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As the leading iron ore mining region of Australia and the base of some of the nation’s largest offshore oil
and gas fields, the Pilbara has been undergoing significant growth and development.

With this economic growth has come an increased demand for water to support industry and a growing
population.

The Pilbara economy is dominated by the extraction, processing and export of minerals and gas. Industrial
water use includes dust suppression associated with bulk handling of ore and other uses at the coastal
ports of Port Hedland, Dampier, Cape Lambert and Ashburton, and oil and gas, salt and ammonium nitrate
production.

The Pilbara is also home to a number of groundwater-dependent ecosystems and riverine pools, which
have enormous ecological, Aboriginal cultural, social and tourism values, given that they occupy less than
half of one percent of a semi-arid area in one of the hottest parts of Australia.

The Western Australian Government is committed to delivering a sustainable water future that provides
certainty for business investment in the Pilbara, and supports the Pilbara Regional Investment Blueprint
objectives and Pilbara Cities vision of Karratha and Port Hedland transforming into regional centres of
50,000 people. It is also working to use water availability to lift the productivity of irrigated agriculture and
livestock in the region by expanding existing precincts and starting new ones under the $40 million
Royalties for Regions funded Water for Food initiative.

To do this, we need the confidence to set out how much water is available to support the region’s growth,
as well as to meet the environmental needs of the Pilbara’s surface water and groundwater resources and
their dependent values.

To date, groundwater investigations, water allocation planning and water supply planning have been
undertaken about the water available in the Pilbara to meet sustainable development objectives of Pilbara
coastal towns and industry.

Water use in the Pilbara is dominated by mining, with current water abstraction for the mining sector
estimated to be around 550 GL/year, with around 250 GL/year of this water used for ore processing, dust
suppression, consumption and other purposes. Through Pilbara water supply planning work undertaken by
the Western Australian Department of Water, projected total water demand for the Pilbara region is
expected to more than double by 2042 under a medium growth scenario.

The Pilbara has a highly variable climate with rain coming mainly from unpredictable thunderstorms and
tropical cyclones over summer. The historical records show that there can be long periods of drought when
summer rains fail and there is no wet season.

Understanding how future climate scenarios may change climatic conditions and consequently alter surface
water volumes and groundwater recharge is an important piece to the jigsaw puzzle that will enable
sustainable and effective management of water in the region.

The Department of Water, the Pilbara Development Commission and BHP Billiton agreed to partner with
CSIRO to do this work and continue building the knowledge base to underpin future water resource
management in the Pilbara. CSIRO had been involved in similar assessments throughout Australia, including
in the south-west of Western Australia, so a nationally consistent, but regionally calibrated, approach was
taken in this assessment. Funding for the $3.5 million project came from $1.5 million contributions each by
CSIRO and the State Government through Royalties for Regions, and $0.5 million from BHP.

A Steering Committee consisting of representatives from the Department of Water, Pilbara Development
Commission, BHP Billiton, CSIRO and Water Corporation, and several specialist technical committees,
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provided substantial guidance to CSIRO throughout the project which had an assessment area of almost
300,000 km?.

The Pilbara Water Resource Assessment project required several innovative assessment methods to be
used, including remote sensing methods for groundwater-dependent ecosystems, hydrological
interpretations, landscape and water resources characterisations, updated numerical modelling and the
latest climate science.

The assessment indicates that the Pilbara is likely to be even hotter in the future, while rainfall patterns will
continue to be highly variable with no clear wetting or drying trends. Even so, the assessment has increased
our understanding of the climate and the water resources of the region in an otherwise uncertain
environment and with otherwise uncertain changes to the climate.

Among other things, the reports and products from the assessment will be valuable for future decisions
about water supplies and allocations in the region, and for carrying out strategic water and environmental
assessments for new mining and other developments.

As Chairman of the Steering Committee of partners, | recommend these reports to you. The information
will be helpful to the management of water in one of the hottest, driest and most economically important
regions of Australia.

A

Greg Claydon

Chairman, Pilbara Water Resource Assessment Steering Committee
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e The Pilbara is a semi-arid region that is significantly surface water limited, given annual potential
evaporation can exceed annual rainfall by more than an order of magnitude.

e There is an apparent enhancement in annual rainfall over the Hamersley Range with corresponding
lower potential evaporation, relative to the surrounding plains.

e The Assessment area mean rainfall for the baseline Historical climate period from October 1960
(shown as water year 1961) to September 2012 (water year 2012) was 334 mm/year, compared to the
long-term (1911 to 2012) mean of 299 mm/year. About 60% of annual rainfall falls between January
and March.

e An exceptionally wet 7-year period from 1995 to 2001 had a mean annual rainfall of 500 mm/year.
Western Australia experienced more tropical cyclones than average during this period.

e  The majority of climate change projections indicate tropical cyclones may become less frequent overall
but that the strongest tropical cyclones may increase in intensity and size and travel further south.

e There are linear trends of increasing annual rainfall, extreme rainfall, number of rainfall days and mean
rain day intensity for the 1961 to 2012 period in the east of the Assessment area, with opposing
decreasing trends in the western third.

e  Winter rainfall has decreased in the West Pilbara because cold fronts have progressively reached less
far north since the mid-20th century on.

e The cause for the increase in summer rainfall in recent decades may be climate change, natural
variability, aerosols emanating from south-east Asia, or some combination of these.

e On balance, projections indicate that the Pilbara may become slightly drier by 2030 and 2050 although
wetter projections cannot be discounted. There is not sufficient confidence in the projections to allow
quantification of the probabilities of the wet or dry scenarios occurring in the future.

e The median projected warming relative to the Historical climate (mid-point in 1986) is 1.5 to 1.6 °C for
2030 and 2.1 to 2.9 °C for 2050, for a medium greenhouse gas emission scenario (representative
concentration pathway (RCP) 4.5), and for a high greenhouse gas emission scenario (RCP8.5),
respectively.

e The corresponding median projected annual rainfall changes are —0.1 to —1.8% for 2030 and —-0.1 to —
2.5% for 2050, for RCP4.5 and RCP8.5, respectively.

e The selected future wet scenarios have projected annual rainfall increases ranging from 3.2% (2030,
RCP4.5) to 7.8% (2050, RCP8.5).

e The selected future dry scenarios have projected annual rainfall decreases ranging from —4.2% (2030,
RCP4.5) to —17% (2050, RCP8.5).

e The corresponding projected areal potential evaporation changes range from annual increases of 3 to
4% for 2030 and from 4 to 7% for 2050.

e Annual rainfall deficits increase for all future climate scenarios because of projected increases in areal
potential evaporation.
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This summary assesses changes to climate that have a direct and immediate effect on hydrology, as the
magnitude and timing of rainfall influence both runoff and recharge rates. Increased evaporative losses,
predominantly as a result of increased temperatures, also result in greater aridity. Analyses of climate
processes and data were undertaken to summarise and interpret the climate drivers influencing observed
climate variability and trends. The Assessment area is influenced by the Australian monsoon to the north-
east and the adjacent warm northern seas that generate tropical cyclones and tropical depressions. The
marked seasonality and large year-to-year variability of these and associated processes, together with the
strong seasonality in the temperature contrast between land and ocean, result in highly seasonal and
variable rainfall. This ranges from local-scale intermittent intense rainfall to large-scale persistent rainfall.

The Pilbara is a semi-arid region that is significantly water limited, given that annual PE can exceed annual
rainfall by an order of magnitude. The Assessment area’s 1911 to 2012 mean annual rainfall is 299 mm
(Figure 1). There is large year-to-year variability, with annual rainfall ranging from 48 mm in 1924 to 731
mm in 2000. The wettest months are January to March, producing 60% of annual rainfall. February is the
wettest month with an average of 71 mm, or 24% of the annual rainfall, and September is the driest with
an average 2 mm, or 0.6% of the annual rainfall. There are also strong spatial gradients with higher annual
rainfall over the Hamersley Range (up to 500 mm) and 100 km inland of the north-east coast (Figure 2). This
is indicative of trough line, which is preferential to thunderstorms, with advection and convergence of
moist sea breezes together with uplift from orography (Hamersley Range) and heating (e.g. the Marble Bar
region). The rainfall of the recent 1990-2012 period shows a large increase, relative to the long term, over
the north-east Canning Basin, as well as an extended region of enhanced rainfall over the Hamersley Range
(Figure 3). This shorter period contains the very wet 7-year period 1995 to 2001, and hence the increased
magnitudes reflect the influence of these extreme years.
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Figure 3 Mean annual rainfall (mm/year) for the period 1990 to 2012
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Mean annual PE across the Assessment area, calculated using Morton’s wet areal formula, ranges from
1700 mm in the south-east to over 2000 mm in the northern coastal parts (Figure 4). It most probably
underestimates the inland potential as it does not account for advection due to dry and hot inland winds.
PE varies seasonally from an average of 7.3 mm/day in December and January to 2.8 mm/day in June and
July. This results in a calculated mean annual rainfall deficit ranging between 1200 mm over the Hamersley
Range to 1750 mm along the coastline and eastern inland parts of the Assessment area. PE estimated from
Class A pan evaporation is much higher than that estimated by Morton’s formula because it is measured
from a small water body with a dry surrounding environment and accounts for wind-induced advection.
Morton’s wet areal formula is used for modelling because it can be readily estimated across the
Assessment area using available climate data. Class A pan evaporation is more applicable for estimating
evaporation from isolated water bodies such as dams and mine pit lakes.
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Figure 4 Mean annual potential evaporation (mm/year) calculated using Morton’s areal wet environment method
for the period 1911 to 2012

The magnitude and direction of long-term trends in rainfall varies across the Assessment area. Overall,
annual rainfall trends have strengthened over more recent periods compared with the long-term trends, as
highlighted by the spatial distribution of trends across different periods (Figure 5).
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Figure 5 Trends in annual rainfall (mm/year/year) for periods ranging from the last 102 years (1911 to 2012)
through to the last 32 years (1981 to 2012) for the Assessment area

The 1961 to 2012 period was identified as having somewhat larger trends than most other periods, with
rainfall increasing in the eastern parts and decreasing in the western parts of the Assessment area (Figure
6). The decrease in the west is partially attributed to a decrease in winter rainfall due to cold fronts being
displaced to the south as high pressure systems in the mid-latitude ridge intensify. There is some indication
that the trends in total rainfall are more related to trends in high intensity rainfall (particularly 99"
percentile daily rainfall) than to the number of rain days or the average rain day intensity (Figure 6).

Annual rainfall 99th percentile Number of rain days Rainfall intensity
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Figure 6 Trends for 1961 to 2012 (a) annual rainfall, (b) 99th percentile daily rainfall, (c) number of rain days >1 mm,
and (d) rainfall intensity for the Assessment area

Time trends at individual stations are shown as the cumulative difference from the mean for five high-
quality stations (Figure 7). These highlight the progressive drying (falling trend) over the early part of the
record, followed by consistent and ongoing wetting (rising trend) since the 1960s for most stations, with
particularly rapid wetting since the 1990s for the inland east (Bonney Downs) and inland central (Mount
Florance) stations. The wetting trends continue in the most recent years for three eastern and central
stations (Bonney Downs, Roebourne and Mount Florance), whereas the two westerly stations (Mardie, on
the coast, and Mount Augustus, to the south-west) show recent declines.
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The significantly wetter period of seven years from 1995 to 2001, with an average annual rainfall of

500 mm (Figure 1), experienced more frequent tropical cyclones than average. The largest increases in
monthly rainfall in the 1961 to 2012 period occurred in February, March and December — months with the
highest historical frequency of tropical cyclones.

Palaeoclimatological research indicates that the Pilbara has experienced past periods of intense aridity, and
that the recent wetter decades may be unprecedented within the last several hundred years. Past
analogues can not be directly related to current changes, however, as the rate of change caused by current
climate change is much faster than that of past natural changes.

Because many climate processes interact to affect climate across the Assessment area, the spatial
variability and trends are complex and not easily attributed to simple cause and effect. There is no scientific
consensus as to the specific cause(s) of the increasing wet-season rainfall observed in recent decades over
the north-west of Australia, including the eastern Pilbara. Possible causes of observed circulation, wind and
moisture flow changes include: (i) expansion of the tropical zone, (ii) increased atmospheric aerosol loads
over the Asian region, and (iii) sea surface temperature changes both remotely, from the tropical Atlantic
or tropical western Pacific, and regionally from the warming Indian Ocean. Changes to the future frequency
and intensity of tropical cyclones (TCs) and monsoon depressions will be relevant to the continuation of
observed trends. While one recent study concluded that the frequency of TCs could increase throughout
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the 21st century, many more studies concur with CSIRO findings of fewer but more intense TCs in the
future. Thus the weight of current understanding supports decreases in the frequency of TCs impacting the
Assessment area as more likely than increases. Several studies also show that the intensity of TCs may
increase in the future.

Global climate models (GCMs) are used for climate change projection. However, even if GCMs were able to
adequately represent all large-scale processes and their interactions, the climatic changes affecting the
Assessment area over the next several decades can not be predicted with certainty. This is because (i) it is
not easy to predict the factors influencing the rate of global change in greenhouse gas emissions, such as
the rates of economic and technological growth and their resulting emissions profiles, are not easy to
predict; and (ii) the regional response to global forcing is still highly variable across the latest GCMs. Given
this uncertainty in future climate trends, a scenario approach using projections of plausible climate futures
from many GCMs is used to account for the range of possible changes to climate baselines. The Assessment
used the latest GCM scenarios from the Fifth Coupled Model Intercomparison Project (CMIP5), as used in
the most recent Intergovernmental Panel on Climate Change Fifth Assessment Report, for medium (RCP4.5)
and high (RCP8.5) changes to radiative forcing. The RCP numbers refer to the approximate radiative forcing
levels by 2100 — that is, 4.5 W/m?and 8.5 W/m?, respectively. RCP4.5 represents increased emissions of
greenhouse gases until about 2040 and then reductions due to the implementation of mitigation, whereas
RCP8.5 represents a future with little curbing of emissions and rapidly rising greenhouse gas
concentrations.

Scenarios of daily rainfall and PE on 0.05° grid cells across the Assessment area were developed for climate
inputs into hydrological models. The historical baseline (Scenario A) is the daily data rainfall and areal PE for
the period 1961 to 2012. These series are modified according to a scaling approach to produce perturbed
versions (Scenario C), representing 2030 and 2050 climates as projected by 18 CMIP5 GCMs (Table 1).

The projections from the GCMs indicate that the largest rainfall changes result from projected decreases in
December to February rainfall under the RCP8.5 scenario in 2050. Overall the majority of GCMs project
changes within 5% of the current climate mean for both 2030 and 2050. From the ensemble of Scenario C
time series for 2030 and 2050, the RCP8.5 and RCP4.5 ensemble members that produced the 90th, 50th
and 10th percentile rainfall changes for the Assessment area are identified as the Cwet, Cmid and Cdry
scenarios, respectively.
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The projected changes to Assessment area temperature range from 1.2 to 1.8 °C for 2030 and 1.8 t0 2.9 °C
for 2050 (Table 1). Although the median projected rainfall change (relative to the 1961 to 2012 baseline) is
a relatively small 2% reduction by 2050, some scenarios project much larger changes ranging from
reductions of 17% to increases of 8% by 2050 (Table 2). Median PE projections are for increases of 3% for
2030, rising to increases of 7% for 2050 (Table 3). Thus, on balance the projections indicate that the Pilbara
may become slightly drier by 2030 and 2050. A small rainfall reduction may have a larger proportional
impact on the region’s hydrology given the known sensitivity of hydrology to small changes in rainfall as
well as the projected higher temperatures and PE. While a slight majority of models project drier and
warmer conditions, several indicate that the Pilbara could become wetter and warmer. Even though the
wetter models are in the minority, they should not be discounted, as they are often better than the drier
models at reproducing some of the large-scale climate processes influencing Pilbara hydroclimate. Thus, as
well as using the median projected scenarios, wet and dry scenarios were used to investigate the
hydrological impacts of a range of projected changes for 2030 and 2050.
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PERIOD

2030

2030

2030

2050

2050

2050

SCENARIO C RCP4.5 EMISSIONS SCENARIO

CHANGE (°C)
C30wet 1.4
C30mid 1.5
C30dry 1.6
C50wet 1.8
C50mid 21
C50dry 1.8

RCP8.5 EMISSIONS SCENARIO

CHANGE (°C)

1.2

1.6

1.8

2.1

2.9

2.7

PERIOD

2030

2030

2030

2050

2050

2050

SCENARIO C RCP4.5 EMISSIONS SCENARIO

(%) (MM)
C30wet 3.2 11
C30mid -0.1 0
C30dry -4.2 -14
C50wet 4.5 15
C50mid -0.1 0
C50dry -5.9 -20

RCP8.5 EMISSIONS SCENARIO

(%) (MM)
5.6 19
-1.8 -6
-12.6 -42
7.8 26
-2.5 -8
-17.4 =58

PERIOD

2030

2030

2030

2050

2050

2050

SCENARIO C RCP4.5 EMISSIONS SCENARIO

(%) (MM)
C30wet 3.0 57
C30mid 3.2 60
C30dry 3.8 72
C50wet 4.0 76
C50mid 4.7 89
C50dry 4.4 83

RCP8.5 EMISSIONS SCENARIO

(%) (MM)
2.2 42
3.1 59
3.8 72
4.1 77
6.6 125
6.5 123
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This report is one of a series of reports that form part of the Pilbara Water Resource Assessment (Table 1.1)
that provides a review of the current and possible future water resources of this very important part of

Australia.

TITLE

Proposed project methods

Hydroclimate of the Pilbara: past, present and future

Hydroclimate of the Pilbara: past, present and future

Hydroclimate of the Pilbara: past, present and future

Water Resource Assessment for the Pilbara

Pilbara Water Resource Assessment: Ashburton Robe Region

Pilbara Water Resource Assessment: Upper Fortescue Region

Pilbara Water Resource Assessment: Lower Fortescue Hedland Region
Pilbara Water Resource Assessment: De Grey Canning Region

Water Resource Assessment for the Pilbara

Pilbara Water Resource Assessment: Ashburton Robe Region

Pilbara Water Resource Assessment: Upper Fortescue Region

Pilbara Water Resource Assessment: Lower Fortescue Hedland Region
Pilbara Water Resource Assessment: De Grey Canning Region

Water Resource Assessment for the Pilbara

Pilbara Water Resource Assessment: Ashburton Robe Region

Pilbara Water Resource Assessment: Upper Fortescue Region

Pilbara Water Resource Assessment: Lower Fortescue Hedland Region

Pilbara Water Resource Assessment: De Grey Canning Region

TYPE

Technical
Technical
Summary
Factsheet
Regional

Regional

Regional

Regional

Regional

Summary
Summary
Summary
Summary
Summary
Factsheet
Factsheet
Factsheet
Factsheet

Factsheet

APPROXIMATE
LENGTH (PAGES)

120

120

12

4

200-300

200-300

200-300

200-300

200-300

16

12

8

16

16

In addition to reports, the Assessment has developed a number of datasets on future climate, hydrology
and environmental variables in a format that takes account of their accessibility and usefulness for later
use. Other outputs include new and updated rainfall-runoff and groundwater models. The purpose of this
report is to present background information on the climate of the Pilbara and to develop future climate
scenarios that can be compared with a defined historical baseline period. A scenario approach is used
because there is considerable uncertainty about what the future climate of the Pilbara may be, despite
recent research carried out by the Indian Ocean Climate Initiative stage 3 (I0Cl, 2012). A broad stakeholder
assessment of the vulnerabilities and potential impacts of climate change on the Pilbara has identified
water resources as an issue of concern under warmer and drier climate scenarios (Loechel et al., 2011).
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The historical record is also limited in some areas and time periods due to a paucity of meteorological
recording stations. This report synthesises what is currently known from a number of sources and identifies
deficiencies in data, its interpretation and overall knowledge. It is recognised that the review of the region’s
climate has uses beyond hydrological understanding and modelling so additional climate variables are
included for completeness.

Similar reports on the climate and possible future scenarios have been produced for the Murray—Darling
Basin by Chiew et al. (2008), for northern Australia by Li et al. (2009), for Tasmania by Post et al. (2009) and
for the south-west of Western Australia by Charles et al. (2010).

For the purposes of the Assessment, the Pilbara has been defined as comprising the Ashburton, Onslow
Coast, Fortescue, Port Hedland Coast and De Grey River Basins (as defined by the Australian Water
Resources Council) as well as the western part of the Canning Basin and sections of the Great Sandy Desert
that includes the Telfer and Kintyre mineral deposits and Karlamilyi National Park (Figure 1.1).

This includes all major river drainages and mineral deposits in the Pilbara. It also takes in the West Canning
Basin and the recharge areas to the main aquifer which is prospective for providing a water supply to towns
and mines in the East Pilbara.
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While most climate data that have been analysed in this report lie within the area shown in Figure 1.1,
climatic influences are exerted from outside this region and climate stations close to the boundary provide
important information. Oceans are an especially important influence on the area’s climate. Depending on
the purpose therefore the geographic scope of the analysis can extend well into Asia, and the Pacific and

Indian Oceans. Greenhouse gases are important forcing agents on future climate and these have a global
reach.

Analyses of the historical Pilbara climate cover the period since 1911 (Chapter 2), as meteorological
measurements from this point are comparable and easily accessible, and extend until the end of the 2011-
12 water year (i.e. 30 September 2012). Data is available from about 1880 in the Pilbara, however it is not
necessarily comparable and some is not digitised and so is not easily accessible until about 1910 when
comprehensive digitised data is available. Some palaeo-climatic data are also reviewed in Chapter 2
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because this provides a valuable perspective on long-term changes that have affected the current soils,
drainages, and biota.

Future climate projections focus on the periods centred on 2030 and 2050 which is the planning period for
many developments, management plans and mine closures. Longer-term projections can be made using
GCMs but there is increasing uncertainty the further out these projections go, especially around the level of
global emissions and the nature and extent of global feedback mechanisms.

The Pilbara has a hot and arid climate classified, according to Képpen-Geiger climate classification, as
mainly BWh (Arid, desert, hot), with the inland eastern Pilbara BSh (Arid, steppe, hot) (Crosbie et al., 2012).
Climate zones such as these are dominated by the influence of subtropical anticyclones (or highs) caused by
descending air, which are located on the descending arm of the Hadley Cell circulation (to the south of the
Pilbara). Over 80% of annual precipitation falls in the summer-autumn half of the year (December to May),
when the subtropical anticyclone has migrated further southward, and annual precipitation is much less
than annual potential evaporation in these zones.

While these climate zones are mainly hot regions around the world, some west coast deserts can be
relatively cool because of airflow from nearby cold ocean currents (e.g. the Atacama Desert in Chile which
is close to the north flowing Humboldt Current). In the Pilbara, warm waters in the neighbouring eastern
Indian Ocean from the Indonesian Throughflow and associated Leeuwin Current results in the region being
hot. Although arid, extreme rainfall can occur in the Pilbara as the result of a number of mechanisms,
explained in detail in Chapter 2.

The objectives of the climate component of the Assessment include:

1. providing a review of historical Pilbara climate averages and trends using Bureau of Meteorology data
and the Stage 3 Indian Ocean Climate Initiative (I0Cl) findings, including:

a. drivers of changes to recent rainfall
b. intensity and frequency of tropical cyclones
c. climate extremes

2. developing 2030 and 2050 climate scenarios of daily rainfall and areal potential evaporation (areal PE)
to run surface water and recharge/groundwater models

3. summarising the range of possible future climates of relevance to sectors outside hydrology where
possible.
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The Pilbara’s hydroclimate (i.e. the climatology of the variables influencing the hydrological cycle) is
characterised by extremes and high variability both spatially and temporally. According to Koppen-Geiger
climate classification the Pilbara is mainly BWh (Arid, desert, hot), with the inland eastern Pilbara BSh (Arid,
steppe, hot) (Crosbie et al., 2012). Rainfall and temperature exhibit high variability between the seasons
(i.e. high within-year, or intra-annual, variability) with occasional intense rainfall and consistently high
temperatures in summer (December to February), an autumn (March to May) transition to dry and warm
conditions throughout winter (June to August) and spring (September to November), with the western
Pilbara receiving rain in winter from southern sources. The Pilbara often records temperatures of 43 °C or
above in summer months and has recorded Australia’s highest temperature in 12 of the 20 years in the
period 1996 to 2015 (< >). The
highest maximum daily temperature recorded in the Pilbara to date is 50.5 °C at Mardie Station on 19
February 1998. There is also large year-to-year rainfall variation (i.e. high inter-annual variability) and
spatial heterogeneity with longitudinal, latitudinal and coastal to inland contrasts, influenced by the
complex topography of the Hamersley Ranges. Combined with consistently high potential evaporation, this
results in significant hydrological variability (intra- and inter-annually) and large annual water deficits across
the Assessment area. Detailed analyses of these hydroclimate characteristics are presented in Section 2.2.
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Many large-scale atmospheric and oceanic processes interact at a range of spatial and temporal scales to
influence the seasonality, inter-annual and spatial variability of climate (particularly rainfall) across the
Assessment area (Figure 2.1). The most influential processes are outlined in the following sections.

2.1.1 Subtropical ridge, frontal systems and north-west cloudbands

In winter and spring the subtropical ridge and associated belt of high pressure systems (anticyclones) are
positioned over the Australian continent directing dry easterly or south-easterly winds across the Pilbara.
This is the predominant climatic influence on the region and is responsible for the pronounced aridity. The
seasonal southward movement of the subtropical ridge sees it positioned south of the continent during late
spring, summer, and early autumn, allowing tropical systems to dominate the Pilbara’s climate in the
summer wet season.

Southern cold fronts can extend north to the Pilbara in late autumn, winter, and early spring, bringing rains
to the region, most commonly to western parts. However, the northward extent of fronts shows a long-
term decreasing trend in recent decades, possibly related to the observed southward expansion of the
Hadley Cell (Frederiksen et al., 2014; Risbey et al., 2009). Cold fronts can also interact with mid-level
moisture in the eastern Indian Ocean to create rain-bearing north-west cloudbands (NWCBs) (Tapp and
Barrell, 1984; Telcik and Pattiaratchi, 2014; Wright, 1997) although there is observational evidence that
NWCBs have reduced in frequency and influence in recent decades (G. Cook (BoM), 2013, pers. comm.) and
not all NWCBs are rain-producing systems.

2.1.2 Heat lows and thunderstorms

During the spring, summer and autumn a significant localised feature of Pilbara climate is the prevalence of
a semi-permanent low pressure ‘heat low’. The heat low is the result of location of the region and the
resulting temperature gradients, declining both to the north as a result of the relatively cooler oceanic
influence, and the south as a result of decreased solar heating. For a lot of the time it is a shallow system
not directly associated with rainfall. The persistence of these heat lows, that form preceding the monsoon
season, exhibits a coupled relationship between the strength of the monsoonal circulation and associated
heavy rainfall and (Suppiah, 1992).

The thermal uplift associated with heat lows influences the formation of convective thunderstorms of
varying size and intensity that are a frequent feature during the late-afternoon to night, occasionally
resulting in heavy rainfall and localised flooding. Thunderstorm development also depends on inland
penetration and convergence of sufficient moisture, often entrained by the afternoon sea breeze. There
has to be a sufficient depth of moisture in a conditionally unstable atmosphere to produce thunderstorms
with a low enough base for rainfall to reach the ground given the overall dry atmospheric background (M.
Pook (CSIRO), 2013, pers. comm.).

The eastern Pilbara is more prone to thunderstorms during the December to March period (Allen and
Karoly, 2013), with an annual average of more than 30 thunder-days northwest of Newman (Kuleshov et
al., 2002). There are no published studies quantifying the relative contributions of thunderstorms to Pilbara
rainfall totals, however the contribution is expected to be significant, particularly in the drier years
(Rouillard et al., 2014). Although climate model projections do not resolve such features, projected changes
in climatology indicate the potential for an increased propensity for thunderstorms to form (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).
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2.1.3 El Nifno Southern Oscillation

El Nifio Southern Oscillation (ENSO) is a coupled oceanic-atmospheric process originating in the equatorial
Pacific producing sea surface temperature (SST) and wind anomalies that influence climate variability
globally on multi-year (sub-decadal) timescales (Trenberth, 1997). ENSO is commonly quantified as the
strength of atmospheric pressure gradients across the Pacific (e.g. Southern Oscillation Index, SOI) and/or
SST anomalies in certain regions of the equatorial or near-equatorial Pacific. It has three phases —the warm
El Nifio phase, cold La Nifia phase and a neutral phase.

The large-scale variations in SST patterns related to ENSO directly influence the climate of the Assessment
area, as do indirect impacts through its influence on the variability or intensity of the other large-scale
processes interacting across tropical and subtropical Australia. The relationship between ENSO and
Australian rainfall variability is much studied, as summarised in Risbey et al. (2009) and discussed in more
detail with respect to the Assessment area in section 2.1.9.

2.1.4 Monsoon

The Australian Monsoon is the predominant annual variation in tropical large-scale circulation that brings
the wet season to northern Australia. It results from the seasonal oscillation of warm tropical oceans across
the equator following the cycle of solar radiation maximum. This changes the wind direction from the
south-easterly tradewinds of the dry season to a north-westerly flow that draws in moisture to northern
Australia (McBride, 1998).

The monsoon season is most commonly observed across northern Australia from December to March, with
high variability in the timing, extent and intensity of rain due to oscillations between ‘active’ and ‘break’
monsoon phases. Low pressure systems, ‘monsoon depressions’, are frequently generated along the trough
line and these systems are dominant rainfall producing systems commonly associated with heavy rain.
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Monsoon depressions contribute to summer rainfall in the Pilbara more frequently in the east than the
west, are often modulated by the Madden-Julian Oscillation, as well as frequently influencing tropical
cyclone genesis (Wheeler and McBride, 2005).

A stronger monsoon circulation is associated with an increased frequency of monsoon depressions and
tropical cyclones and rainfall variability is strongly tied to the active/break cycle of the monsoon on intra-
seasonal scales and large-scale influences, such as ENSO, on inter-annual timescales. Smith et al. (2008)
found that long-term trends in total wet season rainfall and average intensities coincide (i.e. either both are
going up or both going down together) across northern Australia, bit found no evidence that these trends
were related to changing monsoon season lengths.

2.1.5 Madden-Julian Oscillation

A dominant feature of rainfall variability in the tropics is a global-scale atmospheric circulation and moist
convection wave that propagates eastward across the equatorial Indian and Pacific oceans with an average
speed of 400 km/day, resulting in a local periodicity of 30 to 60 days (Zhang, 2005). It was first documented
by Madden and Julian (1972) and hence is known as the Madden-Julian Oscillation (MJO). The MJO
interacts at various scales to influence ENSO, the monsoon circulation, and tropical cyclone genesis.

Over northern (tropical and subtropical) Australia during the monsoon season, the MJO produces ‘active’
and ‘break’ phases in convective activity that respectively enhance or suppress rainfall. The enhanced
convection of the 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). Wheeler et al. (2009) produced composite maps of the MJO contribution to
enhanced rainfall (upper tercile weekly rainfall) across Australia for all seasons, showing active MJO phases
in December-January-February (DJF) enhance rainfall across most of the Pilbara (for the western, coastal
and eastern but not central inland Pilbara) and in the March-April-May (MAM) period for the western
coastal Pilbara only. Hall et al. (2001) investigated the influence of MJO on tropical cyclone activity,
concluding that particularly for the Western Australian region there is enhanced genesis of tropical
cyclones corresponding with enhanced MJO convection (i.e. the active phase of MJO). The relationship is
stronger still during El Nifio events. As well as enhanced convection, the MJO cycle also enhances large-
scale processes influencing TC formation such as enhanced low-level vorticity (Hall et al., 2001). Figure 2.3
shows fluctuations in Outgoing Longwave Radiation (OLR) associated with periods of above and below
average cloudiness caused by MJO ‘pulses’ as they move across northern Australia.
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Zhang (2005) noted the poor performance of the then current (circa 2005, i.e. CMIP3) climate models in
simulating realistic MJO characteristics. An updated assessment of CMIP5 GCMs by Hung et al. (2013)
concluded that although there has been general improvement with greater realism in CMIP5 models than
in CMIP3 models, only one-third reproduce realistic MJO periodicity and they also tend to overestimate
precipitation persistence (i.e. wet periods last too long). Only one of the 20 GCMs assessed, CNRM-CM5,
reproduced a realistic eastward propagation of the MJO.

2.1.6 Tropical cyclones and depressions
Tropical cyclones (TCs), i.e. intense tropical depressions, are a major source of large-scale rainfall across the

Pilbara (Lavender and Abbs, 2013). The largest volumes of rainfall received by the Assessment area are
invariably a result of TCs crossing the Pilbara coast (Dare, 2013) [although there are also many localised
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flooding events that are not directly correlated with the incidence of TCs; ~50% according to Rouillard et al.
(2014)1.

Kuleshov (2012) emphasised the dominant role that ENSO exerts on the year-to-year variability in TC
genesis and development through influencing SST distribution, relative humidity and vorticity. Analysing a
1969 to 2006 database, Kuleshov (2012) observed increased TC genesis during La Nifia episodes off the
coast of northwest Australia (centred around 15 °S, 120 °E) resulting from positive SST and relative
humidity anomalies and cyclonic vorticity anomalies. Ramsay et al. (2008) also concluded that ENSO-related
Pacific SST anomalies influence TC frequency in the Australian region through an ‘atmospheric bridge’
resulting in enhanced low-level vorticity and reduced vertical wind shear.

The TC season in the southern hemisphere is generally from November to April (Kuleshov, 2012). For the
east southern Indian Ocean (ESIO, defined by the longitude range 80 to 135 °E) during La Nifia episodes
there is a double peak, in December and March, in the number of days with TC activity (‘TC days’) 50 to
100% higher than in El Nifio or neutral phases. TC frequency peaks in March for all three ENSO phases.
Within the ESIO, there is a ‘hot spot’ in TC genesis and TC days to the north of the Pilbara and west of the
Kimberley (Dowdy and Kuleshov, 2012). Liu and Chan (2012) also found that the tropical Indian Ocean off
the Western Australian coast has more prominent TC activity than other regions and that the inter-annual
variability is related to ENSO with a doubling of the annual number of TCs in La Nifia years from the
frequency in El Nifio years. A relationship with the Indian Ocean Dipole (I0D) was also found for the eastern
Australian region (due to enhanced negative cyclonic relative vorticity when La Nifia and negative 10D
events coincide) but not for the Western 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, changes in observation
technologies and analysis techniques (Kuleshov, 2012). Harper et al. (2008) reanalysed the TC dataset for
the north-west region (for Woodside Petroleum Ltd.) 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. Goebbert and Leslie (2010) used the TC dataset compiled by Harper et al. (2008) to
investigate trends and possible predictors of TC inter-annual variability for the northwest. They found that
commonly assessed global modes (including Nifio-3.4, Niflo-4, Southern Oscillation Index, Northern
Oscillation Index, North Atlantic Oscillation, Pacific-North American pattern, Pacific decadal oscillation,
Arctic Oscillation, Quasi-Biennial Oscillation, 10D index) were not significantly correlated with the variability
of TC frequency or duration. Kuleshov et al. (2010) used 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. Dowdy (2014)
examined TC frequency in the Australian region for the seasons 1981/82 to 2012/13 and, after accounting
for the variability associated with ENSO, determined that there has been a significant decrease in TC
numbers over this period (at a 0.93 to 0.98 confidence level).

Dare et al. (2012) undertook a detailed analysis of the influence of tropical cyclones on Australian rainfall,
investigating both the magnitude and variability of spatial influence for TCs that crossed the coast and
those that came within 500 km of the coast without crossing. Investigating TC counts for 5° longitudinal
bands across the northern Australian coastline over 41 seasons (1969/70 to 2009/10) showed that the
Pilbara coast has experienced the greatest number of TCs of any region in Australia, on average four per
year with three crossing the coast. While the contribution of TCs to Pilbara rain rates is not the highest
across the continent in absolute terms it is the highest in percentage terms, contributing 25 to 34% of mean
November to April rainfall. TCs that make landfall in the Pilbara have the greatest inland penetration
nationally, contributing up to 21% of November to April rainfall up to 450 km inland. The 115 to 120 °E band
has the largest distance at which the inland TC rain rate falls to half the coastal rain rate (~250 km).

The seven-year period with the highest rainfall across the Pilbara (1994/5 to 2000/1) contains several
seasons with above average numbers of TCs. The rainfall and number of TCs influencing the Pilbara during
this exceptionally wet period are summarised in Table 2.1.

Chapter 2 Pilbara climatology | 11



WATER YEAR WATER YEAR NOV-APR ALL NOV-APRTC % TC RAINFALL TC COUNT?

(Oct-Sep) RAINFALL (mm)'  RAINFALL (mm)>  RAINFALL (mm)’ OF ALL (%)’

1994/95 500.5 392.1 107.0 27 2
1995/96 301.5 202.6 118.9 59 6
1996/97 543.6 434.0 52.3 12 3
1997/98 316.1 90.8 2.7 3 2
1998/99 611.0 552.2 132.4 24 5
1999/00 708.4 656.6 236.1 36 8
2000/01 391.0 326.1 76.7 24 4

1 SILO datadrill averaged over Pilbara Assessment area; 2: for TCs contributing to rainfall in the 115-120 °E by 20-25 °S grid box.

Source: 115-120 °E by 20-25 °S grid box TC rainfall and TC count from R. Dare (BoM, 2013, pers. comm.)

The consecutive seasons of 1998/99 and 1999/00 saw the highest rainfall totals on record and are also both
La Nifia years. Given that rainfall in these years would have undoubtedly produced a large hydrological
impact in the region, it is of interest to summarise the TCs that influenced the Pilbara during these two
seasons.

The 1998/1999 season has been noted as particularly active, with Leslie et al. (2002) concluding that the
above average number of TCs and the number of unusually intense TCs making landfall (three Category 5
TCs) can be attributed to favourable precursors to the development of tropical cyclones (cyclogenesis).
These include anomalies in mean sea-level pressures (MSLP) (lower than average), SSTs (warmer than
average), relative humidity (higher than average) and weak wind shears in the genesis regions. Five TCs
contributed 24% of November to April rainfall in the 115 to 120 °E by 20 to 25 °S grid box encompassing
most of the Pilbara Assessment area (R Dare (BoM), 2013, pers. comm.).

The BoM Western Australia Tropical Cyclone Season Summary for 1998/1999
( ) notes that moderate La Nifia conditions had
been preceded by El Nifio conditions. The TCs of note, in chronological order, were:

1. 02/12/1998 to 07/12/1998. Severe Tropical Cyclone Billy formed north of Port Hedland reaching
cyclone intensity as it tracked southwest towards the west Pilbara coastline, weakening to cross as a
tropical low near Onslow.

2. 06/12/1998 to 12/12/1998. Severe Tropical Cyclone Thelma was the most intense TC in the Northern
Region in the last 35 years reaching its peak as a Category 5 in the Timor Sea before weakening as it
crossed the northwest Kimberley coast.

3. 15/03/1999 to 20/03/1999. Severe Tropical Cyclone Elaine intensified to severe cyclone strength well
off the WA coast before moving south and weakening, crossing the coast between Geraldton and
Kalbarri on 20 March, then flooding Moora.

4. 16/03/1999 to 23/03/1999. Severe Tropical Cyclone Vance reached Category 5 overnight 20 March,
and crossed 25 km to the east of Exmouth on the morning of 22 March causing severe beach erosion.
Learmonth Meteorological Office, 35 km south of Exmouth, recorded a record wind speed gust for the
Australian mainland of 267 km/hour.

5. 02/04/1999 to 07/04/1999. Severe Tropical Cyclone Gwenda was near Category 5 on the 6 April before
weakening when within 100 km of Port Hedland, crossing 50 km to the east of Port Hedland.

The tracks of these TCs are shown in Figure 2.4.

12 | Hydroclimate of the Pilbara: past, present and future


http://www.bom.gov.au/cyclone/history/wa/1999.shtml

! | | e R e
Q0.00E Lo0.00E 110.00E 130.90E ~ 1Z0.00E y
I

¢
) JTQ:J:%W S w}?ﬁ {7

—10. =
Hamish Zelia Cathy ! Frederic™ NDA..
- Damien gL
| ——
<] / BILLY
—20.003
—20.003

Source: (Bureau of Meteorology, 2013b)

The 1999/2000 season was even more active than the previous 1998/99 season, with 8 TCs contributing to
the wettest year on record for the Pilbara. These 8 TCs contributed 36% of November to April rainfall in the
115to 120 °E by 20to 25 °S grid box encompassing most of the Pilbara Assessment area (R. Dare, pers.
comm., 2013).

The BoM Western Australia Tropical Cyclone Season Summary for 1999/2000

( ) notes the rapid onset of (moderate) La Nifia
conditions from October 1999 influenced both the number of TCs and the overall wet season rainfall. The
TCs (and one significant tropical low that did not develop into a TC) in chronological order were as follows
(with their tracks shown in Figure 2.5):

1. 09/12/1999 to 17/12/1999. Tropical Cyclone llsa crossed at Eighty Mile Beach on 17 December 1999
after a long track eastwards across the Indian Ocean.

2. 09/12/1999 to 16/12/1999. Severe Tropical Cyclone John was Category 5 just before it crossed the
coast between Port Hedland and Karratha on 15 December 1999. A maximum wind gust of 210 km per
hour was recorded at Cape Lambert.

3. 21/01/2000 to 23/01/2000. Tropical low tracked towards Pilbara coast but did not develop into a TC.

4. 24/01/2000 to 01/02/2000. Tropical Cyclone Kirrily moved towards the WA coast reaching Category 2
before turning and tracking southwest before weakening below TC strength.

5. 29/02/2000 to 08/03/2000. Severe Tropical Cyclone Norman formed from a Kimberley low and reached
Category 5 on 2 March during its 3-day westward track approximately 250 km from the Pilbara coast.

6. 05/03/2000 to 09/03/2000. Tropical Cyclone Steve reformed west of Broome on 5 March after crossing
the continent. It tracked very close to the Pilbara coast before crossing in the western Pilbara near
Mardie at midnight on 6 March. Very heavy rainfall resulted in widespread flooding including the
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Fitzroy, De Grey, Gascoyne and Murchison River catchments. Rainfall totals ranged from

200 to 300 mm for parts of the western Pilbara and northern Gascoyne. Several sites reported daily
rainfall amounts that were the highest on record such as Mandora (281.0 mm on 6 March) and Mount
Narryer (152.0 mm on 10 March).

7. 15/03/2000 to 19/03/2000. Tropical Cyclone Olga tracked west southwest parallel to the Kimberley and
Pilbara coasts reaching Category 2 before weakening well to the west.

8. 13/04/2000 to 20/04/2000. Severe Tropical Cyclone Paul tracked westerly 1000 km north of the Pilbara
coast reaching Category 5 on 15 April then continuing west slowing and weakening.

9. 17/04/2000 to 21/04/2000. Severe Tropical Cyclone Rosita crossed the west Kimberley coast as a
Category 5 cyclone 40 km south of Broome on 20 April 2000 then moved southeast.
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Although there is a relationship between the number of cyclones per season and rainfall totals, there is not
a strong linear correlation as shown in Figure 2.6. While there is little long-term trend in the inter-annual
variability in the frequency or intensity of TCs in the Pilbara region in the most recent decades (Goebbert
and Leslie, 2010; Hassim and Walsh, 2008) there is large inter-annual variability in the proportion of Pilbara
rain that comes from TCs, ranging from 0% to 86% of November to April total rain from TCs for the

110to 115°E and 115 to 120 °E longitudinal bands analysed by Dare et al. (2012), the highest variability
nationally. However given that on average only a third of November to April rainfall in the Pilbara results
from TCs, it is not always the case that a season with a low contribution from TCs is necessarily a drier year.
For example, the coefficient of determination (R?) between November to April total rainfall and TC rainfall
for the 5° x 5° grid box over the Pilbara (115 to 120 °E and 20 to 25 °S) for 1969/70 to 2010/11 is only 0.08.
Thus while TC rainfall may dominate in some years the non-TC contributions to total rainfall are on average
greater, be they large-scale tropical depressions or smaller scale convective storms.
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Lavender and Abbs (2013) compared the contribution of tropical cyclones and closed-lows® to Australian
rainfall trends by analysing precipitation efficiency (i.e. amount of rainfall per TC or closed-low day) for TCs
for 1970-2009 and closed-lows for 1989-2009. Detailed descriptions of the databases used to determine TC
and closed-low rainfall are given in Lavender and Abbs (2013). They found TC-days contributed between

20 to 35% of annual rainfall and over 40% of extreme rainfall events (i.e. above the 99th percentile) for the
Pilbara coastline with maxima of TC influence on extreme rainfall centred near Port Hedland. Consistent
with other studies they find no trends in frequency of TCs over northwest Australia and very little trend in
the percentage of annual rainfall contributed by TCs with some areas showing a slight increase and some a
slight decrease. Thus the increasing trend in total rainfall in the northwest, of 2.85 mm per year across the
1970 to 2009 period, is mostly contributed by non-TC rain (2.25 mm per year). The closed-low analysis of
the shorter 1989 to 2009 period found a much larger trend, 8.22 mm per year, from combined TCs and
closed-lows, in annual rainfall of which 5.79 mm per year was contributed by closed-lows. As there was
little trend in closed-low days (i.e. frequency of closed-lows) there was necessarily an increase in rainfall
per closed-low day, i.e. an increase in rainfall efficiency, over the northwest as a whole. For the Pilbara
region there was a small positive trend in TC precipitation efficiency (although not statistically significant at
the 90% level) and no apparent trend in closed-low efficiency (for non-TC closed-lows or all closed-lows, i.e.
including TCs).

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

! Defined by Lavender and Abbs (2013) as systems with a low-pressure centre at any of five atmospheric levels (the surface, 850, 700, 500 and 300
hPa) that last for more than 48 hours. Include tropical cyclones, tropical depressions, cut-off lows and mid-latitude lows.
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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/high-impact) 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; 10CI, 2012) have used multiple levels of dynamical downscaling. Firstly, CSIRO 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 tropical cyclone-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 during El Nifio and La Nifia 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, focussed 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% in within 300 km of the TC centre and 23% within 200 km (IOCl, 2012).

While one recent study, downscaling six CMIP5 GCMs, concluded the frequency of TCs could increase
throughout the 21° 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 20"
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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2.1.7 Indian Ocean Dipole

As a moisture source and as the source of thermal energy for tropical cyclone growth a warmer Indian
Ocean (positive SST anomalies) is associated with enhanced rainfall and cooler SSTs (negative anomalies)
are associated with reduced rainfall. The IOD is a major pattern of Indian Ocean SST variability that impacts
on Australia’s rainfall. The IOD is expressed as contrasting SST anomalies between the western and eastern
equatorial Indian Ocean (Saji et al., 1999). The 10D is calculated using the Dipole Mode Index (DMI) which is
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 (Figure 2.7). This contributes to drier conditions 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 southern Australia.
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The 10D interacts with ENSO to further enhance or suppress rainfall but the relationship is complicated and
the key dependencies have yet been fully resolved. As IOD events typically develop through winter (JJA)
and peak in spring (SON) they have some correlation with Pilbara rainfall in winter but little correlation with
spring (see Figure 3 in Cai et al. (2009); Figures 3 and 6 in Cai et al. (2011b)). However as these seasons
contribute a small proportion of total annual rainfall the influence of 10D is likewise small. The shift
towards a greater frequency of positive IOD events during the last 30 years is hypothesised to be a causal
factor in the drying trend seen in south-eastern Australia’s winter and spring rainfall (Cai et al., 2009).

2.1.8 Other drivers

Recent research linking tree-ring chronology to increased summer-autumn rainfall over the Pilbara
(O'Donnell Al et al., 2015 (submitted)) suggests there is a signal from the Southern Annular Mode (SAM,
the north—south movement of the westerly wind belt that circles Antarctica). A mechanism by which SAM
influences storm tracks leading to increased spring-autumn precipitation in the Australian subtropics is
described by Hendon et al. (2014).
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2.1.9 Rainfall relationships with large-scale processes

The rainfall climatology of the Pilbara results from interactions between the large-scale processes
(described above) and localised features such as convective storms. There are trends of increasing rainfall
across a significant proportion of northern and central parts of the western half of the Australian continent,
including the eastern Pilbara region, since the middle of the twentieth century (Berry et al., 2011). In
contrast, the western Pilbara has experienced long-term rainfall declines (predominantly in the May to
October half-year since the 1960s, as shown later) linked to reduced frontal rainfall from southern sources.
These historical spatial and temporal rainfall properties are presented in detail in sections 1.1.1 and 2.2.3.

An Australia-wide study by Schepen et al. (2011) is insightful when examining the key climatic drivers of
regional rainfall variability of relevance to the Pilbara region. Thirteen monthly climate indices of
atmospheric or oceanic conditions (Table 1 in Schepen et al.) were assessed as potentially useful predictors
for seasonal rainfall. There was little predictive power for the Pilbara from any of the indices for the MAM,
JJA or SON seasons whereas DJF showed a positive to very strong supportive evidence from two Indian
Ocean SST indices, the Indonesia index ‘Il’ of SST anomalies over the Indonesian Seas (defined as average
SST anomaly over 120 to 130 °E and 0 to 10 °S), and the Indian Ocean East Pole index (EPI), defined as
average SST anomaly over 90 to 110 °E and O to 10 °S.

Taschetto and England (2009) reviewed rainfall trends in Australia for the period 1970 to 2005. Trends in
OLR, Sea-Level Pressure (SLP) and divergence at the 200 hPa level indicated increased convection
consistent with the increased DJF rainfall over the eastern Pilbara. Daily rainfall distributions were found to
shift to higher intensities in DJF and MAM during the 1990s compared to the 1970s. Very heavy events in
particular have positive trends in the eastern Pilbara for DJF and MAM, which they suggest result from
convective systems rather than large-scale rainfall systems. Changes to the monsoon trough are
hypothesised to be the cause of these rainfall changes.

Risbey et al. (2009) emphasise 10D, MJO and ENSO as the dominant drivers of rainfall variability on
seasonal to inter-annual timescales in the Australian tropics and that these drivers are not independent,
with ENSO influencing the others (particularly I0D). Using long-term records (1889-2006) they find ENSO
(SOlI) is positively correlated with Pilbara rainfall in DJF, eastern Pilbara rainfall in JJA, and uncorrelated in
MAM and SON. I0OD was found to be not significant for Pilbara rainfall variability given its season of
influence is June to October, and MJO has its strongest influence on monsoonal rains.

Most studies of northwest rainfall trends have focussed on the regions to the north of the Pilbara (e.g.
Kimberley and Northern Territory), where the rainfall trends are stronger and thus there have been few
studies that have investigated Pilbara rainfall directly. Fierro and Leslie (2012) analysed correlations
between rainfall for a larger region including the Pilbara (an box between latitudes 20° and 30°S, and
longitude 120°E and the coast) and indices related to climate drivers such as ENSO and related atmospheric
circulation anomalies. Five of their ten stations were in, or close to, the Pilbara, i.e. coastal stations Port
Hedland and Exmouth Gulf and inland stations Coolawanyah, Mulga Downs and Mount Augustus. They
determined ENSO has been the dominant factor in the summer (November to April) rainfall increase,
consistent with La Nifia years being more frequent in the period with increased rainfall (as noted above, La
Nifia years are associated with an increased frequency of tropical cyclones). For winter (May to October)
rainfall, they found the strongest relationship with 10D phase (i.e. greater rainfall during negative phases of
I0OD and vice versa). Investigating associated circulation anomalies, Fierro and Leslie (2012) attribute the
increasing Pilbara summer rainfall to increased onshore advection of moist tropical air as a result of a shift
from once strong anticyclonic anomalies to now weak cyclonic anomalies. For winter, the recent marginal
drying trend was attributed to winds shifting from a strong onshore component in the 1960s and 1970s to a
weak offshore component during the decade to 2010. These regional scale circulations anomalies can, in
turn, be related to hemispherical scale trends in circulation processes that are consistent with forcing from
external factors (i.e., external radiative forcing, including anthropogenic greenhouse gases, ozone, aerosols
and land use change) as proposed by Frederiksen and Grainger (2015).

Rotstayn et al. (2012) used a GCM (CSIRO Mk3.6) to model the role that aerosols (more specifically, the
Asian aerosol haze) may have had on northwest Australian rainfall trends, proposing a mechanism by which
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the cooling effect of aerosols across the South-East Asian region increases cyclonic (clockwise) circulation
over the Indian Ocean, leading to more moisture being transported towards northwest Australia by
strengthened monsoonal winds. However, given the results were only based on one GCM, they state this
interpretation should be treated as a hypothesis at this stage until tested by multiple models.

Lin and Li (2012) suggest that the observed increase in north-west Australian summer rainfall may be
partially explained by a remote teleconnection with the tropical Atlantic. The mechanism involves increased
tropical Atlantic sea surface temperatures producing enhanced atmospheric accent, promoting the south-
eastward propagation of a Rossby wave train that produces anomalies in upper tropospheric geopotential
heights over Australia. This results in enhanced ascent and convergence in the lower troposphere over
Australia, with associated increased rainfall in north-west Australia. In addition to this tropical Atlantic
teleconnection, a relationship has also been proposed between warming sea surface temperatures in the
tropical western Pacific to the north of Australia and north-west Australian summer rainfall increases since
1979 (Li et al., 2013). In this process, tropical western Pacific sea surface temperature warming results in
the formation of a large cyclonic anomaly across the whole of northern Australia with the resulting low sea-
level pressure correlated with more rainfall, cloud and surface evaporation (and hence land surface cooling)
over the region. Li et al. (2013) conclude that this increase in tropical western Pacific sea surface
temperatures is the dominant driver of increasing northern Australia summer rainfall trends over the

1979 to 2010 period. As yet there is no clear understanding as to how these proposed driving factors have
combined to produce the observed trends, or which are likely to dominate in the future (Cai et al., 2011a; Li
et al., 2013; Lin and Li, 2012; Rotstayn et al., 2012).

The majority of CMIP3 GCMs project a drying trend over NWA, at odds with the recently observed trends.
Cai et al. (2011a) determined that of 24 CMIP3 models only nine projected an increasing rainfall trend with
all modelled trends found to be much weaker that the observed trends (for 1950 to 2008). Cai et al. (2011a)
also cautioned against the use of the driest projections as they are a result of model biases in the location
of ENSO. That is, the observed teleconnection between ENSO and northeast Australia is shifted too far west
in some models, erroneously affecting NWA rainfall trends, and thus these models produce unrealistically
strong future NWA rainfall reductions. Whether this issue is still a problem with CMIP5 simulations is yet to
be assessed. Catto et al. (2012) concluded that most CMIP5 models fail to reproduce the strong correlation
between ENSO (Nifio 3.4) and northern Australia SST seasonal cycles (two exceptions were NorESM1-M and
CNRM-CM5). Some aspects of simulated ENSO are improved over CMIP3, whereas north Australian SST
evolution has not, indicating that the CMIP5 models ‘are still missing some underlying process or
mechanism’ (Catto et al., 2012).

In summary, the above studies emphasis that Pilbara rainfall variability is driven by interactions between
the key large-scale processes described above and these interactions are complicated and not fully
understood. ENSO, the monsoon, MJO, and tropical cyclones appear to be the main factors that combine to
produce the observed frequency and intensity of wet years. Their variability and trends are thus the
dominant drivers of the observed rainfall trends discussed later.

2.2.1 Datasets

The Bureau of Meteorology only classifies six stations as providing high-quality rainfall data in the Pilbara
region (< >). As six stations would not be sufficient to
explore the climate variability and trends for such a large area, more stations are used to explore the
spatial differences using the SILO dataset, a comprehensive archive of Australian rainfall and climate data
constructed from ground-based observational data (Jeffrey et al., 2001). Station-based datasets are
available for approximately 4600 locations across Australia, commencing in 1890 for rainfall and 1957 for
other climate variables. The network of stations recording daily weather has changed over time, with
rainfall recorded at more stations than other climate variables. Automatic weather stations were
introduced into the Bureau's network from the early 1990s, and the associated tipping bucket rain gauges
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(TBRG) generally augmented the network, though the network of TBRGs is much sparser than that of the
manual gauges. The reliability of extreme daily rainfall recordings can be questionable due to the overflow
of gauges and potential undercatch because of high winds during tropical cyclone events, though the
former problem is not an issue with the more recent TBRGs. Thus it is important that trends in extreme
daily rainfall in the SILO data are interpreted with caution due to these observational concerns. That is,
trends in extreme daily rainfall in the SILO data may be a result of observational equipment changes rather
than any intensification due to climate trends.

The station data have been used to produce interpolated surfaces on a regular 0.05° grid extending from
latitude 10 °S to 44 °S and longitude 112 °E to 154 °E. A thin plate smoothing spline was used to interpolate
daily climate variables, and ordinary kriging was used to interpolate daily and monthly rainfall (Jeffrey et al.,
2001). Thus two datasets are available from SILO: the Patched Point Dataset (PPD) for locations and the
Data Drill gridded data at 0.05° resolution ( ). The PPD are
observed data when available from BoM stations with missing or suspect values ‘patched’ with interpolated
data. Patched data is valuable for modelling studies, saving the user the task of dealing with missing data.
The missing data are filled (‘patched’) with interpolated values from other stations nearby. The PPD would
typically be used when an analysis or simulation is needed at or close to a meteorological station. However,
if an analysis is required for a location that has no meteorological station nearby or for spatial analysis, then
the Data Drill is the more useful product.

There are 93 PPD stations within or around the Assessment area (Figure 2.8) and about 10,000 0.05° grid
cells. Daily rainfall comes with a source code to indicate its source (Table 2.2). The ideal situation is to
investigate the trends and variability with ‘real’ observations only, i.e. a source code 0. An exploratory data-
quality check (Figure 2.9) shows that: 1) it is very hard to detect trends using observed rainfall only; and 2)
it is better to investigate starting from 1910, instead of 1900, as there are very limited observations before
1910.

Limitations in the data due to the changes in the observational network (i.e. stations opening and closing
over time), changes in observational practises (such as the move from manual to automated weather
stations) mean that the trends and spatial patterns presented in the following sections should be
interpreted with caution as they could be influenced by data availability and quality changes rather than
solely changes in climate. For example, trends in the east of the Assessment area are derived from very few
stations east of the Nullagine River (Figure 2.8).

VALUE MEANING

0 Official observation as supplied by Bureau of Meteorology (may come from a volunteer)

13 Official observation that was from a period > 1 day, redistributed to daily data using daily observations from
a comparable station

15 As for 13, but redistributed using interpolated data (see code 25)

23 Comparable station, official observation supplied by the Bureau of Meteorology

25 Interpolated from daily observations for that date

26 Synthetic Class A pan evaporation, calculated from interpolated temperatures, radiation and vapour
pressure

35 Interpolated from daily observations using anomaly interpolation method for CLIMARC data

75 Interpolated from the long-term averages of daily observations for that day of year

Source: (The Long Paddock, 2011)
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Figure 2.8 Assessment area showing the six high-quality Bureau of Meteorology stations and 93 PPD stations
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2.2.2 Climate variable characteristics

Rainfall

The mean annual rainfall in the Pilbara region generally decreases from 300 to 350 mm in the north to less
than 250 mm in the south (Figure 2.10, 1911 to 2012 average). However, elevated inland areas tend to
receive higher annual totals with some locations in the Hamersley Ranges averaging over 500 mm per year
(Figure 2.10). A comparison with elevation emphasises the orographic influence (Figure 2.11). Orography
combines with high temperatures and moisture convergence to produce preferential conditions for
thunderstorm activity, as was seen in the location of maximum thunder-days in Figure 2.2. A line of higher
rainfall from the northeast corner of the Assessment area to the Hamersley Ranges is probably also related
to favourable conditions for evening thunderstorm development, following daily advection of low-level
moisture from the coast and high temperatures producing uplift.

Port Hedland

Mean annual rainfall mm/y
125 250
250 300 350 400 1 | |

B | [ [T Kilometres

<250 275 325 375 425 >450

Figure 2.10 Mean annual rainfall (mm/year) for the period 1911 to 2012

The January to March period receives 60% of the annual total rainfall (Figure 2.12), with February the
wettest month (with an average of 71.4 mm, or 23.9% of the annual total) and September the driest month
(1.8 mm or 0.6% of the annual total). This monthly distribution supports the use of the 1st October to 30th
September as the water year for the Assessment as discussed later. The western and south-western sub-
regions may have a double peak in their monthly rainfall distribution (e.g. station 5017 Onslow Airport -

Figure 2.13).
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Figure 2.11 Elevation of Assessment area (m)
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Figure 2.12 Assessment area monthly rainfall (mm) for the period 1911 to 2012 (range is the 20" to 80™ percentile
monthly rainfall)
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Temperature is important for hydroclimate assessment as it influences the evaporation rate. January is
generally the hottest month of the year in the Pilbara, although in some northern inland and coastal parts
December has the highest mean maximum temperature (Figure 2.14). Monthly means of daily maximum
temperature for January in southwest and eastern portions are mostly greater than 39 °C, and at Marble
Bar the average is 41 °C (Figure 2.15). Elevated and near-coastal locations have slightly lower monthly mean
daily maximum temperatures; however, these are still generally above 35°C (Figure 2.15). The temperature
is several degrees lower in the Hamersley Ranges, corresponding with its increased rainfall (Figure 2.11).
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Figure 2.14 Monthly means of daily minimum (Tmin), mean (Temp) and maximum (Tmax) temperatures for the
period 1911 to 2012
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Figure 2.15 Monthly mean of January daily maximum temperature for the period 1911 to 2012

Temperatures above 45 °C have been recorded at most sites in the months from November to February
and the highest official temperature recorded in the region, as well as in Western Australia, is 50.5 °C at
Mardie on 19 February 1998. Although Marble Bar does not hold the record for the highest temperature in
the state, its 160 consecutive days with maximum temperatures equal to or greater than 37.8 °C (or 100 °F)
from 31st October 1923 to 17th April 1924 supports its claim of being the hottest town in Australia.
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The monthly mean of daily minimum temperatures is lowest in July, when the minima range from 5 to 6 °C
in the south of the Assessment area, and increase northward to between 13 and 15 °C in near-coastal parts
(Figure 2.16). The Hamersley Ranges experience a modest cooling effect.

Temperatures below zero are generally confined to the far south of the Pilbara. Newman Airport, with six
years of observations, has an average of eight days per year with minimum temperatures below zero. The
lowest recorded temperature in the Assessment area has been —2.2 °C, at Nullagine on 20 July 1965.
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Figure 2.16 Monthly mean of July daily minimum temperature for the period 1911 to 2012

Wind

For much of the year, particularly in the cooler months, the region is under the influence of the east to
south-easterly trade winds, but during spring, these winds weaken as the semi-permanent inland heat low
develops in the Pilbara. Thus through the warmer months, inland winds tend to be variable whereas in
near-coastal parts afternoon sea breezes are dominant. Sea breezes can occur all year round but are most
pronounced in the warmer months. This can be seen in the contrasting wind roses for Port Hedland (a
coastal location) and Newman (an inland location), with the 3 pm Port Hedland winds dominated by
onshore north or north-west winds whereas Newman experiences dominant east and south-east winds at
9 am and 3 pm in both winter and summer half-years (Figure 2.17).

Strong winds can occur in the afternoon summer sea breezes and also in east to south-easterly wind surges
in the winter months. These surges are more likely to occur in the morning when a high pressure system
quickly moves eastward into the Great Australian Bight. The highest wind gust recorded in the Assessment
area is 267 km per hour at both Varanus Island on 10 April 1996, from Tropical Cyclone Olivia, and at
Learmonth on 22 March 1999 from Tropical Cyclone Vance.
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Figure 2.17 Wind roses for Port Hedland (a to d) and Newman (e to h). (a/e) and (b/f) are 9am and 3pm for May to
September and (c/g) and (d/h) are 9am and 3pm for October to April for the respective stations

Source: (Bureau of Meteorology, 2012b)
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Figure 2.17 Wind roses for Port Hedland (a to d) and Newman (e to h). (a/e) and (b/f) are 9am and 3pm for May to
September and (c/g) and (d/h) are 9am and 3pm for October to April for the respective stations (continued)

Source: (Bureau of Meteorology, 2012a)

Relative humidity

The Pilbara region is one of the driest areas of Australia in terms of the lack of water vapour in the air. The
mean relative humidity is 35 to 40% for more than half of the Assessment area (Figure 2.18). The relative
humidity can be 50 to 55% along the coast decreasing to less than 40% in most inland areas (Figure 2.18).
The mean annual relative humidity at 3pm is generally 10 to 15% lower than the corresponding 9 am
readings.

Average relative humidity has a double peak in February (48%) and June (47%), and is lowest in October
(32%). This winter peak is more a function of the cooler temperatures rather than increased atmospheric
moisture. The fluctuation between the highest and lowest monthly values is about 15 to 20% (Figure 2.19).
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Figure 2.18 Mean relative humidity (%) for the period 1911 to 2012
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Figure 2.19 Monthly relative humidity (%) for the period 1911 to 2012 (range is the 20" to 80" percentile monthly
relative humidity)
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Solar radiation

Western parts of the Pilbara have the highest number of sunshine hours in the country with an average of
over 10 hours/day while southern and eastern parts average over 9 hours. The average daily solar radiation
ranges from 20.5 MJ/m? in the southern mountain regions to 22.5 MJ/m? along the coast (Figure 2.20).

Solar radiation reaches its maximum rate in November at 27 MJ/m?/day and its minimum in June at
15 MJ/m? (Figure 2.21). Mean daily sunshine hours show a much smaller variation across the Assessment
area from a mean of over 10 hours in November to 8 to 9 hours in June.
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Figure 2.20 Mean daily solar radiation (MJ/mz) for the period 1911 to 2012
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The seasonal variations of cloudiness in the Pilbara obviously relate to those of rainfall, showing a tendency
to be cloudier in the first half of the calendar year than the second as it is the time of the higher rainfall
over summer and of NWCBs in the spring and early winter. Generally, coastal locations show little diurnal
variation while inland locations have higher cloud cover in the afternoon during summer months due to
convective storms.

Throughout the Pilbara, October has the peak number of clear days (defined as days when the average of
the 9 am and 3 pm cloud amounts is less than or equal to two-eighths of the sky obscured) with monthly
averages above 25 days on the coast, decreasing inland to less than 20 days in some locations. The lowest
number of clear days generally occurs in February with an average of 12 days on the western coast,
decreasing eastward to between 6 and 8 days on the eastern coast and inland, given this is when the
monsoon, tropical depressions (including TCs), and heat low generated convective storms have a higher
occurrence. Jovanovic et al. (2011) examined cloudiness trends for the 1957 to 2007 period, finding
decreasing trends for the Pilbara in winter.

Areas of the Pilbara have the highest average annual potential evaporation in Australia. Morton’s areal
potential evaporation (areal PE), calculated using SILO temperature, solar radiation and vapour pressure as
input to Morton’s wet environment formula (Morton, 1983), ranges from about 1700 mm/year in the
southeast to more than 2000 mm/year in the northern coastal parts (Figure 2.22). The effects of elevation
on potential evaporation result in lower values along the Hamersley Ranges (Figure 2.22) possibly due to
greater cloud cover and slightly lower temperatures.

Monthly areal PE reaches a maximum in December to January (7.2 mm/day) and minimum in June to July
(2.8 mm/day) (Figure 2.23). However, SILO interpolated Class A pan evaporation (Jeffrey et al., 2001) show
both different magnitudes and spatial distributions, ranging from about 3500 mm in the east to about
2860 mm in the elevated regions (Figure 2.24). However due to the sparse network of stations recording
daily Class A pan evaporation the magnitudes and spatial patterns are not necessarily realistic, hence they
are shown here for purposes of comparison but not used further in hydrological modelling. Although
Morton’s areal PE and pan evaporation show different spatial distributions, annual rainfall deficit maps
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(rainfall minus potential evaporation) obtained using these two evaporation estimates show spatial
similarities in some regions, such as lower deficit values in the Hamersley Range (Figure 2.25 and Figure
2.26).
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Figure 2.22 Mean annual potential evaporation (mm/year) calculated using Morton's areal wet environment
method for the period 1911 to 2012
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Figure 2.23 Monthly mean of daily potential evaporation (mm/day) calculated using Morton's areal wet
environment method (range is the 20" to 80" percentile daily potential evaporation) for the period 1911 to 2012
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Figure 2.24 Mean annual Class A pan evaporation (mm/year) for the period 1971 to 2012

34 | Hydroclimate of the Pilbara: past, present and future



Port Hedland

Annual rainfall - Areal PE mm/y
-1650 -1450 -1250 125 250

T T " | 1 |

Kil
1750 1550 -1350 -1150 llometres

Figure 2.25 Mean annual rainfall deficit (mm/year) using Morton's areal wet environment estimate of APET
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Figure 2.26 Mean annual rainfall deficit (mm/year) using Class A Pan evaporation estimate

2.2.3 Climate variable variability and trends

Rainfall variability and trends

A characteristic of rainfall in the Pilbara is its large inter-annual variability. Figure 2.27 shows the annual
rainfall anomaly (calculated as the difference between each year’s rainfall and the long-term mean,
expressed as a proportion of the 1911 to 2011 water year long-term mean) for the entire Assessment area
from both PPD stations and SILO drilled data. The two datasets show similar annual variability. The
maximum annual rainfall in 2000 was about 140% larger than the long-term mean, while the minimum
annual rainfall in 1924 was about 83% less than the long-term mean. That is to say, the annual rainfall in
2000 across the Assessment area was about 14.5 times greater than that in 1924. In the context of the rest
of Australia, this variability is larger than all regions with the exception of central Australia (see:
<http://www.bom.gov.au/jsp/ncc/climate averages/rainfall-variability/index.jsp>).
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Figure 2.27 Water year rainfall anomaly (%) for 1911 to 2012 for the Assessment area

For the individual grid points, this ratio is considerably larger (Figure 2.28). For example, it is greater than
50 along the majority of the Pilbara coast. The greater rainfall variability along the coast is attributed to the
‘hit or miss’ nature of tropical cyclones producing very high localised rainfall in certain years (Dare et al.,
2012). In an extreme case (near Karratha, for the gridpoint 118 °E 20.75 °S) this ratio reaches 1840 with a
minimum annual rainfall of only 0.4 mm and maximum annual rainfall of 737.1 mm.
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Figure 2.28 Ratio of the annual maximum to minimum rainfalls
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While the annual rainfall in the Pilbara region has been increasing in recent decades this is not consistent
across sub-regions (Figure 2.29). The 1961 to 2012 period (the baseline period selected in Chapter 4) shows
a decreasing trend in the west and larger increasing trend in the east. This emphasises the spatial
heterogeneity of rainfall trend and variability. Mapping the trends on a half-year seasonal basis (Figure 2.30
and Figure 2.31) highlights that the increasing trends only occur in the November to April period that
contains the tropical wet season whereas decreasing trends are almost completely restricted to the April to
May period that experiences southern rainfall influences.
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Figure 2.29 Trends in annual rainfall (mm/year/year) for periods ranging from the last 102 years (1911 to 2012)
through to the last 32 years (1981 to 2012)
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Figure 2.30 Trends in November to April rainfall (mm/year/year) for periods ranging from the last 101 years (1911
to 2011) through to the last 31 years (1981 to 2011) (to 2011, as October 2012 not extracted)
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Figure 2.31 Trends in May to October rainfall (mm/year/year) for periods ranging from the last 101 years (1911 to
2011) through to the last 31 years (1981 to 2011) (to 2011, as October 2012 not extracted)

A cluster analysis was used to group stations with similar seasonal rainfall cycles across the Assessment
area. To avoid the effects of rainfall magnitude, each annual rainfall time series was standardized before
cluster analysis. The results show that the 93 PPD stations can be grouped into eight clusters (Figure 2.32)
and the stations within each cluster are spatially coherent (Figure 2.33). This implies the cluster results
identify areas influenced by similar underlying physical processes.

The time series of annual rainfall for these eight clusters show differences (Figure 2.34). There is an east-
west contrast between clusters 1 to 5 that have a maximum annual rainfall in either 2000 or 2006, which
gives their time series an increasing trend, contrasting with clusters 6 to 8 that have maximum annual
rainfall in 1961, 1934 and 1942 respectively.

Temporal trends at individual stations are shown as the time series of the cumulative difference from the
mean for five high-quality stations (Figure 2.35). These highlight the progressive drying over the early part
of the record followed by consistent and on-going wetting since the 1960s for most stations, with
particularly rapid wetting since the 1990s for the inland east (Bonney Downs) and inland central (Mount
Florance) stations. The wetting trends continue in the most recent years for three eastern and central
stations (Bonney Downs, Roebourne and Mount Florance) whereas the two westerly stations (Mardie, on
the coast, and Mount Augustus to the southwest) show recent declines.
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Figure 2.32 Cluster results of 93 PPD stations (order, left to right, is 1. Upper Fortescue, 2. Lower-Mid Fortescue, 3.
Port Hedland-De Grey coastline, 4. West Canning-Sandy Desert, 5. Karratha coastline, 6. Lower Ashburton Robe, 7.

Fortescue coast, and 8. Upper Ashburton)
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Figure 2.33 Spatial distribution of the eight rainfall clusters with station colours matching those in the dendogram
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Figure 2.34 Time series of 1911 to 2012 water year rainfall for the clusters with 11-year moving average
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The trends of rainfall also vary from month to month (Figure 2.36). December, January February, and
March have an increasing trend of rainfall over the last 102 years (1911-2012) and the last 52 years (1961
2012). This is consistent with increased rainfall from summer systems: monsoonal, tropical cyclone and
tropical depression processes as well as enhanced convection. May and June have had a decreasing trend
for the last 52 years but almost no-trend for the full 102 years. This is consistent with decreased frontal
systems since the 1960s, a documented change that has also contributed to the SWWA rainfall decline in
autumn and early winter (I0Cl, 2012). The rainfall trends in July, August, September, October and
November are minimal and probably not significant, given the limited rainfall in these months (Figure 2.12).
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The annual anomalies in daily extreme rainfall (maximum daily rainfall, 99th and 95th percentiles of daily
rainfall), the numbers of rainfall days (using thresholds 0 and 1 mm to define a rain day), and the average
rainfall intensity (ratio of annual rainfall to the number of rainfall days) show similarities as well as
differences when plotted side by side with annual total rainfall anomalies (Figure 2.37). Using linear
correlation to quantify the temporal similarities between the annual total rainfall anomalies and the other
anomaly time series, the 99th percentile daily rainfall has the highest correlation coefficient of 0.97. The
95th daily rainfall ranks second with a correlation coefficient of 0.96, and the average rainfall intensity has
the smallest correlation coefficient of 0.74 (Figure 2.37). Thus intensity, rather than number of rain days, is
more relevant to extremes in annual rainfall totals. The average number of rain days (>0 mm) in the last
102 years is 60.6 days which reduces to 34.2 days if a 1 mm threshold is used. This means that 43.7% of rain
days (26.5/60.6) have a daily rainfall of less than 1 mm, and they only contribute about 3.5% of the annual
total rainfall.

The spatial heterogeneity of the linear trends in daily maximum rainfall is shown for different time periods
in Figure 2.38 and for 99" percentile daily rainfall in Figure 2.39, 95" percentile daily rainfall in Figure 2.40,
number of rainfall days (>1 mm) in Figure 2.41 and average rainfall intensity in Figure 2.42. To determine
the spatial coherence between these trends and total annual rainfall, Figure 2.43 plots the correlation of
the linear trends of these rainfall statistics and annual total rainfall calculated for each individual gridcell
and then averaged. This shows the highest correlation for the 99th and 95th percentile daily rainfall. Thus
although spatially heterogeneous, the gridcell trends are consistent with the areal averages shown in Figure
2.37. However, differences in the strength of the linear relationship are evident for several different
periods examined. For example, the correlation between the 99th percentile daily rainfall and the annual
rainfall has decreased from about 0.9 to only 0.6 in the last 30 years (Figure 2.43). This means the
similarities in the spatial distribution of trends across the Assessment area has weakened between these
two variables. The spatial correlation between average rainfall intensity and annual rainfall is slightly
stronger than that between the number of rainfall days and annual rainfall (Figure 2.43).
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Figure 2.37 Annual anomaly (%) of annual rainfall and (a) daily maximum, (b) 99" percentile daily rainfall, (c) 95"
percentile daily rainfall, (d) the number of rain days, (e) the number of rain days >1 mm and (f) average rainfall

intensity
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Figure 2.38 Trend of annual maximum daily rainfalls (mm/day/year)
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Figure 2.39 Trend of 99th percentile daily rainfall (mm/day/year)
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Figure 2.40 Trend of 95th percentile daily rainfall (mm/day/year)
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Figure 2.41 Trend of the number of rainfall days over 1 mm (day/year/year)
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Figure 2.42 Trend of average rainfall intensity (mm/day/year)
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Figure 2.43 Correlation coefficients between spatial linear trends of annual rainfall and rainfall statistics for
different periods

Temperature variability and trends

Both annual means of daily maximum and minimum temperature show a noticeable increasing trend for
the last 100 years, especially since the late 1970s (Figure 2.44). It is also interesting to note that there was a
relatively cooler period from the late 1940s to the late 1970s. The annual means of daily minimum and
maximum temperature from 1947 to 1977 were about 0.44 and 0.23°C below the long-term means,
respectively.
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Overall for the Assessment area, the trend magnitudes for the annual mean of daily maximum
temperatures show greater increases than that of daily minimum temperatures overall (Figure 2.45 and
Figure 2.46). In the last 30 years, most of the area shows a decreasing trend in mean daily minimum
temperatures. This is because the mean daily minimum temperature for the entire study region reached a
maximum value in 1991 (Figure 2.44), which was not the case for the annual mean daily maximum
temperature.

The trends of monthly means of daily maximum and minimum temperatures are consistent in that for most
months both maximum and minimum temperature trends are positive and the trends for the shorter
recent period (1961-2012) are stronger than those of the full period (1911 to 2012) (Figure 2.47). There are
some exceptions, with minimum temperature for the last 102 years showing slight decreasing trends for
March, August, September and November and maximum temperature showing a decreasing trend in
March for the last 52 years (Figure 2.47).
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Figure 2.45 Trends in annual mean daily minimum temperatures (°C/year)
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Figure 2.46 Trends in annual mean daily maximum temperatures (°C/year)
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Figure 2.47 Trends in monthly mean daily maximum and minimum temperatures (°C/year)

Potential evaporation variability and trends

The Class A pan evaporation observations used as input to SILO are only available since 1970, thus the
variability and trend analyses of potential evaporation are for water years 1971 to 2012 (i.e. 1st October
1970 to 30th September 2012). There is an important caveat given that the SILO Class A pan surface is
interpolated from only a few stations that record Class A pan evaporation within the Assessment area
(Jeffrey et al., 2001).

The time series show that pan evaporation in the last 40 years had a decreasing trend, with an apparent
step-change in the mid-1990s that coincides with the wet seven-year period referred to earlier

(Figure 2.48). However, neither the FAO56 (also SILO Data Drill interpolated) nor Morton’s wet
environment areal PE (derived from SILO Data Drill) show trends.

20

Evaporation anomaly (%)

1971 1981 1991 2001 2011

e FAO56 Morton's wet e Pan evaporation

Figure 2.48 Time series of evaporation anomaly (%) for the 1971 to 2012 period
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The spatial distributions of the trends for potential evaporation from the three methods show a contrast
between the pan evaporation that has been decreasing across the entire area and Morton’s wet
environment areal PE that has increased in most of the area (Figure 2.49). The FAO56 reference
evaporation falls in between these two estimates with mostly increasing but some decreasing near the
coast. The number of cells with an increasing trend is larger than for those with a decreasing trend but they
have a smaller magnitude. Given the annual totals from three potential evaporation estimates have
different trend signs, it is not surprising that they also have differences at the monthly scale with
consistency in direction, but not magnitude, in only a few months (Figure 2.50).

The increasing trends of calculated Morton’s wet environment areal PE may be attributed to the increasing
trends of solar radiation (Figure 2.51). The decreasing pan evaporation trend may be related to decreases
in vapour pressure (Figure 2.51) and wind speed. For example, Roderick et al. (2007) concluded that the
observed decreases in pan evaporation in Australia were mostly due to decreasing wind speed with some
regional contributions from decreasing solar irradiance. Globally 36 studies confirmed wind speed
importance when assessing evaporation trends (Fu et al., 2009; McVicar et al., 2012). Unfortunately, wind
speed is not taken into account in Morton’s equation. Pragmatic reasons based on the climate variables
from historical records and GCM projections led to the choice of Morton’s method for PE estimation. The
sensitivity of hydrological modelling results to this choice of PE will be assessed in the respective
components of the Assessment (e.g., rainfall-runoff modelling).
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Figure 2.49 Trends in potential evaporation (mm/day/year) as estimated by three methods for the period 1971 to
2012
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Figure 2.50 Monthly trends in daily potential evaporation (mm/day/year) for the period 1971 to 2012
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2.2.4 Statistical downscaling

Statistical downscaling was applied in I0CI3 (IOCl, 2012) to provide projections at the station scale and to
investigate historical atmospheric changes related to observed rainfall trends (IOCl, 2012). The non-
homogeneous hidden Markov model (NHMM) statistical downscaling model was applied to a network of
ten climate stations in the Pilbara (Table 2.3).

STATION BOM STATION NAME LATITUDE (°S) LONGITUDE (°E) CURRENT STATUS
NUMBER NUMBER

1 4020 Marble Bar Comparison 21.18 119.75 Closed 2006
2 4032 Port Hedland Airport 20.37 118.63 Open

3 5001 Coolawanyah 21.80 117.81 Open

4 5007 Learmonth Airport 22.24 114.10 Open

5 5008 Mardie 21.19 115.98 Open

6 5052 Karratha Station 20.88 116.67 Open

7 6011 Carnarvon Airport 24.89 113.67 Open

8 6050 Wandagee 23.76 114.55 Open

9 6072 Emu Creek Station 23.03 115.04 Open

10 7059 Mount Vernon 24.23 118.24 Open

10

e Lo N
o]
w
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The NHMM relates, on a seasonal basis, the dominant daily spatial rainfall patterns to their temporal
sequencing through a set of distinct ‘weather states’. For this 10-station Pilbara network NHMMs were
calibrated to daily rainfall (using SILO patched point data, i.e. with missing days infilled) for summer
(November to April) and winter (May to October) half-years.

The daily sequence of weather states was parameterised not only as a function of the spatial rainfall
patterns but also as a function of a small set of atmospheric predictors representing the regional
atmospheric characteristics of that day (e.g. surface air pressure, upper-air wind and moisture fields). Thus
rainfall variability at daily to inter-decadal scales is accounted for through variability in the atmospheric
predictor fields across the range of temporal scales (i.e. day-to-day changes, seasonal and year-to-year
cycles, and long-term trends can all be accounted for). The predictors selected for the Pilbara summer and
winter NHMMs are summarised in (IOCl, 2012) with their associated weather states shown in Figure 2.53
for summer and Figure 2.54 for winter. Although these figures show the predictors for the entire Australian
region, the predictor inputs used for the NHMM were calculated over the Pilbara region as described in
IOCI (2012). Both seasons have a predictor based on MSLP and dew-point temperature depression (DTD) at
the 700 hPa level. DTD is the difference between air temperature and dew-point temperature (i.e. the
temperature at which the air would need to be cooled to reach 100% relative humidity) and is thus a
measure of the dryness of the atmosphere. Additionally the summer NHMM uses a predictor based on
east-west wind speed (u-wind) at the 850 hPa level whereas the winter NHMM uses the same variable but
for the 700 hPa level.

State1 of 4 9.9 % State 1 MSLP State 1 700hPa DTD State 1 850hPa U-WIND

\_,"‘;’_"\/2

S
s

State2 of 4 105 % State 2 MSLP State 2 700hPa DTD State 2 850hPa U-WIND

State 3 of 4 741 %

A

State4 of 4 54 % State 4 MSLP State 4 700hPa DTD State 4 850hPa U-WIND
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State1 of 4 42 % State 1 MSLP State 1 700hPa DTD State 1 700hPa U-WIND

State2 of 4 62 % State 2 MSLP

State 3 of 4 76.1 % State 3 MSLP State 3 700hPa DTD State 3 700hPa U-WIND

Al

State 4 of 4 135 % State 4 MSLP State 4 700hPa DTD State 4 700hPa U-WIND

The inter-annual variability and long-term trends of the summer state frequencies are shown in Figure 2.55.
An increasing trend is evident for State 2, which on average occurs on just over 10% of days and has a
rainfall pattern indicating rainfall in the eastern Pilbara (Figure 2.53), which could be related to changes in a
strengthening or more intense monsoon or it could be related to thunderstorms and a more active heat
trough. The four eastern stations (1, 2, 3 and 10; Figure 2.52) receive a reasonable proportion of their
annual rainfall in State 2 (14 to 30%; Table 2.4). Summer State 1 represents a pattern of wet southerly
stations, with stations 8, 9 and 10 receiving 16 to 22% of their annual rainfall from this state (Table 2.4).
This state has no long-term trend. Summer State 4 represents rainfall at all stations, and while occurring on
only 5% of days it provides the largest proportion of annual rainfall for 9 out of the 10 stations (the
exception being station 7, the most south-westerly and outside the Pilbara). These three wet patterns
(states 1, 2 and 4) are all most frequent in the January to March period (Figure 2.56). In contrast the dry
state 3, occurring in 74% of days, has the opposite seasonal cycle (Figure 2.56) and a slight decreasing trend
(Figure 2.55).

In winter, wetter states include State 2 (Figure 2.54) which contributes a reasonable proportion of annual
rainfall for stations 4, 7, 8 and 9 (15 to 44%; Table 2.4) which are the four most western stations (Figure
2.52). This state has an increasing trend (Figure 2.57) and is most frequent in May to July (Figure 2.58).
State 3, which is dry across the entire Pilbara and occurs most frequently between August and October, is
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the only winter state to have a decreasing trend (Figure 2.57). State 1 (4% of winter days) is wet across the
Pilbara, has an increasing trend, and occurs mainly in May and June. This may correspond to the increased
formation of NWCBs and intra-seasonal oscillations as inferred by (Frederiksen and Frederiksen, 2011; IOCl,
2012). It is very infrequent in August to October (Figure 2.58).
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STATION SUMMER WEATHER STATES WINTER WEATHER STATES

1 2 3
1 2.6 30.5 8.7 41.9 14.9 0.8 0.0 0.7
2 4.3 14.0 0.1 58.4 22.4 0.4 0.4 0.0
3 4.0 27.3 2.3 49.8 15.1 0.8 0.1 0.5
4 6.0 0.7 0.4 413 17.7 31.4 0.1 24
5 5.5 7.6 0.2 55.7 253 5.4 0.3 0.0
6 4.0 7.8 0.9 59.6 24.7 1.5 0.2 13
7 8.7 0.0 2.4 19.1 6.2 44.1 3.0 16.4
8 20.4 0.1 0.2 354 13.9 243 3.6 21
9 22.4 5.0 1.2 39.7 15.3 15.5 0.3 0.6
10 15.9 24.2 2.8 28.1 19.6 6.7 0.7 2.0

I0Cl researchers have developed techniques for simulating projected changes to extreme rainfall and
intensity-frequency-duration (IFD) characteristics for the Pilbara by combining dynamically downscaled
projections (CCAM) with a statistical model (I0CI, 2012). Prior to this research, only general assessments of
how extremes may change had been undertaken. For example, Alexander and Arblaster (2009) examined
trends in observed and modelled extremes across Australia. Precipitation indices they investigated were:
(i) Heavy precipitation days [number of days with precipitation >= 10 mm]; (ii) Maximum 5-day
precipitation; (iii) Simple daily intensity [ratio of annual total precipitation to number of days >= 1 mm];

(iv) Consecutive dry days [maximum number of consecutive days <1 mm]; and (v) Very heavy precipitation
contribution [fraction of annual total precipitation due to events exceeding the 1961 to 1990 95th
percentile]. They noted that most climate model projections indicate a decrease in heavy precipitation days
over northwest Australia.

The I0OCI downscaling based approach was applied to northwest Australia for periods centred on 2030 and
2070 under the SRES A2 emissions scenario. The statistical model incorporates covariates such as distance
inland and height above sea level and so the sparse network for which observed data was available could
be infilled to produce current and future maps of extreme 24-hr rainfall events with a 100-year return
period.

Overall the Pilbara region shows decreases in extreme (24-hr 100-year return period) rainfall and IFD
curves. Port Hedland shows an extreme rainfall decrease in the order of 10% and for Millstream little
change (Figure 2.59). These results include the caveat that ‘these projections should be seen as initial
estimates only’ given they are from only one GCM/CCAM simulation for only a single emissions scenario
and so ‘should not be used for making impacts, vulnerability and risk assessments’ (I0CI, 2012).
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There is no research published on sub-daily rainfall trends in the Pilbara. As discussed in section 2.1.6,
modelling studies indicate increases in sub-daily intensity from tropical cyclones in projected future
climates, and the intensity of small-sale convective storms could also increase in a warmer and moister
atmosphere (Allen et al., 2014b; Berg et al., 2013). Modelling of the historical relationship between sub-
daily rainfall and changes in temperature and moisture across Australia suggests increasing temperature
results in increased intensity of short duration rainfalls relative to daily rainfall amount, together with an
increase in the fraction of each wet day with no rainfall (Westra et al., 2013).

Green and Johnson (2012) suggest that given ‘the status of climate change science means that revised IFD
estimates for future climate regimes will not be available for several years’ an interim approach is required
to assess how climate change may impact IFD design rainfalls. They suggest assessing how risks would
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change under 10, 20 and 30% increases in current IFDs. This would give practitioners and planners an
understanding of how changes to design rainfalls translate into increased flood risk and severity of effects
on infrastructure and the environment. Assessing vulnerabilities to possible climate change impacts on
design rainfalls would indicate whether new risk and planning policies are required to control the increased
risks.

In order to provide more reliable design flood information under climate change, including projections of
IFD changes, Bates and Westra (2013) outline a comprehensive research plan for incorporating the most
up-to-date climate change science into revisions of Australian Rainfall and Runoff, the national guideline
document produce by Engineers Australia. The proposed research to quantify possible changes and
uncertainties in IFD data under projected changed climates involves high spatial resolution (<5 km
resolution) dynamical simulations from the Regional Atmospheric Modelling System (RAMS) and Weather
Research and Forecasting (WRF) models at intervals down to five minutes duration. IFD uncertainty will be
quantified by comparing the different model IFDs to radar/gauged data. The first stage of this research
applies the techniques to the Greater Sydney region. On-going funding for the second stage could extend
RAMS simulations to other regions of Australia, including to northwest Australia.

Pilbara ecosystems have evolved over millions of years under a variety of climates. Soil-landscapes and
drainages have been shaped over this time period and there is also evidence that some aquifers across the
Pilbara developed under climates very different to today (Skrzypek et al., 2013). To an extent this
‘preconditioning’ may be important to understanding how the Pilbara biota, especially of surface water and
groundwater dependent ecosystems, may respond to a future climate regime. Hence knowledge of both
past and future hydroclimatic scenarios is important for understanding the evolution of groundwater
resources, risk management around mining operations and rural-based enterprises, as well as for
indigenous use of the Assessment area. This section briefly summarises current understanding of the
Pilbara palaeoclimate of the last hundred to several thousand years in order to place this Assessment of the
1910 to 2050 period into a broader context. Research on earlier periods (tens to hundreds of thousands of
years BP) are not a focus given the desire to maintain context and relevance to modern climate.

Globally, records of climate fluctuations over recent millenia have increased significantly over the last few
years as they provide appropriate context to evaluate the relative role of natural versus anthropogenic
factors in generating climate shifts at decadal to centennial timescales (IPCC 2013). Palaeo studies have
identified significant and largely coherent shifts in tropical hydroclimates across Africa (e.g. Thomas et al.,
2009; Burrough and Thomas 2013), South America (Haug et al., 2001) and the Pacific (Sachs et al., 2009)
during the late-Holocene (the last few thousand years). These hydrological changes are globally attributed
to the precession-driven movement in the position of the Intertropical Convergence Zone (ITCZ), changes in
strength of ENSO, or coupling of these two drivers (Sachs et al. 2009; Denniston et al. 2013). The pattern in
tropical hydroclimate over recent millenia remains unclear in the Australasian region, which is largely
attributable to a lack of sufficient data and imprecise or poorly resolved chronologies. However, recent
reviews of the limited records from the Australian tropics and interior arid zone, including the Pilbara, have
inferred increasingly arid conditions for the late-Holocene (Fitzsimmons et al. 2013; Reeves et al. 2013).

The links between terrestrial and marine systems for the north-eastern Indian Ocean rim remain poorly
characterised. There have, however, been studies of the palaeoclimatic characteristics of the Leeuwin
Current. For example, Gingele et al. (2001) hypothesised that changes in the clay mineral signature in
sediments point to more outflow from Northwest Cape rivers hence more rainfall at the beginning of the
Holocene (about 12,000 years ago). Spooner et al. (2011) also concluded that the Leeuwin Current was still
active during the last five glacial periods going back 500k years based on the relative abundance of
planktonic foraminifera, stable isotopic data, and temperature estimates of the upper part of the water
column inferred from a high resolution ocean core taken off of the Northwest Cape.

The frequencies of tropical cyclones influencing south of the Pilbara from 6,000 to 500 years ago have been
inferred from an assessment of shore parallel ridges between 3 and 6 m above mean sea level at Hamelin
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Pool, Shark Bay. This study inferred a 1700 year long very dry period, with an absence of major tropical
cyclones, between 5400 and 3700 years BP (Nott, 2011). Correspondingly a very dry 1200 year long period
has been inferred in the Kimberley from a lack of Aboriginal rock art ending 3800 to 4000 years BP and this
period has been linked to a failure of the monsoons related to changes in ENSO, magnified by land surface
and aerosol loading changes (McGowan et al., 2012).

For the more recent past of the last hundred years or so, Pilbara climate has been assessed from the
oxygen isotope chronology of Callitris columellaris, which was then compared to the observed records
(Cullen et al., 2008; Cullen and Grierson, 2007). Tree-ring records from the Pilbara show summer rainfall,
humidity and temperatures consistent with observational records, with a relatively dry and warm period
from 1919 to 1955 followed by progressively wetter, more humid and cooler summers, with the 1980s and
1990s being the wettest and coolest of the last 80 years. A recent 210-year ring-width chronology from C.
columellaris was highly correlated with summer-autumn (Dec-May) precipitation (r = 0.81) and revealed
inter-annual to multi-decadal scale variation in hydroclimate across the Pilbara since at least 1800, typically
showing periods of below average rainfall extending from one to three decades and periods of above
average rainfall, which were often less than a decade. This study also demonstrates that the last two
decades (1995-2012) have been unusually wet (average summer-autumn precipitation of 310 mm)
compared to the previous two centuries (average summer-autumn precipitation of 229 mm), coinciding
with both an anomalously high frequency and intensity of tropical cyclones in northwest Australia and the
dominance of the positive phase of the Southern Annular Mode (O'Donnell et al. 2015).

This contrasts with the longer timescales, for which the Pilbara appears to have experienced glacial periods
of extreme aridity when sea levels were lower and drainage lines were much longer than at present.
However these periods would have been colder than at present, carbon dioxide levels would have been
lower and growing seasons shorter. These arid periods may have enabled some plant and animal
assemblages to adapt to extremely dry conditions. The recent drying period of the past 5000 to 6000 years
needs to be placed into this longer context. As was shown in earlier sections of this chapter, there are also
higher frequency wet and dry periods within these much longer climate sequences. While concentrating on
rainfall is important for considering past and future climate the concurrent variability in temperature,
potential evaporation (vapour pressure deficits) and carbon dioxide levels also play an important role in
relation to how biota, industries, people and hydrology may be affected.

Abbs D (2012) The impact of climate change on the climatology of tropical cyclones in the Australian region.
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This Assessment is evaluating possible impacts of climatic conditions in 2030 and 2050 on the area’s
hydrology, water yields and dependent ecosystems. It is therefore important to know which climate
variables most impact on runoff, recharge and river pool permanence so that an estimate can be made of
their change between the historical climate period and these future dates. A key component governing the
hydrology of the Pilbara is the minimum rainfall required to initiate runoff which we refer to as a rainfall-
runoff threshold. There are also rainfall thresholds to generate recharge to aquifers, flow thresholds for
streams to recharge riparian and alluvial aquifers, and thresholds of flow to maintain ecosystem health. A
comprehensive discussion of each of these thresholds is beyond the scope of this document, being
primarily on climate processes. In this section we present some initial findings illustrating the issues of
hydrological thresholds in the Assessment area, and further results and discussion will be presented in the
regional reports at a later date.

This chapter illustrates an approach which is adopted by the project for an integrated analysis of climate
characteristics and hydrological catchment responses, groundwater level fluctuation and river pools
dynamics. This approach aims to define specific climate parameters and their thresholds, which are
particularly significant for water resources assessment, for instance, a minimum rainfall triggering runoff
from a catchment or groundwater recharge. In what follows the preliminary results of such analysis are
presented for selected locations on the lower reaches of the De Grey River, upper reaches of the Fortescue
River and in Weeli Wolli Creek, in the upper Fortescue catchment (Figure 3.1).
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Figure 3.1 Map showing the location of gauging stations, groundwater bores and Landsat tile

3.1 Runoff thresholds

The changes in rainfall and other weather patterns due to future climate change have potential impact on
runoff and other thresholds in catchments. The pre-threshold behaviour for a natural process (e.g. surface
flow) usually is much different to the post threshold behaviour. For example until the threshold is reached a
given large rainfall may not produce any runoff, while a relatively small rainfall can generate large runoff
once the threshold is reached. Effects of climate change that are limited to below threshold behaviour may
not be as severe as those changes that result in exceeding the threshold. Therefore the effect of climate
change in relation to hydrologic threshold behaviour is essential to understand the hydrologic processes in

the catchment. Thus there is a need to keep the threshold phenomenon in perspective while investigating
climate change in an area.

Understanding the rainfall-runoff threshold helps us identify streamflow initiation processes and their
consequential impact on stream water dependent ecosystems, including recharge of alluvial aquifers that
support groundwater dependent ecosystems. Rainfall-runoff thresholds have never been thoroughly
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studied in the Pilbara. The amount and intensity of rain required to initiate runoff depends on antecedent
soil moisture conditions, the structure and texture of the soil, infiltration capacities, on vegetation,
topography and surface properties such as micro-depressions that may impede overland flow reaching the
stream. These thresholds, particularly in semi-arid areas such as the Pilbara, are strongly influenced by the
fact that the potential evaporation over the region is much greater than rainfall over almost any time
period other than around major rainfall events. The mean daily potential evaporation, as determined using
Morton’s wet environment algorithm (Figure 2.23) reaches a maximum of just over 7 mm/day in the
summer months, substantially greater than the mean daily value of rainfall of less than 2 mm/day in
January and just over 2 mm/day in February, the wettest months. Thus over almost all time periods a
substantial soil moisture deficit accumulates and creates ample storage for water infiltration during rainfall
events.

Averaged over the Assessment area, rainfall in excess of potential evaporation occurs for fewer than

20 days per year. However, as well as temporal variability, rainfall is highly variable spatially. The infiltration
capacity of the soil is a significant determinant of runoff generation. Thus the texture and surface condition
of the soil, land use and vegetation can all influence runoff generation thresholds, and consequently they
may well be spatially and temporally variable.

As examples, daily rainfall and runoff sequences for Weeli Wolli Creek catchment at Tarina (station
708014), in the Upper Fortescue Basin, and De Grey River catchment at Coolenar Pool (710003) in the
lower De Grey Basin are shown in to illustrate that frequent rainfall events may not produce streamflow.
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Figure 3.2 Daily rainfall and runoff for (a) Station 708014 (Tarina) and (b) 710003 (Coolenar Pool), and (c) and (d)
the same stations showing only the 2000 water year
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Figure 3.2 Daily rainfall and runoff for (a) Station 708014 (Tarina) and (b) 710003 (Coolenar Pool), and (c) and (d) the
same stations showing only the 2000 water year (continued)

The threshold concept is illustrated in Figure 3.3 for the two stations, with annual, monthly and event-
based runoff shown against rainfall for the same periods. For both sites, despite the large difference in
catchment area and location, on an annual basis runoff generation thresholds are about 200 mm, and
monthly thresholds are about 100 mm. No threshold appears in the event plot (Figure 3.3 c) because these
only show data when there is flow. However, an event-based threshold can be determined by examining
the rainfall sequence immediately prior to flow initiation. This analysis is summarised in Table 3.1. For this
analysis we have chosen 0.002 mm as a minimum definition of an event at 710003 and 0.066 mm at
708014, approximately in proportion to their catchment areas and give a similar daily flow volume of
approximately 3 GL/day, to remove insignificant and unreliable measurements.
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DESCRIPTOR

(TARINA, UPPER FORTESCUE)

Camhmentama(hnﬁ

Rainfall (mm)

Runoff (mm)

Mean annual flow days

Threshold (GL/day)(mm)

Number events (>0.2mm) per year

Mean rainfall for event (mm)

Mean rainfall in 2 days prior to event (mm)

Mean rainfall in 2 days prior to event plus 1 flow day (mm)
Mean runoff for event (mm)

Mean runoff coefficient per event

Mean rainfall threshold for runoff commencement (mm)

Number of days rain exceeds potential evaporation per
year

708014

1,512
393
12

88

0.10GL, 0.066mm

33

48.6

30.2

2.98

0.06

36

21

710003

(COOLENAR POOL, DE GREY)

50,007
359

23

82
0.10GL, 0.002mm
2.2
90.3
20.0
26.4
10.80
0.12
23

13

While there are marked differences in rainfalls in flow events, and in the size of flow events, the rainfall
required to stimulate flow is similar in the two catchments. Total rainfall each of two to five (n) days prior
to the onset of flow was also calculated. For each of these periods, two statistics are given, the rainfall in
the n days prior to flow onset and the rainfall in the n days prior to flow beginning plus the first day of flow.
These values for 708014 and 710003 are given in Table 3.2. For each catchment, the average of these
amounts gives an estimate of the threshold rainfall required to generate runoff. For this analysis the

average rainfall across the catchment has been used.

NUMBER OF TOTAL RAINFALL IN THE TOTAL RAINFALL IN THE
DAYS, N, IN PERIOD BEFORE THE ONSET OF  PERIOD BEFORE THE ONSET OF
PERIOD BEFORE RUNOFF (mm) RUNOFF PLUS THE FIRST DAY
ONSET OF FLOW (mm)

GAUGING STATIONS GAUGING STATIONS

708014 710003 708014 708014

3 39 30 51 51
4 46 39 58 58
5 49 45 60 60

ESTIMATE OF RAINFALL
THRESHOLD TO INITIATE
RUNOFF (mm)
(AVERAGE OF THE TWO
COLUMNS TO THE LEFT)

GAUGING STATIONS

708014 708014

45 33
52 42
54 48
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Figure 3.3 Runoff plotted against rainfall for (a) annual, (b) monthly and (c) events for the two stations indicated.
The vertical axes are not to the same scale because this would conceal the relative rates of response
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The number of flow days and runoff for the De Grey station (710003) (Figure 3.4) gives a sense of the
rainfall threshold being about 100 mm in a year. Of course 100 mm would be a very dry year, but this site is
near the outlet of the catchment, has a shallow regolith and a relatively high runoff coefficient (Table 3.1).
Interestingly the number of flow days appears linearly related to annual rainfall, but this should be assessed
cautiously as the minimum flow rate used to specify an event has a significant influence on the number of
assessed flow days. Figure 3.5 shows the relationship between the number of flow days per year and the
annual total runoff; not surprisingly, there is a close relationship.
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Figure 3.4 Runoff and number of flow days plotted against annual rainfall by water year at station 710003
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Figure 3.5 (a) Number of flow days per year plotted against annual total runoff, and (b) frequency distributions of
annual flow days, total runoff and total rainfall per water year at 710003

Discussion of hydrological thresholds needs some context. In this section we have considered the
relationship between rainfall and runoff generation, and the minimum rainfall needed to initiate
streamflow. Obviously this depends on the condition of the catchment, both the soil surface condition and
the antecedent soil moisture, which in turn depends on rainfall over the preceding days. We have
attempted to account for this by including two to five days prior to flow commencing as a range of relevant
rainfalls to the resultant streamflow. The rationale for these days is made on the basis that days of more
rain than potential evaporation are few, and we expect soil within the surface layer to dry out relatively
quickly once rain ceases. The drying out may take two to five days depending on the weather pattern
during a given event.
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In the next section, the relevance of rainfall amount to recharge and groundwater response is discussed.
Conceptually this is similar to the threshold required to initiate runoff, but is dependent on surface
conditions to a different extent, and has a longer timeframe for response, due to the slower infiltration
process than the surface runoff response to rainfall. Finally thresholds relating streamflow levels to riverine
pools and their significant ecological assets are assessed, and in particular the dependence of recharge and
discharge connections between the stream and riparian aquifers.

Recharge is the addition of water from an overlying unsaturated zone or surface water body to an aquifer
(Scanlon et al. 2006). The replenishment of groundwater occurs through diffuse groundwater recharge or
localised recharge. Diffuse recharge occurs from direct rainfall infiltration over large areas. Localised
recharge occurs from surface topographic depressions such as streams and rivers, lakes, and playas or from
artificial discharges such as agricultural drains, canals or industrial pumping. While often separated and
active in different areas, there are some hydrological settings where both recharge processes are
important. Recharge depends on the interaction between climate, geology, morphology, soil conditions and
vegetation (de Vries and Simmers, 2002). One of the major challenges is uncertainty about recharge which
is a major impediment to reliably quantifying groundwater resources and its allocation for use.

There are different aquifer systems or hydrological settings in the Assessment area. Fractured and
sedimentary rock aquifers are mainly recharged by diffuse recharge and alluvial aquifers and valley-fill
aquifers (which are also often topographic lows) are mainly recharged by localised recharge, mainly via
leakage from streams during streamflow.

Factors affecting diffuse recharge include climate, rainfall intensity, duration and amount, soil properties
and antecedent moisture conditions, topography, vegetation, and the aquifer extent and properties. The
control parameters for localised recharge include climate, rainfall, flow rates, flow duration, aquifer extent
and its hydrological setting, aquifer properties, and prior aquifer storage levels. The amount of recharge
that occurs from a single rainfall or flow event therefore depends upon many factors. One conceptual
model for the alluvial aquifers in the Pilbara is that the groundwater recharge is dominated by localised
recharge via leakage through the river bed during times of flow (70-90%), with lesser contributions from
broad-scale surface flooding (5-20%) and diffuse recharge from direct rainfall (5-20%) on alluvial soils (SKM,
2009). Careful measurement of groundwater levels adjacent to rivers during periods where cyclonic rainfall
has caused streamflow through an area that has received no rainfall confirms streamflow as a major source
of recharge. The percentages of each flow component are a summary of the results of groundwater models
with streamflow, rainfall and flooding, against observed groundwater levels.

One of the objectives of this Assessment is to estimate thresholds, if any, and their spatial variation for
diffuse and localised recharge rates for different aquifers in the Assessment area. This analysis is at a very
early stage. To explore possible thresholds that exist in groundwater recharge and discharge processes for
the alluvial aquifers in the Pilbara, we will focus where the bore and stream data are concentrated. Most
bore data is centred on the alluvial aquifers which are recharged by river flow and have been used as a
water source. Two examples are reported here for the alluvial aquifers at two locations where rainfall,
streamflow data and groundwater monitoring data of sufficient length are available from nearby rainfall,
river gauging station and groundwater bores, respectively. These data are used to estimate hydrological
thresholds for localised recharge to the alluvial aquifers.

The first example is from the De Grey River gauge 710003 (Coolenar Pool) where a number of groundwater
bores are located near the gauging station. The climate information is used from the Strelley Pumping
Station (M004093) near the main area of groundwater abstraction and the streamflow gauge (Figure 3.1).
Groundwater monitoring data from a number of bores was used to analyse thresholds for the localised
recharge to the alluvial aquifer. Since groundwater levels from these bores are highly correlated

(Figure 3.6) the threshold analysis is reported for one bore only (U2) from this location.
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Figure 3.6 Correlation between U2 and other nearby groundwater monitoring bores groundwater level data

The distribution of annual streamflow measured at Coolenar Pool gauging station from 1975 to the present
near the groundwater monitoring bore U2 is shown in Figure 3.7. There are three years from 1980 to 1982
where no flow records are available, and in 1986 there was no measured flow.
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Figure 3.7 Annual flow expressed as runoff (mm) at gauge 710003 De Grey River at Coolenar Pool

Figure 3.8 shows the record of groundwater levels for all water years where there were six or more
measurements taken and measured local rainfall against gauged streamflows. There are 11 years omitted
from the bore hydrograph because they contain insufficient water level observations to be used, and there
were no water levels recorded in water years 1999 to 2001. It is unfortunate that the years with the most
groundwater data (29 readings in 1980 and 24 readings in 1981) do not have any streamflow records (b).
This figure is somewhat misleading as rainfall across the entire catchment contributes to streamflow, and a
rainfall event that misses a rain gauge may induce flow in another part of the catchment. The derived linear
relationship between rainfall and flow therefore is not very strong, but is consistent with the concept that a
minimum threshold amount of rain must fall before flow is generated. In this case it is approximately

116 mm. The straight line of best fit can be re-expressed as FLOW = 5.6 x (RAIN — 116).
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Figure 3.9 shows the relationship between the total streamflow (expressed as mm of runoff) and rise in
groundwater levels in bore U2. The bore rise was estimated as the maximum recorded level minus the

minimum level in each water year. There is a reasonable relationship between the two variables, with the
slope indicating that each additional 1 mm of runoff results in a groundwater rise of 10.8 mm, and 433 mm

is the mean minimum annual variation. Relating this value back to Figure 3.8b, this shows a minimum

rainfall of 116 mm is required before streamflow is initiated, which would correspond to a fillable porosity
of 27% if it is assumed that all rainfall infiltrates and none evaporates. Fillable, or drainable, porosity is the

percentage of the bulk volume that can be filled or drained under the forces of gravity.

Max-Min GW Level (m)

Figure 3.10 shows rises in groundwater levels against the number of days of flow per year. The strength of
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linear relationship is moderate (R® = 0.4), with the slope of the regression implying that each day of flow

results in a groundwater rise of 2 mm. The intercept is smaller than in Figure 3.9 and can be interpreted in

two ways. Assuming it relates to infiltrated rainfall it implies a porosity of 39% when compared to the
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116 mm threshold from Figure 3.8b, or it could be 80 mm of net recharge if associated with the 27%
porosity estimated previously.
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The second example is from the Upper Fortescue River gauge 708011 near Newman where a relatively
shallow (30 m) groundwater bore W029 is monitoring water levels in the alluvium deposits. The stream
gauge has an excellent flow record from water year 1981 (01/10/1980) to present. As part of mining
operations and monitoring BHP installed the bore W029 adjacent to the Fortescue River crossing on Great
Northern Highway in 1998, and have monitored it between 6 and 12 times a year. The bore is located at
about 200 m from the Fortescue River, and about 1 km upstream of the gauge site. Both the stream gauge
and bore are several kilometres upstream of both mine pumping and the Ophthalmia Dam. Temporal
variation in streamflow and flow days has a close relationship and typically follows each other (Figure3.11).
The streamflow rates were largest during the water year 2000 due to tropical cyclones.
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Temporal variation in groundwater levels at groundwater bore W029 is shown in Figure 3.12. Groundwater
levels rose in response to tropical cyclones during the water year 2000 and slowly declined afterwards.
There is still an annual rise and fall signal present due to streamflow and rainfall events post water year
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2000. There is a noticeable decline in groundwater levels post 2004 with much less annual fluctuation
which is mostly likely to lower rainfall and fewer streamflow events.
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There is a good relationship between streamflow and annual rise in groundwater levels at bore W029
(Figure 3.13a), with the slope indicating that each additional 1 mm of runoff results in a groundwater rise of
16.4 mm, and 1151 mm is the mean minimum annual variation. The response of groundwater level to
streamflow events is greater at this location than at lower De Grey (Figure 3.9). Relatively large intercept of
1151 mm at this location compared to that at lower De Grey may be due to low storage capacity of the
alluvium, greater proportion of diffuse rainfall recharge or a close linkage with the river stage.

There is also a moderate relationship between days of streamflow and annual rise in groundwater levels at
bore W029 (Figure 3.13b). Every additional day of streamflow results in a rise of about 5 mm in
groundwater level. The intercept is similar to annual streamflow and may have similar causes.
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Comparing the river stage to the annual rise there is a quite good relationship between the two variables
(Figure 3.14), which may support the idea that the bore level is driven by river stage, with the actual
recharge being the result of maintaining the appropriate head. It is a better relationship than for water
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level rise against flow days. The least-squares linear fit of the stage-rise data is Rise= 0.72 x stage + 0.13,
R?=0.664, and is not a demonstrably better description than the line through the origin.
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A comprehensive analysis of the rainfall, streamflow and groundwater data for selected and representative
sections of alluvial aquifers will be conducted to estimate hydrological thresholds and this section of the
report updated. Analysis of rainfall and diffuse recharge rates (using groundwater monitoring data) for
other sedimentary and fractured rock aquifers will be undertaken and results about hydrological thresholds
added to this section of the report.

For the purpose of this project, groundwater dependent ecosystems (GDEs) are referred to as ecosystems
associated with groundwater dependent terrestrial vegetation (GDV) and river pools. As such the
ecohydrological conditions of GDEs are strongly related to both hydrological and groundwater regimes and
therefore climate-related hydrological thresholds are likely to have important ecological implications.

This ecohydrological assessment is largely based on the identification of a series of metrics, derived using
remote sensing techniques and the relationship between such metrics and variations in groundwater levels,
streamflow as well as climatic conditions (rainfall or potential evaporation) (Close et al, 2012). A Landsat-
based analysis was used to identify the presence of water and vegetation with frequent access to water (as
well as their combination) along with the area occupied by such land classes. The relationship between the
extent of river pools, vegetation and hydrological characteristics and thresholds, described above, will be
used to estimate the impact of changed groundwater levels or flows under future climate scenarios on
GDEs. Particular emphasis is made on ‘key refugia’ or areas where river pools are persistent in time.

This section illustrates some approaches which will be used to define the relationship between climate,
hydrology and identified metrics responses to variation in climate and hydrology related parameters.

3.3.1 River pools

The seasonal variation in the areas of the pools is commonly dependent on pool morphology (especially
their depth) and the relationship between inflow and outflow components of the water balance in the pool,
including rainfall, river and groundwater inflow (as input parameters) and river and groundwater outflows,
and potential evaporation (as output parameters).

For pools that are located within river channels it is likely that any river flow event will result in recovery of
the water level in such pools. Hence, it is the frequency of streamflows which will define the frequency of
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full water level recovery in a pool. This is illustrated by Figure 3.15, showing that despite declining
groundwater levels, the water level in this pool (J96, DoW, 2012) (Figure 3.1) fully recovers during each of
the considered flow/rainfall events within considered time periods (1, 2 and 3 as shown in Figure 3.15a).
And this is despite the overall declining groundwater levels. As Figure 3.15b shows the maximum water
level in the pool was reached when the groundwater level was at approximately 11 m and 10.2 m for 1 and
3 period respectively.

However the relative changes in the pool water level compared to changes in groundwater level is greatest
during period ’'3’, the driest period analysed (Figure 3.15b). This is either because of lower groundwater
levels leading to less groundwater inflow to the pool after the period of river flow or greater losses of water
from the pool to the adjacent aquifer. Groundwater levels appear to influence the dynamics of water level
in this pool in the end of the dry periods, illustrated by the all three plots merging when groundwater level
falls below 10 m.
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Figure 3.15 Temporal dynamics of water level in pools (J96) and groundwater (a) and relationship between them (b)
for three periods (1, 2 and 3) as identified by boxes in (a) (monitoring data courtesy of the Water Corporation) (see
Figure 3.1 for location)

The analysis undertaken so far illustrates that the persistency of river pools in identified river reaches (low
De Grey area) is variable across the region. Figure 3.16 shows the river reaches (approximately 5 km long
and inclusive of 1 km buffer along the river) where some extent of area cover with water occurs at various
frequencies estimated based on 59 image-dates over the period from 2004 to 2011. Climatic and
hydrological conditions in this region were adequate for river pools within some reaches of the De Grey
River to be persistent during this entire period. There is also a relatively higher frequency of water
occurrence in the river pools in the Coongan and Shaw Rivers.
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Figure 3.16 River reaches included in analysis and the known pools (a) and the results of the analysis of water
persistency (as the river reaches where river pools occur under specified frequency or persistency) (see Figure 3.1
for the image location)
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Analysis of data generated for each reach is illustrated in Figure 3.17 and Figure 3.18. Figure 3.17 shows a
progressive reduction in the area covered by water during a dry period in 2008-09 in the proximity of
Coolenar Pool, while the area covered by vegetation characterised by high greenness (NDVI>0.3) is
relatively consistent. This is further illustrated by Figure 3.18, where the temporal changes in the areas
covered by such vegetation and water is closely linked with streamflow/rainfall events (see for the gauging
station 710003). The high values of the area covered by green vegetation are associated with the period of
rain or high flow (most often both) and as such are most likely associated with annual vegetation. The
lesser values of the area covered by green vegetation are relatively consistent and are likely to represent
the riparian vegetation with consistent access to water (likely to be groundwater in this instance).

August 2008 October 2008 January 2009

Figure 3.17 The results of classification analysis illustrated for a reach indicated by a small box in Figure 3.16
(Coolenar Pool); the extent of highly green vegetation (green), water (blue) and wet soil (pink) are shown for three
dates; a location of the gauging station 710003 is shown
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Figure 3.18 The temporal variation in the extents of highly green vegetation and water within the river reach shown
in Figure 3.17
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The relationship between the extent of the area covered with water or vegetation of a particularly high
greenness and groundwater levels (as well as pan evaporation) could be further explored, as illustrated in
Figure 3.19 and Figure 3.20 respectively. Figure 3.19 show a strong relationship between groundwater
levels and the extent of water in the same river reach, indicating the presence of water at the surface is
unlikely when groundwater falls below 14 mAHD. Under the climatic conditions of this period, groundwater
levels ranged between 14.3 m and 17 m and the extent of green vegetation is below 100 ha for levels
below about 15.5 m.

Evaporation from the water surface is one of the “discharge” components of the water balance in pools.
Cumulative pan evaporation, estimated following the end of the wet season and river flow cessation for the
period of 2006 to 2008, was plotted along with the area of water, estimated using RS analysis (Figure 3.20a
and Figure 3.20b).

While the cumulative pan evaporation increases nearly linear over the period considered, the changes in
the pool area appear to be more significant during the initial stage of the dry season despite the relatively
low evaporation potential during this period. Afterward the changes in the pool area are less significant,
which is likely due to the specifics of the pool geometry (i.e. it could be narrow and deep).
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Figure 3.19 Relationship between groundwater levels in bore 07/04 (see Figure 3.1 for the bore location) and the
extent of the water pool and vegetation
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Figure 3.20 Relationship between cumulative pan evaporation and the extent of the water pool (a) and seasonal
variation in pool area (b)
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In summary, after preliminary analysis, there appear to be a number of climate thresholds that should be
assessed under future climate scenarios as they seem to impact on the hydrology and dependent
ecosystems in the Assessment area. It is anticipated that the climate parameter thresholds are also likely to
be influenced by catchments characteristics, including their geological and geomorphological setting, as
well as the variation in climate parameters across the region as discussed earlier.

Regional analyses are particularly useful for assessment of the future climate scenario’s effects on regional
water resources (both surface and groundwater) as well as GDEs in the Assessment area. There will be an
iterative process in identifying these thresholds and reporting on how they may change over the course of
the Assessment.
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4.1.1 Climate data

As discussed in Chapter 2, analysis of Pilbara climate variability and trends used the SILO database Patched
Point Data (PPD) and data drill gridded data, as produced by the Queensland Government Department of
Science, Information Technology, Innovation and the Arts. The data drill gridded data is the basis for the
scenario data described in this Chapter.

The trends in rainfall station coverage for the Pilbara are shown in Figure 4.1. This gives a visual summary of
the quantity of station data that has been incorporated in the production of the data drill gridded datasets,
showing the 1980s and 1990s had the best coverage with a decline since then. The reduction in station
coverage in the 2000s is hypothesised to result from fewer working pastoral stations across the Pilbara in
recent decades. While Chapter 2 showed the relationship between station and Assessment area average
rainfall appears strong, it is likely that on a local scale there will be discontinuities in the SILO records
caused by changes in the density of stations. These biases are not quantifiable, given the lack of
independent data sets of sufficient record length to assess SILO against.

Figure 4.2, the corresponding maps of daily temperature records by decade across the Pilbara, clearly
shows that a significantly lower density of stations record temperature than rainfall. This is not of major
concern given these variables are more spatially homogeneous than rainfall. Daily temperature, incoming
solar radiation and vapour pressure records are the input variables used to calculate Morton’s wet areal PE
(Morton, 1983) (Chiew and Leahy, 2003) using the method outlined in Li et al. (2009).
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Distance-completeness index

0

Figure 4.1 Daily rainfall distance-completeness index. A value of 1.0 means the location is a station with a complete
rainfall record for the decade commencing 1 January of the labelled year, with the index decreasing with distance
from a station and as the number of missing records increases (Li et al., 2009)
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Figure 4.2 Daily temperature distance-completeness index (as an example of an input variable used in the
calculation of areal PE) (Li et al., 2009)
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4.1.2 Baseline selection

The selection of the baseline historical period needs to take account of region-wide rainfall and potential
evaporation characteristics as well as how climate data will be used in the hydrological models and how the
resulting data are analysed and portrayed. Most parts of the Pilbara are not expected to have systems with
a long historical ‘hydrological memory’ in that the amount of runoff or recharge is not dependent on
previous sequences of annual rainfall beyond a few years. This is in contrast to the south-west of Western
Australia where thick weathered aquifers interact with streams in the Darling Range and aquifers in the
Perth Basins can be very deep. Therefore statistical hydrologic parameters for the historical period can be
compared with similar statistics for periods under a 2030 and 2050 climate regime — e.g. streamflows,
probabilities of low or no flow periods, presence of river pools, amount of recharge etc.

Those parts of the Pilbara that do have a long memory include the West Canning Basin, and the fractured
rock aquifers which in large part do not have regional models. Additionally, Millstream is an aquifer system
with some longer term memory. The sequence of years in these areas will be influential and therefore a
different approach which enables groundwater models (where available) to be run in pseudo-predictive
mode will be adopted.

Figure 4.1 shows that rainfall over the Pilbara has been relatively well recorded through the last 100 years.
As presented in Chapter 2, there are over 90 stations with reasonable records from 1910 to present. The
Assessment uses a water year of 1 October to 30 September as this period corresponds (on average) with
the end of the dry season and the start of the wet season. It is thus a more meaningful climatic period than
the calendar year, which would ‘split’ the wet season. Analyses of regional average rainfalls®> have shown
that the 102 year record from 1911 to 2012 has several distinct characteristics. There has been a steady
increase in annual rainfall averaged over the Assessment area through this period with an acceleration of
the rate of increase from 1960, and this rate increasing further from the mid-1990s, as can be seen from
the 11-year and 51-year moving average plotted (Figure 4.3a),

The first half of the record has an average rainfall of around 260 mm/year, and the latter half 330 mm/year.
The major part of the increase commenced in the 1960s, with an increased rate of change in the 1970s and
1980s. The moving average trends in total rainfall illustrate apparently persistent periods of rainfall trend,
with some step changes from 290 mm/year to 320 mm/year around 1980. Then, after a few drier years in
the early 1990s, there was an accelerated rate of increase to 2000 followed by a fairly consistent period to
the present, with the most recent decade (2003 to 2012) having an average of 350 mm/year.

* Rainfall trends differ across the Pilbara as shown in Chapter 2, but only one historical period will be used for the Assessment area

90 | Hydroclimate of the Pilbara: past, present and future



(a)

800
700
600
500
B 1
£ 400 I
Z | il
& 300 i I I H[E NN I
f_g ’ l E : ." || 1
c
& 200
0 L 1 I 1 | 1 | 1 1 1 1 1 1 1
1911 1921 1931 1941 1951 1961 1971 1981 1991 2001 2011
Year
. Rainfall(mm) Moving average 11lyear Moving average 51 years
(b)
800
700
600
500
B
£ 400
K I
£ o |, 11 , I ¥ | | -
©
>
C
& 200
N | | | ‘ ”
0 L 1 I 1 | 1 | 1 1 1 1 I 1 I
1911 1921 1931 1941 1951 1961 1971 1981 1991 2001 2011
Year
I Rainfall(mm) Mean1911-2012 eww=Mean1961-2012 emmmmm=Mean1995-2001 es====Mean1961-1994&2002-2012

Figure 4.3 Average annual total rainfall for the Assessment area for the water years 1911 to 2012, with (a) 11-year
and 51-year moving averages and (b) means for certain periods

The criteria used to select a baseline were thus as follows:

As long a representative record as possible, including the period with hydrological records, to ensure a
robust statistical representation of the historical climate.

Include as many stations as possible with as near as complete records as possible for both precipitation
and potential evaporation.

Focus on the recent record as this is likely to be more representative of future climate than early
records.

Include the IPCC’s (AR4) baseline climate period of 1961 to 1990.
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A climatically ‘stationary’ historical record would make baseline selection straightforward; unfortunately, as
shown above, this does not seem to be the case in the Pilbara. However, analysis of trends in annual rainfall
against the average for the whole 102 year record (299 mm/year) shows that the period water years 1961
to 2012 has a similar mean rainfall to the full record (334 mm/year). The exceptional seven-year period
between 1995 and 2001 has an average annual rainfall of 500 mm/year, while the mean for the rest of the
1961 to 2011 sequence is 308 mm/year (Figure 4.3b). Furthermore, we have no quantitative data on
streamflow and groundwater levels to assess climate sensitivity prior to the 1950s, and very little prior to
1970.

Reiterating some of the findings of Chapter 2, for the 1961 to 2012 period the eastern parts of the
Assessment Area show increasing linear trends for annual rainfall, 99th percentile daily rainfall (as an
example of extremes), number of rain days, and rainfall intensity (i.e. rainfall amount per rain day), with
opposing decreasing linear trends in the western parts of the region (Figure 4.4). The presence of the seven
wet years towards the end of the record contributes to the region-averaged trends. For example, the mean
1961 to 2012 trend in annual rainfall, averaged across the Assessment area, is 2.2 mm/year/year with
removal of the seven-year wet period reducing this to a 0.9 mm/year/year trend. The magnitudes of the
trends in 99th percentile daily rainfall, number of rain days and rainfall intensity are small when averaged
across the Assessment area, as the increasing trends in the east are mostly cancelled out by the decreasing
trends in the west.

Given this, the Assessment has selected the 52 period of record from 1st October, 1960 to 30th September,
2012 as the baseline historical period. This period has an average rainfall over the Pilbara of 334 mm/year.
The selected period includes the IPCC baseline period of 1961 to 1990, which will be useful for analysis of
the results in comparison with other studies internationally. It also predates by a few years the installation
of many groundwater monitoring bores, and most of the gauging stations. Thus this period ensures that the
maximum use is made of the available data for hydrologic analyses and model calibrations.

Currently there is a MODFLOW model for the West Canning Basin for which the sequence of rainfall years
will be important in estimating future groundwater levels. In this case the 18 year period 1st October 1995
to 30th September 2012 will be used as the historical period for comparing groundwater levels in 2030.
Similarly the 38 year period 1st October 1975 to 30th September 2012 will be used for comparing levels in
2050. The model will also be calibrated against 2012 levels to enable future climate scenarios to evolve
from the current baseline. Most interest will be on the Wallal Formation aquifer which is either semi-
confined or confined where the impact of climate will be delayed, as was found for the Leederville and
Yarragadee aquifers in the South-West Western Australia Sustainable Yields project (CSIRO, 2009). Thus,
except for the West Canning Basin, the historical baseline scenario (Scenario A), against which all future
scenarios will be compared, will be 1 October, 1960 to 30" September, 2012.

In some previous projects, a Scenario B ‘Recent Climate’ sequence was included but there is no reason for
this to be applied in the Pilbara as, while 1995 to 2000 had higher rainfall than the earlier record, the most
recent decade is not significantly different than the previous 52 years. However, particular attention will be
given to the impact of the aforementioned seven-year wet period (1995 to 2001) on the runoff and
recharge magnitudes as well as the drier period since. For example yields with and without this period will
be compared for historical and future scenarios to assess overall results to this unusually wet period. As
noted in the palaeoclimate review in Chapter 2, this period appears wetter than any decadal length period
in the last 150 years at least.
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Figure 4.4 Trends for 1961 to 2012 (a) annual rainfall, (b) 99th percentile daily rainfall, (c) number of rain days >
1mm, and (d) rainfall intensity for the Assessment Area

4.2 Future climate scenarios

4.2.1 Global climate model projections

The fundamental scientific tool used to evaluate how the future climate will evolve in response to
enhanced concentrations of atmospheric greenhouse gases (GHG) is the Global Climate Model (GCM). As
the name implies these simulate the Earth’s climate on a global scale, achieved by modelling the
atmosphere and oceans as layers of grid cells at a spatial resolution that is a compromise between available
computing power and the realistic incorporation of the processes that transfer mass and energy around the
globe. Current generation GCMs typically have horizontal grid resolutions of between 100 and 250 km,
which is too coarse to resolve regional-scale processes such as individual clouds, tropical cyclones and
convective storms.

As climate science progresses there is a need to access the latest knowledge to inform adaptation to future
anthropogenic climate change. Thus on a regular basis the global community of climate modelling research
groups embark on ‘Coupled Model Intercomparison Projects’ to facilitate the incorporation of the most up-
to-date science within the reports of the Intergovernmental Panel on Climate Change (IPCC). The current
project, CMIP5 (Taylor et al., 2011), has recently provided GCM simulations that have been assessed for the
IPCC Fifth Assessment Report (AR5) <www.ipcc.ch/report/ar5/>. The uncertainties in future climate
conditions are quantified based on the range of projections from the many CMIP5 GCMs forced by a range
of plausible scenarios of how GHG emissions will track throughout the 21% century. The emissions scenarios
used in CMIP5 are referred to as ‘representative concentration pathways’ (RCPs) (Van Vuuren et al., 2011).

This Assessment has assessed GCM projections from 36 CMIP5 GCMs (Table 4.1). Of these 36 GCMs, 18
provide the full set of output variables required for calculation of daily scenarios for the two core CMIP5
scenarios RCP8.5 and RCP4.5 (Taylor et al., 2011). RCP8.5 is a high emissions scenario and RCP4.5 is a mid-
range scenario, similar to IPCC Fourth Assessment Report A1Fl and B1, respectively. The RCP numbers refer
to the approximate radiative forcing levels by 2100, i.e. 8.5 W/m? and 4.5 W/m? corresponding to

~1370 ppm CO, and ~650 ppm CO,, respectively.
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GLOBAL CLIMATE MODEL

ACCESS1.0
ACCESS1.3

BCC-CSM1.1

BCC-CSM1.1(m)

BNU-ESM

CanESM2
CCsm4

CESM1(BGC)
CESM1(CAMS)

cMCC-CM
CMCC-CMS

CNRM-CM5

CSIRO-Mk3.6.0

FGOALS-g2

FGOALS-s2
FIO-ESM

GFDL-CM3
GFDL-ESM2G
GFDL-ESM2M

GISS-E2-H
GISS-E2-R

HadGEM2-AO

HadGEM2-CC
HadGEM2-ES

INM-CM4

IPSL-CM5A-LR
IPSL-CM5A-MR
IPSL-CM5B-LR

MIROC-ESM

MIROC-ESM-CHEM

MIROC5

MPI-ESM-LR
MPI-ESM-MR

INSTITUTION

Commonwealth Scientific and Industrial Research Organisation (CSIRO)
and Bureau of Meteorology (BOM), Australia

Beijing Climate Center, China Meteorological Administration

College of Global Change and Earth System Science, Beijing Normal
University

Canadian Centre for Climate Modelling and Analysis
National Center for Atmospheric Research

Community Earth System Model Contributors

Centro Euro-Mediterraneo per | Cambiamenti Climatici

Centre National de Recherches Meteorologiques / Centre Europeen de
Recherche et Formation Avancees en Calcul Scientifique

Commonwealth Scientific and Industrial Research Organisation (CSIRO)
in collaboration with Queensland Climate Change Centre of Excellence

LASG, Institute of Atmospheric Physics, Chinese Academy of Sciences
and CESS,Tsinghua University

LASG, Institute of Atmospheric Physics, Chinese Academy of Sciences
The First Institute of Oceanography, SOA, China

NOAA Geophysical Fluid Dynamics Laboratory

NASA Goddard Institute for Space Studies

National Institute of Meteorological Research/Korea Meteorological
Administration

Met Office Hadley Centre

Institute for Numerical Mathematics

Institut Pierre-Simon Laplace

Japan Agency for Marine-Earth Science and Technology, Atmosphere
and Ocean Research Institute (The University of Tokyo), and National
Institute for Environmental Studies

Atmosphere and Ocean Research Institute (The University of Tokyo),
National Institute for Environmental Studies, and Japan Agency for
Marine-Earth Science and Technology

Max-Planck-Institut fiir Meteorologie (Max Planck Institute for
Meteorology)

INSTITUTION ID

CSIRO-BOM

BCC

GCESS

CCCMA
NCAR

NSF-DOE-NCAR

CMCC

CNRM-CERFACS

CSIRO-QCCCE

LASG-CESS

LASG-IAP

FIO

NOAA GFDL

NASA GISS

NIMR/KMA

MOHC

INM

IPSL

MIROC

MIROC

MPI-M
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GLOBAL CLIMATE MODEL INSTITUTION INSTITUTION ID

MRI-CGCM3 Meteorological Research Institute MRI
NorESM1-M Norwegian Climate Centre NCC
NorESM1-ME

It is beyond the scope of this Assessment to determine which of these scenarios are more likely to occur. By
2030 and 2050 the multimodel ensemble ranges in the levels of atmospheric CO, concentrations and global
surface warming overlap as they do not diverge significantly until after 2050 (Knutti and Sedlacek, 2013).
Thus similar levels of mean change could be expected from the two scenarios for both 2030 and 2050, and
the largest change by 2030 could come from either whereas by 2050 RCP8.5 has a larger range of change.

4.2.2 Global climate model selection and assessment

The selection of GCMs for this Assessment was limited to those that currently have all the required
variables available to produce the scaling factors outlined in Section 4.3; namely, monthly and daily rainfall
and monthly temperature, solar radiation, and relative humidity. While a formal validation of these GCMs’
suitability for modelling the regional climatology of the Assessment area is not within scope, an initial
assessment undertaken by CSIRO (Watterson, 2013, pers. comm.) using a skills score termed the M-statistic
(Watterson et al., 2014) has assessed the performance 27 CMIP5 GCMs for Australia for temperature,
precipitation and mean sea level pressure. One of the regions assessed was tropical Australia, relevant to
the Assessment given the influence on tropical climatological processes on Pilbara rainfall, as was discussed
in Chapter 2. Additionally, specific features of the climate were also assessed (Watterson et al., 2013). Of
the specific features assessed, a ‘monsoon onset test’ is relevant to the tropical region.

Results for the M-statistic for the tropical region place the performance of the 18 GCMs used in this
Assessment within the context of the 27 assessed by Watterson. The 18 include 3 of the top 4 and 13 of the
top 15; that is our sample of 18 is weighted towards the top half of rankings for performance across
tropical Australia. Only 20 of the 27 GCMs had the required data for the monsoon onset test, of which 14
are used in the Assessment including 6 of the top 9. Hence our selected GCMs are spread across the range
of performance for this particular test. Additionally, CSIRO and Bureau of Meteorology (2015) assessed the
full set of AR5 GCMs within an Australian context. An overall picture emerges that the GCMs projecting a
drier future for the Pilbara region are more likely to be assessed poorer performers in terms of tropical
climatology (monsoon, ENSO, MJO) compared to those that project wetter futures. However, there is still a
role for assessing the full range of projected change, as is undertaken herein, while taking into account
potential reduced confidence in those GCMs producing the dry scenarios. A cautionary note is that a link
between the skills of GCMs in simulating mean climatological characteristics of recent decades and the
reliability of their climate change projections is not well established.
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As proposed in CSIRO (2012), a scaling approach has been used that has modified the daily rainfall and areal
PE data in the Scenario A series according to the changes simulated by the 18 GCMs for the two RCP
scenarios. This approach is based on the ‘daily scaling’ methods outlined in Chiew et al. (2009) and
Mpelasoka and Chiew (2009) as used in CSIRO Sustainable Yields projects in the Murray-Darling Basin,
Northern Australia and South-western Western Australia. This approach has been found generally
applicable to surface and groundwater climate change studies (Chiew et al., 2010; Crosbie et al., 2011). The
approach scales daily areal PE according to GCM-projected seasonal changes (i.e. DJF, MAM, JJA and SON
seasons) and daily rainfall according to GCM-projected changes to daily rainfall on a percentile-class basis
(also by season). That is, the rainfall scaling takes into account that projected changes in the higher
intensity daily rainfalls may differ from moderate and low intensity events, and so the percentage changes
as projected by the GCMs for the different percentile-bins are applied to the Scenario A rainfall amounts in
the equivalent percentile-bins. This allows high intensity daily rainfall to increase even in cases where mean
rainfall decreases. A limitation of this method is that the Scenario C series maintain the sequence of rainfall
events as given by the Scenario A series, thus potential event frequency changes are not assessed.

The scaling factors were originally calculated to represent the projected changes by 2030 and 2050 using
the GCM rainfall and GCM-derived areal PE for 2021 to 2040 and 2041 to 2060 periods respectively,
converted to % changes relative to the GCM’s 1961 to 2000 climatology. Note that as only the mean
changes are used, the GCM biases in daily absolute quantities or variability do not adversely influence these
calculations. However multi-decadal variability in GCM simulated rainfall was found to produce large
variations in decadal to decadal changes in rainfall, resulting in scaling factors that were not representing
long-term trends due to climate change (not shown). Thus rather than rely on the changes for rainfall
simulated in the 2021 to 2040 and 2041 to 2060 periods, instead the long-term trends were calculated for
the GCM rainfall for the full period of simulation (i.e. to 2100) and the linear slope of these trends were
used to determine the seasonal scaling factors for rainfall representative of the change between GCM
baseline and 2030 and 2050 climates. These were used in conjunction with the originally calculated rainfall
daily scaling factors and areal PE seasonal scaling factors, as these calculations were not unduly influenced
by multi-decadal variability. In the case of areal PE, this is because the long-term trends in temperature
increase due to climate change dominant the changes in the inputs to calculating areal PE future mean
changes in 2021 to 2040 and 2041 to 2060, rather than multi-decadal variability.

Applying the scaling factor techniques to the Scenario A daily rainfall and areal PE time-series produces an
ensemble of Scenario C time-series representing projected-2030 and -2050 climates of the Pilbara. For each
of the 2030 and 2050 ensembles, the Scenario C ensemble members that produce the 10th, 50" and 90"
percentile rainfall totals (averaged over the Assessment area) are identified as the key Scenario C time-
series for use in hydrological modelling. These are termed: C30dry, C30mid, and C30wet; and: C50dry,
C50mid and C50wet for 2030 and 2050 respectively.

4.4.1 Rainfall

The long-term linear trends in GCM rainfall have been calculated on a seasonal basis and converted to
percentage change in Assessment area rainfall for 2030 and 2050 (as shown in Table 4.2 and Table 4.3, for
2030 and 2050 respectively). The ranges emphasise the uncertainty in GCM changes for the Assessment
area, and also emphasise the dominance of summer (DJF) changes in total annual rainfall.

The range of projected annual changes across the 18 GCMs for RCP4.5 is between -13 to 5% (median -0.1%)
for 2030 and -18 to 7% (median -0.2%) for 2050. For RCP 8.5 these ranges are -16 to 6% (median -2%) for
2030 and -22 to 8% (median -2%) for 2050. In comparison, the ranges from the 36 GCMs are -13 to 6%
(median 0.2%) for 2030 and -18 to 9% (median 0.2%) for 2050 for RCP4.5 and -16 to 13% (median -1%) for
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2030 and -22 to 18% for 2050 (median -2%) for RCP8.5. The most noticeable difference between the
distributions from the 18 and 36 GCMs is due to the model FGOALS-g2 projecting much wetter conditions
than any of the 18 GCMs used for Scenario C. That is, the annual rainfall change from FGOALS-g2 for 2030
RCP4.5 is 6.5% and for RCP8.5 13.2% and for 2050 RCP4.5 9.1% and RCP8.5 18.5%. In contrast the wettest
GCMs (which vary between periods and RCPs) from the set of 18 project increases of 5.3%, 5.6%, 7.4% and
7.8% for 2030 RCP4.5 and RCP8.5 and 2050 RCP4.5 and RCP8.5 respectively.

GLOBAL CLIMATE DJF MAM JA SON Annual
MODEL

RCP45 RCP85 RCP45 RCP85 RCP45 RCP85 RCP45 RCP85 RCP45 RCP85
ACCESS1.0 0.3 =25 -1.5 -1.7 0.8 -0.5 1.9 3.5 -0.1 -1.8
ACCESS1.3 1.2 0.5 -5.1 -6.7 -11.6 -12.1 -7.6 -13.5 -2.7 -3.8
BCC-CSM1.1 0.7 -4.0 2.7 4.5 -0.2 -1.1 -10.8 -10.5 0.8 -1.3
BCC-CSM1.1(m) -5.0 -3.2 -2.1 -1.5 -8.4 -8.7 -5.8 -9.5 -4.6 -3.6
BNU-ESM 1.8 6.7 2.2 0.7 -4.1 -5.3 3.2 1.7 1.2 31
CanESM2 3.5 0.1 0.5 =2.2 -7.6 -15.5 -5.7 -7.2 0.8 -3.0
ccsmva 0.6 0.6 4.0 5.1 -7.7 -5.4 -1.7 =2.7 0.4 1.0
CESM1(BGC) 0.7 1.6 3.4 5.7 -0.7 -2.4 -2.9 1.0 1.2 2.3
CESM1(CAMS) 0.7 -0.2 -1.4 0.9 2.4 1.1 4.0 2.9 0.4 0.4
CMCC-CM -0.7 2.7 -3.1 3.9 -1.8 3.9 -25.2 -32.9 -2.4 2.0
CMCC-CMS 13 -1.2 1.9 19 17.5 -9.1 —26.2 -32.6 2.7 -2.4
CNRM-CM5 2.5 6.3 3.7 8.4 3.2 -3.2 9.8 4.2 3.2 5.6
CSIRO-Mk3.6.0 -15.9 -18.3 -6.1 -8.1 -12.6 -18.7 -35.2 -394 -13.2 -16.0
FGOALS-g2 9.7 17.0 4.5 10.9 -1.5 2.7 4.1 16.3 6.5 13.2
FGOALS-s2 3.6 5.8 4.3 2.7 -1.3 -5.3 1.7 -2.3 3.1 3.1
FIO-ESM 2.2 2.2 6.0 7.7 -0.9 -4.5 6.5 4.3 31 3.0
GFDL-CM3 -2.7 -1.5 0.7 -0.9 -15.8 -18.7 -2.6 -5.8 -3.4 -3.7
GFDL-ESM2G -0.2 -1.5 0.9 4.7 -3.3 0.4 -11.9 1.0 -0.7 0.7
GFDL-ESM2M 13 -2.0 0.4 -0.9 -4.7 -9.9 -11.2 -8.0 -0.2 -3.0
GISS-E2-H =Bl —6.0 -6.0 —6.2 =7.7 -12.6 0.1 2.6 -5.5 —6.6
GISS-E2-R 3.1 6.2 4.0 9.9 -3.5 -3.4 2.4 3.1 2.5 5.9
HadGEM2-AO —6.4 =0).dl -4.3 -8.9 -2.3 —6.7 -5.9 -8.2 -5.2 -8.7
HadGEM2-CC 0.9 -3.8 -13 -1.2 -2.7 -5.8 -11.3 -14.0 -0.6 -3.6
HadGEM2-ES 14 -7.2 -11.1 =7.5 -11.2 -5.6 18.3 -13.6 -3.4 =73}
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GLOBAL CLIMATE MAM JA SON Annual

MoPEL RCP45 RCP45 RCP85 RCP45 RCP85 RCP45 RCP85 RCP45 RCP85
INM-CM4 -5.7 -4.6 -7.5 -9.5 -6.7 -8.1 -4.5 -0.6 -6.3 -6.4
IPSL-CM5A-LR 4.6 3.0 -0.8 -3.0 -6.7 -13.4 —44.6 -33.7 -0.2 -2.3
IPSL-CM5A-MR -4.6 -12.4 -0.7 -12.1 -7.3 -12.1 -16.9 -21.3 -4.2 -12.6
IPSL-CM5B-LR 2.9 6.9 1.3 4.2 -6.7 2.3 3.8 3.7 1.2 5.4
MIROC-ESM -2.1 -2.6 3.8 4.3 -3.9 -5.3 -7.6 -17.3 -0.8 -1.4
MIROC-ESM-CHEM -3.4 -5.1 -2.0 -0.3 —6.5 -7.8 -11.4 -18.5 -3.6 -4.5
MIROC5 5.9 4.9 5.9 4.0 -1.1 -0.2 14.4 13.2 53 4.2
MPI-ESM-LR 0.2 -0.1 2.9 0.9 4.2 1.0 -5.5 -10.9 13 0.0
MPI-ESM-MR 0.6 14 0.7 0.0 -10.2 -12.0 -33.6 —44.5 -2.0 -2.4
MRI-CGCM3 -3.5 1.5 5.0 4.1 6.4 18.1 8.6 9.7 0.8 4.8
NorESM1-M 13 4.4 1.6 4.0 -5.4 -3.9 0.8 7.7 0.5 3.3
NorESM1-ME 1.0 0.9 8.5 12.7 0.7 -1.1 10.2 14.9 35 4.7

GLOBAL CLIMATE MAM SON Annual
MODEL

RCP45 RCP45 RCP85 RCP85 RCP45 RCP85 RCP45 RCP85
ACCESS1.0 0.4 -3.4 -2.1 -2.4 11 -0.7 2.7 5.0 -0.1 -2.5
ACCESS1.3 1.7 0.7 -7.1 -9.3 -16.3 -17.0 -10.6 -19.0 -3.8 -5.4
BCC-CSM1.1 0.9 -5.6 3.8 6.3 -0.2 -1.6 -15.1 -14.6 11 -1.8
BCC-CSM1.1(m) -7.1 -4.5 -2.9 -2.1 -11.8 -12.1 -8.2 -13.2 -6.5 -5.1
BNU-ESM 2.6 9.4 3.1 1.0 -5.7 -7.5 4.4 2.3 1.7 4.4
CanESM2 4.9 0.1 0.6 -3.1 -10.6 -21.7 -8.0 -10.1 11 -4.2
ccsmva 0.9 0.8 5.6 7.1 -10.8 -7.6 -2.4 -3.8 0.6 14
CESM1(BGC) 1.0 2.3 4.8 8.0 -0.9 -3.4 -4.0 1.4 1.7 3.2
CESM1(CAMS) 1.0 -0.3 -2.0 1.2 3.4 1.5 5.6 4.0 0.6 0.6
CMCC-CM -1.0 3.8 -4.3 5.4 =25 5.4 -34.7 —45.5 -3.4 2.8
CMCC-CMS 1.8 -1.7 2.7 2.6 24.5 -12.8 -36.6 -43.7 3.8 -3.3
CNRM-CM5 35 8.8 5.2 11.8 4.5 -4.5 13.7 5.9 4.5 7.8
CSIRO-Mk3.6.0 —22.2 -25.6 -8.5 -11.3 -17.6 —-26.2 —49.2 -55.1 -18.4 -22.4
FGOALS-g2 13.6 23.8 6.3 15.2 -2.0 3.8 5.7 22.9 Ot 18.5
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GLOBAL CLIMATE MAM JA SON Annual

MODEL

RCP45 RCP45 RCP85 RCP45 RCP45 RCP85 RCP45 RCP85
FGOALS-s2 5.0 8.2 6.0 3.7 -1.9 -7.4 24 -3.2 4.3 4.4
FIO-ESM 3.1 3.1 8.4 10.7 -1.3 —6.4 9.1 6.0 4.3 4.2
GFDL-CM3 -3.8 -2.0 1.0 -1.2 -22.1 —-26.2 -3.7 -8.1 -4.8 =5.2
GFDL-ESM2G -0.3 -2.1 1.2 6.5 -4.7 0.6 -16.6 1.5 -1.0 1.0
GFDL-ESM2M 1.8 -2.9 0.5 -1.3 -6.6 -13.8 -15.6 -11.2 -0.3 -4.2
GISS-E2-H -7.1 -8.4 -8.5 -8.7 -10.8 -17.6 0.2 3.6 -7.7 -9.3
GISS-E2-R 4.4 8.6 5.6 13.8 -4.9 -4.7 34 4.4 35 8.2
HadGEM2-AO -8.9 -12.7 -6.1 -12.4 -3.2 -9.3 -8.2 -11.5 -7.3 -12.1
HadGEM2-CC 13 =53 -1.8 -1.6 -3.7 -8.2 -15.8 -19.7 -0.9 -5.1
HadGEM2-ES 2.0 -10.0 -15.6 -10.6 -15.7 -7.9 25.6 -19.0 -4.8 -10.2
INM-CM4 -7.9 -6.5 -10.6 -13.4 -9.3 -11.4 -6.3 -0.8 -8.8 -9.0
IPSL-CM5A-LR 6.5 4.2 -1.1 —4.2 -9.4 -18.7 -61.7 —47.2 -0.3 -3.2
IPSL-CM5A-MR -6.4 -17.3 -0.9 -16.9 -10.3 -17.0 -23.6 -25.7 -5.9 -17.4
IPSL-CM5B-LR 4.1 9.7 1.9 5.9 -9.3 3.2 5.4 5.1 1.7 7.5
MIROC-ESM -3.0 -3.6 5.3 6.1 -5.5 -7.4 -10.6 -24.2 -1.1 -2.0
MIROC-ESM-CHEM -4.7 -7.2 =2.7 -0.4 =0).dl -10.9 -16.0 -25.9 =Bl —6.3
MIROC5 8.3 6.8 8.3 5.6 -1.5 -0.3 20.1 18.5 7.4 5.9
MPI-ESM-LR 0.3 -0.2 4.0 13 5.8 1.5 7.6 -15.3 1.9 -0.1
MPI-ESM-MR 0.8 2.0 1.0 0.1 -14.3 -16.8 -47.0 -62.3 -2.8 -3.3
MRI-CGCM3 -5.0 21 7.0 5.7 9.0 25.3 12.0 13.6 11 6.7
NorESM1-M 1.8 6.2 2.2 5.6 -7.5 -5.5 11 10.8 0.6 4.6
NorESM1-ME 14 13 11.8 17.8 0.9 -1.6 143 20.8 4.9 6.5

4.4.2 Potential evaporation

The calculated Assessment area average seasonal areal PE scaling factors for the 2030 and 2050 periods are
shown in Table 4.4 and Table 4.5 for the 18 GCMs that are available for Scenario C production. The areal PE
changes are more consistent than those obtained for rainfall as they are a function of the consistently
increasing trend in temperature projected by the GCMs, rather than the regional trend in rainfall that varies
across a large range between the different GCMs. This is expected given areal PE is calculated as a function
of temperature, solar radiation and relative humidity using Morton’s wet areal formulation. A different
formulation that accounts for wind speed may give a different result given observational studies indicate
decreasing wind speeds may be a dominant factor in recent areal PE decreases (Donohue et al., 2010).
Consistent with the differences in the two emissions scenarios discussed above, the upper bound of areal
PE change is most often higher from RCP8.5 than from RCP4.5 for all seasons for 2050 whereas for 2030
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this is not the case. The range of projected annual changes across the 18 GCMs for RCP4.5 is between

1.5 to 6% (median 3.4%) for 2030 and 3 to 6% (median 4.4%) for 2050. For RCP 8.5 these ranges are 2 to 5%
(median 3.4%) for 2030 and 4 to 8% (median 6.5%) for 2050. There were large changes from the IPSL-
CMS5A-LR model for RCP8.5 due to unrealistically large projections of temperature increase and these are
not reported or used in Scenario C selection.

GLOBAL CLIMATE DJF MAM JA SON Annual
MODEL

RCP45 RCP85 RCP45 RCP45 RCP85 RCP85 RCP45 RCP85 RCP45 RCP85

ACCESS1.0 3.0 2.8 3.5 2.2 35 3.9 3.2 3.8 3.2 31
ACCESS1.3 24 2.9 3.3 4.0 4.5 4.5 3.9 4.7 3.4 3.9
BCC-CSM1.1 2.8 31 3.6 4.1 5.4 5.5 3.8 4.0 3.7 3.9
CanESM2 4.2 4.1 4.4 5.5 3.7 5.9 4.6 4.5 4.3 4.8
CCsm4 3.1 2.9 4.2 4.4 5.2 5.5 4.0 4.1 3.9 4.0
CNRM-CM5 2.0 0.0 4.9 3.6 3.1 3.7 2.8 3.0 3.1 2.2
CSIRO-Mk3.6.0 31 4.0 3.5 4.9 4.1 4.4 4.1 3.7 3.6 4.2
GFDL-ESM2G 0.7 19 3.6 4.4 4.2 3.1 2.7 4.3 2.5 3.3
GFDL-ESM2M 5.8 4.5 10.4 6.1 3.6 4.4 3.9 4.5 6.0 4.8
HadGEM2-ES 3.1 34 6.4 6.0 4.1 4.7 3.8 33 4.2 4.2
IPSL-CMS5A-LR 6.4 - 8.5 - 10.6 - 7.8 - 7.9 -
IPSL-CM5A-MR 3.2 2.9 4.0 4.4 4.8 4.6 3.8 3.8 3.8 3.8
IPSL-CM5B-LR 2.2 2.1 2.6 3.7 3.4 3.3 2.9 2.8 2.7 2.8
MIROC-ESM 4.2 2.0 6.5 2.2 8.1 4.0 5.1 2.7 5.6 2.5
MIROC-ESM-CHEM 2.7 1.2 1.0 0.4 3.8 3.4 6.0 3.0 3.4 1.9
MIROC5 34 2.9 3.6 3.7 3.0 2.6 34 4.2 34 34
MRI-CGCM3 4.2 0.8 2.1 2.3 2.9 3.0 2.2 2.7 3.0 2.0
NorESM1-M 0.0 1.8 0.4 13 35 4.9 3.2 33 1.5 2.6
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GLOBAL CLIMATE DJF MAM JA SON Annual
MODEL

RCP45 RCP85 RCP45 RCP45 RCP85 RCP85 RCP45 RCP85 RCP45 RCP85

ACCESS1.0 4.3 6.2 5.7 6.7 4.9 7.1 4.3 6.8 4.7 6.6
ACCESS1.3 4.5 6.3 5.1 7.3 6.0 8.6 5.1 7.6 5.0 7.2
BCC-CSM1.1 3.4 5.1 4.8 6.2 9.0 7.3 4.1 5.7 4.8 5.9
CanESM2 5.5 8.0 6.1 8.8 6.6 8.5 5.5 7.6 5.8 8.1
CCsM4 1.3 5.9 4.5 7.2 6.0 8.1 4.7 6.7 3.7 6.8
CNRM-CM5 2.2 2.5 5.8 4.0 4.8 6.0 4.1 5.0 4.0 4.1
CSIRO-Mk3.6.0 5.5 6.5 6.7 8.0 6.0 7.8 5.1 6.2 5.7 7.0
GFDL-ESM2G 3.0 7.5 5.4 9.5 4.0 5.8 3.9 6.1 4.0 7.3
GFDL-ESM2M -0.5 5.5 5.6 9.4 6.0 7.3 5.1 6.9 3.5 7.1
HadGEM2-ES 5.3 6.3 7.8 9.3 6.2 8.9 5.2 6.0 6.0 7.3
IPSL-CMS5A-LR 6.7 - 8.6 - 9.2 - 7.6 - 7.8 -
IPSL-CM5A-MR 34 53 4.9 7.3 53 8.8 4.7 6.0 4.4 6.5
IPSL-CM5B-LR 4.5 5.1 5.5 5.6 4.1 6.2 3.5 4.5 4.4 5.2
MIROC-ESM 4.6 4.0 5.0 2.7 9.7 7.8 5.1 5.8 5.6 4.8
MIROC-ESM-CHEM 6.2 6.6 3.6 2.7 7.1 5.7 6.3 6.8 5.8 5.6
MIROC5 33 5.0 2.7 5.0 4.7 5.7 4.5 6.8 3.7 5.6
MRI-CGCM3 3.2 4.5 1.6 2.8 3.2 4.0 33 5.3 2.9 4.3
NorESM1-M 2.9 33 2.7 6.3 5.2 7.8 33 4.6 33 5.0

4.4.3 Scenario C selection

The selection of the C30 and C50 wet, mid and dry scenarios is based on the whole of Assessment area
mean annual rainfall changes obtained from applying the scaling methodology to the 18 GCMs rainfall.
Figure 4.5 summarises the projected Assessment area mean annual rainfall % changes obtained from the
18 GCMs with each coloured bar giving the range between the RCP4.5 and RCP8.5 scenarios, for 2030 (left)
and 2050 (right). Overall the majority of GCMs project changes within 5% of the current climate mean for
both 2030 and 2050.

The ensemble members that produced the 90th, 50th and 10th percentile rainfall changes for the
Assessment area were initially identified as the Cwet, Cmid and Cdry scenarios (Figure 4.5). Evaluation of
the spatial patterns associated with each of these initially selected scenarios determined cases where the
initial selection had a spatial pattern that would not produce consistent results across the four reporting
regions (not shown). For example, a Scenario Cmid selected on the basis that it produced the 50th
percentile rainfall change when averaged over the entire Assessment area could have a spatial pattern
consisting of two large opposing changes that cancel each other out to produce a small overall change.
Thus selection of a different GCM with a more consistent spatial pattern and a similar overall rainfall
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change to that which was initially chosen was undertaken. This approach resulted in the selection of the
CNRM-CMS5 GCM scenarios for Cwet, the ACCESS 1.0 GCM scenarios for the Cmid, and the IPSL-CM5A-MR
GCM scenarios for the Cdry (for both RCP8.5 and RCP4.5 in each case).

MIROCS 2030 'l MIROC5 2050 I
CNRM-CM5 i i | CNRM-CM5 m 1
IPSL-CM5B-LR | ] IPSL-CM5B-LR | []
MRI-CGCM3 | | MRI-CGCM3 | |
NorESM1-M I 1 NorESM1-M | |
CCcsmé4 ] CCSM4 1]
GFDL-ESM2G ||| GFDL-ESM2G | | |
bce-csm1-1 | I| bce-csm1-1 | ! |
ACCESS1-0 » ACCESS1-0 »
MIROC-ESM ] MIROC-ESM 11
CanESM2 | | CanESM2 | |
IPSL-CM5A-LR | b IPSL-CM5A-LR 1 o
GFDL-ESM2M 1 | GFDL-ESM2M | |
ACCESS1-3 Il ACCESS1-3 11
MIROC-ESM-CHEM ] MIROC-ESM-CHEM I'1
HadGEM2-ES | | HadGEM2-ES | |
IPSL-CM5A-MR ¢ ® IPSL-CMSA-MR ¢ )
CSIRO-Mk3-6-0 | 1 CSIRO-Mk3-6-0 | |
25 20 15 10 s 0 5 10 25 20 15 -0 5 0 5 10
= RCP4.5 M [J Cwet Percentchangein rainfallfrom Scenario A = Rcp4.5s B O Cwet Percentchangein rainfallfrom ScenarioA
= RCP8.5 P [> Cmid = RCP8.5 pp [> Cmid
Range @ O Cdry Range @ O Cdry

The resulting Scenario C rainfall changes are summarised in Table 4.5, with the associated areal PE changes
summarised in Table 4.6. While rainfall in the future scenarios falls each side of a continuation of the
current historical rainfall, the magnitude of change for the dry projections are up to 10% greater than those
of the wet projections (i.e. the largest increase is 7.8% in contrast to the largest decrease of —=17.4%). In
addition, the across-the-board increases in areal PE mean that even the Cwet and Cmid scenarios
experience increased annual rainfall deficits.

The spatial patterns of projected mean annual rainfall and areal PE change, for the Cwet, Cmid and Cdry
scenarios, are shown in Figure 4.6 and Figure 4.8 respectively. The strong correlation between annual and
extreme daily rainfall, as outlined in Chapter 2, is maintained in the scenarios with the projected changes to
99t percentile daily rainfall (Figure 4.7) of similar magnitude to the annual changes (Figure 4.6). The spatial
discontinuities seen in the scenario maps are a result of the changes in scaling factors across GCM grid
boundaries.
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Period Scenario C RCP4.5 emissions scenario RCP8.5 emissions scenario

(%) (mm) (%) (mm)
2030 C30wet 3.2 11 5.6 19
2030 C30mid -0.1 0 -1.8 -6
2030 C30dry -4.2 -14 -126 -42
2050 C50wet 4.5 15 7.8 26
2050 C50mid -0.1 0 -25 -8
2050 C50dry -5.9 -20 -17.4 -58

Scenario C RCP4.5 emissions scenario RCP8.5 emissions scenario

(%) (mm) (%) (mm)
2030 C30wet 3.0 57 2.2 42
2030 C30mid 3.2 60 31 59
2030 C30dry 3.8 72 3.8 72
2050 C50wet 4.0 76 4.1 77
2050 C50mid 4.7 89 6.6 125
2050 C50dry 4.4 83 6.5 123
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Figure 4.6 Mean annual rainfall change (percentage, relative to Scenario A) for 2030 and 2050 RCP4.5 and RCP8.5
projections for Cwet, Cmid and Cdry scenarios for the Assessment Area
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Figure 4.7 99" percentile daily rainfall change (percentage, relative to Scenario A) for 2030 and 2050 RCP4.5 and
RCP8.5 projections for Cwet, Cmid and Cdry scenarios for the Assessment Area
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Figure 4.8 Mean annual areal PE change (percentage, relative to Scenario A) for 2030 and 2050 RCP4.5 and RCP8.5
projections for Cwet, Cmid and Cdry scenarios for the Assessment Area
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The median and 10th to 90th percentile range of monthly rainfall from the Scenario C ensemble for RCP8.5
are shown for 2030 in Figure 4.9, for 2030, and Figure 4.10, for 2050. The Scenario Cdry is dominated by the
relatively large reductions in January and February rainfall, the wettest months. RCP4.5 ensemble ranges
(not shown) are smaller.

The monthly mean, median and range of the scaled 1911 to 2012 series (this period allows direct
comparison with Figure 2.4 in Section 2.2) for the RCP8.5 2050 Cwet and Cdry scenarios are shown in Figure
4.11 and Figure 4.12, respectively. These plots also highlight that the largest projected absolute changes are
for the wetter summer months.

Monthly projected areal PE results for the RCP8.5 Scenario C ensemble are shown in Figure 4.13 and Figure
4.14, for 2030 and 2050 respectively. The increase between 2030 and 2050 is driven predominantly by the
continued warming in the GCM simulations. The equivalent plots for the RCP4.5 scenario are not shown as
they are similar but with smaller ranges and the changes between 2030 and 2050 are less.

While on balance future projections indicate a slightly higher likelihood that the future climate will be both
hotter and drier, with rainfall deficits and therefore soil moisture deficits correspondingly higher, the wet
scenarios should not be discounted given that there is possibly lower confidence in the performance of the
GCMs projecting a drier future (CSIRO and Bureau of Meteorology, 2015). Consideration of the wet
scenarios is also important given observed trends of increased summer rainfall in the north-west of
Australia (as discussed in Chapter 2).

An additional caveat applies to confidence in the areal PE projections, given that the Morton’s areal PE
formulation used does not take account of wind speed changes and thus is not considered a physically
based method by, for example, McVicar et al. (2012). The impact of the Scenario C projected rainfall and
areal PE changes on modelled surface water and groundwater changes is covered in other reports.
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Figure 4.10 Assessment area mean monthly rainfall for Scenario A (A mean) and 2050 RCP8.5 Scenario C median (C
median) and range (C range, from 10" to 90" percentile seasonal changes of 18 GCMs)
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Figure 4.11 Assessment area Scenario Cwet 2050 RCP8.5 monthly rainfall (mean, median and 20th to 80th
percentile monthly rainfall range)
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Figure 4.12 Assessment area Scenario Cdry 2050 RCP8.5 monthly rainfall (mean, median and 20th to 80th percentile
monthly rainfall range)
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Figure 4.13 Assessment area mean monthly areal PE for Scenario A (A mean) and 2030 RCP8.5 Scenario C median (C
median) and range (C range, from 10" to 90" percentile seasonal changes of 18 GCMs)
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Chapter 2 reviewed the large-scale atmospheric and oceanic processes which interact to influence the
hydroclimate of the Pilbara, including tropical, sub-tropical and mid-latitude weather systems. These
processes, together with local-scale climate (e.g. sea-breezes and thunderstorms) and geographic
influences (e.g. distance inland and orography) result in significant climatic gradients across the Assessment
area. The Assessment area experiences a large annual rainfall deficit as a result of relatively low but highly
variable mean rainfall combined with continuously high potential evaporation (PE).

The mean annual rainfall averaged across the Assessment area for the 1911 to 2012 period is 299 mm, with
an overall north to south gradient from 300 to 350 mm in the coastal north to less than 250 mm in the
south, and up to 500 mm over parts of the Hamersley Ranges. There is strong seasonality with January to
March producing 60% of annual rainfall. Year to year rainfall variability is high, ranging from 48 mm in

1924 to 731 mm in 2000 averaged across the Assessment area. Locally the range is much higher, an
extreme example being a coastal location that had only 0.4 mm in its driest year (i.e. a virtually rain free
year) and 737 mm in its wettest year.

There are long-term trends in rainfall that vary spatially, with a general increasing trend for the

1911 to 2012 period. The increasing trend is greater in the east for the 1961 to 2012 period, with a
corresponding decreasing trend in the far west. A significantly wetter period of seven years from

1995 to 2001 has an annual average rainfall of 500 mm. Occurring towards the end of the record, this
period contributes to increasing trends. This period had higher than average numbers of Tropical Cyclones
(TC), with TC frequency more prevalent during La Nifia phases. The largest positive trends in monthly
rainfall, for the 1961 to 2012 period, occur in the months of February, March and December. These months
coincide with the seasonality of peak TC frequency.

Trends in the characteristics of annual extreme rainfall (annual daily maximum, 99" and 95" percentile
rainfall amount), number of rain days and average rain-day intensity were examined spatially and
correlated with annual rainfall to ascertain how they relate to the trends in annual rainfall. It appears the
intensity of extreme daily rainfall (particularly 99t percentile) has a higher correlation with annual rainfall
trends than number of rain days or average intensity characteristics. As the most extreme rainfall is often
produced by TCs, this may also relate to the higher number of TCs in the 1995 to 2001 period.

Morton’s wet areal formula gives an annual average PE that ranges from 1700 mm in the south-east to over
2000 mm in the northern coastal parts of the Assessment area. The seasonal cycle varies from an average
7.3 mm/day maximum in December and January to a 2.8 mm/day minimum in June and July. The resulting
annual average rainfall deficit (i.e. annual rainfall minus PE) has a minimum of approximately 1200 mm
around the Hamersley Ranges and a maximum up to 1750 mm along the Pilbara coastline and the eastern
inland parts of the Assessment area.

Chapter 3 encompassed analyses of methods to quantify climate thresholds for runoff generation and
groundwater recharge. Remotely sensed metrics of river pools and vegetation are related to these climate-
related hydrological thresholds to aid ecological assessment under changing flow regimes and groundwater
levels. Impacts of projected future climate on groundwater-dependent ecosystems (GDEs) have been
investigated further based upon understandings of thresholds on a regional basis developed during the
course of the Assessment (separate report).

Chapter 4 presented the methods used for future climate scenario generation and projected 2030 and 2050
changes calculated from a set of 18 CMIP5 GCMs, for medium (RCP4.5) and high (RCP8.5) scenarios being
used in the IPCC Fifth Assessment Report. These results indicate the largest magnitude changes are
projected to result from decreases in December to February rainfall under the high emissions scenario.
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The median projected changes in annual rainfall are small, with little change by 2030 or 2050 for the RCP4.5
scenario and reductions of 1.8% for 2030 and 2.5% for 2050 for the RCP8.5 scenario. Whilst the median
changes are small, there is a large variation across the 18 GCMs with projections ranging from -18% to +7%
for 2030 and -22% to +8% for 2050. About 60% of the GCMs project drier conditions. These rainfall changes
will have larger proportional impacts on hydrology when combined with the projected higher temperatures
and PE. All models project increases in PE, driven mainly by temperature increases. The median projected
changes to annual PE are an increase of 3% for 2030 and 5 to 7% for 2050. These median rainfall and PE
projections suggest the Pilbara will become slightly drier by 2030 and 2050. Whilst a slight majority of
models project drier and warmer conditions, several indicate that the Pilbara could become wetter and
warmer. These wetter models should not be discounted, even though they are in the minority, as they are
better at reproducing some of the large-scale climate processes influencing Pilbara hydroclimate compared
to the drier models (see the GCM evaluation in:

). As well as using the median scenarios in hydrological modelling, drier and wetter
scenarios have also been used to assess the range of possible impacts.

There is limited information on future rainfall intensity changes because development of the fine-scale
modelling required is a rapidly developing area of research that is still in its infancy. Thus it is not possible,
based on current knowledge, to provide projections of sub-daily IFD changes suitable for flood modelling.
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