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1 Executive Summary

This report analyses projected changes in Queensland rainfall from the HIGEMdljiolaéé model
underatmosphericarbon dioxide €O,) concentrations of approximately 690 parts qpdlion

(ppm), equivalent to the C{roncentrationn the late 21st century under a moderate (IPCC SRES
(2012)A1B) emissions scenario.

HIGEM is a highreslution version of the U.K. Met Office model (HadGEM1). Previously reported
research found that with presetaty CO,, HIGEM accurately simulated many observed climate
drivers of Queensland rainfall, including theNifio Southern Oscillation; this increaseur
confidence in the model 6s projections of rai

TheHIGEM modelprojects that average surface temperatures in Queensland will warm by
approximately 2C underdoubled CQ, with the strongest warming in autumn and winter. Consistent
with many other studies, the lamgirms by more than the ocean, leading to greater warming inland in
Queensland and less along the coast.

While HIGEM projects small changes to anntaihl rainfall, the NovembéApril wet season
becomesompressed: 1@0 per @ntmore rain falls during January and February, with4Dper
centless in November, Marciind April. The Queensland wet season begins up to 10 days later
particularly along the coastand ends up t80 days earliér particularly in the southwest.
Precipition falls in fewer but mucmore intense events.

TheHIGEM modelprojects that Queensland will rely more strongly upon heavysmidmer rains

for its annual precipitatiarThis hagmportant consequences for agriculture and for water storage.
The freqeency of extreme rain days (greater than d@imetre accumulation) in HIGEM increases
by up to40 per centparticularly in summer during the intensified monsoon. HIGEM also projects
that the average duration @treme rainfall will riselfy 20 per cent as will the area covered by each
event (150er cent. The number of light rain day4i 5 millimetre) is projected to decrease by10

per cent Tropical cyclones become slightly less frequent near Queensland.

The HIGEM modelprojects that many climatrivers of rainfall will remain robust in a warmer

world. The correlationvith ENSO declines, but theegean inadequate number of ENSO events in

the futureclimate simulatioron which to base firm conclusions. Rainfall variations in southwest and
southeat Queensland become lessinected to those in the rest of the state, mostly due to an earlier
end of the wet season in those regions.
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2 Introduction & Objectives

The impacts of anthropogenic cl i matuecer@ihhange on
Among theclimatemodel simulations performed for the Third Coupled Model Intercomparison

Project (CMIP3), Suppiaét al. (2007) reported that the spread in Queensland rainfall changes, per
degree of global warming, rangdm 20per centwette to 20per cendrier. Several CMIP3 models
showed no change in rainfall.

Moise and Hudso(2008) constructed a weighted ensemble of the CMIP3 models, with greater
weight given to those modelgth low biases in their presedfy climates and with conkgent
responses to climate change. The autfmrad a bimodel distribution of rainfall changes over
tropical Australia, including Queensland, indicating tta@tfall increases and decreases were equally
likely.

This lack of consistency among models\pdes little usefulinformation to policymakers making
decisions on how best to adapt to climate change.

Further, these techniquassess only the effect of global warming on the mean rainfall, neglecting
potential changes in intennual andlecadal vaability. Queensland experiences considerable

variability on these temporal scales (e.g. Lau@®7;Klingaman 2012a), which have a substantial

i mpact upon the stateds agitistherdéfareicnitiealto chngidertioel o gy
potential impact of climate change on rainfall variability as well as omten state.

This project has adopted the opposite approach to the modetambgarison efforts noted above
hasanalysed one model in considerable detail, to understandsaesisdts ability to simulate not only
the mearrainfall in Queensland and its variability, but also the climate drivers of that rainfall
variability.

The model undeconsideration is the U.K. Higtesolution Global Environment Model (HIGEM),
which has onsiderably fineresolution than most of the models that contributed to CMIP3. This
improved resolution may give HiGEke ability to more reliably simulate regional climate

variability and change. Klingaman (2012a) conclutted HIGEM accuratelgimulated many of the
key climate dr i v e rasideatified @ingbsenvatiors and thes20th Gentary a | |
Reanalysis (Compo et al., 2011) in Klingaman (20d2bhen the modelvas run for preserday
conditions (i.e. preseftay concentrations g@freenhouse gases and aerosols).

In this report, the response of Queensland rainfall in HIGEM to a doubling of atmospheric carbon
dioxide (CQ,) is assessed. Changes in annaatl seasonahean rainfall, inteannual rainfall

variability and theclimatedrivers thereof, daily rainfall frequency and intensity and daily rainfall
extremes are rainfallare analysedd pr ovi de a synthesis of how Hi
rainfall to change in a warmer world.

This reportseeks to draw together the previgusported research under this progetiow the
frequency and intensity@u eensl anddés rainfall vary ,B0d2Zc)jween
the cl i mat e dr iraingall variallity in Qhservatiorss ral rednélysis data (Klingaman
2012), and the assessment of the HiGRMsentday control simulation (Klingama2012a$ to form
conclusions on how ¢hangeas thd wondavérmes. r ai nf al | may
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3 Model, data and methods

3.1 HIGEM simulations

This report analyses the output from thseaulations of the HIGEM version 1.1 coupled
atmospherieoceanGlobal Climate ModelGCM), which are described in the paragraph below.
HIGEM is a highresolution version of the Hadley Cen@é&bal Environmental Model (HadGEM1,;
Ringer et al. 2006), with aatmospheric horizontal resolution b25’ longitude x 0.83latitude and
38 vertical gridpoints. The oceanic horizontal resolution is®0@®jitudex 0.33 latitude, with 40
vertical points; the first ocean vertical layer is 10 metres deep. HIGEMegasiloedn Klingaman
(2012a) Further details on the model and its ability to simulate global climate can be found in
Shaffrey et al(2009) and Roberts et §2009).

The three simulations analysed in this report are:
(@) the 150 yearpresedtay A o0 o8t mol at ibykKingamara(20l2a)ttoeddtermine
the ability of HIGEM to simulate the climate drivers of Queensland rainfall;
(o) a At r an s iiorpinwhich thei atmaspheeric GOoncentration is increased by@r
centyeair 1;
(c) af f i x e d &CO.dimulaloh ie which the atmospheric GOoncentration is maintained
at twice the concentratiarsed in the control simulation.

The fixed simulation is bifurcated from the transient simulation wheatthespheric C@in the

transient simulation reaeh twice the control value. The control simulation emplay8d5 ppm C®
concentration, approximately equal to the concentration in 1985 (Shaffrey2608)); the

concentration in the fixed simulation is therefore 690 ppm. Fereece, the 2090 G@oncentration

under thdntergovernmental Panel on Climate Change (IPCC) Special Report on Emissions Scenarios
(SRES) pathwayn1B&d a moderate emissions scendris approximately 680 ppm. The fixed

simulation is not equivalent the A1B scenario, howevdrecause the concentrations of other
anthropogenic and natural forcing agents (@zgne, methane, aerosols) remain equal to the present
day concatrations in the fixed simulation.

It is important to note that the prescribede2 centyeail 1 CO, increag in the transient simulation is
twice thecommonly used per centyeali 1 rate of increase. The higher rate was applied to reduce the
computational cost dhe transient simulation. The design of these simulations was outside the
control of this projectThe transiensimulation is 7Q/ears long; the atmospheric €€ncentration
reaches twice the control value after 35 yeas four times the control value after 70 years.

The fixed integration (at 690 ppm)3§ years long. Although the G@oncentratn is stable
throughout thigntegration, the climate systénparticularly the oceadswill still be adjusting to the
radiative forcing producebly the increased GOThis adjustment may be particularly strong given
the accelerated nature of the transgmulation. A longer fixed integration would have provided a
greater opportunity for the climate system to come balance with the additional GCbut such an
integration was not possible given the computational castedfighresolution HIGEM model. fus,
while the CQ s stable during this integration, the climate sysséiould not be considered to be in
balance.

To provide a longer integration period for a more robust analysis ofanteral and decadal
variability in Queensland climate, 20 yearsrfr the 2per centransient simulation were concatenated
with the 30 year fixedhtegration. The 20 years of the transient simulation wakent from around

the time of CQdoubling: year25 44. For timeseries analysis, year$ 2% of the transient were
placed before the fixed simulation, while ye3644 were placed after ¢tfixed simulation. The

mean CQconcentration across these years is 1.993 tihasn the contrd with a range of 1.64 to
2.39 times the contrdl which is comparable to the fixedraulation. As the fixed simulation is not in
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balance, adding years from the transient simulétiatich is also not balancdue to the steadily

increasing forcing is unlikely to greatly affect the results. The resulting 50 year integration
(hereaxCh&e)y AL highly similar to the 30 year i n
that wereexamined for this report, including all changes in rainfall.

Al l analysis presented in this report @Gyeanpares
amalgamatiom f t he transient xXCO0d)fi Xadssicmmpbati ens (
of the model tan increase in C{bnly; as noted above, concentrations of other radidibinang

agents are identical in CTand 2x CO,. In many ases, in addition to comparing the mean »f 2

CO, to the mean of CTL, the mean2k CO, is compared to three individual 50 year means of CTL,

taken from yearsib0, 51 100 and 101150.If common signals are found in the differences between

2x CO, and e 50 year means from CTL, tldemonstrates the robustness of the difference between

2x CO; and the full CTL integration (i.e., the 50 yeax £0, period is outside the range of the 50

year periods from CTL).

3.2 SILO rainfall

The SILO gridded rainfalataset (Jeffrey, 2001) is employed in section 5.2rfalyais of the
contributions okeach month of the Queensland wet season (Novépsl) to the wetseason total
rainfall. These quantitiefsom SILO are compared against the corresponding quaritibiesHIGEM
CTL and 2x CO,. The 5 km SILOmonthly mean rainfall data for 19ZD10 were interpolated onto
the HIGEM horizontal grid (section 2.1) pritwr analysis, using an areaighted linear interpolation
technique.

3.3 EOT Analysis

Empirical OrthogoniaTeleconnection (EOT) analysis is applied to the @ealsrainfall from HIGEM
2 x CO,, to evaluatehow doubling the atmospheric @€oncentration has affected the seasonal
patterns of inteannualQueensland rainfall variability that Klingaman (2012ahitifeed in CTL.

EOT analysis produces a set of bdigirctions that are orthogonal in time through repeated linear
correlation analysis, correlating timeseries of seagaiafall at gridpoint in Queensland with the
Queenslanéiveraged seasonal rainfatheseries. EachEOgat t ern is descri bed |
p o i dnthe goint which shows the highest correlation with the avéragelthe spatial pattern of

correlations between each other gridpoint and the cqudinal. Each pattern is removéom the

field by linear regression, prior to computing the next EOT pattern using the residual timeseries.
Smith(2004), Klingaman (2012a) and Klingaman (2012b) describe the EQOT technique in detalil.

Straightforward EOT analysis of)RCO.,0 using the method froldlingaman (2012 would not

permita direct comparison of thex2CO, and CTL patterns. Since EQOT patterns are orthogonal in
time, each patterdepends upon those computed previously. EOTs from one climate (e.g. the HIGEM
CTL climate) are therefoneot directly comparable to those from another climate (e.g. HIGEM 2

CO,). In other words, straightforwalOT analysis would not permit an understanding of how the

CTL EOTs had banged in the & CO, climate, aghe different mean climate of}2CO, would resu

in a set of EOTSs that could not be cleanly compared to @¥ircounterparts.

While projecting the 2 CO, data onto the CTL EOT patterns would allow an evaluation of how the
CTL EOTs had changédvia analysing the timeseries of the projecteddate CTL EOTs no

longer form arorthogonal set of basis functions in the €0, climate. Thus, the timeseries of the
projections of 2xCO2 ontwvo CTL EOTs from the same season would be correlated; untangling the
relationships between the projectedeseriesvould be cumbersome.

Projection is therefore not an effectiezhnique when dealing with twantentially radically different
mean climates-ebruary (DJF) rainfall as an example, the central point of CTL DJF EOT1 is
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assumed to be the central paf2 x CO, DJF EOT1. The timeseries ofixXCO, DJF EOT1 is then
the timeseries of DJF seasomatan rainfalin 2 x CGO, at that central point; the spatial pattern is the
correlation of the timeseries oix2CO, seasonamean6 rainfall at every point again#tat at the
central point. This pattern is then removed at all points by limggession. The next EOTx2C0O,

DJF EOT2, is then computed by forcing the central point of CTLEOWF2; the process is repeated
for the first four EOTSs. This ensures thakifae EOTs from X CO, are linearlyorthogonal in time;

(b) the 2x CO, EOTs are more directly comparable to the CTL EOTSs, since they usartteecentral
points; and crucially (c) the technique accounts for how climaagdnmay alter the correlations
between each CTL central points and the rest of Queensland.

The forced technique cannot, however, accéamiow climate change may alter the spatial
coherence in seasonal Queensland rainfall. Th€®@, EOTs arealso not necessarily the patterns
that explain the most variance inX2CGO; rainfall. The object, however, is notdetermine such
patterns, but to understand how the CTL patterns change as a r@scileased C9

3.4 Seasonal and Annual Means

The analysis in this report focuses on changes in seasmashnnuamean quantities (e.g. rainfall,
temperatures, circulation patterns). To avoid blending two Novémpel wet seasons in
Queensland, the annuakan is defined as Magpril. Seasonal mens are defined using the normal
boundaries: summer (Decembé&rebruary; DJF), autumn (Marikay; MAM), winter (Juné
August; JJA) and spring (Septemiddovember,SON). Because Queensland receives nearlye80
centof its rainfall in DJF and MAM, this regbfocuses on thdifferences between®2CO, and CTL
in those seasons.
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4 Projected changes in mean
climate

In this section, the 2 CO, annual and seasonahean climates are compared to those from CTL in
terms ofsurface temperature (section 3.1); #mwvel, 850 hPa circulation (section 3.2) and rainfall
(section 3.3). Forainfall, the significance of the mean rainfall changes (section 3.3.2) and the
seasonal differences in the dailgquency and intensity of rainfall (section 3.3.3) are also examined.
The objective is not to provide a compldescription of the mean climate okZO,, but to give a

brief indication ofthe impact of doubled Cn severabasic thermodynamic fields (temperature and
low-level circulation) that are strongly linked r@infall.

4.1 Surface temperature

In common with many other GCig, HIGEM shows greater surface warming over the land than the
oceansn all seasons in respee to increased atmospheric &Big. 1d d). The Northern

Hemisphere warms motbhan the Southernéiisphere (not shown). The high latitudes of the
Southern Hemisphere show particulditile warming, except along the immediate Antarctic
coastline where the temperature changes are driven loystiqgpearance of sea ice (not shown). The
smaller warmingn the Southern Hemisphere has frequently lassociated with the high heat
uptake by the Southern Océadriven by the song, circumpolar westerly jeind the greater fraction
of land in the Northern Hemisphere (e.g. Flato and Boer, 2001). Northerralfeustirms more than
southern Australia and New Zealand, in agreement with the meridional gradient in theeanal
temperature change in the Southern Hemisphere.

Figure 1: (ai d) The difference in seasonal-mean climatological surface temperature for 2 x CO, minus CTL for
(a) DJF, (b) MAM, (c) JJA and (d) SON; (ei p) the difference in seasonal-mean climatological surface
temperature for 2 x CO, minus 50 year periods of CTL, using (e, h, k, n) years 1i 50, (f, i, I,0) years 51i 100 and
(g, j, m, p) years 101i 150 for (ei g) DJF, (hi j) MAM, (ki m) JJA and (ni p) SON.
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Figure 1: (Continued)

In Queensland, HIGEM producssasonaimean warmings of approximatelyQ@ in autumn (Fig. 1b)
and winter (Fig. 1c), with smaller warmings of 1°Z5n spring(Fig. 1d) andn the summer wet
season (Fig. 1aJ.he relatively lower (higher) warming in summer (autumn) is connected to
increased (reduced) rainfall in tregason, which will be discussed in section 3.3.

Coastal Queensland warms less than inland regions, doeitdlience of the relativglcooler
oceans. The Cape YorleRinsula warms less than the rest of the shateummer, seaurface
temperatures (SSTs) in the Tasman Seava greater warming than any of the otbeastal waters
(Fig. 1a).

It is uncleawhether this increased warming is due to changes in ocean circulatiosusface heat

or momentum exchange with the atmosphere. Several previous studies, however, have rbéed that
East Australian Current is likely to accelerate and penetrate fisdbér in a warmer world (e.g. Cai

et al.2005; Ridgway 2007), which may explain the relatively warmer SSTxiGQ,. These warmer
SSTs off theeast coast likely provide an increased source of moisture and energy to-teedbw

trade easterlies, whidchenadvect that moisture onto the east coast of Queensland. The effect of the
locally enhanced SSTs on summainfall will be analysed further in section 3.3.

Similarly, a thin front of relatively warmer SSTs exists east of Tasmauithseasons (Fig. 1d).

HGEMi s abl e to simulate such fronts due to its
ocean. (It ismportant to note, however, that the ability to resolve these features alone does not
increase confidence iheirexistence in a warmer world.) These higher SSTs are associated with
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changes to the Iodevel circulation(section 3.2) and rainfall (section 3.3) over the island. Since
HIGEM is a coupled atmosphéecean GCM, its not possible to determine whethiee altered
SSTs are driving changes in the circulation or the circulati@mges are warming the SSTs.

Based on Pacific SSTs al one NifdiiGkEeVbstatmimesssponse t
to greenhouse warming (Fig.ld). There is considable uncertainty in the response of the
equatorial Pacific tincreased C¢ with some models simulating a patterrS&T change that
resembles El Mio (i.e. a warmeequatorial Pacific relative to the stiopics) and others a pattern
that resembles LBlifia(i.e. a relatively cooleequatorial Pacific; Collins, 2005; Coelho and Goddard,
2009; Collins and others, 2010). Those modelsdimatilate a more BNifio-like mean climate in a
warmer world typically also show that the response of tropaiafall resembles the Blifio
teleconnection pattern. For example, much of Australia would be drier in snotied than in one

that simulated an equitable Pacific warming or aNifga-like SST pattern. HIGEM simulates
relatively similar warming across the equatorial Pacific in all seasons; the mean state resembles
neither EINifio nor LaNifa (Fig. 1d d).

To examine the effects of the smaller sample size of years @& (50) than in CTL (150), the
seasonamneanclimatological surface temperatures from €0, were compared those from three 50
year periods of CTlas discussed in section 2.1. The seasonal sudageerature changes between 2
x CO, and each 50 year CTperiod are highly similar to each other and ® ¢hange with respect to
the full 150 year CTL integratiofirig. 1€ p). For example, in summer the Tasman Sea is warmer
than the surrounding waters regardless obtimeline 50 year CTL period used chosen (Figg)lle

This indicates that the differencdsosvn in Fig. 1ad arerobust; they are not due to the averaging of
disparate 50 year periods from CTL

Figure 2: CTL Seasonal-mean climatological (vectors) 850 hPa wind direction and (colours) 850 hPa wind speed
from CTL for (a) DJF, (b) MAM, (c) JJA and (d) SON
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4.2 850 hPa circulation

In DJF, CTL simulates weak 850 hPa mean easterlies across much of the monsoon region of Australia
(Fig. 2a),where weak westerlies exist in the European Centre for Medium Range Weather

Forecasting 4§ear reanalysi€ERA-40; Uppala et al. 2005) (not shown). This suggests that the CTL
monsoon circulation is weaker thabserved, which is consistent with the mean DJF dry bias and late
monsoon onset in CTL found in Klingamé2012a). The mean flow across much of Queensland i

DJF is easterly, however, in both CTL and ER® bringing moist oceanic air onshore.

In response to a doubling of atmospheric, MIGEM simulates an enhanced kbewel summer
monsoorcirculation (Fig. 3a) relative to CTL. Anomalous westerly and nagdterly winds in DJF
extend acrosthe Maritime Continent and the north of Australia. The westerly anomalies @2

act to reduce the meaasterlies in CTL, resulting in a slackening of the wind speed; the mean flow
in 2x CO, remains easterly (netown). Still, the change in the 850 hPa circulation represents a
stronger westerly summer monsoon circulatio@ x CO, relative to CTL, which is associated with

an increase in precipitation across northern Australia (se8t8)nThe enhanced monsoon rmagult
from the stronger laridea temperature contrast ix £0,, due tathe greater warming of the
Australian continent relative to the surrounding oceans (Fig. 1a).

Weak westerly anomalies in MAM inX2CO; (Fig. 3b) have little effect on the mean teakes in

CTL (Fig. 2b). The onshore easterly flow to southeastern coastal Queensland increases slightly,
strengthening thBow of moist oceanic air to that region. Overall, however, the autumn circulation
over Queensland is littlehanged in Z CO,. There is strong anomalous divergence over the
Maritime Continent, however, possilagsociated with a reduction in convective activity there. In
JJA (Fig. 3c) and SON (Fig. 3d), the effect of 0, is to increase the easterly, onshore inflow of air
in CTL (Figs. 2c and 2d) from the Pacific across Queensllmd.effect is stronger in the north
(south) of the state in JJA (SON).

Figure 3: As in Fig. 1, but for the change in (vectors) 850 hPa wind direction and (colours) 850 hPa wind speed.
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Figure 3: (continued)

The stronger easterlies across Queensland in JJA and SON are part of tmeezonahsterly
response tincreased C@in the subtropics, which is in turn associated with a poleward contraction
of the Southern Oceatorm track. HIGEM simulates southward shift of the Southern Ocean jet in
all seasons in 2 CO, (Figs. 34d), with westerly anomalies on the poleward side of the CTL jet and
easterly anomalies on the equatorwsid® (Figs. 2&d). These anomalies correspond to an
acceleration of t jet near Antarctica and a decelerati@ar Australia; the response therefore
resembles the positive phase of the Southern Annular Mode. ManyGiiivs have simulated a
poleward shift in the Southern Ocean storm track due teased C@and Antarcticstratospheric
ozone depletion (Yir2005; Arblaster and Mee006; Cai and Cowar2007). As stratospheric

ozone recovers during the 21st century, the position of the Southern Ocean storm track will be
determinedy the relative effects of ozone recov@rghifting the jet equatorwardywards

Australiad and further C@emissiond shifting the jet poleward (McLandress et al. 2011; Polvani et
al. 2011). It is important to note thatone is held fixed at 1985 values in the HIGEM CTL and 2
CO, simulations. Theefore, the response of t®uthern Ocean jet inX2CGO, is purdy the response

to increased CQnot to any changes in ozone.

As for surface temperature, the robustness of the 850 hPa circulation results was tested by comparing
2x CO, to three 50 yeameans of CTL (Figs. 3@). Although the magnitudes of thexZ O, signals

vary depending othe 50 year CTL period employed as the baseline, the general features noted above
are present for all thrdmselines: a stronger westerly monsoon circulatiadifa (Figs. 3&g),

smaller westerly anomalies in MAKFigs. 3hij), increased onshore easterly flow in JJA (Figs. 3k

m) and SON (Figs. 3mp) and a poleward contractiof the Southern Ocean westerly jet in all

seasons.

10
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4.3 Rainfall

4.3.1 Mean rainfall

Annuatmean Queensland rainfall changes little mQO, (Fig. 4a), with increases of 30 per cent

in the northwesterand southeastern portions of the state and small decreases along tieasterti

coast and in Cape Yofkig. 5a). The small annuatean change, however, results from the

compensation of two much larger seasamanges: Decembddfebruary rainfall increases byil6D

mm (5 18 per cen} across the entire state (Figs. 4b and ®hjle autumn rainfall decreases byi 12

60 mm (5 35 per centthroughout Queenslan#ig. 4c andbc). The amoundf dry-seasofd winter

and sprin@ rainfall shows little change (Figs. 4d and 4e), although in SON Hi@Eljkcts a b45

per centdecrease in rainfall that is associated with a later onset of the Novekpbewet season

(Fig. 5e). Changes in the length of the wet season are analysed in section 5. The following paragraphs
discusghe DJF and MAM rainfall changes in greater detail.

Doubling atmospheric COn HIGEM accelerates the summer monsoon across morfestralia.

Fig. 3ashows anomalous westerly and nostlesterly winds at 850 hPa throughout the monsoon

region; Figs. 4b and Stlemonstrate that this enhanced circulation is associated with increased DJF
rainfall. Precipitation increasdxy 5 18 per centhroughout northern Australia, including in

Queensland, with localised changes af3Bper cenin centralAustralia near the preseday

southern edge of the monsoon trough. These larger increases sugdeshthat gi nal 0 mons o
regions in CTI® those thaonly occasionally lie within the monsoon trodghmay bewithin the

monsoon belt much more frequently ix £0,, as the monsoon belt extends south and intensifies.

The pattern of drying in MAMis highly similar to the pattern of increased rainfall in Ramfall
decreasethroughout northern Australia, including in Queensland. Coastal regions show the largest
changes in rainfahhmount, with some drying by more than 100 mm sedgkohs in DJF, the largest
percentage changes ocalong the southern edgéthe monsoon trough in CTL, resulting in south
western Queenslandceiving only60 per cenbf the CTL average rainfall in 2CO,. Southeastern
Queensland is also affected disproportionately togbeof the state, with 125 per centeductions

in spring rainfall. Since the monsoon retreats from south to nortep#i&l pattern of changes
suggests that the monsoon withdraws more quickly<iC®, than in CTL, leavingegions along the
southern edge of the trough much drier in MAM. Differencethé onset and termination thie wet
season betweenX2CO, and CTL will be discussed in section 5.

Although southern and western Australia are not a focus of this report, it is worth noting that rainfall
declinesin these regions in all seasons ir €0,. SouthWesternAustralia is most affected, drying

by approximately 2@er cenin the annual mean (Fig. 5a); rainfall across Western Australia is
reduced by B20 per centwith the greatest changa®ng the coast. The southern coast of Australia,
including much of Victoria, shows & B35 per cendrop in rainfall. The largest changes in rainfall
amount occur during the winter wet season (Fig. 4d), particularly in southwAstralia. These
changes are consistent with the poleward shifts in the S&ou@cean storm track and thgbtropical

dry zone discussed in section 3.2 and shimiFig. 3.

There are 120 per cenincreases in annual rainfall to the south and east in Tasmania (Fig. 5a),

which are drivemmainly by wetter winters (Fig. 5d). Thisdal increaseiseboc at ed wi t h t h
of relatively warm SST& 2 x CO; (section 3.1) which is also strongest in JJA (Fig. 1c). There also
appears to be anomalous 850 kkBavergence over this region in JJA (Fig. 3¢) mQ0O,, which is a

region d net divergence in CTL (Fig. 2due to a sharpoutheastward shift in the exttaopical

storm track. The enhanced westerlies and anomatwmugergence east of Tasmania ik 0O, may

indicate a eastward extension of the storm track beyond the &atdridwards New Zealand. Aside

from noting the cdocation of anomalously warm SSTs, kewel convergencand increased

rainfall, however, this report does not consider further the local maximum in rainfall dasnoénia

and in the Tasman Sea.

11
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4.3.2 Significance of mean rainfall changes

As for surface temperatures and 850 hPa winds, the robustness of the changes in rainfall faund for 2
CO, againsthe complete CTL integration are assessed by compamr@® to individual 50 year
periods of CTL (Fg. 5fi t). The results of this comparison are shown for only the ratios of rainfall.
For the annuamean, Queenslard 2 x CO, is wetter than the first 50 years of CTL (Fig. 5f), but
shows only small changes against the seemtithird 50 year periodsiffs. 5g and 5h). Ratio of
summer (Fig. 5ik) and autumn (Fig. 5h) rainfall aresimilar regardless of the 50 year CTL period
chosen; all three periods agree with the patterns found whentbsiecgmplete CTL integration
(Figs. 5b and 5c). The effeat 2 x CO, on winter rainfall ishighly variable but climatological winter
rainfall is extremely low and so small changes in the total amount will causg&gmtage
changes, as shown in Fig.i%p. Changes in SON precipitation ixZ 0, are small whenampared

to the first 50 years of CTL (Fig. 5r), but Queensland dries considerably @2 when ratios are
taken againghe second and third 5@ar periods of CTL (Figs. 5s and 5t).

As a further test of the statistical significance of the sign ofaimgall changes betweenCO, and
CTL, the difference in climatological rainfall is computed betweerCD, and every period of 50
consecutive yeaifsom CTL. For the 15@ear CTL integration, there at®0 periods of 50 years; the
analysis thereforerpducesl00 values of the rainfall difference betweex 0, and CTL asvhere

Dn is the nth difference betweenxZ 0, and CTL, R2 CG, is the rainfall from 2 CO, and RCTL

is the rainfall from CTL; n ranges from 1 to 100. This is comparable to Mcene or bootstrap
resampling of CTL, except that instead of randomly choosing 50 years from CTL, the 50 year periods
are constrained to lmnsecutive years. Fig. 6 shows, for each gridpoint, the fraction of values of D
that are negative (i.e., the framti of 50 year periods of CTL in which the rainfall is greater than the
rainfall in 2x CO,). Where 2x CO, is drier than CTL, this is effectively the confidence that the
difference between 2 CO, and CTL is less than zero. Wh&a& CQO, is wetter than CTLthis is
effectively unity minus the confidence that the difference betwee@@, and CTL is greater than
zero. Therefore, the drying in southwesterm @O, in the annuakmean is significant at the 1% level
(99 per centonfidence; Fig. 6a).

550 ¢ i ) ~i=n+50 ¢ i \
=i ltﬂ'_‘.?'{"f.?ﬂj - l‘! T J [H{"'."I,.J

Dy, =
" 50 50

(D

By this measure, theis no significant change in the annwakan rainfall (Fig. 6a), consistent with

the variability in the signals obtained from the three CTL baseline periods (Hij. Bhis does not

mean that the 2 CO, result is unreliable, but that tin@infall in 2x CO, is not significantly different

from that CTL. The X CO, rainfall in DJF (Fig. 6b) and MAMFig. 6) is significantly different

from CTL at 5per cenbr higher in northern, western and southern Queensland; the signals along the
eastern coastline are less reliable. TixeCD, rainfall for winter is indistinguishable from CTL (Fig.

6d), but there was little change in winter rainfall (Fig. 4d). The driyirON in coastal Queensland

in 2x CO; is statistically significant at fiercent(Fig. 6e).The 2x CO; rainfall changes against the
complete CTL integration are therefore statistically robust for summer, autumn and spring: summer
rainfall increases, while autumn and spring become drier. This suggests a compression of the wet
seaon into DJF in Z CO,, which will be discussed further in section 5.
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Figure 4: The difference (2xCO; minus CTL) in climatological rainfall for (a) Mayi April (mm yearHL), (b)
Decemberi February (mm seasonHl), (c) Marchi May (mm seasonHL), (d) Junei August (mm seasonHL) and (e)
Septemberi November (mm seasonHL). The mean of all 150 years of CTL were used as the baseline against
which 2 x CO, was compared. The contour interval for (a) is 50 mm yearHL, while for (bi e) it is 24 mm seasonHL.
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Figure 5: As in Fig. 3, but for ratios of rainfall (2 x CO- divided by CTL) for (a, fi h) Mayi April, (b, ii k) Decemberi
February, (c, Ii n) Marchi May, (d, oi q) Junei August and (e, ri t) Septemberi November.
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Figure 6: The fraction of 50-year periods in CTL with mean rainfall less than the mean rainfall in 2 x CO;, for (a)
the Mayi April annual-mean and seasonal means of (b) Decemberi February, (c) Marchi May, (d) Junei August
and (e) Septemberi November. The quantity shown is effectively the confidence level for a drying, or unity minus
the confidence level for an increase in rainfall. White regions represent values between 0.20 and 0.80, which
correspond to 2 x CO, mean rainfall that is statistically indistinguishable from CTL mean rainfall.
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4.3.3 Frequency and intensity of daily rainfall

This section analyses the differences in the frequency and intensity of daily rainfall betw€€n 2

and CTL.Two thresholds for daily rainfall are used: 1 mmidagnd 5 mm dayl. The former

threshold representhanges in nearly all wet days, while the latter represents changes in moderate
and heavy rainfall. Thresholdiggher than 5 mm d#&jL are not applied here for brevity; the projected
influence of climate change on daiyinfall extremes is presented ircgen 4. Changes in rainfall
frequency and intensity are presented bottiiffsrences and ratios betweex £0, and CTL, to
highlight regions of both large absolute changes and tdrgeges relative to climatological values.

When atmospheric COs dowbled, HIGEM projects a slight decrease in days with more than 1 mm
dayHl of rain in coastal Queenslarttiere are 6 fewer wet days annually along the eastern coast,
with 6i 10 fewerwet days in Cape York (Fig. 7a), representing #04er centreduction n rainfall
frequency (Fig. 7b). Nearly aflustralian coastal regions experience a decline in the number of wet
days in 2x CO,, particularly the southertpast. The mean daily rainfall intengitghe average

amount of rain on each wet dayncreaseshroughoutQueensland by 0i4.5 mm daiil (Fig. 7c) or
4116 per cen{Fig. 7d). The heavier rain on each wet day compengatéise reduced frequency of
rainfall, producing little change in the total annual rainfall (Fig. 4a).

Despite an overall increage DJF rainfall in 2x CO, (Fig. 4b), there arei B fewer wet days per
summer ilfmuch of Queensland, particularly along the eastern coast and in Cape York (Fig. 7e),
representing approximatedy5per centdecrease (Fig. 7f). Thaean intensity of summeainfall is
considerably greater inX2CGO, than in CTL: thantensity increases byi 80 per cenoverall and by
15/ 30 per cenin the southeast. Wetter summers xQO, are thereforeriven by much heavier
rainfall on slightly fewer wet days, especiailtysoutheastern Queensland.

By contrast, the drier autumns irkZ 0, (Fig. 4c) are mainly due to a considerable decline in the
numberof rainy days: on average there ard Zewer wet days seadghalong the eastern coast and
3i 5 fewer wetdays in Cap&ork (Fig. 7i), equal to a I@0 per centreduction (Fig. 7j). Across

inland Queensland the decreasessanalled one or two fewer days per seadadnut the number of
wet days is still #12 per centess than in CTL. Thitensity of autumn rainfall is sligly higher in 2

x CO,than CTL (Figs. 7k and 71), but the increase is fartleas for DJF and is evidently not enough
to counteract the decline in rainfall frequency.

Changes in the frequency and intensity of wet days during the winter dry seasoalb(Bigm 7ni
p), consistent with the small (Fig. 4d) and insignificant (Fig. 6d) changes in JJA rainfall @02
The springdrying in 2x CO, is caused by coincident slight decreases in the number of wet days
(Figs. 7g and 7r) and theirtensity(Fig. 7s and 7t). There are one or two fewer wet days sighson
2Xx CO,in SON.

Unlike in Queensland, the drying in southwestern and southeastern Australia is driven entirely by
reductionsn wetday frequency (Fig. 7a): in southwestern (southeastarsirélia, the number of
rainy days yedfl declines by up to 2fer cen{12 per cen{Fig. 7b). There is little change in mean
daily precipitation intensity in thesegions (Figs. 7c and 7d).

When the wetlay threshold is increased to 5 mm ighgcross @eensland the magnitude of the
differencesn mean wetay frequency decrease, while the changes in meadayatinfall amount
intensify considerabl{fig. 8). This suggests that the declines indagt frequency when using a 1
mm dayl threshold (Fig. Jfareprimarily due to a reduction in the number of very light rain days
between 1 mm ddjl and 5 mm dayl. Thiseffect in most apparent in summer: while the total
number of DJF wet days declines it £0, (Fig. 7e), thenumber of wet days with more th&mrmm
of rain remains steady (Fig. 8e).
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Figure 7: Using a 1 mm dayHL threshold and for 2 x CO, minus or divided by CTL, (leftmost column) the
difference in the mean number of wet days; (centre-left) the ratio of the mean number of wet days; (centre-right)
the difference in the mean rainfall amount per wet day; (rightmost) the ratio of the mean rainfall amount per wet
day. Differences and ratios are taken for (ai d) the Mayi April year, (ei h) Decemberi February, (ii I) Marchi May,
(mi p) Junei August and (qgi t) Septemberi November. Regions where fewer than 5% of days in CTL and 2 x CO»
are above the rainfall threshold are shown in white.

For the year (MaiyApril) as a whole, HIGEM projects little change in the number of days with 5 mm
of rain or more (K. 8a and 8b). The mean amount of rain on these days, however, increas2s by 4
per centthisintensification of rainfall is strongest in southeastern Queensland, where the mean
amount rises by I25per centThese increases are dominated by DJF (Bgsnd 8h) and MAM
(Figs. 8k and 8l) which show similar risesmean rainfall amount, despite DJF becoming wetter
overall and MAM becoming drier.
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