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1 Introduction

The climate of Western Australia is varied and at times extreme,tpated by droughts, fires, cyclones

and flooding rains. Climate change will be superimposed on these fluctuations and extremes, creating new
challenges and opportunities for those who must guide adaptation. The Indian Ocean Climate Initiative
(I0CI) aimedb empower these decision makers by delivering a strategic program of climate research,
providing the best available scientific knowledge in a pakady and applicatiomeady form.

1.1  About the Indian Ocean Climate Initiative

A partnership between the Gemmentof Western Australigthe Commonwealth Scientific and Industrial
Research Organisation (CSIRO) and the Australian Bureau of Meteorology (BoM), IOCI began in 1998.
Catalysed by the need to investigate sowhst Western Australia's (SWWA's) wintaimfall decline, the

first stage of IOCI also sought to understand how this region's climate varied across the years and decades.
Stage 2 of IOCI (2003 to 2006) investigated the causes for the climatic changes detected during Stage 1.
IOCI's independentral objective research has influenced public policy by providingdpigiity, respected
science information, including dozens of peeviewed and highkgited publications.

1.2 About IOCI3

Commencing in January 2008 and completed in June 2012, I0CI Sa@#33 built on the foundation of
climate knowledge from the Initiative's previous stages. An important and fundamental achievement of
IOCI3 was the delivery of higjuality climate reference datasets, and the extension of their spatial

coverage (Box 1).mdl while SWWA remained an important research focus, Stage 3 extended the Initiative's
inquiry to the climate and weather systems of nottlest Western Australia (NWWA).

IOCI3 research on SWWA's changing climate further improved our understandingcaties of rainfall
trends, including the regional weather systems and hemispisesde atmospheric effects drivitigese
changes. I0CHso sought to determine whether there is a human fingerprint on these climatic changes,
and if the current drying tren likely to continue in the lontgrm future under scenarios of increasing
greenhouse gas concentrations. Advances in moddHicigniques under 10CI3 yieldsthtion-scale
projections of future rainfall and temperature change in SWWA, as well as parjedf possible future
changes to intenseainfall events and hot spells.

IOCl3advanced our understanding biWWA's climate systents/ providing statiorscale projections of

future rainfall and temperature for the Kiperley and Pilbara regions. |0@I% produced projections of
rainfall ard temperature extremes for NWWA angicause this region is affected by tropical cyclones,
sought to improve our understanding of how the characteristics of these storms might change through to
the end ofthis century Furthermore, IOCI3advanced the scientific understanding of how tropical cyclones
could interact with the climate in response to rising greenhouse gas concentrations. Amopoetant

area ofinvestigation washe possible causes of the rainfall increadserved in NWWA, a trend not

refleded inglobal climate modgbrojections of future climate conditions

lSee Figurd.lin the Technical Report for the IOCI3 study area boundaries.
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1.3 About this Summary

This Summary provigea synthesis of IOCI3 research results for policymakers and the general public. Each
section also providesiks © the companiorTechnical Report of the Indian Ocean Climate Initiative, Stage
3, where more detailedlescriptions of rathods, results, knowledge gapad references may be found.

BOX 1 IMPROVINGHE QUALITYCOVERAGE AND ACEIBRITY OF CLIMADETA FOR WESTERN AUSTIRA

The quality of long records of climate can be affected by changes unrelated to climate or weather, such as relocatingra v
station from a city centre to a local airport, or changing the type of thermometer shelter usedhhyumlity climate datasets,
these external influences in the data have been removed or reduced. As a result these datasets may provide a clea p
longterm climate trends. Higlguality datasets are vital for planning and management becausepfmyde information on
how the climate varies across fine scales of distance and time (such as localised extreme rainfall events). Thesestatase
underpin the knowledge needed for climate models and projections, includimggetfor downscaled resul{@echnical Report
Box 1).

An important IOCI3 goal was to extend the coverage of Western Australia'sjhadity climate datasets in SWWA and NWWA
with a particular focus on regions where there is evidence of changes in rainfall. 10CI3 scientistpralged the quality,
accessibility and usability of these data. They used statistical tests to identify 'break points' in data, using neigbtadimirsy
for reference. Once identified, these break points were confirmed using background informationthbaveather
measurements. Reference stations were then used to make any necessary adjustments to compensate for external influ
This work has yielded the following datasets:

1 Highquality rainfall dataset now 157 stations in Western Australismvw.bom.gov.au/climate/change/acorrainfall
1 Highquality temperature dataset now 25 stations in \Wstern Australia)www.bom.gov.au/climate/change/acorsat/
1 Highquality cloud datasetwww.bom.gov.au/climate/change/hgsites

1 Solar datawww.bom.gov.au/climate/data/

1 An enhanced homogenised tropical cyclone databasevw.bom.gov.au/cyclone/history/tracks/

Further reading: Section 2af Technical Report.
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2 Changes Observed in Western Australia's
Climate

This section describes I0CI3 work to improve our understanding of @oselhanges in Western Australia's
climateand weather. Tie factors that influence observed rainfall trends in SWWA and NW&/& a major
focus of this workIOCI3 results on extreme climate events, including extreme rainfall and hot apells
alsoreported here, along with advances in the scientific understanding of climate change impacts on
tropical cyclone behaviour.

2.1 SouthWest Western Australia's Climate

The climate of SWWA is characterised by dry, hot summers. This is due to the subtropical belt of high
pressure (the subtropical ridge) that extends across this region, reaching its southernmost extension in
January and February. Summer rainfall in SWWWgkdy sporadic, and can be associated with the
breakdown of tropical cyclones. During winter, this subtropical ipiggssure belt liefurther to the north,
almost completely outside the SWWA region. Winter weather in SWWA is characterised by moistieunsta
winds. Eighty percent of rainfall occurs from April to October, most of it during the cooler winter months of
June and July
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Figure S1 The main (but not all) influences upon the Australian climate. These influences vary in their level of
impact in different regions and in different times of the year.
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2.1.1 SWWA RAINFALL: INTHNIED AND EXPANDOEECLINE

Major findings

1 The Mayto July drying trend in SWWtitensified and expanded over a wide area in the last 10 ye:

1 Thoughformerly driven by aecrease in weather systems characterised by deep lows, since 200(
winter rainfall declines have instead been driven by an increased incidence-pfésghre systems.

1 SWWA autumn rainfall has declined 15% since 20@hly due to May rainfall ddioes, a trend also
linked to the increasing prevalence of higtessure systems.

Annual average rainfall in SWWA has declined since the late 1960s. IOCI3 scientists found that this
downward trend observed in rainfall has intensified and expanded. Since 2000, raiafslhave

continued to be lowearly winter (May to July) rainfatt many locationsvas even lower than theit969 to

1999 average.His drying hasisoexpanded in geographic extent. In addition, the yaaiear fluctuation
(interannual variability) in winter rainfall in the far soutvest of Western Australia has aldeclined. I0CI3
scientists investigated these declines by examining SWWA rainfall trends across all seasons. The rainfall
decline has beenrgatest in May, June and July.
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Figure S2 Increase in the number of June and July days with synoptic types aesbueiith dry conditions. Since the
1970s extensive higipressure synoptic types have steadily increased in occurrence. Horizontal red lines indicate
the average incidence of dry types over the periods stated in the key.

Early winter rainfall Early vinter rainfall has undergone the most marked reductions of any season. To
investigate this change, IOCI3 scientists studied synoptic patterns (thesieaifgepatterns of high and low
pressure in the lower atmosphere) that influence SWWA weather in June ndie focus was

particularly on the months when the subtropical ridge (Figure S1) is at its most northerly extemtoiis
revealed a key group of weather systems characterised by deep lows across the region and associated with
widespread rainfall aciss SWWA.

The occurrence (number of days) of these systems with deep lows declined 20% betwéga gegiods
1958 to 1975 and 1976 to 1998nd whereas the incidence of some types of deep low has actually
increased since 2000, tlmecurrence ofypes ofdeep low asscated with inland rainfall hafallen to very

low levels. However, the main weather system shift driving the continuing rainfall reductions since 2000
has been a 15% increase (compared to the 1958 to 1999 mean) in the number of days wiitebgiire
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systems. Thus recent rainfall reductions have more to do with the persistence gbtegbure systems
over the region, and less to do with further decreases in thelper of lowpressure system@igure S2)

This is important to recognise bagcse highpressure systems influence a wider region than do-low

pressure systems, and their increased prevalence would be expected to cause the area experiencing rainfall
declines to expand. This is indeed the case. Regions that were already drying srewvgihiened signal of

rainfall decrease (the far soutlest of Western Australia and wheatbelt), and those that did not fofyner
undergo May to July rainfadleclines (the south coast and inland areas) are now experiencing early winter
rainfall declines @ble S1).

TableS1 Representativ&€ WWA stations indicate expanded and intensifying drying trend. The percentage change in
May to July rainfall for recent periods, compared to the 1910 to 1968 average. Note: the data used here end with
the year 2009; Inclusion of later years would showllsstronger declines.

REGION REPRESENTATIVE SONTI 19691999 20002009
Far southwest Wilgarrup (Manjimup) -25% -39%
Wheatbelt Nyerilup -14% -33%
South coast Peppermint Grove +7% -13%
Inland Bulong (near Kalgoorlie) +22% -35%

Spring rainfall:Rainfall trends for the latter half of the cool season (August, September and October) are
weak. October rainfall decreased but August and September rainfall increasethe period 1950 to
2007.

Summer rainfall:Rainfall during the summédralf-year(November to April) has seen minimal trend since
1950. Exceptions include inland areas (increases of 14 millimetres per decade at Bulong) and along the
south coast of SWWA (increases by 6.8 millimetres per decade at Peppermint Grove). Summer rainfall in
SNVWA is dominated by precipitation from extreme events, and increases in extreme rainfall have
contributed to this increase in summer rainfall totals.

Autumn rainfall: Since the year 2000 autumn rainfall has declined by 15%, largely due to a 25% decrease in
May rainfall* May rainfall made up 58% of the total autumn (March to May) rainfall over the period 1900

to 2010. IOCI3 research showed that the May rainfall decline is largely being driven by an increase in high
pressure systems, as described above fmter rainfall. In contrast to the May trend, April rainfall has
increased. As a proportion of total autumn rainfall, April rainfall grew by 8% over the period 2000 to 2010
compared to the longerm 1900 to 2010 mean. As amounts in May, June and Julyasreainfall in

months outside of this key high rainfall period may beconwre important to this region.

Further reading: Section 4.1.1 of Technical Report

2 Comparing the 2000 to 2010 average to the 1900 to 2010-deng mean.
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2.1.1.1 Largescale changes are driving SWWA's drying trend

Major findings

9 Rainfall reductiongn SWWA can be explained by major changes in global atmospheric circulatio
temperature.

91 The strength of the subtropical jetstream decreabgd. 7% between the periods 194911@68 and
1975to 1994.

9 Significant warming south of 30° S over thpeegods has reduced the temperature gradient betwee
the equator and South Pole, particularly over the Indian Ocean.

1 As aresult, the stability of the atmosphere increased in winter and in other seasons over the pe
1950 to 1999 in regions importantrfthe formation of storms affecting SWWFhe net result has
been fewer storms impacting on SWWA, and a downward trend in rainfall in the region.

Changes to the subtropical jetstream and stormatks

As discussed above, autumn and winter rainfall over 3WAAs declined. Total decline in these seasons

over the past 60 years is approximately 20%, with some of the largest rainfall decreases in the month of
July. An important I0CI3 finding was that rainfall reductions in SWWA can be explained by major ichanges
global atmospheric circulation and temperatures. The strength of the subtropical jetstream decreased by
17% (or 9.4 metres peesond) between the periods 1949 to 1968 and 19732964. This reduction

occurred in the region over the southern Indian Oteéere the jetstream reaches maximum strengdh,

an altitud€ of approximately 12 kilometres and a latitude of about $) west (upstream) of Australihe
thermal structure of the atmosphere also changed. Significant warming souttf & Bétween the
aforementioned periods has reduced the temperature gradient between the equator and South Pole,
particularly over the Indian Ocean.

BOX 2SOME ATMOSPHERICREHRES THAT CONTRIBUD STORM FORMATION

One of he most important circulation featussassociated with winter storm formation is tisrength of the subtropical
jetstream, which peaks approximately 12 kilometres above the Earth. The subtropical jetstream is a source of potential €
the atmogphere; conversion of thigotential energyinto kinetic energy drives the formation of storms, which influence weatt
development in Australia.

An unstable atmosphere is an important factor in the likelihood of storm developriginid shear conditions (strong winds up
high, lighter winds down belv) create the instability necessary for weather systems to 'grow', sithms developing when the
vertical wind shear exceeds a critical value. The temperature gradient between subtropical and higher latitudes is antim;
factor contributing to thisvertical wind shear instability. If the temperature gradient is reduced, the strength of the subtrop
jetstream is also reduced, and the atmosphere becomes more stable.

These changes would be expected to have a major impact on the stability ofniosattere and likelihood
that weather systems hich affect SWWA will fornBpx 2). Winter weather systems are associated with
Southern Hemisphere storm tracks, which owe their formation to an unstable atmosphere created by
vertical wind shear. However, theduced temperature gradient between subtropical and higher latitudes
just noted tends to reduce the vertical wind shear. This stabilises the atmosphere and decreases the
likelihood that storms will form.

3 More accurately, at an altitude corresponding to the 200 hectopascal pressure level.
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Figure S3 Reduction in the instability of the attephere at 87 E, 30 S. This is the region where storms affecting
SWWA are generated. The figure shows the downward trend in the Phillips Criterion, in metres per second per year,
over the period 1950 to 2000The Phillips Criterion is a measure of wistiear, and provides an indication of the
instability of the atmosphere. The black line illustrates ye#ar-year variation, the red line shows decadal variation,

and the green line illustrates the lonterm trend.

The stability of the atmosphere increasedwinter and in other seasons over the period 1950 to 1999
(Figure S3)Atmospheric instability decreased in all months in regions associated with storm formation
roughlywest (upstream) of Australid.hese trends of decrease are highly statistically figmit. The
likelihood of storm development has reduced at the Aattudes, but increased at higher latitudes (where
positive trends in atmospheric instability have been observed), resulting intawgard shift in storm
tracks.The net result is fewertarms impacting on SWWA, and tha downward trend in rainfall.

These changes in largeale circulation are consistent with those seen in the frequency of low and high
pressure weather systems described above. The subtropical jetstream steers cyclddatjtode storm
systems and thunderstorms aiwer levels in the atmospherd@ vigorous jetstream brings lewand high
pressure systems through in quick succession. A weakening of the jetstream leads to a stagnation of
atmospheric patterns, and weaker $ace lowpressure systems and cold fronts.

Further reading: Section 3.1 of Technical Report.

2.1.1.2 Whatare the ultimate causes of these larggcale atmospheric changes?

Major findings

1 The observed patterns of largeale atmospheric change associatdth SWWA rainfall reductions
are consistent with what would be expected in an atmosphere inflgelngencreasing greenhouse
gasconcentrations.

Determining the ultimate causes (attribution) of the observed SWWA rainfall reductions and likely drivers
of further change during the 2icentury was given priority in this research Initiative. IOCI3 scientists
developed new modelling methods to establish the drivers of the langde atmospheric circulation and
temperature changeseakcribed aboveThey showe that these observed patterns of change are consistent
with what would be expected in a climate influenced by increasiegrghouse gases concentrations.

Limitations and knowledge gaps

Existing methods to detect and attribute climate change need tbuik upon and expanded. They should
be used not just to investigate SWWA drying, but alssttiolythe rainfall trends observed in central and
northern Western Australia. There is also a need to provide greater confidence in our understanding of
causes obbserved changes, and in projections (section 3.1.1). However, the signal of rainfall decline in

10| Indian Ocean Climate Initiative Stage 3



SWWA is one for which the projections are exceedingly robust, in that models agree on the direction of
change (that is, they project further rainfall reducis).

2.1.2 SWWA TEMPERATURESBRVED CHANGES

15°S
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FigureS4 Trendsn Decemberto-February maximum temperature for Western Australia. Note the cooling trend in
the southreast of SWWA. Stippling indicates regions where trends are statistically signifiéamlstralian Water
Availability Project gridded data in degrees Celsius per decade over the period 1961 to 2011.

Western Australia's annual mean temperatures have warmed over the last 50 years (see Technical Report,
Figure 4.7). However, in treomenorth partsof the state, the south coast, and the east of SWWA
maximumtemperatures have cooled (Figure S4). The cooling in the south of SWWA has had impacts, such
as a trend towards later ripening of wine grapes. |OCI3 scientists explored the possible causedyand like
future progression of the cooling trend in the sotghst of SWWA.

They examined the range of circulation patterns that influenced SWWA in summer (December, January and
February) over the period 1958 to 2011. They observed that this cooling trend sotiteeast is likely due

to the increasing occurrence of particular weather patterns, which they named synoptic types A3 and
whichenhance cooler conditions across the scetist of SWWA. Synoptic types A3 and A4 have the
highestsea levepressure irthe Indian Ocean of those examined.

IOCI3 scientists surmised that the cooling of maximum temperatures in-sasthiSWWA is likely due to
the increasing trend ithe number ofthese weather patterns, and to the slight decrease in weather
patterns typicdly associated with warmethan-average temperatures. These weather system trends are
linked to the intensifying high pressure in the southern Indian Ocean and across southern Australian
latitudes; that is, an intensifying Indian Ocean high and risinth®auAnnular Mode (SAM) indei he
SAM is a mode of climate variability that can affect rainfall in southern Australia. It refers to the
north/south movement of a belt of strong westerly winds associated with storm systRisislg psitive
values of theSAMindex indicate the contractioof this belt toward the South Pole.)

4At the 5% level of significance.
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In contrast to the soutkeast part of SWWA, maximum summer temperatures on the west coast of this
region have warmed. The response of winds to the intensifyingighsure band acss southern
Australia (and a rising SAM index) may have exacerbated this warming. tfdweds would result in weaker
than normal westerly winds, and a reduction of their associated cooling effect.

What is driving these change3 heanswers are not yet clear, but a plausible hypothesis is that the rising
SAM index is due in part to the depletion of stratospheric ozone. If the ozone hole shrinks in coming
decades, as expected, then its influence over SAM may diminish too. Howewessing concentrations of
greenhouse gases in the atmosphere are expected to have the opposite effect, that is, to continue to push
the SAM index higher.

Climate modellingindicates that these competing influences will cause the SAM index to remain at
approximately its current level at mickntury, but to be pushed to a higher value by the end of the

century, leading to higher pressures in the belt south of Australia dgtingmer. In this scenario, synoptic
type A4 would be expected to occur approximately 35% more often, and types with the opposite patterns
35% less often. This suggests that current trends discussed above could persist to the end of this century,
that is, he enhanced warming in the west and cooling in the east of SWWA would continue.

Further reading: Section 4.2.1 of Technical Report.

2.1.3 SWWA EXTREME EVENOBSERVED CHANGES

Changes in climate extremes, rather than changes in mean climate, are expected draater negative
impact on natural ecosystems, society, and infrastructi@13esultson observedainfall and
temperature extremespecfic to the SWWA region apgesented here. (Segection 3.23 for projections
of future climate extremes.)

2.1.3.1 SWW/extreme rainfall: observed changes

Research under the current and previous stages of IOCI showed that extremd naiefesity has

decreased, @rend that has contributed to SWWA's total rainfall decline. It is important to understand

these detines, which have already negatively affected hydrological systems including rivers, wetlands, and
shallow groundwater. Knowledge of extreme rainfall is also important for the engineering design of
culverts, roads and dams.

IOCI3 scientists found thatends in the total seasonal rainfall from intense daily rainfall evdtiese
events greater than the 95percentile, that is, the top 5% in terms of intensity) across SWWA generally
followed the trend in mean rainfall over the period 1950 to 2007. Hawethis was not true for intense
rainfall during early winter (May, June and July) at stations in thediath-west of Western Australien

more recent years (1970 ©®007) The total rainfall from intense events in this areereasedy two
millimetresper decadeover this period even as mean rainfall declined by 21 millimetres per decade.
Extreme rainfall events are still occurring in this area, but interspersed byl@wger periods of dry
conditions.

What is driving these and the wider changes xtreme rainfall in SWWA? Thssa challengingeseach
guestion I0CI3 scientists found that seven measures descritiffeyent aspectsf the climate systeng
the Indian Ocean Dipole, ocean heat contéfot the southern, northern and total Indian OcgaBouthern
Oscillation Index, SAM and Southwest Western Australia Circulationdratexnot useful for seasonal
forecasting of extreme rainfall.

Further reading: Section 4131 of Technical Report.

5Under a high (SRES A2) greenhouse gas emissions scenario.
6 Based on data from higguality stations across SWWA.
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2.1.3.2 Extreme temperatures in the South West: obxsred changes to hot spells

Major findings

1 At Perth Airport the mean hot spell frequency increased from approximately six events in 1958 f
events in 2011. However, over the same period the mean duration of hot spells declined, from
approximately two days to 1.5 days.

1 The intensity of hotpells increased over inland south Western Australia, but decreased over soL
west and northwest parts of this region over the period 1958 to 2010.

1 The frequency of hot spells increased over much of south Western Australia, but decreased in t
north-east and soutkwest of this region (1958 to 2010).

9 Over the same period the duration of hot spells decreased over the south, but increasbe over
certral to north parts of south Western Australia.

Rare and severe evensich adeat waves ar@an important cause of weathaelated fatalities. However,

they are undetinvestigated compared tother naturaldisasters including tropical cyclones, floodsla
earthquakes. Under climate change, heat wave events may change in their intensity, frequency or duration
(see Box 3 for defitions that reflectthe use of these terms in this report).

BOX3 HOT SPELL DEFIGINS USED IN THISPRRT

There is nainiversally accepted definition of a heat wave or hot spell. However, heat waves are typically regarded as pro
hot spells. In this IOCI3 research, a hot spell is defined as one or more (consecutive) days with daily maximum temperat
exceeding a paicular threshold of high temperature.

Hot spell threshold10CI3 scielmsts used a statistical modgd identify hot spell thresholds. The threshold was selected in su
way as to satisfy the assumptions made in fitting the statistical model for hdit@pmirrence. Thresholds obtained in this
manner may not coincide with temperature thresholds important to all stakeholders, but they are nevertheless realistic e
for the estimated trends in intensity, frequency, and duration to be broadly meaningful

Hot spell intensity the maximum daily temperature within a hot spell (in degrees Celsius).
Hot spell frequencythe number of hot spells per summer (number of events).
Hot spell duration:the length of a hot spell (in days).

At Perth Airportthe mean hot spell frequency of hot speltiefinedat this locationas one or more
consecutive days of maximum temperature exceeding 3tttased fromapproximately sievents in 1958
to eight events in 2011. However, over the same period the meaatidur of hot spells declined, from
approximatelytwo days to 1.5 day@-igure Sb There was no trend in hot spell intensity.
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Figure S5 Trends in summer hot spell characteristics at Perth Airport over the period 1958 to 2011. The results

indicate a tend of increase in hot spell frequency and decrease in hot spell duration. No trend in hot spell intensity
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The guantity of higlguality data on maximum temperature is limited, so IOCI3 scientists atbed data
sourcego overcome this challengéThey also developed statistical methods to analyse how hot spell
characteristicsncluding thresholds, intensity, frequency and duration vary across the different areas of
south Western Australia, and to identify trends in these eletgristics over the period 1958 to 2010. In this
analysis, 'south Western Australia' refers to the area below the black horizontal line in Fidthat$§

south of 25 S)

Hot spell thresholds (not shown) are highest in central and interior aressubii Western Australia, where
they range from 40 to 45 °C. South and coastal areas of have lowshtids of approximately 30 °The
intensity of hot spells (Figure S6a) over sewtst and coastal parts of south Western Australia is generally
lower, around 30 °Cin Perth and over the nortpart of this regionhot spellintensity is generally high,

about 40 to 42 °C. As for trends ovbe period 1958 to 201,0vhereas hot spell intensity decreased over
south-west and northwest parts of this regiorit increased over inland south Western Australia (Figure
$Hd).

7They used daily maximum temperature data from the Australian Water Availability P¢aj@Pfor the period 1958 to 2010 as well astiia
data; see Technical Report Section 4.3.2 for more information.
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Figure S6 Spatial patterns of hot spell characteristics in south and north Western Australia and their trends. Upper
panels: spatial distribution of hot spell (a) intensity (b) frequency a@ duration Lower panels: spatial distribution

of trends in (d) hot spell intensity (e); frequency and (f) duratidBstimated by the hot spell model, and based on
data from 11 highquality stations and Australian Water Availability Project daily maximuemperatures (1958 to
2010).'South Western Australia’ refers to the area below the black horizontal line (that is, south df®5north
Western Australia’ tothe areaabove the blacKine.

Hot spell frequency in south Western Australia varies froreeho eight events per summer, depending on
the location (Figuré&shb). Most of centralsouth Western Australia experiences an estimated three to five
events per summer, but numbers are highethe area north of Perth anohland areas in the southast d
this region. @er the period 1958 to 20180t spells became more frequeirt central and northwest parts

of this region, but less frequent the north-east and soutkwest (Figurese).

The duration of hot spells is fairly uniform across south Western Australia, typically two or three days
(FigureSse). However, some areas in the north of this region have longer hot spells of five or six days. As
for trends in duration, over the period 58 to 2010 hot spells became shorter in the soutbst part of the
region (including Perth), but longer over central to north areas of south Western AugkigjiaeSof).

Further reading: Section 4.302 Technical Report.

2.2 Observed Changes to NortestWestern Australia's Climate

An important goal of IOCI3 was to further our understanding of climate systems in NW\&égraamically
important and fastdeveloping region of the state. IOCI3 scientists investigated possible drivers of rainfall
trends.Improved understanding of drivers of past and future rainfall trends could inform policy related to
water management and water supply for settlements and catchments in NWWA. Better knowledge of
rainfall trends and variabilitganalso inform infrastructure planing, including transport infrastructure for
the mining sectorlOCI3 scientistalso studied extreme climate events that affect NWWA, indgdi

extreme rainfall, hot spellandtropical cyclones.
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2.2.1 NWWA RAINFALL: OBSED CHANGES

North-west Western Austré receives most of its rainfall during the summer monsoon season (late
December to March), which overlaps with the tropical cyclone season (November to April). Thus rainfall in
the north is strongly influenced by the intensity of the wet season and mansaad by tropical cyclones.

Total annual rainfall in NWWA has increased since 1950. IOCI3 scientists studied this region's weather
patterns and investigated whether tropical cyclones and other closed low weajtstems (‘closed lows')
may have contribwgd to observed rainfall changes. Thalgoexamined the possible influencé aerosols

on therainfall trendsof this region (Aerosols are a collection of airborne solid or liquid particles with a
typical size between 0.01 and 10 micrometer that residtneatmosphere for a least several hours.)

2.2.1.1 NWWA rmfall increases and regional weather pattern changes

Major findings

1 Inthe Kimberley region, weather patterns associated with very wet conditions became more
common, and those with very dry conditions less common, during the summer wet season sin
1960.

1 Inthe Pilbara, weather patterns associated with summer dry conditi@ve also decreased since
1980, and some associated with summer wet conditions have increased since 1960.

Rainfall in the Kimberley is highly seasonal, and a large proportion of the annual total falls from December

to March. Both the Kimberley and theA £ 6 F NI KIF @S | RNEB &SI az2ys | (K2dz

scientists examined summer weather patterns to determine how they might be associated with the
observed trend of increasing annual rainfall totmlshese regionsThey found thawveather patterns

associated with very wet conditions throughout thieni§erley during the summer hajfear have become

more common, whilst those associated with very dry conditions decreased in occurrence since 1960.
Similar weather system shifts also oamdt in the Pilbara during summeiinge 1980 thdrequency of

weather patterrs associated with dry conditions ihe Pilbara has decreasedchd\dnce 1960the

frequency ofa weather pattern associated with wet conditions across the Pilbara, and anottiewei
conditions in the nortkeast Pilbara, have both increased. These changes could indicate longer tropical wet
seasons for the Kimberley and eastern Pilbara.

Further reading: Section 5.1.1 of Technical Report

2.2.1.2 Tropical cyclone and other closemil contributions to rainfall totals and trends

Major findings

1 In northwest Australia tropical cyclones contribute up to 30% of the total annual rainfall amount

1 This contribution may reach 40% in coastal regions during the peak tropical cyclone(Jeasany to
March).

9 For extreme rainfall only, tropical cyclones and other forms of closesykt@mscontributed more
than 60% of the annual total #he north andwest Australia over the period 1989 to 2009.

1 The amount of precipitation associatedth closed lows (exclirth tropical cycloneshcreased over
north-west Australia during the period 1989 to 2009.

How much do tropical cyclones contribute to rainfall totals?

Landfalling tropical cyclones can bring torrential rainfall, causing floodidgantributing to landslides.
However, their rainfall may also significantly contribute to fresh water supplies for settlements, agriculture
and ecosystem healthOCI3 projections suggesiat tropical cyclones mayecome less frequent in the
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future (Setion 3.2.3.3). Thus it is important to understand the extent to which cyclones contribute to
NWWA's rainfall totals and trends.

Tropical cyclones influence the continent's north and newist, and the largest annual totals of tropical
cyclone rainfall occur over nortlvest Australia. I0CI3 scientists found that days with tropical cyclone
rainfall provide 20 to 30% of thetal anrual rainfallto parts of the northwest Australian coastline around
Pat Hedland Further north, beyond Broome, the majority of annual rainfall is provided by the monsoon
and the tropical cyclone contribution decreasesatound 10%: the contribution of ber closed lows (this
includes monsoonal depressions) is discussed below. As for extreme rainfall, tropical cyclones are the
source of more than 35% of rainfall events greater than the 99th percentile (the top 1% in terms of rainfall
intensity) over northwest Australia.

When DCI3 scientists considered ottt NovemberApril tropical cyclone seasdatals, they found that
tropical cyclone rainfall makes up a substantial proportion of mean rainfall in areas affected by these
storms. Fothe westcentral Rlbara, Gascoyne and Midest regions of Western Australiaréas west of

125 E),tropical cyclones supplied 20 to 40% of rainfall within 150 kilometres of the coast, and
approximately 20% further inland. This proportion is much higher during Decembm@rigthe wet

season, when tropical cyclones supply approximately 60 to 70% of rainfall totals for coastal regions of the
Pilbara and Gascoynkig the region west of 115E).

Tropical cyclone rainfall amounts generally decrease with distance inlandtimooast. However, the

western region experiences the greatest inland penetration of tropical cyclone tiraéisstraliaz up to

500 kilometres inland. This is associated with a greater inland penetration of tropical cyclone rainfall in this
region. Inparticular, in the Pilbar¢he rainfall percentage due to tropical cyclones makes up a fairly large
proportion of the relatively lowainfalltotal.

However, I0Cl38lso demonstrated thathe valuable contributiorof tropical cycloneso rainfall in the

Western Australian region varies greatly from one tropical cyclone season to the next. Only a small number
of tropical cyclones affect a given coastal area each season, and some longitude bands receive no tropical
cyclone rain at all during some seasons.&@mple, the tropical cyclone contribution to rainfall totals in

the Gascoyne varies fromt@ 86%, depending on the yedrhis high interannual variaticasostrongly

affects the reliability of tropical cyclone rainfall as a water supply source in NVWké/storage leveidt

Harding Dam (aource of potablevater for 20,000 peple)fell to 20% in 2010 before being recharged by
tropical cyclone rainfall.

Contribution of closed low weather systems to NWWA's rainfall trends

Closed lows (including tropicayclones and monsoonal depressions) accounted for approximately 40 to
60% of the annual rainfall over northiest Australia during the period 1989 to 2009. Considering extreme
precipitation events alone, this closed low contribution was more than 60%. triaveds in rainfall from

closed lowsystens z excluding those associated with tropical cycloge®ntributed to this region's trend

of rainfall increase? 10CI3 scientists found that these-limegl closed lows explained a very high

proportion (50%) of ttd rainfall trend over nortiwest Australia during the period 1989 to 2009. Yet this

has taken place with only a slight increase in the occurrence of these closed lows. Rather, the contribution
of closed lows to the rainfall trend was found to be due tdramrease in the amount of rafiall per closed

low day, that is, an increase in the 'precipitation efficiency' of closed lows over this period. Section 2.2.3.1
reports on tropical cyclone rainfall and extreme rainfall contributions to NWWA rainfall trends.

Further reading: Sections 5.1.3 and 5.3.1.1 of Technical Report.
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2.2.1.3Largescale weather system influence on rainfall trends in NWWA and othegions

Major findings

1 Winter (July) rainfall has increased in central navibst Western Australiand central Western
Australia.

1 The increased formation of norikest cloud bands and intraseasonal oscillations over approximat
the past 60 years is consistent with rainfall increases observed in parts of Western Australia.

Winter (July) rainfall has increased over central navesst and central Western Australia. IOCI3 research links
this increase to changes in two types of weather systems commonly seen in these regionsvesirthoud
bands and intraseasonal oscillatioif$ie influence of aerosols generated by human activity, another possible
factor in the NWWA rainfall increadeyt in summerjs covered below

North-west cloud bands originate in the Indian Ocean off navést Austrak and then travel eastward
(Figure 3). Associated with an extensive layer of raegaring cloud, these weather systems provide rainfall
across much of Australia. Their growth rates increased by approxiyr2é&b or more over abotihe past

60 years (comparing the 192006 average to the ¥®-1968 arerage).This increase would be expected to
increase rainfall over the regions mentioned in the preceding paragraph, as has been observed.

Intraseasonal oscillatiorsause weather disturbances that extend from the central Indian Ocean aoross
central and north Western Australia. The growth rate of these weather systems has increased by about
30% over approximately the past 60 years (again comparin@38e to 2006 average with the 1949 to
1968 average). Increased formation of these weather systes consistent with increases in rainfall over
central NWWAN July

Further reading: Section 3.2 of Technical Report.

2.2.1.ANWWArainfall increase and the possible role of aerosols

Major findings

1 10CI3 modelling studies suggest that aerosols lkeangributed to NWWA's observed rainfall increas
offsetting a possible drying influence of increasing greenhouse gas concentrations. However, st
this rainfall trend is also likely due to natural variation in the region's climate.

1 Antarctic ozone ddption may have had a lesser but similar effect to aerosols, also contributing t
increase in mean rainfall.

1 A future decrease in aerosol levels could 'unmask' the effects of greenhouse gas emissions. If f
trends are driven to a greater extent imcreasing greenhouse gas concentrations, this region may
expected to undergo a drying trend.

A number of modelling studies suggest that enhanced greenhouse gas concentrations cannot explain the
summer rainfall increase in NWWA. IOCI3 scientisésnined whether the Asian aerosol haze, fine

particles generated by human activity that are suspended in air pollution, could play a role. Although
Australia has relatively low levels of aerosols, it is just across the equator from the planet's highest
concentration of aerosols from human activity. Furthermore, the strongest cooling effects of aerosols occur
in the Saith-East Asian Region (Figurg.Jstablishinghe possible roleof aerosolsn the observed rainfall
increase has policy implications. ffagts to reduce Asian aerosols (due to concern about their adverse
effects on human health) are successful, this wetting trend could reverse in future
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CSIRO-MK3.6: 2000 minus 1850 direct + 1st indirect aerosol forcing (-0.84 W/m2)
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Figure S7 The cooling influence of aerosols. Note that this cooling influence (shown as green lthbtwsyareas) on
solar radiation intensities (in Watts per square metre) at the top of the atmosphere is most pronounced in the
South-East Asian Region, just across the equator from Australia. These estimates vadculated using the CSIRO
Mk3.6 global dmate model.

IOCI3 scierts collaborated witlthe Queensland Climate Change Centre of Excellence to examine the role
of aerosols and other possible drivers of the region's rainfall increase, including Antarctic ozone depletion.
They used modelling techques that separated out the possible effects of aerosols, enhanced greenhouse
gas concentrations, ozone and other such 'forcing' agents.

Their analysis suggests that huragenerated aerosols have contributed to the observed rainfall increase,
substantialy masking the effects of greenhouse gases, which on their own were simulated to cause drying
over northwest Australia. Ozone depletion, the modelling suggests, may have had a lesser but similar
masking effect to aerosols, also contributing to an increasaean rainfall. However, this modelling work
also suggests that some of this observed trend is associated with natural climate variability.

Future mean rainfall changes could differ greatly from those recently observed in this region. Modelling
suggess that if aerosol levels decrease, and if future changes are driven by increasing concentrations of
longlived greenhouse gases, drying would take place over much of Australia. This rainfall decrease would
be most pronounced in the North, including NWWA.

Limitations and knowledge gaps

Results such as these, based on one climate nfteteduld be treated as hypotheses. To better establish

the aerosatrainfall link, scientists must compare results from a range of global climate models. They must
also explain the physical mechanism by which aerosols influence the region's rainfall. One possibility is that
aerosols may strengthen the cyclonic (clockwi@eulation off Australia's north coast, thereby bolstering
monsoonal winds and bringing more moisture towards NWWA from the Indian Ocean.

Further reading: Section 5.1.4 of Technical Report.

8The CSIRO Mk3.6 global climate model.
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2.2.2 EXTREME EVENTS INWAY OBSERVED CHANGES

Asalready noted extranes of weather and climate can have significant secionomic and environmental
consequences. I0CI3 sought to improve our understanding of extreme events in NWWA for both-present
day and possible future (Sections 3.2.3) climate conditions. This sectiorig#OClZesults on extreme

rainfall and hot spells. Itlso covers IOCI3 findinga tropical cyclones, Western Australia’'s most regular
major natural meteorological disaster

2.2.3.1 Tropical cyclone contributions to rainfall and extreme rainfallrics in NWWA

Major findings

9 The amount of precipitation associated with each tropical cyclone increased over the past 40 y
the north and west of Australia, most markedly over the period 1989 to 2009.

Is the increase observed in NWWA's annual rainfall linked to changes in the characteristics of tropical
cyclones? The number of tropical cyclone days remained constant over eeottialand northwest

Australia over period 1970 to 2009. Over much of navést Australia, between Broome and Carnarvon,
the percentage contributiorof tropical cycloneso annual rainfall has decreased (but not significantly).
However, further north close to Darwin, whetm®pical cyclones contributa much smaller percentage of
annualrainfall, their associated rainfall has increased significattthis analysis is restricted to the
percentage of extreme precipitation (greater thire 99" percentile) influenced by tropical cyclones, these
results are even more pronounced, except in the very north of the region (Figure S8). However, the average
over Australia's entire northvest indicates no overall change in the percentage of tropical cyclone rainfall.
This suggests that rainfall increases oves region are the result of weather systeotber than tropical
cyclones $ection 2.2.1.2).

Nonethelessthe amount of rainfall associated with each tropical cyclone (precipitaificiency) has
increased, as is the case wiither forms of closed lowystems(Section 2.2.1.2). IOCI3 scientists examined
changes in rainfall amounts associated with Austratigion tropical cyclones over the past 21 (1989 to
2009) and 40 (1970 to 2009) years. The precipitation efficiency (measured as rainfall per typas

day) increased over the 2fear period in the north and west of Australia; if the fulkyar period is taken,

a smalle increase is apparent (Figur8es). This indicates that the greater share of this increase in tropical
cyclone precipitatiorefficiency occurred during the more recent period.

Fuither reading: Sectiof.1.3.1 of Technical Report.

2.3.3.2Extreme temperatures in the North West: hot spell spatial patterns and trends

Major findings

1 10CI3 research on observed hot spell trendigates that their intensity, frequency and duration
increased in most inland areas of north Western Australia over the period 1958 to 2010, some
exceptions to this general trend notwithstanding.

IOCI3 scientists developed new statistical methods to estimate hot spell characteristics and applied these
methods to temperature data for north Western Austrdli&or this analysis, 'north Western Australia’
refers to the area above the black horizoniak in Figure S@hat is, north of 28 S).They found that hot
spell thresholds in most parts of north Western Australia exceetC4@ccording to data for the period

° Due to the limited quantity of higljuality station dateon temperature extremedOCI3 scientistssed both station data and data from the
Austrdian Water Availability Proje¢fL958 to 2010) for this analysiSee Technical Report Sections 4.3.2 and 5.3.2 for more information about data
and methods used.

20| Indian Ocean Climate Initiative Stage 3



1958 to 2010. Most inland areas have high thresholds, approachifg.45n the Pilba coast, thresholds
range from 33C to 46°C. Thresholdare considerably lower along the Kimberley coadtere they range
from the low to mid30s (°C).
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FigureS8Climatologies over the period 1970 to 2009 of the percentage of (a) annual precipitation; and (b) extreme
precipitation influenced by tropical cyclones. Tropical cyclones provide 20 to 30% of the annual rainfall to the area
around Port Hedland, and abolB5% of the totalextreme rainfall to a considerable portion of nortlwest Australia.

Also shown are trends in the percentage of: (c) annual precipitation; and (d) extreme precipitation influenced by
tropical cyclones ovethe period 1970 to 2009. Pane(g) and (f) show the trend in the amount of precipitation (in
millimetres) per tropical cyclone day per year over the periods (e) 1970 to 2009 and (f) 1989 to 2009. Black lines in
panels(c) to (f) highlight values significant at the 90% level.

The spatial pttern of hot spell intensity resembles that of thresholds (Figure S6a). For most of north
Western Australia, hot spell intensities range from 40 t6d@5however, along the Kimberley coast lower
intensities from the midto high 30s are seen. As for tidmover the period 1958 to 2010, hot spell
intensity generally increased over most inland (particularly south inland) afessth Western Australia
but decreased in coastal areas and the south Kimberley (Figure S6d)

Hot spell frequency in coastal areafsnorth Western Australiypically ranged from four to seven events

per summer over the period 1958 to 2010 (Figure S6b). Swatt parts of the Kimberley experienced

lower frequencies of three or four events per summer. In some areas of inland naskeYd Australia,
frequencies were higher: three to eight events per summer. As for trends (Figure S6e), hot spell frequency
increased in most inland areas over the period 1958 to 2010. In Meekatheatr spell frequency increased
significantly, from threeo six events over the period 1958 to 20PHowever, hot spell frequency tended

to decrease inthe southern and northern parts of the Kimberley, and the south-west corner of north

Western Australia.

lOThisincreaLsesi statistically significant at the 0.001 levidiere theperiod 1958to 2011is referred to because this result is based on station data
available for tlis period.
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As for hot spell duration, coastal areas gengraiperienced shorter events than inland areas (Figure S6c).
From the Pilbara coast and along southst parts of north Western Australia hot spdisvegenerally

lasted two or three days, somewhat shorter than the three to seven day events typicallyezqesl in the
region's soutlkerninland areas. As for trends, hot spell duratimsincreased in most inlandreas of he

region (Figure S6f). Howewitie duration of these eventdeaeased inthe southrwest and eastrn parts of

the Kimberleyand in the southwest corner of north Western Australiaver the 1958 to 2010 period.

Further reading: Section®2 of Technical Report.

2.3.3.3Tropical cyclones: observations

Major findings

9 Tropical cyclones occurring in the first half of the cyclone season disrupt the seasonal warming
which does not resume until 20 to 30 days after cyclone passage. Conversely, cyclones in the |
of the season bring about an approximately 8Ctemperature drop from which the ocean does no
recover dudo the seasonal cooling cyclEhis is a large impact and its effect is currently not
incorporated in climate models.

1 The firstever documentation ahe sea surface temperature threshold foopical cyclone formation
for all individual cyclone cases confirmed that a threshold of ZB éxists for 98% of cyclone cases
worldwide, but that cyclones can exist at cooler temperatures later in their lifecycle.

9 Study of the response of the sea sadfdaemperature threshold td@pal warming found that a 0.2C
shifthas occurred in the mean temperatwétropical cyclone formatiom\o shift can be detected in
the threshold temperature towards a higher value.

1 The quality of thdnistorical tropical cyclone datsets was documented in detail. Statistical techniqu
were developed to determine whether any trends are statistically significant. Despite firm model
predictions for future changes in tropical cyclone behaviour, currently thereoastatistically
significant trends in historéd Western Australian tropical cyclone frequencies or intensities.

1 A study on the economic impact of tropical cyclones in Western Australia suggests that the maj
impact is not direct damage to private housing and public infrastructure. Rather it suggests the |
impact is on the minerals and energy sector. Howéyarause the ongoing costs to this sector are |
reflected in insurance payouts, they are largely undocumented.

Tropical cyclones produce fierce winds, extreme rainfall, storm surge, lightning and shoreline erosion, and
along with floods they can threatdife, property, businesses, and the environment.

IOCI3 scientists participated in a major international collaboration to summarise what is krenvehwhat

is not yet understooq about tropical cyclones and climate change. They also improved the fundaimen
understanding of the role tropical cyclones play in climate and examined historical data for trends in the
activity of tropical cyclones that affect Western Australia (Table S2). In addition, they performed modelling
studies on possible future changesthe characteristics of tropical cycloné&egtion 3.2.3.8

Correlations with ocean temperature

IOCI3 advanced the understanding of the complex relationship between tropical cyclones and ocean
temperatures. At the beginning of the tropical cyclone season (October through December), the presence
of warmer sea surface temperatures corresponds to highenbers of tropical cyclones. However, in mid
season (January through March), warmer sea surface temperatures actually correspond to fewer tropical
cyclones. It appears that tropical cyclones' response to ocean temperature is not simply a local oad. Inste
it must be interpreted in terms of the larger circulation systtrat fosters tropical cyclones.
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Table S2 Observations on tropical cyclones in nevthst Western Australia.

OBSERVATIONS ON TRX2®R CYCLONES IN N@RTH WEST

Number per year 7-8

Numberof severe cyclones

(categories 4 and 5) per year 29
Trend in cyclone numbers No
Statistically significant trend in No

percentage of severe cyclones?

Sea surface temperature threshold for tropical cyclone formation

It has generally been accepted that tropical cyclones form only over tropical oceans with sea surface
temperatures of at least (approximately) 26@G. This because the energy source for a tropical cyclone is
the heat stored in the ocean. Because oceangemtures have warmed and are likely to continue to do
so0, the extent of ocean area providing the threshold temperature for tropical cyclone formation may
increase. Determining the robustness of this 2&5ormation threshold is therefore important.

IOCB scientists examined the sea surface temperatures at which tropical cyclones formed using a local
database and information within an international database on tropical cyclones and tropical cyclone tracks
for the years 1981 to 2003. This revealed thah@lgh 26.5°C is not an absolute threshold, more than

98% of tropical cyclones form above this sea surface temperature. This threshold is most apparent during
the 48 hours preceding the development of a tropical cyclone.

They also examined the respondfetioe sea surface temperature threshold to global warmiiitey
observed that, globally, tropical cyclones are forming at sea surface temperatures warmer th&g,26.5
that is, a 0.2Cshift has occurred in the mean temperature of tropical cyclone formatitmweverno shift
can be detected in the threshold temperature towards a higher valberefore as the oceans warm, it
cannot be assumed that the region of tropical cyclone fororatvill expand. Sea surface temperatures are
just one of a number of preonditions for tropical cyclone formatioh Thus ocean warming does not
automatically imply a larger area off Western Australia's coast conducive to their formation.

Tropical cyclonesnfluence ocean temperature

IOCI3 scientists also confirmed that the relationship between tropical cyclones and sea surface
temperatures is complex. Not only do sea surface temperatures influence tropical cyclone development
and final intensity, but trogial cyclones also greatly influence the heat balance of the underlying ocean.
Tropical cyclones can have a large impact on the seasonal cycle of ocean surface temperature, as follows.
When tropical cyclones occur in the first half of the cyclone seasew,disrupt the seasonal warming

trend, which does not resume until 20 to 30 days after cyclone passage. Tropical cyclones that occur in the
late half d the season bring decrease of approximately 0°® from which the ocean temperature does

not recoverdue to seasonal cooling.

Tropical cglone intensity and frequency: e significant trends thus far

Whether the characteristics of tropical cyclones have changed or will change in a warming glandté
so, howz has been the subject of considerable istigation, often with conflicting results. Large ygar
year fluctuations in the frequency and intensity of tropical cyclones greatly complicate efforts to both
detect longterm trends and to determine whether any changes are driven by rising levelmotpheric
greenhouse gases. The availability and quality of global historical records of tropical cyclones is quite

1 Additional preconditions include a potentially unstable atmosphere; a moist-trogosphere; a preexisting near surface disturbance with
established spin and conveagce; and a small annot of vertical wind shear (that,idittle difference in the wind speed of the upper and lower
atmosphere).
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limited, and this further impedes efforts to detect trends in tropical cyclone characteristics. As a result, it is
not yet possible to asc&in whether past changes in tropical cyclone activity have exceeded the variability
expected from natural causes.

IOCI3 sciergts collaborated witlthe BoM National Climate Centre to investigate and document the history
of the methods used for reportinip the west Australian (that is, South Indian Ocean) tropical cyclone
dataset. Using this homogenised dataset, they determined that there are no significant trends in the
frequency or intensity of tropical cyclones for the South Indian Ocean over thgdastars, the period for
available records that can be considered consistent.

Limitations and knowledge gaps

Theimpactof tropical cyclones onlimate is still not well understoodJnder I0CI3, important first steps
were made to document the impact oydones on sea surface temperaturéurther work should
incorporate subsurface temperature data and should involve case studies of individual eyatahcyclone
seasons

The study on the sea surface temperature at which cyclones form should be extensiedly cyclone
intensification and particularly rapid intefiisiation. The lack of a discetnie trend in the threshold
temperature for tropical cyclone formation in this region is at odds with reports in the international
literature of changes in the teshold for largescale organized convectiohhese differences need to be
resolved.

Changes in satellite detection methods and limitations in the histbdiata have made it difficult to detect
trends in cyclondehaviour More analysiof tropical cyobne recordds required to understand the
conditions that lead to some yealsving more intense cyclonesd cyclones making landfall further
southwards. Additional work is also needed on hist@itropical cyclone data, including landfall
observations, to obtain a longer, consistent cyclone record suitable for trend detection.

IOCI3 also showed that the ongoing economic impact of tropical cyclones on the mining sectquublicly
documented (se Technical ReparBection 53.3.3). These costs arassociated witloperatingin a region
subject to flooding of mines, road and port closures, evacuation of personnel and cydorieated design
criteria for offshore platformsIndustry costs and optts should be recorded such that cyclone impacts can
be quantified. The IOCI3 economic study concluded that climate chatafed impacts on tropical cyclone
activity will probably not be detectable in economic data du¢hte compoundingnfluences ofricreases in
coastal population, coastal infrastructure and increasing constructions costs. Howeexiception may be
future cost amplification from storrsurge inundation, due to these surges occurring against a background
of higher sea levelsTo dateno studies have incorporated this effect into economiadellingof future

cyclone costs.

Further reading: Section 530of Technical Report

See also the tropical cyclone databasevwatiw.bom.govau/cyclone/history/tracks/
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3 Anticipated Future Changes in Western
Australia's Climate

Climate change will be superimposed on preséay climate fluctuations and extremes, creating new
challenges and opportunities. Improved understanding of possibledutbanges could inform thoseho
mustplanfor future actionbased on assumptions about the climate. IOCI3 scientists provided projections
of possible changes to mean rainfall and temperature under future climate scenarios. They also provided
high-resolutionprojections of extreme rainfaindhot spells, angrojedions oftropical cyclone
characteristics, including their frequency, intensity and associated rainfall. IOCI3 advances on the
forecasting of rainfall, temperature and tropical cyclones in Western Australia are reported in Section 3.3.

BOX 4 PROJECTNDOR FORECAST

Climate projections and forecasts both make statements about future climate conditiotthey differ in important ways.

Climate forecasts (or climate predictions) attempt to estimate the actual evolution of the climate in seas@asahead, or
over still longetterm future periods

However, in climate projections the response of the climate system to emis§isesnarios of greenhouse gases or aerosols
calculated, often based on simulatiobg climate models. Thudimate piojections differ from climate forecasts in that they
critically depend on these scenarios, and the highly uncertain assumptions of futureesociomic and technological
development that underpin themnformation on he scenarios sed in IOCI3 analysisgivenin Box 3 of the Technical Report

3.1 SWWA Climate Projections

This section summases the results of multiple approaches used under I0CI3 to provide projections of
possible changes to SWWA's climate through to the end of the century.

3.1.1 SWWARAINFALL PROJECTIONS

Major findings

1 Climate modelling of largscale changes to the atmosphere indicates that as greenhouse gas
concentrations continue to increase, further rainfall reductions may be expected in SWWA in all
months from May to October.

1 Highpressurenveathersystems could become more prevalent, such that their incidence could inc
by 70% by the period 2081 to 2100 (compared to the 1961 to 2000 baseline). The incidence of
pressure systems is expected to decrease by almost as much.

i Stationscale (statistically downscaled) climate projections also suggest that the SWWA drying t
will continue to intensify through to the middle and end of this century.

12 . ) , . . . . :
Scenarios of concentrations of greenhouse gases or aerosols (‘concentration scenarios'), or forcings (‘forcing steryaaiss'pe used.
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Will SWWA's drying trend continue to intensify and expand? This importantignédsas relevance for
policymakers who must manage water resources for urban supply, agricultural use or ecosystems. IOCI3
scientists provided projections of future SWWA rainfall using thrderdifit approachesThey provided
projections offuture changes to: large-scale characteristics of the atmosphere in the Southermidphere;
regional low and higipressure weather systenbat influence SWWAainfall; andrainfall at the scale of
individualweatherstations

3.1.1.1 SWWA rainfall projections: larggeale climate systems

IOCI3 modelling work indicates that as greenhouse gas concentrations continue to intteasayge

scale changes to the atmosphere observed during the second half of thee®ury (described in Section
2.1.1.1) could continue during the 2&entury. This includes further large reductions in wind shear

instability and storm formation, and continued rainfall decline around the Southern Hemisphere north of
40° S. Decreases nainfall are projected for SWWA in all mtbs of the May to October halfear. In some
months these reductions could exceed 20 millimetres. These reductions may be as large as, or larger than,
those experienced at the end of the'26entury.

Further reachg: Section 3.8f Technical Report.

3.1.1.2 Weather system projections and SWWA rainfall

Like the projections of largecale atmospheric changes described above, IOCI3 projections of changes to
regional weather systeniadicate future drying. Takintpe weather systems discussed in Section 2.1.1,
IOCI3 scientists compared the present (1961 to 2000) period with projections for the end of the century
(2081 to 2100) under a high (Special Report on Emissions Scenarios43RESEnhouse gas emissions
scenario. The results suggest a future increase in the incidence of synoptic types associated with high
pressure systems affecting SWWA, and a decrease in those associated witfedsure systemsome

climate models project an increase of up to 70%him daily occurrence of synoptic types associated with
extensive highpressure systems, and almost as much decline in those with deep lows.

Further reading: Section 4.120f Technical Report.

BOX5 STATIOMSCALE CLIMATE PROJERS FOR SWWA ANIVWWA

Downscaled projectioﬁéhave greater spatiaksolutionthan global and regional climate models. I0CI3 downscaling metho
used the 100 to 20&ilometre griddedoutputs of climate models to infer changes at the resolution of individwesdther
stations. Tis work yielded downscaled projections of daily mean rainfall and daily minimum and maximum temperature f
selected BoM stations in SWWA, nine stations in the Kimberley, and ten stations in the Pilbara (see Sections 3.1.3.313.
and 3.2.2). Mese stations were selected for the relatively high quality of their historical data, and those in SWWA were al
chosen for their relevance to the water and agriculture sectors.

Resultdrom the application othis downscaling methodaninform dimate adaptation and planning: thegre suitable for
making impact, vulnerability and risk assessments. However, users should carefully note the associated caveats and lim
discussed in the sections referred to above. Whilstable for scenario planningrojections are not the same asaglictions or
weather forecastsgiven uncertainties in the driving emissions scenaffirsx 4.

The complete results for these downscaled climate projections are availaliigat/data.csiro.au/dap/

Further reading: Technical Report sections 2.2, 4.1.2.2, 5.2.2and 5.2; Appendix A and C for supplementary information
methods; Appendix B & D for tables of results.

3 These projections were made using low (B1), intermediate (A1B) and high (A2) SRES greenhouse gas emissions scenhrics| Repditc
Box 3 for an explanation of SRES greenhouse gas emissions scenarios.

14 See Box 1 and Section 22the Technical Report for an explanation of downscaling methods.
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3.1.1.3Station-scale projections of SWWA rainfall

In addition to the broadscale projections described above, I0CI3 scientists produced statade

projections of rainfall changes for 29 stations across SWWA. Statistical downscaling was applied to
simulations from five different global climate models foetlow (B1), intermediate (A1B) and high (A2)
SRES greenhouse gas emissions scenarios for the middle (2047 to 2064) ahthisnceatury (2082 to
2099).Box 5 provides further information on these projections as well as links to the complete results. Fo
illustrative purposes the results for a subset of six of the 29 selected stations are given in Table S3.

Table S3 Range, from downscaling five global climate models, of predagt(1962 to 1999) and projected annual
mean rainfall (in millimetres) for skected stations across SWWA. Projections are given for-cedtury (2047 to

2064) and enebf-century (2082 to 2099) periods under low (B1), intermediate (A1B) and high (A2) SRES emissions
scenarios. For present day and for each emissisnenario and perid, downscaling from each of the five global
climate models produces a different result. The range across these different results is one source of uncertainty in
the downscaled results, as shown by the range in each cell.

STATION PRESENT DAY MID-CENTURY MID-CENTURY MID-CENTURY END OF END OF END OF
B1(LOW) A1B (MID A2 (HIGH) CENTURY B1 CENTURY A1B CENTURY A2
RANGE) (LOW) (MID-RANGE)  (HIGH)
Dalwallinu 390c410 330360 270¢360 290¢340 290¢350 220¢320 230310
Perth Airport 770800 610c690 510720 550c680 560¢730 400630 420610
Cape 990¢1020 840920 760c950 780¢920 800¢960 650¢880 660¢860
Leeuwin

Pemberton 116051190 9701060 850¢1100 890c1050 910c1110 710c1000 720c970
Forestry

Lake Grace 360¢380 300330 250¢340 270¢320 270¢320 200¢290 210280

Wandering 5705600 460c510 380c520 410c500 410c530 300c460 310c440

The range in results from the different global climate models used produces considerable uncertainty
(Table S3). Nevertheless projections from all 29 stations indicate a drier future for 8@/WpAred to the
'‘present day' baseline (1962 to 1999). The high emissions scenario produces the greatest projected rainfall
reductions in most (four out of five) models. Téeale of potential rainfall decline is evident from the

average taken across athions and simulations years: by megntury mean annual rainfall is projected to
decrease by 10 to 21%under the low emissions scenario; 8 to 33% under the intermediate scenario; and
11 to 28% under the high scenario. By the end of the century the sjporeling ranges are decreases of 6

to 28% (low scenario); 17 to 46% (intermediate); and 20 to 43% (high).

Limitations and knowledge gaps

The signal of rainfall decline in SWVBAiéry robust: modelling resulisscluding those reported by the
Intergovernnental Panel on Climate Change agree that SWWA's rainfall decline will continue to the end of
this century (2080 to 2099However, as noted in Section 2.1.1, further work is required on the methods
used to detect and attribute climate change, and to previteater confidence in climate projections.

Regarding the downscaled results in this section, although they are suitable for scenario planning they are
not predictions. That is, they are plausible future climate scesanot weather forecast8px 4).

Confidence in statistical downscaling projections also depends on the performance of the global climate
models. Much of the range in these projections is due to the differences betwesdivéhglobal climate

models used, anthe use of more global climatmodels would undoubtedly produce a larger ramge
demonstrating that the range of uncertainty is larger tithat presented here. Furthermore, statistical

15The indicated range reflects the different global climate models used.
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downscaling does not necessarily reduce projection uncertainty compared to outputs at the sgkladf
climate models. Confidence in statistical downscaling also assumes that pdagerglationships between
station-scale climate variables and largeale global climate model variables will still hold in the future. In
addition, this method is cuently not designed to model changes in daily rainfall extremes; see Section
3.1.3.1 for projections using extreméased methods.

Further reading: Section 4.1.2.2 of Technical Report; Appendix B for a full list of results.

Full statistical downscaling results availablehitp://data.csiro.au/dap/

3.1.1.4 Station-scale projections of SWWA temperature

Major findings

i Stationscale (statistically downscaled) climate projectionsS\fWA indicate that both maximum
and minimum temperatures will warm by rigntury through to the end of the century under a hi
greenhouse gas emissions scenario.

IOCI3 provided downscaled projections for daily maximum and minimum temperature undgr ¢(SRES

A2) greenhouse gas emissions scenario. Five global climate models were dynamically downscaled with the
CSIROdhformalCubic AtmospheriModel (CCAM) to provide changes for a stochaséather

generator'® Averaged across all of the 29 select&\8A stations, daily minimum temperatures are

projected to increase by 1.6 to 22 by midcentury, and by a total of 3.0 to 4°C by the end of the

century. Maximum daily temperatures are projected to increase by 1.5 téQlly midcentury and by a

total of 2.6 to 3.5°C by the end of the century. Most (four out of five) models suggest that maximum
temperatures could warm more than minimum temperatures at both the middle andadw@dntury time

periods. For illustrative pugses the results for a subset of six of the 29 selected stations are given in Table
S4.

Limitations and knowledge gaps

Although these results are suitable for scenario planning, they are subject to the same caveats and
limitations as the downscaled rainfaésults described in Section 3.13&above.

Further reading: Section 42lof Technical Report; Appendix B for a full list of results.

Full statistical downscaling results availablehttp://data.csiro.au/dap/

3.1.2 SWWA EXTREME EVENTSOBECTIONS

IOCI3 scientists provided projections to indicate how extreme rainfall and hot sp&WWAnay be
expected to change under future climate conditions

16A method for producing synthetic time series of weather data with the statistical characteristics of obsepregeoted weather.
l7The same selected stations as noted in Section 3aldove; see Technical Report, Appendix A for a complete list of stations.
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TableS4 Downscalegrojected mean annual maximum and minimum tempenraes in degrees Celsius for mid
century (2047 to 2064) and endf-century (20822099) periods for sistations across SWWA. A list of these results
for all 29 selected SWWA stations is available in Appendix B of the Technical Report. For 'present dagttined
reproduces the observed 1962 to 1999 means. Downscaling from each of the five global climate models for each

emission scenario and period produces a different result. The range across these different results is one source of
uncertainty in the dowrscaled results, as shown by the range in the cells.

MINIMUM TEMPERATURE MAXIMUM TEMPERATURE
STATION PRESENT  MID-CENTURY END OF CENTURY PRESENT MID-CENTURY END OF CENTUR
DAY VAGIel) VAGIel) DAY A2 (HIGH) A2 (HIGH)
Dalwallinu 12.2 14.0¢14.8 15.7¢16.8 26.0 27.5;28.8 28.6¢30.8
Perth Airport 12.6 14.1¢14.7 15.516.5 24.5 26.0¢26.8 27.328.6
Cape Leeuwin 14.1 15.3¢15.8 16.5¢17.1 20.1 21.3¢21.7 22.5¢22.9
Pemberton Forestry 10.3 11.6c12.1 12.8;13.6 20.5 22.0c22.4 23.%23.9
Lake Grace 10.4 12.0c12.7 13.5514.6 23.1 24 .4¢25.7 25.4¢27.5
Wandering 9.1 10.811.4 12.3313.4 23.3 24.8;25.8 26.0527.8

BOX 6 HIGRESOLUTION PROJENSIOF EXTREME RAINFAND TEMPERATURE FSYRWVA AND NWWA

Projecting future changes in the characteristics of extreme events is an emerging area of climate science. Thus IO@h&w,
area focussed on developimgw methods and techniquefOCB scientistaised model outputand a statistical approach that
integrates climate model output with data. This work yieldbd followingprojections of future extreme rainfall and
temperature:

{| Extreme rainfall projections in the form of maps of 3@ar return level¥ for 24-hour extreme rainfall centred on 1990, 203
and 2070 for both SWWA and NWWA.. Inten$igguencyduration curvefare also available for Millstream, Port Hedland,
Derby and Broome for these time periods.

1 Additional extreme rainfall projections are also availablelf? locations in NWWA. These are projections of changes in th
intensity of twahour, 24hour and 72hour rainfall events at return levels of five and 100 yeat2030 and 2070.

1 Estimates of current and projected extreme rainfall associated with tropigdones over NWWA are also available. These
results based on observations are provided in the form of maps showing the tropical cyclone contribution to average a
and extreme rainfall in the region. In addition, fineale (fivekilometre-resolutior) projected changes in rainfall associated
with tropical cyclones (average oeur, 12hour and stormlifetime tropical cyclone rainfall) are provided in the form of a
table of percentages.

1 Also provided are maps of mean hot spell intensity, frequencydamation for the period 1958 to 2010, and of trends in ho
spell intensity, frequency and duration over this period. In addition IOCI3 provided maps of mean hot spell thresholds,
intensity, frequency and duration for the period 1981 to 2010, projectiongHe period 2070 to 2099, and of the difference
between these two periods’

Readers should carefully note the associated caveats and limitations discussed in this volume and in the Technical Rep

sections referred to below. The complete results fordbgrojections are available dtttp://data.csiro.au/dap/

Further reading: Sections 4.3 an® Bf Technical Report, and AppendiE&s for supplementary
information on methods.

18 See Box 5 of Technical Report for an explanation of return levels.
19 See Box 6 of Technical Report foreaaplanation of intensityfrequencyduration curves.
20 See Technical Report Section 4.3.2 for an explanafitimeanodelling methods used fénesehot spellestimates.
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3.1.21 SWW-Aextreme rainfall projections

Major findings

1 Projections suggest that changes in extreme rainfall will not be consistent across SWWA.

1 Whereas decreases in the intensity eh4.00 year events are projected for the far scutbst of
Western Australiamear Pemberton, increases are projected to the north near Dalwallinu and in tF
region east of Lake Grace.

IOCI3 scientists produced very higdsolution climate changprojectionsto indicate how the
characteristics of extreme rainfall events, thattigir intensity, frequency and duration, might shift under
climate change. Figure S9 shows projected spatial return féeélannual maximum 24our rainfall

events witha 100-year return period at a foukilometre spatial resolution. Projections are the 2030

and 2070 time periods under a high (SRES A2) emissions scéatimngle bounded by Dalwallinu, Lake
Grace and Pemberton defines the study region for this IOCI3 research on extreme rainfall projections.

The figure clearly illustrates how thpeojected change in extreme rainfall is not uniform across the study

region under this high greenhouse gas emissions scenario. The results suggest a decrease in the amount of
rainfall associated with a-ih-100 year rainfall event in the far southest ofWestern Australia near

Pemberton, but a slight increase to the north near Dalwallinu and in the region east of Lake Grace. For
example, the 10§ear return level of 24our rainfall at Pemberton changes from 115 millimetres of

rainfall under presentiay mnditions to 99 millimetres in 2070.

Limitations and knowledge gaps

These projections of extreme rainfall should be seen as initial estimates only, and should not be used for
making impact, vulnerability and risk assessments. They were made using orhnhuate model; more

work using an ensemble of global and regional climate model results is required to provide more robust
projections of climate extremes for SWWA and NWWA.. Use of higlsetution models may also improve
projections. Further work is alsweeded to refine the model that links the outputs from the regional

climate model and the spatial model.

Projections of extremealsopresent additional challenges. Because these events are rare, their analysis
relies on small datasets. Furthermore, sttists may seek to estimate extremes beyond relatively small
observed records, for example, to estimate-an2200 year event when there is only 50 years of historical
data. As a consequence the uncertainty associated with these projections is large.

Further reading: Section 4.330f Technical Report.

Full statistical downscaling results availablehitp://data.csiro.au/dap/

L 3¢ Box 5 of Technical Reptot an explanation of return levels and return periods.

22Projectbns were made using CCA&dynamical downscaling motesee glossary and Technical Report, Bakiten by the CSIRO Mk3.0 global
climate model.
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Figure S9 Extreme rainfdlbr a 100year average recurrence intervébr (a) the current climate and (b) projected
climate centred on the year 2070 under a high (SRES A2) emissions scenario. The bottom figure (c) shows the
differences between these two periods: pale blue areas indicate regions of decrease iry&é80extreme rainfall

return levels, magenta areas represent an increase. The triangular area shown in (c) is the IOCI3 study region for
this project, bounded by Dalwallinu, Lake Grace and Pemberton.

3.1.22 Extremetemperature projections: hot spells in the South West

Major findings

1 10CI3 projections suggest that hot spells will become more intense over all of south Western At
by the end of the century (2070 to 2099), and that the greatest intensity increases will occur in v
inland and north parts of this region.

1 The frequency of hot spells is projected to decrease in the-n@shbut increase in soutivest parts
of south Western Australia.

1 The duation of hot spells in centralouth Western Australia is projected to increase markedly.

IOCI3 scientists algwovided projections of future hot spell characteristics under a high (SRES A2)
emissions scenario. They used climate modéffitmghniques to simulate theseharacteristics for the
baseline (1981 to 2010) period and to produce projections for the endeo€éntury (2070 to 2099). For
this analysis, 'south Western Australia’ refers to the area below the black horizontal kigune S6 (that
is, south of 28S).

These projections suggest thdiet intensity of hot spells wilhcrease over all of SWWA the end of the
century. The greatest future intensity increases are projected for west inland and north parts of this region,
with less intense increases indicated for coastal and central parts of south Western Australia. As for hot

23CCAMNas driven by atmospheric fieldofn a CSIRO Mk3.0 host global climate mosks#; Technical Report Section 4.3.2 for details of the
method used.
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spell frequency, projions suggest that the number of these events could decrease in central areas of
south Western Australia, but increase over scutést parts of the region by end of century. Regarding hot
spell duration, projections suggest that the longet bpells expdenced in northparts of this region may
occur further south in future, with marked increases in hot sgethtion projected for centrasouth

Western Australia by the end of the century.

Limitations and knowledge gaps:

As is the case with the projectie of extreme rainfall in Section 3.12above, these projections of hot

spells should be seen as initial estimates only, and should not be used for making impact, vulnerability and
risk assessments. Many of the same caveats and limitations apply: tied asengle climate model and the

need to extrapolate beyond relatively small observed records. The methods used by this study to overcome
data shortage® may also result in the underestimation of extremes in some casditional sources of
uncertaintyare thoseinherent in climate scenarios as well as those related to the use of climadiels

Further reading: Section 4.3.2 of Technical Report; Appendix E.

Full results of projections available http://data.csiro.au/dap/

3.2 NWWA Climate Projections

IOCI3 provided statieacale projections of possible changes to rainfall and temperature under future
climate scenariosResults from researabn high-resolution projections of changes in extreme rainfall, hot
spells andropical cyclones aralso reported here

3.2.1 STATIORSCALE PROJECTIONSWWA RAINFALL

Major findings

i Stationscale climate modelling suggests that the Kimberley and Pilbara regions will undergo a ¢
trend by the miecentury, continuing through to thend of this century.

9 Projections for this drying trend are highly (but not completely) consistent across the different cl
models and emissions scenarios used in this IOCI3 modelling study.

IOCI3 scientists applied the downscaling techniglescribed in Section 3.13for the first time to regions
influenced by tropical climate. They downscaled from five global climate models to produce projections for
daily rainfall at nine stations in the Kimb&yland ten stations in the Pilbara under tlosv (B1),

intermediate (A1B) and high (A2) SRES emissions scenarios for the middle (2047 to 2064) and the end of
this century (2082 to 2099).t&ions” were selected for the relatively high quality of their weather records.

The KimberleyAveraged acrosall nine Kimberley stations, the results generally indicate a drying trend for
this region by mietentury. All fve global climate models agrea this future drying trend under the low

and intermediate scenarios at mientury. However, under the high essions sceario there § less
agreemet; whereas some models indicatieying orlittle change, others indicata slight wetting trend at
mid-century.

By the end of the century this projected drying is more claar For the period 2082 to 209%ll models
suggest drying across the Kimberley regardless of the emissions scenario. Nevertheless, the range of
projections produced by the five different global climate models leads to considerable uncertainty in the
downscaled results, so that the rangepmssible rainfall reductions is wide (S€able S3esults for a

2 Due to use of data from the Australian Water Availability Project, which interpolates raw data.
5 Detailed information on the 19 selected NWWtations including mapsis provided inTechnical Reporppendix C.
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subset of stations For example, under the intermediate scenario, averaged across the nine Kimberley
stations, mean annual rainfall reductions range from 2 to ®»§%midcentury, and 6 t®9% atthe end of
the century.

Table S5 Range, downscaled from five global climate models, of predagtand projected annual mean rainfall (in
millimetres) for three stations in the Kimberley. Values are given for ruentury (2047 to 2064) and endf-century
(2082 to 2099) time periods under low, intermediate and high emissions scenarios. Downscaling from each of the
five global climate models produces a different result for each emissions scenario and period, including the present
day period. The rangacross these different results is one source of uncertainty in the downscaled results, as
shown by the range in each cell. The results for all nine selected Kimberley stations are available in Appendix D.

STATION PRESENT DAY MID-CENTURY MID-CENURY MID-CENTURY END OF END OF END OF

B1 (LOW) A1B (MID A2 (HIGH) CENTURY B1 CENTURY A1B CENTURY A2

RANGE) (LOW) (MID-RANGE)  (HIGH)

Kalumburu
Mission 12601280 10301250 10701260 10301320 10101260 1010;1240 990¢1260
Margaret
RiverStation 530c550 390c530 400¢520 380c560 380¢530 370c500 340c520
Broome
Airport 640660 480630 480c630 460680 450630 450¢600 410620

The PilbaraThe downscaled projections for the Pilbara also indicate a trend of drying bgenidrythat

will continue through to the end of the century. This drygignalfor the Pilbara is very consisteatross

the climate models and scenarios used here. However, as with the Kimberley results, the range of
projections from the five different global clireamodels leads to uncertainty in the downscaled results (see
results for a subset of stations in Table S6). Under an intermediate emissions scenario, averaged across the
ten selected Pilbara stations, projected rainfall reductions range from 1 to 248tidezentury, and 9 to

24% for the end of the century

Table S6 Downscaled preseday and projected annual mean rainfall (in millimetres) for three stations in the
Pilbara, as per the description in Table S4 above. These results for all ten selectedaPsliadions are available in
Appendix D.

STATION PRESENT DAY MID-CENTURY MID-CENTURY MID-CENTURY END OF END OF END OF
B1 (LOW) A1B (MID A2 (HIGH) CENTURY B1 CENTURY A1B CENTURY A2

RANGE) (LOW) (MIDRANGE)  (HIGH)

Port Hedland

Airport 3006360 2506340 220340 2605380 2306340 220c300 210¢310
;‘i’}zroTtomh 240c280 210c280 190c270 220290 200c270 190c240 180c250
Mount

Vo 300¢320 250310 230¢310 250330 240320 2306290 220¢300

Limitations and knowledge gaps

These projections may be useditdorm climate change adaptation measures, including impact,
vulnerability and risk assessments. However, the same caveats and limitations noted in Section 3.1.1.2
apply equally to these projections for NWWA. There is an additional source of uncertaintWivA given

that observed rainfall records indicate a current increasing rainfall trend in the Kimberley and east Pilbara
whereas the majority of downscaled projections indicate future decreases. Section 2.2.1.4 discusses
possible reasons for this incost@ncy, including the influence of aerosols generated from human activity.
Global climate models the analysis reported herdo notincorporate theobservedaerosol effect,
however the statistical downscaling methodssedshould account for historicakaosol effects to some

extent, as these effects have influenced the predictors used
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Further reading: Section 5.1.2 of Technical Report; Appendix D for complete tables of results.

Full statistical downscaling results availableltdtp://data.csiro.au/dap/

3.2.2 STATIORSCALE PROJECTIONSWWA TEMPERATURE

Major findings

9 Both the Kimberley and Pilbara regions are expected to undergo warming {mgntigy through to
the end of this century under a high greenhouseegaissions scenario.

1 Projections for both these regions indicate that, by the end of the century, minimum temperature
could warm more than maximum temperatures.

Although mean annudakmperaturesin some parts of NWWA followed the general warming trend
observed over most of the Australian continent, much of this region underwent minimal warming or even
slight cooling over the period 1960 to 2011. Will these observed trends continue?

IOCI3 scientists applied the downscaling teghas described in Sectichl.1.3to provide stationscale

estimates of future temperature change for nine Kimberley and ten Pilbara stations in NWWA under a high
(SRES A2) greenhouse gas emissions scenario. The results for annual minimum and maximum temperatures
suggest that, uner this scenario, warming will occur in the Kimberley and Pilbara regions bgemidry,

and continue to the end of the century.

The Kimberley Averages taken across all nine Kimberley stations suggest that minimum temperatures will
warm as much or morthan maximum temperatures by micentury and the end of the centufgr al five

global climate modelased Depending on the global climate model used, statistical downscaling
incorporating the CCAM changes projects maximum temperature increases ramgind.8 to 2.5C for
mid-century, rising to a total range of increase of 3.6 to@Céy the end of the century (averaged across all
nine Kimberley stations). For minimum temperatures, the corresponding averaged increases are 2.0 to 2.7
aC (midcentury),and 4.2 to 4.9C (end of century). Table S7 provides results for three Kimberley stations
for illustrative purposes.

Table S7 Downscaled projected mean annual maximum and minimum temperatures in degrees Celsius for selected
Kimberley stations for miecentury (2047 to 2064) and endf-century (2082 to 2099) periods under a high

emissions scenario relative to the present day (196 to 1999). For the present day the method reproduces the
observed means. Downscaling from each of the five global climate mogdedsluces a different result for each

emission scenario and period. The range across these different results is one source of uncertainty in the
downscaled results, as shown by the range in the cells.

MINIMUM TEMPERATURE MAXIMUM TEMPERATURE

STATION PRESENT DA MID- END OF CENTUR' PRESENT DA MID- END OF
CENTURY A2 (HIGH) CENTURY  CENTURY
A2 (HIGH) A2 (HIGH) A2 (HIGH)

Kalumburu Mission 21.0 23.023.6 25.0¢25.7 34.4 36.0¢37.2 37.538.8
Margaret RiverStation 20.5 22.6¢23.4 24.%25.8 34.6 36.6¢37.5 38.539.7
Broome Airport 21.2 22.8;23.2 24.525.2 32.3 33.6¢33.9 35.2¢35.8
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The PilbaraAll five global climate modelsvhendownscaledindicate that minimum temperatures will
increase more than maximum temperatures by the end of the century. However, the picture-at mid
century is quite mixed. Averaged across all ten Pilbara stations, maximum temperatures are expected to
increase by 2.1at3.28C by midcenturyand by a total range of 3.8 to 488 by the end of the century. For
minimum temperatures the corresponding averaged increases are 1.9 fit Zmidcentury) and 4.1 to 4.6

aC (end of the century). Table S8 provides results faettilbara stations for illustrative purposes.

Table S8 Downscaled projected mean annual maximum and minimum temperatures in degrees Celsius for selected
Pilbara stations for miecentury (2047 to 2064) and endf-century (2082 to 2099) periods under a higmissions
scenario relative to the present day (1962 to 1999), as per the description in Table S7 above.

MINIMUM TEMPERATURE MAXIMUM TEMPERATURE

STATION PRESENT DA’ MID-CENTURY END OF PRESENT DA' MID-CENTURY END OF

A2 (HIGH) CENTURY A2 (HIGH)  CENTURY
A2 (HIGH) A2 (HIGH)

Port HedlandAirport

19.7 217225 243248  33.3 35.X36.2  37.%38.4
Learmonth Airport 177 19.0c19.5  20.421.3 316 32.033.3  34.%35.0
Mount V

ount Vernon 173 194202 221227 321 341353  36.0c37.6

Further reading: Section 5.2 of Technical Report. Appendix D for complete table of results.

Full statistical downscaling results availablehttp://data.csiro.au/dap/

Limitations and knowledge gaps

The same caveatwted in Section 3.1.83 also apply here. Whilst these IOCI3 temperature projections are
suitable for impact, vulnerability and risk assessments, they should be viewed as plausible future climates,
not as pralictions or weather forecasts.
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3.2.3 NWWA EXTREMEVENTS: PROJECTIONS

IOCI3 scientists provided projections of possible changes to extreme rainfall events in NWWA, and to the
intensity, frequency and duration of hot spells. They also provided projections of possible future changes to
the characteristics fatropical cyclones in the Western Australian region, including their intensity, frequency
and associated rainfall.

3.2.3.1 NWWA extreme rainfall projections

Major findings

1 Projections suggest that by 2070 extreme rainfall intensity will genefadisease in the Pilbara but
increase in the Kimberley region around Broome, under a high (SRES A2) greenhouse gas en
scenario.

IOCI3 scientists used statistical modelling techniéfitesprovide very highesolution extreme rainfall
projections forNWWA for periods centred on 2030 and 2070 under a high (SRES A2) greenhouse gas
emissions scenario. The results suggest that changes to extreme rainfall will not be even across NWWA.
Roughly speaking, these projections indicate that the intensity of mdreainfall will decrease in the

Pilbara but increase in the Kimberley mgio the northeast of Broome.

Figure Sldlustrates the estimated magnitude of extrer@d-hour (duration) rainfall events with a 100

year average recurrence interval under theremt climate, and projections for these events under the

2070 climate. The figure also indicates how rainfall intensity may increase, by showing the difference in the
projected rainfall intensities between these two time periods. For example, whilstragtrainfall is

projected to decrease at Port Hedland, it is projected to increase in Derby but to undergo little change at
Broome and Millstream.

Limitations and knowledge gaps

For the reasons already detailed in Section 3.1.3.1 above, these projectiergeme rainfall should be
seen as initial estimates only, and should not be used for making impactyaiility and risk assessments.

Further reading: Section 513of Technical Report.

Full extreme rainfall projections available http://data.csiro.au/dap/

% Using outputs from the BIRO CCAM; see Technical Repedtion 5.3.1 for detailed description of methods used.
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Figure S10 Extreme rainfall with a 1§@ar average recurrence interval under (a) the current climate, (b) projected
climate at 2070 under a high (SRES A2) greenhouse gas emissions scenario, andlié¢tbece between these

two periods. Panels (a) antb) show 24hour return levels in millimetres; yellow to red areas indicate more intense
extreme 24hour rainfall, green to blue areas less intense. In (c) the magenta areas indicate areas where jgaject
extreme 24hour rainfall amounts are expected to increase by 2070; pale blue indicates areas of projected

decrease.

3.2.3.2 Extreme temperature projections for the North West: hot spells

Major findings

1 Projections under a high (SRES A2) greentgassemissions scenario suggest that hot spell inten
will generally continue to increase in north Western Australia, but that hot spell frequency will
change little in most locations. These projections also suggest that in most inland areas hot sp
duration will increase.

IOCI3 scientists also provided hot spell projections for north Western Australia for the end of the century
(2070 to 2099) under a high (SRES A2) emissions sceRarithis analysis, 'north Western Australia’ refers
to the area dove the black horizontal linghownin Figure S6 (that is, north of @S).

The results indicate that these events could become more intense (hotter) in this region. In some Pilbara
coastal areas, particularly around Karratha, large increases in hotrsjeeisity are projected. Somewhat

lesser increases are projected for much of the Kimberley. In fact in some Kimberley areas, especially coastal
locales, the intensity of hotplls is projected to decrease.

Modelling suggests that the frequency of futuret spells in north Western Australia may not change much
from that of present. Most inland areas of this region are projected to undergo a small future increase in
hot spell frequency by the end of the century, but decreases of roughly similar magatteigeeojected

along the Pilbara coasind southeast pars of north Western Australia.
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The duration of hot spells is projected to decrease in some Pilbara coastal areas and the northeltimberl
coast, but in Karratha and to the south of Broome hot spelation is expected to increase. For most of
inland north Western Australia, increases in hot spell duration are pegdor the end of the century.

Limitation and knowledge gaps

The caveats and limitations discussed in relation to south Western Audtadlgpells in Section 3.1.3.2

apply equally to these projections for north Western Australia. These projections of extremes should
therefore be seen as initial estimates only and should not be used for making impact, vulnerability and risk
assessments.

Further reading: Section 52B0of Technical Report; Appendix F and G.

Full hot spell projections available http://data.csiro.au/dap/

3.2.3.3 Tropical cyclone projections

Major findings

1 Projections for th@eriod2051 to 209%uggest that, compared to the present day, tropical cyclone
frequency could decrease by half, and the duration of a given tropical cyclone could decrease b
days, on average, in the Indian Ocean region where they affect NWWA.

1 These projetions also suggest a 1&llometre southward shift in the region of tropical cyclone
formation and decay.

1 They furthermore suggest that tropical cyclones could increase in size, and that the most intens
tropical cyclones in this region could becomé siiire powerful and destructive.

1 Anincrease in the intensity of rainfall associated with tropical cyclones is also projected for this

IOCI3 scientists sought to investigéi@w climate change could influence tropical cyclones in the region of

the Indian Ocean where they affect Western Australladellingresult$’ based on a high (SRES A2)

emissions scenario indicate that for the 2051 to 2099 period, relative to the 19200 baseline, tropical
cyclone numbers would decrease by approximately 50% in the NWWA region, on average. These modelling
results also project a small decrease in the duration of a given tropical cyclone, by an average 0.6 days. In
addition, the resultsuggest that there could be a 1Bflometre southward shift over this period in the

regions of tropial cyclone formation and decay.

Additional studies using firgcale modellingf (to a fivekilometre resolution) indicate that there could be a
tendency tovards larger, more intense tropical cyclones in the latter half of tifec2htury (comparing
2051 to 2090 with a 1961 to 2000 baseline period).

However, wind speed alone does not fully explatropical cyclone'spotential to cause damage,

particularly via wave or storm surge. Thus IOCI3 scientists used an additional measure called integrated
kinetic energy. This contains information on both strong winds and tropical cyclone size and essentially
measures the amourof energy contained in the air rotating around the storm. They found that integrated
kinetic energy also indicates a distinct shift toward more destructive tropical cyclones in the Yate 21
century. Consistent with these relés, additional projectionsf separate measures of tropical cyclone size,
such as the radius of maximum winds and radwi galeforce winds, also indicatan increase in the size of
late 20" century tropical cyclones. These results suggest storm size will increase for the pnopdrti

tropical cyclones with a maximum wind speed greater than 40 metres per second, that is, aygiedxi
Category 85 cyclones.

2 Usingthe CSIRO CCAM nested in global climate models, at a spatikitien of 65 kilometressee Technical Report Sectio8.3.2 for
modelling methods used.

8 Performed with downscaling using the Regional Atmospheric Modelling System and based upon the SRES A2 emissions scenario.
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IOCI3 scientists also provided fismle projections thatsuggest that large increases in rainfall intensity
could occurn the area surrounding a given tropical cyclone. Increases of 23% are projected for average
rainfall within 200 kilometres of the storm centre, and of 33% for rainfall within 300 kilometres of the
storm centre, occurring during the 12 hours for which thepical cyclonesra most intense. Maximum
one-hour rainfall intensity is also projected to increase (Table S9).

S9 Projected changes in tropical cyclone average and maximum rainfall intenBigycent change for the period
2051 to 2090 relative to 196fb 2000 baseline, under a high (SRES A2) emissions scenario

DISTANCE FROM STORN CHANGE IN AVERAGE CHANGE IN MAXIMUM

CENTREKM) RAINFALL INTENSIT) ( RAINFALL INTENSI8) (
100 -9 28
200 23 30
300 33 35
400 30 44

Limitations and knowledge gaps

These tropical cyclone projections were produced by downscaling outputsafisingleclimate model
(CCAM). It should be cautioned that this model simulates fewer tropical cyclones than were actually
recorded in observed data. To provide more robust prigerts, this study must be replicated using
additional climate models. As noted abgweis modelling study projected an increase in the intensity of
the most severe tropical cyclones; this is consistent with the results of internatiomddllingstudies
focusing on the North Atlantic.

Further reading: Section 5.3.3.2 of Technical Report.

Full tropical cyclone rainfall projections availablehttp://data.csiro.au/dap/
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3.3 Climate Forecasts for Western Australia

This section reporten IOCI3 work on the first systematic attempt to estimate the upper limits for seasonal
forecasting skill for rainfall and temperature in Western Australia. It also describes work on a new statistical
model to forecast tropical cycloreetivity along theAustraliancoastline (SeeBox 4for an explanation of

the differencebetween forecasts and projections).

3.3.1 THE LIMITS OF SEADNORECASTS: HOVEPIRTABLE ARE TEMRFEIRE
AND RAINFALL IN WEERN AUSTRALIA?

Major findings

1 For maximum and minimum temperature, large areas of Western Australia generally have very
potential predictabilityz except during autumn and early winter for maximum temperature, and la
autumn for minimum temperature.

9 For rainfall, lower potentigbredictability suggests more limited scope for traditional methods to
predict winter rainfall across SWWA.

T In SWWA, 20 to 30% potential predictability for early winter rainfall indicates some opportt
for skilful longrange seasonal prediction. Howeyéor the rest of the year this region has very
low potential predictability for rainfall.

T In contrast, in north Western Australia potential predictability for rainfall is as high as 70%
during winter and spring.

Many Western Australian industries andmmunity services are greatly affected by the climate, and
predictions of climate conditions for seasons ahead could help them manag¢oygear variations. In the

past, however, seasonal predictions of winter rainfall across SWWA have met with limiesess. To help
address this challenge, IOCI3 scientists made the first systematic attempt to estimate the upper level of skill
possible for such seasonal forecasts. This work identified the regions and seasons for which skilful forecasts
might be expeatd for maximum and minimum temperature, and for rainfall. Here the potential

predictability during a given season and region is expressed as a percentage of the totalyear

climate variability. Potential predictability values of 20 to 30% indidadt teasonably skilful prediction is

likely.

Temperature For both minimum and maximum temperature, potential predictability varies throughout

the calendar year and fronotation to location (see Figusé.1 and 6.2 in Technical RepoiThe spatial

pattern for potential predictability of maximum temperature is very different from that for minimum
temperature. Nonetheless, large areas of the state generally have very high potential predictabilityifor bot
these temperature variables.

For maximum temperatwg, potential predictability is generally high (at least 50%) north of 20° S for most

of the year, except springtatewide, potential predictability of maximum temperatures is lowest during

spring and early summer. In SWWA, predictability is generalgtgrénan 30% and can exceed 60% in all
seasons except summer. Predictability for minimum temperature is also generally high in SWWA, greater
than 30% in all seasons and more than 60% in some. Potential predictability is generally high north of 20° S,
exceeding 70% in some regions. The lowest potential predictability tends to occur over a large area south of
25° S during late summer to early autumn and winter.

Rainfall: The picture for rainfall is quite different (@d-igure S1)1 From late spring througi®o mid-autumn,
potential predictability of rainfall is very low north of 20° S. South of 20° S during this period it ranges from
20 to 40% over large areas of the state, especially during summer. However, over north Western Australia
levels of predictallity as high as 70% are possible during early to late autumn, early winter and spring.
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Potential predictability is also substantial during spring over central Western Australia including near the
coast. Over SWWA, potential predictability during late autuand early winter ranges from 20 to 30%.

This indicates some potential for skilful lerange seasonal prediction during these seasons. For the rest of
the year potential predictability for rainfall in SWWA is very low.

Figure S1Potential predictabilty (%) of Western Australia mean seasonal rainfall. Though much less predictable
than surfacetemperature, rainfall also exhibits a distinct annual cycle in its pattern of potential predictability.

Further reading: Section 6.1 of Technical Report.

3.3.2 TROPIEL CYCLONE FORECA®SRSWESTERN AUSTRALI

IOCI3 scientists collaborated with the Centre for Australian Weather and Climate Research and
MeteoFrance to develop a forecast model for tropical cyclone activity along the coastline of Western
Australia. Thisnodel provides an online reéime forecast system for tropical cyclone activity for one

week, two weeks and three weeks ahead. The model builds on one developed previously, by adding new
predictors which represent the influence of the El NBiouthern Osflation and Indian Ocean Dipole

amongst other improvementgThe Indian Ocean Dipole is a coupled oeatamsphere phenomenon in

the equatorial Indian Ocean that affects the climate of Austr8ee the glossary of the Technical Report

for further detaik) The new scheme presents the forecast probabilities as maps based on forecasts at grid
points located 7.5 degrees latitude and 10 degrees longitude apart across the South Indian and South
Pacific Oceans. In terms of forecast stk statistical modetieveloped for IOCI3 represents the current
'state of the science' for a twaveek tropical cyclone forecast.

Further reading: Section 6.2 of Technical Report.

Forecasts can be viewed on the MeteoFrance website at: www.meteo.nc/espro/previcycl/cyclA.ph
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