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Changes in global climate arising from increasing levels of greenhouse gases in the atmosphere pose major
challenges to managers of both natural resources and the built environment.  In particular, climate change
or extremes in climate variability that result in a significant decrease in rainfall will diminish the
availability of water resources and will require adaptation of dependent systems.

This report presents the results of a study into the impact of a projected change in climate on the water
yield of the Stirling Dam catchment, located in the south-west of Western Australia.  The study found that
– taking into account the assumptions and limitations stated in the report – an 11% reduction in annual
rainfall by the middle of this century could likely result in a 31% reduction in annual water yield.

These results are based on 40 current (1975 to 2004) and 40 future (2035 to 2064) statistically downscaled
daily rainfall series generated using a single CSIRO Mk 3 General Circulation Model (GCM) simulation
based on a 1.7 times CO2 climate (the IPCC SRES A2 emission scenario).  The projected change in
catchment runoff was then simulated using the Land Use Change Incorporated Catchment Model
(LUCICAT) calibrated under existing conditions. 

No change in land use, potential evaporation or evapotranspiration potential was assumed to occur in the
catchment when moving from the current to future climate.  A sensitivity analysis revealed that a 10%
increase in potential evaporation, coupled with the 11% decrease in rainfall, could result in water yield
reductions of greater than 40%. Conversely a 10% decrease in potential evaporation with same rainfall
decrease resulted in only a 9% reduction in water yield.

The non-linearity between the change in rainfall (–11%) and the resulting change in water yield (–31%)
highlights the sensitivity of the hydrologic system in the south-west of Western Australia to climate
change.

The study revealed the downscaled GCM rainfall series exhibited an approximate one-month lag or shift
in the intra-annual rainfall peak when compared to the observed records. Further investigation of seasonal
biases in the GCM predictors, as well as the use of multiple GCMs and several emissions scenarios, would
strengthen the conclusions on future yield declines.

Although the Stirling Dam catchment is one of over 20 water-supply catchments in the Perth-to-Bunbury
region, the predicted reduction in runoff from this catchment is likely to be representative of future
responses of catchments in the high rainfall zone along the Darling Scarp.  The predicted reduction poses
a number of significant issues for public water supply, private water supply and environmental
management.

Western Australia’s endeavours in the areas of water supply, water resources management and
environmental management will need to keep pace with the growing impacts of climate change to maintain
an orderly transition in the face of growing pressures.  

The Australian Greenhouse Office supported this study as a combined project between the Department of
Environment (formerly the Water and Rivers Commission), CSIRO Land and Water and the Water
Corporation of Western Australia.
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Executive Summary



In recent decades, increasing concern has developed over global climate changes, trends and projections
and the implication of these in areas such as water resources management.  An Australian context of
climate variability and climate change is well described in publications by the Australian Bureau of
Meteorology (2003) and the Australian Greenhouse Office (2003).

At present, General Circulation Models (GCMs) have been used to estimate changes in precipitation and
temperature around the world.  These models are able to project different climate regimes by accounting
for changing levels of CO2 in the atmosphere, and determining the atmospheric conditions brought about
by changes in circulation patterns.  GCM outputs are generally at a regional scale, which can lead to
problems when they are used for smaller scale applications, such as simulation of rainfall and temperature
data for small catchments.  The use of statistically downscaled GCM outputs to produce more spatially
defined projections of rainfall and temperature is an emerging science that holds great promise for
applications on more locally defined scales.  This study aims to apply statistically downscaled GCM
rainfall to a catchment to assess the impact of climate change on catchment water yield.

While a large body of literature has been developed on the hydrological impact of climate change on river
basins in the mid to high latitude regions of the northern hemisphere (Frederick and Major 1997; Lins et
al. 1997; Wood et al. 1997; Mulholland and Sale 1998; Gleick and Chalecki 1999; Hamlet and Lettenmaier
1999; Miller et al. 1999; Wolock and McCabe 1999; Bou-Zeid and El-Fadel 2002), fewer studies have been
conducted in the lower latitudes of the southern hemisphere (Chiew et al. 1995; Viney and Sivapalan 1996;
Chiew and McMahon 2002).  This study aimed to explore the effects of predicted climate change for a
water resource catchment in south-west Western Australia.  The methodology adopted in this study
involved the coupling of statistically downscaled GCM climate predictions with a catchment hydrology
model.  The Australian Greenhouse Office supported this study as a combined project between Western
Australia’s Department of Environment (formerly known as the Water and Rivers Commission), CSIRO
Land and Water and the Water Corporation of Western Australia.

Several decades of below-average rainfall and a recent succession of dry years have focused attention on
the state of water resources in south-west Western Australia.  Rodgers and Ruprecht (1999) assessed the
impact of climate variability on surface water resources in the south-west of the State, with the finding that
major changes had occurred in the hydrology of these forested catchments.  This area has experienced a
decline in winter rainfall of up to 20% over the past 30 years, which has resulted in a 40% or greater
reduction in runoff to reservoirs supplying the Perth metropolitan area (Rodgers and Ruprecht 1999; IOCI
2001).  The decline in catchment water yield has resulted in a greater dependence on Perth’s regional
groundwater resources and has increased the potential for impact on coastal groundwater-dependent
ecosystems.  

To further add to the challenges now faced by water resources managers, future climate projections
indicate a further decrease in rainfall in the south-west of Western Australia.  The risks that such a decrease
poses for the environment, water supply and water resources management are serious, especially with a
steady increase in demand for water and the diminishing availability of traditional source options.  This
study investigates the impact of a projected climate change on inflows to the Stirling water-supply dam
and will contribute toward a reassessment of surface water-supply planning in the State.
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1 Introduction



Stirling Dam catchment is located approximately 120 km south of Perth in the Darling Range. The stored
water is used for irrigation and as a component of the Perth–Mandurah Integrated Water Supply Scheme
(Figure 1).  Construction of the dam began in the 1940s.  Its catchment covers an area of 250 km2, and the
mean annual inflow to the reservoir for the period 1975 to 1994 was 49 GL (gigalitres).  Stirling Dam has
a storage capacity of 55 GL. 

Figure 1  Stirling Dam catchment map showing rainfall and stream gauging stations
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2 Catchment description



Elevations in the catchment range from approximately 340 m AHD (Australian Height Datum) in the
northern section to 120 m AHD directly below Stirling Dam.

The catchment forms part of Western Australia’s State Forest and is managed by the Department of
Conservation and Land Management (CALM).  The dominant species in the area are jarrah (Eucalyptus
marginata) and marri (Corymbia calophylla), which form an upperstorey vegetation cover to a height of
20 to 35 m.  There is also a well-defined understorey formed by trees and shrubs.  Pine plantations exist
around some parts of the dam area.  The Forest Products Commission and CALM conduct logging and
controlled burning as part of normal forestry operations, but the remainder of the catchment is
predominantly uncleared.  Dieback is also present within the catchment.

Good quality rainfall and streamflow data are available for the catchment.  Records of daily rainfall since
the 1900s are available from a few Bureau of Meteorology rainfall stations; the Department of
Environment also has several pluviometers in the catchment that were established in the early 1970s.
Streamflow measurement is undertaken at two major gauging stations in the catchment: Harvey River at
Dingo Road (station 613002) and Tallanalla Creek at Blackbutt Point (station 613005).  Both stations have
been operating since the early 1970s (Figure 1).
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The key objective of the study was to assess the impact of a projected climate change on the water yield
of a catchment.  The methodology applied to perform this assessment was undertaken in two main tasks:

• Generation of current and future climate change data sets. This was achieved through the statistical 
downscaling of GCM outputs. 

• Development of the LUCICAT hydrological model to assess the runoff response to the predicted
change in climate.

A more detailed description of the methodologies and assumptions inherent to each task is given in this
chapter.

3.1 Downscaled Rainfall and Temperature Data

The first step in the study was the generation of climate-change data sets to be used as inputs for the
modelling of changes in water yield.  These data sets were generated by statistically downscaling GCM
outputs.  The downscaling process aims to provide multi-station daily rainfall and temperature data for the
south-west of Western Australia, with the station network concentrated in water-supply areas.

3.1.1 Station selection

A network of 31 meteorological stations across south-west Western Australia was selected (Figure 2).
Station selection reflected data availability and coverage of important surface water catchments,
groundwater recharge areas and relevance to agricultural production. Table 1 provides details of the
selected rainfall stations.

3.1.2 Methodology

The Non-homogeneous Hidden Markov Model (NHMM) of Hughes et al. (1999) was used to downscale
atmospheric predictors to multi-site daily precipitation occurrence; then conditional multiple linear
regression was used to simulate multi-site daily precipitation amounts (Charles et al. 1999).  The NHMM
models multi-site patterns of daily precipitation occurrence as a finite number of ‘hidden’ (i.e. unobserved)
weather states.  The temporal evolution of these daily states is modelled as a first-order Markov process
with state-to-state transition probabilities conditioned on a small number of synoptic-scale atmospheric
predictors such as sea-level pressure.

By determining distinct multi-site daily precipitation occurrence patterns, rather than atmospheric
circulation patterns, the NHMM captures much of the spatial and temporal variability of daily multi-site
precipitation occurrence records.  For each weather state of a selected NHMM, precipitation amounts at
each site are modelled by regressions of transformed amounts on precipitation occurrence at key
neighbouring sites.  This approach captures both the first- and second-order moments (i.e. mean and
variability) of the daily precipitation amount data (Charles et al. 1999).

The model for generation of multi-site daily temperatures (maximum and minimum) is fitted subsequent
to NHMM selection, with parameters conditional on the weather states.  

Temperature model fitting involves, on a weather-state basis, subtracting the mean seasonal cycle from the
daily observed data and modelling the residuals as a multivariate normal process with specified inter-site
covariance and at-site lag-1 correlation.  In this way, the generated series maintains the observed spatial
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Figure 2  Meteorological sites selected for use in downscaling



and temporal characteristics of daily temperature.  This is a similar philosophy to the WGEN approach of
Richardson and Wright (1984).  For the future climate, the difference (future–current) in the GCM daily
temperature mean seasonal cycle is superimposed on the observed mean seasonal cycle to give projected
future temperature mean seasonal cycles.  However, within weather states the inter-site covariance and at-
site lag-1 correlations are not modified for the future climate.

3.1.3 Model fitting

NHMM downscaling models were fitted to the 31-station network using observed data.  The period, from
1978 to 2001, was identified as having the most reliable rainfall data for this purpose.  Fitting was on a
seasonal basis, for winter (May–October) and summer (November–April).  Previous work for a similar set
of stations had shown the NHMM fitted to the winter season performs well (IOCI 2001).

Table 1  South-west Western Australia precipitation site details

No. Station number Site name Latitude Longitude Elevation (m)
(South) (East)

1 008039 Dalwallinu P.O. 30º 17’ 116º 39’ 335
2 008138 Wongan Hills Research Station 30º 50’ 116º 43’ 305
3 009007 Chidlow P.O. 31º 52’ 116º 16’ 300
4 009018 Gingin P.O. 31º 21’ 115º 54’ 92
5 009021 Perth Airport MO 31º 56’ 115º 58’ 20
6 009023 Jarrahdale 32º 20’ 116º 04’ 400
7 009031 Mundaring Weir 31º 58’ 116º 10’ 300
8 009039 Serpentine 32º 22’ 116º 00’ 32
9 009044 Wungong Dam 32º 12’ 116º 04’ 250
10 009045 Yanchep Park 31º 34’ 115º 40’ 20
11 009105 Wanneroo 31º 44’ 115º 47’ 30
12 009510 Bridgetown P.O. 33º 58’ 116º 08’ 150
13 009518 Cape Leeuwin 34º 22’ 115º 08’ 22
14 009519 Cape Naturaliste 33º 32’ 115º 01’ 97
15 009534 Donnybrook P.O. 33º 34’ 115º 49’ 63
16 009538 Dwellingup Forestry 32º 43’ 116º 03’ 267
17 009572 Mandurah Composite 32º 30’ 115º 46’ 15
18 009592 Pemberton Forestry 34º 27’ 116º 03’ 174
19 009628 Collie 33º 22’ 116º 10’ 190
20 009642 Wokalup Research Station 33º 08’ 115º 53’ 116
21 010007 Bencubbin 30º 49’ 117º 52’ 350
22 010035 Cunderdin P.O. 31º 39’ 117º 14’ 221
23 010073 Kellerberrin Composite 31º 38’ 117º 43’ 247
24 010093 Merredin Research Station 31º 31’ 118º 12’ 318
25 010536 Corrigin P.O. 32º 20’ 117º 52’ 295
26 010542 Darkan P.O. 33º 20’ 116º 44’ 262
27 010579 Katanning P.O. 33º 41’ 117º 33’ 310
28 010592 Lake Grace P.O. 33º 06’ 118º 28’ 286
29 010648 Wandering P.O. 32º 41’ 116º 40’ 335
30 509116 Harvey River – Drivers Hill 32º 59’ 116º 05’ -
31 509197 Tallanalla Creek – Blackbutt Point 33º 24’ 115º 58’ -

7



Atmospheric predictors used for fitting were derived from the NCEP–NCAR reanalysis data set (Kalnay
et al. 1996).  The NCEP–NCAR reanalysis involves state-of-the-art assimilation of observed weather data
using a global climate-forecasting model that produces interpolated grid output.  A high level of quality
control is applied to the observed data.  Many output variables are generated on a 2.5° by 2.5°
latitude–longitude grid such as sea level pressure, temperature and specific humidity at several levels in
the atmosphere. 

NHMM selection involved the sequential fitting of a suite of models with an increasing number of weather
states and atmospheric predictors.  The model fit was evaluated in terms of the physical realism and
distinctness of the identified weather states, and the ability to reproduce observed daily precipitation
probabilities, spatial correlations, and distributions of wet and dry spell lengths and precipitation amounts,
as described in Hughes et al. (1999) and Charles et al. (1999).

The selected summer (November–April) NHMM has six weather states and four atmospheric predictors.
These predictors are:

• the east–west gradient in 500 hPa geopotential height

• the north–south gradient in 850 hPa geopotential height

• ‘total totals’ [which is a measure of convective stability] over south-west Western Australia

• the first canonical variate calculated from a canonical correlation analysis (CCA) of the residuals of
an NHMM using these three predictors and a set of other potential predictors. The use of CCA to
optimise NHMM predictor selection is described in detail in Bates et al. (2001).

The selected model for winter (May–October) also has six weather states and four atmospheric predictors.
The predictors are:

• mean sea level pressure

• the north–south gradient in sea-level pressure

• dew-point temperature depression [air temperature minus dew point temperature] at the 850-hPa level
over south-west Western Australia

• the first canonical variate calculated from a CCA of the residuals of an NHMM using these three
predictors and a set of other potential predictors.  

3.1.4 GCM predictor extraction

The CSIRO GCM used in this study is denoted as the Mark 3 (Mk 3) version (Gordon et al. 2002).  The
Mark 3 model has been significantly improved relative to the Mark 2 model on which it is based (Gordon
and O’Farrell 1997; Hirst et al. 2000).  The Mark 3 model is able to run without the use of flux adjustments,
and has only a moderate amount of (initial) climate drift (Gordon et al. 2002).  Two 30-year time-slices of
daily data representing a current and future GCM scenario were saved from a single continuous (transient)
run using the IPCC A2 medium economic growth emissions scenario with steadily increasing greenhouse
gas concentrations (IPCC 2001).  The current GCM scenario is centred on 1990 and runs from 1975 to
2004.  The future GCM scenario is centred on 2050 and runs from 2035 to 2064.  This future period
experiences a climate with approximately 1.7 times the equivalent CO2 concentration as that of the present
day.  
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3.1.5 Downscaled rainfall amounts and temperature generation

The statistical downscaling models validated on observed data have been driven with the atmospheric
predictors extracted from the CSIRO Mk 3 GCM transient climate change run to stochastically generate
multiple simulations of current and future rainfall and temperature.  In summary, both summer and winter
mid-21st century downscaled climate projections indicate an overall drying trend (fewer rain days and
lower rainfall amounts), and higher maximum and minimum daily temperatures.  Figure 3 sets out the
precipitation probabilities (wet-day frequencies) for the 31 stations for summer (left) and winter (right),
showing that for both seasons fewer wet days are projected for the future climate.  A full set of plots on
the downscaling model fitting and GCM downscaled projections are contained in Appendices A to E.

Figure 3  Downscaled precipitation probabilities for current and mid-21st century for 31 stations in south-west Western
Australia: summer (left) and winter (right)

3.2 Application of the LUCICAT Model to the Stirling Dam Catchment

The second major task required the development of the LUCICAT model as a means for investigating the
impact of the statistically downscaled GCM projections on catchment yield.  The catchment model was
prepared, calibrated and used to run numerous hydrological simulations.  This section outlines the
development and preparation of the model, and the methodology leading to the model application.
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3.2.1 LUCICAT model

The Land Use Change Incorporated CATchment model (LUCICAT) was developed using a ‘downward
approach’ and has been successfully applied to the Collie River catchment (Bari et al. 2002; Bari et al.
2003; Bari and Smettem 2003; Bari and Smettem 2004a,b).  Large catchments are modelled in LUCICAT
by dividing the catchment into smaller subcatchment units.  In the fundamental model, each subcatchment
is represented by the ‘open book’ approach (Figure 4).  The fundamental model consists of three main
components:

• a two-layer unsaturated soil module (upper- and lower-zone unsaturated store)

• a saturated sub-surface groundwater module

• a transient stream zone module.

The upper zone unsaturated store is represented by a Variable Infiltration Capacity (VIC) type model (Zhao
and Liu 1995; Wood et al. 1992) with a simple probability distribution function of the soil moisture
capacity.  The transient stream zone store represents the groundwater-induced ‘saturated areas’ along the
streamline.  Any streamflow that is generated within the catchment is routed along the channel network
(Figure 5) according to open-channel flow hydraulics.  If a particular segment of the channel is dry, it loses
water as initial and continuous loss.  The model is capable of predicting daily water streamflow at the
nominated nodes. 

The model was selected for this study because of its ability to successfully model Western Australian
hydrology.  In addition to the Collie catchment, the model has successfully been applied to the Lake
Toolibin, Upper Blackwood and Kent River catchments (Bari and Peck in prep; Bari and Ruprecht 2003;
Bari and de Silva in prep).

3.2.2 Data preparation and model set-up

The stream network and topography of the Stirling Dam catchment were analysed and a subcatchment
delineation created (Figure 5).  For each of the 33 subcatchments the LUCICAT model requires several
data inputs.  The data requirements are:

• daily rainfall

• daily pan evaporation

• daily streamflow (for calibration purposes)

• land-use history at an annual scale

• groundwater system details

• subcatchment attributes (such as stream length and depth, surface slope, subcatchment area).

Each of these requirements will be discussed with specific reference to the Stirling Dam catchment.
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Figure 4  Representation of the LUCICAT model: (a) conceptual catchment, (b) open book hillslope, (c) model stores
and flow processes (Bari et al. 2002)

Rainfall

The Stirling Dam catchment has a good coverage of rainfall stations (Figure 1). Eighteen pluviometers
located within and around the catchment were selected to create an observed daily rainfall series for each
of the 33 model subcatchments for the period 1972 to 2002.  Daily rainfall series for the centroid of each
subcatchment were calculated using the records at the nearest three pluviometers and applying a different
weighting to each record according to the distance of each from the subcatchment centroid (Dean and
Snyder 1977).  Based on these calculations the average annual rainfall of the subcatchments ranges from
815 mm to 1125 mm.
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Pan evaporation

No pan evaporation data has been recorded within the Stirling Dam catchment.  Mean annual pan
evaporation data at the centroid of each of the subcatchments was adopted from Luke et al. (1988) and
converted to daily data using a simple harmonic function.  The mean annual pan evaporation across the
catchment ranged from 1490 mm to 1420 mm.  The maximum daily pan evaporation, in excess of 12 mm,
is generally recorded in December and the minimum, in the order of 1.5 mm, generally occurs in July.

Streamflow records

There are two major streamflow gauging stations within the Stirling Dam catchment (Figure 1):

• Harvey River at Dingo Road (station 613002)

• Tallanalla Creek at Blackbutt Point (station 613005).

The continuous streamflow record at the Dingo Road site commenced in 1970, while at Tallanalla Creek
recording began in 1974.  Most of the streamflow data is of good quality; however, approximately one
month of data is missing from each of the gauging stations.

Land-use history

The calibration and simulation runs performed for the Stirling Dam catchment assumed that the catchment
is under full forest cover.  The catchment is part of Western Australia’s State Forest and is dominated by
jarrah and marri trees.  

Bettany et al. (1980) described the typical leaf area index (LAI) of a jarrah forest as approximately 2.
Carbon et al. (1979) quoted the LAI values for jarrah-marri forests in the south-west of Western Australia
as having standard deviations of up to 0.4.  For this study an LAI of 2.5 was assigned across the catchment,
and the LAI maximum was set as 3 in the model parameter file.  Within the LUCICAT model it is the ratio
of the assigned LAI value to the defined LAI maximum value (i.e. 2.5/3) that is important for the model’s
water-balance calculations.  Thus, while the LAI value that has been assigned for the Stirling Dam
catchment is slightly higher than the value quoted by Bettany et al. (1980), the way in which LUCICAT
uses this value implies that this is not a significant issue. 

While it is known that dieback is present in the catchment and some logging and burning are undertaken
in it by the Forests Products Commission and CALM, the catchment is assumed to remain under full forest
cover for this study.  A further assumption is that the forestry activities mentioned would not affect
significantly large areas of the catchment at any one time.
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Groundwater system

No observed groundwater level data are available for the Stirling Dam catchment.  However, measurement
of the groundwater levels in south-west forested catchments shows that the permanent groundwater system
is usually well connected to the stream channel in the high-rainfall zone.  This connection was clearly
apparent during a site visit in March 2003, when most of the streams were flowing.  The initial
groundwater level for each of the forested subcatchments was selected based on regional assessment.

Subcatchment attributes

The model requires some geomorphological data for each of the subcatchments.  The average
subcatchment elevation, stream characteristics, average surface slope, soil type, total profile thickness and
several more attributes were determined from measured and interpreted data contained in the Department
of Environment’s Geographic Information System (Figure 5).  The streamline within each subcatchment
is also broken into segments, with water routed according to the assigned nodes.

3.2.3 LUCICAT calibration results

The 33 subcatchments used in the LUCICAT model ranged from 2.4 to 12 km2 in size (Figure 5). The base
parameter set used to calibrate the model was adopted from the recent LUCICAT application to the Upper
Kent River catchment (Bari and de Silva in prep).  The model was calibrated over the period 1972 to 2002.
Through the model calibration process for the Stirling Dam catchment, the base parameter set remained
the same as that used in the Upper Kent, with three exceptions:

• The interflow threshold was reduced – to accommodate for the Stirling Dam catchment experiencing 
year-round streamflow. 

• The average thickness of the topsoil was increased to 3.7 m – this increases the storage capacity of the
A horizon, as an increased topsoil thickness is characteristic of higher rainfall zones.

• The parameter related to transpiration was increased from 1 to 1.3 – this biological factor takes into
account the fact that the Stirling Dam catchment is situated in a higher rainfall zone than the Upper
Kent River catchment.

The final parameter set is shown in Appendix F.  Several of the calibration results are illustrated in the
following sections.

Groundwater system

In some subcatchments, a slight decreasing trend in groundwater level was observed, while in others stable
trends were seen.  The declining trends in groundwater level can be attributed to the below-average rainfall
that has been experienced in the south-west of Western Australia over the past few decades (Schofield and
Ruprecht 1989; Rodgers and Ruprecht 1999).  The model was successful in representing groundwater level
trends beneath the stream zone in all subcatchments.  As an example of the model’s output, the conceptual
groundwater levels beneath five subcatchments (26 to 30) have been shown in Figure 6.   The levels in
these subcatchments, which are located in the southern section of the catchment close to the Stirling Dam
site, remained stable over the entire simulation period.
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Figure 6  Trends of the modelled conceptual groundwater level in different subcatchments

Annual flow

Annual streamflow trends, shown as mm of runoff, obtained through the calibration for both gauging
stations are shown in Figure 7.  The model generally provided an accurate prediction of observed
streamflow.

At the Harvey River Dingo Road gauging station the model fits quite well.  Based on the average for the
period 1974 to 2001, there was less than a 1% difference between the modelled and observed annual flow.
The coefficient of correlation between the observed and modelled annual figures was approximately 0.9.
There was a slight trend toward under-prediction of the annual flow until the mid-1990s, followed by a
short period of over-prediction (Figure 7a). 

For the Blackbutt Point gauging station the model tended to over-predict the annual flows until the mid-
1980s (Figure 7b).  Following this the fit was very good, with a few years of over-prediction in the early
1990s.  For the period 1974 to 1999 the difference between average annual flow, produced from the model
prediction, and the observed data was 7%.  The results of a statistical t-test show that this difference is not
significant at the 99% confidence limit.  The correlation between the observed and modelled annual figures
was approximately 0.9.
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Figure 7  Observed and predicted annual streamflow at (a) Dingo Road and (b) Blackbutt Point gauging stations

Monthly flow

Observed and calibrated monthly streamflows for both gauging stations for the calibration period are
shown in Figure 8.  The model displayed a good fit at both gauging stations.  At Dingo Road station (Figure
8a) a tendency toward over-prediction can be seen in the modelling of the peak flows. This tendency is
present to a lesser extent at the Blackbutt Point gauge (Figure 8b).  The correlation between the monthly
model prediction flows and the observed monthly flows was approximately 0.9 for Dingo Road and
approximately 0.95 for Blackbutt Point.
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Figure 8  Observed and predicted monthly streamflow at (a) Dingo Road and (b) Blackbutt Point gauging stations

Daily streamflow

One low-flow year (1979) and one average-flow year (1990) were selected to compare the calibrated and
observed daily streamflow data (Figure 9).  The daily simulation of the low-flow year (1979) was
compared to the observed streamflow at the Dingo Road gauging station (Figure 9a).  During the period
January to May, when the base flow component was dominant, the model prediction was very close to the
observed.  For May and June the model generally over-predicted.  Overall, the trend in observed and
predicted daily flow at the Dingo Road gauging station is very consistent. 

At the Blackbutt Point gauging station, observed annual streamflow for the year 1990 was 208 mm,
representing an average flow year (Figure 7b).  Comparing the observed and predicted daily flow, it can
be seen that the two matched reasonably well for the entire year (Figure 9b).  The model predicted the peak
flow very well, while slightly under-predicting the streamflow during the period October to December,
when the interflow and base flow component was dominant.

The streamflow modelling results provide confidence in the model’s prediction capability over the range
of expected rainfall and runoff responses.
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Figure 9  Observed and predicted daily streamflow at (a) Dingo Road and (b) Blackbutt Point gauging station

Reservoir total inflow

The inflow to the Stirling Dam site (subcatchment 33, Figure 5) produced using LUCICAT was compared
to the monthly water balance figures that the Water Corporation of Western Australia produce for each of
their water supply dams. The Water Corporation figures are derived using a reverse water balance
calculation for the reservoir storage.  The calculation takes into account release, scour, rainfall, pan
evaporation and change in storage level.

The cumulative monthly plot shows a good fit between the monthly inflow predicted by LUCICAT and the
Water Corporation figures (Figure 10).  The curves displayed a very good match from 1972 until 1981,
after which a slight shift between the cumulative values was observed. Following this shift the curves
generally remained parallel.

This goodness of fit is emphasised by a monthly scatter plot of the LUCICAT monthly output versus the
Water Corporation monthly inflow to the reservoir (Figure 11).  A correlation coefficient between the two
of greater than 0.9 supports the accuracy of the LUCICAT calibration.
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Using the LUCICAT model calibration figures, the average annual catchment yield for the period 1972 to
1998 is 53.9 GL.   This compares well with the water-balance figure of 52.2 GL.

Figure 10  Cumulative LUCICAT-predicted monthly dam inflow and Water Corporation water-balance monthly inflow

Figure 11  Scatter of LUCICAT-predicted monthly dam inflow versus Water Corporation water-balance monthly inflow



20

Catchment water balance

As a further analysis of the LUCICAT calibration, a water-balance assessment was completed for the
Stirling Dam catchment.  The water balance displays the partitioning of the rainfall input to the model in
terms of streamflow and evapotranspiration.  At an annual scale, averages were calculated for the periods
1975 to 2002, this representing a standard period for analysis. 

On average, the largest component of the water balance is evapotranspiration, with 81% of water leaving
the catchment annually through evaporation processes (Table 2).

The streamflow component was broken down further so that the input of the different streamflow
contribution mechanisms could be analysed.  Surface runoff was the smallest contributor to total
streamflow, as is most often the case in forested catchments, with interflow being the largest.  The average
runoff coefficient for the catchment was 20%.

Table 2  Catchment water balance

Water Balance Component Division Average
(1975–2002)

(mm)

Rainfall  Total 1111
Evapotranspiration  Total 897
Streamflow Total* 216

Surface runoff 32.8
Interflow 144
Baseflow 41.8

Runoff coefficient  (%) 19.7

*Total streamflow is less than the sum of the individual streamflow components due to transmission and
evaporation losses.

Dam inflow statistics

As a final examination of the LUCICAT calibration results, several streamflow characteristics were
calculated based on the inflow to Stirling Dam.  The comparison was made using outputs of the LUCICAT
calibration and the Water Corporations reverse water balance calculations for the reservoir.  As the reverse
water balance figures were calculated only up till mid-1997, the statistics were calculated for the period
1972–1997.  The two inflow series were investigated at an annual time scale and were found to be similar
(Table 3).

Table 3  Comparison of dam inflow statistics obtained using observed and LUCICAT figures

Streamflow Statistic LUCICAT Data Water Balance
(1972–1997) (1972–1997)

Median (GL) 47.7 49.3
10th percentile (GL) 29.5 28.0
90th percentile (GL) 89.6 79.6
Coefficient of variation 0.41 0.40
Mean (GL) 54.0 52.2
Standard deviation (GL) 22.3 21.0



Both inflow series have relatively low coefficients of variation, similar means and similar values at the
10th percentile range.  The main difference occurs at the higher flow end, with the calibrated LUCICAT
inflows being greater than the reverse water-balance figures at the 90th percentile.  This may be because
the LUCICAT figures do not take into account dam overflows, scour and evaporation from the dam
surface.  
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In order to provide an assessment of the change in water yield that could occur following a change in
climate, the LUCICAT model was run for the Stirling Dam catchment using the rainfall downscaled from
the GCM atmospheric predictors.  

Downscaling the current and future GCM scenarios stochastically generated 1000 current and 1000 future
daily rainfall and temperature series for the 31 stations across the south-west of Western Australia.  Each
series was 30 years in length.  Temperature series were not generated for the two gauges within the Stirling
Dam catchment (509116 and 509197) due to the lack of observed temperature records at these stations.  As
such, results of the temperature simulations were not incorporated in the modelling of the impact of climate
change on the catchment.  The indirect impact of a change in temperature is discussed in section 4.4, which
presents a sensitivity analysis looking at the possible changes in yield that may occur due to changes in
potential evaporation. 

So as to capture the range and variability of the downscaled scenarios produced from the single GCM
climate-change run, while reducing computational run-time, it was calculated that analysing 40 randomly
selected series for both current and future time periods would be sufficient for statistical validation
(Appendix G).  This was determined on the basis of statistics obtained from a pilot study.  

The results of the modelling are analysed in four sections:

•  rainfall 

• streamflow 

• catchment water balance

• sensitivity analysis for leaf area index and potential evaporation.

4.1 Rainfall

4.1.1 Rainfall station data comparison

As aforementioned, two of the 31 rainfall stations selected for the downscaling process lay within the
Stirling Dam catchment – stations 509116 and 509197 (Figure 1).  As a preliminary test of the accuracy of
the statistically downscaled GCM rainfall, a pilot study was completed that allowed a comparison to be
made between 10 randomly selected current downscaled GCM series at these two selected stations and the
observed record at the stations for the period 1982–2002.  Using a method similar to that described by Hay
et al. (2000), the mean monthly precipitation values were compared. 

It can be seen (Figure 12) that there is a shift in peak intra-annual rainfall from June–July (observed) to
July–August (current downscaled GCM).  The vertical bars at the top of each of the statistically
downscaled GCM rainfall columns indicate the range of mean monthly values that were obtained across
the 10 downscaled GCM series.  After investigation, it was revealed that this shift was related to the Mk 3
GCM’s ability to reproduce the correct seasonality for the predictors used.  Future work to investigate a
methodology for ‘seasonal bias correction’ of the GCM-derived predictors is recommended.  Recent
investigations, using the CSIRO Conformal Cubic Atmospheric Model (CCAM) nested within the Mk 3
run, show that this finer spatial resolution model better reproduces the seasonal cycles of the atmospheric
predictors. Thus, using CCAM downscaled rainfall to drive LUCICAT should be considered.  

22

4 Incorporation of downscaled rainfall
and results for yield prediction



23

4.1.2 LUCICAT catchment average rainfall comparison

During calibration the LUCICAT model was run using 18 rainfall stations located both in and around the
catchment (Figure 1) in order to calculate daily subcatchment rainfall.  When running LUCICAT using the
statistically downscaled GCM rainfall series, only five of the 31 rainfall stations for which climate change
data was generated (Figure 2) were close enough to be used to calculate daily subcatchment rainfalls.
Stations 509116 and 509197 were among these five.

Following the incorporation of the 40 statistically downscaled GCM rainfall series into LUCICAT, the new
subcatchment rainfalls were used to run the flow component of the model for all of the current and future
simulations.  Again, adopting a process similar to those used in several other climate change studies, these
results were then analysed in terms of mean monthly values of rainfall and streamflow (Gleick and
Chalecki 1999; Hamlet and Lettenmaier 1999; Miller et al. 1999; Hay et al. 2000; Nijssen et al. 2001).

Figure 12  Comparison of observed and downscaled GCM mean monthly rainfall for (a) rainfall station 509116 and (b)
rainfall station 509197 for the period 1982–2000
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A rainfall analysis compared the spatial average rainfall for the entire catchment produced by LUCICAT
using the observed data, the 40 current statistically downscaled GCM series and the 40 future statistically
downscaled GCM series.  The GCM downscaled rainfall for the current period notionally begins in 1975.
In order to allow the model to complete a stabilisation phase, the results have been analysed only from
1982 onwards.  Similarly, the future statistically downscaled GCM rainfall data sets begin in 2035 and,
after allowing for the stabilisation period, the results have been analysed from 2042 onwards.  

Similar to the rainfall station comparison of Figure 12, Figure 13 shows the differences from the observed
mean monthly values exhibited by the downscaled GCM values, in this case for both the current and future
generated series.  The range of mean monthly values obtained using the statistically downscaled GCM
series has been shown as a vertical bar on each column.

This shift in the timing of peak rainfall could affect the predicted yield, due to the way that some processes
are modelled within LUCICAT, specifically in terms of seasonal evaporation rates and soil water storage.
Even so, the LUCICAT calibration to observed data was very successful, and was used to assess the yield
response using the GCM rainfall.  A recalibration to match the downscaled GCM rainfall is not possible,
as there are no streamflow records to match the GCM-downscaled rainfall data series. 

Figure 13  Comparison of mean monthly observed and the range of mean monthly current and future downscaled GCM
rainfall

Despite the shift in intra-annual peak, the catchment average rainfall calculated in LUCICAT using the
current annual downscaled GCM rainfall is on average only 2% greater than that calculated using the
observed data records.  This margin of error is within the limits of those found in a study by Wood et al.
(1997), and will tend to overestimate runoff response.

At an annual scale, the statistically downscaled GCM rainfall for the future period is on average 11% lower
than the current equivalent figure.  This is consistent with previous estimates of rainfall decrease due to
climate change for south-west Western Australia.  



4.1.3 Comparison of statistically downscaled GCM rainfall series

As a final comparison, focused only on the statistically downscaled GCM rainfall, the predicted differences
between current and future climates were computed (Figure 14).  The comparison looked at the change in
mean monthly rainfall from the current to future scenarios.  It can be seen that while February and
November experience an increase in mean monthly rainfall, the actual change in mean monthly rainfall
total is quite small.  At all other times of the year the mean monthly rainfall under future climate conditions
is lower than the current state.  The largest change in mean monthly rainfall total occurs in May, and the
largest change by percentage occurs in March. An early winter (May/June) decrease is consistent with the
observed mid-1970s rainfall decrease experienced by the region (IOCI 2001). 

Figure 14  Differences between mean monthly rainfall averages of current and future GCM outputs

4.2 Streamflow

No changes were made to the calibrated model in order to run the LUCICAT simulations using the current
and future statistically downscaled GCM rainfall series.  This assumes that the calibrated parameters are
applicable to the current and future climates.  It also implies that across the catchment there has been no
change in:

• land use

• potential evaporation

• vegetation water use

• soil properties

• channel and subcatchment attributes

• prevalence of fire and dieback disease.
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Section 4.4 explores the sensitivity of the model predictions to changes in leaf area index (i.e. land-use
change) and potential evaporation.  

Each of the 40 current and 40 future statistically downscaled GCM rainfall series were used to create daily
rainfall for each subcatchment.  The LUCICAT model was then run to simulate the streamflow response
of the catchment.  The results of the simulations were analysed by looking at the estimated changes in
inflows to Stirling Dam.  The results are presented in a similar way to the rainfall analysis, using
comparisons of mean monthly streamflow.

4.2.1 Cumulative monthly inflow comparison

Figure 15 compares the predicted cumulative monthly inflows to Stirling Dam obtained from LUCICAT
when using the 40 current statistically downscaled GCM rainfall series with the inflow obtained when the
observed data was used as input to the model.  The Stirling Dam inflow is the flow calculated at the most
downstream node of the catchment (outlet of subcatchment 33), the node that represents the inlet to the
dam site (Figure 5).  In a similar fashion to the rainfall analysis, all inflows are accumulated from 1982 to
2002 to allow the model to complete a stabilisation phase.  For the future period the inflows are assessed
from 2042 to 2062, with the same justification.  To remain consistent, mean monthly averages of observed
data were also taken from 1982 onwards when used for comparison.  

The simulations run using the statistically downscaled rainfall data have been represented in Figures 15
and 16 by 40 coloured lines.  In Figure 15 a slight bias toward over-prediction of inflow can be seen when
using the statistically downscaled GCM rainfall, in comparison to the flows produced by LUCICAT using
observed rainfall.  This can be attributed to the higher average annual rainfall produced under the current
GCM climate. The cumulative plot for the 40 future simulations (Figure 16) exhibits the same spread of
inflows seen in the current statistically downscaled inflows, but at lower volumes.

Figure 15  Comparison of inflows predicted using the current GCM rainfall simulations and the inflow predicted using
observed rainfall
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Figure 16  Comparison of the cumulative monthly flow results using the future GCM rainfall simulations 

4.2.2 Mean monthly inflow comparison

As a second assessment of the water-yield response of the catchment to the change in climate, the mean
monthly inflows to the Stirling Dam site were calculated.  The range of values obtained when inputting
current and future statistically downscaled GCM rainfall series to LUCICAT are shown by vertical bars at
the top of the relevant monthly columns (Figure 17). 

Figure 17  Comparison of mean monthly inflow results using observed data sets and the range of mean monthly results
for current and future inflows using downscaled rainfall
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Two important aspects become apparent on comparison of the flows generated by LUCICAT using
observed rainfall and those generated using the current and future statistically downscaled GCM rainfall
(Figure 17).  Firstly, the shift seen in the mean monthly rainfall series due to seasonal biases in the GCM
predictors is amplified in the monthly flow series for both current and future statistically downscaled
simulations.  Secondly, the current statistically downscaled GCM flow predictions produced using
LUCICAT are higher than the flows predicted by the model when using observed rainfall.  On average the
current downscaled GCM annual flow is about 9% greater than the annual flow generated using observed
rainfall.  Thus, when projecting the likely change in inflows under the future climate, the only valid method
is a comparison between the current and future GCM outputs. 

On average the annual flow under future climate conditions is 31% lower than the flow produced using
current statistically downscaled GCM rainfall.  This is consistent with previous estimates of streamflow
decrease due to climate change (Frederick and Major 1997; Jones and Page 2001; Chiew and McMahon
2002; Viney and Sivapalan 1996).  The magnitude of this reduction in flow, coupled with the non-linearity
of the decrease with respect to the change in rainfall, highlights the serious implications of a change in
climate for the abundance and availability of surface-water resources.  

The predicted differences between the mean monthly flow averages under current GCM and future GCM
climates were computed and the results illustrated in Figure 18.  It can be seen that the flows under future
climate conditions are lower than the current state at all times.  The largest volume decrease in average
monthly flow occurs in winter, with an approximate 4500 ML reduction in inflow to Stirling Dam in
August.  The largest percentage reduction in inflow occurs in May, when it is on average 60% less.  The
timing of these reductions may have significant effects on water quality and downstream ecosystem health.

Figure 18  Reduction in mean monthly inflow to Stirling Dam when comparing the inflow using the current and future
GCM simulations
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4.3 Catchment Water Balance

The water balance partitioning of the input rainfall into streamflow and evapotranspiration components
was assessed for both current and future GCM climates.  In order to assess the partitioning, only four
LUCICAT simulations were selected for each climate regime.  Selection of these simulations was based
on their position in the cumulative plots (Figures 15 and 16).  Only simulations that maintained a central
position with respect to the range of the 40 cumulative curves were selected.  In this way the output of the
catchment water balance is expected to be a median estimate of the water-balance partitioning for each
climate state.

The analysis revealed the components of the water balance that were most severely affected under the
different climate regimes.  Table 4 illustrates the findings of this analysis for LUCICAT simulations that
were run using observed, current statistically downscaled GCM and future statistically downscaled GCM
rainfall.  Values given for the current and future GCM data are the average values obtained from the four
simulations.

Table 4  Water-balance partitioning of LUCICAT simulations, based on three different input rainfall series

Water Balance Observed Current GCM Future GCM Difference:
Component (1982–2002) (1982–2002) (2042–2062) (Current-Future)/

(mm) (mm) (mm) Current (%)

Rainfall – total 1131 1142 1051 8
Evapotranspiration – total  899 899 871 3
Streamflow – total* 214 233 167 28

- Surface runoff 34.7 39.5 28.4 28
- Interflow 153 165 129 22
- Baseflow 44.7 48.2 27.4 43

Runoff coefficient (%) 18.9 20.4 15.9 22

*Total streamflow is less than the sum of the individual streamflow components due to transmission and evaporation
losses.

The LUCICAT water-balance partitioning using the current statistically downscaled GCM rainfall and the
observed rainfall data sets compare well.  Both have a similar breakdown between the main water-balance
components.  The partitioning into different streamflow contributing mechanisms is also quite close.

The LUCICAT output obtained using the future statistically downscaled rainfall series showed that each
component of the water balance had decreased under the future climate conditions.  When comparing the
detailed streamflow breakdown, it was also found that the contribution of each of these components had
decreased.  In the breakdown calculated using the current statistically downscaled rainfall, interflow was
the largest contributor to streamflow, followed by baseflow and then surface runoff.   Using the future
statistically downscaled rainfall, interflow remains the largest contributor, followed by surface runoff and
lastly baseflow.  As a percentage difference it was found that the baseflow contribution was significantly
impacted under future climate conditions, being reduced by 43% (Table 4).

This significant decrease can be linked to a decline in conceptual groundwater levels and soil moisture
across the catchment under a future climate regime.  A reduction in groundwater levels can lead to a
reduction in baseflow and a reduction in surface saturated areas.  This reduction in surface saturated areas
will then result in a reduction in direct runoff.  Plots of conceptual groundwater level generated using both
current and future downscaled rainfall can be observed in Appendix H.  These plots show that there has
been an approximate one-metre decrease in the range of groundwater levels.  
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Finally, from Table 4 it can be seen that the runoff coefficient using the future statistically downscaled
rainfall (15.9%) is lower than that calculated in the current simulations (20.4%).

4.4 Dam Inflow Statistics

As a final comparison of the streamflow response to climate change, inflow statistics similar to those
shown in Table 3 were calculated.  The results presented in Table 5 for the statistically downscaled GCM
rainfall simulations are based on an analysis of the 40 current and 40 future data series. 

Differences are clearly evident between the current statistically downscaled GCM LUCICAT outputs and
the outputs obtained using observed data.  Comparing the 10th and 90th percentile figures reveals that at
the annual scale the current statistically downscaled rainfall series produces a smaller streamflow range,
and thus a smaller annual variation, than the observed case.  As highlighted previously through a
comparison of the mean annual streamflow, the range of current GCM streamflow is also higher than that
seen in the observed case, an occurrence that can be related to the within-year variation displayed in the
downscaled GCM data.  The shift in peak rainfall to July–August (downscaled GCM series) contributes to
this increase in streamflow.  

The response of streamflow to climate change is also evident through the change in inflow statistics in the
future case.  Interestingly, the coefficient of variation is higher under the future climate when compared to
the current GCM case, indicating a more varied streamflow series.  This highlights the value in using
downscaled GCM data where a change in frequency of events can be captured as well as a change in event
magnitude.

Table 5  Comparison of annual dam inflow statistics obtained through LUCICAT using observed, current
downscaled GCM and future downscaled GCM rainfall

Streamflow Statistic Observed Data Current GCM Future GCM 
(1982–2002) (1982–2002) (2042–2062) 

Median (GL) 48.8 57.1 38.2
10th percentile (GL) 28.5 38.7 24.5
90th percentile (GL) 88.7 81.4 62.3
Coefficient of variation 0.40 0.31 0.39
Mean (GL) 53.9 59.1 41.1
Standard deviation (GL) 21.4 18.6 15.9

4.5 Sensitivity Analysis for Leaf Area Index and Potential Evaporation

In section 4.2 several assumptions were made in order to complete the application of LUCICAT using
statistically downscaled GCM rainfall.  Two of these assumptions, namely that the catchment would not
experience a change in land use, nor a change in potential evaporation, under the lower rainfall future
climate, are important factors that can affect confidence in the results presented.  

While it is not certain how land use or evaporation will change with different climatic conditions, this
section aims to illustrate several potential change-scenarios involving leaf area index (LAI) and potential
evaporation.  LUCICAT’s sensitivity to these variables is also examined.  

In similar fashion to the process used to carry out the catchment water balance analysis, only four
simulations in the median range were considered in the cumulative plot from each climate regime.
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4.5.1 Leaf area index

To explore LUCICAT’s response to a change in LAI several catchment-wide scenarios were used.
Running the scenarios involved applying a range of increases and decreases in LAI and then running
LUCICAT using the future statistically downscaled rainfall for the four simulations selected.  The results
of the modelling are shown as an average difference between the four current and future statistically
downscaled GCM simulations (Table 6). 

Table 6  Results of the LUCICAT model runs with varying LAI values 

Change in LAI Reduction in Dam Inflow
(%) (%)

+ 10 36
+ 5 32

No change 28
– 5 24
– 10 18

The reductions in catchment water yield ranged from 18% to 36%, based on 10% reductions and increases
in LAI respectively. From this it is evident that the downscaled GCM projection of a change in climate,
coupled with a decrease in leaf area index, would result in a smaller reduction in water yield than was
calculated in the current study, where no change in land use was assumed.  

Also, based on the percentage changes in dam inflow it can be seen that the system is more sensitive to a
reduction in LAI than an increase.  This is evident as a 10% reduction in LAI results in a 10% change in
the reduction to dam inflow, whereas a 10% increase in LAI results in an 8% change in the reduction to
dam inflow.  This finding identifies the need for a better understanding of vegetation change that may be
expected under a changed climate, so that these responses can be incorporated into climate-change studies
and thus improve the accuracy of the modelling results.

4.5.2 Potential evaporation

Using the same process as that described in section 4.4.1, a range of scenarios were applied to assess the
sensitivity of the LUCICAT output to a change in potential evaporation.  Changes of ± 10% and  ± 5%
were applied to the potential evaporation calculation used within LUCICAT, with the results given in
Table 7.

With reductions in inflow to Stirling Dam ranging from 9% to 41%, based on 10% reductions and increases
in potential evaporation respectively, the need for a greater understanding of the impact of climate change
on this variable is highlighted.  This also illustrates that the system is more sensitive to a decrease in
potential evaporation as opposed to an increase.
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Table 7  Results of the LUCICAT model runs with varying potential evaporation values 

Change in Potential Evaporation Reduction in Dam Inflow 
(%) (%)

+ 10 41
+ 5 35

No change 28
– 5 20
– 10 9

Finally, upon examination of the range of changes in both sensitivity analyses, it can be seen that the
modelled system is more sensitive to a change in potential evaporation than it is to a change in LAI.
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Results from this study are similar to a number of previous climate-change studies that show a GCM-
predicted reduction in rainfall, when passed through a hydrological model, results in a proportionally larger
decrease in streamflow volumes.  This section discusses factors that may affect the magnitude of the
reductions obtained in this study. 

5.1 Downscaled GCM Rainfall

The use of statistically downscaled rainfall is still an emerging science, with a limited number of
hydrological studies available for comparison.  Internationally, the trend has been to favour the simpler
‘delta change method’ in order to apply GCM predictions of a future climate (Lins et al. 1997; Jones and
Page 2001; Nijssen et al. 2001; Chiew and McMahon 2002).  However this method does not account for
changes in the frequencies of events.  In contrast, statistical downscaling does provide considerably more
regional information about the impact of climate change on water resources, as it takes into account
changes in the frequency of events and seasonal changes.

Downscaling studies have often found that the predictors and method of downscaling used to generate
scenarios have a strong influence on the magnitude of the predicted climate change (Hay et al. 2000;
Leavesley 1994), and thus future predictions should be used cautiously.  Recalling the fit between the
observed and current statistically downscaled GCM rainfall illustrated in Figure 12, and the marked shift
in the intra-annual peak rainfall, such caution is necessary with respect to the current study.  

Recent studies that have highlighted the value of using statistically downscaled projections for
hydrological modelling include those undertaken by Hay et al. (2000) and Wood et al. (2004). Also,
previous work investigating predictor selection for the NHMM has shown that it provides climate change
projections consistent with rainfall projections obtained from regional climate models, adding confidence
to its use in this study (Charles et al. 1999b).  Similarly, Busuioc et al. (1999) and Gonzalez-Rouco et al.
(2000) have compared statistically downscaled and climate-model-predicted rainfall changes when
assessing confidence in the statistical downscaling predictors and method used.

5.2 Temperature and Potential Evaporation

Temperature has not been taken into account in this study. While the GCM statistical downscaling process
produced maximum and minimum temperature series at 29 of the 31 selected sites, these estimates were
not produced for the two stations within the Stirling Dam catchment (509116 and 509197), as observed
temperature records were not available.  It was felt that lack of data in close proximity to Stirling Dam
catchment significantly reduced the confidence with which a specific temperature change could be
calculated and then applied in this area.  Based on the results of previous studies, it was felt that the non-
inclusion of temperature data would not adversely affect the results of this study, as predicted changes in
rainfall have significantly greater impacts on streamflow than predicted changes in temperature (Frederick
and Major 1997; Gleick and Chalecki 1999; Wolock and McCabe 1999).  

Temperature changes are generally included in climate change modelling studies as changes in potential
evaporation.  While it is usually implied that an increase in temperature will result in an increase in
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potential evaporation, recent studies using observed pan evaporation data have found that in some cases
increases in temperature have been accompanied by decreases in pan evaporation (Roderick and Farquahar
2002).  Further work is needed to clarify how these findings relate to actual and potential evaporation, and
the impact this may have on water yield from temperature and evaporation changes due to climate
warming.  

In section 4.4 a sensitivity analysis of the LUCICAT model’s results to a change in potential evaporation
was described.  This analysis revealed that an increase in potential evaporation, coupled with the decrease
in rainfall given by the future statistically downscaled GCM series, could result in a greater than 40%
reduction in inflow to Stirling Dam.  This result is similar to that found in a climate-change study on
Salmon catchment near Collie, where an approximate 8% decrease in rainfall coupled with a 10% increase
in potential evaporation led to a 45% decrease in runoff (Viney and Sivapalan 1996). When potential
evaporation decreased by 10% with a decrease in rainfall (vegetation using less water when there is less),
there was only a 9% runoff reduction.

Due to the significance of this result, it is recommended that a further analysis be performed on a
catchment where downscaled temperature simulations as well as rainfall simulations would be used, and a
more detailed investigation into the likely change in potential evaporation conducted. 

5.3 Leaf Area Index

The response of native vegetation to a change in climate is uncertain.  This study has not assumed that any
change in vegetation distribution or function will occur under a future climate scenario.  The LAI
sensitivity analysis of section 4.4 illustrated that changes to the reduction in water yield for Stirling Dam
can be expected if the status of the vegetation in the catchment is altered.

Again, the problem lies in determining what change, if any, will occur.  Boniecka (2002) presented findings
for undisturbed forested areas near Huntley and Jarrahdale (located in south-west Western Australia) which
showed that the LAI for the areas, estimated from the Greenness Index (Mauger 1996), had remained
uniform over the period 1987–1999.  Based on long-term averages, this period (1987–1999) forms part of
a lower rainfall phase experienced in the south-west of Western Australia.  The study also went on to show
that no firm relationship was present between Greenness Index and Mean Annual Rainfall (Boniecka
2002).  It is hoped that with further research more conclusive results can be deduced as to the response of
vegetation to climate change.

5.4 Hydrological Modelling

It has been argued that, when the aim of modelling is to predict runoff under different climatic conditions,
no parameter optimisation (calibration) should take place (Leavesley 1994).  The notion is that in this way
the model does not become biased to any particular climate.  Wood et al. (1997) proposed that, as long as
the differences between the observed and current GCM climates are modest, transferring the calibrated
parameter set should be acceptable.  Again, in relation to this study, where a distinct shift from a June–July
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peak (observed data) to a July–August peak (current downscaled GCM data) was seen, it may be argued
that calibrating LUCICAT to observed conditions produced parameters that are not ideal for applications
with the downscaled GCM rainfall.  This highlights the problem of the GCM predictor biases and their
effect on the accuracy of the statistically downscaled rainfall.

5.5 GCM Selection

This study has focused on statistically downscaled rainfall simulations generated using the output of only
one GCM, for a 1.7 times CO2 climate change (SRES A2 emissions scenario).  Several studies have shown
that outputs from different GCMs deliver significantly different projections of future climate change
(Leavesley 1994; Hamlet and Lettenmaier 1999; Wolock and McCabe 1999; Nijssen et al. 2001). As no
probability can be assigned to whether the projected climate change calculated in this study will occur,
these results, along with the results of the hydrologic modelling, carry a certain element of uncertainty.

In order to make more confident predictions of the impact of projected climate change on yield in the
Stirling Dam catchment, it is necessary to compare outputs from more than one GCM using more than one
emission scenario.  Repeating runoff-modelling studies using downscaled climate data sourced from
different GCMs and several emissions scenarios would allow assessment of these uncertainties.
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A rigorous assessment of the risk of climate change requires knowledge of the likelihood of both climate
change and the consequences of change.  High uncertainties associated with climate change and linked
responses pose limitations on how probabilities of climate impacts are defined.  Nevertheless, management
strategies need to be based on best available information.  Failure to account for climate change impacts
in future planning could prove to be very costly and disruptive.  The discussion by Sadler (2003) describes
the changing decision-environment associated with climate change and the post-1975 experience of the
Western Australian water sector.  Further uncertainty introduced by a non-stationary climate adds to an
already complex decision-making process.  Findings of this study impress the need for informed adaptation
and leadership from within institutional structures if balanced responses to water availability are to be
achieved.

The challenges for water service providers, water resources managers, governments and the Western
Australian community in general include: 

• meeting the economic, social and environmental cost of accelerated water infrastructure development 
and enhanced management in an era of continued change in both supply and demand

• encouraging behavioural and attitudinal adjustments to conserve and reuse an increased percentage of 
consumption

• improving understanding of water-dependent ecosystem functions

• promoting greater environmental awareness, commitment to adaptive responses and the protection of 
key environmental values 

• redressing the balance of social, economic and environmental values in light of additional climate-
induced impacts on both ecological systems and the built environment.

Although the Stirling Dam catchment is one of over 20 water supply catchments in the Perth-to-Bunbury
region, the predicted reduction in runoff from this catchment is likely to be representative of future
responses of catchments in the high-rainfall zone along the Darling Scarp.  The predicted reduction poses
a number of significant issues for public water supply, private water supply and environmental
management.

In the broader context, study results infer that the surface runoff in the South West Land Division will
decline below current average levels, particularly where saturation-excess runoff response mechanisms
dominate.  However, the extent of possible reductions to surface runoff in physiographic locations other
than those represented by the Stirling Dam catchment were not assessed in this study.

Although the study focused on quantitative aspects of surface water using the Stirling Dam catchment as
a case study, likely implications for water quality were not studied.  However, significant water-quality
impacts could be expected with altered flow regimes and rising temperature.

Public supply

The trend of reduced flows into public water supply reservoirs over the last quarter century has shifted the
reliance on the source of Perth’s public supply from surface water to groundwater.  Although Perth’s water
supply system once relied on groundwater as a supplement to surface-water sources and as a backup for
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low runoff years, groundwater use has recently become greater than surface water use, partially due to
‘drought response’ strategies.  However, groundwater sources such as the Gnangara Mound have also
experienced the impacts of a drier climate.  The flow-on effects of reduced surface water supply and the
compounding effects of reduced groundwater recharge, land and forestry management practices and both
public and private groundwater abstraction, have initiated a reassessment of the sustainability of the
Gnangara groundwater system (Department of Environment 2003).

Observed and projected decreases in reservoir inflows, such as those calculated for the Stirling Dam
catchment, will effectively result in a further under-performance of surface water supply systems when
compared with design capacity.  Options for future sources of supply will need to seriously consider
strategies that include increased reuse of water, optimisation of existing and future water sources, demand
management and desalinisation.  Groundwater optimisation could include a reduction in water pumped
from shallow pumping systems where environmental values are threatened in favour of pumping from
deeper systems; use of deep offshore groundwater; and aquifer storage and recovery using reuse water.
Optimisation options for surface catchments will require further exploration of ecologically sensitive land
treatments to enhance runoff.  Such enhancements have the potential to improve both reservoir yield and
the ecology of downstream environments.

Private supply

Stirling Dam has served as a source of irrigation water in the past, but the dominant use is now urban water
supply.  Irrespective of past reliance on the reservoir for irrigation, the future catchment response
characterised in this study has implications for both licensed and unlicensed private self-supply.  As with
public water supply, the reliability of private supplies will decrease and, with seasonal shifts in streamflow,
access to surface water will prove more difficult under a drier and hotter climate.  This in turn will put more
emphasis on the need for clearly defined entitlements to surface-water flows.  Management of entitlements
based on access to a share of available water will require a high level of understanding of local systems
and a comprehensive monitoring regime.

A decrease in flows in highly used systems will increase the competition for water, with more stream
disputes and water trading becoming more important as an adaptive tool.  A diminished supply of water
will drive improvement in water-use efficiency, particularly in the irrigation sector, and will provide
stimulus for higher level planning and policy development at all spatial scales.  However, without
increased emphasis on planning processes and outputs that define how water is shared, the losses faced by
water users will increase and litigation and claims for compensation are likely to be explored.  Agreement
on how risks are shared is an important aspect of ongoing water reforms.  Shared access to a reduced level
of water, partially caused by shifts in climate, will intensify competition between social, economic and
environmental value systems and promote further debate on how adjustments are made.  Management
tools need to be developed so that the water users can improve their understanding of the risks of climate
change.

Environment 

Findings published in the IPCC (2001)  on global implications of climate change for the environment state
that human activity will continue to cause a loss in biodiversity.  Climate science that assists with the
understanding of altered flow regimes under future climate conditions will be central to identifying the
type and scale of adaptive responses that are needed to maintain environmental values in riverine
environments and linked ecological communities.  Changes to aquatic ecosystems under climate change
are described by Gitay et al. (2002) and Poff et al. (2002), and methodologies that link ecosystem function
with flow regimes by Stewardson and Gippel (2002).  
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This study does not examine implications for the environment; however, study findings add weight to the
need to examine ecological implications for the south-west of Western Australia under conditions of
reduced surface-water flow and increased temperature.  The sustainability of both surface water and
groundwater systems will depend on a considerable improvement in the current understanding of system
behaviour under the added influence of a changing climate that can be attributed to both natural and
human-induced climate change.  Understanding the dominant thresholds in vulnerable and threatened
ecological communities will be a key factor in the development of management plans that accommodate
change.

Adaptation

Adjustments to changes in climate will be highly influenced by adaptive ability, which is largely driven by
awareness of the extent and rate of change.  The well-established decrease in surface flows since 1975 in
the south-west of Western Australia, together with the projected further decrease in inflow to Stirling
Reservoir as established in this study, provide a strong message of the need for further adaptation.  Western
Australia’s effort in water resource and environmental management will need to keep pace with the
growing impacts of climate change to maintain an orderly transition in the face of growing pressures.
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Several important findings have emerged from this study with respect to climate change and water yield
in the Stirling Dam catchment.  After generating two 30-year data sets of current and future downscaled
daily rainfall, and transposing these rainfall figures into the hydrological model LUCICAT, the study was
able to predict that inflow to Stirling Dam could decrease by 31% under projected future climate conditions
in the 2035–2064 period.  This decrease comes after a predicted 11% drop in future rainfall, and is
governed by the assumptions and limitations stated within the report.  These results are based on the
analysis of 40 current and 40 future downscaled simulations obtained from one GCM projection using one
emission scenario.  A more robust analysis involving other emission scenarios and GCM simulations
would strengthen the conclusions on future yield declines.

When running the rainfall simulations through LUCICAT no change in land use, potential evaporation or
the evapotranspiration potential of the vegetation was assumed to occur in the catchment.  After
completing a sensitivity analysis it was found that if the LAI was to decrease across the catchment by 10%
then the reduction in inflow to Stirling Dam might be closer to 20%.  When the potential evaporation
values were altered across the catchment, with no change in land use, it was found that a 10% increase in
potential evaporation, coupled with the predicted change in rainfall, could lead to a greater than 40%
reduction in inflow.  Conversely, if potential evaporation decreased by 10% when rainfall decreased, there
would be only a 9% reduction in runoff.

Rainfall reductions from observed data suggest that changes to rainfall patterns tend to conform to step-
wise shifts on decadal time-scales.  As such, changes in climate states can provide considerable pressure
on both operational and planning needs for water resources, as stepped rainfall changes will result in
exaggerated stepped changes to runoff and recharge.  Although quantifying the uncertainty of these
projections will require further investigation, the magnitude of decreased runoff under drier climatic
conditions suggests that water resources planning for future requirements will have to account for shifting
climate states.

The confidence that can be placed in the above result is somewhat weakened by the seasonal shift in the
current GCM downscaled data set (centred around 1990) when compared to the observed seasonal rainfall
patterns for the same period.  This clear shift in the intra-annual rainfall peak by approximately one month
may have some influence on yield; however the 2% difference in average annual rainfall between the
observed and GCM data sets provides a reasonable basis for comparison of yields.  This difference in
rainfall translated to approximately a 10% difference between the modelled flow created using observed
data and that using the current downscaled GCM rainfall. To reduce this uncertainty, correction of seasonal
biases in the GCM predictors will need to be considered in future investigations.

The predicted future decrease in runoff for the mid-21st century, coupled with projected demand increases
and the observed declines over the past quarter century challenge water-source planning and water
resources management policy and planning on a number of fronts. 

Community understanding of how a changing climate is linked to water resources availability will
influence society’s acceptance and ownership of the adaptive responses required for future management.
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This study highlights areas where future development is needed.  This additional work would enable
greater confidence to be placed in future studies that use the coupling of downscaled GCM projections and
hydrologic models to predict the possible impact of climate change on water yield.  

Firstly, an investigation into developing a methodology for ‘bias correction’ of the GCM-derived
predictors needs to be undertaken to assess the need for correction of the intra-annual peak rainfall shift
that was discovered when using the downscaled GCM simulations in this study. 

It is also recommended that future studies be conducted in which:

• the hydrological modelling is performed using the downscaled outputs from multiple GCMs and the 
finer spatial resolution CCAM and several emission scenarios

• GCM simulations using different emission scenarios are downscaled

• multiple catchments are studied across different rainfall zones and with different land uses

•  a catchment is analysed using downscaled temperature series as well as downscaled rainfall series 

• improved estimates are developed of the changes to LAI and potential evaporation with changes in 
rainfall, temperature and levels of CO2

•  a more detailed analysis is performed to optimise hydrological parameters across multiple catchments,
particularly with respect to changes in land use and potential evaporation, such that confidence in the 
application of parameters under drier conditions is improved.

Analyses that includes these suggested improvements will allow future studies to be used with increasing
confidence in the water resources field and provide a clearer basis for future planning and policy
development.
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Figure A 1  Winter observed versus downscaled fitting period (1978-2001) precipitation probabilities (left) and
log-odds ratios (right). The log-odds ratio is analogous to correlation but is applicable to binary data, measuring
between station rainfall occurrence similarities.
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Appendix A - Observed winter fitting
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Spell length distributions for winter for fitting period (1978 – 2001)
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Figure A 2  Spell length distributions for winter for fitting period (1978 – 2001). Solid line is observed, dashed line
is downscaled.
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Quantile-quantile plots of observed vs downscaled winter wet-day precipitation amounts for fitting period (1978
– 2001)
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Figure A 3  Quantile-quantile plots of observed vs downscaled winter wet-day precipitation amounts for fitting
period (1978 – 2001).
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Figure A 4  Winter fitting for Dalwallinu (8039).

Figure A 5  Winter fitting for Wongan Hills Research Station (8138).

Winter wet day frequencies and precipitation amounts

The following 31 plots display the Observed (solid line) vs downscaled (box-plots) winter wet-day frequencies (upper
plot) and precipitation amounts (lower plot) for each of the 31 selected stations. The box–plots depict the range of 1000
simulation trials (the edges of the box represent the 25 percentile and the 75 percentile of the simulations). The horizontal
dashed line is the long term observed mean. The vertical dashed line delineates the fitting period (1978 to 2001) from
the validation period.
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Figure A 7  Winter fitting for Gingin (9018).

Figure A 6  Winter fitting for Chidlow (9007).
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Figure A 8  Winter fitting for Perth Airport (9021).

Figure A 9  Winter fitting for Jarrahdale (9023).
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Figure A 11  Winter fitting for Serpentine (9039).

Figure A 10  Winter fitting for Mundaring Weir (9031).
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Figure A 12  Winter fitting for Wungong Dam (9044).

Figure A 13  Winter fitting for Yanchep Park (9045).
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Figure A 15  Winter fitting for Bridgetown (9510).

Figure A 14  Winter fitting for Wanneroo (9105).
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Figure A 16  Winter fitting for Cape Leeuwin (9518).

Figure A 17  Winter fitting for Cape Naturaliste (9519). 
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Figure A 19  Winter fitting for Dwellingup Forestry (9538).

Figure A 18  Winter fitting for Donnybrook (9534).
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Figure A 20  Winter fitting for Mandurah Composite (9572).

Figure A 21  Winter fitting for Pemberton Forestry (9592).
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Figure A 23  Winter fitting for Wokalup Research Station (9642).

Figure A 22  Winter fitting for Collie (9628).
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Figure A 24  Winter fitting for Bencubbin (10007).

Figure A 25  Winter fitting for Cunderdin (10035).
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Figure A 27  Winter fitting for Merredin Research Station (10093).

Figure A 26  Winter fitting for Kellerberrin Composite (10073).
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Figure A 28  Winter fitting for Corrigin (10536).

Figure A 29  Winter fitting for Darkan (10542).
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Figure A 31  Winter fitting for Lake Grace (10592).

Figure A 30  Winter fitting for Katanning (10579).
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Figure A 32  Winter fitting for Wandering (10648).

Figure A 33  Winter fitting for Harvey River – Drivers Hill (509116).
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Figure A 34  Winter fitting for Tallanalla Creek – Blackbutt Point (509197).
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Appendix B - Observed summer fitting

Figure B 1  Summer observed versus downscaled fitting period (1978/79-2000/01) precipitation probabilities (left)
and log-odds ratios (right). The log-odds ratio is analogous to correlation but is applicable to binary data,
measuring between station rainfall occurrence similarities.
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Spell length distributions for summer for fitting period (1978/79 – 2000/01)
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Figure B 2  Spell length distributions for summer for fitting period (1978/79 – 2000/01). Solid line is observed,
dashed line is downscaled.
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Quantile-quantile plots of observed vs downscaled summer wet-day precipitation amounts for fitting period
(1978/79 – 2000/01)



74



75

Figure B 3  Quantile-quantile plots of observed vs downscaled summer wet-day precipitation amounts for fitting
period (1978/79 – 2000/01).
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Figure B 4  Summer fitting for Dalwallinu (8039).

Summer wet-day frequencies and precipitation amounts

The following 31 plots display the Observed (solid line) vs downscaled (box-plots) summer wet-day frequencies (upper
plot) and precipitation amounts (lower plot) for each of the 31 selected stations. The box–plots depict the range of 1000
simulation trials (the edges of the box represent the 25 percentile and the 75 percentile of the simulations). The horizontal
dashed line is the long term observed mean. The vertical dashed line delineates the fitting period (1978/79 to 2000/01)
from the validation period.

Figure B 5  Summer fitting for Wongan Hills Research Station (8138).
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Figure B 6  Summer fitting for Chidlow (9007).

Figure B 7  Summer fitting for Gingin (9018).
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Figure B 8  Summer fitting for Perth Airport (9021).

Figure B 9  Summer fitting for Jarrahdale (9023).
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Figure B 10  Summer fitting for Mundaring Weir (9031).

Figure B 11  Summer fitting for Serpentine (9039).
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Figure B 12  Summer fitting for Wungong Dam (9044).

Figure B 13  Summer fitting for Yanchep Park (9045).
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Figure B 14  Summer fitting for Wanneroo (9105).

Figure B 15  Summer fitting for Bridgetown (9510).
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Figure B 16  Summer fitting for Cape Leeuwin (9518).

Figure B 17  Summer fitting for Cape Naturaliste (9519).
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Figure B 18  Summer fitting for Donnybrook (9534).

Figure B 19  Summer fitting for Dwellingup Forestry (9538).
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Figure B 20  Summer fitting for Mandurah Composite (9572).

Figure B 21  Summer fitting for Pemberton Forestry (9592).
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Figure B 22  Summer fitting for Collie (9628).

Figure B 23  Summer fitting for Wokalup Research Station (9642).
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Figure B 24  Summer fitting for Bencubbin (10007).

Figure B 25  Summer fitting for Cunderdin (10035).
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Figure B 26  Summer fitting for Kellerberrin Composite (10073).

Figure B 27  Summer fitting for Merredin Research Station (10093).
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Figure B 28  Summer fitting for Corrigin (10536).

Figure B 29  Summer fitting for Darkan (10542).



89

Figure B 30  Summer fitting for Katanning (10579).

Figure B 31  Summer fitting for Lake Grace (10592).
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Figure B 32  Summer fitting for Wandering (10648).

Figure B 33  Summer fitting for Harvey River – Drivers Hill (509116).
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Figure B 34  Summer fitting for Tallanalla Creek – Blackbutt Point (509197).
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Appendix C - GCM overall projection

Figure C 1  Station precipitation probabilities for summer (left) and winter (right).
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Downscaled station maximum and minimum mean daily temperatures
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Figure C 2  Downscaled station maximum and minimum mean daily temperatures, solid line is for current climate
and dashed line is projected for mid-21st century.
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Appendix D - GCM winter projection

Downscaled spell length distributions for winter
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Figure D 1  Downscaled spell length distributions for winter. Solid line is for current climate and dashed line is
projected for mid-21st century. 
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Downscaled quantile-quantile plots of winter wet-day precipitation amounts
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