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Introduction

A 2-year project to investigate potential effectscbmate change on estimates of
Probable Maximum Precipitation (PMP) was fundedtjgi by the Queensland

Department of Natural Resources and Water and tdmn@nwealth Department of

Climate Change, with in-kind contribution by therBau of Meteorology.

The number of queries received indicates that te$dm this work are of interest to
a wider audience and this report was prepared tiread that need. The current
document is a shortened and slightly revised versibthe final scientific report
delivered as part of the project.

There are two main parts to the report. The fiest presents an assessment of how
individual factors used in deriving PMP estimataghhbe changing over time. After
assessing changes separately, the resulting effébese changes on PMP estimates
is explored. The factors considered are: local tawes availability, storm types,
depth-duration-area curves and relative stormiefiy. A recent noteworthy event is
also discussed in this context and an overviewhefsteps required in deriving PMP
estimates is given, which provides an instructiana@mple for those not familiar with
the techniques.

The second part of the report is focussed entorlyainfall. A set of ‘extreme rainfall
indices’ is used to explore changes in observedfathi for validation of modelled
rainfall, and in assessing projections from glatiehate models (GCMs).

An executive summary is provided to give a veryebroverview of the most
important results from this work, including reconmdations for further work. This
summary does not assume prior knowledge of theestibyatter.
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Executive summary

1. Background

This executive summary was prepared as part ofiaé scientific report on a study
with the aim of assessing whether potential effedftclimate change have to be
considered when deriving estimates of Probable Mari Precipitation (PMP).

The 2-year project was jointly funded by the Quémrd Department of Natural
Resources and Water and the Commonwealth Departofiegdlimate Change, with
in-kind contributions by the Bureau of Meteorology.

This summary aims to present findings without exipgcprior knowledge about
procedures for estimation of Probable Maximum Rigion (PMP). The intention is
to provide the reader with a concise overview @f pinoject without the need to refer
to the full report.

Probable Maximum Precipitation (PMP)'ithe greatest depth of precipitation for a
given _durationmeteorologically possible over a given size starga at a particular
location at a particular time of the year, with mtlowance made for [future] long
term climatic trends.(WMO 1986). PMP is a theoretical concept and caly be
estimated. Using an appropriate generalised mefimothe duration and location in
guestion, estimates can be derived for any catchmeXustralia.

For certain applications (including the design afms$) engineers need an estimate of
what is referred to as the ‘PMP Design Flood'. PMPone of the required inputs
when estimating the PMP Design Flood. However, Ragfimation currently does not
take into account that estimates might change umdehanging climate. Since
structures designed using such estimates haveliiengpans it is vital to consider
potential effects of climate change on estimateBrobable Maximum Precipitation.

2. Introduction to basic procedures used in PMP eshation

Different methods of PMP estimation apply, depegdin the location and duration
for which estimates are required. The three mospomant methods are the
Generalised Tropical Storms Method Revised (GTSMIR),Generalised South East
Australia Method (GSAM) and the Generalised Shartdiion Method (GSDM). For
this study we focus mainly on the GTSMR becausertiethod has been revised most
recently and is applicable for most of mainland thalsa. The GTSMR approach
consists of three components: the GTSMR databaserglising the GTSMR storm
database and the PMP estimation technique. Thewiolgy section will first describe
how storms are selected for inclusion in the GTS#iéRabase, then how those storms
are generalised and finally how PMP estimates &bchoments are derived based on
these generalised storms.
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GTSMR database

The Bureau of Meteorology’s database of daily idlafwas screened to identify the
top ten events at each station for durations frota 71 days. Storms were ranked by
the number of locations for which the event wasménan 1 in a 100 years. To ensure
all areas of Australia were represented, subzomes defined and the highest-ranked
storms for each of these subzones were selectedy Mare storms than ultimately
required were inspected using GIS software. Thal fselection consists of 122
storms, dating back to 1893. These storms weredhatysed manually and digitised
to allow constructing depth-area curves. For abt@f of all storms additional
(pluviograph) data was available. This allowed tbenstruction of temporal
distributions for standard areas.

Generalising the GTSMR database

Storms from the GTSMR database were generalisednove features specific to a
location that influence the depth of rain.

- Most locations have a preferential spatial distidou of rainfall. This
information is no longer relevant when transferringanother location; it is
therefore replaced by more general depth-duratiea-eurves.

- Zones, in which particular methodsr PMP estimation apply, are defined
basedon storm types that ‘operate’ in a region, singmidicant rainfall is
produced by different mechanisms.

- Rainfall can be enhanced orographically. The portibrainfall deemed to be
due to orographic enhancement is removed, leavusy jhe ‘synoptic
component’.

- Local moisture availability is maximised (with resp to the location and time
of year) and standardised (using Broome as a referstation).

- An adjustment factor is derived to account for tezay of storms as they
move south and away from the coast.

Deriving PMP estimates for catchments

PMP estimates are required for deriving the PMPiddeBlood. Therefore estimates
need to be derived on a catchment basis. This nesjue-constructing catchment-
specific features including orographic enhancemeraisture availability and decay
of storms. The result is a set of PMP estimatesfgiven catchment for a number of
durations. These estimates are enveloped to déheefinal PMP estimates. For
further hydrological analyses one often requiressitatial and temporal distribution
for the PMP storm The spatial distribution is derived by distritmngi the PMP
estimate over sub-catchments. Temporal patterngraveded for standard areas.
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3. Results

The following factors have been assessed in thidysto assess for potential changes
due to climate change: moisture availability, detha-curves, storm types, storm
efficiency and generalised rainfall depths. Sitlee PMP method is related to very
large rainfall events, changes in both observedpmopbcted extreme rainfall are also
assessed.

Moisture availability

Moisture availability is estimated for storms (withthe generalised methods) and
when determining the PMP estimate for a particadchment. Moisture availability
is expressed as the moisture content of a columairpfreferred to agprecipitable
water (PW, in mm). Estimates of this moisture contemt lba derived in two different
ways: from upper-air soundings (using weather bak) and from surface
observations.

When generalising events (removing local effedts, ratio ofextreme precipitable
water to storm precipitable waters required. When deriving PMP estimates for a
catchment, the ratio aéxtreme precipitable water for the catchmémtthe extreme
precipitable waterfor a reference stations required. Changes in both tlstorm
precipitable waterand extreme precipitable watdnad to be investigated to answer
the question how maximised rainfall might change.

Observed changes in moisture availability

Upper-air soundings are only available at a varytéd number of stations, typically
taken once or twice a day. The instrumentation usexichanged over time, which
makes it difficult to assess for changegnmecipitable waterderived from upper-air
data. The network of surface stations is much desse@ observations are taken more
frequently. At these stations measurements of d@nt pemperatures are undertaken.
The dew point temperaturéor, in short: dew point) is the temperature aicwhithe
moisture in air will be just sufficient to saturat€100% relative humidity). Thdew
point temperaturetoo is therefore a measure of moisture availabiltysing
assumptions about the vertical profile of moistwface observations dew point
temperaturegan be converted to precipitable water.

The moisture availability at a given location var@ver time and exhibits a degree of
seasonality. To study the average and the extreafesnoisture availability,
percentileswere used. The S0percentile (also known as the median) is the mmgst
availability that would be equalled or exceededhalif of the cases. For the PMP
however the most extreme cases of moisture avkijabre important, such as for
instance the 90 percentile which would only be exceeded in 10%abfcases.
Changes in estimates were studied by comparing taneisavailability for two
periods: 1960 to 1980 and 1981 to 2003.

5

Climate change and Probable Maximum Precipitation



While average moisture availability typically haseadency to decrease (not shown),
most stations show an increase in more extreme taneisavailability. The
significance of changes was assessed on the Hasisnber of days exceeding the
90" percentile in 24-hour minimum surface dew poimnperatures (Figure E-1).
Based on events from the Generalised Tropical Stelethod (GTSMR) and the
Generalised South East Australia Method (GSAM) lokdas, changes in moisture
availability are typically not statistically sigreant.

When assessing changes in moisture availabilityclvhare relevant for the
generalisation procedures, no large-scale sigmficdhanges are found. However,
moisture availability as used for deriving PMP msties for catchments shows
significant increase along parts of the east cbastalso a region with decrease in
south-eastern Australia feummer

Moisture transport from sources such as large lakethe ocean may change the
moisture availability at a given location. The semface temperatures (SST)
surrounding mainland Australia were compared witbnthly extreme surface dew-
point temperatures to determine if changes in S&ildcbe correlated with changes in
moisture availability. Although an association éxist is not possible to directly
relate a particular sea-body SST, using the masifitow wind direction, with the
monthly extreme surface dew-point temperatures@atation.

DJF ' MAM 4

-4.00.04.08.0 120 ®
* + @
g sy
J *
S
+

+

Figure E-1 Percentage change in the seasonal meéfareen two time periods (1960-1980 and 1981—
2003) for the index TdN90p (number of days excegdive 90th percentile of daily minimum surface
dew-point). Black circle outline indicates changestatistically significant at the 0.05 level.
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Projected changes in moisture availability

Observations from upper-air and surface data spgrthie last four decades allow an
assessment of how moisture availability has changethe past. Output from a

climate model is used to project possible changesaisture availability over the

coming decades. The validity of output producedohg particular model (CSIRO

Mk3.0) was assessed by comparing observed and ledgwkcipitable water. It was

found that the model gives a fairly accurate desiom of the moisture availability

and how it varies over the seasons and with gebgraldocation.

One of the required inputs for climate models s kvel of future greenhouse gas
emissions.Scenariosare commonly used to indicate the range of likddanges in
emissions since it is not known exactly how popaigt technology, society and
ultimately greenhouse gas emissions will developrahe next few decades. A
number of scenarios have been developed. Thregeséthave been considered here:
A2 (high), A1B (medium) and B1 (low).

Comparing moisture availability modelled for theremt climate (1981-2000) and the
next few decades, it was found that relative changeaverage moisture availability
(50" percentile) are smaller than for more extreme<&@' percentile). On average,
the 9¢" percentile tends to increase from the 2020s t®€%9s and the 2090s. This
increase is most pronounced for the A2 (high) stendess strong for the A1B

(medium) scenario and weakest for the B1 (low) aden(Figure E-2). However,

there is also a possibility that some regions mag ®wer extreme moisture
availability in the future.
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Figure E-2 Percentage change in th& p@rcentile of precipitable water by season fomades A2,
Al1B and B1 (compared to current climate). The bdisker plots indicate the range of projected
changes (solid horizontal lines at the ends ofddmhed vertical lines). The box indicates the fursd
third quartile. The distance between these quartii@lso referred to as ‘interquartile range’ ()\JRe
horizontal short lines at the end of the dashetioailines are plotted at 1.5 IQR. Values outditis
range are considered outliers and are plotted @s oiocles. The line dividing each of the boxethis
median (indicating the average change), the ciididisate outliers.
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These results are based on output from one climatiel only. The climate system is
highly complex and while today’s models are abledpture the main aspects, there
are shortcomings which to some extent are modeérngmt. Ideally one would
therefore consider output from a range of modalafoigher degree of reliability.

Depth-duration-area curves

The rainfall depth (in mm) associated with sigrafit rainfall events (sometimes
referred to as ‘rain storm’ or just ‘storm’) can peesented for a set of standard sized
areas (from less than 10 ko above 10,000 kfnand standard durations (from hours
out to a number of days) using so-caltkxpth-area curveslThese curves can be used
to derive the maximum rainfall depth for a giveeaand duration. Possible changes
in depth-area curves were studied by constructimgse curves for two non-
overlapping 25-year periods. It was found that dawe the last 50 years, there is no
evidence that the rainfall depth from the most ificgnt events has increased.

Alternatively, one can estimate the rainfall deptiat (for a given location and
duration) is likely to be equalled or exceeded oecery 10 years, once every 100
years and so on. Such estimates are referred design rainfalls’. Changes iesign
rainfalls were investigated for an area spanning parts oftheast Queensland and
parts of north eastern NSW. Analyses were carrigdar two sets of rainfall stations
- once for a 50-year period (1951 - 2000) using &®&tions (to give a good spatial
coverage) and then again for a smaller number atiosis (26 sites) for a 100-year
period (1901 - 2000).
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Figure E-3 Percentage differences in design rdiefdimates for two 25-years periods (1951-1975 and
1976-2000) for the 24-hour duration and an averagerrence interval (ARI) of 100 years. Solid black
outline indicates differences are statisticallyngfigant. Blue indicates design rainfall estimatee
higher for the later period.
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Design rainfall estimates typically decreased bamedhe analyses for the last 100
years. For the last 50 years the picture is lesadgeneous. On average, design
rainfall estimates for this period have decreased there are geographically
contiguous regions (in particular those at highlevaions) where design rainfalls
have increased (Figure E-3).

Storm types

Significant rainfall events (storms) had been dfest by assigning storm type's
such as ‘tropical cyclone’ or ‘monsoon low’ basedtbe use of synoptic (i.e. surface
weather) charts and where available upper-air shatiese storm types were used in
defining zones in which certain methods for PMnestion apply.

One type of event capable of producing significemnfalls are tropical cyclones.
There has been some debate in the scientific tliteraabout whether intensity,
frequency or tracks of tropical cyclones might haleanged due to a changing
climate. Because of interdecadal and multi-decadaiations and issues with the
existing Australian cyclone database, there idelitertainty about changes in
frequency and intensity of tropical cyclones in festralian region. Based on the last
50 years, there is little evidence to support tlatiom that tropical cyclones
(connected to major rainfall events) are penetgafurther south or have become
more frequent (Figure E-4). The absolute (and ikeptfrequency of such events is
lowest for the most recent period (1976 - 2001)sdgiaon events selected for the
GTSMR database, it appears possible that the freyuef events with durations of 7
days and longer has increased. This raises thetigueshether it is likely that
significant rainfall events might show a tendencybecome more prolonged in the
future.

Figure E-4 Location of storm centres for stormsrfiihe GTSMR database for two periods (1950-1975
and 1976-2001), symbol and colour of points indicgtbrm type.
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Relative storm efficiency

Relative storm efficiency is a measure for the cedficy with which available
moisture is converted into precipitation. Definiteomay take into account factors
such as orographic enhancement, wind speed anteight dependent changes in
both wind speed and direction. Storm efficiency vessessed using events from
storm databases and using the largest eventsatestistations.

Event-based analyses

Storm efficiency derived for GTSMR events was foundvary with geographical
location. Typically, storm efficiency decreases é&wents with storm centres further
inland (Figure E-5).

Figure E-5 Storm efficiency for events from the OIS database. Relative storm efficiency is

calculated as ratio of storm depth (at 24 h, 1000 ¢onverted to rain rate and adjusted for orographic
enhancement of rainfall) and storm precipitableanaSymbols are plotted at the location of storm
centres. Symbol size denotes storm efficiency (dsimnless).

The average storm efficiency for events during r@ogewill depend on the location of
storms sampled. This average could change purelguse the preferred location of
storms has changed. During the later period (19UPP fewer events from regions
where storm efficiency tends to be highest werduged in the GTSMR database.
Based on events from the GTSMR database no incieaseserved storm efficiency
was found (Figure E-6).
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Figure E-6 Storm efficiency calculated as ratioraififall rate (adjusted for orographic enhancement)
and storm precipitable water for events betweerBl&® 2000 (standard area 1000°kduration 24
hours). Horizontal lines indicate median ratio pariods (dashed line for 1900 to 2000, solid lifegs
1950-1975 and 1975-2000). Colour of dots indicagesons as defined in GTSMR databasenmer
from October to April andvinter from May to September.

Station-based analyses

Alternatively, relative storm efficiency can be essed at stations. This also has the
advantage that an adjustment for orographic enlmaeceof rainfall is not required.
Based on the 30 largest events for each of thegerl960-1980 and 1981-2003,
changes in relative storm efficiency (Figure E-ii§l aainfall depths (not shown) were
assessed. Only two locations show statisticallyniBgant changes (Darwin: an
increase in storm efficiency faummeyr and Coffs Harbour: a decrease &mtumr).
Typically, changes in rainfall depth are a goodidgatbr for changes in storm
efficiency. Analyses based on events from the statabases and from station data
are not strictly comparable. Results based onostatata are indicative of changes in
more frequent events and point rainfall depths.

A recent noteworthy event

A recent noteworthy event was assessed. This ewerurred during thewinter
months (June 2005). Record rainfalls led to extenooding along parts of the Gold
Coast. For a number of durations and areas, théh-@depa estimates exceed the
design estimates for the Coastal Application Zokéinter (Figure E-8). The relative
storm efficiency for this event is similar to theglmest efficiency for events in the
GTSMR database. Even after taking topographic erdgraent of rainfall into
account, the efficiency for this event ranks amorle highest efficiencies derived
for GTSMR events.

Based on the assessment of this recent event anceshlts from the station-based
approach, we need to consider the possibility tekgtive storm efficiency of events
could increase for certain locations, event typesseasons.
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Figure E-7 Seasonal variation of relative changerdlative storm efficiency for the 30 largest
independent rainfall events for different duratioas1 day, b) 2 day, c) 3 day and d) 5 day dunatio
The black outline indicates change is significanthe 0.05 level. Different symbols correspond to

different seasons. Crosses, plus signs and pombalg denote locations that have sufficient data (1
events in each of 1960-1980 and 1981-2003%fmnmerautumnandwinter events respectively.

Figure E-8 Depth-duration-area curves for the Gdagpplication ZonéNinter (CAZ-W) and
3-day Gold Coast 2005 event.
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Changes in generalised rainfall depths

Changes in generalised depths reflect changestin rfetative storm efficiency and
moisture maximisation. Changes in the median otgaised rainfall depths (from an
earlier to a later period) were assessed for evieota the GTSMR and GSAM
databases. For events from both databases, chamgesassessed for a number of
combinations of durations, areas, seasons and .zAftes correcting for artefacts in
storm selection, significant changes are foundofoe category only (GSAM, inland,
summey 24 h, 100 krfy decrease from 1950-1975 to 1976—2003).

Typically, the maximum generalised depth derivedtfe top ranking event (for a
given combination of area, durations, zone andmgas not significantly higher than
the generalised depth for the events ranked seoontdird, indicating a degree of
robustness in the generalized methods.

Changes in rainfall extremes
Trends in observed rainfall extremes

Based on the methodology for PMP estimation, aelg@t of the study is concerned
with establishing how factors like moisture availi&p might change under a
changing climate. An alternative approach is basethe assumption that changes in
PMP are likely to be related to changes in extreanefall. Trends in observed and
modelled rainfall extremes are therefore assessed.

Observed trends in rainfall extremes were assassi@g a range of extreme indices
together with trends in the annual rainfall. Trerw®r the period 1910-2005 are
shown in Figure E-9 for three indices: the numtedays with more than 10 mm of
rain (R10mn), the maximum 5-day rainfall totallRX5day and the proportion of
annual rainfall from the upper 5% of rainfall, fdays with at least 1mm of rainfall
(R95pT) or more simply, proportion from very wet daysckandex allows assessing
different aspects of changes in the extrenR$Ommmay be interpreted as an
indication of how thdrequencyof heavy events has changed over the last 86 years
whereasRX5dayindicates how thenagnitudeof significant events has changed over
the same periodR95pTprovides an indication of changes in both the Uy and
magnitude of more extreme events. Trends in amairdiall (from days with at least
1 mm) are shown for comparison.

For coastal south-west Western Australia, all iediindicate a significant decrease
over the period 1910-2005. This means significargnés in this region may have
becomeless severe and less frequemtd rainfall totals over this period have
decreased. Other regions (such as inland New Silales and parts of Victoria)
show a significanincrease in the frequency of heavy evéRt50mm)A statistically
significantincrease in the magnitude of evefit@sed orRX5day is found for only
two locations.

Changes in the proportion of annual rainfall froerywwet daygR95pT)are spatially
less consistent than for the other indicies butethare regions with significant
decreases (south-west Western Australia) and gignif increases (northern NSW,
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southern Queensland) respectively. For most sttitre sign of the trends in the
extreme indices agree with the sign of the tremdarinual rainfall totals (for days
with at least 1 mm rainfall).
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Figure E-9 Trends in extreme rainfall indices anduwal rainfall for the period 1910-2005. Trends
significant at the 0.05 level are solid with a awtline. Trends with a magnitude of less thand%
the maximum trend in each figure are shown as ekbta

Model validation

To assess the skill of climate models in modellaigfall extremes, indices based on
observations (Figure E-9) were gridded for comparisvith indices derived from
climate model data. The three extreme rainfalldadiR10mm RX5dayand R95p7)
were calculated from global climate model simulasimf 28" century rainfall (using

9 models and a multi-model ensemble). A summanmyadel performances is shown
in Figure E-10 using a combined box-and-whiskert plo which averages are
compared using blue symbols. The range of the rsbdattern correlationR) and a
measure of the spatial variability (Ex9 are represented by vertical and horizontal
box-and-whisker plots. A well performing model Haigh pattern correlation and
E'/sopsnear 1.
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Figure E-10 Pattern correlatiofR:(vertical box and whiskers) and a measure of apatriability
(E'/sqps horizontal box and whiskers) relative to the ataBons for the mean (blue) and trends (red)
for the period 1951-2005. The axis for each boxwhisker for R E'/sq9 is centred on the median of
its counterpart (E'5,psR). The length of the box is equal to the inter-gilearange (IQR). The bars
extending from each box are at 1.5 times the IQRhe limit of data — whichever occurs first. The
model run outliers are indicated by circles. A wa#irforming model should sit close Bb= 1 and
E'/Sops= 1.

Global climate models have some skill in simulatihg spatial pattern for the mean
of R10mmandRX5day However, the models have very limited abilitysimulating
the mean for the most extreme rainfall indB9%pT). None of the models adequately
account for the spatial pattern of trends (red 8)bacross all rainfall indices
throughout the period 1951-2005. The lack of agesdrnm model trends could be due
to lack of skill in simulating the large-scale manisms affecting Australian rainfall
such as ENSO.

Projected changes in extreme precipitation

There is a large degree of uncertainty in projectehges in rainfall extremes across
the nine models considered. Even if just one medse considered, the range in
projected changes across all of Australia, foredéht time horizons and emission
scenarios would be large. However, the three irsdinay exhibit markedly different
changes over time. While the frequency of heavynesvR10mm)might decrease
from the 2020s to the 2050s and the 2090s, the ioggnof extreme events
(RX5day)might show a slight increase and the most extrerdex (R95pT)might
increase even more (Figure E-11).
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Climate models have limited skill in simulating rids in extreme precipitation.

However, both climate model data and theoreticaisimerations lead to the same
conclusion: a warming climate may influence extrepmecipitation more than the

mean (Randall et al. 2007). Anthropogenic influeny therefore become easier to
detect in changes in extreme precipitation (Batesale 2008), since extreme

precipitation (i.e. that associated wR®5pT) is more likely to be constrained by the
availability of water vapour, which increases glibpat approximately 7% per °C

increase in global mean temperature (Held and S2d@e6).
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Figure E-11 Box-and-whisker plots summarising teecpntage change in the multi-model mean
indices for three periods relative to the perio8d-2999 for indiceR10mmRX5day R95pTand for
SRES scenarios A2, A1B and B1. The markers 20280 20d 2090 correspond to periods 2010-2029,
2040-2059, 2080-2099.
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4. Discussion

This section will cover some of the more philosapahiissues behind the project.
Some of these points have been raised in othes pathe report. The purpose of this
section is to highlight these issues and followamgfrom that help interpreting results
from this study and suggest focus for possiblentrrinvestigations.

The generalised methods used to derive PMP esBnfiatdocations in Australia are
well established and have large databases asftheidation. An assessment (Green
and Meighen 2006) showed that Australian PMP esésare not unrealistically
high. Our assessments show that PMP estimatesohusty they are not based on
outliers but usually backed up by a number of event

PMP may be considered a ‘worst case scenarisbmething that could happen if all

the factors are ‘just right’. One could consider Pstimates as an asymptote which
rainfall events might converge to but should nenszrch (or exceed). One problem

with this approach is that an estimate for thisngsipte is constructed using only

currently available observations of significantnfall events. When methods have

been revised and databases have been updatedpaghesample sizes have gone up
and the picture became more complete. Due to tlibade used, such updates have
typically led to an increase in PMP estimatess Ipossible that in the future, PMP

estimates may increase as a result of an incressagle size, even without allowing

for climate change.

The basic assumption behind PMP estimation is tiearoence of maximum moisture
availability together with maximum storm efficiencyherefore, to answer the
guestion whether climate change could lead to as@d PMP estimates, it is
reasonable to start by assessing these two faoésed on observations and climate
model data. Based on likely changes to maximum tm@sand maximum storm
efficiency, our investigations did not lead us timclude that PMP estimates would
definitely increase under a warming climate. Howeve

- For our analysis we have used output from Globam&le Models (GCMs).
While these models are physically sound, due tiv timeited resolution (typically
in the order of 3° by 3°) they are not able to hessome of the processes that
lead to extreme rainfall, and parameterisation s&duinstead. Downscaling
approaches (dynamical, stochastic and statistazat) be applied to address this
issue. Given the resources and time frame forgiogect, GCM output had to be
used without downscaling the data first. Suitabteviiscaling approaches are
available for some regions in Australia, includsmuth-west WA (Charles et al.
2004, Timbal 2004), eastern South Australia and téviesVictoria (Timbal and
Jones 2007) and North Queensland (Robertson 20@6).

- The basic assumption that a PMP event has maximaistune availability may
not be satisfied in practice (Chen and Bradley 20Bé&sing our estimates on this
assumption will typically lead us to overestimatdfR So if PMP estimates were
shown to have a tendency to increase based orasesdo extreme precipitable
water as a result of climate change, there mayobeesin-built ‘buffer’ in our
current estimates. Current projections using onmateé model (Figure E-8)
indicate a possibility that the extreme precipigallater may increase in many
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areas of Australia by about 5 to 10% and for soaseg up to 28%. It is desirable
to try and translate changes in maximum moisturalability into changes in
PMP estimates. However, it would be overly simgisv assume that the PMP
estimates would increase proportionally to incrdasmaximum moisture
availability. This approach would only be defenasaiblwe assumed that increased
maximum moisture availability necessarily leadsitgher extreme rainfall events.
To clarify to which extent this assumption holdegavould have to investigate
whether extreme rainfall events do indeed occureunghaximum moisture
availability.

- There are a number of possible definitions formatefficiency; only the simplest
have been used in this study. More recently, otheasures of storm efficiency
have been proposed which provide a better quamétaheasure of moisture
inflow and resulting precipitation efficiency foainfall events by incorporating
upper-air data (available since approximately 1960)

Another way to assess how PMP estimates may chagea physical and
meteorological considerations. There have beematieto develop physical models
for PMP estimation (Hardaker 1996) but this is alle@mging if not impossible task
for all of Australia. One can use climate modelpomtto investigate how extreme
precipitation is likely to change under climate mohe. Our assessments show that
individual GCMs do not replicate rainfall totalsdaapatial and temporal variability
well and that there is strong disagreement betvpeejections from different models.
These differences are mainly due the limited abilit simulating rainfall producing
mechanisms such as EI-Nino Southern Oscillation JEN and the Australian
monsoon. As a result, it is difficult to have cad®nce in projections of rainfall
extremes.

Despite the lack of agreement between models asdrebd data, it is likely that
rainfall extremes may increase and that these @saage to some degree driven by
increasing moisture availability in a warmer cliga# notable conclusion from IPCC
Working Group | is that extremes of daily rainfate very likely to increase, except
in regions of large decrease in mean rainfall (&brisen 2007). As a result, both
thermodynamical and dynamical factors will playogerin a changing climate (Emori
and Brown 2005). According to the Clausius-Clapayrelation (a thermodynamic
relationship) for each 1 °C increase in global mesnperature, the precipitable water
increases by about 7%. For the mid-latitudes thergood agreement between
estimated changes in extreme precipitation basetthisrrelationship and projections
from at least one climate model. According to Ralal. (2007), increase in extreme
precipitation throughout the mid-latitudes may benstrained by the Clausius-
Clapeyron relation. However, to fully capture chasign extreme precipitation in
other regions, changes in dynamics (and how thigctaéxtreme precipitation) need
to be accounted for. These ideas could be usedfuidher investigations: by
separately assessing the effects (and their relatmagnitudes) of the
thermodynamical and dynamical components, it migétpossible to reduce the
uncertainty in projected changes for extreme pretipn. Results from our study
show that while for most of Australia the frequenafy heavy rainfall events has
increased, such events have become less intenskesmdérequent in a region with
decline in annual rainfall totals. Changes in thegion have been attributed to
changes in dynamics (storm track shifted polewards)
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The model projections considered here were baseehossion scenarios developed
for the IPCC special report on emission scenafiaki enovi and Swart 2000). Of
the six emission scenarios available, three haea lilised in this study (B1, A1B,
A2), since they are publicly available. Throughdbis report, these have been
referred to as ‘low’, ‘medium’ and ‘high’ emissiagtenarios. In 2007, the rate of
global greenhouse gas emissions was higher thgacped for the ‘high’ emission
scenario (A2), and might have exceeded even thd exieeme emission scenario
(fossil fuel intensive scenario AlFl; Raupach et 2007). Unlike changes in
temperature, changes in precipitation do not rgagtible with changes in emissions
and global temperature changes. Projections basd¢teohigh scenario (A2) should
be considered the closest approximation while ptmas based on the medium and
low scenarios are less valid.

5. Conclusions

A number of factors relevant to PMP estimation wessessed (using both an event-
based and a station-based approach). Some significeereases in moisture
availability were found for coastal Australia, astimate models project further
general increases, although with some regions ofedse. Very few significant
changes in storm efficiency were found, althougdrehs a tendency to a reduction in
storm efficiency for coastal parts of eastern Aalgr

Typically, no significant changes were found in getised rainfall depths, but a
recent event was record breaking (both in termstofm efficiency, generalised
rainfall depth) if only for the season during whitle event occurredvinter).

PMP estimates are robust estimates (not typicalet on single outliers). Recent
significant rainfall events are regularly screeriedcheck whether including these
events in the storm databases would increase PMRagss. There have not been any
cases recently where PMP estimates had to be wpdate

Long-term trends in rainfall extremes were founddaly two regions: a decrease in
coastal southwest Western Australia and an incrigaparts of northern New South
Wales. The fact that trends were found for only t&gions implies that for most of
Australia current generalised estimates are reptasee of current climate

conditions.

Global climate models do not accurately model thends of late 20 century
Australian rainfall. However, there is an indicatithat due to the overall increase in
moisture availability in a warming climate the masttreme rainfall is likely to
increase in the Zcentury.

So far we can not confirm that PMP estimates wéfirdtely increase under a
changing climate.
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Some recommendations for further work

This study did not intend to revise PMP estimateamend the PMP methodology in
order to account for effects of climate change.oBewe recommend areas for
possible future work which were identified througle course of our study.

- Consider a scoping study to decide whether it wdogd feasible to attempt
modelling PMP using ahysical model Possible starting point could be a model
used to investigate likely changes to hailstorndenrclimate change (Leslie et al.
2008). This would free us from the need to build methodology on the basis of
databases of observed events and would allow imgudhanges of relevant
factors in modelling PMP to directly derive PMP iesttes under a changing
climate.

- Alternatively, downscalingoutput from the next generation of climate models
could be considered. It is likely that existing egarhes could be tailored to
ensure they perform well for rainfall extremes. Haer, this would still not allow
us to ‘directly’ investigate how PMP estimates niigihange under climate
change.

- Investigate by how much we are likely to overesten®MP when we are
assuming that storms satisfy conditions of maximumisture availability and
maximum storm efficiency (conversion of moisturéoimprecipitation) for given
locations and seasons. Using a joint probabilifggraach, it might also be feasible
to answer the question whethessianultaneous occurrencef these conditions
might be more or less likely under climate change.

- PMP estimates are sensitive to estimates of maximoisture availability; this is
an issue particularly fowinter events. The problem in deriving the estimates is
two-fold: there are potential data and method éfféo considerEstimates of
maximum moisture availabilityare derived from 24-hour persisting dewpoints,
which due to the method and measurement, may intedn error in the order of
20%. Since dew points are measured at the sutfi@gentay not be representative
of moisture content throughout the atmosphere. &Vhilis difficult to find a
substitute for surface dewpoint observations (dsfigdor events in the 1®and
early 20" century), it might be possible to refine the methor estimating
extreme precipitable water. This may also involve-assessment of whether the
assumption of a saturated atmosphere is valid wiremiding an estimate of
maximum moisture availability.

- Extreme rainfall caused severe flooding in partQatensland in February 2008
(Bureau of Meteorology 2008), just weeks befores tt@port was finalised. The
objective assessments in our study may confirmestibe assessments that
rainfall extremes along parts of the central eastst could have become more
severe. These changes may have some bearing on é3MRates. Recently
developed measures such as in Rakish et al. (2008J be used to assess effects
of changes inmoisture transport(due to climate variability and/or climate
change) on rainfall extremes in this region.
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- Mailhot et al. (2007) suggest that rainfall at dimas below 24 hours (the shortest
duration assessed in this report) could be affectede severely by climate
change than rainfall at longer durations. Currentigre are no methods in
Australia available to derive®MP estimates for durations between 6 and
24 hours (such estimates are derived by interpolation betwthe shorter and
longer duration methods). For a recent signifieargnt (Mackay, February 2008)
the associated return period for rainfall at th@ddir duration was assessed as
particularly high. If there were a requirement &sess how PMP estimates at
durations below 24 hours might be affected by denzhange, suitable methods
for deriving PMP estimates for these durations wddve to be developed first.
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1. Factors used in estimating PMP

1.1 Local moisture availability

In the process of generalising significant rainéalénts in order to obtain a PMP
estimate, the maximised moisture availability ikgkated for all historical extreme
rainfall events. Determining the moisture avaiifor an extreme rainfall event
requires knowledge of both the low-level mass cogeece, and the moisture content
of the air mass. Although it is possible to detearthe moisture content of an air
mass for a significant rainfall event, there issatisfactory method to quantify the
mass flow convergence. The PMP estimation proesd{yMO 1986) suggest that
‘...extreme rainfall events are indicators of maximmates of convergence and
vertical motion in the atmosphereSince this assumption is not of relevance when
determining the local moisture availability, it Wilot be assessed, and will be
accepted as valid for the purpose of this study.

1.1.1 Factors used in adjusting for moisture avaléty

Three factors are used in adjusting for moistusglalility. These factors are
required at different stages in the generalised PMEhods. The factors may be
summarised by using the termmsximisationstandardisation(both applied to the
significant rainfall event data) ardijustmen(applied to the catchment).

For each significant rainfall event, the moistuoatent is maximised using the
moisture maximisation factor, defined as the rafitheextremeto storm precipitable
water (MF = EPW/SPW).

- Theextreme precipitable watdEPW) is an estimate of the maximum amount of
atmospheric water vapour available in a verticidiom of air, at a particular
location and for a particular time of year (usuatignthly).

- Thestorm precipitable watefSPW) is the amount of atmospheric water vapour
available in a vertical column of air in the sumding area, and usually prior to
the significant rainfall event.

- The moisture maximisation is based on the assumgh@t a small increase in
rainfall is linearly related to a small increasemoisture. Since the EPW varies
throughout Australia, comparison of each signifta@mfall event’s maximised
moisture can only be achieved once standardisag#oticular location.

Figure 1 shows the standardisation process, whtypathetical ‘standard’ location
indicated by . The standardisation factor (SF) is defined by ERW{EPW. The
product of the MF and SF, which accounts for tHedfifects of moisture, is formed
from the combined maximisation-standardisationda@SF). For a significant
rainfall eventj, at a particular location and time of year, theRMSgiven by

EPW VEPWstandard =MF >SF = EPWstandard (1)

MSF' = : !
SPW' EPW SPW'
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Figure 1 Diagram indicating the standardisatiosedécted significant rainfall events (event centres
indicated by red circles) for selected events ,..,R.

In practice, the first factor (MF) in equation {4)often restricted to a realistic upper
limit (here denoted as MF). This procedure departs from that indicated in @/M
(1986). For the GTSMRthis limit is 2.0, which is exceeded for 0.8% mfrsficant
rainfall events (corresponding to one event), wagfer GSAM the limit is 1.8,
which is exceeded 26% of the time. Minty et a@9@8) noted that GSAM events
where MF > 1.8 (particularly durirgutumnandwinter) may be attributed to
occasions when the assumption of a saturated atramss generally invalid, and the
usual method of estimating the SPW is not represestof the inflow moisture
conditions. When Mf, is exceeded, the rainfall event’'s MF is reduceedoal the
upper limit. Under these situations, the equdbtythe right-hand side of (1) is
invalid, and instead

MSF' =MF, P Wetangars MF, >SF 2)
EPW

whereMF,,, =1.8 and 2.0 for GSAM and GTSMR events respectivelshould be

noted that the value for Mg is a subjective choice, and does not relate to the
frequency distribution of PW at a particular looati Perhaps a better choice would
be to define MR, by the difference in the EPW to the median or nefahe PW
distribution for each location. However, applicatito this analysis is beyond the
scope of the current project.

Once the convergence component raiffalt all significant rainfall events has been
maximised and standardidedatchment PMP estimates can be derived. For
moisture, this is achieved by adjusting the stasidad moisture availability to a
particular catchment (indicated schematically igufe 2). The moisture adjustment
factor (MAF) for a particular catchmemtjs

MAFE" = EPWeaen (3)
EPWstandard
Since the MAF is only a function of EPW, assess$ardts change is simpler than for
the MSF. In (1), (2) and (3) since ERWsardiS at a hypothetical location, it can be

assumed not to vary in a changing climate.

! Generalised Tropical Storm Method-Revised

2 Generalised Southeast Australia Method

% Total observed storm rainfall is considered tgphely due to topographic enhancement. The
convergence component is derived by removing toqugc precipitation.

* For the GTSMR, the convergence component raiisfalso modified by a decay-amplitude factor.
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Figure 2 Diagram indicating current PMP estimat&amied by applying the moisture adjustment factor
(MAF) for different catchments (blue diamonds ie thset figure).

Estimates of precipitable water

Theoretically, the precipitable water (PW) is dedvrom the integrated upper-air
specific humidity (q):

1 p=200hPa

PW=-= " q(p)dp, (4)
p=surface

wherep andg are the pressure and acceleration due to graspectively. This is
the most accurate measure of the available moisiure atmosphere, although only
if it is within the extent of a significant rainfavent.

Compared with the relatively sparse horizontaligpdistribution ofupper-air
observation locations, the higher densitpoffacedew-point locations often
provides a more practical basis when obtaining3A&/ and EPW. A surrogate for
both the SPW and EPW, derived from dew-point termpees, has been
recommended in the PMP manual (WMO 1986) as thempesl method. However,
this method relies on the assumption of a saturai®@sphere with a pseudo-
adiabatic lapse rate. Although this assumption gexerally be satisfied for tropical
rainfall events duringummerWalland et al. 2003), it may not generally be
applicable for significant rainfall events duriagtumnandwinter (Minty et al. 1996).

Trends insurface dew-pointeave not been as extensively investigated asgrehd
suitable indices fosurface air temperatureOne reason for this is that the dew-point
temperature is not a directly observable quarsity it is more susceptible to errors
that may arise from instrumentation changes andrgbhion techniques.
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Nevertheless, there are a few studies which prosidee general conclusions. Results
from both the United States and China show an dvacaiease in surface dew-point
and specific humidity in the latter part of thé"a@ntury (e.g. Gaffen and Ross 1999,
Wang and Gaffen 2001), although to the authorsitedge no similar analysis has
yet been conducted for surface dew-points acrossralia.

To best assess for changes and trends in the meogstailability, changes in EPW
and SPW at specific locations will be considerétthough this departs slightly from
the generalised aspect of the PMP methodologyjgmecessary to make best use of
available data in assessing trends in the fad@atscontribute to PMP estimates.

In coastal regions with limited spatial distributiof reliable surface dew point data,
the WMO (1986) recommends using sea-surface termypergSST). It is suggested
that these are representative of the atmospherigstune, in particular for areas which
have little modification of the moist air by passawyer land surfaces. The WMO
(1986) notes that for AustraliagXtreme coastal dew point temperatures are about
4°C below extreme upwind sea-surface temperatureegabut no suitable reference
is given. It was therefore considered worthwhil@ssess how reliably the SST can
be used as a surrogate for the monthly extremeg @4Jarious locations around
Australia.

Data and Methodology

Changes in quantities representative of the EPV¢aoeilated over two time periods:
1960-1980 and 1981-2003. There are 19 and 57idosafor the upper-air and
surface dew-point data respectively. All upperladations are located in the vicinity
of a surface dew-point location, although the gpdalistribution of upper-air locations
is biased towards southern Australia, with onlyrfstations north of 23°S. Surface
dew-point stations are predominately located acressral and eastern Australia.
These stations form part of the high-quality, hoeraged dataset of Lucas (2006).
Data were homogenised following the homogenisatethod of Peterson and
Easterling (1994). Although 57 locations are ayddadue to the limited frequency of
observations in the more remote locations, a retlaeeof only 38 locations will be
used throughout this analysis.

Upper-air data

Precipitable water derived from upper-air data astPalian locations has neither been
homogenized nor undergone robust data quality assarchecks. Gaffen (1993)
provides the most complete WMO documentation ofeugir radiosonde metadata.
The metadata relating to Australia’s observatigme\ided by the Bureau of
Meteorology) indicate that between 1960 and 198&adt five types of radiosondes
from three different manufacturers were used. @ltih the performance
characteristics of the pressure and temperatursunaaent sensor are documented in
more detail than those of the relative humidityssenthere has been no detailed
assessment into to the relative accuracy of alhtijiies, and how these change with
height or directly influence PW estimates. Sin862, the number of observation
levels in an upper-air profile has at most locatiocreased from a median of 12
(mandatory levels) to a median of 47 (significamil ammandatory levels). Although

26

Climate change and Probable Maximum Precipitation



not yet quantified, the increase of data resolusioould generally increase both the
accuracy PW estimates and the possible spreae &\ distribution. This in turn
might influence the estimate of the EPW. StatisticBW obtained using upper air
data will generally be denoted using PW(ua).

Surface dew-poirdata

Surface dew-point ({J observations are used as a surrogate for uppereaipitable
water (PW).The relevant statistics (e.g. median@@itpercentile) are first computed
for the representative surfacg dstimate, and these are subsequently converf@d/to
by assuming a saturated atmosphere with a pseldbatit lapse rate The
calculation of T for a particular significant rainfall event depserah the rainfall
event moisture inflow path, the suitability of nieaiobservation stations and the
required duration of persisting moisture prior tsignificant rainfall event.
Generally, stations that are within the moistuféim path, and are not adversely
affected by nearby anomalous moisture sourcesgeagspray or significant
wetlands) are considered for analysis. The mgsesentative dew-point for
calculating the PW is obtained using a persistieg-goint over a fixed time period.
Although the PMP procedures (WMO 1986) recommetinigus ‘highest® persisting
12h dew-poin{12Ty), the persisting 24h dew-point, (24 Thay be used as an
alternative, especially when observations are qufemt or unevenly spaced. For the
generalised methods, the Bureau of Meteorologyalvaays used 24T Hereafter,
PW(Ty) refers to an estimate based on 24T

In general, the persistinghour Ty (nTy) is defined as the minimum from all
observations of d; across an inclusive period mhours, with the restriction that a set
threshold of rainfall accumulation has not beertined. Only discrete observations
of Ty are available andT4 and is a function of the number of observatiornthiwthe
measuring period. 24Trom twice daily observations will be equal tolagher than
that determined from observations made at 3 hontéyvals. Daily frequency of
observations decreased for only one location irhtgle-quality dew-point data set.

Of the remaining locations, 30% have had an ineréasn twice daily in 1960 to 5-8
times daily in 2003.

To make the most appropriate comparison betweemgelsan the climatology of
PW(Ty) and PW(ua), rainfall-free observations are use@.2 mm of accumulated
rainfall in the previous 24-h period). Rain-frdgservations are required to avoid
rainfall contamination of dew-point estimates. ©rainty in estimates for dew-point
temperatures are likely to be greater than thosaifdemperature. Lucas (1996)
indicated that inconsistent observer practicesngésa to site characteristics and
differences in instrumentation or screens can teadbias of between -2.0 °C to 1.6
°C at a particular site. An additional positivedraay result when calculating 24T
from twice daily data, rather than using more fEtjuobserved daily data. Overall, it
is expected that the uncertainty in estimates e€iprtable water derived from 24T
would be in the order of 18%.

®This is consistent with the method described by W{1@86).
®The *highest’ persisting 12h dew-point is the maximvalue of the persisting 12h dew-point, from a
time interval equal to or longer than 12h.
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Sea-surface temperature (SST) and upper-air witid da

The monthly gridded SST data (denoted HadSST2Y)itbescin Rayner et al. (2006)
are used. These are averaged over regions stmilaose that are large enough to
contain relevant climatology particular to the bedy. Upper-air winds in the lower
troposphere were used to characterise the moistilogr direction. An extensive
analysis of the inter-relationship between mon®8$1T and 24J was carried out, but
no rules could be derived that would allow for apesin SST to be used as a
surrogate for changes in the climatology of EPV particular location.

Changes in estimates of precipitable water

Maps of seasonal relative changes in median PWp#éttentile PW and extreme PW
(50PW, 90PW and EPW respectively) were generated both surface 24Tand
upper-air data. For each estimate, data were ttondd on the amount of
accumulated rainfall, set at different threshol8gasonal maps are preferred in this
comparison, since they more clearly and easilycetgi the relationship in seasonal
trends between the different estimate€hanges in PW are reported as relative
percentage changes, rather than as an absolutgeclreBRW (mm). The relative
change, defined for a generic quana®W is given by

2003 1980
a PVV1981 - a PVV1960
1980
a P\ngeo

© 100% (5)

wherea is one of 50 or 90, corresponding to the media@mercentile. Also
assessed were changes in storm precipitable waaW}, through the maximisation
factor (MF) for selected rainfall events at indivad locations and changes in the MF
for GTSMR and GSAM events.

Changes in percentiles of PW should be interpredédcaution. Although changes in
the median are more reliable when assessing forgesa the median PW does not
represent the moisture content required for theeexe precipitable water (EPW).
However, since changes in the actual extreme oalRWWery difficult to quantify, it

is best to assess for trends that occur systertigiicaach of the percentile groups
(50" and 98" percentile) Changes in the EPW are considered first, since they
contribute to both the generalisation process (@ua) and the PMP estimate at a
particular catchment (equation 3). It is not neags$o consider changes in
EPVVstandard

Changes in upper-air precipitable water [PW(ua)]

Methods for obtaining upper-air data have underggeificant changes in
instrumentation and data quality has generally owpd over time. When combined
with the relatively sparse spatial distribution articular in northern Australia), there
is less certainty about these changes comparedchathges in surfaceT

" Seasons used are the conventional 3-month cliogitall seasons, (DJF, MAM, JJA and SON for
summerautumn winter andspring respectively). This contrasts with the differegfidition of seasons
used for both the GSAM and GTSMR.
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Climate model output of PW will be used to studgjected trends in PW. This is PW
integrated over an air column. Therefore chang&3/ihfrom upper-air data are
reported here. Data were excluded where accundautaiefall over the 24-h period
was greater than 0.2 mm. This approach is consigliémthe criterion used with
surface dew-point measurements. Hereafter, ‘limitelli be used to denote estimates
where the 24h accumulated rainfald.2 mm.

An initial test comparing the difference between RVall rainfall accumulations and
PW limited to occurrences of 24h accumulated rdlinf®.2 mm was carried out for
all upper-air locations (Figure 3). For mainlandsfalia, no location shows negative
relative differences of the median (50PW) acrokseslsons. Only Hobart has a
small (< 1% of PW, but insignificant) lower estirmah summerandspring For
southern and eastern coastal Australia there igreehestimate in the median during
winter for some locations, and a higher estimate ocaurspringandautumnacross
central, northern and eastern Australia.
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Figure 3 Percentage differences in estimates of¢hsonal median [50PW/(ua)] excluding rainfall
accumulations 0.2 mm and using all rainfall events for 1981-2003

Therelative changes the limited precipitable water for the seasanablian
[50PW(ua)] and 90 percentile [90PW(ua)] are shown in Figure 4 argliFé 5
respectively. The relative changes are across &wiogs, 1960-1980 and 1981-2003.

For the median, there are increases only acrossararAustralia, particularly in the
north-west, duringummer Over the same period, there is a decrease aswossern
coastal Australia, but with little change for eastAustralia. During thevinter,
northern and inland Australia show the most sigatit decreases, with almost no
change across the southern coastal reghartumnandspring have relatively similar
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distributions across southern Australia, both iatiig a decrease in the median. For
South Australia, all locations have a decreasetgréiaan 5% in 50PW/(ua) during
summeyautumnandspring

These results contrast with those for the relathenge in 90PW(ua) (Figure 5) for
which the largest changes are associated withaserein coastal locations. In
particular, northern coastal Australia has a graatzease in 90PW(ua) during
summerandautumn and both southern and south-eastern coastalalastrave an
increase duringvinter. The only large decrease-4%) in 90PW(ua) is found for
south-west Western Australia durisgmmer The increase in the 9@ercentile is
reflected in the distribution of the relative chang standard deviation of PW(ua)
(Figure 6), where there is no decrease in the atdndeviation of PW(ua). These
changes may be due to increased in the data resoftiem 1992 and improvement in
instrumentation.
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Figure 4 Relative change in the upper-air seasmedian PW [50PW(ua)], limited to occurrences of
24h accumulated rainfall 0.2 mm for periods 1960-1980 and 1981-2003. Thekotircle outline
indicates change is significant at the 0.05 level.

30

Climate change and Probable Maximum Precipitation



* ® ®
relative change (%) -

-10 -5 5 10 X
ce® I

Figure 5 Relative changes in the upper-air seagiiital percentile PW [90PW/(ua)], limited to
occurrences of 24h accumulated rainfall.2 mm for periods 1960-1980 and 1981-2003.
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Figure 6 Relative changes in the upper-air seastaatiard deviation for PW(ua), limited to
occurrences of 24h accumulated rainfall.2 mm for periods 1960-1980 and 1981-2003.
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Precipitable water derived from surface dew po[Rt&/(Ty)]

The PW derived from surface dew point data is aemneliable measure of the change
between two time periods. The data used are thbgghvmave at least 6 observations
a day. The relative changes in the median [50R)Yére shown in Figure 7. The
changes are greatest over inland southern Ausfaalsummer(magnitudes are
generally greater than 15%). Duriagtumnand to a lesser extent duriminter, a
moderate increase occurs for coastal eastern AiastiEhere are less spatially
consistent changes for other regions during eaatose Locations tend to exhibit
changes of the same sign for the median and ti@é@entile (Figure 8), particularly
for summerandwinter and to a lesser degree duraagumnandwinter. The

similarity on a regional basis is less appareninduspring andautumn Assuming

that a saturated atmosphere with a pseudo-adidbptie rate assumption is
reasonable across all seasons and locations (éeptiva that used when generalising
a significant rainfall event for a PMP estimatbgde data suggest that an increase in
PW has occurred along parts of eastern Austraimmglwinter (> 10%). Generally
for tropical northern Australia the change in ti8& @ercentile is smaller than that for
the median, and overall there is little changeasania for all seasons, with the
possible exception glummer
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Figure 7 Relative change in median PW(BOPW(Ty)] with a restriction of at least 6 observations pe
day. Statistically significant changes at the Q&I are outlined.
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Figure 8Relative change in 90th percentile PW(IPOPW(Ty)] with a restriction of at least 6
observations per day.

Changes in the extreme index of the daily minimgm T

The change in PW() between the two time periods was assessed &bthand 96"
percentiles. A Mann-Whitney test was performegltige the significance of
changes at the 0.05 level. An underlying assumps$idhat the shape of distributions
for the data for two time periods is similar. Ttest was used for changes in th& 50
percentile, however, it could not be used to asgessignificance of change for the
90" percentile. Instead, tt&xpert Team on Climate Change Detection, Monitoring
and IndiceETCCDI) has developed software that providesaadardised method to
assess and report change for climate extreme Vesi&h.g. at the fband 98"
percentile). Although these methods were taildcegissess changes in daily
maximum and minimum temperature and rainfall, oinghe indices can be applied to
the high-quality 24 data.

The most appropriate index¥90p) is that associated with the number of days
(represented as a percentage) where the daily minif is greater than the 80
percentile of an appropriate climatological basegoe This index is reported on a
monthly basis, and can be averaged over seasgesu®. The notation is similar to
that used by Alexander et al. (208@xcept that ‘¥ is used instead of ‘T’
(temperature); here ‘N’ denotes minimum. The ctiviegical base-period used is
1961-1990, with the statistics for daily data agexhover a 5-day running window.

8 In Alexander et al. (2006) TN90p corresponds tariw nights’, but since jldoes not exhibit a
similar diurnal variation as temperature, this digsor cannot be used here.
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To avoid inhomogeneities resulting from data witthia base period, the bootstrap
procedure of Zhang et al. (2005) was used to etditha exceedance rate. It should
be noted that although the daily minimumig similar to the 24h persisting,Tit is

not exactly representative as a surrogate for pitabile water, since no segregation
according to rainfall accumulation is made. Th&dannot be segregated according
to rainfall, since the data quality control procexlused by the ETCCDI ensures that
there are no more than 3 days are missing eachhmé&xclusion of rainfall events
would significantly reduce the amount of data afa# for analysis. Therefore care
needs to be taken when interpreting these ref4dits are restricted to periods
(starting from 1960) where at least 6 observateday are available, to ensure a
realistic minimum value.

Figure 9 shows the changes in the median (on @sakisme-scale) between two
time periods for the indexgN90p. This figure indicates that an increase (ceesae
implies that the number of days for which thd'@@rcentile is exceeded has
increased (decreased). The greatest positive astsigmificant changes are for
coastal eastern Australia duriagtumnand SE Australia (but not Victoria) during
winter. For SE Australia (and in particular for Victoriaere is an overall decrease in
T4N9O0p, although this is significant at the 0.05 léwee only two locations, (Mildura
duringsummerand Laverton duringpring). Nevertheless, these changes are
generally consistent with those obtained for 90 ure 8). For all seasons except
winter, the largest overall (and significant) changet i§@vnsuville.
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Figure 9 Change in the seasonal median betweetirtvegperiods (1960-1980 and 1981-2003) for the
index TAN90p. Solid symbol indicates change isificant at the 0.05 level.
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On a seasonal basis, assessing chang¢®0Tis more informative than assessing
changes in 90PW(J, since the latter will be influenced by extrenassociated with a
particular month’s local extremes relative to teason.

Changes in the Extreme Precipitable Water (EPW)aqughe EPW(J)

The quantity used in the generalised methods ®EMW is derived from the weekly
maximum of rainfall-free 24dobservations. The EPW is obtained by applying the
automated enveloping technique of Jones and Miri9§) to 247 data. The
enveloping technique is based on the combinatiantafo-harmonic Fourier fit and
spline fitted to the local maxima of the residuaishe fit. The combined spline and
fit provides the weekly extreme 24TThe monthly extreme 24Ts the value of the
envelope at the mid-monthly position, and therefaeg not actually be the monthly
maximum. As a result, this method should not leelder assessing for changes in
EPW. It is still reasonable to use the method dperally for PMP estimation, as it
follows the procedure in WMO (1986).

Changes in the Storm Precipitable Water (SPW)

The generalised methods require the storm prebipitaater (SPW) to be estimated
for each significant rainfall event, and these és@ucur over a period of more than
100 years. Since the SPW may take any value witi@riPW distribution for that

time of year, the method of assessing how the SRWahange differs from that used
when estimating change in the EPW. The main diffee relates to the large
variability in the magnitude of the SPW, which atsgpends on the location and time
of year. An additional difference relates to thet flhat SPW had only been derived
for storms in existing databases.

Maximisation factor (MF) for events used in the gr@atised methods

For all significant rainfall events that are usedhe generalised databases, the
maximisation factor (MF) can be used as a meaduteedinverse) rainfall event
moisture availability [see equation (1)]. This gtigy equals one for events that have
the maximum amount of moisture available (i.e. SP®BPW) and increases for
events with lower moisture availability. To estim#he change in SPW (and hence
the MF) between two periods, the EPW has to benaasdiconstant over the entire
time period associated with the generalisatioBonsequently, the MF for events
provides the most appropriate method to asseshéorges in the SPW.

A positive (negative) relative change in the MFresponds to a decrease (increase)
in the relative SPW assuming constant EPWWhe MF also allows comparison of
events between different locations, and to somengxbetween different seasons.
The time period used for each generalised databaseelected to be as close as
possible to that associated with the full periodhef high-quality data. Although MF

° This is a necessary assumption. To assess fogehiarthe SPW, it needs to be divided by a suitable
guantity that is constant, and yet will allow renmaydependence on latitude and seasons. Since the
current generalised methods do not make allowanrcéhé contributing factors to change with a
changing climate, the EPW obtained from the fulidiperiod is used. Here, it is reasonable to wse th
MF of the generalised events. It is implicitly as®d that EPW is constant.

1 ME/MF»- SPWISPW
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from the generalised events extends as far batB&3, less emphasis will be placed
on the changes between two of the longer perio883-1.949, compared with
1950-2003), as dew-points estimated from the egybeiod have greater uncertainty
than those measured during the latter period. Tiseakso reduced coverage of events
recorded for inland Australia.

Figure 10 shows the GTSMR maximisation factor futeépendenit storm events for
each of the two periods 1950-1975 and 1976-2008revavents of multiple durations
(e.g. 2, 3 and 4 days) over the same time periag@ioximately the same location
are only considered once. For the sake of clanty, thesummerevents (Figure 10a
and b) have been separated from those in otherms@igure 10c and d). A Mann-
Whitney test did not indicate any significant diface in the MF at the 0.05 level,
between the two time periods when the data wenegated by either seasbmr

storm typé®. However, there is an apparent increase in thebeu of extra-tropical
events (from two events for the earlier periodegeen events in the later period) that
occurred during autumn and specifically during May.

The GSAM maximisation factors for storm events ket two periods (1950-1975
and 1976-2003) are shown in Figuré“11The GSAM database used a different event
classification compared to the GTSMR. In GSAM,ibatmoisture source and storm
mechanism were identified. Segregating all GSAMév@ccording to both the
moisture source and mechanism would have resuitedry small samples for
statistical analysis for each type. Instead, thegification was based only on the
storm mechanism. Comparison of the MF betweenpg@rds for combinations of

the storm types and seasons did not indicate gmfisint change for any

combination of storm types or seasons.

Yselection of independent events is described ineAdix Al.

2 Two sets of seasonal groups were used. ‘Convatgmasons’ were defined according to 3-month
seasons (DJF, MAM, etc) and ‘GTSMR seasons’ wefiaele following the GTSMR method, with
‘summe’ October — April andwinter: June — September.

13A second test was carried out using all eventhaérdatabase, although no difference in the tests fo
significance were found.

4 The GSAM (Minty et al. 1996) analysed events uft965, which was selected as the end year for
the present work. However, subsequent analysisanefil no further significant rainfall events have
occurred in the period between 1996 and 2003.
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Figure 10 Maximisation factor for each GTSMR evienttwo periods, 1950-1975 and 1976-2003
(upper (a,b) and lower (c,d) plots respectivelyifhveymbol size corresponding to the magnitudéhef t
MF. Each season is represented by different sysnlsth the left (a,c) and right (b,d) plots
corresponding tsummerand all other seasons respectively. Note thaétae naspring (SON)
events. Event type is indicated by colour.
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Figure 11 Maximisation factor for each GSAM eveuntidg the two periods, 1950-1975 and 1976-
2003 (upper (a,b) and lower (c,d) plots respeatlvelith symbol size corresponding to the magnitude
of the MF. The definition of season ranges andhstype classification differ slightly from thoseed

in the GTSMR. The left (a,c) and right (b,d) figyrarts correspond to Oct-Mar (GSAfdring and
summe) and Apr — Sept (GSAMutumnandwinter) respectively.

Maximisation factor (MF) for events at high-qualdgw-point locations

So that more data can be included in the analygsSPW and corresponding MF
were computed at 38 locations that correspondrfacei Ty locations having at least
6 daily observations. For each location, rairéaknts are selected according to
ranked rainfall accumulations over 1, 2, 3 and ysdaA total of 20 independent
rainfall accumulation events are selected in edgeonod (1960-1980; 1981-2003).
To be consistent with the generalised methodoltigySPW is calculated from the
24Ty in the rain-free period immediately prior to thegbning of the significant
rainfall event. The magnitude of the SPW dependtherime of year and the length
of time between the start of the event and theikstfall within the event. As with
the previous analysis, division by the relevant E@Mfoss the complete time period)
is necessary. Itis initially assumed that theg@atest rainfall events at a specific
location can be used as a surrogate for largeeareats, similar to those used for the
generalised events. The effect of this assumptitirbe assessed below.

For most tropical coastal locations the resulting islgenerally less than 2.5,
although for southern Australian locations, the dften exceeds 3. The increase in
MF with latitude is consistent with the generaluiesof GSAM (which have many
more occurrences of MF>2 than for the GTSMR). msuge that only events that
may be reasonably associated with a significanfatiiare considered, we exclude
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those with MF > 3.5. The seasonal distributiothaef MF between two periods of the
events for a selection of locations (with a focangtwose in Queensland) is shown in
Figure 12. The three locations north of the tragi€apricorn (Darwin, Townsville
and Rockhampton) all have their selected rainfadhgs in thesummer For these
events the MF is generally less than 2 and hakavwely small spread, consistent
with most GTSMR events in the tropics. Only onlamal location (Charleville) had a
sufficient number of events such that it couldr&uded in the analysis; even so, the
spread in the MF is reasonably large. For the netlea of inland locations, the small
number of large rainfall events across the inlahtth® continent prevented detailed
analysis using this method. For the remaindeoaktal Australia, the locations
Brisbane, Sydney, Mt Gambier and Perth providedrbst reliable data where MF
did not frequently exceed 3.5. These locations ptsvided a sample of the estimate
of the MF for different seasons.

Therefore, it may be possible to establish som&eyagtic similarities from changes
in the inverse of the MF, which is an approximaeresentation of changes in the

SPW.
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Figure 12 The seasonal distribution of the MF felested locations within two periods. Blue: 1960-
1980; Red: 1981-2003. Symbols are only shownefalare at least 4 events within each period and
with MF < 3.5. The median within each period aaddach location is indicated by a black horizontal

line.

The geographical distribution of changes in thesseal median ME for 38
locations, including those in Figure 12, are shinvRigure 13. Changes in MF
approximately corresponds to the ratio of mediaBP¥V(1981-2003)/EPW(1960-
2003) to the median of SPW(1960-1980)/EPW(1960-20D8spite the lack of
widespread significant change, overall the mostigihaconsistent results indicate a
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decrease in MEfor the central region of coastal eastern Australiringsummer

Only two locations (Townsville and Sydney farmmermndautumnrespectively)

show a statistically significant increase of thaASRelative to EPW. Also of

particular note is the lack of any change for Darduringsummeywhich has only

one event where the MF > M§= Regions indicating a tendency toward coherent
change are SW WA duringinter (possibly no change, or increase) and SE Australia
duringsummer(increase).

DJF ; MAM 4

Figure 13 Relative change in the inverse of themeal maximisation factor MF SPW/EPW

between two periods (1960-1980, 1981-2003). A tieg#positive) change corresponds to a decrease
(increase) in the SPW relative to EPW. The blackeioutline indicates change is significant at the
0.05 level. The dotted line indicates the approtérmundary between the GSAM and GTSMR
regions.
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Figure 14 Relative change in the inverse of themeal maximisation factor MF SPW/EPW
between two periods (1960-1980, 1981-2003). Thenihades from Figure 13 are used. The two
black circles correspond to the data significarthat0.05 level.
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Figure 14 provides a summary of these changes;atidg that across Australia, the
spread in the magnitude of the change is eventyilalised, particularly fosummer
andautumnperiods.

Application to changes in the maximisation-standsation factor (MSF)

Changes in the MSF rely on both the magnitude &adges in the maximisation
factor, and subsequently, changes in the stan@ddiahsfactor. When combined,
these are best assessed using the relevant equétjaamd (2). Since the MSF for a
particular generalised method is associated withedsignificant rainfall events, the
change in this quantity will vary with both locatiand time of year.

For each of GTSMR and GSAM, the combirseshmerandautumnevents contribute
to 90% and 75% of all events, respectively. Afann SW WA, winter andspring
significant rainfall events generally have not cimited to the PMP envelope for the
relevant zone and time period. Therefore for thdFIM8ss emphasis should perhaps
be given to changes durimgnter andspring throughout much of the continent.

Equations (1) and (2) describe the relationshipvben MSF, EPW and SPW. For the
GTSMR, equation (1) can be applied to changesimmerndautumnevents across
most of the country (since for all but one event #MF;,). Changes in MSF will be
of opposite sign to changes in the SPW.

For GSAM, equation (2) will need to be consider@giyvell as equation (1); as a
result, changes in the MSF will depend on both E&\ SPWP. However, since
very few locations had significant change in the, ikd consequently the SPW, it is
possible that there will be few changes to the MSémbined effects of moisture
maximization and relative storm efficiency will descussed in section 1.5.

Conclusions

Precipitable water estimated using two differenthmods [PW(ua), PW({] was
assessed for changes over two time periods (1980-49d 1981-2003). PW(ua) was
calculated directly from the upper-air specific hdity profile, whereas PW() was
determined from persisting 24h surfaged@ta by assuming a saturated atmosphere
with a pseudo-adiabatic lapse rate. Theldta used are from a high-quality,
homogenised dew-point data set. Although PW eséichasing PW(ua) is
theoretically more representative than PW(€hanges in instrumentation and
observation practices throughout the two periodamitkat the changes in the
statistics of PW({) are more reliable.

To assess how changes in the moisture availahilltyaffect PMP estimates, the
stage at which the PMP estimation process is chouig needs to be considered. For
instance, if no new significant rainfall events adeled to the generalised database,
then the application of the PMP to a catchment roedyl consider changes in the
EPW at the catchment, through the MAF (equation Bhis is the simplest
adjustment. However, if allowance is made for fatsignificant rainfall events to
occur and be added to the generalised databaseghhages in the MSF, as well as

1526% of events have MF > ME
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changes in the MAF are required to be assessedt{eqs 1 or 2, then equation 3).
This significantly complicates the process, sindetare significant rainfall event in
one location could change the PMP estimates fdoeditions within the relevant
zone, time of year and for a particular area.

Further work could assess the likelihood that aiigant rainfall event will have a
maximised-standardised convergence component liaimd& may exceed the current
PMP envelope for a particular area and duratiod,agplicable for a zone and time of
year. The likelihood can be used to develop aassssent of risk that may arise if an
additional significant rainfall event occurs.

The changes in the seasonal EPW at different lmasssist in determining how the
MAF may have changed. The change in EPW was assbgg@ogressively
comparing similarities between the changes in @éthe 50'and 9 percentiles of
PW as well as the extreme indeX\NBPO. For PW(ua), there is a lack of agreement
between the percentiles for most seasons. The-Ergle regions for which changes
are of the same sign include:

Central parts of coastal eastern Australian duaingimn (increase)
Southern eastern Australia, (Victoria) dursygnmerandspring  (decrease)
Inland southern Australia (Woomera and Mildura)inigiautumn  (decrease)
Coastal subtropical region of Western Australiaryisummer (no change)

Individual localities with consistent change acrssasons include:
- Darwin duringummerandautumn (little or no change)
- Hobart duringummeyautumn andspring (little or no change)

Changes in the maximisation factor (MF) were useidfier changes in the moisture
availability (or SPW) associated with significaatnfall events with both the GTSMR
and GSAM. Overall, no significant change in thegmitude of the MF occurred for
either GSAM or GTSMR events between two period$0t9975, 1965-2003).
Perhaps of more importance is the change in thébeuof events, associated with a
particular storm type, between two periods. Theatgst change occurred for extra-
tropical lows during May in the latter period. Analysis of additional non-
generalised events using the homogenisedata was carried out. Of 38 locations,
only two indicated a significant change in the MRd there was no consistent change
in the magnitude of MF, either by month or regidhe lack of large-scale significant
change in the MF for any generalised or non-geisedlevent, despite observed
changes for the seasonal extremes of PW, may fileuédd to relatively infrequent
occurrence of the rainfall events. Small samptesivill also make it difficult to
establish future change in the MSF with some aatai

A simple relationship between SST and coastal mr24 T, as proposed by WMO

(1986), was not confirmed using the present datevelver a more complex
relationship may instead exist.
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1.1.2 Projected changes in precipitable water cantte

Introduction

Changes in precipitable water based on observasiendiscussed in section 1.1.1.
Upper air data at 19 locations was used to destienates of precipitable water for
two periods: 1960 to 1980 and 1981 to 2003. Uppesteservations were usually
carried out once a day between 2000 UTC and 0000.UT

To investigate how precipitable water content magnge over the next few decades
climate model output is required. Projections frilid CSIRO Mark 3 model were
studied for three 20-year periods centred on 22@80 and 2090.

CSIRO Mark 3 model (CSIRO-Mk3.0)

The CSIRO Mark 3 climate model is a coupled atmespiocean model (Gordon et
al. 2002). It consists of an AGCM (Atmospheric GlbBlimate Model) with land
and ice model, and an ocean model. The model h&e/&éB in the atmosphere and a
further 31 levels in the ocean (including sea ie®rizontal resolution for the
atmosphere is 1.875°. The land model has 6 s@ksayith 9 soil types and 13
vegetation types. Heat and water are conserveldéogdupling scheme; no flux
adjustments are applied. Only direct effects obsels are included (using monthly
mean sulphate). The precipitable water was sub-eahtp a resolution of 3.75°,
twice daily (00 and 12 UTC). To conform to the fuegcy of upper air data, model
output was only used once a day. Comparisons shtva¢the choice of time had
very little impact on the results.

Model output was used for three scenarios: A1BaA@ Bl (see Figure 15). A2, B1
and A1B are marker scenarios for different 'stogdi’ (Nakienovi and Swart 2000).
A2 describes a very heterogeneous world with anhasip on family values and local
traditions. B1 stands for a world of dematerialmat@nd introduction of clean
technologies. The Al family describes a world @idaeconomic growth and rapid
introduction of new and more efficient technologi€sree Al groups are
distinguished: fossil intensive, non-fossil enesgyrces and a balance across all
sources (A1B). The three marker scenarios A2, BILAIB were selected to allow
giving an indication of the probable range of emisscenarios.
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Figure 15 Anthropogenic emissions of £GH,;, N,O and sulphur dioxide for the six illustrative SRES
scenarios, A1B, A2, B1 and B2, A1Fl and A1T. Fomparison the IS92a scenario is also shown.
[Based on IPCC Special Report on Emissions Scenfsgource Climate Change 2001: The Scientific
Basis.

Validation

Before interpreting projected changes in PW ieisssble to assess the performance
of the model by comparing characteristics of obseW to those from model
output. Station data was gridded to the same résnlas the model output.

In the following, three characteristics will bencpared: the median, the™®0
percentile and the standard deviation.

The model generally suggests a strong meridioralignt in median P for all
four seasons. Based on the observations it apgesraverage PW might also vary
from the coast to the more central parts of thentgu It should be kept in mind
however that only a very limited number of stati¢h3) were used to derive these
maps. In general, the spatial patterns derived fsbeervations and model output
respectively, match reasonably well and the seds@aniation in the observations is
also found in the model output.

For the 98' percentile of PW the seasonal variation and tlag¢iapatterns again
show some good resemblance between modelled aedveldsdata. However, there is
a tendency for the model to underestimate tiep@dcentile. This effect is
particularly strong irwinter but less pronounced summer

18 PW was available twice daily, at 12 and 00 UTC delooutput was used for 00UTC. Comparisons
showed that the choice of time had little impactlomresults.
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The standard deviation was calculated for modgdutuind observations respectively.
Typically the values from observations are considirhigher than for the model
data. Such behaviour is not unusual for climate ehodtput - even if the average
conditions are reasonably well matched it can gtdlve a challenge to get the
extremes right and it is not unusual for the valiiglin the model to be somewhat
lower than in the observations. However, the sppsitiern is reasonably well
replicated; with maxima in standard deviation odagyin similar locations for
observed and modelled data respectively.

It is concluded that output from the CSIRO Mk3 mlathn be used to investigate
trends in median and extremes of precipitable wateluding their seasonality and
spatial patterns. Caution however is advisable watards to the magnitude of
projected trends.

Changes in median and 90th percentile for the Ahado

It is sometimes assumed that changes in the meangdian) of a climate variable
will give an indication of how extremes are likeébychange, with changes typically of
the same sign but stronger for the extremes. Iiidlf@ving projected changes in
both median and 0percentile of precipitable water will be discussétianges here
are expressed as percentage changes. These alatedl@as

gopwlater _ 9OPWearIy
gopwearly

" 100% (6)

For the2020sthere is a tendency to regions with an increasedadian PW, both with
respect to magnitude and spatial extent. No statigesting has been undertaken but
it is possible that these changes are not statilstisignificant. For the 9Bpercentile
areas of decrease appear slightly more organisetiqgarly inautumr) and

decrease in percentage terms is stronger. Whenarimgpmedian and $0percentile

of precipitable water, there is some match betvazeas with increase and decrease
respectively. For th2050s although the median of precipitable water showar@a
with decrease in the northwest of the countryorter there is little indication of a
similar trend for the 90 percentile. For th2090sa decrease in the median of
precipitable water invinter is matched by a decrease in th& @@rcentile.

Changes in 90th percentile of precipitable waterdcenarios A2, A1B and B1 and
2020s, 2050s and 2090s

Generally extreme precipitable water content iggmted to increase from the 2020s
to the 2050s and the 2090s. This increase is nmosbpnced for scenario A2.

For the2020sthe 90" percentile of PW (90PW) shows regions of decreaseell as

increase depending on scenario and season. A#rgasos show a decrease in

summey in western parts of Australia for A2; in the doaind the west for A1B and

over central and some southern parts forAitumnsimilarly shows decrease over

central parts of Australia for all three scenamdsch is strongest for A2. Favinter
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90PW increases over most of the continent buhedlet scenarios indicate the
possibility of decrease in 90PW over parts of Qg&erd and NSW. Projections for
springare less uniform - A1B projects an increase stotigan in any other season
and over all of Australia while A2 shows some ims® in northern parts of the
country and even a slight decrease in south andBhshows a pattern somewhere
between projections from scenarios A1B and A2.

For the2050sthe 90" percentile of precipitable water generally showsnerease.
Autumnis a marked exception to this rule. ProjectionsfrtA2 show decrease over
central parts of Australia which is even more prameed in B1. In A1B a similar area
stands out because it does not show an increasehiothe exact magnitude of the
decrease is not known, it does occur under aleteoenarios and at similar locations
and ties in with changes seen for the 2020swHkiater there is a possibility that
90PW could decrease in parts of NSW and Queensldnsl effect is strongest in B1
(but still small in relative terms). There is someication of such a decrease in A1B
but not in A2. Fosspringa decrease in PW in the northwest and some phitie o
southeast is projected in A1B. This decrease amger for B1 and extends over a
larger region.

For the2090sA2 shows the strongest increase in 90PW. Howegararkably this
scenario also shows drying over significant paftte continent fowinter. A1B like
A2 shows some regions with decrease in 90PW wihtions partially matching with
regions that are projected to show a decrease iandZB1. B1 shows the strongest
decrease over central parts of Australia btutumnrather tharwinter. So in
summary there is some possibility that for the 2098gainst the backdrop of
typically increasing 90PW - there could be someareg showing a decline in 90PW.
These are a) a region around Adelaide (in all tsosmarios with slightly different
magnitude but always for the same location andémee seasosummey, b) for
central parts of Australia (iautumnor winter) and c) for the northwest and the
southeast ispring (from all three scenarios).

Figure 16 summarises the relative changes fouhide scenarios. Changes are
expressed as percentage difference to the modigiegercentile for 1990s.
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Figure 16 Percentage change in precipitable watsebson for scenarios A2, A1B and B1. The box-
whisker plot§’ indicate the range of projected changes (soliizbotal lines at the ends of the dashed
vertical lines). The line dividing each of the bexe the median (indicating the average change), th
circles indicate outliers.

Summary

Model validation showed that the magnitude of th@azted changes in the'®0
percentile of precipitable water should only besidared a best guess. Three
scenarios were investigated and the results (intduskasonality of changes, spatial
patterns and magnitude of changes) quite strorgied on the scenario. Ideally
output from a number of models would be used betiprtable water is typically
only available monthly, not daily as required foese analyses.

Even given these caveats, it does not appear $emsiapply an across-the board
adjustment to the extreme precipitable water. Suchdjustment should take into
account location, season and time horizon. Accgrtbroutput from the CSIRO
Mk3.0 model changes over Australia vary betweenaiid +22% for 2020, between
-8 and +28% for 2050 and -9 and +28% for 2090.

Changes in precipitable water need to be seennjuiction with the seasonality of
events producing significant rainfall at a givendton. Since storms are standardised
and maximised when deriving PMP estimates, inceegsene location and decreases
in another may affect the resulting PMP estimate.

" The box indicates the first and third quartileeTdistance between these quatrtiles is also refésred
as ‘interquartile range’ (IQR).The horizontal shiimes at the end of the dashed vertical lines are
plotted at 1.5 IQR. Values outside this range aresilered outliers and are plotted as open circles.
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1.2 Depth-duration-area curves
1.2.1 Changes in depth-duration-area curves

Introduction

For each of the storms in the databases, depthiolh@ea curves had been
constructed. Generalised and maximised depth-duratiea curves are enveloped to
derive a PMP design storm with maximum moisturg@ainand maximum efficiency.
Depth-duration-area curves allow estimating ralrdapths for specified areas and
durations.

Possible changes in depth-duration-area curves I investigated using storms
from two multidecadal non-overlapping periods. Bbhse the depth-duration-area
curves, rainfall depths were derived for three tdaons and the 11 standard areas.
Significance of changes in depth-duration-areaesiwill be judged based on
changes in rainfall depths derived for these dongtand areas. Possible effects of
these changes on maximised depth-duration curdébemiliscussed.

Generalised Tropical Storm Method Revised (GTSMRgleping

The Generalised Tropical Storm Method has recdogbn revised (Walland et al.
2003) and is applicable over most of mainland Aalstr The results presented in this
section are based on events from the GTSMR database

Deriving maximum storm depths requires envelopiaegagalised storms. The
maximum storm depths for a given area will depemdhe generalised rainfall

derived from an observed event. Note that of tipelt® events in Figure 17
(according to their 72 h rainfall depths for thestl zone duringummeirfor 1000
km?), only two occurred after 1950 (1974, rank 5 a8@9, rank 9) with the

remainder occurring prior to 1920. It is concludledt estimates of generalised
rainfall depth are not driven by storms that ocedrover the last few decades. This is
explored further in Section 1.5, where changeténgeneralised rainfall depth for
both GTSMR and GSAM events for each season arssese

Maximum storm depth for standard areas derived floexGTSMR storms database

Storm depth estimates were derived for 3 duratf@ds48 and 72 hours) and for
three periods. One period is based on the full GRStbrms database (January 1893
—June 2001), two others are shorter periods: 193974 (Period A) and 1975 to
2000 (Period B). These are shown in Figure 18.llbavacomparing estimates for the
different periods, rainfall depths were in all srstes derived from ‘raw’ events, that
IS no maximisation or generalisation was appliddsBllows assessing changes in
depth-duration-area curves separately from anyg&sffieom changes in moisture
availability. Figure 18 shows that:

- The estimate using all storms in the GTSMR databasmate is never
exceeded by the estimates for either of the shpawgods.
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- For the two longer durations (48 and 72 hours)fandreas below 5000 Km
estimates from the later period are higher thaseHoom the earlier period.
Conversely for the 24 hour duration, estimates ftbenearlier period are
typically higher than those from the later period.

- Estimates for large areas (say above 10,00%) khow little and no systematic
differences.

Differences in storm depth estimates depend omarb& and duration considered, and
no clear pattern emerges.

2500

5 days to 3/4/1911

2000

4 days to 28/1/1974

4 days to 6/1/1979

1500

1000 = = "T

Rainfall Depth - mm

—_——_—
500 —_—

100 1000 10000 100000 1000000

Figure 17 Generalised rainfall depths for the caagbplication zone duringummerfor 72-h duration
(shown for areas above 100 ®m

Maximum Storm Depth at each Standard Area - 24, 48 & 72 Hours
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Figure 18 GTSMR maximum storm depth for standaedsrPeriod A is 1950-1974 and period B is
1975-2000.
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Maximum rainfall depths for two periods

Looking at just the two shorter periods (1950 tG4,Period A and 1975 to 2000,
Period B) one can compare rainfall depth estimatesss areas of different size.

Each curve in Figure 19 shows the estimated ddptrem area of given size and for a
range of durations (24 to 72 hours). The top cwvitk the steepest gradient
represents 1000 KmThe lowest and flattest of the curves stand4 66,000 km.

Estimates range from below 150 mm (for the eaf@iod, area 150,000 Kmand 24
hours) to above 1500 mm (later period, area 100%) #oration 72 hours).

- Rainfall depths increase with duration and theaase tends to be stronger for
smaller areas.

- Gradients are steeper for the later period (foloregequal to or less than
10,000kn%). This leads to higher estimates at longer dumatigor 10,000krh
and above) even though estimates for the 24h duarate typically lower for
the later period.

Depth v. Time cross section 1950 to 1974

max A -1,000 kit
1600 1— —— max A -2,500 kn?

max A 5,000 ki
1400 || —— max A-10,000 k?

max A -20,000 kn?
—— max A -40,000 k¢

| —— max A -60,000 kr?

Depth v. Time cross section 1975 to 2000

1500 || —— max B -2,500 k?

T —— mex 8 -60,000 ke

max B -1,000 ki?

max B -5,000 kn?
—— max B -10,000 ki?

max B -20,000 ke
—— max B -40,000 kn?

max B -100,000 kn?
00 1| max B -150,000 k? [~

max A -100,000 k?
max A -150,000 kn?

Rainfall Depth - mm
o ® s

Rainfall Depth - mm
- ® s

a8 a8
Duration (hours) Duration (hours)

Figure 19 Depth v time cross sections. Left forigud 950 to 1974, right for 1975 to 2000.

Average rainfall depths for two periods

Average rainfall depths for the two periods carcbmpared. These comparisons are
based on ‘raw’ rainfall depths; this means storresaweither adjusted for where they
occurred nor for their moisture content. Such camspa could be flawed if certain
geographical locations were preferred during a@agr period. The geographical
spread of significant events for the two periodshiewn in Figure 20. (The location

of a small number of significant rainfall eventssiwuthwest Western Australia is not
shown. These events occurred duringwi@er months in the later period in
connection with frontal systems. They do not forant @f the GTSMR storms
database.) The pattern is broadly similar for e periods.
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Figure 20 Significant events for the periods 1350974 (left) and 1975 to 2000 (right).

Based on Figure 21 one can compare average raildjaihs for the two periods for
the three key durations. The yellow and green ainvéigure 21 show the median of
the estimates of rainfall depths from significam¢mts for two periods (1950 to 1974
and 1975 to 2000 respectively) for three durati@4s 48 and 72 hours) and for eight
areas (1000, 2500, 5000, 10000, 20000, 40000, 6RQEWNO00 km?).

The average rainfall depths are (with few excefidower for the later period. So
the average rainfall depths from significant evédratge not increased over the last
few decades.

Most severe events

Estimation of PMP involves the process of envelgpimich uses the maximum
rainfall depth from the generalised depth-area esifer a given area and duration.
However, when assessing changes over short pgeas25 years), including or
excluding one particular event may have a signifi¢gapact on the enveloped rainfall
depth, in contrast with changes for the medianfalidepth. As large events within
the database occur relatively infrequently, itesessary to assess for changes in the
extremes over longer time scales. This is discussddtail using the generalised
depths of significant rainfall events in SectioB.1.

24 HOURS
400
350
300
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150 =
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50l | 1975 to 2000
0 :
1000 10000 100000
51

Climate change and Probable Maximum Precipitation



48 HOURS
600
500
400 4
300
200
1950 to 1974
100 +— 1975 to 2000
0 :
1000 10000 100000
72 HOURS
800
700
600
500
400 S
300
200 || 1950 to 1974 ]
1975 to 2000
100
0 :
1000 10000 100000

Figure 21 Median storm depths for 24, 48 and 72$:(hhased on ‘raw’ storms).

Frequency of significant events

The frequency of significant events does not affddP estimation. However, it is

still worth investigating whether the frequencytioése events might have increased.
This is against the background that observationd {@ some degree model results)
suggest that the frequency of the most intensecibpyclones (category 4 and 5)
might be increasing at least over some regioneeftobe (Webster et al. 2005). A
high-quality cyclone dataset for the Australianioegs currently being prepared.
However, the intensity is usually judged in termhpr@ssure or depths of the system
rather than accompanying rainfall. While there@apers in the literature suggesting
that in some areas precipitation from tropical opels could be decreasing (Ren et al.
2006) others suggest an increase in precipitaonitsen and Tuleya, 2004).

Average (median) and extreme storm depths wergeatkefor 3 durations (24, 48 and
72 hours) and 3 area sizes (1000, 10,000 and 10s&f) for two periods (1950-
1974 and 1975-2000). For 1000 kthe average storm depth is always lower during
the later period. However, variability and maximatarm depth are higher for the
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later periods, both for 48 and 72 hours. Statida #as gridded to the same
resolution as the model output.

Depending on the event in question it may not leside to derive estimates of storm
depths for all durations and all areas (say forteh@vents and those extending over
small areas). For others, all 9 storm depths casebged. The number of storm depth
estimates is larger for the second part of therteffor all combinations of durations
and areas). Altogether 200 estimates are avaifablbe earlier period but 311 for the
later period (ratio 0.64). These estimates arevddrirom 35 events in the earlier
period and 42 events in the later period (rati®)).8 appears that the increase in the
number of events can only partially explain the bemof additional estimates
available for the later period. Assuming that theme no issues with the methodology,
this might imply that more events could exhibieadency to become longer and
more widespread.

Summary

GTSMR estimates were derived for the full pericah{dary 1893 to June 2001) and
for two shorter 25-year periods for a number ofadions and areas.

- Out of the top 10 events only 2 came from the3@syears while six events
occurred in less than a decade during a very aptiese early in the 20
century.

- The number of significant events is higher in tet period (42 events
compared to 35 in the earlier part of the record).

- The average storm depth (as defined by the medidoyver for the later
period except for very large areas.

- Rainfall depth estimates are derived through empietpwhich means only the
maximum generalised rainfall depth at a given donawvill directly feed into
the PMP estimation.

- Based on the last 50 years or so and using datatire GTSMR storms
database, there is no evidence that the rainfathdeom the most significant
events has increased.

- Australia is a continent with a high degree of falinvariability, both spatially
and over time. Mechanisms such as El Nino Sout@sillation (ENSO) and
Interdecadal Pacific Oscillation (IPO) strongly nutate rainfall on different
time scales. Observed changes in rainfall depthimeague to natural climate
variability or climate change (or a combinatiortioé two). On the other hand
it is possible that natural climate variability ieges detecting changes due to a
changing climate.

1.2.2 Changes in design rainfall estimates

Introduction

PMP estimates can be considered estimates of (ggtygme precipitation. Studying
the effect of climate change on design rainfally tirefore yield valuable insight
into possible effects of climate change on PMPhessties.
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Assessing changes in PMP Design Flood due to clsandke spatial distribution is
outside the scope of this study. However, suggestibat climate change could lead
to increase in extreme rainfall depth in mountagiateas but decrease elsewhere
(Abbs, 2004) will be followed up by investigatinganges in spatial patterns of
design rainfalls.

A pilot study was recently undertaken at the BureaMeteorology to develop
techniques for revising design rainfalls. Thes@mégues can be used to explore
whether any changes in the design rainfalls casebected temporally or spatially.

Pilot study

Design rainfalls are used in the design of hydcadliructures such as bridges,
stormwater drains and roof gutters. Such structaresdesigned to carry a specific
volume of rainfall with an acceptable risk of faguthat can be attributed to a
particular structure. Design rainfalls are commamigvided in the form of intensity-

frequency-duration (IFD) curves. These provide #maual exceedence probability
that can be assigned to a particular rainfall isitgnof a particular duration for a

specific location. The current design rainfalls\pded by the Bureau of Meteorology
were published in Australian Rainfall and Runof§8Z (Institution of Engineers,

1987) (ARR87).
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Figure 22 Location of the pilot study area.
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The aim of this pilot study was to review methoolsdstimation of design rainfalls
(Jakob et al. 2005). This included comparing desagnfalls derived using the
method of L-moments and rainfall data up to end620@h estimates derived for
ARRS87. The pilot study area spans southeast Queahsind part of north eastern
New South Wales. Its location is shown in Figure 22

The analysis technique involves using the annuaimnam rainfall series obtained
from the complete quality controlled rainfall redaf every rainfall station in the
pilot study area. For the purposes of the study dtitnate change, the analysis can be
carried out for two or more periods of record amel tesults compared for each record
period. The design rainfalls for each record pedad be mapped for selected
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standard average recurrence intervals to investighether there is a trend in
changes in design rainfalls over time or space.

Rainfall data from continuously recording rain gesigs sparse and typically has a
relatively short record length of, on average, 2&rg. Splitting up such a relatively
short record would not be expected to result imbét estimates. Therefore for the
purposes of observing trends in design rainfdtis, $tudy will focus on the 24-hour
duration, which includes data from the daily ralhfi@twork of rain gauges.

Selection of rainfall periods

For rainfall frequency analysis to be reliablasitlesirable to have as long a period of
record as possible. By splitting the period of rectess reliable estimates would be
expected particularly for higher average recurrentavals of 50 or 100 years. Over
the pilot study area the station with the longestqul of record is Tenterfield (Station
Number 56032) with 133 years of data. Out of altot 747 daily rainfall stations, 87
have 100 years or more of data. In order to alldegaate comparisons of results
between rainfall sites, it was considered necedsesglect data over the same time
interval for all the sites. In addition, severaksihave missing data over part of the
period of record. The period 1901 to 2000 was chdseause it gives an adequate
number of sites with a complete 100 year rainfadlord. This would give the two 50-
year subperiods: 1901 to 1950 and 1951 to 2000rdihéall frequency analysis can
be carried out for the subperiods and comparisdgheotlesign rainfalls from data
from the two sub periods can then be made to imfether design rainfalls have
changed over time. There are 26 sites with a campl@0-year daily rainfall record.
Their locations are shown in Figure 23 (left pan€he period from 1951 to 2000 was
also considered for analysis because there woudldeer number of sites available
which would increase the spatial coverage of tha.dehis would give the two sub-
periods: 1951 to 1975 and 1976 to 2000. For thegeapanning 1951 to 2000, there
are 121 sites with a complete 50-year daily raimédord.

Frequency Analysis

Frequency analysis using the method of L-momentsaaaried out using daily
rainfall data from 1901 — 1950 and 1951 — 2000; @rd for data from 1951 — 1975
and 1976 — 2000 (locations of sites are shownguriei 23, right panel).
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Figure 23 Locations of 26 sites with 100 completarg of rainfall data (left panel) and 121 siteghwi
50 complete years of rainfall data (right paneheTocations of two sites discussed later in tlotice
- Deepwater and Lismore — are also shown.

The technique of frequency analysis was applieddayg the annual maximum series
from the site data to evaluate L-moments. FronLtngoments, a frequency
distribution was fitted to the data which gave fileguency curve. More details on the
technique can be found in Jakob et al, (2005).

Significance of changes in design rainfall for tiwoations (Lismore and Deepwater)

An example of the rainfall frequency curves forrhme (site 58037) is shown in
Figure 24 along with 95% confidence interviisFollowing Buonomo et al. (2007),
we will consider changes statistically significanthe 95% confidence level where an
Average Recurrence Interval (ARllestimate for one period is located outside the
confidence interval limits for the other period.

The frequency curve for 1901 - 1950 lies outsidertinge of the confidence intervals
for 1951 - 2000 up to an ARI of about 10 years. frequency curve for 1951 - 2000
also lies outside the range of the confidencewaisrfor 1901 - 1950 up to an ARI of
about 10 years. Design rainfalls for 1951 - 20@0therefore judged significantly
higher than those for 1901 - 1950 up to an ARI®f/&ars. Beyond 10 years there
does not seem to be a significant difference batvilee design rainfalls for the two
periods however the analysis is not deemed veighlelfor ARI greater than 10
years because the record length is only 50 years.

The frequency curves for the two 25-year periodguife 24 (bottom)) show that the
frequency curve for 1951 - 1975 lies above thatlfdr6 - 2000 and further the
frequency curve for 1951 - 1975 lies outside th@@&&ent confidence interval range
for 1976 - 2000 for all ARI while the frequency earfor 1976 - 2000 lies just outside
the 95% confidence interval range for 1951 - 19%&ept for ARI of 100 years which
is not very reliable from a 25 year dataset.

18 Confidence intervals were constructed using adicagiping approach.
¥ The average, or expected, number of years betyesams in which there are one or more
exceedences of a given rainfall total for a duratio
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Figure 24 (top and bottom) suggest therefore that.ismore (site 58037), over the
second half of the 100 year period between 19012800, design rainfalls tend to be
higher than those in the first half of the centupyto about 10 years ARI. Further,
design rainfalls for the 1951 to 1975 year pergntied to be higher than those
between 1976 and 2000. Therefore when comparingpwh&0 year periods, the later
period gives higher design rainfalls than the eapieriod, however when comparing
the two 25-year periods, design rainfalls in therg@eriod are lower than for the
earlier period.

Figure 24 Frequency curves (solid lines), annuatima (dots) and 95% confidence intervals (dashed
lines) for Lismore for two 50-year periods (topdamwo 25-year periods (bottom).

The annual maximum series, on which the frequenajyaes shown in Figure 24 are
based, is shown in Figure 25. The period betwe&d Bd 1975 does have a larger
number of high annual maxima compared with thegé#ite annual maximum series
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record. The period between 1951 and 2000 also loas af the higher annual
maxima compared with the period between 1901 as@.19

The frequency curves f@eepwater Post Officgsite number 56008, see Figure 23
for its location) were also investigated more clps€his site was chosen because the
design rainfalls for this site for 1951 - 1975 dr8¥6 - 2000 do not appear to be as
different as those for Lismore over the same peaod furthermore, design rainfalls
from 1976 - 2000 do not appear significantly lowean design rainfalls from the
period 1951 - 2000 as with the example for Lismore.

Figure 25 24-hour annual maximum time series femlare. The curly braces indicate the period
1951 - 1975. The dashed horizontal line marks gestileely chosen threshold of 200 mm. This
threshold is more frequently exceeded for the peti@s1 - 1975 than for other periods (of similar
lengths).

The frequency analyses for this site for the 25%Mear datasets are shown in
Figure 26. The frequency curve for 1951 - 2000 Wwékin the limits of the 95%
confidence intervals of the frequency curve of 192950 up to an ARI of about 10
years. For ARI greater than 10 years up to 100sy¢le design rainfalls for the
period 1951 — 2000 are significantly higher thapstihfor the period 1901 — 1950.
Similarly the frequency curve for 1901 - 1950 keishin the limits of the 95%
confidence intervals of the frequency curve for 1192000 up to an ARI of about 5
years. Beyond 5 years up to 100 years the diffe®icthe design rainfalls between
the two periods are significant.

The frequency curves for the two 25-year datasetsad appear to be significantly

different from each other (Figure 26 bottom) (imtrast to Lismore (Figure 24
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bottom). This is also evident in the time seriethefannual maxima for Deepwater
(Figure 27).

Figure 26 Frequency curves (solid lines), annuatima (dots) and 95% confidence intervals (dashed
lines) for Deepwater for two 50-year periods (tap)l two 25-year periods (bottom).

Figure 27 shows that in 1951 - 2000 there wererséuausually large annual
maxima compared with 1901 - 1950. The unusuallydannual maxima in 1951 -
2000 push the frequency curve up sharply for tigadr ARIs for 1951 - 2000
compared with 1901 - 1950. For low ARI the frequeaarves for the two periods are
similar.
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Figure 27 24-hour annual maximum time series foefeater (station 56008). The horizontal dashed
line indicates a subjectively chosen threshold5#f tnm which for the period 1951 - 2000 (indicated
by curly braces) is more frequently exceeded toamfy other period.

The two 25-year periods from 1951 to 1975 and 187800 do not appear to be
markedly different. The number of high annual maxisiabout the same in both
periods which is consistent with Figure 26 (bottom)

So far, two detailed examples of the differencedasign rainfalls have been
examined. In the next section the differences ballassessed over the whole pilot
study area.

Percentage differences in design rainfalls betwibertwo 50 and 25 year datasets

Percentage differences in the design rainfalls betwthe two 50-year periods and the
two 25-year periods were calculated for standaetagye recurrence intervals (ARI)

of 2,5, 10, 20, 50 and 100 years. The percerddfgrences were calculated as
follows:

late early
(RARIi - RARIi )
early
R ARI;

Where PD,, is the percentage difference in the rainfall forlARetween the later

PDyg, (%) = 100 (7)

and the earlier perio® 55" is the 24-hour design rainfall for an ARIiofor the early

later

part of the periodR 4, is the 24-hour design rainfall for an ARlioffor the later part

of the period. The percentage differences are shoapped in for the two 50-year
periods Figure 28 and Figure 29 for the two 25-ymaiods. An increase in ARI from
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the earlier to the later period is denoted by loiueles, a decrease is denoted by red
circles. Where percentage differences are judgddsstally significant for a

particular ARI (the point on the frequency curve &articular ARI of one 50-year
period lying outside the limits of the 95% confiderintervals of the other period, and
similarly for the 25-year datasets) circles areaded by a solid black outline.

Changes in design rainfall estimates for two 50rymeiods

Figure 28 shows that 1951 - 2000 gives generadjizdn design rainfalls than 1901 -
1950 for most of the stations over a range of ABince the frequency analyses are
based on 50-year datasets, the results shouldermirisidered reliable out to high
ARI, say more than 50 years. For ARI greater thegnl® years comparison is still
interesting, however, in a qualitative sense.

For an ARI of 10 years, considering percentagestbfices of more than 10% in
magnitude, there is only one site where 1901 - X%6s significantly higher design
rainfall. There are eight sites where 1951 - 200@gsignificantly higher design
rainfalls (greater than 10%) compared with 190950 The remaining sites show
percentage differences of less than 10% in magaitiedr an ARI of 10 years up to
100 years, only two sites show design rainfall$901 - 1950 exceeding those for
1951 - 2000 (Figure 28) by more than 10%. Thess site located in the western part
of the pilot study area.

When only statistically significant changes aresidared, design rainfalls tend to be
higher for the later period than for the earlieripa.

Changes in design rainfall estimates based on tvgear periods

Figure 29 for the two 25-year datasets (based tmlstween 1951 and 2000) shows
a different pattern. For an ARI of up to 5 yearsi¢ve results would be considered to
be reliable for a 25-year dataset) the later pestumlvs lower design rainfalls than
1951 - 1975 predominantly over the eastern hathefpilot study area. Moreover,
many of the differences between the two periodsansidered significant. Only two
sites have significantly higher design rainfall&atear ARI for the later period of
over 10% compared with the previous period. Howetmre are 32 sites where
design rainfalls for the later period are less ttharse for the earlier period by more
than 10%, and furthermore, for these 32 sites iffiereinces are significant. At the
higher ARIs the analysis results for 1976 - 2008vskignificantly higher design
rainfalls in the southwest quadrant. Over the oéghhe area 1976 - 2000 has generally
lower design rainfalls than 1951 — 1975 at all ABdsisidered (Figure 29).

The percentage increases in design rainfall fotates 25-year period compared with
the earlier 25-year period, can exceed 100% butntgnitude of percentage
decreases rarely exceed 50% (Figure 30). It i¢ylitkeat very large increases are
caused by few very extreme events (e.g. tropicalboyes). These can lead to much
higher estimates of design rainfall, in particudren estimating high ARI based on
site data.
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Figure 28 Percentage difference in design raiefstimates for periods 1901 - 1950 and 1951 - 2000
for ARI 2, 5, 10, 20, 50 and 100 years. Solid blaoKine indicates differences are significant @or
definition of statistically significant refer text)
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Figure 29 Percentage difference in design raiefstiimates for periods 1951-1975 and 1976 - 2000 for
ARI 2, 5, 10, 20, 50 and 100 years. Solid blackioaiindicates differences are statistically sigmaint
(refer text).
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Figure 30 Boxplots showing percentage differenoesacations in the pilot study area for ARI 2, 5,
10, 20, 50 and 100 years. Left panel: For two 58-yeriods, right panel: for two 25-year periods.

Relationship between percentage increases/decreaske®pography

Over the northwest, northeast and southeast quadrshthe pilot study area, the
analysis based on the 25-year dataset suggestlymatcrease in the design
rainfalls in the later period compared with theliearThe analysis for sites located in
the southwest quadrant, however, gives higher desigfalls at many more sites
than lower design rainfalls for the later periodnpared with the earlier period.

The southwest quadrant has a distinctive topogrdphicre extending from south to
north. There might be a relationship between thegrgage differences and
topography. Climate models suggest that large allidépths might be increasing in
mountainous areas but could be decreasing elsewhere

Figure 31 shows boxplots of percentage differefaesites in the pilot area grouped
into three elevation ranges: 0 — 300 m, 301 — 6Gch601 — 970 m. The boxplots
for 1901 — 2000 suggest an increase in the meahdéos01 — 970 m elevation range.
There is also an increase in positive percentaderdifces with few negative
percentage differences. However there are onlyditgs contributing at this elevation
range, therefore these results are not very relidbm the 25-year datasets there are
16 sites contributing to the 601 — 970 m elevatamge. The bottom right plot
suggests positive mean percentage differencesRis &f 20 years and above. The
range of percentage increases above the mearsarmath higher than the
percentage decreases below the mean. For the &&wation ranges these
differences are not so large.

These results suggest that positive percentageetites are correlated with high
elevation. So in mountainous regions design rdmfave tended to become higher.
This is consistent with results from climate modeltgch suggest that increases in
rainfall depths would be larger in mountainous oegiunder climate change.
However, since the sites are not independent dafieye rainfall events may have
affected a number of sites which would push theigdiency curves up particularly in
the higher ARI range. The effect of these few evermsld then appear magnified in
our results because a number of sites would betaffe
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Figure 31 Boxplots showing percentage differengesabge of elevation for ARI 2, 5, 10, 20, 50 and
100 years. Left panel: For two 50-year periodditriganel: for two 25-year periods.

Summary

Frequency analysis using the method of L-momergsokan applied to 24-hour
rainfall data in the pilot study area. The analysis been carried out for two 50-year
periods (1901 — 1950 and 1951 — 2000) and two 25yeriods (1951 — 1975 and
1976 — 2000). Confidence intervals have been coctsir. Percentage differences in
design rainfalls between the two 50-year analyessilts and the two 25-year analysis
results were calculated. The percentage differembes mapped show spatial
consistency (Figure 28 and Figure 29). It is fotimat most of the differences are
significant, i.e. the frequency curve at a paracARI for one 50 or 25 year period
lies outside the range of confidence intervalgatsame ARI) of the frequency curve
for the other 50 or 25 year period.

Over most of the pilot study area, the analysidtier50-year datasets suggests that
design rainfalls for 1951 - 2000 are higher thayséhfor 1901 — 1950 while the
analysis for the 25-year datasets suggests thdt-19875 gives generally higher
design rainfalls than 1976 — 2000 (Figure 31). 8ithe 25 year periods are both
subsets of 1951 - 2000, the tendency towards loegign rainfalls in the later period
coupled with the higher design rainfalls for theetehalf of the century compared with
the earlier half, suggests that 1951 - 1975 gelyanatl more very large events in the
annual maximum series than 1976 - 2000, and futtisrthe magnitudes of these
maxima were also higher than for the largest anmaadima in 1901 - 1950.

A possible relationship between the sign of the@etage differences and topography
was explored (Figure 31). It is possible that vieny extreme events in one period
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could have led to marked changes at a numberesf. gknnual maxima caused by the
same event might have ‘pushed up’ frequency cuimethose locations. However, it
is possible that design rainfalls might be incregsn areas with significant
topography. This would be consistent with resultsnficlimate models (Abbs, 2004).
According to climate models, large rainfall depihight be increasing in
mountainous areas but could be decreasing elsewhere
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1.3 Storm Types

Introduction

Storm types are used solely in defining zones @mgstal and inland zone for
GTSMR). Zone boundaries are drawn very conservatiBgnificant events
(‘storms’) from outside the zone were included amiding the depth-area-duration
curves. Maps will be prepared to address the quesfiwhether we are already
observing tropical cyclones penetrating furthertBou

Storms were classified using synoptic and uppeclaarts (Beesley et al. 2004). The
following four categories were used:

- Extratropical Systems,

- Monsoon Low,

- Tropical Cyclone and

- Ex-Tropical Cyclone.
Events were selected based on the number of ragegamhere rainfall exceeded a 1
in 100 year event. This approach could be potentmthblematic if there were
significant positive or negative trends in rainietremes.

Rainfall, including significant rainfall events, derlies natural climate variability and
year-to-year variability can be strongly modifiegdrechanisms such as the El Nino
Southern Oscillation. Figure 32 shows the frequesfayccurrence of storm types
over time. There is a period between 1970 and 1980which a large number (27)

of significant events of different types occurrétlis was preceded by a much quieter
decade (1960s) during which only five events ocalirr

6 — Extratropical
: — Monsoon Low
Tropical Cyclone
~  Ex-Tropical Cyclone

Number of events
w
|

0 -
LA A& A A 4 A A 4 4 a4 a0 ]
1950 1960 1970 1980 1990 2000

Figure 32 Occurrence of storm types over the petifsD to 2001. Black triangles indicate El Nifio
events that had strong impact at least in somemnsgf Australia.
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Frequency of storm types

The frequency of the four storm types was assessddur periods:

- Period A 1893 -2001,

- Period B 1950 - 2001,

- Period C 1950 - 1975 and

- Period D 1976 - 2001.
The relative frequency of the four storm types msiksir for period A and B (Figure
33). When period B is divided into two periods afre lengths (26 years), both
periods show a similar number of events (34 ante8pectively). The earlier period
(C) shows a histogram similar in shape to thattierlonger period. The later period
(D) appears different because of an uncharactlitilow number of tropical
cyclones.

1893 - 2001 1950 - 2001

40 2
20
30
20
10
0
Extra Extra

Monsoon Tropical Ex-Tropical Monsoon Tropical Ex-Tropical

Number of events
Number of events
=
o

1950 - 1975 1976 - 2001
20 20

Extra Monsoon Tropical Ex-Tropical Extra Monsoon Tropical Ex-Tropical

15 15

10 10

Number of events
Number of events

5 5

0 0 ‘

Figure 33 Frequency of storm types for four periods

Frequency of storm type for a given duration

Most of the storms were identified for durationok or two days but there is also a
significant number of events for a duration of ysléFigure 34). For three of the four
periods, the number of one and two day eventsnsmted by tropical cyclones.
Relatively few one day events were selected foiogdeC and most of those are
monsoon activity rather than tropical cyclones.

It is unlikely that these apparent differencesamesed by the procedure for selecting
significant events. It is possible however thatdlassification into storm types could
have been affected (for instance by increasingatility of satellite pictures and
changes in pressure definition for tropical cyckne
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1893 - 2001 1950 - 2001

40 — Extratropical 30 1
——  Monsoon Low
Tropical Cyclone 25 A
30 - —— Ex-Tropical Cyclone

20 1

20 15 1

Frequency
Frequency

10 1
10 1

2 4 6 8 10 2 4 6 8 10
Duration in days Duration in days

1950 - 1975 1976 - 2001

20 1 20 1

15 1 15 1

10 1 10 1

Frequency
Frequency

2 4 6 8 10 4 6 8 10
Duration in days Duration in days

Figure 34 Frequency of storms types for given domafblack line - all storm types)

Location of storm centres

There are regions where annual rainfall totals lteeeased over the last 50 years
(such as in southwest western Australia and al@mtg pf the east coast) and other
areas where annual totals have increased (sutte atthwest of Australia). If one
were to assume that changes in rainfall extreméshesame sign as changes in
annual rainfall totals, this would imply that thésehe possibility that for the later
period fewer events might be selected along theceast and SWWA but relatively
more events in the northwest of Australia.

The decline in SWWA is mainly a declinewinter rainfall. The increase in rainfall

in northwest Australia is dominated by increasesah season rainfall. Along the east
coast, decrease in the north appears mainly daeléxrease isummerndautumn
(extending inland) whereas decreases further saqtkar related to decrease in
winter rainfalls.

Tropical cyclones would typically occur between g&dbvember and late April. Ex-
tropical cyclones and monsoon activity is restddi® about the same season.
Extratropical systems typically occur during theleomnonths (say May to July).
Tropical cyclones and monsoon lows are the two nrajorproducing storm events
(for durations between 1 and 7 days.) Few events wslassified as ex-tropical or
extratropical cyclones.
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Figure 35 Location of storm centres for four pesiocblour of points indicates storm type.

Australia was divided into six regions, along 13&riel 20 and 27 S. The region
names are as follows NW (northwest), CW (centradtemm parts), SW (southwest),
NE (northeast), CE (central eastern parts) and SEh@ast) as shown in Figure 35.
Comparing periods A and B (top row in Figure 35%ifound that the number of
events is reduced for the shorter period but netlationship to the length of the
period. The last 50 years appear to contribute ab@ubf the events. The pattern for
the two periods appears almost unchanged. Fomthahorter periods C and D
(keeping in mind that there are few events) a ssirngly dissimilar pattern emerges.
Even discounting storm types and just counting evensub-regions.

Table 1 Frequency of storm types for four perionls six regions

Period NW CW SW NE CE SE All

1893 - 2001 (A) 11 9 14 15 20 24 94
1950 - 2001 (B) 9 7 9 12 14 19 70
1950 - 1975 (C) 4 5 2 3 6 14 34
1976 - 2001 (D) 5 2 7 9 8 5 36

Considering the seasonal cycle in frequency ofdhe storm types and the main
season of rainfall decrease/increase one mightcéxpaee the following picture
emerge:
- anincrease in the number of tropical cyclones/snon activity selected for
NWA
- adecrease in the number of extra-tropical actsatgcted for SWWA
- adecrease in the number of tropical cyclones/ mamactivity selected for
northern parts of the east coast (and inland) and
- adecrease in the number of extra-tropical acteitgnts selected for the
southern parts of the east coast. (This part isongred in the GTSMR.)
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It was found that:

- The number of tropical and extra-tropical cyclonegmof 20 S has doubled: from
7 significant events in the regions NW and NE faiqueC to 14 events in period
D.

- The number of extra-tropical cyclones associatet significant rainfall events
and reaching the southwest has actually increased Zero to 4.

- A decrease in the number of events classifiedogsdal cyclone and/or monsoon
activity might have been expected. The number gii¢ad cyclone events for the
central eastern parts (CE) dropped from 5 to 1, edsethe number of monsoon
activity events increased from 1 to 6. This shifildowell be related to a shift in
rainfall patterns since extreme rainfall producawgnts occur now more
frequently inland rather than near the coast ontbeantain ranges.

- The total number of events producing extreme rdmfalthe southeast region
(SE) has dropped drastically (from 14 to 5). Thidus to a reduction in the
number of monsoon lows and as well as the numbgopical cyclones/ex-
tropical cyclones.

Summary

Based on the last 50 years, there is little evideénsupport the notion that tropical
cyclones (connected to major rainfall events) anegprating further south or have
become more frequent. The absolute (and relatreguency of such events is lowest
for the most recent period (1976 - 2001). At thmsaime, the number of monsoon
lows exceeded the number of tropical cyclonesHis period, while for all other
periods tropical cyclones (associated with sigaificrainfall events) were more
frequent than monsoon lows.

Changes in spatial patterns are discussed in setito2 ‘Changes in design

rainfalls’). However, from these investigationsjipears possible that there is chance
that they could be changing. One should also censié possibility that significant
events might have a tendency to be more prolongéuki future.

Caution is advisable when interpreting these figdisince only a relatively small
number of significant rainfall events were used.attempts have been made so far to
attribute differences in frequency of storm typed their preferred location to natural
climate variability or climate change.
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1.4 Relative storm efficiency

1.4.1 Introduction

In a warmer climate, the global average of wat@oua in the lower troposphere is
expected to increase (Pall et al. 2007). This irsgeaccording to the Clausius-
Clapeyron relationship, is about 7% per K. This nsefan a projected temperature
increase of 3 K one would expect a correspondingease in water vapour of about
20%. Models do show these increases, both for cuared future climate (20C3M
and A1B). The associated increase in precipitagos to be much lower at about
2.2% per 1 K.

It is possible that storms could be affected fgtance by increase in intensity and
decrease in duration or frequency or by changeffitiency (Trenberth et al. 2005).
The magnitude of extreme precipitation for an ew#miven duration could change
due to two factors: a) more moisture being avadad b) the same amount of
moisture being converted more efficiently into ppéation (conversion rate
changes).

Data

For storms in the GTSMR database, four related cheniatics describing moisture
availability are available: storm dew point, exteedew point, storm precipitable
watef® and extreme precipitable water. In addition rdinfapths were available for
24, 48 and 72 hours (assuming the event extendedtloese durations) and for a
number of areas between 100 and 150,000 (&ssuming the event extended over
areas that size or larger).

Method

Pearse (1993)Jescribes 3 different storm efficiency indices:

- A proportional index of efficiengyased on the assumption that ‘the differences
in the maximised-standardised convergence (MSChdeagata of storms of a
particular area and duration are primarily the Itesiudifferences in efficiencies
of storms’. It is equivalent to the ratio of the M8epth to the PMP depth for a
particular generalised method season and zone.

- A surrogate index of storm efficienchhis is similar to the proportional index of
efficiency, in which ‘the variation in MSC deptheahemselves an indicator of
the variation of the storm efficiency.’

- A precipitation/moisture ratio indexdescribing the ‘capacity of a storm to extract
a given amount of precipitation from a given amoairditmospheric moisture’.

20 When converting storm dew point to PW a saturatewsaphere with a pseudo-adiabatic lapse rate
is postulated. This assumption may warrant furiinegstigation.
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The latter definition will be used here for the eiéncy

_ rainrate

= 8
stormPW ®)

Factors used in deriving PMP estimates are: rdiofar standard areas, storm type,
orographic enhancement and local moisture avaigbiixtreme dew points (80
percentile) have increased in some seasons asofioe locations (sdégure 8).
Changes in storm precipitable water are typicaiiyker than changes in extreme
precipitable water.

Assuming the storm PW (in mm, derived from surfde®/ points) is an appropriate
measure for characterising the available moistume,can calculate the ratio of
rainfall depth (in mm) or rain rate (in mm/h) and/PThis ratio will give some
indication of how much of the available moisturesveanverted into precipitation.
This assumption is an oversimplification since thet that air (and moisture) is
constantly being replaced is neglected. The ratéhath air will be replaced is likely
to depend on the type of event and the season.

Largest storm efficiencies occur along central andhern parts of the east coast.
Other regions with relatively high storm efficienaye along northern and central
parts of the west coast as well as coastal southWésstern Australia. Storm
efficiency typically decreases for events with starentres further inland.

Figure 36 Relative storm efficiency for events frdtme GTSMR database. Relative storm efficiency is
calculated as ratio of storm depth (at 24 h, 1080 donverted to rain rate) and storm precipitable
water. Symbols are plotted at the location of stoemtres.

Rainfall can be orographically enhanced. In thehmetfor PMP estimation a
topographic adjustment factor is used to accounthis fact (Minty et al. 1996).
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Based on the 72 h, 50 year design rainfall estispaltés factor allows removing the
part of the rainfall that is deemed to be causetbpggraphy. The resulting rainfall
depth is referred to as ‘convergence depth’

A regression-based approach was used to estalohghvill the efficiency of a storm
is defined purely by the location of its storm eentt was found that only a small
proportion of the variance could be explained. Wholcation is an important factor
for the relative efficiency of a storm event, otfectors including season and type of
event are likely of at least similar importance. 3ééactors will be discussed in the
following sections.

Rainfall depths and storm precipitable water amglalle for 38 locations for the top
30 one-day events for each of two periods (196IB&0 and 1981 to 2003) and
changes in storm efficiency have been assesseiib(séc4.2.3). Since these changes
are assessed ‘in situ’ (at a given location) there need to define the convergence
rainfall since the effect of topography can be adered constarft:

1.4.2 Assessing relative storm efficiency

Relative storm efficiency will be assessed for ésdérom the GTSMR database
(section 1.4.2.1) and from the GSAM database @edti4.2.2). Compared to GSAM,
the GTSMR is applicable for a larger region anddabase contains more events.
(There are 122 events in the GTSMR database compafdd events in the GSAM
database. However, when independent events areleoss, the number of events is
the same in each database: 94).

1.4.2.1 Relative storm efficiency for GTSMR events

In the following, storm efficiency will be assesdsabed on an index that describes
the ratio of precipitation to available moisture.dvefinements to this basic approach
are considered: firstly, taking into account eféeat topography on rainfall and
secondly, the effect of moisture transport duringegent.

Ratio of rainfall rate to storm precipitable water

The ratio of rain rate (rainfall depth in mm divideg 24 h) to storm precipitable
water (SPW in mm) was assessed for a number ofi@tdrareas and for the
durations: 24 h (black), 48 h (blue) and 72 h (r&xy few events will have a spatial
extent greater than 40,000knrowever, the relationship between rainfall degtid
ratios appears largely unchanged. In the follovanty the 24 h duration will be
considered and for an area of 1000°km

% The method for PMP estimation assumes that thegragphic adjustment factor (TAF) for a location
does not change with the rarity or type of event.
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Figure 37 Histograms of rain rate (at 24 h, 1008)kand corresponding storm PW.

The histograms in Figure 37 show that neither raia nor storm PW are normally
distributed. Typical storm PW is about 60 mm. Tistdgram for rain rates shows
that the frequency of rain rates peaks around 10hnamd a secondary peak exists
around 20 mm/h. For these typical values the negutatios (rainfall rate to storm
PW) are 0.17 and 0.33 respectivély

Figure 38 Storm PW and corresponding rainfall dépthh, 1000 k).

The scatterplot in Figure 38 shows that there istrang relationship between the
storm PW and the rainfall depth of an event. Nointh® events with storm PW below
50 mm totalled more than 600 mm in 24 h. On theokiand high storm PW (say
above 80 mm) does not necessarily lead to higlefatedepth.

2 Efficiency is treated as dimensionless, regardiéske unit resulting from calculating the ratios.
Definitions were chosen so that efficiency doesenateed 1.
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Figure 39 Relative storm efficiencies based on raies for 24 h, 1000 KmLeft: for 1893 to 2000,
right: split by period (pre1950 blue, 1950 - 197arme, post1975 red). Black lines (left panel only)
indicate constant storm PW for 50, 60 and 70 mnio@ed solid lines indicate best fit (right panel).

Per definition, relative storm efficiency for coast storm precipitable water will be
higher for higher rainfall rates. Lines of constatdrm PW for typical values (50, 60
and 70 mm) are indicated in Figure 39 (left pan&tcording to Figure 39 (right
panel), the storm efficiency for a given rainfadipdhs has decreased from the period
1950 - 1975 to 1976 - 2000. This could be due tmaeet conversion rate of moisture
to precipitation or an increase in storm PW. Theaase in storm PW could be due to
either changes in the number of events at a latébioa season or changes in the PW
for a location/season.

Based on analyses of ratios of rainfall rate torstBW, there is no indication that in
the most recent periods (according to the measeé here) available moisture is
being converted more efficiently into precipitatidviost of the significant events
occurred during theummemonths (for GTSMR methods this is October to Aptil)
Far fewer events occur winter (for GTSMR methods this is May to September).
Ratios forwinter events vary from about 0.1 to 0.6. It is possitilat on average
storm efficiency could have decreased for eventgiguhe GTSMRsummeiperiod
(October to April) although these changes are tatissically significant. Based on
the conventional definition of seasons, only charfgeautumn(March to May) show
a significant decrease (at the 0.05 level).

The average storm efficiency for the period 19760Qis lower than for the period
1950 - 1975. The relative storm efficiency for tiegipd prior to 1950 is on average
higher than for the period 1976 - 2000. It is pblesthat these differences could be
due to natural climate variability.

The event with the highest storm efficiency iwiater event (according to both
GTSMR and conventional definition of seasons) araiged in June 1950
(extratropical cyclone). The high ratio for tiwnter event is caused by the fact that
despite a very low storm PW (and with MF = 1.87® thinfall depth almost reaches
that of thesummerevents.

As part of the generalisation procedure, stormfaslidepths are reduced to
convergence depths. This is achieved by removingaheof the rainfall that is
produced due to orographic effects. Estimates #etfect topography has on rainfall

% The seasons defined for GTSMR differ from the @niional seasons. Summer (the northern wet
season) stretches over 7 months, from October to. Ajginter (the northern dry season) lasts from
May to September.
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are based on design rainfall estimates (Minty .et296). Changes in convergence
depths can be used to investigate changes in ficiency. The adjusted storm
efficiency is opois defined as

_ rainrate (basednconverg depth

h o =
0P stormPW

9)

Adjusting the storm efficiency for orographic eff@changes the picture somewhat
but the average storm efficiency for the period@L872000 remains lower than for
the period 1950 to 1975 (Figure 40).

Figure 40 Adjusted storm efficiency. As above bagdd on convergence depth rather than storm
depth.

Relative storm efficiency using upper-air wind sjsee

Using data from upper-air stations, wind speedswerived for GTSMR events.
Due to data availability this was only possible éoents that occurred from 1960
onwards. Based on the storm centre, the upperiad (@t 850 hPa, which is
nominally the top of the boundary layer, at 1.5 kwas derived from the nearest
upper-air station. The results are shown in Figdrel4e coloured vertical lines
indicate the range (0o 90" percentile) of wind speeds observed over the iturat
of the event. The circles indicate the median wimeksl for each event, colour
denotes the event type. For comparison the clirogybt is indicated in light blue in
the background. Wind speeds during GTSMR eventénatie very few exceptions)
well above the climatological average. Highest agerwind speeds occur in
association with tropical cyclones but there asesavhere average wind speeds

* This is based on upper-air wind speeds at thiostaearest to the storm centre.
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during ‘monsoon lows’ are higher than for somehaf tropical cyclones or
extratropical cyclones.

Figure 41 Wind speeds for events from the GTSMRutzde (period 1960 - 2003, level 850 hPa). Dots
indicate average, lines indicate range over thatdur of the event. Climatology is shown in cyan
(10th and 90th percentile).

When a linear trend is fitted to average wind spdedall events (regardless of event
type, location of storm centre or season duringctviain event occurred), this trend is
found not to be statistically significant. Averagand speeds for some event types
may have increased (e.g. for extratropical cyclpbes may have decreased for other
event types (e.g. monsodf).

It was found that maximum rainfalls occur at highV Bnd high wind speeds but a
secondary maximum exists at lower wind speeds &d P

Event type is strongly related to geographical locabf storm centre (see Figure 35
in section 1.3) and storm PW depends on locatiahsaason. The storm PW for a
given event type is therefore to some extent piedeéf It is found that while the
storm PW for extratropical cyclones is typicallyidv 50 mm, for tropical cyclones
and monsoon lows it typically exceeds 50 mm.

25 There is a tendency for average wind speed to deereith increasing duration. An increase (oveelim
average duration of events could therefore maskaease in average wind speed. Analyses wereftirere
repeated but this time average wind speeds wecalatd for the day with maximum rainfall (for avgin event)
only. No significant trend was found for averag@dvspeeds derived for the day with maximum rainfall
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Figure 42 Relative storm efficiency calculatedtsratio of rainfall depth (mm) for 24h, 1000t
the product of storm precipitable water (mm) andrage wind speed (km/h).

Estimates of relative storm efficiency were deriviadtjing into account that moisture
is being imported over the lifetime of the everdr Ehese estimates, the moisture
available is characterised as the product of sfmeuipitable water (SPW) and
average wind speed (Figure 42). The efficiengyy is defined as

rainrate
stormPW xwindspeed

(10)

wind =

According to this definition, relative storm effgicy will be high for: large rainfall

depths, low values of SPW and low wind spé&dghe highest storm efficiency is

found for a ‘monsoon low’ event that occurred ibfeary 1979 (rainfall depths for
24h and 1000 ki 526 mm, SPW: 57.6 mm, median wind speed: 13.51km/

For this definition of relative storm efficiencydre is a statistically significant
downward trend in the storm efficiency. While ituslikely that the changes in storm
efficiency can be explained by the changes in vgimeked, it is possible that these
changes are a contributing factor.

Summary

Changes in relative storm efficiency were assefseevents from the GTSMR
database on the basis of the ratio precipitationdgsture. Three slightly different
definitions were used:, poand wing. Regardless of the definition used, a decrease

% Efficiency is treated as dimensionless, regardiéske units involved when calculating the
efficiency. An attempt was made to use definitiohstorm efficiency that led to values between @ an
1.
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(over time) was found in relative storm efficien€hanges are judged statistically
significant only when wind speed is included in tedinition of storm efficiency.

These changes would be consistent with:

- Anincrease in storm PWrhich is not accompanied by increase in rainfall

rates. Changes in Maximisation Factor (MF = EPW/SkVere

MF/MF » - SPW/SPW) were assessed in section 1.1.1. DuAagumn
there was a decrease in the MF, which correspands tncrease in the storm
PW. However, none of the events in the GTSMR datlbad significant
changes in maximisation factors.

- Changes in locationf storms. A small percentage of the variancesiative
storm efficiency can be explained by the locatibamevent. Generally,
events occurring along the northern and centrabpdrthe east coast and
northern parts of the west coast tend to have higfioem efficiency than
events occurring further inland. If events wer@tour more frequently
further inland then the average storm efficiencyldappear to decrease.

- Increase in average wind speédring an event. Wind speeds during storms
are typically significantly higher than the climhdgical average. Average
wind speeds for some event types may have incrgagaatropical cyclones
and tropical cyclones) while they could have deseddor other event types
(monsoon lows). Depending on frequency of evengsypith an
increase/decrease in average wind speed and thatodes of these changes,
this might explain changes iRing.

1.4.2.2 Relative storm efficiency from GSAM databas

For events from the GSAM database, the convergdepth has been derived. The
ratio of convergence depth rate (in mm/h) to stprectipitable water (SPW) is used
to characterise storm efficiency (Equation 9). Tdnsalysis is based on convergence
depths derived for an area of 1000%and duration of 24 hours. The earliest event
included in the GSAM database occurred in 1889|akeevent in 1990. No
additional events are included after this year evban the storm search is extended
to the year 2003.

The classification for GSAM events differs from thar GTSMR events. For GSAM
events the moisture source as well as the raimfadlhanism was taken into
consideration. A simplified classification was usexte:

- Tropical Depression

- Monsoonal Trough

- Cut off Low

- Easterly Trough

Largest rainfalls in the GTSMR database tend taltésom tropical cyclones. In

contrast to the GSAM database, very few of the esventhe GTSMR database are
winter events.
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Relative storm efficiency by season and event type

The relative storm efficiency was plotted agaihst talendar year during which the
event occurred. Linear trends were fitted for thiégeriod (1889 - 2003) and for a
shorter period (1950 - 2003) for both annual arebseal values. The only
statistically significant trend occurs for the peti1950 - 2003 for theinter month$’
(Figure 43). The horizontal dashed line indicatesad" percentile in relative storm
efficiency. This threshold is exceeded only dud@ugumnandwinter but for different
event types.

Figure 43 Relative storm efficiency (convergencptléSPW) for events in the GSAM database.
Colour denotes season. Solid lines indicate litregads over the full period (1889 to 2003). Colalure
dashed lines indicate trends from 1950. Horizotiéahed line indicates the'9percentile (over all
seasons).

For none of the seasons or event types is themadaration that over recent decades
the 90" percentile has been more frequently exceededftnahe early part of the
record.

Of particular interest are changes in storm efficieover the most recent decades.
The period 1950 to 2000 was divided into two shrgrigiods: 1950 to 1975 and 1976
to 2000. The largest variability in relative stoefficiency is found foautumnand
winter (Figure 44). There are only very few events dugpgng Significant changes
are found fomwinter but this assessment is based on less than 10sevent

%" The definition of seasons used for GSAM diffenfrthe conventional definition of seasons and
from the definition of seasons used in GTSMR. F&A®I, summer is defined as December to March
(4 months), autumn is April to May (2 months), veints June to September and spring is October to
November. For simplicity and to ensure adequateptagizes, conventional seasons were used here,
that is summer is December to February etc.
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Influence of storm precipitable water and conveiggedepth rainfall on relative
storm efficiency

Relative storm efficiencyopo (Equation 9) can be calculated as the ratio of
convergence depth rate (mm/h) and storm precigtaflter (mm). When studying
changes in this ratio it is of interest to analisese two components with regards to
relative storm efficiency.

There is no strong relationship between SPW aradivel storm efficiency. Judging
from Figure 45 it appears that relative storm éficy above the 9percentile can
occur for a wide range of SPW (between 20 and 65.migpical SPW is higher in

summeitthan inautumn and will also depend on latitude (SPW is lardeser to the
equator). SPW iminteris very low and for events from the GSAM databaseaally
does not exceed 30 mm.

Changes in storm PW can be assessed through chiangesgimisation factor (MF)
and these are discussed in detail in section INhkignificant changes in MF (and
therefore SPW) were identified for GSAM events.

Estimates of storm precipitable water are derivethfestimates of storm dew points.
The error margin for storm dew points is particiyléairge forwinter events (up to +/-
2 °C). The associated error in storm precipitalkd¢ewis about 8% per 1 °C and for
an estimated relative storm efficiency (feinter events) of 0.3 the actual value could
therefore range between about 0.25 and 0.35.

Figure 44 Boxplots indicating distribution of releg storm efficiency for two periods: 1950 to 1975
and 1976 to 2000 (by season). Note: there are®elents duringpring
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Figure 45 Scatterplot of relative storm efficieragainst storm precipitable water, by season for
GSAM events. Colour indicates event type. Horizblina indicates the 90percentile of relative
storm efficiency.

Events with relative storm efficiency above thd'@@rcentile typically exceed 200
mm convergence depth. Generally, relative stormgieffcy increases with increasing
convergence depth and the relationship betweenergance depth and relative storm
efficiency appears to depend on the season. Typie® is higher isummerthan in
autumnand for the same rain resammerefficiency would therefore be lower than
for autumn

Convergence depths for storms in the GSAM (GersediSoutheast Australia
Method) database

The GSAM storms database contains 110 events fatidos between 1 and 7 days.
Only convergence depths for the 24 hour duratiahamarea of 1000 Knwill be
discussed. In cases where more than one converdepties was available (derived
for storms of different lengths) only the maximuftleese depths was used (to avoid
double-counting events).

Linear trends were fitted for two periods: 190@693 and 1950 to 2003. The only
statistically significant trend (at 99%) is idergd for summeifor the period 1900 to
2003 (Figure 46). While the trend over the longeniqu for thesummerseason is
positive (increasing convergence depths), the tfenthe shorter period 1950 to
2003 is negative (although not statistically sigwift). The difference between the
average convergence depth calculated for the eét889-1949) and the later period
(1950-2003) is statistically highly significant @8%). Events with the highest
convergence depths tend to be caused by ‘tropegaiedsions’.
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An increase/decrease in convergence depth dodsmetto imply an
increase/decrease in relative storm efficiencyelative increase/decrease in storm
types typically associated with high convergengatlie would appear as an
increased/decreased convergence depth (averagedlost®rm types). To

investigate whether the change in average conveegagepths could be caused by
changes in a particular event type, we repeatedigmficance test but each time one
event type was excluded. It was found that thedtremained significant (although
only at 90%) no matter which event type was exdalualed changes are unlikely to be
caused by changes associated with one particudgnt éype.

Figure 46 Convergence depths for GSAMnmerevents (December to February). Solid line indisate
linear trend. Colour indicates event type.

Overall, 33 storms during tlammemonths are considered. 17 of these events
occurred during the first, slightly longer parttbé record (1889 to 1949) and 16
events occurred during the later period (1950 @320An increase/decrease in
convergence depth (over time) for a given storne typuld be caused by a change in
preferred location (possible to regions with highnisture availability) or an
increase in moisture availability (for a given laoa).

The location and type of GSAM events durs\gnmemere mapped for two periods
(1889 to 1949 and 1950 to 2003, see Figure 473¢ess whether changes in
preferred location for the three storm types hazloed. The maps in the bottom row
show the event types feaummerstorms over the full period (left panel) and the
location of all GSAM events (right panel) for coraf@ness. There is little change in
the frequency of the 3 event types (Figure 47)piba@ depressions have a tendency
to occur further north during the later period. g fact could have led to an apparent
increase in convergence depths but could be a sagrgffect. Some of the
Monsoonal troughs occurring during the later peaoe centred further inland.
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Figure 47 Location and type of events from the GSddihbase.

Summary

Relative storm efficiency (defined as the raticcohvergence depth rate and storm
precipitable water) for events in the GSAM databaae analysed for one duration
(24 hours) and one area (1000%nSignificant changes in relative storm efficiency
were found only fowinter events (an increase for the period 1950 to 20@8ed on
less than 10 events). The event with the highestrsefficiency is a cut-off low that
occurred in August 1986 and had a convergence aé@h6 mm and an estimated
storm precipitable water of 21 mm.

The convergence depths for storms from the GSAMae for theummemonths
(December to February) show a significant incréesa the early to the late part of
the 20" century. This increase might be related to ticetfzat during the later period
tropical depressions tended to occur further north.

These results are based on events from the GSAdbadse and are not directly
transferable to the larger GTSMR region becaudaaibrs such as seasonality and
types of events. Storm efficiency based on GTSMénh&s/(and three somewhat
different definitions of storm efficiency) has omeaage decreased.
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1.4.2.3 Relative storm efficiency based on stattlata at point locations

Section 1.4.2.1 and 1.4.2.2 assessed relative dffitiency based on events from the
GTSMR and GSAM databases. Climatology of precipgatater and rainfall depth
will vary with location of events (represented bg storm centre), complicating the
assessment of changes in relative storm efficieAltgrnatively, relative storm
efficiency can be assessed for large events ates dcation; this also has the
advantage, that an adjustment for topography aralais not required. However,
results from event and point-based analysis mayedatirectly comparable. The
following factors highlight differences between tia® analyses:

- Rainfall depths at a point may not be represergaifthose for larger areas,
whereas the assessment made for the generalislgdemBocused on changes in
the relatively storm efficiency for events of 10067,

- Climate change may affect events of higher and tdveguency in different ways
(section 1.2.2, Figure 26). Changes in storm efficy from the point-based
analysis may be characteristic for more frequeet&while changes derived
from event based analyses are more charactelistieds frequent events (e.qg.
below an average recurrence interval of approxiiymdtén 100 years).

- Itis possible that changes in preferred locatmmef given storm type may affect
the storm efficiency. Storm type was not considéoedhe point-based analyses.

These factors will be considered when drawing assiohs from the subsequent

analysis.

At the high-quality dew-point temperature locatiptie 30 largest independent
rainfall depths for different rainfall accumulatidmrations (1, 2, 3 and 5 da$f)
ending at 0900 local standard time were obtaine@dch of the periods 1960-1980
and 1981-2003. Locations were selected only ifnieelian annual rainfall was more
than 350 mm. The relevant SPW prior to the everst @gimated from the 24h
persisting dewpoint (24]%° using the high-quality dew-point data. The relatsorm
efficiency based on the ratio of the hourly raihfate to SPW (equation 9) and the
ratio of daily rainfall to the product of SPW anéhal speed (equation 10) were
calculated. In equation 10, the median wind spe&H@ hPa for the period associated
with the rainfall was used. (Not all locations hgzper-air data available).

Figure 48 shows the relative change between theamgof the 1981-2003 and 1960-
1980 relative storm efficiency for each durationZ13 and 5 days). Changes are only
calculated for a season if at least 10 events asithim each period, and where the
storm precipitable water is not unreasonably s salth that the corresponding
maximisation factor is less than 3.5). Apart froma@eville, each location has only
one season for which the change could be ass&3sedall, there are more locations

ZExtensive investigation showed that rainfall acclation of durations longer than 24 h provides the
most robust assessment of changes in relative gtfficiency at point locations. This contrasts with
analyses carried out for the significant rainfaitets from each of the generalised databases. #dtho

a duration of 24 h would have provided a closergamson with the analysis of the generalised events
it was not possible to obtain consistent changethfe duration. In this section, results from falh
accumulations over 24 h are presented for referdndeesults are discussed in terms of the more
robust changes from the longer durations (48 H @Ad 120 h).

The 24h accumulated rainfall for the period oveicht24 T, was calculated had to be less than 2.5
mm. Estimates with other thresholds were testédoagh above 2.5 mm, results did not considerably
change for durations longer than 24 h.
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with a sufficient number dummerevents (9-10 locations depending on duration)
than forautumn(2-5) orwinter (3-5). There are no events satisfying the selactio
criteria duringspring Thesummerevents occur in locations across northern
Australia, inland NSW and QLD, as well as partsatfithern coastal Victoria.
Autumnevents occur primarily in coastal NSW, witimter events largely in SW
Western Australia. The spatial distribution of lboas selected for each season is
representative of the coverage of higher densit$K8R and GSAM events (only
locations within the inland regions are not wefinesented). The changes at inland
locations would be susceptible to an insufficiemtniver of large rainfall events
occurring within each period. Although an arbitrarnpnual median of 350 mm was
chosen as a threshold when selecting locationgwbéocations with the lowest
annual rainfall (Charleville and Cobar) have theagest variability in the changes
when different parameters (e.g. rainfall threshal@) used to calculate the SPW (not
shown).

There are only two locations (Darwin durisgmmerand Coffs Harbour during
autumn) that have large, statistically significant chamgethe relative storm
efficiency at the 0.05 level; an increase and desmaespectively. These locations
occur at durations of 2 and 3 days. Coffs Harbéso has a significant (but small)
decrease at 5 days. For the remaining locatiortsfardurations of 2 and 3 days,
there are general increases over NW Australia dedvanland NSW locations, with
decreases for most of coastal eastern QueenslahN3W. Winterevents at Perth
suggest a consistent increase in the relative séffimency for all durations, which
contrasts wittwinter time decreases observed nearby for Geraldton #vehp
Changes at locations for the longest duration {g)Ygenerally reflect those occurring
at the shorter durations (2 and 3 days).

These changes in relative storm efficiency carabgely attributed to changes in the
rainfall (Figure 49), rather than changes in tleeratprecipitable water (SP{#/

Figure 50). This is particularly the case for nohtistralian locations, and those on
the west and east coasts of Australia. While alé®ations do not indicate any
change in the relative storm efficiency (e.g. Céntle for bothsummerandautumn
for all durations) there is a relatively large iease in rainfall at this location (of the
order of 20% for all durations) which is offset dylecrease in the storm precipitable
water for 3 days and 5 days (represented by threase in the maximisation factor).

The changes reported here for the longer duragensrally agree with those from
analyses carried out for GSAM and GTSMR events approximately the same
period (1950-2003), although those were only fer2hh duration. For the
generalised events, there was an overall decraaséative storm efficiency,
although this was not significant.

Finally, relative storm efficiency was estimatedhgsupper-level wind speed
(equation 10). Due to a lack of upper-air datthis slightly reduces the number of

SPW is represented in the denominator of the me@ishaximisation factor, MF. This quantity allows
for assessing the correspondence between changgsalfsign in both the relative storm efficiency
and the inverse of the SPW. The maximisation faistosed, since it appropriately normalises the
SPW to remove intra-seasonal variation in the PW.

¥iChanges were only computed where upper air date mising for at most one event.
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available locations. At locations where storm edincy showed decrease in Figure
50, this decrease becomes more apparent (Figunetel) wind speed is taken into
account (particularly for longer durations, e.gldéys). However, this definition of
storm efficiency might be less appropriate for madocation.

Summary

Although results from event and point based analysay not be directly comparable
(see discussion earlier within this subsectionpaly still be possible to derive some
gualitative conclusions that can be generally &gplo both analyses. The most
robust changes using the point-based method adufations longer than 24 h. Only
two locations report a change in relative stornicefhcy that is statistically
significant at the 0.05 level. For the remainiogdtions, the data indicate that coastal
eastern Australia has the greatest reduction ativel storm efficiency between two
periods (1960-1980; 1981-2003), and the coastainexif this change increases with
increasing duration. Changes fointer are associated with SW Western Australia,
the sign of the change depends on the locationchihrges in storm efficiency are
least consistent for inland locations — perhapeaated with a lower annual rainfall
compared with coastal locations. Based on statata dt point locations, changes in
rainfall totals have a more significant effect efative storm efficiency than changes
in the maximisation factor, particularly for coddtations. Section 2.1 will assess
more thoroughly the changes in observed extrem@gitation, particularly for 1 and
5 day durations.
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Figure 48 Seasonal variation of the relative changelative storm efficiency (based on equation 9)
for the 30 largest independent rainfall eventdifferent durations. a) lday, b) 2 day, c) 3 dag d)

5 day durations. The black circle outline indicatange is significant at the 0.05 level. Crospks
signs and point symbols denote locations that katffecient data (10 events in each of 1960-1980 and

1981-2003) fosummerautumnandwinter events respectively.
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Figure 49 Seasonal variation of relative changsiimfall depth. Figure parts and symbols are as in
Figure 48.
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Figure 50 Seasonal variation of the relative chandke maximisation factor. Figure parts and
symbols are as in Figure 48.
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Figure 51 Seasonal variation of the relative changdke relative storm efficiency (including wind
speed), based on equation 10. Figure parts anddgrate as in Figure 48.
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1.4.3 A recent noteworthy event

A recent noteworthy event was analysed as a cadg &ir this project. Significant
rainstorms are routinely analysed as part of thgaing storm monitoring aspect of
the GTSMR project. If depth-duration-area curvessiaech an event exceeded the
depth-duration-area curves for the relevant seasdrregion, the database would be
updated to include the event and users would hiéatbt

Meteorology

The event occurred over three days, up to anddimajuthe 1st of July 2005. This
event was characterised by intense rainfall and fyeite winds, causing flooding
along parts of the Gold Coast and northern NSWurei$p2 shows an isohyetal
analysis for 3-day rainfall depth up to 1 July 20@%h the related satellite image and
mean sea level synoptic chart shown in Figure SBFagure 54 respectively.

Heavy rainfalls were caused by an upper trougtomhination with an east coast low
(Bureau of Meteorology 2005a). Such events terattar duringautumnand early
winter but can occur at any time of the year. The assatiainfall was the heaviest
June daily rainfall in Queensland since 1967 (BurefaMeteorology 2005b). At
Carrara 585 mm were measured in the 24 h to 3 ptheo80th June 2005 (Bureau of
Meteorology 2005a). Heaviest rainfall occurred kw3 am and 12 am on the 30th
June. At Carrara, for durations above 20 min rdlimigensity exceeded the 1 in 100
year event.

91

Climate change and Probable Maximum Precipitation



Figure 52 Isohyets for a 3-day storm ending 1 20§5 (rainfall depth in mm, 9 am to 9 am)
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Figure 53 Satellite image (infrared) taken on 2Bthe 2005 at 23 UTC.

Figure 54 Synoptic chart for 29 June 2005, 18 UZC June 2005, 4 am local time).
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Moisture

The storm dew poift was estimated as 12.5 °C. This was derived fronpdant
temperature observations at synoptic stations aleagnoisture inflow path. The
vertical temperature and dewpoint temperature le®ofiFigure 55) for Brisbane
supports this estimate. Figure 55 shows a moistduaaliabatic layer between 900
and 700 hPa. The corresponding storm precipitablem{SPW) was estimated as
27.2 mm. The extreme dew point (derived from thé persisting dew point for this
location and time of the year) is 19.7°C which esponds to 51.4 mm extreme
precipitable water (EPW). The maximisation factdi] is calculated as the ratio of
EPW/SPW = 1.9.

The standardisation factor (SF) is based on BroAirport’'s maximum persisting
dew point for the months May to September. ThedaeshEPW for this period is 82.3
mm. The standardisation factor is calculated asdhe of EPWiangardt0 EPW and is
82.3/51.4 = 1.6.

Deriving the generalised storm depth

Generalised storm depth is the storm rainfall Hast been maximised for moisture
availability and standardised to a location. By o®ing the effects of topography and
removing the site specific features of the rainfélé storm may then be compared
with rainfall from other generalised storms.

Once isohyets have been constructed and digitisgdre 52), storm depths for
standard areas can be derived (dark blue linegarEi56). The convergence defith
(magenta line in Figure 56) is derived by remoweffiigcts of topography on rainfall
(by applying a topographic adjustment factor, TARY is therefore equal to or lower
than the storm depth.

The convergence depth is multiplied by the maxitiesefactor, MF (here 1.89) to
derive the maximised convergence depth (cyan Ané)which is then standardised
(multiplied by a standardisation factor, SF of ).@0Dderive the standardised,
maximised convergence depth (orange line). Fintdlly,decay amplitude factor
(DAF®*, 0.975) is applied to derive the generalisediépteen line).

32 Estimates of storm dew points for events occurdagng the winter months are less accurate than
for events that occur during summer. For wintemg¢siethe error could be of the order of 2 °C which
would lead to an error of about 15% in the estinwit8PW. For the Gold Coast 2005 event the relative
storm efficiency could therefore range between @ad 0.77 (assuming an error in the estimate of
storm dew point of +/- 2 °C).

% The total observed storm rainfall is considerebegartly due to topographic enhancement.
Convergence precipitation is due to atmosphericgsses unaffected by terrain. Orographic (or
topographic) precipitation is caused entirely orsthyoby the forced uplift of moist air over high
ground.

* This factor is used to account for the decay $toam mechanism as it propagates to remote
locations. Note that the winter storms had the 's&m decay amplitude factor (DAF) applied.
Although there is still a residual signal presenivinter, this DAF represents it less accurately.
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Figure 55 Thermodynamic diagram - vertical tempesand humidity profile and wind
speed/direction for Brisbane Airport at 23 UTC, e 2005.
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Figure 56 Deriving the generalised depth for théd@past 2005 event.
Comparing storm depths with design depths

Generalised storm depths were derived for durati@taeen 6 and 72 hours and for
standard areas up to 20,000%he depth-area curves for the event are shown
together with the design depth-area curves (Fi§djeThe generalised depths are
greater than the design depth for the Coastal Aaptin Zone Winter (CAZ-W)**

for all durations above 6 hours and all areas bl6@0 knf.

The generalised depths for the complete 3-day emsarged the 72h design storm
depths for areas below 3000 k(fFigure 58). Generalised rainfall depths from this
event exceeded those from thimter storm database of the GTSMR which includes
the most significant events over durations of b ttays across the GTSMR region
from the entire rainfall record.

Relative storm efficiency

The relative storm efficiency of an event can barahterised by the ratio of storm
depth to storm precipitable water (SPW, 27.2 mrhg $torm depth for the Gold
Coast 2005 event for a duration of 24 h over aa afd000 krfiis 426.1 mm, this
equates to a rain rate of 17.75 mm/h. The resustiogn efficiency is 0.65.

Relative storm efficiencies have been derived formss from the GTSMR database
(for 24 h, 1000 krhand based on rain rates derived from storm depfis) event
with the largest relative storm efficiency occurdeding thewinter months (June
1950), reaching an efficiency of 0.65.

% The Coastal Application Zone - Winter (CAZ-W) dgsidepths are available for deriving PMP
estimates. However, in practice these estimateseayerarely required. For this region, PMP estisat
for the summer season are much higher and it isfine sufficient to design for summer events.
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The relative storm efficiency of the Gold Coast 2@¥ent is not exceeded by events
in the GTSMR database. As for tivnter event with extremely high efficiency (June
1950), the high relative storm efficiency resuitgart from the fact that the SPW
estimate is very low compared to other events endidtabase.

Storm depths include effects of topography on einThese effects are removed
when the convergence depth for a storm is deri@edvergence depths for GTSMR
are not generally available. However, an attem® made to estimate convergence
depths for GTSMR events (see section 1.4.1 forildetAn ‘adjusted storm
efficiency’ was calculated (taking into accountagpaphic enhancement of rainfall)
for events from the GTSMR database. The highesistelj storm efficiency (0.41) is
reached for summerevent (December 1916, topographic adjustment factd
location of storm centre, rainfall depth for 24uration and 1000 kin618 mm,

storm precipitable water: 62.7 mm). The adjustednstefficiency for the June 1950
event is considerably lower (0.33) than the retastorm efficiency based on the
storm depth (0.65). If the same approach were f@etie Gold Coast 2005 event, the
adjusted storm efficiency would be the same asdlative storm efficiency (since the
topographic adjustment factor for the locationtd storm centre is 1.) The relative
storm efficiency based on the convergence dept®.828&m for 24 h and 1000 Kn

is 0.44.

We conclude that although there is some degreaadrtainty in the estimates of
convergence depth, and therefore the resultingstatjustorm efficiency, the storm
efficiency for the Gold Coast 2005 event ranks agnibie highest efficiencies derived
for GTSMR events and this is true for both themstefficiency based on storm depth
and convergence depth.
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Figure 57 Depth-duration-area curves. Solid lindspth-duration-area curves for the Coastal
Application ZoneWinter (CAZ-W), dashed lines - Gold Coast 2005 eventoGotenotes duration.

Figure 58 Depth-duration-area curves for the Codgiplication ZoneWinter (CAZ-W) and 3-day
Gold Coast 2005 event.
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Summary

A recent noteworthy event was assessed. This egentred during thevinter
months (June 2005). Record rainfalls led to extenBooding along parts of the Gold
Coast.

For a number of durations and areas, the depthemsteéaates exceed the design
estimates for the Coastal Application Zon&inter (CAZ-W).

The relative storm efficiency for this event is g8anto the highest efficiency for
events in the GTSMR database (starting in 1893¢nEafter taking topographic
enhancement of rainfall into account, the efficiefar this event ranks amongst the
highest efficiencies derived for GTSMR events.

The recent event assessed here is a record-breakemg with very high relative
storm efficiency. Typically, GTSMR events with vemigh efficiency tend to be
summetror autumnevents although very high efficiency was reachgd brevious
winter event (which occurred in June 1950).

Analyses based on GTSMR events lead to the conclukat average storm
efficiency may have declined over recent decades i§ consistent with model
results (global averages) and theoretical considerss However, based on the
assessment of a recent event we need to conselpo8sibility that relative storm
efficiency of events could increase for certairakbans, event types and seasons.
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1.5 Combined effects of changes in moisture maxinaison and
relative storm efficiency

To derive PMP estimates for catchments, a PMP epedk required. This envelope

is constructed for a given configuration of araaadion, season and zone through the
generalisation of relevant significant rainfall at& The generalisation process
incorporates the maximisation of moisture (witheéalistic limits) and the assumption
that at least one of the significant rainfall egeistoperating at, or close to, maximum
efficiency (Walland et al. 2003).

Changes in moisture maximisation and relative stefficiency were discussed in
sections 1.1 and 1.4. These two factors are cordhuien applying the generalised
methods, although relative storm efficiency is explicitly calculated. Maximised-
standardised convergence (MSC) rainfall depth eacdmsidered a surrogate index of
storm efficiency (Pearse 1993, as discussed imosett4). For the GTSMR events,
the MSC can also be defined as

MSC= 1 EPW,
SPW

standard?

(11)

where CR is the convergence rainfall depth and ERW.is either 120.0 mm or
82.3 mm, depending on whether the event occutsaiiGiT SMRsummetror winter
season. However, the MSC may also be expressé@ asdduct of the convergence
rainfall depth and maximisation-standardisationda¢MSF, section 1.1),

MSC= CR—EPSVI\:/:CC“”’. (12)

There is considerable spatial variability in thiatige storm efficiency (see section
1.4.2). Walland et al. (2003) partially accountedthis spatial variability by
calculating a decay amplitude factor, DAF (Figugg. ®verall, the generalised-
maximised-standardised convergence rainfall dep@GT&MR events is given by

amsc=MSC_ CR yor (13)

DAF DAF
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Figure 59 Decay amplitude factor for the GTSMR itiréValland et al. 2003).

For the GSAM, estimating the MSC is more complegrethough the decay
amplitude factor was not used. Since 26% of thesvieave a maximisation factor
(MF) greater than Mf, (equal to 1.8 for GSAM), the appropriate relatimiween
MSC and storm efficiency is given by

MSC: MFIim CR EPVVstandard’ (14)
MF SPW

where the factoMF,, / MF is always less than 1, since it is used to redoee
magnitude of the moisture maximisation. For GSAMrds, the MSC for each
season is proportional to the product of the redasitorm efficiency and a moisture-
maximisation reduction factor. The minimum reduetfactor is 0.63 with genrally
low values (i.e. greater reduction) for eventstwNSW south coast durirgitumn
(shown in Figure 60). The median reduction facsdd.B6.
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Figure 60 Magnitude of the GSAM reduction, equaltoMF, _ / MF | so that the events with the

greatest reduction have larger symbols.

lim

The change in the GMSC for both the GTSMR and GSA&thod can be calculated
and discussed in terms of the changes alreadytsgbfor both moisture
maximisation and relative storm efficiency. Thelgsig of the combined changes to
the events can be applied to their relevant appiczoné®, season and for a set of
standard duration and application areas.

For the coastal zone, the magnitude of the maxi@m$C (for each area and
duration) has occurred primarily during the earnfieriod (1893-1949), and on
average, 2/3 of events have occurred during tlee pariod (1950-2003). It is likely
that both the increased number of events in thengkperiod and the lower median
are artefacts of the method used to select eventbd GTSMR database (Appendix
Al). As a result, a significant decrease is rebfte all but the largest areas.

The effect of the sample bias can be partially anted for by applying a Mann-
Whitney test to assess changes in significancéfefrences when removing the
lowest ranking value in the second period one-bg*0nesting at each step. The
removal of the lowest ranking event continues uhgl difference between the two
periods is no longer significant, or the numbedata in the second period equals that
in the first. Although this does not yield a qutative measure of the significant

%Application zones (either inland or coastal) atevant when estimating a PMP for a catchment. It is
primarily related to the geographical distributmisignificant rainfall events.

3" This method can only be applied if the period veaittower median corresponds to the period with a
greater number of events.
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change (since the number of samples used is bethged), it does provide an
indication of the extent to which the lowest magdé events bias the change.

Figure 61 shows all the data from the two periaatdbthsummerandwinter coastal
events, and the resulting significant change a0t level, before the minimum
number of data from the second period has beenvwednd his is only applied to
summemdata (orange and black circles), simgater events (blue circles) did not
indicate a significant change for any area or domaBlack circles correspond to the
lowest ranking events that have been removed ise¢hend period, prior to the
change being reported as insignificant. Horizok&s in Figure 61 (indicating the
median in each period) indicate that a significdrgnge at the 0.05 level does occur.
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Figure 61 GTSMR coastal GMSC for independanhmer(orange and black) andinter (blue)

events. A black circle corresponds to events exadushen the number of samples is progressively
reduced when testing for statistical significaneéaeen the two longer periods (1893-1949 and 1950-
2003). Horizontal lines denote the median for gaetiod, but only when there is a significant
difference at the 0.05 level.

A low percentage of events removed, indicatesttfeathange between two periods is
most likely not significant (which is the case &rareas over the 24h period). A
larger percentage removal (of the order of 15%ctvineduces the proportion in each
period closer to 50%) may imply that the originghsficant difference is not due to
artefacts in selecting events. For 48 h and 72emtsy the number of events removed
is approximately 8% for all but the largest aréa. a result, it is uncertain whether
these changes should be considered significant.

No significant decrease was found for either inlaade (inter) or SWWA zone
(winter) events and there were no significant changegherezone or season
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between the two shorter periods (1950-1975, 198 R0However, there are too few
winter events to reliably assess for changes betweepénwods. As expected, the
GMSC forwinter events are lower than feummeywhich is largely attributed to the
large ratio (46%) between th@nter andsummenalues forEPW,., ...«

For the GSAM, the change in GMSC was assessewosets of periods (1889-1950
and 1951-2003; 1950-1975 and 1976-2003). A sigamfichange in the median
GMSC is found for one category only (inlastymmey 24h 100 krf). For the coastal
and inland zones the highest MSC are typicallyteeldosummerndautumnevents,
respectively.

Overall, for both generalised methods, and fobatlthe largest area (60 000m
zone-season-area-duration categories, the maxinemerglised rainfall depth is not
considerably greater than for other highly rankeehgs (i.e. events ranked 1 are in
general not too much larger than those ranked Z¥83. indicates the robustness of
the generalised methods, particularly the moistua@imisation and standardisation
process.
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2. Probable Maximum Precipitation as extreme rainfd

The definition of Probable Maximum PrecipitatiorMP) states that the PMP'iEhe
greatest depth of precipitation for a given duratimeteorologically possible over a
given size storm area at a particular location gharticular time of the year, with no
allowance made for [future] long term climatic tids' (WMO 1986). While PMP
estimates should not be equalled or exceeded, £ekrse to the PMP could occur
and would be regarded as significant rainfall esefhhese events (significant over
large areas, as applicable for a PMP) would maag tikely involve extreme point
rainfall depths at one or a number of locationsseé®bon changes found for extreme
point rainfalls, conclusions can be drawn how stitdinges might affect PMP
estimates.

This section will assess for changes in extrem#atiacross Australia, using both
observations from the 2century and projections into the2dentury using climate
model output, as used in the Coupled Model Intepamison Project 3 (CMIP3). The
climate model output from nine models will be valield against gridded observation
data.

2.1 Trends in observed rainfall extremes

2.1.1 Introduction

Rainfall in Australia is highly variable, both spzdly and temporally (e.g. over
interannual and interdecadal timescales). One odeihassess for trends in a highly
variable quantity, such as rainfall, is to calcelatiitable indices from high-quality
daily rainfall data. Trends in Australian rainfaelttremes have been investigated
extensively using a variety of indices (e.g. Aled@net al. 2006, Alexander et al.
2007, Haylock and Nicholls 2000, Hennessy et é9]1®anton et al. 2001).
However, changes in extremes are more difficutjuantify than changes in the
annual or seasonal totals, since they requirelatelgporal resolution of observations
(at least daily), which also extend over a reaskentime period (i.e. at least 50 years).
These conditions, as well as the requirement tisituments at stations be free from
malfunction, unsuitable exposure and observer grgignificantly reduce the number
of locations used for analysis.

2.1.2 Data and Methods

The number of stations used for analysis of extreaivdall is highly dependent upon
the method used to select the stations. Selectitaria include overall quality of the
station and quality of the data as well as appateniess of observation methods.
Appendix A2 provides details on selecting statiosed for the current analysis. A
major focus was to ensure that a sufficient nunabstations across northern
Australia (particularly in Queensland) were seldctdthough there are still large
areas that have insufficient coverage. For theodetD10 to 2005, a total of 308
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stations are available with useful data for trendlysis of extreme rainfall. Although
fewer stations are available during the earlierqokfe.g. 1910 — 1950), there is large
year-to-year variability in the data quality at ngastations. For each trend analysis
period (e.g. 1910-2005 or 1951-2005), a station sedected if the proportion of
guality checked data was at least 85% completeflandtation data started and ended
within 6 years of the trend analysis pefidd

Rainfall indices used are selected from those recended

- by the Expert Team on Climate Change Detectionladides (ETCCDI°,

- for use in global studies of observations (Alexareteal. 2006) and

- for comparison of output from different climate netsl(Tebaldi et al. 2006).
The indices were computed on both monthly and drsusdes, as described by
Alexander et al. (2006) and (2007). Those used &erelefined in Table*2

The monthly indices, (1-day and 5-day maximum @l RX1dayandRX5day
respectively), are reported on seasonal and atimesécales. The annual indices
include the count of heavy rain dayglOmmwhere daily rainfall threshold is at least
10mm), and the relative contribution of rainfabrin very wet days to total annual
rainfall (R95pT). Although the method used to compute the indecexctly follows
that of Alexander et al. (2007), trends and theificance of the trends are computed
differently**. Our analyses identified more locations with sigant trends than
Alexander et al. (2007).

There are two indicelRROmmandR99pT) which, although appropriate for extreme
precipitation, are not adequate for assessing $réorchall of Australia. For more than
half of the country, the indgR20mm(number of days with more than 20 mm of
rainfall) has a mean of less than 5 days. Of theareing area, the trends are of
similar sign and magnitude B10mm The indexR99pTis highly variable and trends
were not spatially consistent. Since neither indexvailable for the climate model
data used in Section 2.2, they are not shown here.

%e.g. For the period 1910-2005, there has to beaat B5% data coverage at each station, with statio
start and end years no later and earlier than 48852000 respectively. This is more restrictiventha
the 80% requirement used by Alexander et al. (2007)

39A full list of all recommended indices with defiioins is at http://cccma.seos.uvic.ca/fETCCDMI/
“9Some of these indices correspond with those usethar studies, but are named differently. For
instance, Hennessy et al. (1999) defined theirssedsery heavy rainfalbeing equivalent to the
seasonal-day maximum rainfalRX1day.

“Both the linear trends and significance of thedeeare computed using a modified version of the
non-parametric Kendall rank correlation and Kentall test respectively. These are fully descrilmed i
Wang and Swail (2001). Both tests are robust teffect of outliers in the series, correctly acddfion
ties in the ranked series and for positive aut@tation in the timeseries, which nominally rejettts
null hypothesis more often than specified by tlgmificance level.
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Table 2 The extreme rainfall indices used in thislg, as recommended by the ETCCDI

Index  Name Definition

RXlday Max 1-day rainfall total Seasonal maximum 1-d&pfel

RX5day Max 5-day rainfall total Seasonal maximum 5-dapfel

R10mm heavy rainfall days Annual count of days wherefedi > 10 mm

Total annual rainfall from wet days (1 mm) with
rainfall above the 95percentile for wet days in the
1961-1990 period, divided by the annual rainfall

Proportion of annual rainfall

RISPT from very wet days

Trends are reported over two periods; 1910 - 2805 f(ll period, corresponding to
96 years) and 1951 — 2005 (55 years) respectiVélg.trends are reported at station
locations and are not gridded (see section 2.Z'ignds obtained over the 96-year
period will be more robust to interdecadal variggpitompared with 1951-2005. The
shorter period indicates how climate has been dhgng the more recent past, and
will be useful for climate model output comparisorhe shorter period is similar to
that used in section 1 of this report and that usedlexander et al. (2006). It also
relates closely to a shift in rainfall charactecstoccurring between 1945 and 1950
within SW and SE Australia (Vivés and Jones 200B)e later part of the shorter
period has been associated with increased occer@&mENSO evenfd associated
with El Nifios, which generally cause dryer condisdor eastern Australia (Suppiah
2004). Trends will also be reported over two neeftapping periods (1910-1950;
1951-2005). This will allow assessing whether tigas of trends are consistent over
time.

Seasonal trends have been compute@®¥tdayandRX5day However, results from
the analyses of significant rainfall events witthe generalised methods and results
from the analysis of storm efficiency (Section 2)4ndicated that significant rainfall
events duringpringare less frequent (and as a result, generallpsitdarge) than for
other seasons. To aid comparison with results tftmranalyses presented in section
2.1, absolute trends have been calculated for leaeltion (as in Alexander et al.
2006) in contrast with trends relative to the miarthe index as carried out by
Alexander et al. (2007). Trends in seasonal anda@mainfall totals had been derived
by the Bureau’s National Climate Centre based @dgd rainfall dat¥ for the

period 1910-2006.

2.1.3 Results

Trends in gridded seasonal rainfall totals

Figure 62 and Figure 63 show the trends in thedgddseasonal rainfall totals
(derived from monthly rainfall data) for two oveplaing periods, 1910-2006 and
1950-2006 respectively. The trends for all seaswtisate a greater magnitude of
change in the later, shorter period compared vaghanger period. The magnitude of

2 ENSO: El-Nifio Southern Oscillation. The resulafoupled global ocean-atmosphere interaction.
The oscillation contributes to the natural varigpivithin the climate system that affects eastern
Australia. Strong negative values of an ENSO in@®l), which occur during an EI-Nifio, have been
associated with reduced rainfall over eastern Aliatr

*3 http://www.bom.gov.au/cgi-bin/silo/reg/cli_chg/trendmags
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trends assessed in the more recent period (1956)2@60 be compared with those
from the longer period.

Trends that are of the same sign indicate thatettie more recent, larger magnitude
trends are dominating the longer-term interdecadadbility, or that there is an
overall consistent trend over the longer period.#aih periods, the regions with
large-area increasing trends are across NW Austaald Cape York Peninsula during
summer However, it is unfortunate that these regio& kufficient high-quality

daily data to adequately assess trends in extramfall. Other areas with consistent
same-sign trends across the two periods are agsteiith decreases. These are
outlined by a red line in Figure 62.

There are notable decreases for both periods acoassal eastern Queensland during
summerand coastal SW WA duringinter (thick red lines). Other large areas with
smaller levels of decrease in both periods incleBeAustralia and coastal SW WA
duringautumnand parts of southern Queensland, northern NS\iiglwinter (thin

red lines).

Figure 62 Trends in seasonal rainfall totals fat-2006 (maps prepared by the Bureau’s National
Climate Centre).Large areas with relatively strong (smaller) negatrends for both the period
1910-2006 and the 1950-2006 (Figure 63) periodsnalieated by a thick (thin) red line. Trends are
reported as mm/decade.
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Figure 63 Trends in seasonal total rainfall for 2006 (maps prepared by the Bureau’s National
Climate Centre). Trends are reported as mm/decade.

Seasonal and annual trends in rainfall indices asrperiods

Seasonal trends were only calculated where the moagnof the seasonal medians of
RX1dayandRX5daywere greater than an arbitrary threshbtd ensure seasonal
trends were considered only where seasBixdldayandRX5dayconstitute

significant rainfall. Trends in seaso@X5dayexhibit some geographical coherence,
although magnitudes are small (Figure 64). The signany of the trends over large
areas changes with season.

- There are a few significant increases for partsasthern Australia during
summey as well as the northern tablelands of northerliMNStherwise most
of the increases, although widespread, are noifisignt.

- There are significant decreases for SW WA, paidylduringwinter, and to
a lesser extent iautumn

- A decrease occurs for many southern coastal lotaaod parts of
Queensland duringutumn(but few are significant) whereas an increase
occurs for many of the inland NSW locations, anteeding through to the
north west of Australia duringutumn

- There are many locations reporting little overalhoge (less than 1
mm/decade) for much of southern Australia, paréidylfor inland SW WA
SA and parts of western Victoria.

* This is determined by comparing the median seasaidall between 1910 and 2005 at each
location with an arbitrary fraction of the 1-yealt?ARI (corresponding to an AEP of 0.63). A
reasonable overall seasonal distribution of thefadlistations is obtained with the fraction se®0a12.
For convenience, the same locations within eackoseare used for both tiX1dayandRX5day
indices. This method does not need to be apphid¢de annual indices.
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Across most of the country the magnitudes of dddaglads inRX1dayare much
smaller than trends iIRX5day However, regions across northern Australia widich
have some large magnitude trendsR&fdaydo also have similar sign (but smaller
magnitude) trends fdRX1day Since these two indices have similar trends and
RX1dayis not directly calculated using model output (Seetion 2.2), it is not
reported further.

,
MAM &
LY ‘v\
- 3y
= 7
* * =
s i
. v ,
* + &
+ .
o *
N x £
s . .
N .
+ 4

Figure 64 Seasonal trends fRK5day for the period 1910-2005. Trends significantat ©.05 level
are solid with a black outline. Trends with a magaé of less than 1mm/decade are shown as a black
+, and locations with insufficient rainfall for daseason are represented by a blue x.

The annual indiceR10mm, RX5dagndR95pTgenerally show a decrease in SW WA
and parts of inland Queensland but an increaseghrparts of northern NSW

(Figure 65). This is in approximate agreement wrigémds in annual total rainfall
(bottom right panel in Figure 65). TRLOmmindex (number of heavy rainfall days)
shows increase for much of SE Australia, and éorygoastal SW WA are there
significant decreases. For the annual maximumybraiafall (RX5day, the signs of
the trends reflect the predominant seasonal cauioib (Figure 64). Annual trends
across northern Australia are dominateddiynmerandautumntrends. For southern
Australiawinter trends dominate. Of note is the absence of chaagess much of
inland SW WA, SA and western Victoria.

The indexR95pTshows few regions with significant change. Thegecanstrained to
coastal SW WA (decrease), and increases for therortablelands of NSW, in
agreement with the general changesRt®Ommand annual rainfall. There are a
number of locations across South Australia andraewestern Victoria with
decreases, although only one of these significant.
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Figure 65 Annual trends in three rainfall indicBL0mm, RX5day and R95pT), and annual total
rainfall, for the period 1910-2005. Symbols aréraBigure 64.

Compared with the longer period, the more recemh®horter periods (1951-2005)
has many locations with larger magnitude trendsprpanied at many locations by a
change in sign. This reflects the interdecadalakality of 20" century Australian

rainfall. ForRX5day(Figure 66), there are

many more locations thditate

widespread significant negative trends on a sedbases. As with the longer period,
trends for 1951-2005 reproduce the decreases fo'N@Vnd coastal eastern
Australia duringwinter. However, additional large areas with significdatrease
include most of the eastern Australian statesjqaatrly South Australia, western

Victoria and Tasmania durirgutumn
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Figure 67 Annual trends in three rainfall indicBL0mmRX5dayandR95p7), and annual total
rainfall, for the period 1951-2005. Symbols aréraBigure 64.
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For the annual indices, there are considerably nomagions with significant trends
over the shorter period (Figure 67), particulady $W WA, SE Australia as well as
coastal eastern Australia. Increases also occunimnd and NW WA, which is in
general agreement with trends in annual rainfall.

Comparison of trends for two consecutive periods

To investigate whether trends are indicative ofjlberm climate change, a ‘combined
trend’ is calculated. This measure is based ordgrelerived for two consecutive
periods (1910-1950 and 1951- 2005) and the fuibpef1910-2005).

The magnitude and significance of combined tremdsalculated only where trends
for all three periods have the same sign. The coetbirend is calculated as the cube
root of the product of the trends, i.e.

combined trend= 3/trend®" trencf%®" trencfo% (15)

Although the magnitude of the combined trend hapmgsical significance, it does
clearly indicate the locations that have a sinsign trend across all periods, and
would possibly be indicative of regions associatéth a long-term climatic change.
Locations with a lack of agreement in sign areljikedicative of long-term
interdecadal variability in the rainfall.

Based on th&X5dayindex, there are no locations wilgnificantcombined trends
(Figure 68). However, there are still a large nunmdddocations with same-sign
trends Autumnhas the greatest proportion, indicating decretisesighout both of
the shorter periods, although increases do occooiithern NSW and southern
Queensland. There are small decreases for soutbastal eastern Australia in all
periods duringvinter. There are also a number of locations reportittig Ichange,
particularly across southern inland Australia amldnd WA duringwinter andspring
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)
Figure 68 Combined trendRX5day)from two consecutive periods (1910-1950; 1951-2@0%&l the
full period. Trends within each period that aresimhilar sign are denoted by a triangle (or + foleds
than 1 mm/decade). Where trends have the sameasigrare significant in each period, symbols are
solid and outlined. The remaining symbols (blac ead dots) represent combined trends that differ
considerably (either in magnitude or sign; représgiby a black dot or red dot, respectively).

No significant trends were found for any of the aarextreme indices (Figure 69).
Of note are three locations in SW WA with decredse®10mmover all three
periods. There are also decreases for parts obNacR10mmandR95pT). For
RX5daythe results reflect those from the contributingsems in Figure 68. The
indexR95pTexhibits a combination of both increases and @ds&® indicating much
greater spatial variability than the other indices.
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Figure 69 Combined annual trends from two non-@amying periods (1910-1950; 1951-2005) and the
full period. Symbols as in Figure 68.

2.1.4 Discussion

Australian rainfall is highly variable, with inflmees from various long timescale and
large-scale systems. The strongest regional infle@eri natural variability in rainfall
over eastern and northern Australia is due to tHeiio Southern Oscillation
(ENSO), although other influences associated vigéhihdian Ocean also affect most
of the continent. Much of the climate variabilitgaurs over interdecadal timescales.
Techniques for trend analysis have to accountiisriariability. Trends were
analysed over two non-overlapping periods, as agfor the full period.

For the seasonal indéXX5day there are no statistically significant changethat
0.05 level since 1910. There are, however, cestdamg-term increases (since 1910)
in seasonaRX5dayfor parts of northern NSW/SW Queensland duaogumnand to

a lesser extent durirgpring For trends in annual indicRLOmmandRX5day
changes occur particularly for SW WA and in northRISW/SW Queensland.

There is agreement between the sign of annualraitgfhll trends and each index; in
particular forR10mmand to a lesser extent wigX5dayandR95pT.Alexander et al.
(2007) noted that for Australia, the percentagedseof the extreme indiceR10mm
RX5day R95pT) were larger than the percentage trends in tla &oinual rainfall.

Although most trends are likely to be related imeke variability, the decrease of

SW WA winter rainfall since about the mid-1970s has been agdlys detail and

partly attributed to a range of influences, inchglanthropogenic causes. These
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include a change in synoptic-scale atmospheriai@tion system (which have been
identified as having shifted further southwardspElet al. 2006) and possibly
changes in land cover (Timbal and Arblaster 20D&kcreases in extremes since 1951
in other regions (particularly the decrease acnogsh of SE Australia and central
coastal Australia) have yet to be directly attrdgzlito either natural variability or
anthropogenic causes (Hennessy et al. 2007).

There is speculation that an increase in monsaafatbover the NW of the country
may be attributed to increased aerosols resultimg fAsia (Nicholls 2006, Rotstayn
et al. 2007), although influences from natural elienvariability or land-use changes
cannot be dismissed. It is important to note tlagell on annual rainfall, Trenberth et
al. (2007) identified NW Australia as the largestd-area region of the globe with the
greatest percentage trends of annual precipitatibmo periods (1901-2005 and
1979-2005), with much of eastern Australia havingler magnitude trends.
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2.2 Assess ability of global climate models to repduce trends and
variability in rainfall indices

2.2.1 Introduction

Over recent decades, global climate models (GCldgg lbeen developed by
meteorological agencies and research institutioqgdvide simulations and
projections of the global climate. The numericgbexments carried out using the
climate models are based on the governing phykiea of the atmosphere and ocean
processes. Some processes, including precipitationgd formation and dissipation
require small-scale (i.e. sub-grid scale) paransston. There are numerous model
parameterisation schemes available, and when aptplia range of models can result
in differences in extreme rainfall between mod&s6ri et al. 2005). As well as
differing parameterisation schemes, the numerigliutations used to advect model
variables in space and time (or spectrally) algy batween models.

Due to the complexity of the ocean-atmosphere systeere are a wide range of
possible outcomes, given a set of initial condiiand forcing®. For the preparation
of the IPCC assessment reports, a number of istisiand meteorological agencies
have been providing systematic model experimentiseédoupled Model
Intercomparison Project 3 (CMIP3) database. Altloogpnthly output is available
for 23 different models, only nine models haveahli model output for assessing
global rainfall extremes.

In contrast with changes in temperature, increagregnhouse gas concentrations do
not directly influence rainfall. Generally, it isg atmospheric circulation which
largely controls mean precipitation patterns, altffofeedbacks involving land
surface (soil and vegetation) changes and oceanlaiion will also affect
precipitation. An increase in global mean tempemtwill result in the atmosphere
being able to hold more water vapour (see Sectib2)l This could potentially lead
to heavier rainfall events occurring more frequenthe influence from the
atmospheric water vapour change is noted athégrenodynamic componeaot
precipitation change (Emori and Brown 2005). Man@ortantly, however, it is
necessary to explore the influence that a changintate has on atmospheric
circulation systems (defined as tiynamic component

Despite the widespread use of GCM output, theséillsuncertainty as to the best
method for assessing the performance of climateetspgarticularly for extremes.
Overall, it is how the GCM data are to be used Whisually dictates how the model
outputs are to be assessed against observationy. dladies assess model
performance by comparing area-averaged timesajlelsg], continental or zonal) of
model data for each index. Watterson (1996) ussshadimensional measure of
similarity based on pattern correlation and errd/betton et al. (2007) assessed
regional climate change using the pattern of respqer degree of global warming,
which removed variations in the global average wagmesponse of the models (for

“ Initial conditions involve the starting point fire simulation of each model’s atmospheric and
oceanic processes, whereas forcings include ftarias radiative forcings.

117

Climate change and Probable Maximum Precipitation



the A2 emission scenario). Glecker et al. (200@dwen assessment of the relative
error to rank monthly model data for each atmosphariable (e.g. precipitation,
precipitable water or surface temperature). Themdéothat the relative ranking of
models depends on the variable considered, anaweaall, the multi-model mean
consistently outperforms all models for nearly gwariable. Despite the model mean
performing well, they noted that to judge modelelyoon how well they simulate the
annual mean climate would likely be misleadingtdasl, a number of metrics should
be considered when assessing model performanceof@nese is constructed using
the Taylor diagram, which will be used in this satt

2.2.2 Model simulations, indices and method of aysik

Extreme rainfall indices for the $@entury and three emission scenarios were
available for 9 GCMs (Table 3). All of the modevie at least one model run for the
20" century climate, which allows comparison with abse data. Only three of the
rainfall indices R10mm, RX5dagndR95pT) associated with extreme rainfall, are
available as direct output from the climate moda[gart from thecnrmmodel, all
models have indices available for both the land@sehn areas, and each model has
its own specified grid. To compare each model w#ta and to calculate a multi-
model ensemble, the models (and the observed sjdce regridded to a pre-defined
grid. For convenience, and to allow comparison wither studies with focus on the
Australian region, we chose a latitude-longitude gesolution of 2.5% 3.75°. This

is defined as the HADEX grid (see Alexander e2@D6Y°. The indices are gridded
using a modified version of Shepard’s angular distaveighting (New et al. 2000),
which was also carried out by Alexander et al. @00etails on the gridding method
and parameters used are provided in Appendix A3.

The ability of the models to reproduce Australiamfall for the 28' century is

initially assessed by comparing the mean and thgapattern of the gridded indices
with observations (using a Taylor diagram). Subsedjy, linear trends in indices are
assessed.

“° It has been suggested (Chen and Knutson 2008t data should not be regridded, and
comparison with data should be carried out on @aatiel’s native grid. However, this prevents
creation of a multi-model ensemble.
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Table 3 Global Climate Models (GCMs) used in thedgt The number of available model runs is

given for the 28 century (20C3m) and three emission scenarios (ABandB1).

Model's originating Approx. Number of model runs
e Model name grid
t .
organisation resolutiont 20C3m, AlB, A2 Bl
Meteo-France (France) | cnrm 5'630 X 1 1
2.72
Geophysical Fluid o o
Dynamics Lab (USA) ofdl 2.0 40°x25° 3 1 1 1
Geophysical Fluid o o
Dynamics Lab (USA) ofdl 2.1 4.0°x25° 3 1 1 1
Institute of Numerical , o .
Mathematics (Russia) Inmem 8.0°x5.0°| 1 1 1 1
Centre for Climate miroc3.2-hi o 0
Research (Japan) 23°x11°1 1
Centre for Climate miroc3.2-med o o
Research (Japan) 56°x2.8°| 3 3 3 3
National Center for —
Atmospheric Research 5.6°x2.8° 4 4
(USA)
National Center for cesm3.0
Atmospheric Research ' 28°x14° 1 1 0 1
(USA)
mg:ﬁgtg"&%:gzln?esearcr‘ mri-cgem2.3.2  5.6°x2.8° 5 5 1 0

T grid resolution is approximate since the gridsrast always linear in space.
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2.2.3 Comparison of 2Bcentury modelled and observed means of rainfatfiices
for Australia

Means from model output of @entury rainfall indices have been compared with
observations for a range of time periods. To besistent with standard climate
normals, a 30-year period (e.g. 1961-1990) shoatchally be considered as the
period over which trends are to be assessed. Howevallow for comparison with
other studies (e.g. Alexander and Arblaster 20@BTaebaldi et al. 2006) and for
assessing projected changes, the period 1980-$98&d instead. To properly assess
the means for the 80century, two longer periods are also consider88111999 and

1910-1999.

Heavy rainfall days (R10mm)

gfdl cm2.1
L]
miroc3.2hi \W) miroc3.2med \:ﬁ
E
‘:j pcml E@

multi-model % J multi-model mean ) observations <
coefficient of variation
[ — I T ]
1 2.5 5 10 25 50 100 250

Figure 70 Statistics for indeX10mmover the period 1980-1999. First 3 rows: means fnoultiple
runs Last row: Coefficient of variation, multi-mddeean and observations respectively. (Units fbr al
except coefficient of variation is days; coeffidief variation is percent). A log scale is used.
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Figure 70 shows each model’s multi-run mean foritldexR10mrf’, as well as the
gridded observeR®10mmdata. Also shown (last row) is the multi-model mé&m

the ensemble of nine models, as well as the mutlehcoefficient of variation (ratio
of the multi-model standard deviation to the maiedel mean). The full spatial
domain across the Australian region is shown ferrtfodels (excepnrm), to assist

in assessing how well the models perform over bmthand and the sea area. Due to
the large range iR10mmacross a number of models, the data have beeeglot a
log-scale.

None of the models show good agreement in eitleesplatial distribution or
magnitude when compared with the data. In conttiastmulti-model mean exhibits
the best overall agreement in magnitude and spdstibution when compared with
the observations. Although the model data have begnmdded to the same grid, the
model with originally the finest grid resolutiomiroc3.2h) has a better spatial
distribution and possibly closer agreement in miagi@ with the observed data than
its medium resolution counterpamifoc3.2-medl and is certainly closer than the
model with the poorest spatial resolutiamicm3.(. Particular models also have a
distinct bias in the number of days with at ledstdm of rainfall. Bothnmcm3.0
andmri-cgcm?2.3.2have a small bias throughout the continent (notigh days with
at least 10 mm of rainfall), whereas the mmoc3.2models have a distinct overall
large bias. Thecmlmodel does not adequately represent the spatializa of
R10mmacross the continent, with magnitudes too largeemtral Australia and too
small for coastal Queensland.

There is large inter-model variability in modelledgnitudes of thR10mmindex,
with the coefficient of variation of the order #%-80%. This lack of agreement
between models is most apparent for Western Auetral

The Taylor diagram (Taylor 2001) is used to compaoelel and observed data using
the relationshiff between the centred RMS err&)( the pattern correlatiorRj and
standard deviatiors(). Figure 71 shows an example of the Taylor diagvnath all
guantities normalised by the standard deviatiothefobservationésng, such that

the observed data must be at (1,1), and the naethtientred RMS error (B9 is
proportional to the distance between the two matkEne normalised standard
deviation of the model data $snodefSobs With the pattern correlation being
proportional to the cosine of the angle.

4" Within each model, there is little difference fretmeans for each of the individual model runs for
models with more than one run. The Taylor diagr&igure 71) shows a summary of the differences
from individual model runs.

“8 For a set oN grid point observations ) andN model dataf(,) (with means and standard deviations

of <r><f> and s s, S model F€SPeECtively), the centred mean-square differésice
N

E? :% [(fn - <f>)2 - ey - (r))z] The relationship between these quantities, akasehe pattern
n=1

correlation (R) is based on the law of cosines, &2 =52, +5 2odel = 25 modetS obsR)- Throughout,

the normalised standard deviation is denotesl,as
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Figure 71 Geometry and relationship between sizdisjuantities used in the Taylor diagram.
Observation is shown as a blue circle at (1,1)ntbeel is represented by a red circle (in this gxdam
at (2,0.7). See text for a full description.

For the indexR10mm(Figure 72), the correlations from the individaabdel runs for
each model are generally in close agreement, wsthall variation in the normalised
standard deviation. The figure shows that thefgtlis difference in the statistics
between the periods 1980-1999 (left) and 1951-1€68t). Probably the best
performing model isnri-cgcm?2.3.4red), with a correlation and normalised standard
deviation R,s) pair of (0.89, 0.8). The worst performing modethepcml(black;
0.48, 2.1). This model has both poor spatial cati@h and amplitude variance.
Althoughmiroc3.2-hi(pink) has good pattern correlatioR £ 0.91), it overestimates
the standard deviatios { = 2.0). On the Taylor diagram the multi-run ensesrfbr
each model is always within the distribution of thdividual run members (for clarity
these are not shown). The multi-model ensembleaégecof 9 models) has R §,)

pair of (0.87, 1.3).

0 ol gp . 0 01 o2

Figure 72 Taylor diagram fa&R10mn¥or the periods 1981-1999 (left) and 1951-199§H{)i. Shown
are the means of the individual model runs compuaiigtobservations across the land area of
Australia. The first model run for each model igirgle. O: cnrm,O: gfdl cm2.0,0: inmem3.0,0: gfdl
cm2.1,0: miroc3.2hi,0: miroc3.2medO: pcm1,0: mri-cgcm?2.3.2, : ccsm 3.0. grey star is the
multi-model ensemble mean. Different model run nerslassociated with each model are identified
by a different symbol.
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The change in the reference period (from 1981-169%951-199) only slightly
increases , with little change in the correlation. This indiea that with the
introduction of more data, the models have a tecglemincrease the year-to-year
variability relative to the observed data.

Maximum 5-day rainfall total (RX5day)

The performance of models to reproduce the obsendek RX5dayover the period
1980-1999 can only be assessed over a limitedadr&astralia, due to the much
smaller coverage when gridding, as a result ofetshdecorrelation length scale for
this index (see Appendix A3). Nevertheless, th@mears to be good agreement for
some models over southern Australia and away fremmmediate eastern coastline.
In terms of the mean field, the worst performingd®ls arenri-cgcmz2.3.2and
inmcm3.0 Three of the modelgf{dl cm2.0, incm3.@ndmri-cgcm?2.3.2 have a dry
bias across much of southern Australiroc3.2hireproduces well the large
magnitudes for coastal eastern Australia and SW AsAwith R10mmthe coefficient
of variation is smallest for the top end of Nortin@ierritory and SE Australia.

cnrm tﬁ gfdl cm2.0 ‘:ﬁ
= [ ?—i
2
inmcm3.0 ‘:j miroc3.2hi ‘Cj
[ = B
]
mri-cgcm?2.3.2 ‘:ﬁ ccsm3.0 ‘:ﬁ pcml ‘:j
multi-model % multi-model mean data )
coefficient of variation
[ " I I ]
10 25 50 100 250 500

Figure 73 Statistics for indexX5dayover the period 1981-1999. First 3 rows: modelmeans. Last
row: Coefficient of variation, multi-model mean addta respectively. (Units for all except coeffitie
of variation is mm; coefficient of variation is pent). A log scale is used.
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The Taylor diagram (Figure 73) for the period 198®9 indicates that the best
performing model is theniroc3.2hi(R,s = 0.87,0.65) with the poorest beipgm1
(0.5,0.4). Apart frontcnrmandccsm3.0all other models show approximately the
same relative performance as for BEBEOmmindex. The normalised standard
deviation is always less than one, indicating thatmodels do not adequately
represent the observed spatial variability. Whentiitme period is extended to
1951-1999 the normalised standard deviation deesdayg approximately 0.1 for each
model run, although the correlation is approximatleé same. This indicates that the
models have perhaps not adequately captured tel@ttadal variability of the more
infrequent maximum 5-day rainfall events over thieger period.

0
; 0.3 — 03

02 04 06 08 1 02 04 06 08 1
Figure 74 Taylor diagrams f&tX5dayfor the periods 1981-1999 (left) and 1951-199§ht). Shown
are the means of the individual model runs compuwigtdobservations across the land area of
Australia. The first model run for each model igirgle. O: cnrm,O: gfdl cm2.0,0: inmcm3.0,0: gfdl
cm2.1,0: miroc3.2hi,0: miroc3.2medO: pcm1,0: mri-cgcm?2.3.2, : ccsm 3.0. grey star is the
multi-model ensemble mean. Different model run nerstassociated with each model are identified
by a different symbol.

Proportion of annual rainfall from very wet days @5pT)

The modelled percentage contribution of annualfadliabove the 98 percentile
(R95p) has a relatively poor agreement with the obsedagd (Figure 75). Apart
from mri-cgcm2.3.qwhich has a large bias (~ 80%) towards excessiwributions
from the 9%' percentile), most models underestimate the raatontribution from
the 98" percentile. The best performing model is agairoc3.2hi(Figure 76). The
worst model isnri-cgcm?2.3.2which has both low correlation and a normalised
standard deviation of approximately 6 (not showhthe scale). All other models
have very poor correlations (-0.7R«< 0.5) with large run-to-run variability for
models with more than one run. These results itelitat these models cannot
successfully reproduce infrequently occurring lar@afall events.
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Figure 75 Statistics for indeX95pTover the period 1981-1999. First 3 rows: enserfiol®m model run
means. Last row: Coefficient of variation, multi-de mean and data respectively. (Units are %). A
log scale is used.
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3
Figure 76 Taylor diagrams f&95pTfor the periods 1981-1999 (top) and 1951-199%t@nat. Shown
are the trends of the individual model runs comgiavith observations across the land area of
Australia. The first model run for each model igirgle. O: cnrm,O: gfdl cm2.0,0: inmcm3.0,0: gfdl
cm2.1,0: miroc3.2hi,0: miroc3.2medQ: pcml, :ccsm 3.0. grey star is the multi-model ensemble
mean. Different model run numbers associated vétthenodel are identified by a different symbol.
(mri-cgcm2.3.2 not shown)

2.2.4 Comparison of 2D Century model and data trends of rainfall indicésr
Australia.

For the period 1957-1999, Alexander and Arblas2808) showed that the multi-
model trends for the rainfall indic€LOmmRX5dayandR95pTwere always of
smaller magnitude than observations. They indicdtativery few model runs had
good spatial and temporal similarity. In the preéseork, trends are compared for two
periods: 1951-1999 and 1910-1999. No assessmardds of the trend significance,
since very few grid points reported significant opa at the 0.05 level for both the
data and models.
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Heavy rainfall days (R10mm)
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Figure 77 Trends for inddR10mmover the period 1951-1999. First 3 rows: trendefthe ensemble
time series of model runs. Last row: Average ofitidévidual model trends, trend of the multi-model
time series and data respectively.

Figure 77 shows each model’s multi-run ensembledtfer the period 1951-1999.
The multi-run ensemble trend was calculated froennttulti-run time series for each
model. There is a tendency for models to have smalhgnitude trends when the
number of ensemble members is large. In particolanc3.2hj which consists of
one member, has the largest magnitude trends éseseover most of northern and
eastern Australia)nri-cgcmz2.3.2, pcmandmiroc3.2medeach have smaller
magnitude trends, and consist of 5, 4 and 3 engembinbers respectively. The
largest magnitude trends are generally found ferttbpics, consistent with observed
trends.
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The multi-model trends have been computed usingnwthods. For the first method,
the average of each of the model’s trends is catledl(bottom left in Figure 77). The
more precise method creates a multi-model timesaf each model’s multi-run
ensemble. The results from both methods give dpyatiansistent trends of similar
magnitude with small increases for much of Queensl&his is in broad agreement
with the observed trends along parts of the eafeensland coastline. There is a
small tendency towards an increase for parts of NBW!the observed increase for
NW Australia is not apparent in the multi-model emble trend.

trend of the o trend of the o data v
multi-model time series multi-model time series
[ I I I I I I I ]
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Figure 78 Trends for inddR10mmover the period 1951-1999, but rescaled (finerdnesolution).
(Units days/decade). Left, rescaled version ofdserow middle column in Figure 77 (trends with al
models). Middle: trends calculated with only 4 ratsd (gfdl cm2.0miroc3.2hj miroc3.2med,
ccsm3.0). Right: observations.

The influence of excluding the poorest performingdels was also tested. Five
models pcm1 incm3.0, cnrmgfdicm2.1andmri-cgcm2.3.2identified in section
2.2.2 were excluded when calculating the multi-nideands. There is a tendency
(see Figure 78) that the multi-model trends argaser agreement with the data,
particularly for coastal eastern Queensland, nanthSW and even parts of SW WA.
Of the four models included (middle plot in Figut®), none have good agreement
with the trends in data for every part of Austradverall, the better agreement that
between multi-model ensemble trends and obsenatiay by chance.

For the longer period (1910-1999) the trends shoulg be calculated for models
that were considered reasonable for the shortérghealthough for simplicity the
results using all models will also be used. Figi@endicates that the trends are
overall inconsistent with the data for most arela&ustralia when using either all
models, or just the selected four modeislicm2.Q miroc3.2hj miroc3.2med
ccsm3.0. The large-area increase for much of Queenskdde to projections from
themiroc3.2himodel (not shown), which again have excessivelydgositive trends
for most of eastern Australia.
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Figure 79 Trends for indeR10mmover the period 1910-1999. (Units days/decadsd}, trends
calculated using all models. Middle: trends caltrdaonly with 4 modelsgfdl cm2.0 miroc3.2hj
miroc3.2med, ccsm3.@nd right: observed data.

The comparison of spatial correlation and varigpf trends using the Taylor
diagram (Figure 80) for the periods 1951-1999 a@&t11999 indicates large
variability in the models’ ability at simulatingelspatial trends.

In contrast to the close agreement betweaeansderived from individual model runs
(Figure 72), thérendsfrom individual model runs differ markedly. The hrun

trend is generally of smaller magnitude comparetth tie contributing runs. The best
performing individual model is the fourth of the@dimri-cgcm?2.3.2uns with a
correlation of 0.3. In contrast with the Taylor gliam for the model means,
miroc3.2hihas very poor correlatio®R(= 0). Generally the longer period reduces the
spatial variability of the individual model trendad reduces the magnitude of the
correlation. This suggests that the models mayootctly represent features of
inter-decadal variability.
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Figure 80 Taylor diagrams for trendsRd 0mmfor the periods 1951-1999 (top) and 1910-1999
(bottom). Shown are the trends of the individuabelauns compared with observations across the
land area of Australia. The first model run forteaeodel is a circleD: cnrm,O: gfdl cm2.0,0:
inmcm3.0,0: gfdl cm2.1,0: miroc3.2hi,0: miroc3.2medQ: pcm1,0: mri-cgcm2.3.2, : ccsm 3.0.
Different model run numbers associated with eactahare identified by a different symbol. Also
indicated are the multi-run ensemble model treodsséed circles).

Maximum 5-day rainfall total (RX5day)

For theRX5dayindex (Figure 81) there is little consistencyhe trends between
many of the models and when comparing models vibdervations. Compared with
the modelledR10mnirends, there is a higher level of spatial vatighbivhen
modellingRX5daytrends. However, the trends calculated from théirmodel
ensemble have less overall spatial variability betier agreement with observations.
Results for the longer period (which are based smaller number of models) are
similar.

As with trends foR10mmthe Taylor diagram (Figure 82) indicates lack of
consistency between model runs, with the multi-nhtr@@ds generally indicating less
spatial variability and correlation than the cdmtiting model runs. As the time period
increases to 1910-1999, the correlation and nosadlstandard deviation both
decrease.
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Figure 81 Trends for indeRX5dayover the period 1951-1999. First 3 rows: trendsifthe ensemble

time series of model runs. For each of the last rwerage of the individual model trends, trendled
multi-model time series and data respectively. {§ymim/decade).

individual model trends multi-model time series
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Figure 82 Taylor diagram for trendsRX5dayover the period 1951-1999 (top) and 1910-1999
(bottom). Shown are the trends of the individuabelauns compared with observations across the
land area of Australia. The first model run forteaeodel is a circleD: cnrm,O: gfdl cm2.0,0:
inmem3.0,0: gfdl cm2.1,0: miroc3.2hi,0: miroc3.2medQ: pcm1,0: mri-cgcm2.3.2, : ccsm 3.0.
Different model run numbers associated with eactehare identified by a different symbol. Also
indicated are the multi-run ensemble model trendsséed circles).

Proportion of annual rainfall from very wet days @5pT)

For the means, the ind&95pThad the poorest overall agreement between differen
runs of the same model and also between the moekehsnwith the observed data
(Figure 75). Models have little skill in reproduginbserved trends, at least for the
period analysed (1951-2005). Trends are showngargi83 for the period 1951-
2005. There is little spatial consistency in moel@lrends. The multi-model mean
therefore has very small trends, which are genesaflaller in magnitude than
observed trends.

The Taylor diagram for the trends associated W@#pT(Figure 84) shows that none
of the models reproduce the spatial pattern of mesktrends throughout Australia.
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average of the trend of the data i
individual model trends multi-model time series

-4 -3 -2 -1 0 1 2 3 4

Figure 83 Trends for indeR95pTover the period 1951-1999. First 3 rows: trendsfthe ensemble
time series of model runs. For each of the last awerage of the individual model trends, trendha
multi-model time series and data respectively. {&)#6/decade).
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normalised standard deviation

Figure 84 Taylor diagram for trendsR95pTfor the period 1951-1999. Shown are the trendbef
individual model runs compared with observation®sas the land area of Australia. The first model
run for each model is a circl®.: cnrm,O: gfdl cm2.0,0: inmcm3.0,0: gfdl cm2.1,0: miroc3.2hi,O:
miroc3.2medQ: pcm1,0: mri-cgcm2.3.2, : ccsm 3.0. Different model run numbers associatékd wi
each model are identified by a different symbobkatindicated are the multi-run ensemble model
trends (crossed circles).

Discussion

This section summarises the comparison of modeletobserved means and trends
in rainfall indices for the 20century (sections 2.2.3 and 2.2.4). Extreme riinéan

be reported using a number of indices, the chdieehach depends on the location
and applicationR10mmRX5dayandR95pTwere chosen since they cover a range of
measures for extreme rainfall and are provided @datoutput. A quantitative
assessment of each GCM's ability to modél 26ntury rainfall mean patterns and
trends was carried out using a Taylor diagram &mhdndex and time period. A
summary of all the Taylor diagrams is shown in &85 using coupled box-and-
whisker plots for both the pattern correlation @Rfl a measure of spatial variability
(E") for both the mean and trends over the peri@81t1999°. Indicated in each

figure panel is the median, inter-quartile range aatliers corresponding to each
model run. As with the Taylor diagram, the betterforming models should be closer
towards (1,1). This figure clearly highlights timelexR10mmhas most models with
relatively high pattern correlation for the mealth@ugh, as with all indices, it has
generally poor correlation for 2@entury trends. The inddéX95pTwas not modelled
well by any model or by the multi-model mean.

““The summary box and whisker plot can be used sheenajority of model pattern correlations
extend across the approximate linear region offtidor diagram (i.e. |R| < 0.8).
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E'/s
obs
Figure 85 Pattern correlation (R: vertical box arfdskers) and normalised RMS standard error
(E'/sqps horizontal box and whiskers) relative to the olaaons for the mean (red) and trends (blue)
for the period 1951-2005. The axis for each boxwhitker for (R, E'$,9 is centred on the median

of its counterpart (E'§ps R).
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2.3 Projected changes in extreme precipitation

Climate models provide projections of the atmosefmrean system using a number
of emission scenarios. Of the six Special RepofEmission Scenarios (SRES)
scenarios (B1, A1T, B2, A1B, A2 and AlFI), the CNIBataset provides projections
for at most three (B1, A1B and A2) scenarios, altffonot for all models. A
summary of available model runs is given in Table 3

cnrm N gfdl cm2.0 N gfdl cm2.1 Ao

inmcm3.0 < miroc3.2hi < miroc3.2med I
mri-cgem2.3.2 I ccsm3.0 < pcml <
multi-model < multi-model mean <3 multi-model median’

standard deviation

-80 -60 -40 -20 0 20 40 60 80

Figure 86 Relative change (%) for scenario A1B tredindexR10mmover the period 2080-2099
compared with 1980-1999. First three rows, indiaidunodel trends. Last row: multi-model standard
deviation, mean and median.

The relative change in the multi-run ensemblegHerprojections for three periods
over the 21 century were compared with a 20 year period (19889) for each of
the three SRES emission scenarios and three indides time horizons over the 21
century are 2010-2029, 2040-2059 and 2080-2099 initicesR10mmRX5dayand
R95pT In contrast with Section 2.1, the inclusion ak#hscenarios and three time
horizons greatly increases the model output thatisi¢o be assessed For the sake
of clarity, the assessment process is carriedroatsystematic fashion. Projected

0 From each of the models, also including the nmltidel ensemble, there are 243 possible
projections to be assessed.
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changes against the period 1980-1999 are assessakfindex R10mn), one time
horizon (2080-2099), and one scenario (A1B) (Fig6e The changes range from -
50% to 85%, with a few models indicating continésstzale decreasgfidl cm2.0and
gfdl cm2.), with others (e.gmiroc3.2hiandpcm) having smaller changes of both
signs. Overall, there is a large degree of intedeh@ariability (the standard deviation
is of the order of 40%). This results in the mufibdel mean having a much smaller
magnitude than any of the individual models.

A2 AlB Bl
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50 _ -
0 OT B \ ; o g B T = o ; g =
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150 —
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Figure 87 Box and whisker plot summarising thetretachange (%) for the period 2080-2099 relative
to 1980-1999 using all models with available datanfainland Australia. Indicd810mmRX5dayand
R95pTfor SRES A2, A1B and B1 have been used. The tafre@anel is a summary of the individual
models from Figure 86. Colours indicated®ycnrm,O: gfdl cm2.0,0: inmcm3.0,0: gfdl cm2.1,0:
miroc3.2hi,0: miroc3.2medQ: pcm1,0: mri-cgcm?2.3.2, : ccsm 3.0

Subsequent analyses for the period 2080-2099 vesredoon projections from all
three scenarios. A box and whisker platas used to summarise the spatial
variability of the relative change over mainlandsfralia (Figure 87). The top centre
panel contains the spatial summary of the relathange reported in Figure 86.
R10mmgenerally decrease@X5daytypically shows the smallest changB95pT
indicates an overall increase in the mean andlaleigel of spatial variability within
each model.

The remaining assessment is carried out on the-mollel means. The relative
change of the multi-model means for the period 22889 is shown in Figure 88.
Overall, the results indicate consistency for thieod scenarios. There is a general
decrease iR10mm particularly over Western Australia, with a smatirease for

*1 The box part of the plot shows median and inteartile range, with the whiskers indicating the
range equivalent to the lesser of 1.5 times therdniartile range or the limits of the data. Values
outside beyond these limits are indicated by opetes.
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eastern Australia. F&®X5day there are a range of changes, with an increase
throughout much of northern AustralR95pTshows a large increase, in agreement
with findings by Alexander and Arblaster (2008).

0 9 99

R10mm R10mm AlB R10mm Bl
RX5day A2 RX5day A1B RX5day Bl
RI5pT A2 R95pT AlB R95pT Bl

-30 -20 -10 0 10 20 30

Figure 88 Relative change (%) of the multi-modebméor the period 2080-2099 relative to 1980-
1999 for three scenarios and indices.
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Figure 89 Relative change in the multi-model mewticies for three periods relative to the period
1980-1999. All models with available data for maimd Australia and indicd810mmRX5dayand
R95pTfor A2, A1B and B1 have been used. The marker$2P250 and 2090 correspond to periods
2010-2029, 2040-2059 and 2080-2099.

The final analysis (Figure 89) summarises the irdathange of all quantities for all
time horizons. The largest magnitude changes dociR95pTandRX5dayfor the
period 2080-2099, howev&95pTindicates an overall increase throughout all
periods with only few decreases. Of the three sees1aB1 indicates the smallest
overall change and projected changes are smatieR1OmMm

2.4 Concluding discussion

An analysis was carried out on changes in extrenméall with the assumption that
these changes can be used as a surrogate for shargd@reme rainfall associated
with probable maximum precipitation. Three extra@mafall indices R10mm
RX5dayandR95pT were calculated from observed™@entury rainfall, climate
model simulations of 2Dcentury rainfall and projected rainfall for thneeriods and
three emission scenarios into thé'2&ntury (using 9 models and a multi-model
ensemble).
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Trends in 288 century annual rainfall closely match thoseRdOmmwith less
agreement and more spatial variability for the mexweme indeXR95pT The most
consistent long-term trends indicate that decregst®R10mmandRX5dayindices
occur across SW WA and increases occur for a guadlof inland northern NSW.
Climate models have a very limited ability at siatiig the mean for the most
extreme rainfall indexR95pT). However, they do have reasonable skill in sirtioga
the spatial pattern of the means RitfOmmandRX5daywhen compared with the
respective mean of the gridded observed indices.

Projections into the Zcentury for the extreme indices show large intedet
variability; with R10mmhaving much smaller overall change compared visghnhore
extreme indiceRX5dayandR95pT The large increase reported R®5pThas
important consequences when assessing model poojectf extreme rainfall.
Despite poor agreement between observations andlsfaat both the mean and
trends for the latter part of the®2@entury, there is an indication tHR®5pTfor most
grid points over Australia increases (Figure 8 HisTincrease is monotonic for the
three time horizons considered and for the emisso@marios A1B and A2. This
would suggest that changes in this index may besrolasely related to increasing
global mean temperatures than for the less extramtall indices R10mmand
RX5day.

These results should be interpreted in context @tiapters 10 and 11 of IPCC AR4
(Meehl et al. 2007 and Christensen et al. 2008}udising global and regional climate
projections respectively. Christensen et al. 20@@ah that for the Australian region,
extremes of daily precipitation intensifyare very likely to increase, except possibly
in areas of significant decrease in mean rain&lW (WA, Timbal 2004). Despite the
poor performance when modelling extreme preciataRandall et al. 2007), both
theoretical and climate models suggest that a waymiimate may influence extreme
precipitation more than the mean (Hegerl et al.720m future, an anthropogenic
influence may be easier to detect using extremeapatation (Bates et al. 2008), since
extreme precipitation is more likely to be consteal by the availability of water
vapour, which increases globally at approximatéy per °C of global mean
temperature (Held and Soden 2006). Emori and Bi@005) separated the
dynamicat® and thermodynamical components of mean and extpeewpitation and
showed that changes to the dynamic component gbnglay a more important role
for mean precipitation changes than for the exteerparticularly over subtropical
areas.

While there is some certainty about changes ineptef rainfall extremes over
Australia, a high degree of uncertainty remainsctrtain parts of the country.
Christensen et al. (2007) showed that apart fromVv@®/duringwinter, there is
considerable inter-model variability in the projeas of seasonal rainfall, with the
coefficient of variation always greater than 1. Téek of agreement is generally

*2The extreme rainfall index used for IPCC projecsi¢kleehl et al. 2007 and Christensen et al. 2007)
was based on the rainfall intensity (total annuadeasonal wet day (>1 mm) rainfall divided by the
number of rain days), which does not represenextieemes as well as the indid®sOmmRX5dayor
R95pT In contrast, the IPCC chapter 3 on changes irrohtions (Trenberth et al. 2007) reported
indicies that were more consistent WRhOmmandR95pT

%3 Dynamical component is that associated with thengtth and frequency of the vertical wind speed at
500 hPa. The thermodynamical component is assdoieth atmospheric moisture content.
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associated with factors that influence rainfalbath northern and central Australia.
The ENSO dynamics and monsoon rainfall often vatyeen models, and in general
projections duringummerhave the greatest inter-model variability. Thespre
resolution of climate models prevents an accuigesisentation of tropical cyclones
and heavy rainfall (Randall et al. 2007). Despitel®es which have indicated that the
large rainfall events will occur more frequentlygieAbbs 2004 using a dynamical
downscaling showed that current 1 in 40 year ewantdd correspond to a 1 in 15
year event in 2040), Barnett et al. (2006) sugtiegtmodel parameterisation
uncertainty associated with rainfall (as discusae8lection 2.2.1) prevents a definite
estimate in the change to the frequency of extnenméall.

Similar work reported in CSIRO and the Bureau ot&deology (2007) assessed
changes in both mean and extreme rainfal‘F(ﬁ@rcentile) by using a local response
per degree of global warming. This was then usezhlculate a net projected change
based on a global mean warming value by assumimxaonential relationship
between percentage decrease in rainfall and chargiebal temperature. This
process is more fully described in Watterson (2008)

In conclusion, although there is considerable uag#y related to how rainfall may
change in a warmer climate, there is an indicaftiom both theoretical and climate
models that changes in rainfall resulting from thedynamic processes will lead to
more frequent and perhaps more intense extremeseveiparticular this will occur
in regions with increase in mean precipitation. ldger, currently a quantitative
assessment of changes to rainfall extremes carenwmidde with the same level of
confidence as for changes to atmospheric surfagpdrture. Improvements to the
model dynamics of atmospheric process and paraisegien schemes, as well as
increased model resolution will assist in providoegter assessments of projected
changes to extreme rainfall. Incorporation of m@levant downscaling approaches
(statistical, dynamical and stochastic) will befuséor future assessments.
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Glossary
24Ty - persisting 24h dew-point temperature.
50PW: 90PW — median and 90percentile, precipitable water quantities.

average recurrence interval, ARI- average value of periods between exceedences
of a given rainfall total for a given duration. Whapplied to the annual maximum
series: the average number of years between yearsich there are one or more
exceedences of a given rainfall total for a givaration.

convergence depthconvergence component rainfalt rainfall due to any
atmospheric process unaffected by terrain

decay amplitude factor, DAF- Factor to account for the decay in a storm
mechanism as it propagates to remote locationsDRtewas determined as the
product of smoothed design rainfall estimates tffier72-hour duration and a 50-
year average recurrence interval) and the starstdradin factor.

dew-point temperature, Ty — the temperature at which saturation is attainkeenaair
is cooled at constant pressure without the addarosubtraction of water vapour.

emission scenarios- defined in the Special Report on Emission Stes&SRES).
Emission scenarios are based on four narrativglstes that describe the
relationships between the forces driving greenh@aseand aerosol emissions and
their evolution during the 2icentury.

EPW — Extremeprecipitable water, generally derived from thiextreme 24-hour
persisting dew-point temperatusghich is the analysed maximum value of
persisting 24-hour dew-point temperature at a gleeation and time of year.

generalised method®f PMP estimatior- methods which utilise the rainfalls
recorded over a large region by separating theguodf rainfall arising from ‘site-
specific’ influences from that portion arising fraegional influences. Such
methods provide regional consistency of PMP estanat

GSAM - Generalised Southeast Australia Method of PMPnasion. A generalised
method for estimating longer-duration PMP in soatté\ustralia.

GTSMR - Revision of the Generalised Tropical Storm Metld PMP estimation. A
generalised method for estimating longer-duratibtPRn those parts of Australia
affected by tropical storms.

HAS - Hydrometeorological Advisory Service

HRS - Hydrometeorological Report Series

location — a locality which may comprise of a number of obaéion stations in the
vicinity. (This allows for station changes witluaiquely defined locality)
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maximisation Factor (MF) — The factor by which storm convergence component
rainfalls are multiplied to simulate maximised stamoisture content, defined as:
Extreme Precipitable Water (at storm location amdet of year)
Storm Precipitable Water

Maximisation-standardisation factor (MSF) - The product of maximisation and
standardisation factor which is used to simulagerttaximised storm moisture
content when standardised, such that events frblocattions can be compared.

Moisture adjustment factor (MAF) — The factor by which the standard convergence
PMP is multiplied to simulate the transpositiorttus component from a standard
location of standard moisture potential to the tmraof the catchment and its
specific moisture potential. It is defined as

Extreme Precipitable Water (at catchment location)
Extreme Precipitable Water (at standard location)

moisture maximisation —‘the process of adjusting observed precipitatioroants
upwards based upon the hypothesis of increasedumeisflow to the storm’
(WMO, 1986). The increase is generally to theoedtvalues that could be
reached if the moisture content of the air had s¢he maximum recorded for
that location and season, but the other meteormdbgonditions affecting the
storm had remained unchanged.

persisting n-h dew-point temperature— the dew-point temperature at a station that
has been equalled or exceeded throughout a perindansecutive hours.
Commonly durations of 12 or 24 h are used, thoubkradurations may be used at
times.

PMF — Probable Maximum Flood. The flood produced wheroff from the PMP is
routed through the catchment.

PMP — Probable Maximum Precipitation‘tee greatest depth of precipitation for a
given duration meteorologically possible over aegisize storm area at a
particular location at a particular time of the yeavith no allowance made for
long-term climatic trends (WMO, 1986).

precipitable water (PW) — total water vapour contained in an atmospherigran of
unit cross-section, expressed in terms of the defpém equivalent mass of liquid
water of the same cross-section.

pseudo-adiabat— line on thermodynamic diagram showing the pnesauad
temperature changes undergone by saturated aig irsithe atmosphere, without
ice-crystal formation and without exchange of heilt its environment other than
that involved in assuming that the liquid waternfied by condensation, drops out.
It is the heat exchange associated with condemsttad forces the termseudo

R10mm - The number of heavy rainfall days; calculatedarfithe annual count of
days when rainfall > 10 mm.
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R95pT —Proportion of annual rainfall from very wet dayajaulated as the total
annual rainfall from wet days (1 mm) with rainfall above the 5ercentile for
wet days (based on the period 1961-1990), dividetth® annual rainfall

RX1day — The seasonal or annual maximum 1-day rainftdl.to
RX5day — The seasonal or annual maximum 5-day rainfdl.to

relative storm efficiency (or short ‘storm efficiency’) - A precipitation/ngiure ratio
index, describing the ‘capacity of a storm to esttiegiven amount of precipitation
from a given amount of atmospheric moisture’. B#incy is treated as
dimensionless, regardless of the unit resultinghfoalculating the ratios.
Definitions were chosen so that efficiency doesexaeed 1.

saturation — upper limit of water-vapour content of an airgjashich is solely a
function of temperature.

season Conventionally seasons are defined as 3 montiegse(e.gsummeifor the
months December, January and February). For GTSMirseasons are defined: a
7-monthsummerperiod from October to April (coinciding with tmerthern wet
season) and a 5-monthnter period from May to September (coinciding with the
northern dry season). For GSAM, four seasons dieatkas followssummer
from December to Marclautumnfor April and May,winter for June to September
andspringfor October and November.

specific humidity, g— mass of water vapour per unit mass of moist air.

SPW — storm precipitable water associated vp#nsisting 24h storm dew-point
temperature.

SST- sea surface temperature

station — observation site defined by a unique station lmem

standardisation factor (SF) — The factor by which the storoconvergence component
rainfalls are multiplied to simulate transposition to a d&nd location, defined as:

Extreme Precipitable Water (at standard location)
Extreme Precipitable Water(at storm location andédiof year)

storm dew-point temperature— the 1000hPa dew-point temperature that is
representative of the rain-producing airmass oftbem.

(T4) —quantity derived from thpersisting 24 hdew-point temperature.

T4N90p — percentage of days where the daily minimunisTreater than the 80
percentile of an appropriate climatological baseooke
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Topographic adjustment factor (TAF) - The average enhancement of storm rainfall
due to the presence of topography, defined as:
Total 72-h, 50-y rainfall intensity
Convergence Component of the 72-h, 50-y rainfadrnisity

(ua) —quantity derived from upper-girecipitable water data

WMO - World Meteorological Organisation.
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Appendix

Al Method used for selecting significant rainfall gents

For both the GTSMR and GSAM, the significant ralinégent databases were
constructed using multi-stage methods. The metHdtis slightly, due to the
different computational facilities available at tivae of the development of each
method. The methods are described in detail wittialland et al. (2003) and Minty
et al. (1996) respectively, and are summarised here

For the GTSMR

1. For each station, the top ten rainfall totals facte duration spanning 1 — 7
days were ranked, and those occurring on the satedfal nearby stations
were grouped and associated as the same event.

2. The events were ranked, separately for each datasto how many 1:100
ARI daily rainfall observations occurred at thetisias associated with each
event.

3. The selected events were divided geographicalbh shiat the representation
was from all areas, rather than those which appearbe the largest across
the whole GTSMR area. Events were sorted withinetjrons (or sub-zones).
This resulted in at least 5 times the number ohtssased in the final
selection.

4. The final list was determined from the largest ethkvents, with a
representation across each region. In additiomteva SWWA duringvinter
are also included (sinaeginter events are particularly important for flooding in
this region), which might have been excluded basedn automated ranked-
analysis process.

For the GSAM,
1. Asin 1 for GTSMR

2. Station rainfall totals were compared to the 72ly 58infall intensity at
the station locations, with the largest rainfalptiebeing selected for each
event area.

3. Although events were not divided into regions, @s-zones, those

occurring in coastal SA or Tasmania were giventgrezhance of being
included — at the possible expense of additiondlydlatively larger
magnitude events for coastal NSW.

Stage 3 of these selection methods, particularlyhie GTSMR, attempts to equally
weight all regions, such they contribute at leasvént.

Selection of independent events

The generalised databases are based on evendsdtsagjnificant for different areas
and durations. However, there are occasions whemrg®have been selected that are
common when applied to multiple durations. Evengsimitially categorised as
independent if they occur outside of a 7 day wintfowor those within a 7 day

** There are only two GTSMR events with durationgarthan 7 days.
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window, event pairs are segregated according te &yl distance. Event centres with
a separation distance greater than 3° or are diffaypes of events are classified as
independent.

For GTSMR event pairs with similar type, within&id a 7 day window of each
other, only two events are considered independéhndther events that fall within
this categorisation are considered to be relathts fBsults in 94 GTSMR
independent events, in agreement with separatgsasaindertaken prior to the
current project.

For GSAM event pairs with similar type, within 3icha 7 day window of each other,
three events are considered independent. All @bents that fall within this
categorisation are considered to be related. Bpahahis also results in 94
independent GSAM events.
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A2 Selection of rainfall stations used in section.2

From a network of approximately 6400 stations olasgrrainfall across Australia,
only 379 ‘high-quality stations’ were suitable fmmalysis of monthly rainfall changes,
for at least part of the period between 1910 tdb1@%very et al. 1997). These are
used by the Bureau of Meteorology’s National Clien@entre when gridding
seasonal and annual rainfall totals across Auatrdihen daily data are considered
(which are required for this study), the numbestations of sufficient quality reduces
to 191 (Lavery et al. 1992). Subsequent stringeanalysis by Haylock and Nicholls
(2000) reduced the number of available stationk détily data to 91. This
substantially reduced the availability of datadoastal and northern Queensland,;
removed all stations in Northern Territory and mafsthose from Western Australia,
apart from the south west.

To improve coverage in these areas, the networkarfthly high-quality data stations
was used to select daily data that only have 1rdimfall accumulatiors. This
resulted in a maximum of 308 stations that maydresiclered. An additional quality
check involves removing individual station-yearatthave suspect untagged
accumulations occurring on Sundays. This was @hoig using the method of Viney
and Bates (2003jand applied to all stations within Lavery et 4997).

Figure Al and

Figure A2 show the yearly occurrence for each@tadif the possible instances of
untagged accumulations for the original daily heglality rainfall stations and those
where the daily data are extracted from the mortiigi quality rainfall stations. The
greatest number of untagged accumulations occus#jrparts of SW WA and
northern NSW for the period between 1910 and 1974.

Despite the increase in the number of stations datia available when incorporating
those in

Figure A2, there are still insufficient data to gqdately cover most of the northern
region of Australia for the longer period (1910-3D0

*In Lavery et al. (1997) some of the stations inrtfenthly dataset were comprised of two nearby
stations of shorter lengths, and were joined aft@nparing overlapping years and appropriately
scaling the monthly rainfall totals. For daily aysib, creating a composite station is not posséoie,

so only the last station out of any pair has bessdu

*The method calculates the probability that the nema rainy Sundays in any given year for a
particular station could actually be as few as ok This is calculated by comparing the Sunday
rainday probability with that for the period Tuegda Friday (assumed to be tagged correctly). When
the Sunday rainday probability is less than aaaitthreshold, it is assumed that a 1-day rainfall
recorded on a Monday may incorporate an untaggeshadlation from the Sunday.
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A3 Gridding of observed rainfall indices

Station data is represented on a grid based ond#igtbversion of the angular
distance weighting (ADW) method as described irnxAtaler et al. (2006). This
method has been assessed by New et al. (2000)rassustable for gridding
irregularly spaced data. The rainfall indices aidded onto a latitude-longitude grid
(2.5° x 3.75°) by weighting each station index edly its distance and angle from the
centre of a search radius. The angular part oivikighting (represented by tles

term below) ensures that stations in close proyiwiittach other are given lower
weight than a station which is relatively isolatédr every grid square, the weighting
functionw;, for stationi relative to the location of other stations in ffearch radius is

fkm[l' COS(CIk - ql)]

wo= ;M 1+ K , ik,
f "
k

where thd; is a decorrelation functio(fi =e ri’L)for stationi, gis the angle between

a station and each grid point amds a parameter which defines the steepness of the
decay for the decorrelation function (equal to 4his case). The search radius is
equal toL, which is defined by the decorrelation length edal the relevant index
when applied to a spatial correlation of the datdeast 3 stations need to exist
within the search radius for a weighting functiorbe calculated. In analysis of

global indices, Alexander et al. (2006) defineddieeorrelation length scale in zonal
bands (e.g. 0-30°S, 30°S-90°S) which was equdldalistance where the mean
correlation is less thané/The same method will be applied here, but to Falisin

data only. For rainfall indices, there is high aility in the spatial correlation, and

so the calculated decorrelation length scales@reewhat subjective.
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Figure A3 Station correlations for index R10mmbie tAustralian zonal band 0°-38. The individual

station correlations (cyan dots) are averaged eaeh 50 km interval (black +). A second order
polynomial and exponential function are fitted e tata for distances less than 2000 km. The distan
at which the correlation equals 1/e is definechasdecorrelation length scale, L (indicated inttye
right in km).
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