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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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DESCRIPTION
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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
Climate variables, water availability and soil data, are generally considered to be the most
important environmental information for determining the agricultural suitability of particular
locations. Equivalent sized catchments in south-eastern Australia have about ten times more
climate stations than those of northern Australia’s Fitzroy, Darwin and Mitchell catchments. While
this reduces the certainty of hydrological modelling, the density of rainfall stations in the three
study areas is considered adequate for the purpose of water resource planning.
A consistent set of historical climate data for the Assessment were assembled from daily gridded
climate data. After consideration of paleo-climate studies, rainfall trends and future global climate
model pattern scaled (GCM-PS) rainfall projections, a climate baseline from 1 September 1890 to
31 August 2015 was adopted. This follows the general principle that hydrological planning should
use as long a hydroclimate sequence as possible to encapsulate the range of likely/plausible
conditions and variability at different time scales. In collating and analysing the climate data for
use by the Assessment’s numerical models, climate statistics and maps were prepared for the
Fitzroy, Darwin and Mitchell catchments and are presented herein.
The mean annual rainfall, averaged over the 125-year historical period (1 September 1890 to 31
August 2015) for the Fitzroy, Darwin and Mitchell catchments was 552 mm, 1423 mm and 996 mm
respectively. Of this 93%, 95% and 97% was calculated as falling during the wet season (1
November to 30 April) in the three catchments respectively. The highest median monthly rainfall
in all three study areas occurred during the months of January and February and the months with
the lowest median rainfalls were July and August.
Tropical cyclones (TCs) can be a major contributor to large-scale rainfall in some years in the three
study areas, typically producing 200 to 500 mm over a two to five day period where they cross the
coast. Over the long-term record, TCs are estimated to contribute greater than 30% of the total
rainfall in the Fitzroy catchment and slightly greater than 10% of the total rainfall in the Darwin
and Mitchell catchments.
Particularly distinctive characteristics of northern Australia’s climate are the high seasonality and
high inter-annual variability of rainfall. The seasonality of rainfall in the three study areas is
considerably higher than the seasonality of rainfall in southern Australia. The inter-annual
variability of rainfall in the Fitzroy and Mitchell catchments is moderately high compared to other
rainfall stations in northern Australia and high compared to other rainfall stations around Australia
with the same mean annual rainfall. Rainfall stations in the Darwin catchments exhibit a lower
variation in annual rainfall compared to other Australian stations, but the variation of annual
rainfall in all three study areas is large compared to rainfall stations of similar mean annual rainfall
elsewhere in the world. The seasonality and inter-annual variability of rainfall have implications for
dryland agriculture, grazing and the storage of water.
The rainfall generating systems in northern Australia and their modes of variability combine to
produce irregular runs of dry and wet years. The length and magnitude (intensity) of dry spells, in
particular, strongly influences the scale, profitability and risk of water resource related
x | Climate data and their characterisation in the Fitzroy, Darwin and Mitchell catchments

investments. The duration of dry spells (i.e. consecutive years of annual rainfall below the median
annual rainfall) in the Fitzroy, Darwin and Mitchell catchments is comparable to other areas of
eastern Australia and does not appear unusual. The run magnitude (intensity) of dry years at
rainfall stations in the Fitzroy and Mitchell catchments is slightly larger than that of stations in the
Murray Darling Basin and the east coast of Australia. The run magnitude of dry years at rainfall
stations in the Darwin catchments, however, is small compared to most other parts of Australia.
Of six long-term rainfall stations analysed as part of the Assessment (two in each catchment), four
were found to have an increasing trend in rainfall over the historical period, with the increase
usually occurring between 1960 and 1990.
Areal potential evaporation in the Fitzroy, Darwin and Mitchell catchments exceeds 2000, 1800
and 1800 mm respectively in most years. All catchments exhibit a strong seasonal pattern in
potential evaporation, ranging from 200 mm per month during the build-up (October to
December) to about 100 mm per month during the middle of the dry season (June). Annual rainfall
deficits (i.e. difference between annual rainfall and annual potential evaporation) are large in the
Fitzroy catchment (~1200 to 1500 mm), moderate in the Mitchell catchment (~600 to 1200 mm)
and low in the Darwin catchments (~100 to 500 mm). High rainfall deficits adversely affect surface
water storages. As a consequence of the high potential evaporation and seasonality of rainfall,
about 95% of the Fitzroy catchment and about 30% of the Mitchell catchment is classified as being
semi-arid.
A brief review of paleo-climate studies in northern Australia indicated that circulation patterns
approximating the present climate conditions in northern Australia (e.g. Pacific circulation
responsible for ENSO) are thought to have been in place since about 3 to 2.5 million years ago,
though past climates have been both wetter and drier than the instrument record.
GCM projections were used to produce climate data reflecting a future where the global mean
surface air temperatures are 2.2 °C higher relative to ~1990 global temperatures under an RCP8.5
emissions scenario for ~2060. For the Fitzroy catchment 48% of GCM-PS results indicated an
increase in future mean annual rainfall, 19% indicated a decrease and 33% indicated ‘little change’
i.e. a change sufficiently small (±5%) that it is within the bounds of GCM internal variability. For the
Darwin catchments 24% of GCM-PS indicated an increase in future mean annual rainfall and 24%
indicated a decrease and 52% ‘little change’, while for the Mitchell catchment 33% of GCM-PS
indicated an increase in future mean annual rainfall, 24% indicated a decrease and 43% indicated
‘little change’.
Based on the weight of current understanding, the global frequency of TCs will either decrease or
remain essentially unchanged owing to greenhouse warming, though there is very low confidence
in projected changes in cyclone frequency for individual catchments. The current consensus is that
some increase in the mean maximum wind speed of TCs is likely (+2 to +11% globally), although
increases may not occur in all tropical regions. For the period 2081 to 2100 relative to 1986 to
2005, the IPCC AR5 reports that global sea levels will most likely rise between 0.45 to 0.82 m
under RCP8.5. There is high confidence that sea levels will continue to rise for centuries even if the
global mean temperature is stabilised in the short to medium term.
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1

Introduction

Climate variables, water availability and soil data are generally considered to be the most
important environmental information for determining the suitability of particular locations for
agriculture. Given climate is so closely linked to hydrology and water availability, understanding of
climate and its variability is especially important in assessments of water resource development
and irrigation in northern Australia.
The Northern Australia Water Resource Assessment (the Assessment) is primarily focused on
assessing the opportunity for water resource development, including agriculture and irrigation,
with currently available environmental resources. Given the changes in temperature and rainfall
projected in the coming decades, and the sensitivity to that change of Australian agriculture and
the natural resource base on which it depends (Reisinger et al., 2014), the effects of climate
change on specific development options form part of this Assessment.
The primary purpose of this report is to: i) provide a general overview of the current climate of the
Fitzroy (Western Australia, WA), Darwin (Northern Territory, NT) and Mitchell (Queensland, Qld)
catchments within the context of suitability for agriculture; ii) describe the method of scaling the
historical climate series to represent projected climate change and; iii) present the results of
empirical scaling for an ensemble of 21 of the latest global climate models (GCMs) from the fifth
Coupled Model Intercomparison Project (CMIP5) as used in the Intergovernmental Panel on
Climate Change (IPCC) fifth assessment report (AR5). The Assessment provides a consistent set of
current and future climate data for use by other activities in the Assessment (Preface Figure 1).
This report is broken into four parts. Part I provides introductory and contextual information
including a brief description of the importance of climate to agriculture and aquaculture, a
description of the three study areas and the availability of climate data in each. Key concepts and
terminology are then described and an overview of the climate of northern Australia. Part II
discusses local-scale climate processes in each of the three study areas. Part III describes climate
and streamflow forecasting and the methods by which the historical climate data were scaled to
reflect projected climate change, as informed by CMIP5 GCMs used in the IPCC AR5 (IPCC, 2015).
Discussions and summary remarks are captured in Part IV. The report contains two appendices.
Appendix A provides fortnightly climate data suitable for basic agronomic assessments at specific
locations within the three study areas. Appendix B details a complete ensemble empirical mode
decomposition (CEEMD) analysis undertaken as part of the Assessment.

1.1

Climate variable characteristics across northern Australia and
their importance to agriculture

Weather is the key source of uncertainty affecting crop yield. It influences the rate and vigour of
crop growth, while catastrophic weather events can result in extensive crop losses. Key climate
parameters controlling plant growth and crop productivity are discussed in turn below, although it
should be noted that they never act in isolation, but are inter-related so impact synergistically.
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Of all the climate parameters affecting hydrology and agriculture in water-limited environments,
rainfall is usually the most important. Rainfall is the main determinant of runoff and recharge and
is a fundamental requirement for plant growth. For this reason, reporting of climate parameters is
heavily biased towards rainfall data.
Rainfall
Water is essential for the maintenance of physiological and chemical processes within the plant,
acting as an energy exchanger and carrier of nutrient food supply in solution. Across northern
Australia the seasonality of rainfall is a key limitation to the growth of many dryland crops. In
irrigated systems rainfall can supplement irrigation water, meaning larger areas can potentially be
irrigated (eg., Figure 1-1). However, where a plentiful supply of irrigation water is available, higher
rainfall is associated with a reduction in radiation (due to cloud cover) and reduced trafficability on
heavier soils, potentially resulting in reduced yields. Intense rainfall events (over 40 mm/hr) and
associated winds can also damage broadacre and horticultural crops, and cause soil erosion and
leaching of organics and nutrients. Excessive rainfall can also complicate the management of
agricultural land, for example in managing runoff and on higher clay soils excess rainfall can
contribute to waterlogging with subsequent loss of soil nitrogen through denitrification.
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Figure 1-1 Crop yield under dryland and irrigated agriculture
a) Probability of crop yield potential for dryland and fully irrigated sorghum (grain) sown in Georgetown (Gilbert
catchment, northern Australia) climate on 15 January (Webster et al., 2013). b) Crop yield plotted against applied
irrigation water in Georgetown climate. A range is the 20th to 80th percentile exceedance and A mean crop yields for
sorghum (grain). Assumes perfect timing of irrigation (i.e. no losses) (Webster et al., 2013)

Temperature
Temperature influences all plant physiological processes and is a particularly important factor
controlling the length of the growing cycle of crops, where the optimal temperature for plant
growth and maximising crop productivity varies between crop species. Temperature extremes at
sensitive phenological stages can adversely impact on crop productivity, for example if extreme
temperatures occur during flowering and pollination, cotton boll development or grain filling.
Plant species have differing temperature thresholds for optimum growth and response during
periods of extreme high or low temperature. For northern Australia, high temperatures generally
occur during the early wet-season months of October to December. When high temperatures
coincide with little water in the soil, plants are unable to cool their leaves, photosynthesis is
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reduced and plant tissue damage can occur. Prior to the start of the wet-season rains, low soil
water, higher air temperatures and solar radiation combine to heat soils low in vegetative cover.
High soil temperatures can affect seedling emergence and crop establishment. For an irrigated
crop higher temperatures induce higher evaporative demand with increased evapotranspiration
(e.g., Figure 1-2) and thus a higher irrigation requirement. The occurrence of low temperatures at
certain times of the year is also important in helping to manage soil disease and pests.
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Figure 1-2 Evaporation (mm) in response to changes in temperature of -2 °C to + 2 °C for a sorghum crop sown on
the 15th March at Fitzroy Crossing

Radiation

Mean monthly radiation (MJ/m2)

Radiation is an important factor controlling plant growth through its effect on photosynthesis, and
a basic principle for increasing crop yield is to maximise radiation interception. Radiation also
influences the daily opening and closing of stomata and the formation of chlorophyll. Air
temperature, another control on plant growth discussed above, is also indirectly dependent upon
solar radiation. Although low latitudes have the most favourable sun angle, in northern Australia
the amount of annual radiation is similar to mid-latitudes (e.g. Moree in NSW), but the timing is
different (Figure 1-3). This is because radiation is generally reduced during the wet-season months
over northern Australia due to cloud cover.
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Figure 1-3 Comparison of mean monthly radiation (MJ/m2) at selected locations in northern Australia (Chillagoe,
Darwin and Fitzroy Crossing) and northern NSW (Moree)
Low radiation in northern Australia is associated with increased cloud cover during the wet season (January-February)
whereas low radiation at Moree is a result of the sun having a lower maximum elevation during winter in the southern
hemisphere
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Humidity
Humidity is a measure of the amount of water vapour in the air, with the water holding capacity of
the air dependent upon temperature. Humidity affects the opening and closing of the stomata
which regulates loss of water from the plant through transpiration as well as photosynthesis.
Plants transpire or release water vapour to the atmosphere in order to regulate their internal
temperature and to grow. Generally, water vapour moves from a higher concentration in the leaf
to a lower concentration in the atmosphere. The more water in the atmosphere, the greater the
vapour pressure exerted on the leaves and therefore transpiration is reduced. From a plant
perspective the difference between the vapour pressure in their leaves and that of the air (for a
particular temperature) can be described as vapour pressure deficit (VPD). A higher VPD is
associated with greater atmospheric demand for moisture and therefore higher transpiration by
the plant. While high VPD can contribute to water stress in a plant, periods of high humidity (low
VPD) also influence the development of many plant diseases (Paul and Munkvold, 2005).
Wind speed
Wind can be both beneficial and harmful to crop and tree productivity. It can aid the process of
pollination, and so is particularly important in the development of fruit and seed from windpollinated flowers (e.g. grasses). Wind also facilitates the exchange of gases. Strong winds,
however, can cause excessive water loss through transpiration and can cause plants and trees to
lodge and topple (Cleugh et al., 1998; Negrón-Juárez et al., 2014). Winds can be particularly
harmful in combination with other factors. For example, windblown sand particles can damage
vegetative surfaces. In conditions of low humidity, dry winds can result in particularly excessive
plant water loss, which can cause plants to wilt. This can result in a decreased rate of
photosynthesis, growth, yield and potentially death.

1.2

Assessment area

The Assessment comprises three study areas: the Fitzroy (Western Australia), Darwin (Northern
Territory) and Mitchell (Queensland) catchments (Figure 1-4). These are discussed in turn below.
In this report northern Australia is defined as the area north of the Tropic of Capricorn. The
northerly draining basins are those Australian Water Resource Council (AWRC) catchments within
the Timor Sea and the Gulf of Carpentaria drainage divisions.
Fitzroy catchment
The Fitzroy catchment is the largest of the three catchments with an area of 93,830 km2 and
extends from Halls Creek and the King Leopold Ranges (422 mAHD) in the east to Derby and King
Sound in the west (Figure 1-4). The Fitzroy catchment is comprised of two main population
centres, Derby, population 3261 (Australian Bureau of Statistics, 2013b) and Fitzroy Crossing,
population 1144 (Australian Bureau of Statistics, 2013d). There are also 57 smaller Indigenous
communities for a total catchment population of about 7000 people. The Fitzroy River has the
largest discharge of any river in Western Australia and has the eighth largest discharge of any river
in Australia north of the Tropic of Capricorn (Petheram et al., 2014). The main land use is
pastoralism (95%), with large grazing leases with cattle on native pastures, shrubs, and introduced
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forages and legumes. Nature conservation and Indigenous Protected Areas cover the remaining
area.
Darwin catchments
The Darwin catchments are comprised of four northerly draining catchments defined by their
AWRC river basin boundaries: the Finniss (9490 km2), Adelaide (7460 km2), Mary (8075 km2) and
Wildman (4820 km2). The major population centre is Darwin, located within the Finniss catchment
and the capital of the NT. The greater Darwin region (including the local government areas of
Darwin, Palmerston and Litchfield and the city of Darwin) has a population of 140,368 (Australian
Bureau of Statistics, 2014a), with the total NT population of 245,079 (Australian Bureau of
Statistics, 2014b). The main land use is for conservation (53%), with extensive grazing at 31% and
farming at 7% (dryland cropping and horticulture, forestry and modified pastures).
Mitchell catchment
The Mitchell River Assessment Area is defined by the Mitchell Australian Water Resource Council
River Basin. It encompasses an area of 71,530 km2 and contains part of the Mareeba–Dimbulah
irrigation area, which extends into the upper headwaters of the Walsh River. 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 (Australian Bureau of Statistics, 2013c),
Kowanyama, population 1031 (Australian Bureau of Statistics, 2013e) and Chillagoe, population
192 (Australian Bureau of Statistics, 2013a). The main land use is pastoralism (95%), with large
grazing leases with cattle grazing native pastures and shrubs, with little clearing of trees to support
sown and improved pastures or crops. Conservation reserves are the second largest land use, but
only 3% of the catchment. The land types and climate generally support breeding operations with
limited capacity to fatten cattle.

1.3

Climate data availability across northern Australia

An exploratory evaluation of the spatial and temporal extent of the available climate data across
northern Australia reveals that the Gulf region has the best historical coverage of rainfall (Figure
1-5) and temperature (Figure 1-6) stations across northern Australia. Because rainfall has lower
spatial and temporal auto-correlation than other climate variables, the Bureau of Meteorology has
established a higher spatial density of observation stations for rainfall than other climate variables;
all have generally increased in density over time, although there has been a slight reduction since
the 1990s (Figure 1-5 and Figure 1-6). Nevertheless, the lack of stations measuring non-rainfall
parameters across northern Australia is a limitation for agronomists trying to assess local-scale
conditions for growth and yield potential of crops, pastures and trees.
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Figure 1-4 Location map of the northerly draining catchments in northern Australia and the Fitzroy, Darwin and Mitchell catchments
Climate stations A – Derby Post Office (3007), B – Fitzroy Crossing (3006), C – Darwin Airport (14015), D – Wildman Station (N/A), E – Oenpelli Station (14042), F – Kowanyama
Airport (29038), G – Palmerville (28004), H – Chillagoe (30140). Inset shows northern Australia and Timor Sea and Gulf of Carpentaria drainage divisions
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Figure 1-5 Decadal analysis of the location and completeness of Bureau of Meteorology stations measuring daily
rainfall used in the SILO database
The decade labelled ‘1910’ is defined from 1 January 1910 to 31 December 1919, and so on. At a station, a decade is
100% complete if there are observations for every day in that decade (Li et al., 2009)
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Figure 1-6 Decadal analysis of the location and completeness of Bureau of Meteorology stations measuring daily
maximum temperature used in the SILO database
The decade labelled ‘1910’ is defined from 1 January 1910 to 31 December 1919, and so on. At a station, a decade is
100% complete if there are observations for every day in that decade (Li et al., 2009)
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1.3.1

SOURCE OF CLIMATE DATA

Spatially continuous climate datasets
This report, and the reports dependent upon it, is based on historical daily climate data derived
from 0.05 x 0.05 degree (~ 5 km x 5 km) resolution grids, spanning the 125 year period 1
September 1890 to 31 August 2015. Data were sourced from the scientific information for land
owners (SILO) data drill database, http://www.longpaddock.qld.gov.au/silo/ (Jeffrey et al., 2001).
SILO provides surfaces of daily climate data interpolated and in-filled from point measurements
made by the observation network developed and maintained by the Bureau of Meteorology.
The variables used were rainfall, incoming shortwave solar radiation, vapour pressure, maximum
air temperature, minimum air temperature and relative humidity. These data were used to
produce the spatially continuous maps of climate surfaces presented later. Prior to 1957 the SILO
climate dataset used a variety of algorithms to synthetically generate non-rainfall parameter
values based on the observed climate statistics between 1957 and current time (Jeffrey et al.,
2001). For this reason historical plots and maps for non-rainfall parameter values were calculated
over the time period 1965 to 2015 (unless specified otherwise).
It is important to note that the gridded climate data are a modelled dataset (i.e. they are derived
from observed data but do not contain the original observed data). Observations have been
quality checked by the Bureau of Meteorology and the interpolation routines used have been
subjected to additional error checking by the Queensland Government (Jeffrey et al., 2001). Data
accuracy is expected to be lowest in areas where the observation density is low relative to the
climate gradients and where observations are only available for shorter time periods.
In addition to daily rainfall data, the surface water and groundwater models used in the
Assessment require estimates of potential evaporation (PE). This represents the atmospheric
demand for water under given meteorological conditions and provides an upper limit to the actual
evaporation in the hydrological modelling. Morton’s wet environment areal potential evaporation
(APE) (Morton, 1983) was calculated for the daily 0.05 x 0.05 degree grids using the following SILO
data: maximum and minimum air temperature; incoming solar radiation; atmospheric vapour
pressure (converted to relative humidity using the SILO actual vapour pressure divided by the
saturation vapour pressure at the daily air temperature extremes). This method is outlined in Li et
al. (2009).
APE represents the evaporation that would take place from a continually saturated surface that is
large enough to render the effects of any upwind boundary transitions negligible, thus integrating
local variations to an areal mean. In water-limited environments daily hydrological modelling,
when parameterised or calibrated against streamflow observations, is much less sensitive to
errors in the PE data than it is to errors in the rainfall data, e.g. Andréassian et al. (2004). It is also
easier to provide reliable PE data for the hydrological modelling, as PE has lower spatial variance
with smaller day-to-day variation compared to rainfall.
Point climate datasets
SILO patch point datasets were acquired for 96 rainfall stations around Australia. Unlike the SILO
gridded data drill product referred to above, these data contain real observations, gap filled where
necessary using interpolation from nearby stations. The 96 rainfall stations were selected for all of
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Australia on the basis that they and close neighbouring stations had near continuous rainfall data
from 1 September 1890 to 31 August 2015 (13 stations were located within the three study areas).
The SILO point patch datasets were acquired from
http://www.longpaddock.qld.gov.au/silo/ppd/index.php
Sea surface temperature datasets
Mean monthly sea surface temperature (SST) data were sourced from the National Oceanic and
Atmospheric Administration (NOAA) optimum interpolation sea surface temperature analysis
(Reynolds et al., 2002; Smith et al., 2008b), a large-scale satellite dataset (i.e. with a horizontal
resolution of one degree). The time period for which data are available is 1982 to 2015, unless
stated otherwise. The period used to calculate the baseline climatology is 1981 to 2010. All ocean
grid points north of 30° south and within 370 km of the Australian coastline were included in the
northern Australia analysis. A representative grid point was also selected adjacent to the coastline
of each of the study areas.

1.4

Key concepts and terminology

1.4.1

DEFINITION OF WATER YEAR AND SEASONS

Northern Australia experiences a highly seasonal climate, with the majority of rain falling during
December to March. Unless specified otherwise, this Assessment defines the wet season as being
the 6 month period from 1 November to 30 April, and the dry season as the 6 month period from
1 May to 31 October. This wet season was chosen as it is the wettest 6 month period for all three
study areas, however it should be noted that the transition from the dry to the wet season
typically occurs in October or November and so an alternative northern wet season definition
commonly used by meteorologists is 1 October to 30 April.
All results in the Assessment will be reported over the water year, defined as the period 1
September to 31 August, unless specified otherwise. This allows each individual wet season to be
counted in a single 12 month period, rather than being split over two calendar years, i.e. counted
as two separate seasons. This is more realistic for reporting climate statistics from a hydrological
and agricultural assessment viewpoint.

1.4.2

SCENARIO DEFINITIONS

Four scenarios will be evaluated in the Assessment, reflecting a combination of different levels of
development and historical and future climates, much like those used in the Northern Australia
Sustainable Yields Project (CSIRO, 2009a; 2009b; 2009c) and the Flinders and Gilbert Agriculture
Resource Assessment (Petheram and Yang, 2013).
Scenario A
Scenario A is historical climate and current development. The historical climate series is defined as
the observed climate (rainfall, temperature and PE for water years from 1 September 1890 to 31
August 2015). All results presented in this report are calculated over this period unless specified
otherwise. The current level of surface water, groundwater and economic development will be
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assumed (as at 31 August 2015). Scenario A will be used as the baseline against which assessments
of relative change will be made. Historical tidal data will be used to specify downstream boundary
conditions for the flood modelling. Rationale for using a 1 September 1890 to 31 August 2015
baseline is outlined in Section 8.1.
Scenario B
Scenario B is historical climate and future development, as generated in the Assessment. Scenario
B will use the same historical climate series as Scenario A. River inflow, groundwater recharge and
flow, and agricultural productivity will be modified to reflect potential future development. The
impacts of changes in flow due to this future development will be assessed, including impacts on:
• instream, riparian and near-shore ecology
• Indigenous water values
• economic costs and benefits
• opportunity costs of expanding irrigation
• institutional, economic and social considerations that may impede or enable adoption of
irrigated agriculture.
Scenario C
Scenario C is future climate and current development. It will be based on a 125-year climate series
(as in Scenario A) derived from GCM projections for an approximate 2.2 °C global temperature rise
relative to 1990 scenario, representing RCP 8.5 projections for 2060. The GCM projections will be
used to modify the observed historical daily climate sequences. The current level of surface water,
groundwater and economic development will be assumed. Tidal levels will be perturbed to reflect
the projected approximate 2060 sea-level rise.
Scenario D
Scenario D is future climate and future development. It will use the same future climate series as
Scenario C. River inflow, groundwater recharge and flow, and agricultural productivity will be
modified to reflect potential future development, as in Scenario B. Therefore, in this report, the
climate data for Scenarios A and B are the same (historical observations from 1 September 1890 to
31 August 2015) and the climate data for Scenarios C and D are the same (the above historical
data scaled to reflect a plausible range of future climates).
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2

Large-scale processes controlling northern
Australia’s climate

The primary characteristics of Australia’s climate are a consequence of four major inter-related
factors (Hobbs, 1998):
1. Its location within the subtropical latitudinal zone. Australia’s landmass is centrally located
within the dry descending air of the Hadley cell circulation. This results in much of the
continent being affected by large eastward travelling anti-cyclones (Figure 2-1). These high
pressure systems, which may extend up to 4000 kilometres along their west-east axis, are
responsible for the high temperatures and dryness that characterise much of the continent.
Systems generating moisture occur either between individual anti-cyclones or to the north or
south of them (Warner, 1986).
2. The size, shape and latitudinal range of the Australian continent. This has resulted in a broad
range of climates, with 15 of the 30 Köppen-Geiger climate types spanning tropical, arid,
temperate and cold (Crosbie et al., 2012; Peel et al., 2007).
3. The subdued relief (flatness) of the continent provides little obstruction to the prevailing
atmospheric systems. The exception is the Great Dividing Range along the east coast of
Australia.
4. Australia’s long coastlines and vast expanses of ocean to the east, west and south ensure that
much of the continent is subject to maritime influences.
Additionally there are hemispherical-scale phenomena that drive seasonal to inter-annual
variability, the predominant ones being the annual north-south cycle of the monsoon and the
subtropical ridge and the multi-year variations of El Niño-southern oscillation (ENSO).
The net effect of these factors is the large semi-arid/arid zone and moderate to high seasonal
variation with high inter-annual variability for which Australia is renowned (Hobbs, 1998). To the
south of the arid centre (Köppen class B) the climate is predominantly Mediterranean (Köppen
class Cs); to the north the climate is tropical (Köppen class A) and is characterised by highly
seasonal, summer dominated rainfall and year round high temperatures and PE rates (Peel et al.,
2007). Köppen zonation across northern Australia is shown in Section 2.3.1.
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Figure 2-1 Pressure systems and circulation cells influencing Australia
Source: http://www.bom.gov.au/climate/about/?bookmark=stridge

2.1

Key rainfall generating mechanisms across northern Australia

2.1.1

MONSOON

The annual northern Australian wet season is closely related to the Australian summer monsoon,
the predominant large-scale circulation process that influences the southern hemisphere tropics in
late spring, summer, and autumn (McBride, 1998; Wheeler and McBride, 2012). Australian
monsoon onset and termination coincide with the surface temperature changes over the
continent and the resulting changes to land-sea temperature gradients and sea-level pressure
(CSIRO and Bureau of Meteorology, 2015). Almost a month prior to the monsoon onset the
surface temperature over northern Australia increases, resulting in anomalous cyclonic (i.e. low
pressure) circulation. The wind direction changes from the south-easterly trade winds of the dry
season to a north-westerly flow that draws high humidity into northern Australia, resulting in
increased lower-level moisture convergence. This increases the amount of precipitation over the
region and eventually starts the monsoon (Kullgren and Kim, 2006).
The monsoon season is most commonly observed from December to March, with high variability
in the timing, extent and intensity of rain due to oscillations between ‘active’ and ‘break’ monsoon
phases. Tropical low pressure systems, ‘monsoon depressions’, are frequently generated along the
monsoon trough line and are the dominant rainfall producing systems, commonly associated with
heavy rain. The monsoon season is modulated by ENSO and the Madden-Julian Oscillation (MJO,
described later), as well as influencing Tropical Cyclone (TC) genesis (Wheeler and McBride, 2005).
A stronger monsoon circulation is associated with an increased frequency of monsoon depressions
and TCs. Rainfall variability is strongly tied to monsoon active/break cycles on intra-seasonal scales
(MJO modulated) and large-scale influences, such as ENSO, on inter-annual time scales. Cook and
Heerdegen (2001) note rainfall in the transitional periods, pre- and post-monsoon, is critical for
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many ecological processes and conclude ecosystem function is determined by the temporal
patterning of isolated rainfall events both before and after the monsoon season.

2.1.2

TROPICAL CYCLONES AND DEPRESSIONS

The southern hemisphere TC season generally runs from November to April. Tropical depressions
and TCs (intense tropical depressions) can be a major contributor to large-scale rainfall across
northern Australia (CSIRO and Bureau of Meteorology, 2015). Lavender and Abbs (2013)
determined that north-western Australia is the region with the greatest TC contribution to total
annual rainfall (greater than 30%) as opposed to 10% over most of northern Australia. For coastal
northwest stations TC contribution can be greater than 40% to annual rainfall and up to 70% of
October to December rainfall (Ng et al., 2015). Dare (2013) found that the two measures with
greatest correlation to TC rain volume contribution are total time spent over land and total land
area covered by TCs during a season (correlation coefficients of 0.79 and 0.84, respectively). In an
analysis over 41 seasons (1969-70 to 2009-10), Dare et al. (2012) found that on average three TCs
cross or come within 500 km of the coastline of the Fitzroy catchment and on average two TCs
cross or come within 500 km of each of the Darwin and Mitchell catchments’ coastline, however
those TC that do not cross the coast contribute little rainfall. A more detailed analysis of the
frequency of TCs influencing each of the three study areas is included in Part II. Additionally, many
localised intense events are not directly TC related, for example Rouillard et al. (2015) found that
about 50% of flooding events in the north-west of northern Australia could be attributed to nonTC events.
Many authors have found a strong correlation between TC frequency and the phases of ENSO
(Chand et al., 2013; Ramsay et al., 2008). In the Indian Ocean region adjacent to north-west
Australia a double peak in TC activity is seen during La Niña, in December and March, with the
number of days with TC activity 50 to 100% higher than in El Niño or neutral phases (Figure 2-2)
(Liu and Chan, 2012). North-west TC frequency peaks in March for all three ENSO phases (Dowdy
and Kuleshov, 2012; Kuleshov, 2012). Positive SST and relative humidity and negative (cyclonic)
vorticity anomalies during La Niña drive the enhanced TC activity, with opposite anomalies leading
to suppressed TC activity during El Niño phases. It should be noted, however, that TC formation in
the Australian region is not solely influenced by ENSO but also the interplay between ENSO phase
and other modes of variability including MJO (Hall et al., 2001) and with the inter-decadal Pacific
oscillation (IPO) along the north-eastern coast of Australia (Grant and Walsh, 2001). The decadalscale variation caused by the IPO was found to influence TC formation through its influence on
ENSO, as during El Niño the region of highest SSTs and TC genesis shifts eastward away from
Australia, reducing the propensity for Queensland land-falling TC formation. The influence of
active MJO phases on enhanced TC activity is strengthened during El Niño events (Hall et al.,
2001).
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Figure 2-2 Mean annual number of TCs in the Australian region in (a) El Niño years; (b) La Niña years
Adapted by (Petheram and Bristow, 2008) from Bureau of Meteorology cyclone maps
http://www.bom.gov.au/climate/maps/averages/tropical-cyclones/

Trends in TCs in the Australian region
Although TC records can be considered complete and reliable since the introduction of
meteorological satellites in the late 1960s, trend analysis is problematic due to this limited record
and changes in observation technologies and analysis techniques (Kuleshov, 2012). Harper et al.
(2008) reanalysed the TC dataset for the north-western region and concluded that earlier
northwest Australian records (circa 1970s) contain underestimation biases in central pressure
deficit of the order of 20%, leading to false trends. They concluded that there is no evidence of a
trend in TC intensity over the last 30 years for northwest Australia. Kuleshov et al. (2010) applied
nonparametric Monte Carlo techniques to determine whether there were trends in TC occurrence
and intensity for the 1981-82 to 2006-07 seasons, in addition to those attributable to inter-annual
variability or changes in observing practise, and also concluded that there were no significant
trends in TC numbers in the Australian region. More recently, Dowdy (2014) investigated trends in
Australian region TC numbers from 1981-82 to 2012-13, while accounting for the influence of
ENSO. The study concluded that there was a significant decreasing trend in TC numbers (at a 0.93
to 0.98 confidence level) and a reduced influence of ENSO in recent decades, with ENSO
accounting for about 35 to 50% of the variance in TC numbers during the first half of the study
period, but only 10% during the second half.

2.1.3

HEAT LOWS AND THUNDERSTORMS

A heat low is caused by localised, often intense, heating of the Earth’s surface. The air in direct
contact with the heated surface warms and rises, causing atmospheric pressure at the surface to
decrease thus creating a region of low pressure (Trapasso, 2005). Lavender (2016) presents the
first detailed assessment of heat-low climatology across northern Australia, finding that the Fitzroy
catchment experiences a high frequency of heat lows, up to eight per year, whereas there is
minimal heat-low presence over the Darwin and Mitchell catchments. Heat lows in the Fitzroy and
to the south of the Darwin and Mitchell catchments impact the rainfall climate by modifying air
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flows thus bringing moist air from the warm tropical oceans onshore. The thermal uplift associated
with heat lows, in combination with increased moisture, influences the formation of convective
thunderstorms of varying size and intensity that are a frequent feature during the afternoon and
evening through spring, summer and autumn. These can occasionally result in heavy rainfall and
localised flooding. Thunderstorm development depends on sufficient moisture, which can also be
brought over land by the afternoon sea breeze, to produce sufficient depth of moisture in a
conditionally unstable atmosphere (Charles et al., 2015b).
North-western Australia, encompassing the Fitzroy and Darwin catchments, and (during La Niña
years) north-eastern Australia have high propensities for thunderstorms peaking during the
December to March period. The northwest has stronger activity than the northeast based on
satellite observations of lightning occurrence, as shown in Figure 2-3 (Dowdy and Kuleshov, 2014).
Thunderstorm activity is generally not strongly influenced by ENSO in northern Australia, with only
a very small region of far northern Australia having some indication of less activity for El Niño and
more activity for La Niña during spring (Sep-Nov) (Dowdy, 2016). There are no published studies
quantifying the relative contributions of thunderstorms to rainfall totals, however, the
contributions could be significant, particularly in the years with lower than average monsoon
activity (Rouillard et al., 2015). Although climate models do not resolve small-scale processes such
as thunderstorms, projected changes in climatology indicate the potential for an increased
propensity for thunderstorm formation (Allen and Karoly, 2013; Allen et al., 2014a; 2014b). A
recent international study has observed an increase in convective rainfall with increasing
temperature (Berg et al., 2013).

Figure 2-3 Mean annual lightning ground flash density
Bureau of Meteorology analysis based on NASA optical transient detector and lightning imaging sensor averaged over
the 18-year period 1995-2012
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2.2

Rainfall variability and long-term trends

Climate variability is a natural phenomenon occurring across a range of time scales, from hourly
(e.g. diurnal variation in the weather) to seasonal (e.g. wet/dry and hot/cold seasonal variation),
and even to many millennia (e.g. Milankovitch cycles caused by variations in the Earth’s orbit). A
climate trend or change is a long-term shift or change in climate after variability mechanisms
operating at shorter time scales have been accounted for. They may be due to natural processes
that operate over long time scales, or they may be the result of an anthropogenic-forced
‘changing’ climate (e.g. enhanced greenhouse effect).

2.2.1

DIURNAL VARIABILITY

The diurnal cycle in temperature is evident due to the daily cycle of the sun’s energy (radiation)
input. Rainfall’s diurnal properties are evident in the timing of convection, also predominantly
driven by the daily solar cycle. Berry et al. (2011) show that summer rainfall rates peak during the
mid-afternoon close to the coast and later overnight moving inland for a transect from the coast
to inland east of the Fitzroy. They find synoptic-scale disturbances (mid-latitude cyclones and
monsoon lows) control the propensity for rainfall through advection of warm, moist air from the
Gulf of Carpentaria, with the low-level convergence that accompanies the heat-low diurnal cycle
triggering convection in this unstable air mass.
A study of convection processes in the Darwin region found that during monsoon active periods
convection peaks in the late morning. During monsoon break phases, in contrast, convection
peaks in the early afternoon as it is linked closely to daytime surface heating and convergence
associated with the sea breeze (Pope et al., 2008). Subsequently, Rauniyar and Walsh (2015) have
investigated Darwin rainfall partitioned by the eight MJO phases of Wheeler and Hendon (2004).
During MJO wet phases the coastal areas near Darwin receive the bulk of their rainfall during the
early morning (0200 to 0400 local time) due to large-scale westerly circulation bringing rain from
the Beagle Gulf. In dry phases, a more traditional late afternoon rainfall peak occurs (1400 to 1600
LT), driven by convection and seas breezes. Together, this results in diurnal rainfall over Darwin
having a bimodal peak.

2.2.2

INTRA-SEASONAL VARIABILITY

Intra-seasonal variability gives rise to differences in climate from week to week, or fortnight to
fortnight.
Madden–Julian Oscillation
The Madden–Julian -oscillation (MJO) (Madden and Julian, 1972) is a dominant feature of rainfall
variability in the tropics. The MJO can be characterised as an eastward moving "pulse" of cloud
and rainfall near the equator that typically recurs every 30 to 60 days (Zhang, 2005). The MJO is
the strongest driver of intra-seasonal variability in northern Australia, but also interacts over
longer time scales to influence ENSO, the monsoon circulation, and TC generation.
MJO’s strongest impact on northern Australian rainfall is during the extended-summer months of
November to April (Wheeler et al., 2009), causing many of the ‘bursts’ and ‘breaks’ of the
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Australian monsoon (Wheeler and McBride, 2012), that respectively enhance or suppress rainfall.
Wheeler and Hendon (2004) have produced an MJO phase index defined as the covariability of the
two leading principal components of empirical orthogonal functions of the combined fields of
near-equatorially averaged 850-hPa zonal wind, 200-hPa zonal wind, and satellite-observed
outgoing longwave radiation. The enhanced convection of the MJO index active phase increases
the probability of extreme weekly rainfall (i.e. upper 20th percentile) by a factor of three
compared to non-active phases for far northern Australia in summer (Wheeler and Hendon, 2004),
including the three study areas (Wheeler et al., 2009).
In the far north, such as around Darwin, the MJO causes rainfall to be, on average, about 6 mm
per day higher during the MJO wet phases (i.e. Phases 5 and 6 of the MJO index) than during the
MJO dry phases (i.e. Phases 1 and 2). However, given the MJO’s period of more than 30 days, its
impact is best expressed as changes in weekly rainfall than daily rainfall, as shown for the chance
of exceeding the normal weekly rainfall in Figure 2-4. This figure shows that at Darwin the
probability of greater than normal weekly rainfall is over 75% in MJO Phase 5, but less than 30% in
MJO Phase 1. Similarly, for the Fitzroy catchment the probability is over 65% in Phase 5 for
western parts of the catchment, but less than 30% across the catchment in Phase 1. For the
Mitchell catchment, however, the phases of greatest probability change are shifted, being in
phases 6 and 2 rather than phases 5 and 1. This shifted phase between western and eastern parts
of northern Australia, which represents a difference in timing of about one week, is due to the
eastward propagation of the MJO itself. Figure 2-4 also shows the wind changes that are
experienced through the MJO cycle. Changes in temperature with the MJO cycle in northern
Australia are linked with the changes in rainfall and cloudiness: lower maximum temperatures, of
up to 1.5°C below average, are experienced over northern Australia during phases 5 and 6 when it
is wet and cloudy. Importantly, the MJO is predictable out to about 20 days with current
technology (Rashid et al., 2011), enabling the MJO-associated impacts to be predicted a couple of
weeks in advance.
Convectively-coupled equatorial waves
Other intra-seasonal drivers of northern Australia’s climate include the convectively-coupled
equatorial waves (Kiladis et al., 2009). Like the MJO, they cause oscillations in winds, pressure,
rainfall, and cloudiness that propagate in the tropics parallel to the equator. However, compared
to the MJO, they have shorter periodicities and a shorter predictability horizon (Wheeler and
Weickmann, 2001). That is, although they are useful tools for diagnosing what may be currently
affecting the weather on any particular day, it is very difficult to use them to predict their weather
impacts more than a few days in advance. However, it remains very important for dynamical
prediction models to be able to accurately represent them.
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Figure 2-4 Mean weekly rainfall probabilities and expected 850 hPa (approximately 1.5 km above sea level) wind
anomalies for each of the 8 MJO phases
Green and blue shading indicates higher than normal rainfall would be expected, while red and orange shading
indicates lower than normal rainfall would be expected. The direction and length of the arrows indicate the direction
and strength of the wind anomaly. The darker the arrow, the more reliable the information. The relationship of the
MJO with Australian rainfall and winds changes with the season, and this figure is for January-February-March, when
the impact of the MJO on rainfall in northern Australia is at its peak. Mean conditions for all seasons can be found at
http://www.bom.gov.au/climate/mjo/#tabs=Average-conditions. Follows method of Wheeler et al. (2009)

2.2.3

SEASONAL VARIABILITY

A highly distinctive feature of northern Australia’s climate is its strong seasonality of rainfall,
driven by the annual solar cycle determining the position of the high pressure belt (subtropical
ridge, STR), and the main tropical rainfall generating mechanisms (monsoon, TCs, heat lows and
thunderstorms) as discussed in Section 2.1 above. Figure 2-5 shows a measure of the seasonality
of rainfall across Australia. The figure shows that the seasonality of rainfall in Australia
corresponds to latitude and that the seasonality of rainfall is considerably higher in northern
Australia than southern Australia (i.e. below -23.44°). This has implications for dryland agriculture
and water storage requirements. An analysis (described in Appendix B) of monthly rainfall and
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temperature found that the variance in monthly rainfall data associated with the annual cycle was
~90% of total variance in the three study areas.
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Figure 2-5 Seasonality of rainfall for 96 high quality stations across Australia
(a) Seasonality of rainfall across Australia; (b) latitude plotted against seasonality of rainfall. Seasonality of rainfall is
defined as the percentage of the total rainfall that occurs during the peak three-month period. The grey polygons
indicate the extent of the Fitzroy, Darwin and Mitchell catchments. Rainfall stations in the Fitzroy, Darwin and Mitchell
catchments are given by red, black and yellow symbols respectively. The light blue diamonds indicate rainfall stations
from the rest of northern Australia (RoNA) and hollow squares indicate rainfall stations from southern Australia (SA)

There is growing scientific awareness of the value of understanding Indigenous seasonal calendars,
given their insights and appropriateness for natural resource management (Woodward et al.,
2012). Recent studies have summarised Indigenous seasonal knowledge for the Darwin region
(Williams et al., 2012) and the Fitzroy region (Davis et al., 2011). Indigenous season calendars for
northern Australia, including those created by members of the Muludja community and
Walmajarri language group (Kimberley region, including Fitzroy) and members of the
Gulumoerrgin (Larrakia) language group (Darwin region) are available at:
http://www.csiro.au/en/Research/Environment/Land-management/Indigenous/Indigenouscalendars

2.2.4

INTER-ANNUAL VARIABLITY

Northern Australia experiences relatively strong year-to-year variations in rainfall. Nicholls et al.
(1997), Peel et al. (2004) and Petheram et al. (2008) observed that for a given mean annual rainfall
total, the inter-annual variability of rainfall in northern Australia is higher than that observed at
rainfall stations from the Rest of the World (RoW) for the same Köppen climate types.
A commonly used measure of variability in hydrological and climate sciences is the coefficient of
variation (Cv) of annual rainfall (i.e. the standard deviation of annual rainfall divided by the mean
annual rainfall) which provides a measure of the temporal variability of annual rainfall. The larger
the Cv value, the larger the relative variation in annual rainfall. In Figure 2-6 the coefficient of
variation of annual precipitation in northern Australia is compared to (a) the RoW and (b) the RoW
of the same Köppen climate zones (Peel et al., 2007) as northern Australia. Stations from the RoW
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of the same Köppen climate type and mean annual rainfall typically exhibit a Cv of annual rainfall
between about 0.2 and 0.35 (Petheram et al., 2008).
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Figure 2-6 Annual variation in rainfall in northern Australia
(a) Coefficient of variation of annual rainfall northern Australia compared to RoW; and (b) coefficient of variation of
annual rainfall northern Australia compared to stations of the same Köppen climate zone in the RoW

The generally higher northern Australian variability is mostly attributed to the large impact of the
ENSO (see further below). This has both positive and negative implications for agriculture and
aquaculture in northern Australia: it is positive in the sense that seasonal predictions of rainfall
have the potential to be more skilful in northern Australia than elsewhere in the globe, due to the
high predictability and relatively large impact of ENSO; but negative in the sense that industry
needs to be able to cope with larger year-to-year variations, and therefore have more to lose if
skilful forecasts are unavailable or not used to manage the high variability in water availability.
In the Fitzroy, Darwin and Mitchell catchments the Cv of annual rainfall is typically between 0.4,
0.2 and 0.3, respectively. Figure 2-7 shows that for a given mean annual rainfall the Cv of annual
rainfall in the Fitzroy and Mitchell catchments is moderately high compared to other rainfall
stations in northern Australia and high compared to other rainfall stations around Australia with
the same mean annual rainfall. Rainfall stations in the Darwin catchments exhibit a low variation in
annual rainfall compared to other stations around Australia.
It should be noted that the inter-annual variability of the non-rainfall parameters is considerably
less than that of rainfall. Non-rainfall parameters have higher spatial and temporal autocorrelation than rainfall. Annual APE, for example, varied by approximately 10% between 1965
and 2015. The Cv of annual PE for the Fitzroy, Darwin and Mitchell catchments is about three to
four times lower than that for rainfall.
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Figure 2-7 (a) Coefficient of variation of annual rainfall; and (b) the coefficient of variation of annual rainfall plotted
against mean annual rainfall for 96 rainfall stations from around Australia
The grey polygons indicate the extent of the Fitzroy, Darwin and Mitchell catchments. Rainfall stations in the Fitzroy,
Darwin and Mitchell catchments are given by red, black and yellow symbols respectively. The light blue diamonds
indicate rainfall stations from the rest of northern Australia (RoNA) and hollow squares indicate rainfall stations from
southern Australia (SA)

El Niño-southern oscillation (ENSO)
ENSO is a coupled oceanic-atmospheric process originating in the equatorial Pacific producing SST
and wind anomalies that influence climate variability globally on multi-year (sub-decadal) time
scales (Trenberth, 1997). ENSO is commonly quantified as the strength of atmospheric pressure
gradients across the Pacific (e.g. southern oscillation index, SOI, defined as the standardised
anomaly of the mean sea-level pressure difference between Tahiti and Darwin) or by SST
anomalies in certain regions of the equatorial or near-equatorial Pacific. Its three dominant phases
are the warm El Niño phase, cold La Niña phase and a neutral phase, with recent research
identifying other variations of El Niño such as El Niño Modoki.
Although ENSO is the most important climate driver for inter-annual variations of northern
Australian rainfall, the impact of ENSO on rainfall varies both seasonally and decadally.
Correlations of the SOI, with seasonal-mean rainfall (McBride and Nicholls, 1983; Risbey et al.,
2009) show the strongest historical relationship in northern Australia in austral spring (i.e.
September-October-November), with statistically significant correlations of between 0.2 in the
Fitzroy catchment and 0.7 in the Darwin and Mitchell catchments, among the highest in Australia.
The sign of the correlations confirm the well-known tendency for drier than normal conditions in
El Niño and wetter than normal in La Niña. The relationship is weaker in austral summer (DJF) and
autumn (MAM), and very weak in winter (JJA). During La Niña, northern and eastern Australian
positive rainfall anomalies are proportionate to the strength of the La Niña, due to increases in the
convection centre situated over Australia. For El Niño, in contrast, negative rainfall anomalies are
not proportionate to El Niño strength as the convection centre has moved eastwards and so is
remote from Australia (Cai et al., 2010).
Taschetto and England (2009b) note that the “Modoki” El Niño , associated with anomalous
warming in the central tropical Pacific together with cooling in the eastern and western tropical
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Pacific (Ashok et al., 2007), produces a different Australian rainfall response than the traditional El
Niño, with Modoki events producing a large-scale reduction in autumn (MAM) rainfall across
north-western Australia, i.e. of relevance to Fitzroy and Darwin catchments, and across to the
northern Murray Darling Basin (Cai and Cowan, 2009). This contrasts with the traditional El Niño
that has its greatest influence in reduced spring rainfall over north-eastern Australia, and is thus
more relevant to the Mitchell catchment. Climate model simulations suggest that El Niño Modoki
SST warming in the Central Pacific is associated with a shortening and intensification of the
Australian monsoon season (Taschetto et al., 2009).
Another known impact of ENSO in northern Australia is the tendency for the onset of useful rains
after the dry season to be earlier than normal in La Niña years and later than normal in El Niño
years. Lo et al. (2007) and Drosdowsky and Wheeler (2014) showed that the difference in onset
date for an accumulation of 50 mm of rain (i.e. about the amount of rainfall required to provide
new grass growth) between El Niño and La Niña years is about 3 weeks in the regions to the north
of 20°S. The mean onset maps for all years, and for ENSO neutral, La Niña and El Niño years, are
shown in Figure 2-8. This research is the basis of the Bureau of Meteorology’s Northern Rainfall
Onset outlook available at http://www.bom.gov.au/climate/rainfall-onset/#tabs=Rainfall-onset.
Temperatures are also affected, for northern Australia the greatest impact is felt on minimum
temperatures which tend to be higher during La Niña compared to El Niño in winter/spring but
lower during La Niña in summer. For maximum temperature, the greatest differences between El
Niño and La Niña are seen over Cape York with higher temperatures during El Niño in summer (see
http://www.bom.gov.au/climate/enso/history/ln-2010-12/ENSO-temperature.shtml). The Bureau
of Meteorology monitors and predicts the phase and strength of ENSO at
http://www.bom.gov.au/climate/enso/.
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Figure 2-8 Mean northern rainfall onset dates for (a) all, (b) SOI neutral, (c) SOI negative (El Niño) and (d) SOI
positive (La Niña) years
Onset dates defined as being an accumulation of 50 mm of rain. Classes defined as years where the July–August mean
of the SOI has been below −8 (El Niño), above +8 (La Niña), or in between (neutral), calculated for all years between
1960 and 2009. White space indicates missing data. Source: http://www.bom.gov.au/climate/rainfallonset/#tabs=ENSO-influences

Indian Ocean dipole (IOD)
The IOD is a major pattern of Indian Ocean SST variability that impacts on Australia’s rainfall,
consisting of contrasting SST anomalies between the western and eastern equatorial Indian Ocean
(Saji et al., 1999). The phase and strength of the IOD can be determined using the dipole mode
index (DMI), the difference between SSTs in a western box (50 to 70 °E and 10 °N to 10 °S) and an
eastern box (90 to 110 °E and 0 to 10 °S). A positive DMI occurs when the eastern SSTs are
anomalously cool and western SSTs are anomalously warm. This contributes to drier conditions
(during the winter-spring period) over central and southern Australia. In contrast a negative DMI
occurs when the eastern SSTs are anomalously warm and western SSTs are anomalously cool,
contributing to wetter conditions over parts of northern, central and southern Australia. There
have been nine positive IOD events since reliable records commenced in 1960 (1961, 1963, 1972,
1982, 1983, 1994, 1997, 2006 and 2012) and ten negative IOD events (1960, 1964, 1974, 1981,
1989, 1992, 1996, 1998, 2010, 2016) (http://www.bom.gov.au/climate/iod/).
Risbey et al. (2009) show that there is a weak but significant negative correlation between the IOD
(as measured by the DMI) and June-October rainfall for most of northern Australia. That is, years
in which the DMI is positive, corresponding to warmer than normal SSTs in the western equatorial
Indian Ocean and cooler than normal SSTs in the eastern equatorial Indian Ocean, tend to be drier
than normal in northern Australia. But the correlations are weaker than those related to ENSO,
indicating that the IOD is less important overall than ENSO. The IOD interacts with ENSO to further
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enhance or suppress rainfall but the relationship is complicated and the key dependencies have
not yet been fully resolved. Behera and Yamagata (2003) find there has been a statistically
significant correlation between the DMI and Darwin pressure since the 1950s, with the exception
of the 1980-89 decade when the relationship was non-significant. IOD events typically develop
through winter (JJA) and peak in spring (SON) and have some correlation with ‘build-up’ rainfall in
the Darwin and Mitchell catchments (Cai et al., 2009a; Cai et al., 2011b). The correlation to buildup rainfall is important as agribusiness is sensitive to these early wet-season rains (Garnett and
Williamson, 2010).

2.2.5

INTER-DECADAL VARIABILITY

Inter-decadal Pacific oscillation (IPO)
Correlations of northern Australia rainfall with other indices of ENSO, such as the Niño3, Niño3.4,
and Niño4 indices of SSTs in the equatorial Pacific Ocean, are of similar magnitude as those with
the SOI (Risbey et al., 2009). However, if the correlations are computed for different multi-decadal
subsets of the historical data, substantial differences are found (Cai et al., 2001; Suppiah, 2004).
For example, Risbey et al. (2009) found no significant correlation between the SOI and northern
Australian spring rainfall during the years 1919-1947 and comparatively much higher correlations
(up to 0.8) during the years 1948-1976.
Power et al. (1999) introduced the term inter-decadal Pacific oscillation (IPO) to describe the
phenomenon of inter-decadal SST variability in the Pacific Ocean. They find the IPO modulates
inter-decadal variability in the influence of ENSO on the climate of Australia, with no robust
relationship between ENSO and inter-annual Australian climate variations when the IPO positive
phase has raised tropical Pacific SSTs. In contrast, the correlation between ENSO and Australian
climate is strong when the IPO negative phase reduces tropical Pacific SSTs. These periods are
generally wetter with enhanced flood risk, as rainfall anomalies associated with La Niña are
enhanced.
Micevski et al. (2006) examined streamflow data along the east coast of Australia and found that
the IPO modulated the flood risk in New South Wales and southern Queensland, with flood
quantiles increasing by a factor of approximately 1.7 during IPO negative periods. However they
did not find an association between the IPO and ENSO in streamflow data north of the Tropic of
Capricorn. The influence of IPO modulated ENSO variation was found to relate to periods of
increased or reduced drought risk for a NSW catchment on multi-decadal scales (Kiem and Franks,
2004). Although the IPO positive phase is associated with less severe ENSO impacts in Australia,
there is a much larger drought risk in IPO positive than IPO negative phases because of the
reduced frequency and intensity of La Niña events.
Whether these multi-decadal variations in ENSO’s impact are predictable remains uncertain
(Power et al., 1999; Power et al., 2006), but importantly it means that it would be unwise to rely
solely on the statistical relationship with ENSO for future seasonal predictions of rainfall: one
either needs to incorporate other predictable drivers of climate variability and/or include
predictable knowledge, if it exists, of the multi-decadal component. Using dynamical prediction
models of the coupled ocean–atmosphere system is one way to incorporate predictability from
multiple sources.
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2.2.6

TRENDS

Numerous authors have looked at trends in rainfall and temperature across northern Australia.
Over the north-west (CSIRO, 2009a; Lavender and Abbs, 2013) and north (CSIRO, 2009c) of
northern Australia the literature consistently reports an increasing trend in annual and summer
rainfall over recent decades. This has largely been attributed to an increase in the mean intensity
of rainfall events (Smith et al., 2008a; Taschetto and England, 2009a) and the positive trend in
annual and summer rainfall over north-west Australia could be related to more intense deep
convection caused by changes in the monsoon trough (Taschetto et al., 2009). Lavender and Abbs
(2013) attribute most of the increasing trend in annual and summer rainfall over north-western
Australia (~60%) over the past four decades to rainfall contributions from closed lows rather than
TC. It should be noted, however, that positive (or negative) trends in annual or summer rainfall do
not necessarily mean rainfall trends during other seasons will be similar. For example Taschetto
and England (2009b) reported a negative rainfall trend over northwest Australia during autumn
(MAM), and speculated that this may be due to an earlier northward shift of the monsoon trough.
Evans et al. (2014) found a strong relationship between monsoon active periods and the MJO, and
that the increasing rainfall trend observed at Darwin Airport was related to increased frequency of
active monsoon days rather than increased intensity during active periods. They concluded
periods of moderate active monsoon have been increasing in frequency at the expense of the
weakest periods of the monsoon.
Over the north-east of northern Australia the literature is less conclusive, though most studies do
not report a statistically significant trend in annual or summer rainfall over the Gulf and Cape York
Peninsula (CSIRO, 2009b; 2009c; Klingaman et al., 2013; Lavender and Abbs, 2013; Li et al., 2012).
A decrease in rainfall over north-east Australia has been attributed to a weakening in the tropical
Australian summer monsoon, possibly related to increased SST trends experienced across the
northeast Indian Ocean (Li et al., 2012).
Analysis of frequency fluctuations and residual trends in the three study areas
Given that trends in rainfall are an important consideration in long-term water resource planning
the Assessment has sought to identify frequency fluctuations and residual trends in rainfall and
temperature specifically within the three study areas (see Appendix B for details). To do this the
Assessment applied CEEMD (Torres et al., 2011) to 127 years of monthly rainfall at six stations and
monthly mean maximum and minimum temperature data at one station, respectively. CEEMD
decomposes a time series into a set of intrinsic mode functions (IMFs), which represent
progressively lower frequency fluctuations within the time series, and a residual trend. At four of
the six rainfall stations (Darwin Airport, Fitzroy Crossing, Kowanyama and Oenpelli) monthly
rainfall was observed to be increasing over time, with the increase usually beginning between
1960 and 1990 (Figure 2-9).
Only one climate station (composite of Darwin Airport and Darwin Post Office) in the three study
areas had sufficient length of recorded temperature data on which CEEMD could be employed. At
this station it was found that mean monthly minimum and maximum temperature had an
increasing trend, with the minimum temperature trend larger than that of the maximum
temperature.
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Figure 2-9 Monthly rainfall and residual trend at (a) Fitzroy Crossing (b) Darwin (c) Oenpelli (d) Kowanyama

2.2.7

DRY AND WET SPELLS

The rainfall generating systems in northern Australia and their modes of variability combine to
produce irregular periods of runs of dry and wet years. The length and magnitude of dry spells in
particular strongly influences the scale, profitability and risk of water resource related
investments. A spell of consistently dry years may be associated with drought (though an agreed
definition of drought continues to be elusive). It is also during dry years that existing waterdependent ecosystems will be most adversely impacted by water extraction. Thus the length and
magnitude of dry spells is one of the most important considerations to investors in water resource
related developments and water resource planners, and so for this reason an analysis of dry and
wet spells in the three study areas was undertaken.
Runs of wet and dry years, referred to here as wet and dry spells, are shown as annual differences
from the median rainfall for Derby in the Fitzroy catchment (Figure 2-10), Darwin in the Darwin
catchments (Figure 2-11) and Chillagoe in the Mitchell catchment (Figure 2-12).
To enable the characteristics of wet and dry spells in the three study areas to be compared to
other parts of the country, the following sections examine the length, magnitude and severity of
wet and dry spells for 96 high quality rainfall stations across Australia (including 13 stations in or
nearby to the Fitzroy, Darwin and Mitchell catchments). Rainfall stations were selected because
each had near continuous data between 1890 and 2011, or had very close neighbouring stations
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providing a complementary record. The run length and run magnitude of each rainfall station were
summarised into a single number, to allow a simple comparison among stations.
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Figure 2-10 Runs of wet (blue columns) and dry (red columns) years at Derby in the Fitzroy catchment
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Figure 2-11 Runs of wet (blue columns) and dry (red columns) years at Darwin in the Darwin catchments
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Figure 2-12 Runs of wet (blue columns) and dry (red columns) years at Chillagoe in the Mitchell catchment

Run length
Runs analysis, following the approach of Peel et al. (2004), is applied to annual rainfall data to
describe and compare the length of wet and dry spells of rainfall stations in the three study areas
to stations elsewhere across Australia. In this analysis values that are equal to or below the
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median are defined as a dry year and values greater than the median are defined as a wet year.
Run length is defined as a period of consecutive years of wet or dry.
Although the lag-one serial correlation (i.e. the correlation between consecutive values) is
indicative of the run length behaviour of a time series, it does not completely determine run
length behaviour. Peel et al. (2004) developed a metric (run length skewness, g) that summarises
the run length behaviour of a time series (Equation 1). This metric was calculated for each annual
rainfall station for both wet (gwet) and dry (gdry) run lengths and provides a simple way of
comparing rainfall stations in the Fitzroy, Darwin and Mitchell catchments to rainfall stations
elsewhere around Australia.
j

g=

∑a b

3
i i

i

N −1

(1)

where ai is the frequency of run length bi, j is the longest observed run length and N is the number
of years. The spatial distribution of run lengths for 96 long-term rainfall stations around Australia
is plotted in Figure 2-13. In Figure 2-14 the run length behaviour is plotted against the lag-one
serial correlation coefficient, with rainfall stations within or nearby to the Fitzroy, Darwin and
Mitchell catchments shown in red, black and yellow respectively. The black lines in this figure
indicate the 90% confidence interval, developed using a lag-one autoregressive (AR(1)) model as
described by Peel et al. (2004). These confidence intervals provide an indication as to whether the
run length skewness metric of a station is unusual given that stations lag-one serial correlation
coefficient.
Based on the raw gwet and gdry values, the annual rainfall for stations in the Fitzroy, Darwin and
Mitchell catchments tends to have equally long runs of dry and wet years and there is nothing
unusual about their run length behaviour, i.e. the run lengths of rainfall stations in the Fitzroy,
Darwin and Mitchell catchments are well described by an AR(1) model (Figure 2-14). Figure 2-13
indicates that the run length of wet and dry years of rainfall stations in the Fitzroy, Darwin and
Mitchell catchments are comparable to rainfall stations along the east coast of Australia. Peel et
al. (2004) observed that for the two continents most affected by ENSO (Australia and South
America), the ENSO-influenced rainfall stations displayed less bias towards longer runs than the
non-ENSO-influenced stations. They concluded that stations influenced by ENSO are less likely to
develop long runs equal to or below the median because ENSO variance is concentrated in the 2 to
6 year frequency band.
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Figure 2-13 Run length skewness of dry and wet years for 96 rainfall stations around Australia
The grey polygons indicate the extent of the Fitzroy, Darwin and Mitchell catchments
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Figure 2-14 Run length of dry (a) and wet (b) years plotted against lag-one serial correlation coefficient for 96 high
quality rainfall stations around Australia
The black lines indicate the 90% confidence limits developed by Peel et al. (2004). Rainfall stations in the Fitzroy,
Darwin and Mitchell catchments are given by red, black and yellow symbols respectively. The light blue diamonds
indicate rainfall stations from the rest of Australia (RoA)

Run magnitude
Run magnitude was assessed using the method of Peel et al. (2005), which utilises a measure of
reservoir system vulnerability developed by Hashimoto et al. (1982), as a metric of run magnitude
at each rainfall station. This metric is effectively the mean of the largest negative deviation from
the median in each run length event divided by the median annual rainfall. This metric has the
useful feature of summarising the run magnitude behaviour of all dry run lengths at a station into
a single number ranging from 0 to 1, allowing simple comparison among stations.
The run magnitude of dry years at rainfall stations in the Fitzroy and Mitchell catchments is slightly
larger than that of stations in the Murray Darling Basin and the east coast of Australia. The run
magnitude of dry years at rainfall stations in the Darwin catchments is small compared to most
other parts of Australia (Figure 2-15a). This is expected, as run magnitude has been shown to be
strongly correlated to the coefficient of variation of annual rainfall (Peel et al., 2005), as shown in
Figure 2-15b.
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Figure 2-15 Run magnitude of dry spells (a) and run magnitude of dry spells plotted against the coefficient of
variation of annual rainfall (b); for 96 rainfall stations around Australia
Grey shaded polygons illustrate the extent of the Fitzroy, Darwin and Mitchell catchments. Red, black and yellow
symbols indicate rainfall stations in the Fitzroy, Darwin and Mitchell catchments, respectively

Run severity
Run severity has been defined by Yevjevich (1967) and Dracup et al. (1980) as the sum of the
negative deviations from a threshold (the median in this analysis) for a given length of negative
deviations. They also noted that drought severity is the product of drought length (the period of
negative deviations) and drought magnitude (the mean of the negative deviations). Because the
Fitzroy and Mitchell catchments had normal dry run lengths (slightly lower than stations in the
Murray Darling Basin and east coast of Australia) and moderate to high dry run magnitudes
(slightly higher than stations in the Murray Darling Basin and east coast of Australia), the run
severity of dry periods was also found to be moderate, and comparable to stations in the Murray
Darling Basin and east coast of Australia. Stations in the Darwin catchments had a normal dry run
length and a low dry run magnitude compared to other stations in Australia, the severity of dry
periods in the Darwin catchments was low compared to many other stations across Australia.
In other words, the Fitzroy and Mitchell catchments are likely to experience dry periods of similar
severity to many centres in the MDB and east coast of Australia, while the Darwin catchments are
likely to experience dry periods of less severity.
Trends in ‘drought’ characteristics
There has been little literature looking at trends in drought across northern Australia. In one
recent study, which used a different metric for assessing drought to that described above, Gallant
et al. (2013b) looked at Australian drought variability between 1911 and 2009 and found general
trends for tropical Australia to have less frequent, shorter duration and reduced intensity droughts
with the strongest of these trends for northwest Australia.
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2.3

Evaporation

Evaporation is “the rate of liquid water transformation to vapour from open water, bare soil, or
vegetation with soil beneath”, while transpiration is “that part of the total evaporation that enters
the atmosphere from the soil through the plants” (Shuttleworth, 1993).
There are three major ways in which evaporation (Ea) affects a region’s potential for irrigation.
The first is through the catchment wide losses by evaporation that determine runoff (R) and
drainage (D) or the ‘excess water’ (R + D), which forms the basis of the potentially exploitable
resource, where P in Equation 2 is precipitation.
R + D = P – Ea

(2)

This is evaluated in the companion technical reports about river modelling calibration and
groundwater hydrology. The second major way in which evaporation affects irrigation potential is
through evaporative losses from water storages. This is examined in the companion technical
report about water storage. The third way in which evaporation affects irrigation potential is via its
influence on the crop water requirement. This is discussed in the companion technical report
about agricultural productivity.
The spatial distribution of annual, wet-season and dry-season rainfall, APE and rainfall deficit are
shown in Figure 2-16. Mean annual (seasonal) rainfall minus mean annual (seasonal) APE is
referred to as the mean annual (seasonal) rainfall deficit, a general measure of water availability.
This metric is sometimes used as a first-cut assessment of the mean annual irrigation demand and
net evaporation from water storages. To refine this estimate the water balance needs to be
calculated at shorter time intervals to account for the intra-annual variability in precipitation and
evaporation. This process is detailed in the companion technical report about agricultural
productivity.
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Figure 2-16 Mean annual and seasonal rainfall, PE and rainfall deficit (1930 to 2007)
PE calculated using Morton’s areal potential (Morton, 1983). Rainfall deficit is the rainfall minus PE

2.3.1

KÖPPEN CLASSIFICATION AND ARIDITY INDEX

The amount and temporal distribution of precipitation, temperature and PE do much to
characterise climates. Two common methods for characterising climates are presented, the
Köppen-Geiger classification (Köppen, 1936) and the United Nations Environment Programme
(UNEP) aridity index.
The Köppen-Geiger classification as redefined by Peel et al. (2007) classifies the world into 30
climate types, of which seven are represented across northern Australia (Figure 2-17). These are
the tropical rainforest Af, tropical monsoon Am, tropical savannah Aw, arid hot desert BWh, arid
hot steppe BSh, temperate dry winter, hot summer Cwa and temperate without dry season, hot
summer. In southern Australia, where PE rates are typically lower, semi-arid landscapes occur
around the 400 mm rainfall isohyet. In the NT, where PE rates are typically higher and there is a
higher seasonality of rainfall, semi-arid landscapes typically occur around the 800 mm rainfall
isohyet (Petheram and Bristow 2008).
The UNEP aridity index is calculated by dividing rainfall by PE. Under this classification, the
majority of the two catchments are categorised as semi-arid. In the Fitzroy catchment more than
95% of the catchment is classified as semi-arid. Approximately 30% of the Mitchell catchment is
classified as semi-arid, while all of the Darwin catchments were classified as humid (Figure 2-18).
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Figure 2-17 Köppen classification of northern Australia
Source: Peel et al. (2007)

Figure 2-18 UNEP aridity index across Australia
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2.4

Sea surface temperatures (SST)

Warming and more intense and frequent climate extremes predicted for Australia (Hughes, 2003)
can alter oceanic primary production, regional currents and water quality, which may cause a
change in fish migration, abundance, growth and survival. SSTs and rainfall have been found to be
positively correlated with the catch of seven coastal commercial fisheries species for regions along
the Queensland coast (Meynecke and Lee, 2011). A regression model that included a measure of
rainfall, SST and SOI explained between 30% and 70% of the variance in catch adjusted for effort
for the same year for barramundi (Lates calcarifer), mud crabs (Scylla serrata), mullet (e.g. Mugil
cephalus), flathead (e.g. Platycephalus fuscus), whiting (Sillago spp.), tiger prawns (Penaeus
monodon, P. semisulcatus) and endeavour prawns (Metapenaeus endeavouri, M. ensis).

2.4.1

TRENDS IN SST

Recent (1982-2015) observations show a warming trend in annual SST around much of Australia
(Figure 2-19). There are regional and seasonal differences in SST trends around northern Australia,
with predominantly warming in all months with the exception of the winter months where
northern and north-western coastlines are cooling. Of particular note is the high warming trend of
greater than 0.4° C per decade in the northwest for November and December. There has been an
increase in the extent of record high values, and a decrease of low SSTs.

Figure 2-19 Linear trend in annual averaged SST (Co per decade) from 1982 to 2015
Hached areas are where the trend is significant at the 95% level

Correlations of SST patterns with ENSO
The timing of significant SST patterns displays some correlation to ENSO events. Over the period
1982 to 2016 the following observations can be made for northern Australian SSTs:
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• Record low SSTs were observed for during the 1982-83 and 1992-93 El Niño events. However,
this was not the case for the 1997-98 and 2015-16 El Niño events. From April to October 1998
much of the north to north-east coast experienced record temperatures. From February to July
2016 the north-western and northern coast have been at record temperatures.
• Large regions of record high SSTs were observed in the months following El Niño events, such as
the 1997-98 and 2015-16 events, but not the 1982-83 event. The record warming of 2015-16 has
contributed to coral bleaching on the Great Barrier Reef and possibly to TC intensification
(https://theconversation.com/this-summers-sea-temperatures-were-the-hottest-on-record-foraustralia-heres-why-56906).
• Large regions of record high SSTs were observed leading into La Niña events, as evident during
the 1989 and 2010-11.
• Large regions of record low SSTs were observed directly after the 2010-11 and 2011-12 La Niña
events.

2.5

Paleo-climates of northern Australia

The instrumental record, particularly in Australia, is climatologically very short and so paleoclimate knowledge is useful for placing the instrumental record, as well as climate change
projections of possible future climate, into a broader context. Such information is useful for
agricultural and water resource planning as well as understanding the extent to which northern
‘natural’ ecosystems may be dependent on current climate and hence their ability to adapt to
changes in climate and flow.
The main driver of northern Australian climate, the monsoon, is thought to have originated up to
40 million years ago, while the circulation patterns in the Pacific responsible for ENSO are likely to
have originated about 3 to 2.5 million years ago (Bowman et al., 2010). The ENSO-monsoonrainfall relationships have varied throughout this time with wetter and drier periods of enhanced
or reduced monsoonal activity (Bowler et al., 2001; Burrows et al., 2014; De Deckker et al., 2014;
Gagan et al., 2004; Lewis and LeGrande, 2015; McGregor et al., 2013). Hence the ecosystems in
northern Australia have experienced varying monsoonal and flow conditions on evolutionary time
scales.
There are many sources of evidence of variable monsoon and ENSO strength over the past several
thousand years, including stalagmites (Denniston et al., 2013; Griffiths et al., 2009), corals (Gagan
et al., 2004; Lough et al., 2014), pollen (Shulmeister and Lees, 1995), peat (Burrows et al., 2014)
and Indigenous art (McGowan et al., 2012). While several studies infer past ENSO variability from
paleo-rainfall, the relationships between rainfall, the monsoon and ENSO are themselves nonstationary and so relationships derived using current climate may not apply to the past (Denniston
et al., 2013; Gallant et al., 2013a; Lewis and LeGrande, 2015).
Several studies have inferred variations in TC activity, with some linking TC variability to ENSO
activity, over the last several thousand to several hundred years. The majority of such studies
suggest higher frequency of high intensity TCs (up to ten times more) before the instrumental
period (Denniston et al., 2015; Forsyth et al., 2010; Haig et al., 2014; Nott et al., 2007; Nott and
Jagger, 2013). Haig et al. (2014), for example, derived a record of TC activity over the past 1500
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years for Cape Range, Western Australia, and Chillagoe, Queensland, and concluded the present
low levels of TC activity are unprecedented over the past 550 to 1500 years.
A few studies have looked at paleo-hydrology, such as Wohl et al. (1994) who reconstructed the
past 4,000 years flooding history for the Fitzroy and Margaret Rivers. Their reconstruction
indicated Geikie Gorge on the Fitzroy experienced six floods of between 5,000 to 30,000 m3/s
discharge over the last 2,000 years and the upper Margaret River experienced 13 floods ranging
between 2,000 to 20,000 m3/s during the last 4,000 years. The magnitudes of these events suggest
the relatively short-term observational gauge records in these basins may not adequately
represent extreme discharges. For comparison, the highest 24-hour flow in the instrumental
record at Diamond Gorge upstream of Geikie Gorge is 10,532 m3/s from a 52 year record, and for
Margaret River at Mount Krause is 9,570 m3/s from a 32 year record.
On balance, studies of northern Australian paleo-climate suggest that the instrumental record
does not account for the full range of possible climate and that the relationship between, and
hence relative influence of, key drivers of climate variability can change over centennial time
scales. Extreme events that occur rarely are thus potentially underestimated in the instrumental
record and, therefore, projections of future conditions should be assessed with this in mind.
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Part II Local-scale processes
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3

Fitzroy catchment

3.1

Data availability

The Fitzroy (WA) catchment’s (~93,830 km2) location, major features and relief are shown in
Figure 3‐1. The distributions of stations recording rainfall and maximum temperature are shown in
Figure 3‐2 and Figure 3‐3, respectively. There are considerably fewer stations measuring rainfall
and maximum temperature in the Fitzroy catchment, compared to the comparably sized
Murrumbidgee catchment in south‐eastern Australia (~84,000 km2).

Figure 3‐1 A shaded relief map of the Fitzroy catchment
Results are shown later for Derby (A) and Fitzroy Crossing (B) climate stations
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Figure 3-2 Decadal analysis of the location and completeness of Bureau of Meteorology stations measuring daily
rainfall used in the SILO database
The decade labelled ‘1910’ is defined from 1 January 1910 to 31 December 1919, and so on. At a station, a decade is
100% complete if there are observations for every day in that decade. The last panel shows the availability of rainfall
data in the vicinity of the Murrumbidgee catchment in south-eastern Australia for comparison
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Figure 3-3 Decadal analysis of the location and completeness of Bureau of Meteorology stations in the Fitzroy
catchment measuring daily maximum air temperature used in the SILO database
The decade labelled ‘1910’ is defined from 1 January 1910 to 31 December 1919, and so on. At a station, a decade is
100% complete if there are observations for every day in that decade. The last panel shows the availability of
maximum temperature data in the vicinity of the Murrumbidgee catchment in south-eastern Australia for comparison
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3.2 Local-scale processes controlling the climate in the Fitzroy catchment
3.2.1 RAINFALL
The Fitzroy catchment lies near the typical southernmost extent of the deep westerly wind regime
associated with the Australian summer monsoon, with a climate characterised by a highly
distinctive wet and dry season. The mean annual rainfall, averaged over the Fitzroy catchment for
the 125-year historical period (1 September 1890 to 31 August 2015), is 552 mm. Rainfall is
highest in the northern parts of the catchment (Figure 3-4) that are more frequently affected by
monsoon westerly winds and the Kimberley heat trough. The trough, a primary trigger for diurnal
thunderstorm activity over the catchment, separates moist maritime winds to its north and much
drier continental air to its south. Along the eastern boundary of the catchment lies the King
Leopold Ranges. The ranges can act as a lifting mechanism for convection, though given the
moderate mean height of the ranges, the orographic effect is not pronounced.

Figure 3-4 Historical (a) mean annual rainfall and (b) median annual rainfall across the Fitzroy catchment

For the historical period, 93% of annual rain falls during wet-season months (1 November to 30
April). The spatial distribution of rainfall during the wet and dry seasons is shown in Figure 3-5.
Median seasonal rainfall during the dry season is highest in the most northerly part of the
catchment and is lowest in the central part of the catchment near Fitzroy Crossing. The highest
monthly rainfall totals typically occur during January, February and March (Figure 3-6). Note that,
for all time series plots in this chapter, the data used is for the SILO data drill cell overlying the
respective station.
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Figure 3-5 Historical median rainfall during the (a) wet and (b) dry season in the Fitzroy catchment

TCs and the monsoon trough (westerly low-level winds).
TCs do not affect the Fitzroy catchment every year and so their contribution to total annual rainfall
is highly variable from one year to the next. Correspondingly, therefore, infrequent extreme
annual rainfall totals have strong north-south gradients (Figure 3-7). For the 47 TC seasons from
the 1969-70 to 2015-16, 34% of seasons experienced no TCs, 43% one TC, and 21% two. An
outlier, the 2000-01 season, had 5 TCs. When a TC or low does cross the catchment, typically 200
to 500 mm of rain falls over a 2 to 5 day period, and daily rainfall totals have exceeded 250 mm in
the Derby area of the catchment (Figure 3-8).
One mechanism by which the catchment can experience active monsoonal conditions is for a
tropical low or cyclone to form in the monsoon trough north of the region and subsequently be
steered to the south to drag the monsoon over the catchment area. Locations to the north of the
catchment area are more frequently affected by monsoonal westerly winds. This is one factor that
contributes to the fairly large rainfall differential between the north and south of the catchment
(Figure 3-4).
When affected by monsoonal westerly winds, coastal locations will typically experience the
majority of the rainfall and thunderstorm activity, with a peak in activity from midnight to the
early hours of the morning. Locations further inland may also see an increase in diurnal activity,
with the westerly winds advecting more moisture, leading to an environment more conducive to
shower and thunderstorm development. Counteracting this tendency, increased cloud cover,
lower than normal temperatures, and a potential lack of a trigger to initiate convection can also
act to suppress afternoon activity inland.
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Figure 3-6 Historical monthly rainfall in the Fitzroy catchment at Derby and Fitzroy Crossing
(a) Monthly rainfall at Derby; (b) time series of annual rainfall at Derby; (c) monthly rainfall at Fitzroy Crossing; and (d)
time series of annual rainfall at Fitzroy Crossing. (A range is the 10th to 90th percentile monthly rainfall)

Diurnal storm activity (easterly low-level winds)
The Kimberley heat trough, which is a persistent feature in northern Western Australia in the late
spring and summer months, is the primary trigger for diurnal storm activity in the catchment area,
particularly inland. The heat trough often coincides with a dry line; north of the trough typically
sees moister maritime air, whereas to the south of the trough much drier continental air typically
prevails, usually resulting in an unsuitable environment for thunderstorm development. This is
another reason the north of the catchment typically sees higher rainfall totals than southern parts.
Closer to the coast, sea breeze convergence is another potential trigger for diurnal shower and
thunderstorm activity. The boundary where the onshore sea breeze converges with the easterly
synoptic flow can help to initiate shower or thunderstorm activity, before these cells are then
steered back towards the coast by easterly steering winds. The outflow boundaries from these
cells can in turn help to initiate more convection. These cells often collapse as they are
approaching the coast and interact destructively with the sea breeze.
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Figure 3‐7 Historical annual rainfall that was exceeded in (a) 1%, (b) 10%, (c) 90% and (d) 99% of years in the Fitzroy
catchment
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Figure 3‐8 Historical daily rainfall that is exceeded in (a) 0.01%, (b) 0.1%, (c) 1% and (d) 10% of days in the Fitzroy
catchment

3.2.2 OTHER CLIMATE PARAMETERS
Potential evaporation
APE (as calculated using Morton’s areal wet potential) in the Fitzroy catchment exceeds 1900 mm
in most years (Figure 3‐9). Evaporation is high all year round, but exhibits a strong seasonal
pattern, ranging from over 200 mm per month during the build‐up (October through December),
which is typically the hottest time of year, to about 100 mm per month during the middle of the
dry season (June) (Figure 3‐9). The high mean annual PE and moderate mean annual rainfall result
in a large mean annual rainfall deficit across most of the catchment (Figure 3‐10). Consequently, a
large proportion of the catchment is semi‐arid.
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Figure 3-9 Historical potential evaporation in the Fitzroy catchment at Derby and Fitzroy Crossing
(a) Monthly PE at Derby; (b) time series of annual PE at Derby; (c) monthly PE at Fitzroy Crossing; and (d) time series of
annual PE at Fitzroy Crossing. (A range is the 10th to 90th percentile monthly PE)

Maximum and minimum temperatures
Monthly mean maximum temperature and monthly mean minimum temperature at Derby and
Fitzroy Crossing are shown in Figure 3-11 respectively. The highest mean monthly maximum
temperatures occur in October to December and the lowest mean monthly minimum
temperatures occur in June and July.
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Figure 3-10 Historical median (a) annual, (b) wet-season, (c) dry-season rainfall; (d) annual, (e) wet-season, (f) dryseason potential evaporation; and (g) annual, (h) wet-season and (i) dry-season rainfall deficit in the Fitzroy
catchment
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Figure 3-11 Historical maximum and minimum air temperature in the Fitzroy catchment at (a) Derby and (b) Fitzroy
Crossing
(A range is the 10th to 90th percentile monthly temperature)

When considering the effect of temperature on crop yield, it is also important to take extreme
conditions into account, particularly at sensitive stages of growth. Figure 3-12 shows the maximum
annual temperature that is exceeded in 10%, 50% and 90% of years. Figure 3-13 shows the
minimum annual temperature that is exceeded in 10%, 50% and 90% of years. The highest
maximum annual temperatures occur in the coastal and low-lying areas (i.e. along the Fitzroy
River) and lowest minimum annual temperatures occur in the higher easterly part of the
catchment. Inland areas also experience greater variability in minimum monthly temperatures.

Figure 3-12 Historical annual maximum air temperature that is exceeded in (a) 10%, (b) 50% and (c) 90% of years in
the Fitzroy catchment

However, it should be noted that the annual maximum and minimum temperatures, shown Figure
3-12 and Figure 3-13 respectively, mask spatial differences in monthly patterns. For example,
mean maximum temperature during the dry-season months of May to August is around 3 °C
cooler in Halls Creek (upper catchment) when compared to Fitzroy Crossing (lower catchment) due
to differences in elevation.

50 | Climate data and their characterisation in the Fitzroy, Darwin and Mitchell catchments

Figure 3-13 Historical annual minimum air temperature that is exceeded in (a) 10%, (b) 50% and (c) 90% of years in
the Fitzroy catchment

On the other hand, mean minimum temperatures are similar across most of the basin, except for
coastal areas where minimum temperatures are consistently higher. Although mean minimum
temperatures are similar, inland areas experience greater variability in minimum temperatures
(i.e. temperatures often fall lower in these areas when conditions are favourable).
Frost hollows are virtually non-existent in the Fitzroy catchment, with minimum temperatures
rarely going below 5 °C (Figure 3-14). If a rare frost event were to occur, it would most likely be in
a low-lying part of the upper (eastern) catchment during July.

Figure 3-14 Historical minimum temperature thresholds in the Fitzroy catchment
(a) median annual frost days (i.e. days below 2 °C); and (b) median annual maximum consecutive days below 10 °C

Solar radiation
Mean annual radiation exceeded in 10, 50 and 90% of years in the Fitzroy catchment is shown in
Figure 3-15. Kimberley trough-related cloud cover in the east during the build-up, the time of peak
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solar radiation, contributes to the pronounced east-west gradient. Monthly mean radiation at
Derby and Fitzroy Crossing is shown in Figure 3-16. The maximum values in October are due to the
wet-season cloudiness decreasing radiation in the November to February period, and minimum
values are due to the low sun angle in the middle of the dry season.

Figure 3-15 Historical annual radiation that is exceeded in (a) 10%, (b) 50% and (c) 90% of years in the Fitzroy
catchment
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Figure 3-16 Historical monthly radiation in the Fitzroy catchment at (a) Derby and (b) Fitzroy Crossing
(A range is the 10th to 90th percentile monthly radiation)

Relative humidity, fog and dew
Annual relative humidity exceeded in 10, 50 and 90% of years in the Fitzroy catchment is shown in
Figure 3-17. Monthly mean relative humidity at Derby and Fitzroy Crossing is shown in Figure 3-18.
Relative humidity is higher closer to the coast and in the more northerly parts of the catchment.
Coastal areas like Derby also experience a larger variation in monthly values than inland locations
such as Fitzroy Crossing (Figure 3-18).
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Figure 3-17 Historical annual relative humidity that is exceeded in (a) 10%, (b) 50% and (c) 90% of years in the
Fitzroy catchment
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Figure 3-18 Historical monthly relative humidity in the Fitzroy catchment at (a) Derby and (b) Fitzroy Crossing
(A range is the 10th to 90th percentile monthly relative humidity)

From August through October, the prevalence of heavy dew events increases across the Fitzroy
catchment due to the increased sea breeze activity pumping in low-level moisture. Fog is most
likely to occur during months where the skies are clear, and more likely to occur near the coast.
Consequently the highest number of fog days occurs in the months of July, August and September
(mean annual fog day per month at Derby is 3, 1.7 and 1.3, respectively). During these months, the
atmosphere is dry from south-easterly trade winds and sea breezes occurring during the afternoon
supply surface moisture to coastal areas, which allows fog to form overnight when the
temperatures decrease. Low-lying areas, particularly if there is a nearby water source (e.g. river or
even irrigated land), can also be fog prone.

3.2.3 SST
Monthly mean SST for a location off of the Fitzroy catchment coast (123°E, 16°S) is shown in Figure
3-19. From December to April the temperature is consistent, close to 30 °C, and then it drops to
approximately 26 °C at its lowest point in August.
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Figure 3-19 Historical monthly SST offshore Fitzroy catchment
(123°E, 16°S; A range is the 10th to 90th percentile monthly SST for 1970 to 2015 period)
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4 Darwin catchments
4.1 Data availability
The Darwin catchments’ (~29,840 km2) location, major features and relief are shown in Figure 4‐1.
The distribution of climate stations measuring rainfall and maximum temperature data in the
Darwin catchments are shown in Figure 4‐2 and Figure 4‐3. The station density is considerably
lower in the Darwin catchments, compared to the Murrumbidgee catchment in south‐eastern
Australia.

Figure 4‐1 A shaded relief map of the Darwin catchments
Results are shown later for Darwin Airport (C) climate station and Wildman Station (D)
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Figure 4-2 Decadal analysis of the location and completeness of Bureau of Meteorology stations in the Darwin
catchments measuring daily rainfall used in the SILO database
The decade labelled ‘1910’ is defined from 1 January 1910 to 31 December 1919, and so on. At a station, a decade is
100% complete if there are observations for every day in that decade. The last panel shows the availability of rainfall
data in the vicinity of the Murrumbidgee catchment in south-eastern Australia for comparison
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Figure 4-3 Decadal analysis of the location and completeness of Bureau of Meteorology stations in the Darwin
catchments measuring daily maximum air temperature used in the SILO database
The decade labelled ‘1910’ is defined from 1 January 1910 to 31 December 1919, and so on. At a station, a decade is
100% complete if there are observations for every day in that decade. The last panel shows the availability of
maximum temperature data in the vicinity of the Murrumbidgee catchment in south-eastern Australia for comparison
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4.2 Local-scale processes controlling the climate in the Darwin
catchments
4.2.1 RAINFALL
The Darwin catchments are characterised by a distinctive wet and dry season due to their location
in the Australian summer monsoon belt. The mean annual rainfall, averaged over the Darwin
catchments for the 125-year historical period (1 September 1890 to 31 August 2015), is 1423 mm.
Rainfall is highest in the north-western part of the region (i.e. Finniss catchment) and lowest in the
south-eastern part of the region (i.e. Wildman catchment) (Figure 4-4). This is because the coastal
zone receives more wet-season rainfall as a result of active monsoon episodes which are subject
to a north-westerly wind regime. The Darwin catchments are flat, and consequently there is no
noticeable topographic influence on climate parameters such as rainfall or temperature.

Figure 4-4 Historical (a) mean annual rainfall and (b) median annual rainfall in the Darwin catchments

Approximately 95% of rain falls in the Darwin catchments during the wet-season months (1
November to 30 April). The spatial distribution of rainfall during the wet and dry seasons is shown
in Figure 4-5. Median wet-season rainfall exhibits a very similar spatial pattern to median annual
rainfall, and while median dry-season rainfall exhibits a west-east gradient, no north-south
gradient is evident. The highest monthly rainfall totals typically occur during January, February and
March (Figure 4-6).
The lack of rainfall during the dry season is largely due to the domination of dry continental southeasterlies, and the significant dry air aloft that inhibits shower and thunderstorm formation.
During the months where the climate is transitioning to the wet season (i.e. typically midSeptember to mid-December) strong sea breezes pump moist air inland, fuelling the steady
growth of shower and thunderstorm activity over a period of weeks to months. This can result in
highly variable rainfall totals during these months (Figure 4-6).
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Figure 4-5 Historical median rainfall during the (a) wet and (b) dry season in the Darwin catchments
b)

3200

600

Annual rainfall (mm)

Monthly rainfall (mm)

a)

400
200
0

J

F M A
A range

M
J
J
A median

A

S
O
A mean

N

D

1600
800
0
1890

1910

1930

1950

1970

1910

1930

1950

1970

1990

2010

d)
2000

450

Annual rainfall (mm)

Monthly rainfall (mm)

c)

2400

300
150
0

J

F M A
A range

M
J
J
A median

A

S
O
A mean

N

D

1500
1000
500
0
1890

1990

2010

Figure 4-6 Historical monthly rainfall in the Darwin catchments at Darwin (top) and Wildman Station (bottom)
(a) Monthly rainfall at Darwin; (b) time series of annual rainfall at Darwin; (c) monthly rainfall at Wildman Station; and
(d) time series of annual rainfall at Wildman Station. (A range is the 10th to 90th percentile monthly rainfall)
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The Darwin catchments experience two categories of large-scale weather patterns: defined by
low-level easterly or low-level westerly winds (May and Ballinger, 2007; Wilson et al., 2001). These
are discussed below.
Low-level easterly winds
Low-level easterly winds are prevalent during the build-up months (typically September to
December). These easterlies can carry pockets of dry or humid air, depending on available moist
air mass advection from the Gulf of Carpentaria and Coral Sea (Pope et al., 2009), and can result in
short-lived thunderstorm activity under favourable conditions. During the early build-up months
(September to October) the bulk of rain falls within about 100 km of the west coast of the ‘Top
End’ 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
much more uniform across the four catchments (Figure 4-5).
Early rainfall (or lack thereof) can present opportunity for improved farm management practice for
some commodities (e.g. less rainfall during September to October is favourable for mangoes,
where no rain during harvest in September to October is beneficial to fruit quality, and hence
market value). Thunderstorms can also form well inland and, under the right conditions, become
organised into squall lines as they track towards the Darwin catchments (Robe and Emanuel,
2001). These typically either form near the escarpment of the central Top End, or are initiated
further to the east by Gulf Line activity. (Gulf Lines are linear aggregations of clouds which form
over the Cape York Peninsula, typically generating showers or thunderstorms, and are advected to
the west by the prevailing easterly winds in the mid-troposphere.) Wind gusts from these storms
can be severe if there are sufficient pockets of dry air in the atmosphere, and although rainfall can
be intense, these storms typically move quickly and rainfall totals are rarely large (usually 5 to 20
mm). These storms typically impact the Darwin region late at night or in the early hours of the
morning.
Low-level westerly winds
Low-level westerly winds dominate during the wet season, where a ‘shallow westerly’ regime is
typical of an 'inactive monsoon' period, and a ‘deep westerly’ regime corresponds to an active
monsoon period. The former favours early morning thunderstorms along the coast and has high
levels of lightning activity. In the afternoon thunderstorm activity is more common inland. During
an active monsoon period storms typically have low cloud-top heights and have less lightning.
Showers and thunderstorms can be gusty and cause heavy rainfall due to the large water content
of the maritime air mass. Activity can occur throughout the day, though generally peaks from
midnight to around sunrise with a second peak around midday, while the afternoon and evening
convection is usually suppressed due to increased cloud cover and lack of a sea breeze (Soman et
al., 1995).
The majority of rainfall during this regime is coastal, although large totals can also be experienced
inland. Following active monsoon bursts significant river rises can occur and transport corridors
can close due to flooding (e.g. the Arnhem Highway at Adelaide River).
TCs and tropical lows contribute a considerable proportion of total annual rainfall, but the actual
amount is highly variable from one year to the next (Figure 4-7), since TCs do not affect the Darwin
catchment in half of years. For the 47 TC seasons from the 1969-70 to 2015-16, 53% of seasons
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experienced no TCs, 36% one TC, and 11% two. When a TC or low does cross the catchment,
typically 200 to 500 mm of rain falls over a 2 to 5 day period, and daily rainfall totals can exceed
250 mm in coastal areas (Figure 4‐8).

Figure 4‐7 Historical annual rainfall that was exceeded in (a) 1%, (b) 10%, (c) 90% and (d) 99% of years in the Darwin
catchments
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Figure 4‐8 Historical daily rainfall that is exceeded in (a) 0.01%, (b) 0.1%, (c) 1% and (d) 10% of days in the Darwin
catchments

4.2.2 OTHER CLIMATE PARAMETERS
Potential evaporation
APE (as calculated using Morton’s areal wet potential) in the Darwin catchments exceeds 1800
mm in most years (Figure 4‐9). Evaporation is high all year round, but exhibits a strong seasonal
pattern, ranging from about 200 mm per month during the October ‘build‐up’ to about 125 mm
per month during the middle of the dry season (June) (Figure 4‐9).
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Figure 4-9 Historical potential evaporation in the Darwin catchments at Darwin (top) and Wildman Station (bottom)
(a) Monthly PE at Darwin; (b) time series of annual PE at Darwin; (c) monthly PE at Wildman Station; and (d) time
series of annual PE at Wildman Station. (A range is the 10th to 90th percentile monthly PE)

Although mean annual PE is high, so too is mean annual rainfall and as a result the mean annual
rainfall deficit across the Darwin catchments is low (Figure 4-10). Hence the Köppen classification
of the Darwin catchments is tropical savannah (Aw, Figure 2-15).
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Figure 4-10 Historical median (a) annual, (b) wet-season, (c) dry-season rainfall; (d) annual, (e) wet-season, (f) dryseason potential evaporation; and (g) annual, (h) wet-season and (i) dry-season rainfall deficit in the Darwin
catchments

Maximum and minimum temperatures
Relative to other parts of northern Australia mean monthly maximum temperature and mean
monthly minimum temperature exhibit less within-year variability (Figure 4-11). The highest mean
monthly maximum temperatures occur in October and November and the lowest mean monthly
minimum temperatures occur in July. Diurnal range is largest in winter (June to August).
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Figure 4-11 Historical maximum and minimum air temperature in the Darwin catchments at (a) Darwin and (b)
Wildman Station
(A range is the 10th to 90th percentile monthly rainfall)

When considering the effect of temperature on crop yield, it is also important to take extreme
conditions into account, particularly at sensitive stages of growth. Figure 4-12 shows the maximum
annual temperature that is exceeded in 10, 50 and 90% of years. Figure 4-13 shows the minimum
annual temperature that is exceeded in 10, 50 and 90% of years. The highest maximum annual
temperatures and the lowest minimum annual temperatures occur in south-eastern part of the
Darwin catchments.

Figure 4-12 Historical maximum air temperature that is exceeded in (a) 10%, (b) 50% and (c) 90% of years in the
Darwin catchments
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Figure 4-13 Historical minimum air temperature that is exceeded in (a) 10%, (b) 50% and (c) 90% of years in the
Darwin catchments

Frost hollows are virtually non-existent in the Darwin catchments, with minimum temperatures
rarely going below 5 °C (Figure 4-14).

Figure 4-14 Historical minimum temperature thresholds in the Darwin catchments
(a) median annual frost days (i.e. days below 2 °C); and (b) median annual maximum consecutive days below 10 °C

Solar radiation
Mean annual radiation exceeded in 10, 50 and 90% of years in the Darwin catchments is shown in
Figure 4-15, with the lower radiation in the east related to cloud cover. Monthly mean radiation at
Darwin Station and Wildman Station is shown in Figure 4-16, showing a maximum in October
during the build-up, wet-season reductions due to cloud cover (November-February, in particular),
with annual minimum in February lower than the solar minimum of June.
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Figure 4-15 Historical annual radiation that is exceeded in (a) 10%, (b) 50% and (c) 90% of years in the Darwin
catchments
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Figure 4-16 Historical monthly radiation in the Darwin catchments at (a) Darwin and (b) Wildman Station

Relative humidity, fog and dew
Annual relative humidity exceeded in 10, 50 and 90% of years in the Darwin catchments is shown
in Figure 4-17. Monthly mean relative humidity at Darwin Station and Wildman Station is shown in
Figure 4-18. Relative humidity is relatively uniform across the Darwin catchments, but is slightly
higher closer to the coast and in the more northerly parts of the catchment. Coastal areas like
Darwin experience a larger variation in monthly values in the dry season than inland locations such
as Wildman Station (Figure 4-18).
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Figure 4-17 Historical annual relative humidity that is exceeded in (a) 10%, (b) 50% and (c) 90% of years in the
Darwin catchments
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Figure 4-18 Historical monthly relative humidity in the Darwin catchments at (a) Darwin and (b) Wildman Station
(A range is the 10th to 90th percentile monthly rainfall)

Deep fog is quite rare over the Darwin catchments, with on average 8 days with fog per year,
usually around August and usually confined to the lower reaches of the catchments. Radiation fogs
over the Darwin catchments generally form in the dry-season months during the early morning
hours and dissipate quickly after sunrise (midmorning at the latest due to the increased heating).
From August through October, the prevalence of heavy dew events increases across the Darwin
region, due to increased surface moisture combined with cooler overnight temperatures that
facilitate condensation.

4.2.3 SST
Monthly mean SST for a location off of the Darwin catchments coast (130°E, 12°S) is shown in
Figure 4-19. The strong seasonal cycle is evident, with constant warm seas (30 °C) throughout the
wet season (November to April) dropping to around 27 °C in mid-winter (July and August).
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Figure 4-19 Historical monthly SST offshore Darwin catchments
(130°E, 12°S; A range is the 10th to 90th percentile monthly SST for 1970 to 2015 period)
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5 Mitchell catchment
5.1 Data availability
The Mitchell catchment’s (~71,530 km2) location, major features and relief are shown in Figure
5‐1. The distributions of rainfall and maximum temperature data are shown in Figure 5‐2 and
Figure 5‐3, respectively. There are considerably fewer stations measuring rainfall and maximum
temperature in the Mitchell catchment, compared to the comparably sized Murrumbidgee
catchment in south‐eastern Australia (~84,000 km2).

Figure 5‐1 A shaded relief map of the Mitchell catchment
Results are shown later for Kowanyama (F) and Chillagoe (H) climate stations
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Figure 5-2 Decadal analysis of the location and completeness of Bureau of Meteorology stations in the Mitchell
catchment measuring daily rainfall used in the SILO database
The decade labelled ‘1910’ is defined from 1 January 1910 to 31 December 1919, and so on. At a station, a decade is
100% complete if there are observations for every day in that decade. The last panel shows the availability of rainfall
data in the vicinity of the Murrumbidgee catchment in south-eastern Australia for comparison
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Figure 5-3 Decadal analysis of the location and completeness of Bureau of Meteorology stations in the Mitchell
catchment measuring daily maximum air temperature used in the SILO database
The decade labelled ‘1910’ is defined from 1 January 1910 to 31 December 1919, and so on. At a station, a decade is
100% complete if there are observations for every day in that decade. The last panel shows the availability of
maximum temperature data in the vicinity of the Murrumbidgee catchment in south-eastern Australia for comparison
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5.2 Local-scale processes controlling the climate in the Mitchell
catchment
5.2.1 RAINFALL
The Mitchell catchment is characterised by a distinctive wet and dry season due to its location in
the northern Australia tropics. The mean annual rainfall, averaged over the Mitchell catchment for
the 125-year historical period (1 September 1890 to 31 August 2015), is 996 mm. Rainfall totals
are highest near the coast and decline in a south-easterly direction (Figure 5-4). An exception is a
small area along the western side of the ranges in the east of the catchment, north of Mareeba,
which experiences higher rainfall induced by topography. Rainfall in this region occurs when there
is either an easterly wind flow which extends through a considerable depth or during the passage
of a TC or low. In these situations, the depth of moisture is large enough to overcome the
inhibiting orographic barrier.

Figure 5-4 Historical (a) mean annual rainfall and (b) median annual rainfall in the Mitchell catchment

In the mid- to lower parts of the Mitchell catchment about 97% of rain falls during the wet-season
months (1 November to 30 April), while in the upper catchment about 94% falls during the wetseason months. The spatial distribution of rainfall during the wet and dry seasons is shown in
Figure 5-5. Median wet-season rainfall exhibits a similar spatial pattern to median annual rainfall,
median dry-season rainfall is highest in the eastern uplands of the Mitchell catchment and lowest
near the coast (Figure 5-5). Mean and median annual rainfall is highest near the coast primarily
due to the monsoonal westerly (onshore) flow, which generates significant rainfall during the wet
season. The highest rainfall totals typically occur during January and February (Figure 5-6).
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Figure 5-5 Historical median rainfall during the (a) wet and (b) dry season in the Mitchell catchment

The bulk of wet-season rainfall comes from active monsoon bursts, which bring significant shower
and thunderstorm activity into the catchment from the west. Other major rainfall contributions
come from thunderstorm activity during the transition months of October, November and April
(often associated with Gulf Lines), and during monsoon break periods. Some parts of the far upper
Mitchell catchment (around Mount Molloy or Atherton) receive rainfall right through the dry
season (approximately 20 to 50 mm per month) due to less rain shadow influence from the Great
Dividing Ranges, whereas the rest of the catchment receives very little rainfall between May and
October.
TCs and lows contribute large quantities of rainfall over the Mitchell catchment in some years
(Figure 5-7) and result in high daily rainfall values (Figure 5-8). TCs that occur in the Gulf of
Carpentaria and move east towards the west coast of northern Queensland will most greatly
affect the western parts of the Mitchell catchment and likely result in major flooding. Increased
rainfall as well as storm-surge and increased wind speeds are associated with TCs. The cyclone
season in the Mitchell catchment falls between November and April, and for the 47 TC seasons
from the 1969-70 to 2015-16, 26% of seasons experienced no TCs, 49% one TC, 23% two and 2%
(one season) three. Overall a greater proportion of TCs impacting the area originate from the Coral
Sea (54%) compared to the Gulf of Carpentaria (46%). Of those, 38% originating in the Coral Sea
reach severe TC categories whereas only 14% of those originating in the Gulf reach severe status.
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Figure 5-6 Historical rainfall in the Mitchell catchment at Kowanyama (top) and Chillagoe (bottom)
(a) Monthly rainfall at Kowanyama; (b) time series of annual rainfall at Kowanyama; (c) monthly rainfall at Chillagoe;
and (d) time series of annual rainfall at Chillagoe. (A range is the 10th to 90th percentile monthly rainfall)

There are a number of smaller-scale processes that can affect localised rainfall over different parts
of the Mitchell catchment. These smaller-scale processes include diurnal and localised storm
activity, sea breeze convergence, Gulf Line activity, topography-induced and coastline orientation,
and are discussed below.
Diurnal storm activity
Over inland areas of the Mitchell catchment, storms form more frequently during the afternoon
because of the increased air temperatures which enhance instability. Therefore, during the buildup months when the air mass over northern Queensland is unstable, inland areas have an
increased chance of afternoon storms. Storms form more readily near the heat trough that is a
semi-permanent feature over inland Queensland during late spring and summer months. Other
mechanisms that initiate afternoon storm activity over inland areas include sea breeze
convergence. South-easterly winds can then push these storms towards the Mitchell catchment
and other parts of northern Queensland.
Sea breeze convergence
Sea breeze convergence along the west coast of northern Queensland is a localised effect that can
cause increased amounts of rainfall in coastal areas, typically in the evening. This phenomenon
occurs only during the wet-season months and under a north-westerly wind regime. It occurs due
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to a convergence of easterly winds over land and north-westerly winds over the Gulf of
Carpentaria.
This localised effect occurs after sunset when two separate local easterly wind regimes enhance
each other. The two winds are the ‘Katabatic wind’ (wind which flows from higher elevation to
lower elevation, east to west in this scenario) and the ‘Land breeze’ (a wind that flows from the
cooler land to the warmer ocean, also east to west). The combination of these two winds
generates an overnight air flow that is a persistent easterly, while the broader synoptic winds over
the Gulf of Carpentaria are predominantly north-westerly. During the wet season when the air
mass over the Mitchell catchment (and tropical areas in general) is unstable and moist, the
convergence of these easterly and north-westerly winds will trigger storms over the coast after
sunset. This phenomenon usually only affects coastal areas in the lowest part of the catchment.
Gulf Lines
Gulf Lines are cloud lines that form along the Cape York Peninsula and move westwards towards,
and often over, the Gulf of Carpentaria. During the dry season, Gulf Lines mostly produce cumulus
clouds with low rainfall. However, during the build-up and wet-season months (October to April),
they frequently produce storms and regular rainfall across western parts of the Mitchell
catchment (Reeder et al., 2003). Shower and thunderstorm activity from Gulf Line formation
typically initiates in the mid- to upper parts of the catchment in the afternoon, with subsequent
thunderstorm movement westwards that produces rainfall across lower parts of the catchment
into the evening.
Gulf Lines form due to sea breezes that develop on both the east and west coasts of the Cape York
Peninsula. These two air masses then converge over inland parts of the Cape York Peninsula and
the convergence of these moist air masses causes clouds to form. In the build-up months, when
the air mass over northern Queensland is unstable, thunderstorms will form as a result of Gulf
Lines (Goler et al., 2006). These storms are then propagated westwards by mid-level easterly
winds, which are synoptically driven by high pressure systems to the south.
Orographic rainfall
In a south-easterly wind regime, common throughout much of the year in northern Queensland,
the moisture laden air mass that comes off the ocean produces showers along the eastern side of
the ranges. The air mass dries out (orographic effect) as it moves over the ranges so that the
western side of the ranges (i.e. the Mitchell catchment) generally experiences no rainfall.
Two synoptic situations that produce conditions that can overcome this orographic effect are a
deep easterly wind regime and a TC/low. In these situations, the depth of moisture is great
enough to overcome the orographic induced rain shadow. Deep easterlies contribute
approximately 20 to 50 mm per month in the far upper reaches of the catchment, between May
and October (when the rest of the catchment is otherwise rain free).
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Figure 5‐7 Historical annual rainfall that was exceeded in (a) 1%, (b) 10%, (c) 90% and (d) 99% of years in the
Mitchell catchment
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Figure 5‐8 Historical daily rainfall that is exceeded in (a) 0.01%, (b) 0.1%, (c) 1% and (d) 10% of days in the Mitchell
catchment

5.2.2 OTHER CLIMATE PARAMETERS
Potential evaporation
APE (as calculated using Morton’s areal wet potential) in the Mitchell catchment is about 1800 and
1900 mm in most years in the upper and lower parts of the catchment, respectively (Figure 5‐9).
Evaporation is high all year round, but exhibits a strong seasonal pattern, ranging from about 200
mm per month during the October ‘build‐up’ to about 100 mm per month during the middle of the
dry season (June) (Figure 5‐9).
The high mean annual PE and moderate mean annual rainfall result in a mean annual rainfall
deficit across most of the catchment (Figure 5‐10). Consequently, the upland proportion of the
catchment is semi‐arid (Figure 2‐18).
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Figure 5-9 Historical potential evaporation in the Mitchell catchment at Kowanyama (top) and Chillagoe (bottom)
(a) Monthly PE at Kowanyama; (b) time series of annual PE at Kowanyama; (c) monthly PE at Chillagoe; and (d) time
series of annual PE at Chillagoe. (A range is the 10th to 90th percentile monthly PE)
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Figure 5-10 Historical median (a) annual, (b) wet-season, (c) dry-season rainfall; (d) annual, (e) wet-season, (f) dryseason potential evaporation; and (g) annual, (h) wet-season and (i) dry-season rainfall deficit in the Mitchell
catchment

Maximum and minimum temperatures
Monthly mean maximum temperature and monthly mean minimum temperature at Kowanyama
and Chillagoe are shown in Figure 5-11. The highest mean monthly maximum temperatures occur
in October to December and the lowest mean monthly minimum temperatures occur in July.
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Figure 5-11 Historical maximum and minimum monthly air temperature in the Mitchell catchment at (a)
Kowanyama and (b) Chillagoe
(A range is the 10th to 90th percentile monthly rainfall)

When considering the effect of temperature on crop yield, it is also important to take extreme
conditions into account, particularly at sensitive stages of growth. Figure 5-12 shows the maximum
annual temperature that is exceeded in 10, 50 and 90% of years. Figure 5-13 shows the minimum
annual temperature that is exceeded in 10, 50 and 90% of years. The highest maximum annual
temperatures occur in the coastal and low-lying areas and lowest minimum annual temperatures
occur in the higher easterly part of the catchment.

Figure 5-12 Historical maximum air temperature that is exceeded in (a) 10%, (b) 50% and (c) 90% of years in the
Mitchell catchment
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Figure 5-13 Historical minimum air temperature that is exceeded in (a) 10%, (b) 50% and (c) 90% of years in the
Mitchell catchment

Frost events are uncommon in the Mitchell, with minimum temperatures rarely dropping below
5°C (Figure 5-14). The exception to this is in elevated zones above 500 m, which can occasionally
record ground temperatures below zero (on average, once every 3 years) between the months of
June and August.

Figure 5-14 Historical minimum temperature thresholds in the Mitchell catchment
(a) median annual frost days (i.e. days below 2 °C); and (b) median annual maximum consecutive days below 10 °C

Solar radiation
Mean annual radiation exceeded in 10, 50 and 90% of years in the Mitchell catchment is shown in
Figure 5-15, with a north-south gradient in the west and an east-west gradient in the east, related
to increased cloud cover in the north and east, respectively, during the build-up and wet seasons.
Monthly mean radiation at Kowanyama and Chillagoe is shown in Figure 5-16, highlighting the
reduced radiation of the wet season, resulting in peak radiation in October prior to the break.
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Figure 5-15 Historical annual radiation that is exceeded in (a) 10%, (b) 50% and (c) 90% of years
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Figure 5-16 Historical monthly radiation in the Mitchell catchment at (a) Kowanyama and (b) Chillagoe
(A range is the 10th to 90th percentile monthly rainfall)

Relative humidity, fog and dew
Annual relative humidity exceeded in 10, 50 and 90% of years in the Mitchell catchment is shown
in Figure 5-17. Monthly mean relative humidity at Kowanyama and Chillagoe is shown in Figure
5-18. Relative humidity is higher closer to the coast and in the more northerly parts of the
catchment. Coastal areas like Kowanyama also experience a larger variation in monthly values
than inland locations such as Chillagoe (Figure 3-18).
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Figure 5-17 Historical annual relative humidity that is exceeded in (a) 10%, (b) 50% and (c) 90% of years in the
Mitchell catchment
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Figure 5-18 Historical monthly relative humidity in the Mitchell catchment at (a) Kowanyama and (b) Chillagoe
(A range is the 10th to 90th percentile monthly rainfall)

Fog events over western coastal areas of the Mitchell catchment are most frequent in the wetseason months of January, February and March because fog is most likely to form overnight after
thunderstorms (which are most common in the wet-season months) have cleared. Fog can form in
the early morning, before sunrise, when thunderstorms occur in the early or late evening and
there is sufficient surface moisture and the synoptic situation results in calm winds.
Fog events are less frequent in the drier months. Fog forms in the dry season when a shallow
depth of moisture moves to coastal areas, advected by the sea breeze. This surface moisture can
trigger shallow and patchy fog if it is coupled with light winds and dry lower to mid-level
atmospheric air.
Areas over the elevated parts of the ranges, such as Atherton, can experience low cloud and
drizzle for prolonged periods due to their increased elevation. This is a highly localised effect since
areas at much lower elevation, such as Mareeba, only 35 km north of Atherton, may experience
no rain or low cloud in these situations.
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5.2.3 SST
Monthly mean SST for a location off the Mitchell catchment coast (141°E, 15°S) is shown in Figure
5-19. There is little variation across the wet season, with temperatures around 30 °C, dropping to
27 °C in July, before increasing from September.
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Figure 5-19 Historical monthly SST offshore Mitchell catchment
(141°E, 15°S; A range is the 10th to 90th percentile monthly SST for 1970 to 2015 period)
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6 Climate and streamflow forecasting in northern
Australia
6.1 Seasonal climate forecasting
As noted in recent reviews (Ash et al., 2007; The Centre For International Economics, 2014) there
are potentially significant benefits for agriculture from the use of seasonal climate forecasts. Skilful
forecasts, when incorporated into astute decision making, can lead to beneficial decisions for:
• timing of planting
• area and crop variety to plant
• stocking rates
• pre-empting livestock health issues
• irrigation and fertiliser application rates
• optimising harvesting times
The Bureau of Meteorology provides three-month seasonal outlooks, issued monthly, to provide
information by which producers can make informed decisions relating to resource management,
crop management, harvesting schedules etc. Probabilistic forecasts can provide a level of
confidence for decision making. The outlooks and summaries of their past accuracy, for
probabilistic forecasts of above or below median rainfall and temperature, are provided here:
http://www.bom.gov.au/climate/outlooks/
These outlooks are based on dynamical model-based systems that have replaced the previous
seasonal climate outlooks that were based on statistical relationships with SST patterns. The
dynamical forecasts offer improvements and advantages over statistical methods as they can
account for changes, whether natural or due to climate change, and can generate physically
consistent forecasts for a range of climate variables. They are also much more likely to offer
improved accuracy in the future as better modelling techniques, more observations and greater
computer power become available (Charles et al., 2015a).
Fisheries and aquaculture management can also benefit from seasonal climate forecasts (Spillman
et al., 2015). Hobday et al. (2016) provide examples for marine farming and fishing operations in
Australia, including wild tuna and farmed salmon and prawns, where forecast variables such as
water temperature, rainfall and air temperature that have skill up to approximately four months
into the future are used to reduce uncertainty and manage business risks.

6.1.1 SKILL OF SUBSEASONAL TO SEASONAL CLIMATE FORECASTING
The processes driving northern Australian rainfall variability presented earlier with the wide body
of knowledge regarding the summer monsoon, its active (wet) and break (dry) episodes, and their
modulation by the MJO, indicates that extended multi-week (subseasonal) prediction of active and
break episodes of monsoon rainfall should be feasible due to the predictability provided by the
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MJO. This would have wide application for agriculture, transportation, and water resource
management.
Hindcast experiments assessing the role of the MJO in driving active and break episodes of the
monsoon have been assessed. Variability of broad-scale Australian monsoon rainfall was
diagnosed using an index defined as the daily rainfall anomaly area-averaged over the northern
Australian landmass (all land points equatorward of 25°S). Active monsoon days were defined to
occur when the index values were greater than or equal to one daily standard deviation,
calculated for all days in December to February (DJF) from 1981 to 2010. Monsoon break days
were similarly defined when index values were less than or equal to negative one standard
deviation.
Methods
The role of the MJO was explored using the Real-time Multivariate MJO (RMM) index developed
by Wheeler and Hendon (2004) that captures the eastward propagation and large-scale structure
of the MJO in convection and zonal wind along the equator. The MJO is in its active cycle when the
RMM index amplitude is greater than one standard deviation, using the eight phases as defined by
Wheeler and Hendon (2004), given the MJO most strongly influences summer monsoon rainfall
during phases 5 and 6 (enhanced rainfall) and, about 20-25 days later, in phases 1 and 2 (reduced
rainfall) (Wheeler et al., 2009).
Motivated by previous research showing the predictive ocean atmosphere model for Australia
(POAMA) (Alves et al., 2003) to have good skill in predicting the MJO and associated rainfall
anomalies out to about 4 weeks lead-time (Marshall et al., 2012), predictive skill of active and
break monsoon episodes at multi-week lead times was assessed for a 30-year retrospective
forecast (hindcast) dataset for the December-February austral summer season (DJF), 1981-2010.
This dataset comprised a 33-member ensemble of forecasts of nine months duration starting on
the 1st, 6th, 11th, 16th, 21st and 26th day of each month.
The Bureau of Meteorology monitors monsoon variations and verifies forecasts using the
Australian Water Availability Project (AWAP) gridded rainfall analyses (Jones et al., 2009) and,
away from the Australian continent, the gridded Climate Prediction centre merged analysis of
precipitation dataset (CMAP) (Xie and Arkin, 1997), interpolated from pentad to daily resolution.
The CMAP analyses are very similar to the AWAP analyses over Australia. Daily winds and mean
sea-level pressure (MSLP) were verified using the National Centers for Environmental Prediction /
National Center for Atmospheric Research (NCEP/NCAR) global reanalysis version 1 (NNR1) (Kalnay
et al., 1996).
Results
POAMA forecasts at 2-3 weeks lead-time were assessed for their ability to forecast active
monsoon episodes associated with widespread rainfall anomalies over northern Australia that
extend eastward into the Coral Sea. The increased monsoon rainfall is accompanied by a negative
MSLP anomaly (i.e. enhanced monsoon trough) centred on the northwest Australian coast that
supports broad-scale westerlies to the northwest. An active Australian monsoon is also associated
with suppressed rainfall and easterly anomalies farther west in the Indian Ocean and farther east
in the Central Pacific. The spatial distributions of rainfall, east-west wind at 850 hPa level (u850),
and MSLP anomalies for active episodes are well depicted by POAMA (not shown), although the
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peak strength is somewhat exaggerated (13.4 mm/d for rainfall and -3.2 hPa for MSLP) compared
to that observed (8.9 mm/d for rainfall and -2.6 hPa for MSLP).
The MJO influence on monsoon rainfall was demonstrated by calculating the proportion of active
monsoon days in each MJO phase. Active episodes show an approximate 5-fold increase rate of
occurrence in MJO phases 5-7 compared to MJO phases 8-1-2, consistent with previous study of
modulation of northern Australian summer rainfall demonstrated by the MJO (Wheeler et al.,
2009). A similar approximately 4-5 fold increase in occurrence of break episodes when the MJO is
in phases 8-1-2 also occurred (not shown). The forecast model well represents this modulation by
the MJO, thus providing motivation for further investigation of the multi-week predictive
capability.
Weekly-mean monsoon rainfall and u850 predictions for lead times out to six weeks, using the
ensemble mean POAMA forecast during DJF 1981-2010, gave correlation coefficients between
predicted and observed of 0.81 for rainfall and 0.89 for u850 in week 1, falling below 0.5 after
week two and week five, respectively. For forecasts initialised only on monsoon active days and
monsoon break days, prediction skill for rainfall is reduced in the first two weeks, compared to
using all forecasts. However, skill for forecasts initialised during break episodes recovered in week
four, which presumably would coincide with an active phase associated with the next passage of
the MJO (i.e. about half an MJO cycle later).
Further analysis found the predictability in monsoon rainfall after week one to be primarily
provided by the MJO (Marshall and Hendon, 2015). Higher skill for predicting u850 was expected
since rainfall is inherently noisier and more difficult to predict than large-scale circulation. This
discrepancy in lead-time suggests the potential for extending the useful prediction of monsoon
rainfall to longer lead-time if model errors associated with the prediction of the MJO and the local
depiction of the MJO in the monsoon could be alleviated. This improved forecast skill would be of
benefit for agriculture across northern Australia, including sugarcane and tropical fruit harvesting,
cattle grazing, and for water resource and fire management agencies.
The deterministic assessment of model skill presented here has been a key step in extending
current forecast guidance to include probabilistic forecasts for the subseasonal time-scale that
best utilise large ensemble datasets, such as those produced by POAMA. Probabilistic forecasts of
northern Australian rainfall onset are now being issued at the Bureau of Meteorology at
http://www.bom.gov.au/climate/rainfall-onset.
Future changes to the Bureau of Meteorology forecasting models
At the time of writing (late 2016) the Bureau of Meteorology introduced a new dynamic seasonal
forecast service, the ACCESS-S seasonal model, which has updated model physics compared to
POAMA-2 and will increase the modelling resolution from 250 km (i.e. in POAMA-2) to 60 km,
corresponding to an increase from 120 to 2000 grid points across Australia. On the basis of more
accurate outlooks The Centre For International Economics (2014) estimated potential collective
benefits to agriculture in Australia of more than $1 billion per year. The new service aims to
provide a seamless forecasting service extending from the existing 7-day weather forecasts to a
fortnightly, monthly and seasonal outlook, which will be updated on a weekly basis. There is also
the scope for an increase in the number of weather parameters available: e.g. evaporation,
humidity, wind, drought, extremes.
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The ACCESS-S1 was recently evaluated for its ability to predict the large-scale components of the
MJO and simulate regional rainfall variations due to the MJO (Marshall and Hendon, 2016,
Subseasonal prediction and rainfall variability of the MJO in ACCESS-S1, unpublished Bureau of
Meteorology report). The model performance was compared to forecasts from POAMA-2 and to
observations for the period 1990-2012. For the Australian summer monsoon, the greatest impact
of the MJO on northern Australian rainfall occurs during MJO phases 4-7 (Marshall and Hendon,
2015; Wheeler et al., 2009). Both models depicted the convectively active phase over the
Maritime Continent well, however the modelled anomalies were slightly weaker in magnitude
than those observed. Enhanced rainfall over northern Australia was noticeably better captured in
ACCESS-S1 than in POAMA-2. The rainfall signal in ACCESS-S1 was a marked improvement over
POAMA-2, with wet signals in phases 4 and 5 extending realistically southward over the continent,
whereas such a signal was largely missing in POAMA-2. Overall the depiction of MJO rainfall in
ACCESS-S1 was at least as good as, if not a modest improvement on, MJO rainfall in POAMA-2.
Further improvement to MJO prediction skill (and forecast skill in general) at subseasonal time
scales is expected in the next version of ACCESS-S2, employing a similar initialisation scheme as in
POAMA-2 (http://poama.bom.gov.au/info/access-s.html).

6.1.2 TROPICAL CYCLONE FORECASTING AND VERIFICATION
Kuleshov et al. (2012) outline a web-based data portal providing seasonal forecasts of TC activity
and extreme SSTs in the Western Pacific and tropical eastern Australian region using the POAMA
dynamical seasonal prediction model and a statistical model for seasonal TC prediction (Wijnands
et al., 2014). Also, seasonal forecasts of ocean temperature and coral bleaching risk are available
from the Bureau of Meteorology’s website at
http://poama.bom.gov.au/experimental/pasap/sst.shtml .
TC track verification is basically the verification of TC forecasts and analyses against the postseason analysed best track. Currently the location of the cyclone centre and the estimated central
pressure are verified. Other parameters, like maximum wind strength, radius of gales and
watch/warning zones are not been verified, mostly because of a lack of robust instrumental data
(even after post-event examination) against which to complete a valid verification. The Bureau of
Meteorology plans to extend the scope of verification, with maximum wind to be included in the
future.

6.2 Streamflow forecasting
In Australia the Bureau of Meteorology operates a seven-day streamflow forecast (SDF) service
and a seasonal streamflow forecast (SSF) service at selected unregulated locations around the
country (http://www.bom.gov.au/water/index.shtml). The SDF service is predominantly used to
assist flood planning and agricultural management decisions. The SSF is predominantly used to
support seasonal planning decisions by operators of reservoirs and water management agencies.
This section discusses the skill of SDF and SSF services in northern Australia, focusing on their
potential to support people making decisions in the Fitzroy, Darwin and Mitchell catchments.
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6.2.1 STREAMFLOW FORECASTING
Seven-day streamflow forecasting (SDF)
There are 22 locations in northern Australia for which the Bureau of Meteorology (BoM) offers a
SDF service, with locations shown in Figure 6-1 and a summary of skill with lead-time shown in
Figure 6-3. Examples of skill for four stations in the study areas (three in the Fitzroy and one in the
Darwin catchments) are shown in Figure 6-2, showing sharp drop off in skill after one day for the
Adelaide River at Railway Bridge and a more gradual decline in skill with lead-time for the three
stations in the Fitzroy catchment.
SDF locations are only offered for those streamflow gauging stations where a hydrological model
can be calibrated with a daily Nash Sutcliffe Efficiency (Nash and Sutcliffe, 1970) score greater than
0.6 and the model exhibits a positive mean absolute error skill score (MAESS) for at least the first
three consecutive days lead-time in retrospective forecast verification. Mean absolute error (MAE)
is the mean of absolute values of the difference between observed and simulated streamflow
values for a set of simulated data. The MAE skill score is the MAE with reference to climatology.
Negative forecast skill indicates that skill is worse than climatology.
This latter criterion was the main reason for the omission of many stations from the SDF service
across Australia, with the main driver being rainfall forecasts of insufficient accuracy. The SDF
service uses the Australian community climate and Earth-system simulator (ACCESS-G) rainfall
forecasts to generate streamflow forecasts. It has been observed that ACCESS-G rainfall forecasts
for northern Australia have a positive bias (meaning they tend to under predict high rainfall) and
also a shift in the diurnal cycles compared to observed data.

Figure 6-1 Locations of streamflow forecast stations in northern Australia
The letters A to V indicate SDF stations in Figure 6-3
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Figure 6-2 SDF skill (MAESS) with different lead times for four stations within two of the study areas
Map ID

River and station name

A

Fitzroy River at Willare

B

Fitzroy River at Noonkanbah

C

Fitzroy River at Fitzroy Crossing
Bridge

D

Ord River at Bedford Downs

E

Dunham River at Dunham Gorge

F

Dunham River at Flying Fox Hole

G

Adelaide River at Railway Bridge

0.9 - 1.0

H

Katherine River at Railway Bridge

0.8 - 0.9

I

Katherine River at Nitmiluk Centre

0.7 - 0.8

J

Katherine River near Birdie Creek

0.6 - 0.7

K

Waterhouse River at Beswick Bridge

0.5 - 0.6

L

Roper River at Mataranka

0.4 - 0.5

M

McArthur River U/S of Bailey's
Grave

0.3 - 0.4

N

McArthur River M.I.M Pump

0.2 - 0.3

O

Gilbert River at Rockfields

0.1 - 0.2

P

Flinders River at Richmond

0 - 0.1

Q

Rudd Creek at Gunnawarra

<0

R

Herbert River at Glen Eagle

S

North Johnstone River at Tung Oil

T

Herbert River at Abergowrie

U

Tully River at Euramo

V

South Johnstone River at Central
Mill

1-day

2-days

3-days

5-days

7-days

MAESS

Figure 6-3 Streamflow forecast skill (MAESS) at SDF forecast locations in northern Australia
The locations of the SDF stations is shown in Figure 6-1 using the Map ID letters A to V

Seasonal streamflow forecasting (SSF)
The public SSF service applies a statistical approach, using relationships between climate
indicators, antecedent catchment conditions and historical rainfall and streamflow data, to
forecast a total streamflow volume at a particular location for the upcoming three-month period.
Forecasts are issued monthly as the likelihood of high, near-median or low streamflow, and as
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probabilities of specific flows. New locations are first tested with registered users before being
released to the public. Stations where SSF are provided in northern Australia are shown in Figure
6-1. SSF are currently provided at five locations within the three Assessment catchments (Table
6-1).
Table 6-1 Stations where SSFs are provided in the three Assessment catchments
Reg. user indicates these SSF are only available to registered users. Public indicates these SSF are publicly available
STATION NO.

STATION NAME

JURISDICTION

ASSESSMENT
CATCHMENT

SERVICE

802055

Fitzroy River at Fitzroy Crossing Bridge

WA

Fitzroy

Reg. user

G8150010

Finniss River at Batchelor Damsite

NT

Finniss

Reg. user

G8170002

Adelaide River at Railway Bridge

NT

Adelaide

Public

G8170084

Adelaide River at Tortilla Flats

NT

Adelaide

Reg. user

919204A

Palmer River at Drumduff

QLD

Mitchell

Reg. user

Several other locations in northern Australia have been examined, but did not meet criteria
related to the minimum length of historical data (30 years) or the availability of monthly observed
data in within the first four days of the following month. A further four locations (in the Fitzroy
(WA), Mitchell and Coleman (Qld) catchments) will be evaluated in the future.
In Figure 6-4 flow metrics and relative skill scores for each three-month forecast period between
1980 and 2008 are shown for one station in each Assessment catchment. A forecast with zero skill
gives no additional information when compared to the historical reference. For the Fitzroy River at
Fitzroy Crossing, there is very low forecast skill during the wet-season months. For Adelaide River
at Railway Bridge there is moderate forecast skill in the January-February-March wet-season
months, and for Palmer River at Drumduff there is high skill for the February-March-April wetseason months.
The skill of SSF largely depends on knowledge of antecedent conditions and skill of forecast
rainfall. Across Australia, in those catchments where there is high SSF skill, it is generally due to
high serial correlation in streamflow (i.e. antecedent condition) rather than skill in rainfall
forecasting. Unfortunately, in northern Australia knowledge of antecedent conditions is low and
hence SSF skill is often low during the wet season (Figure 6-4), irrespective of whether statistical or
more dynamic modelling approaches are adopted.
Improved rainfall forecasts are likely to improve SSF, and to this end, the new ACCESS-S system
may result in some modest improvements in rainfall forecasts for northern Australia. Forecast skill
scores are communicated relative to the skill of forecasting using long-term observations. This can
become problematic in regions where there are extended periods of very low and zero flows.
Work is underway to better communicate the SSF skill through the use of alternative metrics and
measures of uncertainty. SSF is an active area of research between CSIRO and the BoM
(http://www.bom.gov.au/water/about/waterResearch/wirada.shtml).
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Figure 6-4 Streamflow metrics (a,c,e) and skill scores (b,d,f) for Fitzroy River at Fitzroy Crossing (a,b), Adelaide River
at Railway Bridge in the Darwin catchments (c,d) and Palmer River at Drumduff in the Mitchell catchment (e,f)
The boxplots show the 25th percentile (lower quartile) to the 75th percentile (upper quartile), with a line at the
median (50th percentile). Skill scores (root mean square error in probability (RMSEP), root mean squared error (RMSE)
and continuous ranked probability score (CRPS)) are for hindcasts generated using leave-five-years-out cross
validation for 1980 and 2008. A RMSEP skill of zero is considered to be a forecast with no skill (equivalent skill to
prediction using historical averages). Less than 5 is considered to be a forecast with very low skill. Between 5 and 15 is
considered low skill. Between 15 and 30 is considered moderate skill, and higher than 30 is considered to be a forecast
with high skill
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7 Future climate projections
7.1 Methods
7.1.1 GENERATION OF FUTURE CLIMATE DATA
GCMs are an important tool for simulating global and regional climate. The climate activity has
produced several variants of 125 years of daily climate series, representative of a 2.2 °C
temperature rise relative to 1990, under RCP 8.5 projections for 2060 from CMIP5 GCMs used in
IPCC AR5 (IPCC, 2015). However, GCMs provide information at a resolution that is too coarse to be
used directly in catchment-scale hydrological modelling. For example, rainfall occurs too often and
at too low intensity (Stephens et al., 2010). This is particularly important in tropical regions, where
even high-resolution coupled climate models simulate TCs as weaker and larger in horizontal
extent than those observed (IPCC, 2015). Hence, an intermediate step is generally performed: the
broad-scale GCM outputs are transformed to catchment-scale variables.
Two fundamental approaches exist for downscaling broad-scale GCM output to a finer spatial
resolution: dynamic downscaling and statistical downscaling (Fowler et al. (2007), and references
therein). Dynamic downscaling is computationally very intensive, while sophisticated statistical
downscaling methods (e.g. regression models, weather typing schemes, weather generators)
require expertise to optimise. Numerous studies, however, also suggest that no single downscaling
method is superior across a range of hydrological metrics (Chiew et al., 2010; Mitchell, 2003;
Prudhomme and Davies, 2009; Whetton P. H. et al., 2005). In a comparative assessment of scaling
methods in an area dominated by large-scale storm events, Salathé (2003) found simple scaling
methods to be as effective in simulating hydrological systems. For these reasons, and because
climate change assessment is not the primary focus of the Assessment, a simple scaling technique
– the pattern scaling method (Chiew et al., 2009b) – will be used.
Selection of global climate models
To simulate and assess the uncertainty of the range of future runoff predictions, future climate
projections from a large range of archived GCM simulations were downloaded from the Coupled
Model Intercomparison Project (CMIP5) website (http://cmip-pcmdi.llnl.gov/cmip5/). There are 42
GCMs available for the RCP8.5 emissions scenario with rainfall and temperature data; however,
ten of these GCMs do not have solar radiation and/or humidity data, which are required for the
AWRA-L hydrological modelling, WAVES recharge modelling, agricultural production systems
simulator (APSIM) crop modelling and GRASP pasture modelling.
A commonly held premise of hydrological prediction is that models that are better able to
simulate the past are more likely to be able to simulate the future. From the 32 GCMs that have
data available for rainfall, temperature, solar radiation and humidity a sub-set of 21 GCMs were
selected after taking into account the results of a comprehensive assessment of the skill of GCMs
for (i) mean climate over Australia, (ii) variability, (iii) teleconnections and (iv) important climate
features such as MJO, SAM, blocking and cut-off lows (Moise et al., 2015). The GCMs discarded
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had particular deficiencies relevant to northern Australia, such as inability to reproduce monsoon
circulation and low MJO or ENSO skill.
For hydrological modelling analyses three GCMs – a ‘wet’, a ‘mid’ and a ‘dry’ – were selected for
further analysis and reporting for each Assessment catchment. The GCMs were selected on the
basis of ranked mean annual rainfall (January 1890 to December 2015) averaged across each
Assessment catchment, with the wet, mid and dry GCMs corresponding to those GCMs with the
10th, 50th and 90th percentile, respectively. GCMs were selected on the basis of ranked rainfall
because this is the primary climate variable influencing water resource development.
Scaling method
The seasonal pattern scaling (PS) method employed used output from the 21 GCMs to scale the
125 years of historical daily rainfall, temperature, radiation and humidity sequences (i.e. SILO
climate data), to construct the 21 by 125-year sequences of future daily rainfall, temperature,
radiation and humidity.
The method comprised two broad steps. The first step involved estimating the seasonal scaling
factors for four 3-month blocks (December to February, March to May, June to August and
September to November) for the changes between two time slices centred around 1990 (1975 to
2005) and 2060 (2046 to 2075). This is representative of a 2.2 °C temperature rise under an RCP8.5
emissions scenario. For each season and over each time slice, the total rainfall was calculated.
Seasonal scaling factors were then calculated as the ratio of the total season’s rainfall over the
2060 time slice divided by the total rainfall over the 1990 time slice. The historical climate
sequence was then scaled using these seasonal scaling factors. The second step involved rescaling
the entire series so that it matches the annual scaling factors, to maintain consistency with annual
projected changes in the GCMs (Chiew et al., 2009b; Petheram et al., 2012).
This process was repeated for each GCM, for each season and for each GCM grid cell. The method
was then repeated for each climate parameter, except for temperature the difference rather than
ratio between the two periods was used to scale the historical sequence. The method of using a
pattern scaling method to transform broad-scale GCM outputs to catchment-scale variables is
denoted herein as ‘GCM-PS’.

7.2 Results
7.2.1 RAINFALL
As rainfall is a key control on hydrology processes and agricultural productivity, changes in rainfall
are characterised by simulating 21 GCM-PSs for a 2.2 °C increase in global mean surface air
temperature relative to ~1990 global mean surface air temperature.
The projected mean annual rainfall associated with the Cwet, Cmid and Cdry (i.e. the 10th, 50th
and 90th percentile mean annual rainfall values from the 21 GCM-PSs) are shown for the Fitzroy
(Figure 7-1), Darwin (Figure 7-3) and Mitchell catchments (Figure 7-5). The corresponding relative
changes, for these same Cwet, Cmid and Cdry scenarios, are shown in Figure 7-2, Figure 7-4 and
Figure 7-6 for the Fitzroy, Darwin and Mitchell catchments respectively. The linear boundaries
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evident in some of these figures are an artefact of the method by which the results are presented
and the coarse resolution GCM grid cells.
The 21 GCM-PSs rainfall and PE projections have been spatially averaged for each of the study
catchments and the GCM-PSs ranked in order of increasing mean annual rainfall, as shown in
Figure 7-7, Figure 7-8 and Figure 7-9 for the Fitzroy, Darwin and Mitchell catchments respectively.
Over the time slices examined as part of the Assessment, a change within ±5% of the historical
mean is not considered large as it is within the bounds of internal variability generated by the
GCMs (Cai et al., 2011a). For Fitzroy, 33% of the 21 GCM-PSs fall into this ‘little change’ category,
52% for Darwin and 43% for the Mitchell catchment. For Fitzroy, 48% GCM-PS indicate a wetter
future climate whereas only 19% a drier climate. For Darwin, the projections are evenly balanced
with 24% GCM-PS indicating drier and 24% wetter. For Mitchell 24% GCM-PS project a drier future
and 33% project a wetter future. Thus projections with little change predominate for the central
and east of northern Australia, and in the west approximately half the GCM-PS project a wetter
future.
Clearly there are some deficiencies in the GCM-PS projections and there is uncertainty in how this
may impact on trends in mean annual rainfall. The lack of consensus in future trends over the
study catchments and the eastern half of northern Australia in general (Li et al., 2009) is in part
because under a warming climate it is not clear how the phase, intensity and amplitude of the
ENSO will change (Collins et al., 2010). While ENSO is considered to be the primary source of
global climate variability over the 2-6 year time-scale, it has its largest influence on weather
patterns and climate variability over the tropical Pacific and the continental landmasses on either
side, i.e. coastal regions of South American, South-East Asia and north and eastern Australia. In
these areas rainfall teleconnections with ENSO are not well simulated and there is a large spread
among models (Cai et al., 2011a; Cai et al., 2009b).
Figure 7-10 illustrates the range in monthly GCM-PS rainfall projections. In these plots the C range
is the difference between the 10th and 90th percentile spatially averaged GCM-PS mean monthly
value computed for each month.

Figure 7-1 Spatial distribution of mean annual rainfall across the Fitzroy catchment under scenarios Cwet, Cmid and
Cdry
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Figure 7-2 Spatial distribution of percentage change in mean annual rainfall relative to Scenario A across the Fitzroy
catchment under scenarios Cwet, Cmid and Cdry

Figure 7-3 Spatial distribution of mean annual rainfall across the Darwin catchments under scenarios Cwet, Cmid
and Cdry

Figure 7-4 Spatial distribution of percentage change in mean annual rainfall relative to Scenario A across the Darwin
catchments under scenarios Cwet, Cmid and Cdry
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Figure 7-5 Spatial distribution of mean annual rainfall across the Mitchell catchment under scenarios Cwet, Cmid
and Cdry
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Figure 7-6 Spatial distribution of percentage change in mean annual rainfall relative to Scenario A across the
Mitchell catchment under scenarios Cwet, Cmid and Cdry

potential evaporation

Figure 7-7 Percentage change for the 21 Scenario C simulations relative to Scenario A mean annual rainfall (blue
line) and potential evaporation (red line) for the Fitzroy catchment. GCM-PSs ranked by increasing rainfall
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Figure 7-8 Percentage change for the 21 Scenario C simulations relative to Scenario A mean annual rainfall (blue
line) and potential evaporation (red line) for the Darwin catchments. GCM-PSs ranked by increasing rainfall

Figure 7-9 Percentage change for the 21 Scenario C simulations relative to Scenario A mean annual rainfall (blue
line) and potential evaporation (red line) for the Mitchell catchment. GCM-PSs ranked by increasing rainfall

7.2.2 POTENTIAL EVAPORATION
Projected increases in mean annual APE, using Morton’s formulation, vary from 3 to 9%. This
change has been predominantly driven by the increase in air temperature, which affects Morton’s
wet area potential both directly via its influence on surface temperature and indirectly via its
effect on vapour pressure and on longwave radiation. However, Morton’s formulation of APE does
not incorporate the effects of wind speed, even though wind speed is a key variable in the
aerodynamic component of evaporation. McVicar et al. (2008) showed that all of northern
Australia has experienced declines in wind speed of approximately 0.01 m/second/year over the
last 30 years, and this has been shown to be the primary factor driving the observed decreases of
pan evaporation across much of Australia, including northern Australia, over the same time period
(Roderick et al., 2007). The effect of decreasing wind speed is to moderate the effect of rising
temperatures on PE rates. It is uncertain whether wind stilling will continue, however, if
decreasing wind speeds were to hold into the future, the projections of APE here (i.e. using
Morton’s wet area potential formulation) will be higher than they would be if a fully physical
potential formation were to be used (that is, one that incorporates net radiation, humidity, wind
speed and temperature).
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Figure 7-10 illustrates the range in monthly GCM-PS PE projections respectively. In these plots the
C range is the difference between the 10th and 90th percentile spatially averaged GCM-PS mean
monthly value computed for each month.
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Figure 7-10 Mean monthly rainfall (a,c,e) and APET (b,d,f) for the Fitzroy (a,b), Darwin (c,d) and Mitchell (e,f)
catchments under scenarios A and C.
(C range is based on the computation of the 10 and 90th percentile rainfall for each month separately – the lower and
upper limits in C range are therefore not the same as scenarios Cdry and Cwet)

7.2.3 SEA-LEVEL RISE AND SST PROJECTIONS
Global mean sea levels have risen at a rate of 1.7 ± 0.2 mm/yr between 1900 and 2010, a rate on
the order of ten times faster than the preceding century. Australian tide gauge trends are similar
to the global trends, with an mean of 1.4 ± 0.2 mm/yr between 1966 and 2009, ranging from 0.8
mm/yr at Fort Denison and Victor Harbour to 2.6 mm/yr at Darwin (CSIRO and Bureau of
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Meteorology, 2015). White et al. (2014) found that past changes in Australian sea level are similar
to global mean changes over the last 45 years when influences of ENSO, Glacial Isostatic
Adjustment and atmospheric pressure effects are taken into account. They thus conclude that
future changes over the 21st century are likely to be consistent with global changes.
The IPCC AR5 concludes that there has been significant improvement in understanding and
projection of sea-level change since the AR4 (improved ability to simulate ocean thermal
expansion, glaciers and ice sheets, and thus sea level). Global mean sea-level rise will continue
during the 21st century, very likely at a faster rate than observed from 1971 to 2010. For the
period 2081 to 2100 relative to 1986 to 2005, the global mean rise will likely be in the ranges of
0.26 to 0.55 m under RCP2.6, and of 0.45 to 0.82 m under RCP8.5. There is high confidence that
sea-level rise will continue for centuries even if the global mean temperature is stabilised, placing
coastal systems and low-lying areas at increased submergence, flooding and erosion risk (IPCC,
2015).
In the only study of its kind within the three study areas, of which the authors are aware,
modelling undertaken by Wolanski and Chappell (1996) concluded that a future sea-level rise will
generate changes in the dynamics and channel dimensions which mimic post glacial changes. In
the macrotidal South Alligator River the floodplain was projected to revert to mangrove, the
mouth region widen and sediment move upstream and onto the floodplain. In the mesotidal,
diurnal Norman catchment (Gulf region) the channel is projected to widen throughout and
sediment transported seawards.
CSIRO and Bureau of Meteorology (2015), McInnes et al. (2015) and Church et al. (2016) provide
an overview of the sea-level projections for Australia. This research is used to provide, for all
Australian Councils with a coastline, the information on the web-portal
https://coastadapt.com.au/. These are summarised for the Fitzroy catchment in Table 7-1, for the
Darwin catchments in Table 7-2 and Mitchell catchment in Table 7-3.
Table 7-1 Projected sea-level rise for the coast of the Fitzroy catchment
Values are median of CMIP5 GCMs. Numbers in parenthesise are the 5 to 95% range of same. Projected sea-level rise
values are relative to a mean calculated between 1986 and 2005. Source: https://coastadapt.com.au/sea-level-riseinformation-all-australian-coastal-councils#WA_DERBY_WEST_KIMBERLEY
DATE (UNIT)

RCP4.5

RCP8.5

2030 (m)

0.12 (0.08-0.16)

0.13 (0.08-0.17)

2050 (m)

0.22 (0.14-0.30)

0.25 (0.17-0.33)

2070 (m)

0.33 (0.21-0.46)

0.41 (0.28-0.56)

2090 (m)

0.46 (0.28-0.64)

0.62 (0.41-0.84)

Rate of change

6.0 (3.2-8.9)

11.0 (6.9-15.8)

at 2100 (mm/yr)
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Table 7-2 Projected sea-level rise for the coast of the Darwin catchments
Values are median of CMIP5 GCMs. Numbers in parenthesise are the 5 to 95% range of same. Projected sea-level rise
values are relative to a mean calculated between 1986 and 2005. Source: https://coastadapt.com.au/sea-level-riseinformation-all-australian-coastal-councils#NT_DARWIN
DATE (UNIT)

RCP4.5

RCP8.5

2030 (m)

0.12 (0.08-0.16)

0.12 (0.08-0.17)

2050 (m)

0.22 (0.14-0.30)

0.25 (0.17-0.33)

2070 (m)

0.33 (0.21-0.46)

0.41 (0.28-0.56)

2090 (m)

0.46 (0.28-0.64)

0.62 (0.41-0.85)

Rate of change

6.1 (3.2-9.0)

11.1 (6.9-16.0)

at 2100 (mm/yr)

Table 7-3 Projected sea-level rise for the coast of the Mitchell catchment
Values are median of CMIP5 GCMs. Numbers in parenthesise are the 5 to 95% range of same. Projected sea-level rise
values are relative to a mean calculated between 1986 and 2005. Source: https://coastadapt.com.au/sea-level-riseinformation-all-australian-coastal-councils#QLD_KOWANYAMA
DATE (UNIT)

RCP4.5

RCP8.5

2030 (m)

0.11 (0.07-0.15)

0.11 (0.07-0.16)

2050 (m)

0.21 (0.13-0.29)

0.23 (0.15-0.32)

2070 (m)

0.31 (0.19-0.44)

0.39 (0.26-0.54)

2090 (m)

0.43 (0.26-0.62)

0.60 (0.39-0.83)

Rate of change

5.9 (3.1-8.8)

10.9 (6.8-15.7)

at 2100 (mm/yr)

SST increases around Australia are projected with very high confidence for all emissions scenarios,
with warming of around 0.4 to 1.0 °C in 2030 under RCP 4.5 and 2 to 4 °C in 2090 under RCP 8.5,
relative to a 1986 to 2005 baseline (CSIRO and Bureau of Meteorology, 2015). There will be
regional differences in SST warming due to local hydrodynamic responses, however, there is only
medium confidence in coastal projections as climate models do not resolve local processes (CSIRO
and Bureau of Meteorology, 2015).
Using the Climate Change in Australia Marine Explorer tool
(https://www.climatechangeinaustralia.gov.au/en/climate-projections/coastal-marine/marineexplorer/) for the closest locations to each of the three study areas, under RCP 8.5 the SST at
Broome (closest to Fitzroy) is projected to increase 0.9 °C (range across climate models 0.7 to 1.0)
by 2030 and 3.1 °C (range 2.6 to 4.0) by 2090. For Darwin, the corresponding projected SST
increases are 0.8 (0.6 to 1.1) °C for 2030 and 3.0 (2.5 to 3.9) °C for 2090. For Karumba, on the
coast south of the Mitchell, the corresponding projected SST increases are 0.8 (0.6 to 1.1) °C for
2030 and 2.9 (2.4 to 3.9) °C for 2090. These changes are relative to a 1986 to 2005 baseline (CSIRO
and Bureau of Meteorology, 2015).
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7.2.4 SKILL OF MODELLING TCS UNDER A WARMER CLIMATE
The IPCC AR5 concludes there is low confidence that observed long-term changes in TC activity are
robust, and there is low confidence in the attribution of global changes to any particular cause
(IPCC, 2015). Anthropogenic climate change is warming the atmosphere and the oceans and thus
is expected to increase the theoretical upper intensity of TCs due to warmer SSTs. A global review
by Knutson et al. (2010) summarised the current state of knowledge:
Detection and attribution:
It remains uncertain whether past changes in any tropical cyclone activity (frequency,
intensity, rainfall, and so on) exceed the variability expected through natural causes,
after accounting for changes over time in observing capabilities.
Tropical cyclone projections:
Frequency: It is likely that the global frequency of tropical cyclones will either decrease
or remain essentially unchanged owing to greenhouse warming. We have very low
confidence in projected changes in individual basins. Current models project changes
ranging from -6 to -34% globally, and up to ±50% or more in individual basins by the late
twenty-first century.
Intensity: Some increase in the mean maximum wind speed of tropical cyclones is likely
(+2 to +11% globally) with projected twenty-first century warming, although increases
may not occur in all tropical regions. The frequency of the most intense (rare/highimpact) storms will more likely than not increase by a substantially larger percentage in
some basins.
Rainfall: Rainfall rates are likely to increase. The projected magnitude is on the order
20% within 100 km of the tropical cyclone centre.
Genesis, tracks, duration and surge flooding: We have low confidence in projected
changes in tropical cyclone genesis-location, tracks, duration and areas of impact.
Existing model projections do not show dramatic large-scale changes in these features.
The vulnerability of coastal regions to storm-surge flooding is expected to increase with
future sea-level rise and coastal development, although this vulnerability will also
depend on future storm characteristics.

Modelling studies of projected changes in TC climatology undertaken for the Australian region by
CSIRO (Abbs, 2012; IOCI, 2012) have used multiple levels of dynamical downscaling. Firstly, CSIRO’s
conformal-cubic atmospheric model (CCAM), a stretched-grid global atmospheric model with a 65
km horizontal resolution over Australia, downscaled from GCM projections and subsequently the
regional atmospheric modelling system (RAMS) down to 5 km resolution was nested in these
CCAM runs. The finer spatial scale of dynamic downscaling is required as typical GCM spatial
resolutions of 200 to 500 km are larger than TCs, hence GCM-modelled TCs are wider and less
intense than observed TCs.
The CCAM simulations account for projected changes in TC occurrence, genesis and decay
characteristics but are still too coarse to adequately assess changes to TC intensity as they do not
resolve the TC eyewall where the strongest winds and heaviest rainfalls occur. RAMS was applied
to one of the CCAM results at a 5 km resolution to resolve such characteristics on an event basis
for 120 TC-like vortices in current and future periods. CCAM reproduced the historical patterns of
spatial TC occurrence in the Australian region, accounting for the different spatial patterns seen
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during El Niño and La Niña events. Although the spatial patterns are reproduced, too few TCs are
simulated by CCAM so that the frequencies are underestimated by approximately 40%. CCAM
downscaling for seven CMIP3 GCMs for the A2 scenario consistently simulate fewer TCs in the
northwest region for the period 2051 to 2090 than in 1971 to 2000, on average a 50% decline in
the number of TCs. These simulations also show a small decrease in duration (0.6 days) and an
approximately 100 km southward shift in genesis and decay regions. Assessment of the projected
intensity changes simulated by the RAMS 5 km downscaling for 2051 to 2090, relative to 1961 to
2000, focused on the storm characteristics for the 12 hours centred on the period of maximum TC
intensity (i.e. minimum pressure). These show projected increases in the size and intensity of TCs
with the proportion of TCs with a maximum wind speed greater than 40 m per second
(approximately Category 3 to 5), the integrated kinetic energy (a measure of TC size and wind
speed), the radius of maximum winds, and the radius to gale-force winds all increasing. Rainfall
intensity in the 12-hour periods simulated increased 33% within 300 km of the TC centre and 23%
within 200 km (IOCI, 2012).
While one recent study, downscaling six CMIP5 GCMs, concluded the frequency of TCs could
increase throughout the 21st Century (Emanuel, 2013) many more CMIP3 and CMIP5 studies
concur with CSIRO findings of fewer but more intense TCs in the future (Bell et al., 2013; Gleixner
et al., 2014; Murakami et al., 2014; Roberts et al., 2015; Scoccimarro et al., 2014; Tory et al.,
2013). Thus the weight of current understanding supports decreases in the frequency of TCs
impacting the Assessment area as more likely than increases. However uncertainties remain, for
example research investigating Atlantic TCs suggests atmospheric aerosols from industrial
pollution may have suppressed storm development in the 20th Century and thus decreasing
pollution could lead to an increased frequency of TCs in the future (Dunstone et al., 2013). There
are currently no equivalent studies of aerosol impacts on TCs for the Australian region.
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8 Discussion
8.1 Establishment of an appropriate hydroclimate baseline
The allocation of water and the design and planning of water resources infrastructure and systems
requires great care and consideration, and needs to take a genuine long-term view. A poorly
considered design can result in an unsustainable system or preclude the development of a more
suitable and possibly larger sustainable system, thus adversely impacting existing and future users,
industries and the environment. Once water is overallocated it is economically, financially, socially
and political difficult to reduce allocations in the future. Many water resource investments,
particularly agricultural investments, require long time frames (e.g. greater than 30 years) as there
are often large initial infrastructure costs and a long learning period before full production
potential is realised. Consequently, investors require certainty that over their investment time
frame (and potentially beyond), their access to water will remain at the level of reliability initially
allocated. A key consideration in the development of a water resource plan, or in the assessment
of the water resources of a catchment, is the time period over which the water resources will be
analysed, also referred to as the hydroclimate ‘baseline’, e.g. Chiew et al. (2009a).
If the hydroclimate baseline is too short it can introduce biases in a water resource assessment, for
various reasons. Firstly the transformation of rainfall to runoff and rainfall to groundwater
recharge is non-linear. For example, averaged across the Flinders catchment in northern Australia
the mean annual rainfall is only 8% higher than the median annual rainfall, yet the mean annual
runoff is 59% higher than the median annual runoff (data sourced (Lerat et al., 2013)). Similarly
between 1895 and 1945 the median annual rainfall was the same as the median annual rainfall
between 1948 and 1987 (less than 0.5% difference), yet there was a 21% difference in the median
annual runoff between these two time periods (and a 40% difference in the mean annual runoff)
(Lerat et al., 2013). Consequently great care is required if using rainfall data alone to justify the use
of short periods over which to analyse the water resources of a catchment.
In developing a water resource plan the amount of water allocated for consumptive purposes is
usually constrained by the drier years (referred to as spells where consecutive dry years occur) in
the historical record. This is because it is usually during dry spells that water extraction most
adversely impacts on existing industries and the environment. All other factors being equal (e.g.
market demand, interest rates), consecutive dry years are usually also the most limiting time
periods for new water resource developments/investments, such as irrigated agriculture
enterprises, particularly if the dry spells coincide with the start of an investment cycle.
Consequently it is important to ensure a representative range of dry spells (i.e. of different
durations, magnitudes and sequencing) are captured over the assessment time period. For
example it is possible that two time periods may have very similar median annual runoff, but the
duration, magnitude and sequencing of the dry spells may be sufficiently different that they pose
different risks to investors and results in different modelled ecological outcomes. By way of
example, Figure 8-1 shows two consecutive 30 year periods of (water year) annual runoff in the
Flinders catchment, 1942 to 1971 (inclusive) and 1972 to 2001 (inclusive). Both time periods have
a median annual runoff of 25 mm averaged across the catchment, but they have quite a different
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pattern of wet and dry spells. In the first 30 year time period (1942 to 1971) the dry run length, a
characteristic measure of the length of dry spells in a time series (Equation 1), is 2.8, while in the
second 30-year time period (1972 to 2001) the dry run length is 8.3, considerably higher than the
first.
Difference from median annual
runoff (mm)
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Figure 8-1 Wet and dry spells of catchment average runoff across the Flinders catchment over a 60 year period
Wet spells (blue columns) are single or consecutive years where annual runoff is greater than median annual runoff.
Dry spells (red columns) are single or consecutive years where annual runoff is less than median annual runoff.
Median annual runoff was calculated over the entire historical record (1890 to 2015). Vertical dashed line (year 1971)
indicates the end and start of the two consecutive 30-year periods. Both 30-year periods have a median annual runoff
of 25 mm. Data sourced from (Lerat et al., 2013)

Thirdly in those instances where there is the potential for a long memory, such as occurs in
intermediate and regional-scale groundwater systems or in river systems with large reservoirs,
long periods of record are preferable so as to minimise the influence of initial starting conditions
(e.g. assumptions regarding initial reservoir storage volume) and to properly assess the reliability
of water supply from large storages and to encapsulate the range of likely conditions (McMahon
and Adeloye, 2005).
All of these arguments favour using as long a time period as practically possible. However, there
may be some circumstances in which a shorter period may be preferable on the basis that it is a
more conservative option. For example in south-west Western Australia, water resource
assessments to support water resource planning are typically assessed from 1975 onwards (Chiew
et al., 2012; McFarlane et al., 2012). This is because since the mid-1970’s there has been a marked
reduction in runoff in south-western Australia, and this declining trend in rainfall is consistent with
the majority of GCM projections, which project reductions of rainfall into the future (Charles et al.,
2010). Adopting this time period is supported by multiple lines of evidence and is a more
conservative option than selecting the entire available period of record, which may result in the
overallocation of water if current rainfall patterns continue into the future. Another rationale for
using a shorter period of time is where there is little confidence in the early instrument rainfall
record. Although there were few rainfall stations in the three study areas at the turn of the 20th
century (Section 1.3 and figures therein) relative to current, an exploratory analysis of rainfall
statistics of the early period of instrument record do not appear to be anomalous when compared
to the longer term instrument record.
In deciding upon an appropriate time period over which to analyse the water resources of the
Fitzroy, Darwin and Mitchell catchments, consideration was given to the above arguments, as well
as paleo-climate records, observed trends in the historical instrumental rainfall data and future
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climate projections. Although the statistically significant increasing trends in some rainfall stations
in the Fitzroy and Darwin catchments suggest consideration of using only the more recent
instrument record, these trends are only evident since between 1960 and 1990 and it is
inappropriate to place too much weight on trends of only short duration (i.e. several decades).
In support, paleo-climate records indicate multiple wetter and drier periods have occurred in the
recent geological past (Section 2.5). Furthermore 24% and 19% of AR5 GCM-PS in the Darwin and
Fitzroy catchments respectively project a ‘drier’ climate than the 1975 to 2005 time period. For
these reasons it is recommended that the entire instrument record (i.e. 1890 to 2015) be used for
assessing the water resources of the Darwin catchments as this is most likely to best capture the
full range of potential dry spells, which are critical to assessing the profitability of water resource
related developments. In the Fitzroy catchment, for which a continuation of the more recent
‘wetter’ climate is most probable (based on the AR5 GCM-PS projections), the longer period of
record (i.e. 1890 to 2015) is recommended as this is the more conservative option, and i) there is
still a reasonable likelihood of a drier future climate occurring and ii) even under a ‘wetter’ climate
there is still a strong likelihood that drier spells (i.e. most limiting time periods) similar to those
evident in the historical instrumental record will reoccur in the future (Chiew et al., 2012). For the
Mitchell catchment, for which there is little evidence of a statistically significant increasing trend in
rainfall in the instrument rainfall record, and 24% of the GCM-PS project that the mean annual
rainfall will decrease in the future, it is also recommended that the entire instrument record (i.e.
1890 to 2015) be utilised.
The adoption of an 1890 to 2015 hydroclimate baseline follows the general principles that
hydrological planning should use as long a hydroclimate sequence as possible to encapsulate the
range of likely/plausible conditions and variability at different time scales (Chiew et al., 2012;
Chiew et al., 2009a). It should be noted, however, that as climate is changing on a variety of time
scales, detailed scenario modelling and planning (i.e. the design of major water infrastructure)
should be broader than just comparing a single hydroclimate baseline to an alternative future.
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9 Summary remarks
Climate variables, water availability and soil data, are generally considered to be the most
important environmental information for determining the agricultural suitability of particular
locations. Understanding of climate and its variability is especially important for water resource
and agricultural assessments in semi-arid and subtropical parts of northern Australia given climate
drives hydrology and water availability.
Defining the water year as 1 September to 31 August, climate data for the Assessment were
assembled for the Fitzroy (WA), Darwin (NT) and Mitchell (Qld) catchments using daily gridded
SILO data (Jeffrey et al., 2001) from 1 September 1890 to 31 August 2015, referred to herein as the
historical period or Scenario A. These data were acquired primarily for preparing a consistent set
of input climate data files for the hydrological, agricultural and ecological numerical models being
used by other activities in the Assessment (Preface Figure 1).
The Assessment is primarily focused on assessing the opportunity for water resource
development, and more specifically irrigation, with currently available environmental resources.
However, given the changes in temperature and rainfall projected in the coming decades, and the
sensitivity of Australian agriculture (and the natural resource base on which it depends) to that
change, the effects of climate change form part of the Assessment. To this end, information from
GCM projections were used to produce climate data reflecting a world where the global mean
surface air temperatures are 2.2 °C higher relative to ~1990 global temperatures under an RCP8.5
emissions scenario for ~2060. These synthetic future climate data will be used as input to the
hydrological, agricultural and ecological numerical models used in the Assessment.
In collating and manipulating these climate data for use by the numerical models, climate statistics
and maps were prepared for the Fitzroy, Darwin and Mitchell catchments.
Climate data availability
After the Gulf region, the Fitzroy, Darwin and Mitchell catchments have among the highest density
of rainfall stations in northern Australia. However, compared to equivalent sized catchments in
southern Australia they have about a factor of ten less stations. This reduces the certainty in
hydrological modelling, however the density of rainfall stations in the three study areas is
considered adequate for water resource planning purposes. Because non-rainfall climate
parameters have a higher spatial and temporal auto-correlation than rainfall there is a much lower
density of stations recording these variables across northern Australia. This lack of stations
measuring non-rainfall climate variables, particularly in the Fitzroy and Mitchell catchments, is a
limitation for agronomists trying to assess local-scale conditions for growth and yield potential of
crops, pastures and trees.
Key rainfall statistics
The mean annual rainfall, averaged over the 125-year historical period (September 1890 to August
2015) for the Fitzroy, Darwin and Mitchell catchments was 552 mm, 1423 mm and 996 mm
respectively. Of this 93%, 95% and 97% was calculated as falling during the wet season (1
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November- 30 April) in the three catchments respectively. The highest median monthly rainfall in
all three study areas occurred during the months of January and February and the months with
the lowest median rainfall were July and August.
Primary rainfall generating mechanisms
The annual northern Australian wet season is due to the Australian summer monsoon, the
predominant large-scale circulation process that influences the Australian tropics. The key rainfall
generating mechanisms across northern Australia are monsoonal rainfall, TCs and tropical
depressions, and heat lows and thunderstorms. These rainfall mechanisms are inter-related and
the proportion of total rainfall produced by each varies between the three study areas. In the
headwater catchments of the Mitchell catchment low rainfall totals (i.e. 20 to 50 mm per month)
can fall during the dry season during easterly wind flow when the depth of moisture in the air is
large enough to overcome the inhibiting orographic barrier of the Great Dividing Range and
coastal escarpments.
The southern hemisphere TC season generally runs from November to April. TCs can be a major
contributor to large-scale rainfall in many years (i.e. typically producing 200 mm to 500 mm over
the space of two to five day period where they cross the coast). Over the long-term record, TCs
are estimated to contribute greater than 30% of the total rainfall in the Fitzroy catchment and
slightly greater than 10% of the total rainfall in the Darwin and Mitchell catchments.
Variability in rainfall
Particularly distinctive characteristics of northern Australia’s climate are i) the high seasonality of
rainfall and temperature driven by the annual solar cycle determining the position of the high
pressure belt (subtropical ridge) and associated monsoon processes; and ii) the high inter-annual
variability of rainfall, which is attributed to the strong connection of rainfall to ENSO, whose
primary phases El Niño (synonymous with drought in much of Australia) and La Niña have their
impact modulated by the IOD and the IPO. The complex interactions of these phenomena results
in highly variable and irregular patterns of rainfall at the inter-annual and inter-decadal scales.
The inter-annual variability of rainfall in the Fitzroy and Mitchell catchments is moderately high
compared to other rainfall stations in northern Australia and high compared to other rainfall
stations around Australia with the same mean annual rainfall. Rainfall stations in the Darwin
catchments exhibit a low variation in annual rainfall compared to other stations around Australia,
but the variation of annual rainfall in all three study areas is large compared to rainfall stations of
similar mean annual rainfall elsewhere in the world.
The rainfall generating systems in northern Australia and their modes of variability combine to
produce irregular periods of runs of dry and wet years. The length and magnitude of dry spells, in
particular, strongly influences the scale, profitability and risk of water resource related
investments. The duration of dry spells (i.e. consecutive years of annual rainfall below the median
annual rainfall) in the Fitzroy, Darwin and Mitchell catchments is comparable to other areas of
eastern Australia and does not appear unusual. The run magnitude of dry years at rainfall stations
in the Fitzroy and Mitchell catchments is slightly larger than that of stations in the Murray Darling
Basin and the east coast of Australia, however, the run magnitude of dry years at rainfall stations
in the Darwin catchments is small compared to most other parts of Australia.
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Trends in rainfall and temperature
Of six long-term rainfall stations analysed as part of the Assessment (two in each catchment) four
were found to have an increasing trend in rainfall over the historical period, with the increase
usually occurring between 1960 and 1990. These observations are generally consistent with the
literature which indicates a statistically significant increasing trend in rainfall over the ‘top end’
(i.e. Darwin catchments) and north-west of northern Australia (i.e. Fitzroy catchment), but no
statistically significant trend in rainfall over the Cape York Peninsula (i.e. Mitchell catchment). Only
one station that measured temperature in the Assessment area had sufficient length of recorded
temperature data for the particularly type of trend analysis employed by the Assessment. At this
station it was found that mean monthly minimum temperature had a noticeable increasing trend,
with mean monthly maximum temperature having a smaller increasing trend. This is consistent
with observations elsewhere internationally, which indicate minimum temperatures are increasing
at a greater rate than maximum temperatures, though globally both mean and maximum
temperatures are observed to be rising (IPCC, 2015).
Potential evaporation
APE in the Fitzroy, Darwin and Mitchell catchments exceeds 2000, 1800 and 1800 mm respectively
in most years. It exhibits a strong seasonal pattern, ranging from 200 mm per month during the
build-up (October to December), to about 100 mm per month during the middle of the dry season
(June). Annual rainfall deficits (i.e. difference between annual rainfall and annual PE) are large
(~1200 to 1500 mm) in the Fitzroy catchment, moderate in the Mitchell catchment (~600 to 1200
mm) and low in the Darwin catchments (~100 to 500 mm). High rainfall deficits adversely affect
surface water storages. This is discussed in more detail in the companion technical report on water
storage (see Preface Figure 1).
Paleo-climate records for northern Australia
Given the instrument record, particularly in northern Australia, is very short in a geological sense a
brief review of paleo-climate data was provided. The literature indicates that circulation patterns
approximating the present climate conditions in northern Australia (e.g. Pacific circulation
responsible for ENSO) are thought to have been in place since about 3 to 2.5 million years ago,
which would suggest many ecosystems in northern Australia have experienced monsoonal
conditions for many millions of years. However, past climates have been both wetter and drier
than the instrument record for northern Australia, and that the influence of ENSO has varied
considerably over recent geological time. Several authors have found that present low levels of TC
activity in northern Australia are possibly unprecedented over the past 550 to 1500 years and that
the recurrence frequencies of high intensity TCs (Category 4-5 events) may have been an order of
magnitude higher than that inferred from the current short instrumental records.
Climate and streamflow forecasting
There are potentially significant benefits for agriculture from the use of seasonal climate forecasts.
For example, the Australian Bureau of Agricultural and Resource Economics and Sciences (ABARES)
reported agricultural production losses of more than $2 billion due to the La Niña event of 201011 and economic modelling has shown that improved seasonal forecasts can increase returns by
$1 billion annually. The Bureau of Meteorology is continually improving its dynamical forecasts
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systems and tailors outputs for applicability in agriculture, horticulture and aquaculture. Forecasts
of northern wet season onset and MJO rainfall variability are examples of relevance to the study
areas. Overall the depiction of MJO rainfall in ACCESS-S1 is at least as good as, if not a modest
improvement on, MJO rainfall in POAMA-2.
In Australia the Bureau of Meteorology operates a seven-day streamflow forecast (SDF) service
and a seasonal streamflow forecast (SSF) service at selected unregulated locations around the
country. Across Australia, in those catchments where there is a high SSF skill, it is to a larger part
due to high serial correlation in streamflow (i.e. antecedent condition) rather than skill in rainfall
forecasting. Unfortunately in northern Australia knowledge of antecedent conditions is low and
hence SSF skill is low during the wet season in northern Australia, irrespective of whether
statistical or hybrid statistical - dynamic modelling approaches are adopted.
Future climate and sea-level change projections
Summarising the climate change projections derived in this report, for the:
Fitzroy catchment 48% of GCM-PS indicated an increase in future mean annual rainfall, 19%
indicated a decrease and 33% indicated a change that could be considered to be within internal
variability of the models (i.e. ±5% of historical rainfall);
Darwin catchments 24% of GCM-PS indicated an increase in future mean annual rainfall, 24%
indicated a decrease and 52% indicated a change that could be considered to be within internal
variability of the models (i.e. ±5% of historical rainfall);
Mitchell catchment 33% of GCM-PS indicated an increase in future mean annual rainfall, 24% of
indicated a decrease and 43% indicated a change that could be considered to be within internal
variability of the models (i.e. ±5% of historical rainfall).
Based on the weight of current understanding the global frequency of TCs will either decrease or
remain essentially unchanged owing to greenhouse warming though there is very low confidence
in projected changes in cyclone frequency for individual catchments. Under twenty-first century
warming the current consensus is that some increase in the mean maximum wind speed of TCs is
likely (+2 to +11% globally), although increases may not occur in all tropical regions.
There has been significant improvement in understanding and projection of sea-level change in
recent years. For the period 2081 to 2100 relative to 1986 to 2005, the IPCC AR5 reports that
global mean sea levels will most likely rise between 0.26 to 0.55 m under RCP2.6, and between
0.45 to 0.82 m under RCP8.5. There is high confidence that sea levels will continue to rise for
centuries even if the global mean temperature is stabilised in the short to medium term.
Hydroclimate baseline
Although the statistically significant increasing trends in some rainfall stations in the Fitzroy and
Darwin catchments suggest consideration of using only the more recent instrument record, these
trends are only evident since between 1960 and 1990. In support, paleo-climate records indicate
multiple wetter and drier periods have occurred in the recent geological past (Section 2.5).
Furthermore 48%, 24% and 33% of AR5 GCM-PS in the Fitzroy, Darwin and Mitchell catchments
respectively project a ‘wetter’ climate than the 1975 to 2005 time period. For these reasons it is
recommended that the entire instrument record (i.e. 1890 to 2015) be used for assessing the
water resources of these three catchments. This follows the general principles that hydrological
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planning should use as long a hydroclimate sequence as possible to encapsulate the range of
likely/plausible conditions and variability at different time scales.
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Appendix A Climate report cards
As discussed in Section 1.1 weather is the key source of uncertainty affecting crop yield. It
influences the rate and vigour of crop growth, while catastrophic weather events can result in
extensive crop losses. Key climate parameters controlling plant growth and crop productivity are
displayed in a series of ten charts for a selection of locations in each of the three study areas.
Data are plotted on the x-axis on a fortnightly time step, as this is more useful for agronomist than
data plotted monthly. Fortnights are numbered 1 to 26, where fortnight 1 is the first fortnight in
January. The water year data 1 September 1965 to 31 August 2015 was used for all calculations.
Where box plots are shown they indicate the 10%, 20%, 50%, 80% and 90% exceedance values.
Chart 1
On the y1-axis is plotted fortnightly rainfall. On the y2-axis is median number of rain days each
fortnight.
Chart 2
On the y1-axis is plotted the number of days each fortnight the maximum temperature is greater
than 35 and 40 degrees. On the y2-axis are plotted the 10%, 50% and 90% maximum temperature
values each fortnight.
Chart 3
On the y1-axis is plotted the maximum number of consecutive days each fortnight the minimum
temperature is less than 5 and 10 degrees. On the y2-axis are plotted the 10%, 50% and 90%
maximum temperature values each fortnight.
Chart 4
On the y1-axis is plotted the number of days each fortnight the relative humidity (RH) is less than
0.4 and the maximum temperature is greater than 30°C. On the y2-axis is plotted the mean RH
each fortnight.
Chart 5
On the y1-axis is plotted the number of days each fortnight the relative humidity (RH) is greater
than 0.5 and the minimum temperature is greater than 23°C. On the y2-axis is plotted the mean
RH each fortnight.
Chart 6
On the y1-axis is plotted the mean daily radiation each fortnight. On the y2-axis is plotted the
median number of cumulative days the radiation is less than 15 and 20 MJ/day.
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Chart 7 to 10
Growing degree days (GDD) is a weather based indicator for assessing crop and insect
development. For example the time of flowering, crop maturity or life stages of an insect. GDD are
calculated each day as maximum temperature plus the minimum temperature divided by 2, minus
the base temperature. GDDs are accumulated by adding each day’s GDD contribution as the
season progresses. Different crops and different insects have different base temperatures. Some
crops and insects also have a maximum temperature above which the plant or insect cannot grow
any faster. Some of the more common combinations of base temperatures and maximum
temperatures are provided in Charts 7 to 10.
In Charts 7 to 10 two years of fortnightly intervals are shown on the x-axis. On the y-axis is the
cumulative median GDD for each fortnight. On each chart 26 cumulative GDD curves are shown,
starting on each fortnight in year 1 and extending for one year.
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Figure A 1 Climate report card for Derby in the Fitzroy catchment
(individual charts are described above)
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Figure A 2 Climate report card for Fitzroy Crossing in the Fitzroy catchment
(individual charts are described above)

Appendix A | 137

138 | Climate data and their characterisation in the Fitzroy, Darwin and Mitchell catchments

Figure A 3 Climate report card for Halls Creek in the Fitzroy catchment
(individual charts are described above)
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Figure A 4 Climate report card for Darwin Airport in the Darwin catchments
(individual charts are described above)
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Figure A 5 Climate report card for Adelaide River in the Darwin catchments
(individual charts are described above)
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Figure A 6 Climate report card for Wildman Station in the Darwin catchments
(individual charts are described above)
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Figure A 7 Climate report card for Kowanyama in the Mitchell catchment
(individual charts are described above)
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Figure A 8 Climate report card for Chillagoe in the Mitchell catchment
(individual charts are described above)
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Figure A 9 Climate report card for Mareeba in the Mitchell catchment
(individual charts are described above)
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Appendix B Complete ensemble empirical mode
decomposition (CEEMD) analysis of northern
Australian monthly rainfall, maximum and minimum
temperature

Author: Dr Murray Peel, Infrastructure Engineering, University of Melbourne
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Introduction
Torres et al. (2011) introduced complete ensemble empirical mode decomposition (CEEMD),
which is a modification and improvement of the ensemble empirical mode decomposition (EEMD)
algorithm (Peel et al., 2011a, b). CEEMD is a noise assisted locally adaptive spectral analysis
technique suitable for application to non-stationary and non-linear time series. Monthly rainfall
and temperature data are ideally suited to analysis with CEEMD as they may contain fluctuations
in frequency and variance over time as well as a long-term trend. Here CEEMD is applied to 127
years of monthly rainfall from six stations in northern Australia and monthly maximum and
minimum temperature data from Darwin Airport.

Methods
CEEMD decomposes a time series into a set of IMFs which represent progressively lower
frequency fluctuations within the time series, and a residual trend. To facilitate orthogonality
between IMFs, a tension parameter of 0.5 was adopted (based on guidelines given in Peel et al.,
2009) for all stations. Mirror end conditions were used in all analyses and white noise with
variance equal to 20% of the observed variance was added during each CEEMD run.
The resulting IMFs were compared against EMD decompositions of white noise replicates of the
same length and variance as the original time series in order to identify CEEMD IMFs that are
significantly different from a white noise process. Given the strongly seasonal nature of northern
Australian rainfall and temperature an IMF representing the annual cycle had greater variance
than expected from a white noise process at each station and for all variables (see Results). In
order to remove the dominant influence of the annual cycle and investigate whether any interannual fluctuations are significantly different from noise, the annual cycle was removed from the
data by subtracting the appropriate mean monthly rainfall or temperature from each monthly
series to obtain an ‘anomaly’ series and applied CEEMD to the anomaly series. A CEEMD IMF with
an inter-annual mean period that is significantly different from white noise may be associated with
inter-annual drivers of climate variability, like ENSO.
CEEMD analysis requires a long continuous period of record (i.e. preferably about 100 years for
rainfall data). For selection, a climate station had to have either a complete record of the variable
of interest between 1890 and 2015 or, if gaps in the instrument record were present, there
needed to be a nearby station (i.e. within kilometres) to provide a complementary record. Data
were sourced from the SILO patched point dataset. For rainfall, six rainfall stations, two in each
catchment, were selected for CEEMD analysis. For temperature only one station, Darwin Airport,
satisfied the above criteria.

Results
Results for both ‘raw’ and ‘anomaly’ series are presented below for monthly rainfall and maximum
and minimum temperature series. As there are numerous figures for each station, the overall
results are summarised below with key figures reproduced. A complete set of figures for each
station and series – raw or anomaly series with trend (residual), individual IMF time series, and a
comparison of IMFs versus white noise IMFs can be provided upon request.
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Rainfall
The mean period (in months) and variance of each CEEMD IMF that represents ≥ 1% of the total
sum of IMF variances and residual variance for monthly rainfall at the six stations are shown in
Table B-1. IMFs found to be significantly different from white noise are shaded in grey in Table B-1.
Across all six stations the variance associated with intra-annual and annual cycle IMFs is ~90% of
total variance. Hence, variability associated with inter-annual IMFs represents a small component
(~10%) of the total variance. Once the annual cycle is removed the intra-annual IMFs are
associated with ~80% of the variance, leaving ~20% associated with inter-annual IMFs.
The strongly seasonal nature of northern Australian rainfall is revealed in the raw data results of
all six stations with IMF3 (mean period ~12 months) being significantly different to white noise
(see Figure B-1). No other raw rainfall IMF demonstrates significant difference from a white noise
process. Monthly rainfall was observed to be increasing over time at Darwin Airport, Fitzroy
Crossing (Figure B-2), Kowanyama and Oenpelli with the increase usually beginning between 1960
to 1990.
Removing the annual cycle from the raw data did not reveal any significant inter-annual
fluctuations in the rainfall anomaly IMFs (see Table B-1). The IMFs that were significantly different
from white noise had mean periods between 0.5 years and 1.5 years, which may be due to
incomplete removal of the annual cycle. The only inter-annual IMF close to being significantly
different from white noise was IMF 7 at Palmerville with a mean period of ~11.5 years.
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Table B-1 Mean period (months) and monthly variance (mm2) of CEEMD IMFs for rainfall or rainfall anomaly. IMFs
found to be significantly different from white noise are shaded in grey
STATION

IMF1

IMF2

IMF3

IMF4

IMF5

IMF6

IMF7

RESIDUAL

Rainfall - Raw
Darwin

Period

3.51

7.98

12.19

21.02

39.58

87.09

Airport

Var.

5158

6605

12804

762

572

311

Derby PO

Period

3.65

5.85

11.91

20.73

38.58

Var.

2502

1844

5791

652

346

Fitzroy

Period

3.62

5.90

12

21.31

36.29

74.34

Crossing

Var.

1407

959

3154

339

111

75

3.95

6.55

12.14

20.19

38.1

Var.

5110

6388

16690

1448

553

Period

3.62

7.19

12.05

20.88

37.63

Var.

3537

4293

10616

882

400

Period

3.45

6.32

12.05

21.02

39.58

74.34

Var.

2497

2307

8463

709

371

180

Kowanyama Period

Oenpelli

Palmerville

148

16

35

185

163

14

Rainfall - Anomaly
Darwin

Period

3.36

5.47

9.44

17.82

31.42

66.26

145.14

Airport

Var.

4553

2245

1813

793

396

290

312

Derby PO

Period

3.49

5.87

9.90

16.93

33.87

57.51

121.92

Var.

2334

1461

1092

388

317

156

103

Fitzroy

Period

3.53

5.81

10.33

18.70

34.64

66.26

145.14

Crossing

Var.

1309

717

530

269

82

56

50

3.54

5.85

10.40

18.70

38.1

70.88

152.4

Var.

4702

2802

1684

1223

486

207

163

Period

3.35

5.48

9.38

17.62

35.86

57.51

105

Var.

3326

1629

1168

570

349

203

87

Period

3.31

5.51

10.06

17.22

37.17

62.20

138.55

Var.

2300

1245

1026

495

349

74

198

Kowanyama Period

Oenpelli

Palmerville

105

46

32

88

114

17

Maximum temperature
The mean period (in months) and variance of each CEEMD IMF that represents ≥ 1% of the total
sum of IMF variances and residual variance for monthly maximum temperature at Darwin Airport
are shown in Table B-2. IMFs found to be significantly different from white noise are shaded in
grey in Table B-2. Variance associated with intra-annual and annual cycle IMFs is 84% of total
variance. Hence, variability associated with inter-annual IMFs represents a small component (16%)
of the total variance. Once the annual cycle is removed the intra-annual IMFs are associated with
61% of the variance, leaving 39% associated with inter-annual IMFs.
The strongly seasonal nature of northern Australian maximum temperature is revealed in the raw
data results for Darwin Airport with IMF3 (mean period ~12 months) being significantly different
Appendix B | 155

to white noise. No other raw maximum temperature IMF demonstrates significant difference from
a white noise process. Over the entire record, monthly maximum temperature was observed to
increase slightly (+0.30 °C) at Darwin Airport, although since 1952 it has increased by +0.67 °C
(Figure B-3).
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Figure B-1 Comparison of the natural log of IMF variance and IMF mean period for Derby PO raw rainfall against
IMFs from a white noise series of the same length and variance
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Figure B-2 Fitzroy Crossing raw rainfall and trend (CEEMD residual)
Table B-2 Mean period (months) and monthly variance (°C2) of CEEMD IMFs for maximum temperature or
maximum temperature anomaly. IMFs found to be significantly different from white noise are shaded in grey
STATION

IMF1

IMF2

IMF3

IMF4

IMF5

IMF6

IMF7

IMF8

IMF9

RESIDUAL

Maximum Temperature - Raw
Darwin

Period

3.73

6.11

12.14

21.93

42.93

74.34

132.52

254

609.6

Airport

Var.

0.322

0.258

0.363

0.042

0.036

0.017

0.011

0.014

0.019

0.041

Maximum Temperature - Anomaly
Darwin

Period

2.88

5.68

10.85

21.31

40.64

89.65

160.42

435.43

Airport

Var.

0.156

0.071

0.088

0.059

0.049

0.021

0.009

0.014
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Figure B-3 Darwin Airport raw maximum temperature and trend (CEEMD residual)

Removing the annual cycle from the raw data revealed three significant inter-annual fluctuations
in the maximum temperature anomaly IMFs at Darwin Airport (see Table B-2). IMF 5 and IMF 8,
with mean periods of 3.39 years and 36.3 years respectively, were not associated with an
incomplete removal of the annual cycle and are significantly different from white noise (Figure B4). Further analysis would be required to assess whether these two IMFs are related to ENSO or
the IPO. However, the mean periods of these IMFs suggest they may be related to ENSO and or
the IPO.
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Figure B-4 Comparison of the natural log of IMF variance and IMF mean period for Darwin Airport maximum
temperature anomaly against IMFs from a white noise series of the same length and variance

Minimum temperature
The mean period (in months) and variance of each CEEMD IMF that represents ≥ 1% of the total
sum of IMF variances and residual variance for monthly minimum temperature at Darwin Airport
are shown in Table B-3. IMFs found to be significantly different from white noise are shaded in
grey in Table B-3. Variance associated with intra-annual and annual cycle IMFs is 93% of total
variance. Hence, variability associated with inter-annual IMFs represents a very small component
(7%) of the total variance. Once the annual cycle is removed the intra-annual IMFs are associated
with 62% of the variance, leaving 38% associated with inter-annual IMFs.
The strong seasonal nature of northern Australian climate is also apparent in the raw minimum
temperature results for Darwin Airport with IMF3 (mean period ~12 months) being significantly
different to white noise. No other raw minimum temperature IMF demonstrates significant
difference from a white noise process. Over the entire record monthly minimum temperature
increased by +0.51°C at Darwin Airport (Figure B-5).
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Table B-3 Mean period (months) and monthly variance (°C2) of CEEMD IMFs for minimum temperature or minimum
temperature anomaly. IMFs found to be significantly different from white noise are shaded in grey
STATION

IMF1

IMF2

IMF3

IMF4

IMF5

IMF6

IMF7

IMF8

IMF9

RESIDUAL

Minimum Temperature - Raw
Darwin

Period

3.37

7.70

12.10

20.88

41.75

Airport

Var.

0.209

1.006

2.188

0.091

0.066

0.043

Minimum Temperature - Anomaly
Darwin

Period

2.97

5.76

10.81

19.29

39.08

76.2

160.42

381

Airport

Var.

0.166

0.083

0.108

0.071

0.049

0.028

0.027

0.009

0.039

Removing the annual cycle from the raw data revealed two significant inter-annual fluctuations in
the minimum temperature anomaly IMFs at Darwin Airport (see Table B-3). IMF 5 and IMF 7, with
mean periods of 3.26 years and 13.4 years respectively, were not associated with an incomplete
removal of the annual cycle and are significantly different from white noise (Figure B-6). Further
analysis would be required to assess whether these two IMFs are related to ENSO or the IPO,
although their mean periods suggest they may be related to ENSO and or the IPO. However, it
should be noted that only 7% of minimum temperature variance is associated with inter-annual
fluctuations, prior to removing the annual cycle, which suggests any relationship between
minimum temperature and inter-annual climate drivers is very weak.
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Figure B-5 Darwin Airport raw minimum temperature and trend (CEEMD residual)
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Figure B-6 Comparison of the natural log of IMF variance and IMF mean period for Darwin Airport minimum
temperature anomaly against IMFs from a white noise series of the same length and variance

158 | Climate data and their characterisation in the Fitzroy, Darwin and Mitchell catchments

References
Peel MC, McMahon TA and Pegram GGS (2009) Assessing the performance of rational spline based
Empirical Mode Decomposition using a global annual precipitation dataset. Proceeding of
the Royal Society London Series A Vol. 465, pp. 1919-1937.
Peel MC, McMahon TA, Srikanthan R and Tan KS (2011a) Ensemble Empirical Mode
Decomposition: Testing and objective automation. Proceedings of the 33rd Hydrology and
Water Resources Symposium, Brisbane, Engineers Australia, pp: 702-709.
Peel MC, Srikanthan R, McMahon TA and Karoly DJ (2011b) Ensemble Empirical Mode
Decomposition of monthly climatic indices relevant to Australian hydroclimatology. In Chan,
F., Marinova, D. and Anderssen, R.S. (eds) MODSIM2011, 19th International Congress on
Modelling and Simulation. Modelling and Simulation Society of Australia and New Zealand,
December 2011, pp. 3615-3621.
Torres ME, Colominas MA, Schlotthauer G and Flandrin P (2011) A complete ensemble empirical
mode decomposition with adaptive noise. In Proc. 36th IEEE Int. Conf. on Acoust., Speech
and Signal Process, ICASSP 2011, Prague, Czech Republic, 2011, pp. 4144–4147.

Appendix B | 159

CONTACT US
t 1300 363 400
+61 3 9545 2176
e csiroenquiries@csiro.au
w www.csiro.au
AT CSIRO, WE DO THE
EXTRAORDINARY EVERY DAY
We innovate for tomorrow and help
improve today – for our customers, all
Australians and the world.
Our innovations contribute billions of
dollars to the Australian economy
every year. As the largest patent holder
in the nation, our vast wealth of
intellectual property has led to more
than 150 spin-off companies.

FOR FURTHER INFORMATION
Dr Chris Chilcott
t +61 8 8944 8422
e chris.chilcott@csiro.au
w www.csiro.au/en/research/LWFt
Dr Cuan Petheram
t +61 2 6246 5987
e cuan.petheram@csiro.au
w www.csiro.au/en/research/LWF
Dr Ian Watson
t +61 7 4753 8606
e ian.watson@csiro.au
w www.csiro.au/en/research/AF

With more than 5,000 experts and a
burning desire to get things done, we are
Australia’s catalyst for innovation.
CSIRO. WE IMAGINE. WE COLLABORATE.
WE INNOVATE.

162 | Climate data and their characterisation in the Fitzroy, Darwin and Mitchell catchments

