this report.
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Executive summary
This report presents the outcomes of the Northern Australia Water Resources Assessment (the
Assessment) Earth observation activity. The objectives of this activity are to develop, update and
improve spatial data products for the Fitzroy, Darwin and Mitchell catchments, primarily for use in
other activities in the Assessment. This activity used satellite remote sensing datasets to address
four main mapping tasks:
1. The frequency and distribution of flood inundation.
2. The distribution and persistence of waterhole inundation.
3. Waterhole water quality, including suspended solids.
4. The extent and water use requirements of riparian vegetation.
The flood inundation task produced maps of the distribution, frequency and duration of surface
water between 1988 and December 2015. This work compares inundation maps from a range of
sensors and sources to provide new information about the recent hydrological character of these
catchments. These maps have broad utility including to validate hydrological models in the surface
water modelling activity.
The waterhole persistence task compares Landsat observations throughout the dry season to
show the pattern of water retention. Water persistence influences the ecological character of
waterholes, and can indicate their sensitivity to water resource development impacts. The
waterhole water quality assessment uses a physics-based model to retrieve water quality
parameters from selected waterholes. The persistence and water quality information may be used
to aid the interpretation of waterhole groundwater connectivity in subsequent analyses.
The riparian vegetation assessment identifies areas of persistent greenness in the landscape. A
range of additional information about the climate and underlying geology (etc.) are then used to
separate areas reliant on groundwater access from those drawing on soil water.
This report presents a proof-of-concept for these analyses including detailed methods,
descriptions of the datasets and, in some cases, their implications for improving the understanding
of the catchments. The accuracy of these analyses is limited by a range of factors associated with
the spatial resolution of the image data, landcover variability in the assessment areas, the scale of
the features of interest and the timing of image capture. In particular, neither the Landsat nor
Moderate Resolution Imaging Spectrometer (MODIS) sensors can visually penetrate cloud cover,
which means that these analyses have primarily occurred during the dry season between May and
October each year. Subsequent assessments should strive to make greater use of the Australian
Geoscience Data Cube and to exploit recent developments in radar datasets which can see
through clouds and may provide more information and the distribution of water resources in the
wet season.
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1

Introduction

This report presents the work of the Earth observation activity in the Northern Australia Water
Resources Assessment (the Assessment). Remote sensing methods are well suited to assessing
land surface structures and environmental processes over large spatial extents, long periods of
time using archives of historical image data, and in areas that are difficult to access, such as
intermittently inundated regions. As such, these methods are well suited to the objectives of
the Assessment.
The primary objective of the Earth observation activity is to develop, update and improve spatial
data products for the Fitzroy, Darwin and Mitchell catchments, primarily for use in other activities
in the Assessment. This activity is one of the first to be completed in the Assessment and the
datasets created in this work feed in to a range of other activities in the Assessment,
and elsewhere.
This activity included four main mapping tasks:
1. The frequency and distribution of flood inundation.
2. The distribution and persistence of waterhole inundation.
3. Waterhole water quality, including suspended solids.
4. The extent and water use requirements of riparian vegetation.
When prioritising the tasks to be included in the Earth observation activity, products were selected
that contribute to answering a range of questions about the catchments such as: Which areas are
most prone to widespread and frequent inundation?; Where are persistent waterholes located?;
Which surface water bodies are replenished in part by groundwater during the dry season?; Which
waterholes may be particularly sensitive to nearby development?; What is the distribution of
persistently productive vegetation that may be valuable as drought refuge habitat for wildlife? and
Where are vegetation communities likely to be most sensitive to groundwater extraction?
This report presents the results of each of the four tasks in the Assessment’s Earth observation
activity. The report includes a description of key aspects of the three catchments in the
Assessment, followed by a description of the Australian Geoscience Data Cube (AGDC), which
contains much of the satellite imagery used in this activity and indicates the future direction of
spatial data storage, processing and analysis. The subsequent chapters describe the application of
these data to address each of the main mapping tasks in this activity.
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2

Assessment area

The Northern Australia Water Resource Assessments is comprised of three study areas: the Fitzroy
(Western Australia), Darwin (Northern Territory) and Mitchell (Queensland) catchments. These are
discussed in turn below. In this report northern Australia is defined as the area north of the Tropic
of Capricorn.

2.1

Fitzroy catchment

The Fitzroy catchment occupies an area of 93,830 km2 in north-Western Australia (Figure 2-1). The
two main town centres of Derby and Fitzroy Crossing, along with more than 50 smaller
communities, support approximately 7000 people, of whom 80% are Indigenous.

Figure 2-1 Location of the Fitzroy catchment
Showing major towns and rivers. Image data source: Geoscience Australia.
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The Fitzroy River is fed by the Leopold and Margaret rivers that rise in the eastern parts of the
catchment. These join the Fitzroy River near Fitzroy Crossing, where it flows across the Fitzroy
floodplain in the Timor Sea at King Sound. Mean annual flow at the Fitzroy barrage gauge,
approximately 110 km upstream of the outlet at Willare, is 8045 GL/year.
Mean annual rainfall at Fitzroy Crossing is 552 mm and is strongly seasonal, with 93% of rain falling
in the wet season between November and April. Mean annual potential evaporation exceeds
2000 mm per year and is also strongly seasonal, ranging from 200 mm per month during the buildup and the early wet season (October to December), to about 100 mm per month during the
middle of the dry season (June). These conditions result in a semi-arid climate in which plants and
animals depend heavily on wet-season flooding for moisture. Little is known about the fate of
groundwater discharge in the Fitzroy, but it is believed that most discharge is either inter-aquifer
or into the Fitzroy River during the dry season.
The topography is dominated by the King Leopold Ranges which elevate the eastern part of the
catchment by approximately 300 m to 400 m. This region of the upper catchment contains steep
ridges with shallow gravelly soils and plateaux with deep red soils. The mid-catchment is
dominated by vast sand dunes with expansive alluvial plains with grey cracking clay soils in the
lower catchment.
Seasonal flooding sustains off-river wetlands including wetlands of national significance.
Permanent inchannel waterholes provide important refuge habitat for a highly diverse aquatic
biodiversity during dry times, including three critically endangered fish: freshwater sawfish, dwarf
sawfish and northern river shark. King Sound is a high-value estuarine-coastal habitat fringed by
broad mangrove mudflats, which provide nursery habitat for a wide variety of fish and crustaceans.

2.2

Darwin catchments

The Darwin catchments comprise subcatchments draining four rivers: the Finniss (draining a
catchment area of 9488 km2), the Adelaide (7462 km2), the Mary (8073 km2) and the Wildman
(4818 km2; Figure 2-2). These catchments encompass the city of Darwin; the third most populous
city in northern Australia, with a population of more than 140,368 people, with the total Northern
Territory population of 245,079. The main land uses in the Assessment area are conservation
(53%) and grazing (30.7%).
Flow in the Finniss River is perennial with a mean annual flow of 522 GL/year. The lower-most
gauge on the Adelaide River is located at Dirty Lagoon approximately 125 km upstream from the
outlet to the ocean, which is tidally affected and can only be used to record high flows. The lowermost gauge on the Mary River is located at Mount Bundy, approximately 97 km upstream from the
outlet to the ocean. Flow is perennial at Mount Bundy with a mean annual flow of 2351 GL/year.
The Wildman River has no current or discontinued stream gauging. This region features extensive
flat, tidally affected floodplains extending from the river outlets upstream for considerable
distances, which complicates flow measurements in these regions.
Darwin is situated in a tropical climate region, with distinctive wet (November to April) and dry
(May to October) seasons. Mean annual rainfall over the Darwin catchments is 1423 mm with
close to 95% falling during the wet season. Of this a considerable proportion is due to tropical
cyclones or tropical lows which cross the catchment every couple of years. The bulk of rain in the
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build-up to the wet season (September-October) falls within about 100 km of the west coast,
including the Finniss and Adelaide river catchments, while the Mary and Wildman catchments
generally receive less rainfall over this period. From November onwards, rainfall distribution is
more uniform across the four catchments.

Figure 2-2 Location of the Darwin catchments
Showing major towns and rivers. Image data source: Geoscience Australia.

Mean annual potential evaporation in the Darwin catchments exceeds 1800 mm most years and
exhibits a strong seasonal pattern, ranging from 200 mm in October to about 125 mm in June. The
Darwin catchments are flat, and there is no topographic influence on climate parameters.
The ecology of the Darwin catchments is fundamentally linked to the seasonality of water
availability. These catchments have extensive seasonal wetlands and floodplain systems including
five wetlands of national significance: the Finniss Floodplain and Fog Bay Systems (Finniss River),
the Port of Darwin (Finniss River), the Adelaide River Floodplain System (Adelaide River), the Mary
Floodplain System (Mary River) and Kakadu National Park (Wildman section) (Environment
Australia, 2001). Only Kakadu National Park is Ramsar listed.
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The region has a high dependence on groundwater, which supports a range of riparian vegetation
types throughout the region and replenishes many permanent waterholes that provide refugia in
the dry season. Riparian zones, which support high biodiversity and productivity, are sensitive to
changes in both surface water and groundwater regimes (Pusey and Kennard, 2009).
Significant fauna in the region include saltwater and freshwater crocodiles, the dwarf sawfish, the
freshwater sawfish, the northern river shark and the pig-nosed turtle. The ecology of many of
these species is highly dependent on the quality and quantity of water resources, and
maintenance of habitat heterogeneity. Many species, such as Australian snubfin dolphins,
barramundi, sawfish and mudcrabs, have life histories that span freshwater through estuarine to
marine environments, and are valuable to commercial, recreational and Indigenous fishery sectors
(Bayliss et al., 2014).

2.3

Mitchell catchment

The Mitchell River Assessment Area is defined by the Mitchell Australian Water Resource Council
river basin (Figure 2-3). It encompasses an area of 71,529 km2. The population in the catchment is
sparse (less than 6000), and there are no major urban population centres. The largest settlements
are the towns of Dimbulah (population 1414; ABS, 2013a), Kowanyama (population 1031; ABS,
2013b) and Chillagoe (population 192; ABS, 2013c). The main land use in the Assessment area is
pastoralism (95.1%).
The Mitchell River flows intermittently, but has Queensland’s largest mean annual discharge
(11.3 GL). The furthest downstream gauge is at Dunbar, which is 136 km upstream from the main
outlet of the Mitchell. Flow here is perennial with a mean annual flow of 7880 GL/year. The Alice
River joins the Mitchell near the main outlet of the Mitchell to the ocean, although no gauge data
are available for this stream. The Mitchell River is fed by the Palmer, Walsh and Lynd Rivers. Flow
in the Lower Palmer at Drumduff is perennial with a mean flow of 1797 GL/year. Flow in the lower
Walsh at Trimbles Crossing is ephemeral with a mean annual flow of 1552 GL/year and a mean of
82 no-flow days per year. No observations are available for the lower Lynd River.
The lower portion of the Mitchell River features a large alluvial fan where river flow becomes
divergent and numerous outlets drain to the ocean. The nature of the connection of the main river
with these distributary streams is not clear.
The Mitchell catchment is characterised by a distinctive wet and dry season due to its location in
the Australian summer monsoon. Mean annual rainfall is 996 mm with 97% falling in the wet
season. Mean annual evaporation is around 2300 mm and is strongly seasonal, ranging from
200 mm per month during the build-up and early wet season (October to December), to about
100 mm per month during the middle of the dry season (June).
The Assessment area contains three wetlands of national significance: the Mitchell River Fan
Aggregation, the Southeast Karumba Plain Aggregation and the Spring Tower Complex
(Department of the Environment, 2010). Estuarine and coastal marine waters support a suite of
species of conservation importance including dugongs, sea snakes, speartooth sharks, sea turtles
and sawfish. Banana prawns are of considerable value to the Northern Prawn Fishery, and are
highly dependent on river flow.
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Figure 2-3 Location of the Mitchell catchment
Showing the location of major towns and rivers. Image data source: Geoscience Australia.
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3

The Australian Geoscience Data Cube (AGDC)

This chapter describes the AGDC, which is the repository of the longest time series and highest
quality Landsat and MODIS data available for Australia. The AGDC remains in development, and
full use of the AGDC data in this activity was ultimately restricted by some of the existing access
and processing limitations. Despite this, the AGDC has enormous potential to revolutionise the
speed, accuracy and repeatability of image analysis including in water resources research.

3.1

The data cube concept

Until recently, satellite images were expensive to purchase and complex to process to a level
where they could be used to extract reliable information about the landscape. This meant that
most remote sensing analyses used only a few images to examine change in conditions over time.
Under these circumstances, the tasks of spatially aligning and spectrally adjusting the images so
that changes can be reliably interpreted from the images is manageable for reasonably wellequipped and experienced researchers.
Two major changes made this method of processing unsustainable. First, the archive of historical
images stored on servers around the globe is becoming longer, which enables analysis of detailed
changes over long periods of time using large numbers of images. Second, changes in the business
model meant that satellite image data captured by United States Government organisations such
as the National Aeronautics and Space Administration (NASA) and the United States Geological
Survey (USGS) became freely available from 2008, enabling anyone to access every image
captured by a selected range of sensors at no cost. This immediately increased the rate of data
download from the USGS 60-fold (http://landsat.gsfc.nasa.gov/six-million-landsat-scenesdownloaded-for-free/). With large and growing numbers of images the traditional methods of
manual and local processing become unfeasible.
In addition, the recent Sentinel series of satellites launched in 2014 by the European Space Agency
(ESA) under the European Union’s Copernicus Programme, and the Japanese Space Agency’s
Himawari-8 geostationary satellite (10 minute capture frequency at 1 km spatial resolution over
Oceania), demonstrate the significant increase in the amount of data available for continuous
regional and global environmental monitoring and analysis.
One of the ways to improve the accessibility of large time series of satellite images is to preprocess the imagery to an ‘analysis ready’ state. The definition of analysis ready varies somewhat
between applications, but it broadly describes imagery on which no further processing is required
to align pixels between images or remove spectral artefacts associated with the remote sensing
environment. These pre-process steps may include:
• Radiometric calibration – corrections for changes in the sensitivity of the sensor that may occur
over time, which may be achieved with on-board calibration or ground-based calibration targets.
• Spatial gridding – transformation of the images into a consistent map projection and gridded data.

Chapter 3 The Australian Geoscience Data Cube (AGDC) | 9

• Atmospheric correction – adjusting the absolute and relative brightness of wavelength bands to
account for differences in the optical character of the atmosphere between image capture
dates. Pixels processed to this stage show ‘surface reflectance’, in which reflected energy
represents the features of the target object of interest with minimal artefacts.
• Pixel quality metrics – assessment of sub-pixel cloud and aerosol contamination and other pixel
quality metrics.
• Temporal aggregation – time window in which multiple satellite passes are combined into a
single image and the method used to select the ‘best’ pixel where there is overlap of passes
within the window.
• Latency assessment – time between satellite overpass and the image being made available due
to processing of the raw data for each of the previous dot-points and data transfer.
The AGDC addresses these challenges by creating and managing complete time and spatial stacks
of pre-processed analysis-ready Earth observation data, and developing a package of code to
enable efficient and flexible analytics on these data.

3.2

The AGDC

The AGDC is a partnership between Geoscience Australia, CSIRO and the National Computational
Infrastructure (NCI). The AGDC represents a fundamental advance in the consistent preprocessing, organisation and analytics of Landsat data for the Australian continent (Lewis et al.,
2016, http://dx.doi.org/10.1080/17538947.2015.1111952). It includes a database of every Landsat
5, 7 and 8 image acquired over Australia since 1986, consistently processed to analysis-ready state.
This processing involves corrections for illumination and observation angles, the bi-directional
reflectance distribution function (BRDF, which influences relative pixel brightness across large
scene areas) and atmospheric conditions. These data are known as NBAR (nadir BRDF adjusted
reflectance). These processing routines are constantly being reviewed, and processes for terrain
correction are now being implemented, which will be called NBARt. These are the most thorough
and consistently processed Landsat image data for use in Australia.
The AGDC database is accessible on the NCI system (http://nci.org.au/), thereby leveraging the
high-performance computing power of Australia’s most highly integrated super-computer and
filesystems. Query and advanced retrieval of AGDC data occurs through a Python-based
application programming interface (API), available as a loadable module on the NCI system. The
latest version of the interface, AGDC v2.0 API, was released in July 2016 and significant parts of the
AGDC database are being re-processed consistent with the updated API.

3.3

AGDC structure and contents

The AGDC is an analytics and data management interface to billions of observations (pixels) of
Earth observation data and related gridded sets (Figure 3-1). The AGDC is designed and built to
manage and provide tools for using Earth observation data (and related or compatible data) as
pixel observations, to combine data from multiple sensors and to be scalable across multiple
storage and compute environments. Key principles include:
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• support scalable, efficient processing and delivery of large-scale, temporally deep
data collections
• provide a generic, extensible system for managing all forms of multidimensional, regular gridded
data across diverse domains and in multiple dimensions
• prioritise flexibility of use over peak performance
• support translation of data from a common form (per sensor) and avoid duplication of data in
different structures for different purposes
• leverage existing open data, software and services initiatives
• support both high-powered super-computer tasks and exploratory analysis via
multiple interfaces.

Figure 3-1 High-level external interfaces to the AGDC v2

Table 3-1 presents an overview of the data sources that are currently or are planned to be
available on the AGDC. A priority in selecting data sources for the AGDC was sources that offered
consistency and longevity to enable monitoring in addition to accuracy of derived assessments. Of
particular relevance to this Assessment are the Landsat and MODIS series, which are used in each
of the tasks described below (though not necessarily accessed from the AGDC). Himawari-8 and
the Sentinel-1, -2 and -3 data represent the future of Earth observation data provision, which
extend and develop the datasets available from Landsat and MODIS into the foreseeable future.
Newer datasets available on the AGDC – in particular Sentinel 2, which improves on the frequency
and spatial resolution of Landsat and Sentinel 1, which is a synthetic aperture radar sensor capable
of penetrating through cloud cover – could potentially make significant contributions to improving
the information available on the processes investigated in the Assessment. Sentinel 1 could be
used to measure flood inundation distribution during the wet season for instance (November to
April) during which cloud cover is generally persistent. Unfortunately, all of the tasks in the
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Assessment require a long time series of image data that is not available from these recently
launched sensors.
Table 3-1 Spatial, temporal and spectral characteristics of satellite data sources used in the AGDC
PLATFORM/
SENSOR

DATE (AUS)

FREQ.

Landsat 5
Thematic Mapper
(TM)

1987–1999 16 days

Landsat 7
Enhanced
Thematic Mapper
Plus (ETM+)

Apr 1999

Landsat 8
Operational Land
Imager (OLI)

Feb 2013

Terra MODIS

Dec 1999

NO.
BANDS

PIXEL SIZE

SWATH
WIDTH
(KM)

APPLICATION NOTES

7

30 m Multi (6)

185

Terrestrial Earth observation.
Data gap 1999-2003

185

Terrestrial Earth observation
Scan line correction failure
May 2003

185

Terrestrial Earth observation

2330

Terrestrial Earth observation

2330

Terrestrial Earth observation

2003–2011

120 m Thermal (1)
16 days

8

15 m Pan (1)
30 m Multi (6)
60 m Thermal (1)

16 days

9

15 m Pan (1)
30 m Multi (8)

1 day

36

250 m (2)
500 m (5)
1000 m (29)

Aqua MODIS

May 2002

1 day

36

250 m (2)
500 m (5)
1000 m (29)

Himawari-8

From 2015

10
minutes

16

2 km

Full disk
centred on
150 deg E
(60-220 E)

Geostationary weather and
terrestrial observations

Sentinel-1

April 2014

6 days
(dual
satellite)

C-Band

20 m

250

Day/night/cloud imaging

Sentinel-2

From 2015

5 days
(dual
satellite)

13

10 m (4)
20 m (6)
60 m (3)

290

Terrestrial Earth observation

Sentinel-3

From 2016

2 days
(dual
satellite)

OCLI (21) 300 m (21)
SLSTR
500 m (6)
(11)
1000 m (5)

1270
1420

Terrestrial and marine Earth
observation

3.4

AGDC data products

3.4.1

WATER OBSERVATIONS FROM SPACE (WOfS)

One of the showcase products of the AGDC is the WOfS (Mueller et al., 2016), a collection of water
maps across the whole of Australia using the entire Landsat archive. This is a unique dataset in its
spatial and temporal coverage and in the consistent method used to map water across Australia.
WOfS shows the proportion of cloud-free observations of the land surface in which each pixel is
mapped as water. The method used for identifying water is based on a statistical regression tree
approach that uses information from the Landsat NBAR bands and normalised indices (Mueller et
al., 2016). While initial analysis has shown it to be a conservative estimate of flood extent, its
consistency across the continent makes it highly suited to producing summary maps of flood
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conditions over large extents. The WOfS products are used in the flood inundation and waterhole
persistence analyses in this report.

3.4.2

DATASETS EXTRACTED FOR THIS ASSESSMENT

The AGDC’s consistent processing of Landsat data enables the large-scale time series analysis of
water quality dynamics across the Fitzroy, Darwin and Mitchell catchments. Python code was
written and executed on the NCI’s virtual desktop infrastructure (VDI) to extract time series of
pixel data (Landsat bands) at various waterhole sites across these catchments. These time series
are used in the waterhole water quality analysis in this report.

3.5

Conclusion

The AGDC has significant potential to improve the speed and accuracy of satellite image
processing for Australian studies. It was hoped that all tasks in the Assessment would be able to
access Landsat and MODIS data from the AGDC to maximise the consistency of analysis. Certain
current limitations however, such as limited capacity to extract information from very large
subsets over very long time series, prevented use of the AGDC for some tasks.
The AGDC remains under development, however, the potential of the data cube framework is
evidenced through the adoption of similar frameworks in a range of other countries including the
United States, Kenya and several South American nations.
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4

Flood inundation mapping

Mapping the frequency and distribution of flood inundation is important for capturing the spatial
and temporal dynamics of surface water throughout the Fitzroy, Darwin and Mitchell catchments.
Two commonly used image sources for flood mapping are Landsat Thematic Mapper (TM) and
MODIS (Table 3-1). While neither of these sensors can penetrate cloud cover, both datasets are
freely available and have long archives of historical imagery making it possible to examine
inundation characteristics during and between flood events over time. The daily image capture
frequency of MODIS increases the likelihood of capturing peak inundation extent for a given flood
event, but the large pixel size can reduce spatial detail. The higher spatial resolution of Landsat
more accurately represents inundation patterns, especially in smaller-scale drainage features
including some river channels, but the lower acquisition frequency (16 days) reduces the likelihood
of capturing images under peak flood conditions, even less so during cloudy conditions.
The spatial datasets produced in this activity update the inundation datasets available for these
catchments, which improves the estimation of water resource availability to other activities in the
Assessment. In particular, these layers will be used to constrain and validate hydrodynamic models
used to simulate flood events by the surface water hydrology activity.

4.1

Objectives

The primary objective of this task is to use Landsat and MODIS satellite image data to map the
frequency and distribution of flood inundation in the Fitzroy, Darwin and Mitchell catchments
including maximum annual inundation extent, and the duration of inundation. The maps will be
cross validated by comparing the MODIS and Landsat maps to one another and also to higher
resolution remote sensing imagery available in Google Earth.

4.2

Datasets and processing methods

4.2.1

MODIS

MODIS satellite data provide very frequent but coarse spatial resolution maps of surface water
extent. Two MODIS sensors are currently operational: Terra, which is specifically tailored to
observations of terrestrial areas and has been operational since 2000, and Aqua, which is suited to
marine and aquatic observations and has been operational since 2002. These sensors acquire
daytime images of Australia around 10am (Terra) and 2pm (Aqua) each day. The exact coverage of
the swaths varies between image capture dates to fill gaps in the global coverage. This results in
temporal changes in the look angle of the sensors at each location on the ground.
MODIS surface reflectance data are available from early 2000 until the present for the whole of
Australia at the NCI facility (dap.nci.org.au). These data are available in hierarchical data format,
geographic latitude/longitude on the WGS’84 datum, with a pixel size of 0.004697 degrees
(approximately 500 m).
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This task uses two MODIS image datasets: an 8-day composite surface reflectance image product
and a set of daily (instantaneous) images. The 8-day composite imagery (MODIS product
MOD09A1) optimises the best sensor viewing angle and reduces the probability of cloud cover in
the images. This is produced by NASA from the daily observations as it maximises the number of
cloud-free images available. However, because each image can comprise pixels from several dates
it is not ideally suited to correlation with hydrological information. The 8-day composite data from
only the Terra satellite are used here because of its slightly longer image archive. Daily surface
reflectance data (MODIS products MOD09GA and MYD09GA for the Terra and Aqua sensors,
respectively) captured between 2000 to 2015 are also used.

4.2.2

THE OPEN WATER LIKELIHOOD (OWL) WATER DETECTION ALGORITHM

The OWL algorithm (Guerschman et al., 2011) was used for mapping open surface water with
MODIS imagery at a 500 m pixel resolution. The OWL was developed using empirical statistical
modelling and calculates the fraction of water in a MODIS pixel using the following equations:
fw =

1
1 + exp( z )

(1)

where, z is defined as:
5

z = β 0 + ∑ β i ⋅ xi

(2)

i =0

In equations 1 and 2, fw is the estimated fraction of standing water, xi are independent variables,
and βi are parameters fitted empirically. The values of β for different i are defined as follows:
β0=
β1=
β2=
β3=
β4=
β5=

-3.41375620
-0.000959735270
0.00417955330
14.1927990
-0.430407140
-0.0961932990

x1=
x2=
x3=
x4=
x5=

Short-wave infrared (SWIR) band 6 (reflectance*10,000)
SWIR band 7 (reflectance*10,000)
NDVI
NDWIGao
MrVBF

NDWIGao is a Normalised Difference Water Index developed by Gao (1996), and MrVBF is the
Multi-resolution Valley Bottom Flatness index (Gallant and Dowling, 2003). OWL pixel values can
be interpreted as indicating the probability of water occurrence within the pixel, or the proportion
of the pixel that contains water. For example, an OWL value of 0.5 may indicate very shallow
water or very moist soil across the full extent of the pixel area, or that 50% of the area of the pixel
contains water, which may occur on the edge of an inundated area.
A cloud mask was applied using the MODIS state band associated with each product, which
contains information on cloud and cloud-shadow location. The two daily MODIS OWL water
fraction images (one from Terra and one from Aqua) were combined into a single daily image
based on best available data. During this process any clouds or areas of missing data in one image
were replaced by pixels from the other image. When pixels were clear in both images the
maximum OWL value was used based on the assumption that pixels closest to the sensor (i.e. not
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on the edge of the swath) are of better quality (Chen et al., 2013). For the daily dataset, OWL
water maps were produced for select flood events as required for the hydrodynamic modelling.
The daily and 8-day composite MODIS water maps were then sub-set for the Fitzroy, Darwin and
Mitchell catchments.
OWL images were created from each image in the MODIS archive from 2000 to December 2015,
along with spatial summary maps for maximum inundation extent, the percentage of time that a
pixel is inundated, and maximum duration in consecutive days that a pixel is inundated. Summary
maps were created for each year and for the entire duration of record.
The maximum extent summary products tend to capture noise in the data across the full time
series, so these were created from the 8-day composite images to reduce noise levels in the end
product. The summary maps of percentage inundation time and maximum inundation duration
used the daily MODIS OWL data and assumes that a pixel was either flooded or not flooded. A
threshold was used to stratify the MODIS OWL water fraction into water/non-water values based
on Ticehurst et al. (2015b), such that any MODIS OWL pixel estimated to have more than 10%
water is mapped as water. These products are referred to as MODIS OWL water maps.
The summary maps of maximum inundation duration show the maximum duration of consecutive
days in which the pixels are mapped as water. For pixels obscured by cloud cover, if they were
mapped as water before and after a period of cloud cover then the pixel was inferred to be
inundated for the full duration. If the pixel was dry at the end of the cloudy period then the pixel
was assumed to be dry since the last flooded image. For display, these maps were classified based
on the number of consecutive days that a pixel is inundated: 0, 1, 2 to 5, 5 to 10 and 10+ days.
The MODIS OWL spatial summary maps assist the analysis of surface water duration and dynamics
through time. The complete suite of annual summary maps are provided in the surface water
hydrology activity report, and these enable year-to-year comparisons to be made both within and
between catchments.

4.2.3

LANDSAT

Landsat 5 TM, 7 Enhanced Thematic Mapper (ETM) and 8 Operational Land Imager (OLI) data from
the AGDC were used in this analysis (Table 3-1). Landsat sensors capture images of the same part
of the globe every 16 days, but because it cannot penetrate cloud cover the capture of useful
cloud-free images is less frequent in practice.
For mapping flood inundation, the NDWIXu (Xu, 2006) was calculated and a water mask produced
using green and mid-infrared (MIR) wavelengths:
(𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔−𝑀𝑀𝑀𝑀𝑀𝑀)

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑋𝑋𝑋𝑋 = (𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔+𝑀𝑀𝑀𝑀𝑀𝑀)

(3)

where the green is band 2 for Landsat 5 & 7 and band 3 for Landsat 8, and MIR is band 5 for
Landsat 5 & 7 and band 6 for Landsat 8. Water was separated from other features using a
threshold of NDWIXu greater than or equal to –0.3, which is consistent with Sims et al. (2014) and
balances errors of omission and commission in most landscapes. Flood inundation maps were
produced using the NDWI for select flood events as required for calibrating the hydrodynamic
model used in the surface water hydrology activity.
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Masking of cloud cover was done by extracting the pixel quality band available on the NCI
associated with each NBAR product. A dilation algorithm, using a morphological filter with a 3 x 3
kernel was applied to the cloud mask. This was to reduce the edge effects around the clouds and
cloud-shadows, and for consistency with the processing method used to develop the WOfS
datasets.

4.2.4

VALIDATION

Validation of the inundation maps was performed by comparing the Landsat NDWIXu and WOfS
datasets with high-resolution imagery available on Google Earth; a virtual globe that links map and
geographical information to satellite and airborne imagery from a wide range of sources. Google
Earth displays images of varying resolution from sources including Landsat, Satellite Pour
l'Observation de la Terre (SPOT) and military satellites depending on the location and viewing
scale. Most land areas globally, including Australia, are shown in at least 15 m resolution, and
some areas of Australia are shown at 15 cm resolution. It is possible in Google Earth to select
specific dates of imagery and interrogate a range of features including the image data sources,
resolution and image capture dates. Validation of the MODIS OWL maps was conducted in
comparison with coincident Landsat images.
Assessment of the agreement was calculated using the Kappa statistic (K; Landis and Koch, 1977;
Jensen, 2005), which provides an estimate of agreement between two spatial datasets accounting
for the agreement occurring by chance. K > 0.80 represents strong agreement, 0.60 < K ≤ 0.80
represents substantial agreement, 0.40 < K ≤ 0.60 represents moderate agreement, and K ≤ 0.40
represents poor agreement (Landis and Koch, 1977; Jensen, 2005).

4.3

Results

This section shows examples of the MODIS OWL water summary maps and how they vary within
and between the Assessment’s catchments. It also demonstrates how the WOfS dataset can be
used to produce similar summary maps at a finer spatial resolution. To help assess the accuracy of
the water maps, a comparison is made between coincident Landsat NDWIXu and WOfS water
maps, interpreted using Google Earth imagery, as well as the MODIS OWL and Landsat NDWIXu
across the three Assessment catchments.

4.3.1

MODIS PRODUCTS

MODIS OWL spatial summary maps of the maximum inundation extent and percentage inundation
time generated from the MODIS archive from 2000 to 2015 are shown in Figure 4-1, Figure 4-2
and Figure 4-3 for the Fitzroy, Darwin and Mitchell catchments, respectively. The MODIS OWL
summary maps show that the Fitzroy catchment is subject to large floods (Figure 4-1a) especially
from Fitzroy Crossing downstream to Derby. The lower quarter is the most frequently inundated
part of the catchment, its 1 to 5% inundation time is the equivalent of a mean of 4 to 18
days/year. The mid-lower quarter of the catchment is even less regularly inundated – less than 1%
of the time (mean 4 days/year). Very little water is mapped upstream of Fitzroy Crossing in the
MODIS OWL summary maps due to the low spatial resolution of the MODIS imagery compared to
the inundation extent. There appears to be significant noise in the maximum inundation extent
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maps (Figure 4-1a), especially in areas where the MODIS OWL values are below 50%. This may be
due in part to confusion between water and certain soil types (Ticehurst et al., 2014), which is
possibly occurring in the Fitzroy catchment due to the low vegetation cover compared to the other
catchments in the Assessment. A flood mask is recommended to avoid this confusion. It is also
worth noting that areas of inundation of less than 500 m in river width are unlikely to be detected
in the MODIS OWL imagery, and finer-resolution spatial data (such as Landsat) would be
recommended for surface water mapping in the upper catchments of the Fitzroy catchment.

Figure 4-1 Inundation extent and duration in the Fitzroy catchment (MODIS)
(a) Maximum inundation extent derived from 8-day composited MODIS OWL water fractions, (b) % inundation time
derived from daily MODIS OWL water maps for the Fitzroy catchment generated from 2000 to 2015.

A large proportion of the Darwin catchments was inundated at some time during the period of
image capture (Figure 4-2a). The inundation duration map (Figure 4-2b) shows the percentage of
time that a pixel is inundated based on available, cloud-free observations. As expected, large
dams, such as the Darwin River Dam in the Finniss catchment, show up as permanent water
bodies with the remaining areas being less permanent.
The MODIS OWL summary maps for the Mitchell catchment show that extensive flooding has
occurred in the lower catchment at some stage between 2000 and 2015 (Figure 4-3a). Apart from
Lake Mitchell in the upper Mitchell catchment, most of the surface water was observed in less
than 5% of the MODIS OWL observations.
Figure 4-4, Figure 4-5 and Figure 4-6 show the number of years in which an area is inundated for a
maximum of 2 to 5, 5 to 10 and greater than 10 days for the Fitzroy, Darwin and Mitchell
catchments, respectively. In the Fitzroy catchment, there is a large area on the floodplain that is
inundated for at least ten consecutive days at least once in the period of image capture
(Figure 4-4a), or 6% of the years. Inundation duration between 2 to 5 days was observed in 9 to 12
years out of the 16 years of MODIS observations in the lower part of the catchment (Figure 4-4b).
Based on these results, there is a reasonably high (50–75%) probability of 2 to 5 days of inundation
duration in the lower Fitzroy catchment.
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Figure 4-2 Inundation extent and duration in the Darwin catchments (MODIS)
(a) Maximum inundation extent derived from 8-day composited MODIS OWL water fractions, (b) % inundation time
derived from daily MODIS OWL water maps for the Darwin catchments generated from 2000 to 2015.

Figure 4-3 Inundation extent and duration in the Mitchell catchment (MODIS)
(a) Maximum inundation extent derived from 8-day composited MODIS OWL water fractions, (b) % inundation time
derived from daily MODIS OWL water maps for the Mitchell catchment generated from 2000 to 2015.
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Figure 4-4 Number of years of maximum inundation duration in the Fitzroy catchment (MODIS)
Number of years that a pixel is inundated for (a) more than 10 days, (b) 5 to 10 days and (c) 2 to 5 days for the Fitzroy
catchment.

Apart from permanent dams in the Darwin catchments, very little of Darwin’s Assessment area is
inundated for more than ten consecutive days (Figure 4-5a). Most of the inundated extent was
observed in fewer than 4 of the 16 years of MODIS observations, or 25% of those analysed. The
areas of inundation increase across the Darwin catchments for the shorter inundation periods of
2 to 5 days (Figure 4-5c). There appears to be a longer inundation duration in the Mary River
compared to the others in the Darwin catchments.

Figure 4-5 Number of years of maximum inundation duration in the Darwin catchments (MODIS)
Number of years that a pixel is inundated for (a) more than 10 days, (b) 5 to 10 days and (c) 2 to 5 days for the Darwin
catchments.

The Mitchell catchment (Figure 4-6) exhibits a much ‘flashier’ inundation pattern than the Fitzroy,
with a large extent of the catchment being inundated for between 2 to 5 days, which was
observed in 1 to 4 years of the 16 years of MODIS observations (or 1 to 25% of the years). A small
area is inundated for longer than 10 days in 1 to 25% of those years.
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Figure 4-6 Number of years of maximum inundation duration in the Mitchell catchment (MODIS)
Number of years that a pixel is inundated for (a) more than 10 days, (b) 5 to 10 days and (c) 2 to 5 days for the
Mitchell catchment.

4.3.2

WOfS

Figure 4-7a and Figure 4-7b are calculated from the WOfS data over the Mitchell catchment to
show the percentage of time that pixels were inundated, and the maximum extent of inundation
between 1988 and 2015. Overbank flooding appears to have occurred in this area at least once in
the past 25 years (Figure 4-7a) but water generally occurs inchannel including in persistent
waterholes (inundated >80% of the time) shown in blue. There is little surface water along the
western channel of the river (just below the centre of Figure 4-7b). This area appears to have
significant vegetation cover, which may obscure the visibility of surface water to the sensor.
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Figure 4-7 Relative inundation duration and maximum inundation extent in the lower Mitchell catchment
(a) Percentage of time that a pixel is inundated and (b) maximum inundation extent for a sub-set of the lower Mitchell
catchment, generated from the WOfS dataset from 1988 to 2015. Source: Esri, DigitalGlobe, GeoEye, Earthstar
Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community.Landsat ndwi and WOFS
comparison.

The Landsat WOfS and NDWIXu are compared with the features visible in high spatial resolution
Google Earth imagery in Figure 4-8, Figure 4-9 and Figure 4-10 for the Fitzroy, Darwin and Mitchell
catchments, respectively. Landsat’s 30 m spatial resolution limits the size, and therefore the
number, of water features identified in the maps compared to the high-resolution images from
Google Earth. These figures demonstrate the smaller extent of water shown in the WOfS (blue)
than in the NDWIXu (green).
Comparison of the NDWIXu water extents to waterholes digitised from Google Earth (red) indicate
good general agreement, but the larger pixel size of Landsat means that some smaller features
may not be included, or they may be represented in less spatial detail. The WOfS water extent
tends to under estimate inundated extent compared to Google Earth. Kappa statistics calculated
between the NDWIXu and WOfS datasets show a poor agreement (K=0.33) in the Fitzroy catchment
(Figure 4-8), moderate agreement (K=0.44) in the Darwin catchments (Figure 4-9), and substantial
agreement (K=0.61) in the Mitchell catchment (Figure 4-10). Based on these results, the NDWIXu
water maps are preferred over the WOfS water maps in the Fitzroy catchment since it shows a
closer agreement when compared to Google Earth. A similar conclusion can also be drawn for the
Darwin catchments in areas where overhead vegetation is not too dense, as well as the Mitchell
catchment – although the WOfS and NDWIXu water maps are in closer agreement in the Mitchell
catchment. In areas of the Darwin catchments that are covered in dense overhead vegetation, the
NDWIXu is mapping more surface water compared to the WOfS water maps, however these cannot
be validated without independent data.
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Figure 4-8 Comparison of NDWI, WOfS and Google Earth water detection in the Fitzroy catchment
(a) and (b) example of surface water identified in the Landsat NDWI and WOfS water maps for 5 November 2014 along
with waterholes identified from Google Earth imagery (from 31 December 2014) in the Fitzroy catchment. The red line
shows a selection of waterholes manually identified and digitised as ground truth.

Figure 4-9 Comparison of NDWI, WOfS and Google Earth water detection in the Darwin catchments
(a) and (b) example of surface water identified in the Landsat NDWI and WOfS water maps for 2 June 2014 along with
waterholes identified from Google Earth imagery (from 3 July 2014) in the Darwin catchments. The red line shows a
selection of waterholes manually identified and digitised as ground truth.
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Figure 4-10 Comparison of NDWI, WOfS and Google Earth water detection in the lower Mitchell catchment
(a) and (b) example of surface water identified in the Landsat NDWI and WOfS water maps for 8 June 2005 along with
waterholes identified from Google Earth imagery (from 24 May 2005) in the lower Mitchell catchment. The red line
shows a selection of waterholes manually identified and digitised as ground truth.

4.3.3

MODIS OWL AND LANDSAT NDWI COMPARISON

Figure 4-11 compares the MODIS OWL and Landsat NDWIXu water maps in the Fitzroy catchment
on 20 March 2006, Darwin catchments on 2 May 2006 and the Mitchell catchment on 26 January
2009. The regions within these images, and the dates of comparison were selected to show
specific flood events and because they have relatively low cloud cover. The Darwin image is to the
south-west of the Darwin catchments in a cloud-free region of the available coincident imagery.
The Mitchell catchment is often very cloudy during flood events and some cloud cover remains in
this image.
Water was identified as MODIS OWL fractions greater than 10% and a Landsat NDWIXu threshold
of greater than or equal to –0.3. Agreement between the OWL and NDWIXu maps is generally high
for the larger bodies of surface water in all catchments, however the MODIS is unable to identify
water along the narrower river channels. Agreement in the Darwin catchments (Figure 4-11b) is
moderate (K=0.4), with most errors associated with differences in spatial resolution of the image
datasets or with differences in sensitivity to vegetation cover conditions. The OWL tends to
identify areas with very low vegetation cover as water, whereas the NDWIXu tends to overlook
inundated areas with dense vegetation cover.
There is substantial agreement between the OWL and NDWIXu in the Fitzroy (K=0.62; Figure 4-11a)
and moderate agreement in the Mitchell catchment (K=0.53; Figure 4-11c) with differences again
associated with spatial resolution and vegetation cover sensitivity. Hence the MODIS OWL water
maps can be used for large flood events where inundation extent is more than 500 m (i.e. a MODIS
pixel) in river width and overhead vegetation cover is limited. Flooding under dense vegetation
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needs to be validated using independent data before the reliability of the MODIS OWL and NDWIXu
water maps can be determined in this environment.

Chapter 4 Flood inundation mapping | 27

Figure 4-11 Comparison of MODIS OWL and Landsat NDWI water maps
(a) Fitzroy, (b) Darwin and (c) Mitchell catchments. The MODIS OWL water threshold is 10% (or water fraction = 0.1).
The Landsat NDWI water threshold is –0.3.
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4.4

Discussion

The methods used for mapping surface water inundation in this report were selected based on
performance, ease of application and availability. The MODIS OWL has been used for mapping
large areas of surface water for Australia since 2010. It has performed well when compared to
independent remote sensing maps of surface water in wetlands in the Murray–Darling Basin (Chen
et al., 2013), floodplains in the lower Balonne, Fitzroy River (Western Australia) and the Macquarie
Marshes (Ticehurst et al., 2015a), as well as hydrodynamic models in the Fitzroy River (Western
Australia) (Karim et al., 2011) and the Flinders River (Ticehurst et al., 2015b). The Landsat NDWIXu
has been available since 2006 (Xu, 2006) and has proven to perform well across a wide range of
environments and is easy to implement. Fisher et al. (2016) tested a range of Landsat water
detection indices including the NDWIMcFeeters (McFeeters, 1996), WI2006 (Danaher and Collett, 2006)
and an alternative algorithm (WI2015) across eastern Australia. Their conclusion was that the
NDWIXu was among the most accurate algorithms.
Cross validation of the water maps in this chapter showed that the Landsat NDWIXu compares
reasonably well with the digitised Google Earth imagery, with the main limitation being the lack of
detail in the Landsat data due to its spatial resolution. The Landsat WOfS product appears to under
estimate water extent compared to the NDWIXu and Google Earth imagery. While the highresolution imagery of Google Earth can represent finer spatial detail than Landsat, very highresolution data are typically captured infrequently, making it unsuitable for most of the analytical
applications described here.
At very large scales, the extent of inundation shown in the MODIS OWL images compares
reasonably well to other data sources such as hydrodynamic models (Ticehurst et al., 2015b),
showing moderate to strong agreement according to Kappa statistics. The main areas of
disagreement tend to occur along narrow river channels and in areas of relatively bare soil, which
may be erroneously mapped as water (Ticehurst et al., 2013; 2014). MODIS OWL tends to be
sensitive to smaller areas of inundation compared to other indices calculated from the MODIS
imagery such as the NDWIXu and also shows less sensitivity to changes in viewing angle than other
indices calculated from the same data (Ticehurst et al., 2014). Hence its use is recommended for
mapping regional-scale inundation extent.

4.5

Conclusion

Water maps generated from remote sensing imagery are particularly useful for covering large
areas at a reasonable temporal frequency. While MODIS is able to provide daily water maps, it is
of a poorer spatial resolution (500 m pixel size for the MODIS OWL) compared to Landsat (30 m
spatial resolution). The suitability of MODIS for use in flood analysis depends on the local
environment. The MODIS OWL maps of surface water are not of sufficient detail to map narrow
water features of less than one pixel in width (500 m). This problem is further exaggerated when
the narrow river channel is covered by vegetation, which obscures the water from the sensor. The
most reliable results from the MODIS OWL water maps are in the lower Fitzroy and Mitchell
catchments during the large flood events. Inundation is also detected in the Darwin catchments in
areas where overhead vegetation cover is limited. Results could not be validated in the areas
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where vegetation cover was dense and possibly inundated, since no independent data
were available.
Care must be taken when interpreting the MODIS water maps due to confusion with bare soils,
this was particularly the case in the Fitzroy catchment. A flood-likelihood mask is highly
recommended as it would remove those areas incorrectly mapped as surface water.
The two MODIS sensors enable imaging at a sub-daily interval, however cloud cover is still a major
problem in northern Australia which reduces the number of observations during the wet season.
The MODIS OWL summary maps help overcome this problem by using the whole MODIS OWL
archive making it a useful source of surface water information at a catchment scale.
The Landsat water maps are very useful for detecting fine water features, however its temporal
frequency is 16 days at best – dependent on cloud cover. When available, they can provide single
snap-shots of a flood event, which is useful for the calibration and validation of hydrodynamic
models. They are also suitable for detecting inundation during the dry season when surface water
dynamics are slow and more predictable than a fast-moving flood event. However, like MODIS, the
Landsat water maps are also affected by the same difficulties in detecting water under flooded
vegetation, which limits its use in the Darwin catchments. For the Assessment, the Landsat NDWIXu
is the preferred method for mapping surface water from individual scenes compared to the WOfS
data, however the WOfS archive is useful for producing summary maps (such as annual maps of
the proportion of time that a pixel is inundated) since it provides spatially relative information.
These results provide a proof-of-concept for the methods used to map surface water in the
Assessment. A more detailed comparison of the spatial and multi-temporal characteristics of
inundation both within and between catchments is provided in the surface water hydrology
activity report.
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5

Waterhole persistence

Waterholes can be broadly defined as locations within or adjacent to watercourses that retain
water during periods of low surface flow. Waterholes may be important refuge habitats in arid
areas or during times of drought, especially those that remain inundated throughout the dry
season. Where they are sufficiently large and persistently inundated over time, waterholes may
also provide convenient sources of water for consumptive uses. Differences in the persistence of
waterholes may be associated with different water supply contributions from groundwater or
surface water, which may also have implications for their sensitivity to certain resource
development activities.
This section uses Landsat image data to map the distribution of waterholes and their persistence
of water retention throughout the dry season in the Fitzroy, Darwin and Mitchell catchments.

5.1

Objectives

This task assesses waterhole persistence in two ways: first, comparing Landsat images between
fixed dates estimated to be around the start and the end of the dry season every year and, second,
a targeted approach using hydrological and climate data to select images in the driest times of
each year to identify the most persistent waterholes.
Summary inundation maps produced by this task have been used to inform analyses of surface
water storage potential and those results are detailed in the surface water hydrology activity
report. The ecological characteristics of the waterholes are described in more detail in the aquatic
and marine ecology activity report.

5.2

Datasets and processing methods

5.2.1

WOfS WATERHOLE SUMMARY MAPS

Waterholes were identified and located using the WOfS datasets. The maximum water extent in
May (commencement of the dry season) and October (end of the dry season) was mapped for the
Fitzroy, Darwin and Mitchell catchments for each year from 1988 to 2015 with the exception of
2012 when only unusable Landsat 7 ETM data were available. A scan line correction error on
Landsat 7 ETM resulted in stripes across much of the scene that contained no data and from which
values could not be calculated. This resulted in 26 years of available image data with one or two
cloud-free WOfS images for each May and October available in most years.
The percentage of cloud-free observations in which each pixel was mapped as water in May and
October was calculated. Hence, pixels with a value of 100% were mapped as water in every
October during the 26-year period. The May and October images were segmented to identify
water bodies of at least four pixels in size that held water for at least 20%, 50% and 80% of the
time. Inchannel masks were then used to remove any surface water identified outside the
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watercourse, with a maximum lateral distance of between 100 and 500 m from a watercourse
(McJannet et al., 2014).

5.2.2

PERSISTENT WATERHOLE IDENTIFICATION

Persistent waterholes, as defined here, are waterholes large enough to be detected in Landsat
imagery at the end of each dry season. One of the aims when mapping persistent waterholes was
to ensure comparability with existing products produced for Queensland by the Department of
Science, Information Technology, Innovation and the Arts (DSITIA, 2014), so that products
produced in the Assessment could be integrated into existing products. Consequently, experts
familiar with the DSITIA products were consulted during development of these methods.
One of the key characteristics of the DSITIA method is the use of hydrological data to identify the
commencement and cessation of the dry season. Dry season commencement was defined as the
earliest image around May correlating with a flow of zero ML/day (or near-zero flow in the gauges
where flow is permanent) in the nearest stream gauge. The end of the dry season was defined as
the latest date of imagery with minimal cloud cover before the start of the following wet season.
These periods were identified using five to eight streamflow gauges distributed across
each catchment.
The difference in time between the end of the dry season as determined by the streamflow
gauges and the acquisition date of the last dry-season Landsat image ranged from 4 to 61 days
between years. Table 5-1 shows the time difference between the cessation of flow in the Mitchell
catchment (streamflow gauge 919310a) and the nearest cloud-free date of Landsat imagery (path
96/row 72) before the wet season. A large lag between these dates is not ideal as waterholes may
reduce in size as the dry season progresses.
Waterhole persistence was measured using NDWIXu images. A selection of three to five end of dryseason images from each Landsat row/path scene were visually examined to identify the best
threshold to create a water mask. DSITIA (2014) used a unique threshold for each Landsat
path/row scene due to variations in water colour.
The water-masked images from the end of each dry season were used to identify the waterholes
persisting at the end of every dry season. Waterholes inundated at the end of the dry season and
larger than one pixel in size were identified as a persistent waterhole.
Inchannel masks were used to remove surface water outside of watercourses. The maximum
lateral distance of between 100 and 500 m from a watercourse was used, depending on channel
width and channel braiding, based on McJannet et al. (2014).

5.3

Validation

Twenty waterholes were visually identified in Google Earth for each catchment and digitised for
direct comparison with the near-coincident Landsat NDWIXu and WOfS maps (the MODIS OWL
data were not used since its 500 m pixel size is too coarse to identify most waterholes). The
assessment of agreement was calculated using the Kappa statistic (K; Landis and Koch, 1977;
Jensen, 2005), which provides an estimate of agreement between two spatial datasets accounting
for the agreement occurring by chance. K > 0.80 represents strong agreement, 0.60 < K ≤ 0.80
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represents substantial agreement, 0.40 < K ≤ 0.60 represents moderate agreement, and K ≤ 0.40
represents poor agreement (Landis and Koch, 1977; Jensen, 2005).
Table 5-1 Time difference between the estimated end of the dry season (based on streamflow data) and the closest
available dry-season Landsat scene with minimal cloud cover
Streamflow data extracted from gauge 919310a (in the upper Mitchell catchment) were used to identify the start of
streamflow for the wet season.
DRY SEASON END DATE

DRY SEASON IMAGE DATE

DIFFERENCE (DAYS)

1/12/1988

16/10/1988

46

20/11/1989

3/10/1989

48

11/12/1990

21/11/1990

20

16/11/1991

25/10/1991

22

6/01/1993

30/12/1993

7

10/01/1994

1/12/1993

41

25/12/1994

2/11/1994

53

21/11/1995

5/11/1995

16

30/12/1996

23/11/1996

37

30/11/1997

9/10/1997

52

1/11/1998

29/10/1998

3

31/10/1999

8/10/1999

23

9/11/2000

26/10/2000

14

12/11/2001

13/10/2001

30

31/12/2002

1/11/2002

61

10/12/2003

28/11/2003

12

11/12/2004

30/11/2004

11

9/01/2006

11/12/2005

29

30/12/2006

22/12/2006

12

3/12/2007

14/10/2007

50

29/11/2008

25/11/2008

4

29/12/2009

14/12/2009

15

14/10/2010

28/09/2010

16

11/12/2011

10/11/2011

32

8/01/2013

14/12/2012

24

24/11/2013

7/11/2013

17

18/12/2014

26/11/2014

22
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5.4

Results

This section presents some examples of the WOfS waterhole summary maps for the Fitzroy,
Darwin and Mitchell catchments. It also demonstrates how the targeted approach to identifying
persistent waterholes in the Landsat data performs for a section of the Mitchell catchment.
Further detail is provided in the surface water hydrology activity report.

5.4.1

WATERHOLE PERSISTENCE USING WOfS ARCHIVE

Figure 5-1, Figure 5-2 and Figure 5-3 show the proportion of seasons in which waterholes contain
water in May and October in the Fitzroy, Darwin and Mitchell catchments, respectively. Areas
mapped in blue indicate waterholes that persist in at least 80% of years. Inchannel waterholes
typically dry out between May and October each year, while other water bodies such as lakes do
not reduce in size during the dry season.

Figure 5-1 Waterhole distribution in the Fitzroy catchment
Distribution shown in (a) May and (b) October along with the percentage of time that a pixel is inundated. Results are
based on the number of cloud-free observations.

The Fitzroy catchment shows a marked difference in surface water from the months of May to
October (Figure 5-1). The Fitzroy River reduces in size and the large floodplain, which shows water
in 20 to 100% of the months of May (Figure 5-1a), does not map water at all in the month of
October (Figure 5-1b).
Parts of the Darwin catchments are heavily vegetated and do not show surface water for narrow
or small features. Hence, the areas that are able to be detected in the WOfS data are larger, open
water bodies which do not dry substantially between May and October, as can be seen in Figure
5-2.
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Figure 5-2 Waterhole distribution in the Darwin catchments
Distribution shown in (a) May and (b) October along with the percentage of time that a pixel is inundated. Results are
based on the number of cloud-free observations.

Figure 5-3 demonstrates how the relatively persistent inchannel waterholes in the lower Mitchell
catchment reduce in size through the dry season, with many drying out completely or only
persisting for 20% of the years from 1988 to 2015.

Figure 5-3 Waterhole persistence in the Mitchell catchment
Distribution shown in (a) May and (b) October along with the percentage of time that a pixel is inundated. Results are
based on the number of cloud-free observations.
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5.4.2

SPATIAL DISTRIBUTION OF THE MOST PERSISTENT WATERHOLES

Figure 5-4 shows an example of the persistent waterholes identified in the lower Mitchell
catchment. The areas marked in orange are the pixels that were still mapped as water in all
available Landsat scenes at the end of each dry season. The pixels mapping as persistent
waterholes also show as water in the Google Earth imagery.

Figure 5-4 The most persistent waterholes (orange) in the lower Mitchell catchment

5.5

Discussion

Landsat sensors provide an important data source for identifying the spatial distribution and
temporal persistence of waterholes during the dry season in northern Australia due to their
extensive spatial coverage and relatively frequent acquisitions. However, Landsat also has some
limitations for this application.
The spatial resolution of Landsat imagery (30 m) limits the size of waterholes able to be detected
to approximately one pixel in width. Waterholes as small as one pixel in size were recorded in this
assessment, and confidence in the accuracy of identification is provided by being mapped as water
in multiple years, and the occurrence of waterholes in the same locations in the Google Earth
imagery. Some assessments, however, indicated that Landsat may not reliably detect inundation
features smaller than 1 ha (McJannet et al., 2014).
The likelihood of detection is also reduced where dense vegetation covers the inundated area,
though the sensitivity of detection is somewhat dependent on the algorithm used. This appears to
be a particular issue in the Darwin catchments, and less so in the Fitzroy and Mitchell catchments.
The 16-day repeat coverage, and inability to see through cloud cover also results in considerable
lags between the hydrologically determined end of dry season and the nearest date of imagery.
Considerable changes in the size of waterholes may occur during this period.
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While many methods and indices are available for mapping surface water from remotely sensed
data, all have their limitations including increased sensitivity in certain landscape conditions.
Efforts have been made in the past to find a regional-to-national scale algorithm for mapping
surface water with Landsat using a consistent threshold. Fisher et al. (2016) tested several
algorithms over several sites in eastern Australia and found that the NDWIXu was among the most
accurate. This task has demonstrated good consistency between Landsat NDWIXu maps with the
digitised Google Earth water bodies, which were used as validation data.

5.6

Conclusion

The method used to identify persistent waterholes is based on the well-known NDWIXu algorithm
and can be used for the Fitzroy and Mitchell catchments due to the relatively low vegetation cover
along the river channel (as is reported in the aquatic and marine ecology activity). The persistent
waterholes identified using Landsat data in the Darwin catchments will have omission errors due
to the dense overhead vegetation cover. Independent validation data are required before the level
of omission errors can be determined in these environments in the Darwin catchments.
The WOfS data archive provides easy access to water maps from 1987 to the present, and uses
data from all available Landsat sensors. While the WOfS algorithm has been found to be
conservative in its representation of water extent it provides a useful resource for assessing
waterhole persistence since it allows for the interpretation of spatially relative information.
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6

Waterhole water quality

6.1

Introduction

Retrieval of water quality information from satellite imagery can provide new information about
the spatial variability of the water quality across large extents. Field-based water quality
observation data are not only expensive (Tarrant et al., 2010) but often lack the spatial
heterogeneity required to adequately describe a water body (Vos et al., 2003; Giardino et al.,
2010; Tarrant et al., 2010; Giardino et al., 2007; Hedger, 2001). Water quality information
retrieved from satellite imagery has been shown to be an effective method to fill these data gaps
(Sathyendranath et al., 2004; Pozdnyakov and Grassl, 2003; Brando and Dekker 2003; Odermatt et
al., 2010; Blondeau-Patissier et al., 2014; Giardino et al., 2007).
Quantitative use of airborne and satellite remote sensing data for the synoptic assessment of
inland water quality has increased in recent times (Dekker and Hestir, 2012). However, satellite
monitoring of inland water bodies is often hampered by the size and shape of the water bodies
(Sawaya et al., 2003; Olmanson et al., 2013). Water bodies must be sufficiently large to ensure no
contamination from adjacent terrestrial pixels. As a general rule, the size of the water body should
be three to four times the size of a single pixel (Dekker and Hestir, 2012). Additionally, there are
many environmental variables that impact on the quality of the satellite imagery for this analysis
such as changes in atmospheric and water surface conditions (Botha et al., 2013; Brando et al.,
2009), temporal dynamics of water quality (Olmanson et al., 2013) and sensor resolution.
High spatial resolution satellite imagery can now provide data at a scale suitable for inland water
bodies (Lim et al., 2009), however sufficient spectral resolution is also required to retrieve water
quality information (Lee, 2009). Multispectral satellite sensors such as Landsat have three to four
broad spectral bands in the required spectral regions, enabling detection of suspended solids,
vertical light attenuation and coloured dissolved organic matter (CDOM) (Dekker and Hestir,
2012). Chlorophyll may also be detected but at a lower accuracy as this requires detection of the
spectrally narrow absorption features of the algal pigments.
Satellite remote sensing can be used to measure the colour of the water, which is a function of
water depth, the composition of the water column constituents and the optical properties of the
substratum if optically shallow (IOCCG, 2000; Volpe et al., 2011). The surface reflectance of a
water body is related to the water’s inherent optical properties, total absorption coefficient, total
backscatter coefficients, the sun’s zenith angle and conditions at the air-water interface (Gordon
et al., 1975; Lee et al., 1994; Dekker et al., 2001). This relationship can be exploited to retrieve the
concentrations of the water constituents such as chlorophyll-a (CHL), non-algal particles (NAP) and
CDOM (Brando et al., 2012; IOCCG, 2000). Suspended solids concentration is calculated by
combining the concentrations of the NAP and chlorophyll-a light-scattering constituents.
Currently water quality measurements are undertaken through either field-based programs or,
more rarely, through instruments installed in situ. These datasets are a sparse but highly valuable
resource for calibrating image-based measurements, though remote sensing observations can also
be used to augment these observations. Although not as accurate as in situ measurements,
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remotely sensed water quality observations can improve the spatial and temporal coverage of
water quality information. Gaps in waterhole water quality information in the Fitzroy, Darwin and
Mitchell catchments, the scale of these catchments and difficulty in accessing many of these
waterholes provide a rationale for applying remote sensing water quality monitoring methods in
these regions.

6.2

Objective

The objective of this task is to map the suspended solids concentrations of waterholes in the
Fitzroy, Darwin and Mitchell catchments using remote sensing data and models. This task uses
archived multi-temporal Landsat imagery from the AGDC to reconstruct suspended solids time
series for waterholes. This enables investigation of the extent to which waterhole turbidity is
persistent, and its sensitivity to inflows, rainfall events or climate fluctuations. These maps may
also potentially indicate groundwater and surface water interactions. Mapping waterhole water
quality involved the following tasks:
• compile GIS, ancillary data and define locations for analyses
• summarise relevant existing knowledge and prepare an appropriate in situ database for model
parameterisation
• test the accuracy of water quality inversion algorithms using an existing database (validated
using in situ and Landsat 8 satellite data)
• retrieve measurements of suspended solids concentration from available satellite datasets (2–3
waterholes in Fitzroy, Darwin and Mitchell catchments)
• retrieve a time series of suspended solids concentration from satellite imagery
• produce maps of suspended solids concentrations and optical water type
• produce maps of suspended solids variance during dry season.

6.3

Data and methods

Two algorithms are assessed in this task; a semi-empirical method for retrieval of total suspended
matter (TSM) and a physics-based semi-analytical method to retrieve NAP known as aLMI
(adaptive linear matrix inversion). The TSM algorithm (Dekker, et al., 2001; Lymburner et al., 2016)
is suitable for highly turbid waters, whereas aLMI (Brando et al., 2012) is applicable over a wider
range of water conditions.
The AGDC’s consistent processing of Landsat data to surface reflectance enables time series
analysis of water quality dynamics to be retrieved over the extent of the Fitzroy, Darwin and
Mitchell catchments. Python code was written and executed on the NCI’s VDI to extract time
series of pixel data (Landsat bands) at various waterhole sites across these catchments. These time
series were then converted to water quality indices (e.g. TSM).
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The main processing steps in preparation for remote sensing of water quality include:
• querying, loading and processing the AGDC data for each available Landsat sensor, and for the
desired spatial and temporal extents
• screening of defective pixels according to cloud, shadow, saturation, contiguity and land pixel
quality information
• Compensating for various idiosyncrasies of the AGDC v2.0 API and datasets, such as:
– dealing with discrepancies in time-slice availability between NBAR and associated pixel
quality products
– dealing with multiple same-date time slices due to east/west and north/south scene
overlaps
– dealing with empty time slices returned by the API (time slices with no valid data)
• applying a WOfS mask to the time series
• applying a SWIR-based filter to mask out pixels affected by sun glint, floating vegetation,
adjacent vegetation, etc.
• calculating the desired water quality algorithm (Lymburner et al., 2016; Brando et al., 2012),
resulting in a unified multi-sensor time series of water quality data.

6.3.1

WATERHOLE SELECTION

Selection of waterholes with high inundation persistence across seasons is key to enable
consistent and accurate temporal assessment of water quality parameters such as turbidity. The
WOfS dataset was used to select waterholes with greater than 80% persistence. This was
undertaken to ensure all the pixels assessed had a high probability of remaining as water in all
images as the depth of the water column at the pixel location can affect the results, with visible
substrate beneath the surface of shallow water bodies potentially corrupting the water quality
measurements. Other key parameters in selecting waterholes in this assessment included
proximity to river gauges, whether the waterhole was a site of ecological interest, physical access
to the site and the size of the waterhole, as the derivation of pixel-based water quality parameters
from remotely sensed data is highly sensitive to the presence of nearby vegetation.
To assess the suitability of waterhole size, a further screening was performed by only processing a
site if the surrounding pixels within a 3-by-3-pixel kernel also showed greater than 80% water
persistence in the WOfS dataset. Suitable waterholes were of a sufficient size to fit a 3-by-3 pixel
window wholly in the water without contamination from riparian or terrestrial pixels.
The ‘Suitable’ column in Table 6-1 shows that only ten of the potential 35 waterholes are suitable
for further water quality analysis using remote sensing data. Figure 6-1 provides an example of a
waterhole suitable for analysis (‘Darwin 4’ site). In this case, averaging of retrieved suspended
solids values can also be performed within a certain radius around the site (here set to three pixels
indicated by circles) so as to improve the accuracy and temporal density of the TSM estimates.
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Table 6-1 Waterhole sites investigated for water quality assessment using remote sensing data
CATCHMENT

SITE #

LATITUDE

LONGITUDE

SUITABLE

Fitzroy

1

-17.750925

124.537827

No

2

-17.646228

126.026763

Yes

3

-17.639738

126.108596

No

4

-18.299489

125.523751

Yes

5

-18.21115

125.577456

No

6

-17.667127

123.564349

Yes

7

-18.141516

124.009936

No

8

-18.08352

124.206547

No

9

-18.190566

124.493296

Yes

10

-18.281753

125.927592

Yes

11

-18.523556

125.014486

No

12

-18.249408

126.249009

No

1

-12.968063

130.760173

No

2

-12.774622

131.229413

No

3

-12.832072

131.655241

No

4

-12.958268

131.165765

Yes

5

-13.052456

131.357004

No

6

-13.053613

131.356269

No

7

-13.099982

131.253452

No

8

-12.916373

130.719892

No

9

-12.842383

131.215171

Yes

10

-12.897752

131.214822

No

11

-12.897619

131.212084

No

12

-12.86305

131.204247

No

13

-12.585413

132.214241

Yes

14

-12.864481

131.637007

No

1

-15.695101

141.68884

No

2

-15.661582

142.101198

Yes

3

-15.967354

142.378218

No

4

-16.380525

143.985389

No

5

-17.14856

145.053435

No

6

-16.033784

143.056254

No

7

-16.38862

144.015124

No

8

-16.848291

143.968276

No

9

-15.369691

141.962215

Yes

Darwin

Mitchell
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Figure 6-1 The ‘Darwin 4’ waterhole
Cross marks the plot centre with corresponding pixel box (a) Landsat 8 data (bands 5/4/3 in red/green/blue).
(b) WOfS layer.

6.3.2

RETRIEVAL METHODS

Two retrieval methods were implemented on the AGDC data:
The TSM Index
TSM is a semi-empirical algorithm based on the relationship between the satellite-derived
reflectance and the inherent optical properties of the water column. This algorithm retrieves TSM
concentration (Lymburner et al., 2016):
TSM (mg/L) = C1 · ( TSM_index ) C2

(4)

where TSM_index is computed on the basis of the Landsat red and green bands:
TSM_index = ( green_band/10,000 + red_band/10,000 ) / 2

(5)

The above formulation accounts for the storage format of the AGDC v2.0 data, which represents
surface reflectance percentages multiplied by a factor of 10,000. The calibration constants C1 and
C2 are sensor specific and are provided in Table 6-2 (see Lymburner et al., 2016).
Table 6-2 Calibration constants for the implemented TSM algorithm, for each Landsat sensor
SATELLITE SENSOR

C1

C2

Landsat 5 and 7

3983.0

1.6246

Landsat 8

3957.0

1.6436

Adaptive Linear Matrix Inversion (aLMI)
aLMI is a semi-analytical inversion algorithm which is parameterised with bio-optical
measurements (Brando et al., 2012). aLMI estimates satellite reflectance from the known
absorption and backscattering coefficients then linearly resolves for the water constituent
concentrations (Brando and Dekker, 2003) such as chlorophyll-a, NAP and CDOM.
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In contrast to empirical classification approaches, analytical and semi-analytical approaches are
based on radiative transfer theory and employ algorithms to describe the interactions of light with
the atmosphere, the water’s surface and the water column’s constituents and the substratum (if
optically shallow; Mobley 1994).
A matrix inversion method developed by (Hoge and Lyon, 1996) estimates the satellite reflectance
from the known sets of inherent optical properties (IOPs) then linearly resolves for the
phytoplankton absorption, CDOM and NAP absorption. An adaptation of this method by
(Hoogenboom et al., 1998), called a linear matrix inversion (LMI), enabled this retrieval to be
implemented on optically complex waters to retrieve all the optically active concentrations
independently. An extension, made by Brando et al. (2012), enabled the model to ‘adapt’ to a
range of naturally occurring IOP spectral shapes including absorption and backscattering
coefficients, hence aLMI. This adaptation allows the model to vary the water constituents
independently, effectively decoupling them, and then retrieve concentrations that better
represent the natural spatial variability.

6.3.3

PARAMETERISATION OF ALMI

Parameterisation of aLMI with a set of spectral specific inherent optical properties (SIOPs) is
required to describe the relationship between the subsurface remote sensing reflectance as a
function of the IOPs. Each aLMI inversion cycle uses a naturally occurring set of SIOPs derived from
field measurements, which have varying shapes and amplitudes. Each of these model parameter
sets allows the aLMI to represent all combinations of the water constituents and constrains the
model from reporting unnatural combinations of water concentrations.
The database used to parameterise the aLMI model was based on an extensive set of inland biooptical properties collected from New South Wales and Queensland inland reservoirs, dams, rivers
and lakes (Malthus et al., 2015). Approximately 90 sets of complete measurements were used to
parameterise the aLMI inversion to retrieve chlorophyll-a, CDOM and NAP concentrations (Figure
6-2, Figure 6-3 and Figure 6-4) from satellite data collected from the sites of interest.
The Australian Inland Water Quality database represents a wide range of optical water body types,
ranging between chlorophyll, CDOM and NAP-dominated, as illustrated by the ternary plot in
Figure 6-5 showing the absorption budget at 440 nm.
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Figure 6-2 Distribution of the concentrations of the optically active components
Calculated from the inland water quality lakes and reservoirs input dataset.

Chapter 6 Waterhole water quality | 45

Figure 6-3 Distribution of absorption and backscattering factors
Calculated from the inland water quality lakes and reservoirs input dataset.
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Figure 6-4 Range of specific absorption spectra of phytoplankton (a*PHY)
Calculated from the inland water quality lakes and reservoirs input dataset (green). The black line represents the
mean.

Figure 6-5 Absorption budget for the inland water quality lakes and reservoirs dataset
Green background indicates phytoplankton dominance, brown background indicates NAP dominance and blue
background indicates CDOM dominance.
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6.4

Results

The TSM index and aLMI algorithms were applied to the suitable waterholes (Table 6-1). This
section presents the results of applying the TSM index and aLMI algorithms to the AGDC data for
one waterhole in each of the Fitzroy, Darwin and Mitchell catchments as a proof-of-concept for
this method. The temporal variability was assessed to identify areas where temporal changes in
the waterhole clarity could be an indication of groundwater discharge.

6.4.1

SEMI-EMPIRICAL TSM ALGORITHM

Investigation of historical TSM time series and trends can help identify which waterholes are
naturally more or less turbid. TSM time series, using the entire AGDC database of Landsat data
since 1986, were produced for all sites of interest using the TSM index. Figure 6-6 provides an
example of such a time series, obtained for the ‘Darwin 4’ waterhole.
To minimise the likelihood of the TSM measurement being affected by sun glint as well as floating
and adjacent vegetation, a 1% reflectance threshold was applied to Landsat’s SWIR2 spectral
band. Figure 6-6 illustrates the multi-sensor aspect of the time series, where each of the TSM
values originates from one of the Landsat 5, 7 or 8 sensors. The solid line and circle markers in this
plot represent the pixel-specific TSM values at the site, with gaps indicating the missing values as a
result of the AGDC pixel quality and SWIR2 screening. The dotted line shows the mean TSM value
over a 3-pixel-radius region surrounding the ‘Darwin 4’ site (maximum of 29 pixels contained
within it). While the pixel-specific TSM value at the site is invalid for some time slices (e.g. those
masked out by the SWIR2 filter), other surrounding pixels might still be able to provide valid
information through the mean (dotted line), thereby leading to a denser time series compared to
the individual pixel-based values (solid line).

Figure 6-6 TSM time series (in mg/L) at the ‘Darwin 4’ site since 1986
The dotted line represents a mean over a maximum of 29 pixels.

Hydrological processes affecting waterhole turbidity such as groundwater discharge may be
identified by assessing the temporal patterns of change in waterhole turbidity over the course of
the seasons. To this purpose, the spatially averaged SWIR2-masked TSM time series data (dotted
line in Figure 6-6) were re-formatted to display the TSM values with respect to the time of year.
Figure 6-7 shows these plots for one representative waterhole in each catchment (‘Fitzroy 4’,
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‘Darwin 4’ and ‘Mitchell 2’). The data are here displayed as a function of the number of days since
the start of the dry season in each year (1 May).
Figure 6-7 clearly identifies two TSM regimes, namely a period of low and relatively consistent
TSM values during the dry season followed by a series of higher and more dispersed values during
the wet season. Local mean and variance estimates over a shifting window could be used to
provide temporal measures pertaining to seasonal processes affecting the waterhole turbidity.

Figure 6-7 TSM time series (in mg/L) vs time of year (number of days since 1 May)
(a) ‘Fitzroy 4’, (b) ‘Darwin 4’, (c) ‘Mitchell 2’.
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Figure 6-7 also highlights a clear difference in observation density between the dry and wet
seasons. The decreased frequency of TSM values during the wet season likely results from an
increased frequency of cloud-affected time slices during that time. The SWIR2 filter implemented
as part of the semi-empirical algorithm might also have some impact on the seasonal change in
observation density, and investigations into the effects of this filtering process (and selection of
suitable thresholds) are ongoing.

6.4.2

aLMI

Ideally, to test the validity of the aLMI inversion, the model results should be compared with
concurrent measurements in the Fitzroy, Darwin and Mitchell catchments, however this was not
possible as no measurement data exists that is coincident with the time of the satellite image
acquisitions. As a proof-of-concept, the aLMI parameterised model was validated against
Landsat 7 and Landsat 8 data acquired semi-concurrently to field campaign data collected in New
South Wales water bodies which ranged from very clear to highly turbid. The in situ measurements
of total suspended solids (TSS) concentration were compared with the aLMI retrieval of NAP
concentration from Landsat 7 and Landsat 8 data (Figure 6-8).

Figure 6-8 Comparison between the aLMI NAP retrieval and in situ TSS measurement
Model validation based on two water bodies in the Hunter Valley, NSW. (a) R2 of 0.71 for Landsat 7 and (b) R2 of 0.76
for Landsat 8.

Although there are limited in situ water quality data available for the catchments under
consideration, the reasonable TSS retrievals from the validation images (R2 > 0.7) indicate that the
model is potentially suitable to retrieve water quality parameters for selected waterholes from
Landsat image data. The aLMI model was subsequently applied to all ten suitable waterholes for
analysis across the entire AGDC database of Landsat data and time series plots of NAP were
produced for each of these regions. Examples are presented in Figure 6-9 for the ‘Fitzroy 4’
waterhole, Figure 6-11 for the ‘Darwin 4’ waterhole and Figure 6-13 for the ‘Mitchell 2’ waterhole.
Each time series is presented in three ways:
1. The raw NAP retrievals are shown as a time series with a moving average smoothing function
applied.
2. Seasonal NAP variability were computed to account for the underlying annual trends in the
data. This was calculated as a polynomial function fitted over the medians of all the NAP
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observations for each month over the sampling period. Due to the distinct difference in the
number of observations for the wet season compared to that of the dry season, using the
median of the NAP observations for each month was more representative of the seasonal NAP
variability than the mean, which is more affected by the presence of extreme events. The
polynomial function was applied for each date where a satellite observation is available.
3. A temporal trend, represented by a loess smoothing line through the NAP retrievals minus the
seasonal component, was also calculated.
Additionally, to better understand the seasonal variability within the time series, the aLMI
retrievals were clustered into months, and the median and median plus one standard deviation
are presented in boxplots.
Water quality trends
Figure 6-9 decomposes the data retrievals from the ‘Fitzroy 4’ waterhole to illustrate the trends in
water quality over time. The upper panel shows all the NAP retrievals with a moving average
smoothing function applied. The mid-panel shows the underlying seasonal trend in the data, which
is calculated from the mean of each month over the full time series of imagery (i.e. the mean of all
the Januaries, mean of all the Februaries etc.) for every date where a cloud-free image is available.
The lower panel highlights the trend in NAP concentration by applying a loess smoothing function
to the full data series (upper panel) minus the seasonal component. This presentation is repeated
for the ’Darwin 4’ (Figure 6-11) and ‘Mitchell 2’ (Figure 6-13) waterholes.
NAP concentrations in the ‘Fitzroy 4’ waterhole (Figure 6-9) identifies some volatility between 1988
and 1994 in the retrieved NAP values, with median values oscillating seasonally between 1999 and
2016. There appears to be an increase in higher NAP values from 2006 until the present. This
waterhole shows a stronger seasonal NAP variability and more consistent annual satellite coverage,
compared to the ‘Darwin 4’ waterhole (Figure 6-11). The NAP temporal trend (lower panel)
indicates increased variability throughout the time series with a peak between 2002 and 2016.
Median monthly NAP concentrations for ‘Fitzroy 4’ (Figure 6-10) show the highest variability
during August and September, where extremely high values have been retrieved during this
period. A rapid decrease in NAP values occurs in September and remain relatively consistent until
January. Median monthly NAP value range from 11.9 to 16.6 mg/L between April and September,
and from 26.8 to 52.1 mg/L between October and March.
NAP concentrations in the ‘Darwin 4’ waterhole (Figure 6-11) were highest and most variable in
late 1988 then dropped to a lower and more stable level until late 2003. NAP variability increased
from 2004 to 2012, but rarely reach the high concentration levels observed earlier in the record.
The seasonal component (mid- panel) indicates limited data availability for the wet season at this
site. The trend panel (lower panel) highlights the trend in NAP concentration, which includes a
general decrease until 2004, followed by two multi-year phases of NAP rise and fall between 2003
and 2006, and again from 2006 to 2014.
Median monthly NAP retrievals (Figure 6-12) reveal the high variability during the dry season in
the ‘Darwin 4’ site. The highest variability occurs between April and September during the dry
season, with the median oscillating around 10 mg/L year round. Median monthly NAP values
range from 11.9 to 16.6 mg/L between April and September, and from 26.8 to 52.1 mg/L between
October and March.
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NAP concentration in the ‘Mitchell 2’ waterhole (Figure 6-13) is generally low and shows relatively
consistent seasonal variability between 1990 and 1998. After 1998, the maximum NAP values
increase but the minimum values remain relatively stable, possibly indicating that NAP levels here
are primarily influenced by high-flow events. The ‘Mitchell 2’ waterhole shows strong seasonal
NAP variability and consistent annual satellite coverage, and the trend shows lower NAP variability
throughout the time series until around 2008.
Monthly NAP concentrations in ‘Mitchell 2’ (Figure 6-14) show low variability during the dry season
and higher variability during the wet season, with a peak of variability in December and January.
Monthly median NAP value range from 5.6 to 8.0 mg/L between April and September, and from
11.2 to 33.9 mg/L between October and March. This is a possible indication of very limited surface
water inflows to this waterhole during the dry season as NAP is persistently low during this period.
This supported by the relatively stable NAP trend for this waterhole (Figure 6-13).

Figure 6-9 aLMI NAP retrievals for the ‘Fitzroy 4’ waterhole
The temporal result of the retrievals show (upper) all retrievals with a moving average (over 2 points) applied, (mid)
the seasonal panel showing the annual underlying seasonal variability in the data and (lower) the trend of the data
without the seasonal component.
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Figure 6-10 aLMI NAP retrievals for ‘Fitzroy 4’ (mg/L/month)
Boxplot whiskers show minimum and maximum values retrieved.

Figure 6-11 aLMI NAP retrievals for the ‘Darwin 4’ waterhole
The temporal result of the retrievals show (upper) all retrievals with a moving average (over 2 points) applied, (mid)
the seasonal panel showing the annual underlying seasonal variability in the data and (lower) the trend of the data
without the seasonal component.
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Figure 6-12 Monthly aLMI NAP summary for ‘Darwin 4’ (mg/L/month)
Boxplot whiskers show minimum and maximum values retrieved.

Figure 6-13 The aLMI NAP retrievals for the ‘Mitchell 2’ waterhole
The temporal result of the retrievals show (upper) all retrievals with a moving average (over 2 points) applied, (mid)
the seasonal panel showing the annual underlying seasonal variability in the data and (lower) the trend of the data
without the seasonal component.
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Figure 6-14 aLMI NAP retrievals for ‘Mitchell 2’ (mg/L/month)
Boxplot whiskers show minimum and maximum values retrieved.

6.5

Discussion

The AGDC’s consistent processing of Landsat data to surface reflectance enabled the application of
remote sensing algorithms to assess water quality dynamics across the Fitzroy, Darwin and
Mitchell catchments. While both the TSM index and aLMI methods were applied to the AGDC
data, it is not possible to indicate which method is most accurate without suitable validation data.
However, the physics-based aLMI method is suited to a wide range of water types and is
theoretically more applicable for this type of assessment if correctly parameterised. For model
evaluation, the parameterised model was tested on both eutrophic and clear water bodies
achieving a reasonable result with between 71 and 76% of variance explained in the Landsat 7
and 8 data.
It can be difficult to identify annual or long-term trends in noisy datasets such as the NAP retrieval
data for these waterholes, hence the calculation of the seasonal and trend components from the
original NAP data, which was calculated as a polynomial function fitted over the medians of all the
NAP observations for each month over the sampling period. Due to the distinct difference in the
number of observations for the wet season compared to that of the dry season, using the mean
NAP observations for each month strongly skewed the results because they are more sensitive to
rare very high NAP levels occurring during large floods. Calculation of the trend from the median
NAP values substantially.
During the dry periods, conditions are often optimal for algal growth, therefore it is recommended
to use the NAP as an indicator of turbidity rather than suspended solidss (CHL+NAP). This should
better indicate whether the non-algal particulates are decreasing without the confounding effects
of increased algal particulates.
To better quantify NAP variability, a qualitative index to express turbidity in each catchment and
identifying waterholes where turbidity improves during the dry season would be instructive for
resource managers. Large changes in the turbidity could be an indicator of hydrological processes
such as groundwater discharge.
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It is not possible to definitively identify the factors influencing the trends in NAP variability
observed in this task from the data presented here. Factors such as climate variability and changes
in catchment management practice often have a significant effect on NAP variability over time,
and these associations may be identified in other activities in this Assessment.

6.6

Conclusion

This task demonstrates that satellite methods can provide new information about the temporal
and spatial variability of waterhole water quality across large areas. Although field-based water
quality observational data are more precise, they often lack the spatial and temporal coverage to
adequately characterise water quality variations in space or time. Water quality data retrieved
from satellite remote sensing sources can augment these sparse observations, and extend the
spatial and temporal coverage of information at relatively low cost.
Potential applications of satellite based water quality estimates include:
• Input into primary production models: Primary production in riverine systems in northern
Australia are significantly affected by water clarity (Waltham et al., 2013). Turbidity estimates
can serve as a surrogate for water clarity. For example, waterholes that are consistently turbid
will have primary production constrained to the near-surface water layer while waterholes that
are periodically/permanently less turbid, will support significant levels of productivity all through
the water column to the bottom.
• Estimating the presence of groundwater baseflow: Temporal variability in turbidity during the
dry season can serve as an indicator for the proportion of groundwater baseflow present in
waterholes. Water bodies with a significant groundwater input will show a rapid dispersal of
turbidity following inputs of turbid surface water. In contrast, water bodies that have seasonally
intermittent flow regimes, primarily reliant on surface water flow, will stay turbid for longer
periods following inputs of turbid surface water.
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7

Riparian vegetation extent and classification

7.1

Introduction

Riparian vegetation (RV) is characterised by a high level of persistent greenness over time, which
commonly includes areas where plant growth is supplemented by moisture in excess of the
surrounding area (National Research Council, 2005). RV forms zones of high productivity by
supplying important food and structural resources to terrestrial biota. In northern Australia, highintensity rainfall events and well-defined dry seasons have led to the development of unique
ecological systems in its riparian zones. These habitats have an extremely high ecological and
cultural value; they provide refuge to species during dry seasons, and are often important
Indigenous sites (Carwardine et al., 2014).
RV’s dependence on a stable water source is responsible for its distinctive spectral pattern, as
seen in optical remote sensing imagery. These patterns contrast with neighbouring, non-riparian
vegetation areas, highlighting a difference in productivity that is evident in terms of moisture
content and leaf area. Supplementary water sources may include access to river water adjacent to
watercourses, groundwater, soil water or other sources. The term ‘riparian zone’ is typically used
to describe an area adjacent to or influenced by a watercourse, however areas of vegetation
responding to supplementary sources of water may occur far from rivers.
The present approach to delineating RV is based on the assumption that plants with continuous
supplementary water access are more productive and have a denser, greener canopy compared to
plants that are reliant on rainfall alone. This higher productivity is visible spatially and throughout
time: the surface biophysical characteristics of phreatophytic vegetation (those that access
groundwater in particular ) contrast against xeric vegetation (those that access soil water only;
also known as vadophytes). This difference manifests in plant density, greenness, and spatial
arrangement. Remote sensing data facilitate the analysis of this greenness using multispectral
normalised difference vegetation index (NDVI) time series.

7.1.1

OBJECTIVES

The objective of this activity is to map RV using remote sensing data in the three Assessment
regions (the Fitzroy catchment, Darwin catchments and Mitchell catchment). A secondary aim is to
classify the RV according to the dominant environmental water resources of these regions; for
example, surface water, groundwater, or anthropogenic water (harvested water or water used for
irrigation). Of particular focus is the identification of groundwater dependent vegetation (GDV),
which provides important ecological services (Eamus and Froend, 2006; Murray et al., 2006) and
which may be susceptible to impacts from the development of groundwater resources.
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7.2

Datasets and processing methods

7.2.1

REMOTE SENSING IMAGERY

All available cloud-free, geometrically rectified, terrain-correct Landsat 5 TM data, covering the
Darwin catchments were acquired via the Google Earth Engine (GEE;
https://earthengine.google.com) for the period 1990 to 2011. GEE is an online, cloud-based
geospatial processing platform that provides access to a range of freely available remote sensing
data including the full Landsat archive from the USGS catalogue. GEE includes support for the
Python and JavaScript languages, both of which enable rapid data analysis, visualisation and
various input-output operations. The Darwin assessment area includes four subcatchments which
intersect four Landsat tiles: (path/row) 106/68; 106/69; 105/68; 105/69. The number of cloud-free
images for each path/row is shown in Table 7-1.
Table 7-1 The number of cloud-free Landsat scenes available for each catchment in the Darwin catchments
RIVER CATCHMENTS

105/68

105/69

Wildman

99

94

Mary

92

Adelaide

85

Finness

106/68

41

106/69

41

Only data that are completely cloud free were used in the analysis. GEE contains a search filter
that allows users to set a maximum cloud-cover threshold when selecting data. However, the
cloud-cover metadata were either incomplete or in error, and as a result between one-third and
one-half of the supposedly cloud-free data contained some cloud contamination. After
downloading each time series by tile, the data were scrutinised manually to identify which scenes
were completely cloud free. All cloud-contaminated scenes were then removed from the multiband, multi-date time series. Time series ‘stacks’ of NDVI and NDWI were subsequently created;
one for each tile and Darwin subcatchment.

7.2.2

OTHER DATA

Several supplementary datasets were used alongside the NDVI and NDWI time series to improve
the interpretation of landscape features and the accuracy of the RV delineation. These included:
• geological data
• a map of Cretaceous aquifers
• mapped sinkholes locations (survey based)
• mapped rainforest locations (survey based).
These data are described in more detail in the Assessment’s groundwater hydrology activity.
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7.3

Methods

The approach used in this task combines geological and hydrogeological data, climate data, and a
spatio-temporal analysis of Landsat 5 TM data. The latter analysis captures the temporal and
spatial variability of various land cover types. Due to the spatial resolution of Landsat, the present
method is better suited to the delineation of vegetation communities, rather than the
identification of individual plants.

7.3.1

MULTISPECTRAL INDICES

Landsat-derived NDVI and NDWI were used to perform a quantitative assessment of vegetation
cover. NDVI is an indirect measure of vegetation density and vigour (Townshend and Justice, 1986;
Tucker, 1986), it is calculated as:
(6)

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = (𝜌𝜌𝑁𝑁 − 𝜌𝜌𝑅𝑅 )⁄(𝜌𝜌𝑁𝑁 + 𝜌𝜌𝑅𝑅 )

where 𝜌𝜌𝑁𝑁 is reflectance in the near-infrared band (Landsat TM 5 Band 4) and 𝜌𝜌𝑅𝑅 is reflectance in
the red visible band (Landsat TM 5 Band 3).

The NDWI was proposed by Gao (1996) to evaluate vegetation liquid water. This index is calculated
as:
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = (𝜌𝜌𝑁𝑁 − 𝜌𝜌𝑆𝑆 )⁄(𝜌𝜌𝑁𝑁 + 𝜌𝜌𝑆𝑆 )

(7)

where 𝜌𝜌𝑆𝑆 is reflectance in the short-wave infrared (SWIR) band (Landsat TM 5 Band 5). NDWI is
less sensitive to atmospheric scattering effects than NDVI, and it provides additional, and
independent, information about vegetation cover (Gao, 1996).

7.3.2

DELINEATION OF RV

Delineation of RV in this task is based on principal component analysis (PCA), applied to multi-date
NDVI imagery. Temporal vegetation dynamics can be derived using multi-date NDVI or NDWI,
while temporally invariant areas of high greenness can be identify using PCA; a statistical method
that transforms complex multidimensional data into a series of linearly uncorrelated variables.
When applied to a time series of NDVI or NDWI, the first principal component (PC1) will typically
show features that remain invariable over time. Many studies have shown that PC1 provides
information on temporally invariant vegetation (Canty, 2010; Lunetta and Elvidge, 1998; Richards,
1993, Jolliffe, 2002). Higher order Principal Components highlight areas of land cover change.
It was hypothesised that RV can be delineated using PC1 derived from multi-date NDVI (Alaibakhsh
et al., 2016a) based on the assumption that, in arid climates, high-value temporally invariant NDVI
is associated with vegetation that has a relatively continuous access to water. A quantile-based
thresholding method (Helsel and Hirsch, 1992) was used to segment NDVI-derived PC1 into areas
of likely RV. In the absence of ground truth information, various percentiles were used to provide
the most visually sensible delineation of vegetation. For the most part, RV was associated with the
85th percentile of NDVI-derived PC1. Further validation was undertaken in collaboration with the
ecological project team.
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PCA was run separately for each NDVI and NDWI stack using the forward principal component
rotation routine in ENVI 4.8. Thresholding was performed using the ArcGIS 10.3 spatial
analyst toolbox.

7.3.3

DELINEATION OF GDV

Within the extent of RV, certain areas were further identified as GDV to indicate the presence of
diffuse or localised groundwater discharge zones. Greater availability of groundwater is likely to
result in greater plant density, greater leaf area and canopy size (Glenn et al., 2008). It was
observed in the Pilbara region for example (Alaibakhsh et al., 2016b) that more than 90% of
known GDV occurs in areas of RV.
There are a range of definitions of groundwater including: water that is underground
(www.merriam-webster.com/dictionary/groundwater); water located in the saturated zone below
the earth’s surface (NWC, 2012); and water found underground in the cracks and spaces in soil,
sand and rock, which moves slowly through aquifers of soil, sand and/or rocks
(www.groundwater.org/get-informed/basics/groundwater.html). Typically, practitioners that deal
with water supply schemes or mine dewatering focus on aquifers or other groundwater resources
that can be exploited due to their significant water storage and yield (Barron and Emelyanova,
2015). Yet other groundwater systems are characterised by a low storage capacity. For example,
water located in the weathered zones of bedrock or in shallow thin alluvial deposits. These
systems are not considered to be true aquifers, however they are often sufficient to support the
seasonal water needs of various vegetation species.
Groundwater can discharge from shallow watertables, the land surface (e.g. when connected to
springs or persistent pools), or via the groundwater uptake and transpiration of vegetation. In the
latter case discharge may occur when the watertable is located far below the land surface,
depending on root depth (Thomas, 2014). Water stored in the soil profile also supports vegetation.
This is pertinent when vegetation has access to both soil water and groundwater; and the
assessment of groundwater dependence is often challenging in these instances.
GDV was mapped in those areas previously identified as RV at the 85th, 90th and 95th percentiles
of PC1. Several supplementary datasets were used to validate the GDV results, including the
persistence of open water (based on NDWI PCA), sinkhole proximity, and the region’s
hydrogeology. Further validation was undertaken in collaboration with the ecological project team.

7.4

Results

7.4.1

DARWIN CATCHMENTS

Delineated RV is shown in Figure 7-1a to Figure 7-5a. Most RV is situated along river channels and
their tributaries, however several areas are also identified further from river systems.
These include:
• vegetation within gorges of the Mundogie Sandstones (e.g. in the Mary River catchment Figure
7-3c, Figure 7-3d and Figure 7-3e)
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• tabletop swamps established over the sandstone plateaux, such as in the Litchfield National Park
(Figure 7-1c)
• vegetation with access to groundwater, but outside of the main river channels (e.g. the
‘karstified’ areas in the north of the Mary River catchment; Figure 7-3b), and in the Wildman
River catchment (Figure 7-5)
• various irrigated areas, particularly those in close proximity to Darwin.
The spatio-temporal pattern of the derived RV is indicative of vegetation that has persistent access
to water.
It was observed that regional-scale environmental characteristics moderate the ecohydrological
conditions that promote the establishment of RV. RV is mostly dependent on instream water
regimes; including annual streamflow dynamics and groundwater discharge, particularly during
the dry season. Tidal processes also influence riverine systems closer to the coast. Each water
source has an important ecological value. In the Darwin catchments, these resources are
controlled by the geological and hydrogeological characteristics of each catchment, and the
broader climate conditions of the region.

Figure 7-1 Persistently green vegetation in the Finniss River catchment
(a) Persistently green vegetation and (b) the geological setting of the Finniss River catchment; (c) digital elevation
model and (d) delineated vegetation for the Depot Creek Sandstone plateaux (box); and (e) Wangi Falls in the
Litchfield National Park.
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Tidal valleys
Most major river valleys in the Darwin catchments contain some form of tidal river plain. These
plains cover large areas, often over 100 km2, extending from the coast and up to 100 km inland
(Figure 7-8). Vegetation located along river channels in the tidal plains is likely to be mangrove
habitat. These habitats are most noticeable in the north-west of the Finniss catchment. Due to
seawater propagation, groundwater in alluvial aquifers in the tidal plains is brackish or saline (see
groundwater hydrology assessment report). In some regions, the tidal-valley boundaries are
marked by areas of persistence greenness, which may indicate the presence of vegetation
supported by fresh-groundwater discharge zones. An example of this vegetation can be seen in
the Wildman River catchment (Figure 7-8a).

Figure 7-2 Persistently green vegetation in the Adeliade River catchment
(a) Derived vegetation, and (b) the geolgoical setting of the Adelaide River cathcment; the box indicates a Depot Creek
Sandstone plateaux.

Hydrogeological settings and groundwater systems
Several geological formations have the potential to form aquifers or other groundwater systems in
the Darwin catchments. Broadly, the bedrock underlining the region can be grouped into two main
categories:
• nearly impervious rock formations (including various metamorphic and igneous rocks)
• sedimentary rock formations, some of which can form aquifers.
Unconsolidated deposits can also host groundwater, and can form aquifers in some instances.
These include alluvial formations along modern rivers and paleochannels, as well as colluvial
deposits. Groundwater discharge associated with these groundwater systems is likely to support
vegetation established in groundwater discharge zones, or downstream from them. This is most
likely in areas underlined by sedimentary rock formations and unconsolidated deposits.
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Depot Creek Sandstone

Depot Creek Sandstone can form small plateaux covered by unconsolidated deposits. These
geomorphological features promote the development of swamps, such as the Tabletop Swamps in
the Litchfield National Park which cover approximately 1500 km2 (Figure 7-1). This plateau is
marked by numerous waterfalls (Figure 7-1b). Vegetation on the plateau is characterised by
persistent greenness and is likely dependent on water stored in unconsolidated deposits, while
habitats at the base of the plateau are likely dependent on water from groundwater seepage
zones, in addition to water discharge from the swamps.
Similar geomorphological features were identified in the Adelaide River catchment (Figure 7-2)
and in the Mary River catchment (Figure 7-3). Vegetation at the edges of these plateaux was
identified as potential GDVs (see Figure 7-4).

Figure 7-3 Persistently green vegetation in the Mary River catchment
(a) Derived vegetation, and (b) the geolgoical setting of the Mary River catchment. Gorges within an area of Mundogie
Sandstone (box) are shown; (c) DEM, (d) geology, and (e) delineated vegetation.

Mundogie Sandstone

RV was identified in the centre of the Mary River catchment, situated along gorge-like
geomorphological systems within the Mundogie Sandstone formation (Figure 7-3c, Figure 7-3d
and Figure 7-3e). This vegetation follows the geomorphological features of the gorges and is
located outside of the catchments main riverine system. Similar to other regions (such as the
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Pilbara), it is likely that groundwater seepage from fractured sandstone formations supports this
vegetation. However, it is unlikely that this fractured bedrock would form an aquifer, and the
environmental water availability is likely to be limited or seasonal. As a result, the spectral
signature of the vegetation is most consistent with RV, and only partly consistent with GDV.

Figure 7-4 Potential GDV in the Mary River catchment
(a) The extent of delineated vegetation, (b) persistently green vegetation and (c) potential groundwater dependent
vegetation.

Figure 7-5 Persistently green vegetation in the Wildman River catchment
(a) Derived vegetation, and (b) the geological setting of the Wildman River catchment; the box indicates the area
shown in Figure 7-6.
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‘Karstic’ carbonate rock formation

The northern parts of the Adelaide, Mary, and Wildman river catchments exhibit an NDVI spatiotemporal pattern indicative of RV (Figure 7-2 to Figure 7-5). This vegetation is largely outside of
the main riverine systems, which suggests persistent access to a water source other than
streamflow or alluvial groundwater.
There are numerous sinkholes found in the area, which could be indicative of karstic processes
(Figure 7-6a, b), and GDV was identified in proximity to these features (Figure 7-7). Recent field
data indicates that these areas are underlain by a carbonate rock formation (dolostone) and
unconsolidated cretaceous deposits, which collectively form ‘minor regional aquifers’ (described in
more detail in the groundwater hydrology activity). However the recent drilling program indicated
that in some areas the sinkholes may also be related to other ‘pseudo-karstic’ processes such as
‘piping’, which describes depressions that mimic landforms developed on a shallow paleosol, or by
another process associated with clay rich deposits (Parker et al., 1990; Upchurch et al., 2015).
Though the origin of these geomorphologic features at some locations require further analysis,
they are certainly associated with the accumulation and intensive transmission of water.
Unconsolidated deposits
Most RV in the Darwin catchments is situated along major river channels underlain by formations
of unconsolidated deposits. This includes vegetation in the southern subcatchment of the Adelaide
River catchment (Figure 7-2b) and the central subcatchment of the Mary River catchment (Figure
7-3b). Both areas are characterised by alluvial formations. These formations can form local
aquifers, depending on their thickness and hydraulic properties.
These RV include areas of potential GDV. For example, GDVs were identified along the Mary River
channel (Figure 7-4), and alongside sinkholes and river channels in the Wildman catchment (Figure
7-6). Though not illustrated here, areas of potential GDVs occurrence are marked by a high NDWI
value, which may suggest the presence of open water.
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Figure 7-6 Sinkholes in the Wildman River catchment
(a) Delineated ‘karstic’ features in the Wildman catchment, and (b) surveyed sinkholes.

Figure 7-7 Derived vegetation in proximity to karstic features
(a) Persistently green vegetation, and (b) potential groundwater dependent vegetation delineated in the Wildman
River catchment.
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Figure 7-8 Wildman River catchment
(a), (b), (c) Tidal plain wetlands in the Wildman River catchment, and (d) NDWI derived principle components; the tidal
plains (coloured in pink and blue) are visible in the north of the catchment.

7.5

Fitzroy and Mitchell catchments

Similar analysis was performed for the Fitzroy (Figure 7-9) and Mitchell catchments (Figure 7-10).
In the Fitzroy catchment, the most notable area of RV is along the main channel of the middle and
lower reaches of the Fitzroy River. These areas are underlain by a thick regolith, Cenozoic fluvial
deposits, alluvial deposits, and other unconsolidated deposits, which likely host groundwater
resources. GDVs were also identified along the river channel in this region (Figure 7-9c). RV is
associated with relatively small but spatially dense stream networks in the eastern part of the
catchment which reflect a less permeable substrata. GDV is less prominent in these areas, and
occur sporadically.
RV is also prominent alongside the main channel of the middle and lower reaches of the Mitchell
River. GDV was identified along the river channel (Figure 7-10c) and were also marked by high
NDWI values (not illustrated here). Vegetation in areas of high elevation in the eastern and
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northern region of the Mitchell catchment have a spectral pattern that is indicative of RV.
However, this vegetation is considered to be a false positive. While these areas have a spectral
signature consistent with RV, their location at a high elevation makes it highly unlikely that these
areas are in fact RV.

Figure 7-9 Derived vegetation in the Fitzroy catchment
(a) The extent of persistently green vegetation in the catchment; (b) persistently green vegetation and (c) potential
groundwater dependent vegetation in the lower reaches of the Fitzroy River.

Figure 7-10 Derived vegetation in the Mitchell catchment
(a) The extent of persistently green vegetation in the catchment; (b) persistently green vegetation and (c) potential
groundwater dependent vegetation in the lower reaches of the Mitchell River.
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7.6

Conclusion

RV in the Darwin catchments is moderated by tidal processes and their geomorphological setting.
Most delineated RV is likely dependent on annual river flow in the wet season, and on water
stored in the soil profile during the dry season. Some areas of RV also contain GDV, primarily in
areas underlain by sedimentary bedrock formations and unconsolidated deposits. Some of these
systems are identified as aquifers, in the Darwin catchments this includes:
• large alluvial systems, particularly those in the central areas of the Adelaide and Mary River
catchments
• possible karstic formations in the north of the Adelaide, Mary and Wildman river catchments
(which requires further confirmation).
There is a larger extent of RV in these areas than elsewhere in the Darwin catchments, but it is
typically along the main river channel. GDV in these areas typically also exhibit high NDWI values,
suggesting the presence of open water. Other sedimentary bedrock formations and
unconsolidated deposits are likely associated with localised groundwater systems, which do not
form aquifers.
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Discussion

Earth observation remote sensing is the most cost-effective method to gather information about
the structure and function of the landscape at large spatial scale and in fine detail, especially in
areas that are highly variable over time or difficult to access. The accuracy of the analyses
presented in this report is, however, limited by a range of factors. Even in cases where the object
of interest typically has a very distinctive spectral character, such as identifying open water for
flood inundation and waterhole mapping, the accuracy of water detection is limited by the
quantisation of the image data (reduction in the separability of features when converting from a
continuum of reflectance values into a finite number of discrete digital ranges), the reflectance
threshold at which a pixel is identified as wet or dry, the spectral characteristics of the background
materials on which the water lies, the level of obscuration of the water surface by overhanging
vegetation and the size of the water features.
A particular challenge in remote sensing assessments in northern Australia is the persistent cloud
cover that typically occurs during the wet season between about November and April. Neither the
Landsat TM nor MODIS sensors can visually penetrate cloud cover during this period of strong
rainfall dominance in this region. Consequently, for reasons of detection sensitivity described
above and cloud cover during the wettest part of the year, this report is likely to under estimate
the true maximum extent of inundation.
This report and the associated spatial products are among the earliest deliverables of the
Assessment, and it has not been possible to extensively validate some of these maps against
detailed field data in every catchment. The accuracy of flood inundation maps is notoriously
difficult to quantify because of its highly transient nature and the complexity of gathering
appropriate and timely field data in inundated landscapes. In general, cross validation is
performed by comparing against other image datasets. In the flood inundation mapping task this
included comparing inundation maps from a range of datasets including WOfS and the NDWI
method using Landsat data, and also visually with high-resolution images available on
Google Earth.
The methods used during production of the waterhole persistence maps were aligned with similar
existing assessments for consistency with existing datasets. For instance, the methods for selecting
dates between which images are compared each year to determine waterhole persistence were
adjusted to match existing datasets. An alternative water detection index was also investigated
but discussions with researchers familiar with the development and application of that index
indicated that it was more complex to calculate, and may be less stable under certain land cover
conditions than the NDWI used here. Conversely, the sensitivity of the NDWI indices have been
well characterised in the literature and good consistency between the detection methods is
expected. Consequently, the waterhole persistence information presented in this report extends
the coverage of this information to the Fitzroy and Darwin catchments in a manner that is
consistent with existing datasets.
This report demonstrates a proof-of-concept for methods to be used in all three Assessment
catchments. This report does not compare catchments per se, but the objective has been to
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provide results that are consistent between catchments. In general, the methods remain as similar
as possible between catchments, with minor adjustments of certain parameters such as image
classification thresholds between catchments where this is necessary to account for differences in
vegetation cover or a change in spectral contrast between soil and water reflectance
characteristics, for instance.
One of the objectives of this analysis is to provide results that are as consistent between the tasks,
and between catchments, as possible. Initially it was hoped that every task could use the AGDC for
all Landsat image analysis. This was not always possible, however, due to some delays in the
availability of some AGDC data, and also because existing analytical codes were already
established to draw on datasets from other sources, such as the USGS Landsat archives. As the
accessibility and analytical capabilities associated with the AGDC improve, it should be
recommended as the best source of image data for similar studies in future.
New Earth observation data sources are constantly becoming available, many of which are free to
acquire, have spatial, spectral and temporal characteristics that are well suited to landscape-scale
assessment of dynamic processes such as flood inundation and will also have an archive of images
over time. Among these are the Sentinel series of sensors launched by the ESA in recent years. Of
particular interest is the Sentinel 1a and 1b which were launched in April 2014 and April 2016,
respectively. These synthetic aperture radar sensors have the capability to see through clouds and
are well suited to mapping areas of inundation including beneath vegetation cover. Due to their
relative youth, the archive of data required for several of the Earth observation tasks does not yet
exist. Provision of these and other similar datasets on the AGDC will ensure that these data
sources provide new information to further improve the understanding of water resources in this
region in future.
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