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Summary 
Climate projections indicate that Western Australia’s south-west region is likely to 
become drier in the next century. At the same time development is expected to 
expand. An increasing water demand with a diminishing water supply poses a 
serious challenge for water resource managers. One of the first steps in assessing 
this risk is to establish an estimate of water availability under a drying climate. This 
report details the findings of an investigation to assess surface-water availability in 
the Denmark River catchment under a range of projected future climate scenarios. 

The results of this study were derived by analysing the response of a hydrologic 
model (LUCICAT) of the Denmark River catchment to general circulation model 
(GCM MK3.5) downscaled rainfall for three emissions scenarios defined by the 
Intergovernmental Panel on Climate Change (IPCC): high – A2; moderate – A1B; 
and low – B1. The hydrologic model was driven with 40 downscaled rainfall 
sequences from 1975 to 2100 for each emissions scenario.  

It was found that under a high greenhouse gas emissions scenario (A2), a rainfall 
decline of 3 per cent by 2030 could lead to a streamflow reduction of 13.5 per cent, 
while an 8 per cent reduction in rainfall by 2085 could result in a 32.5 per cent 
reduction in streamflow. Rainfall and streamflow reductions for a low emissions 
scenario (B1) would be similar to the high emissions scenario in 2030, at 2.5 and 10 
per cent respectively. However, by 2085 the effect of the low emissions scenario 
would be more apparent, with smaller rainfall and streamflow reductions at 2 and 8 
per cent respectively.  

There was a slight shift in seasonality between projected and observed rainfall 
towards more rainfall later in the year. The shift in seasonality was amplified in the 
streamflow results. This is a similar result to previous climate change studies in 
south-west Western Australia (Berti et al. 2004; Kitsios et al. 2008). However, unlike 
the two previous studies, there was no shift in the peak rainfall month in the Denmark 
River catchment. 

The northern portion of the catchment historically experiences less rainfall and was 
found to be more sensitive to future rainfall decline than the south. For instance, by 
2085 (A2 scenario) streamflow was projected to reduce by 57 per cent at Kompup, 
compared with a 32.5 per cent reduction at Mt Lindesay due to projected rainfall 
alone. 

Land-use change may have a greater impact on streamflow than projected climate 
change in the Denmark River catchment. A simulation, using repetition of observed 
rainfall (1971–2005), was undertaken to assess the sensitivity of the catchment to 
land-use change. Plantations, found mostly in the northern portion of the catchment, 
have a large impact on streamflow. After setting plantation conditions to ‘fully grown’ 
in the model in 2006, there was a sharp decline in streamflow to 2030. The northern 
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portion of the catchment was most sensitive to land use with a streamflow decline of 
63 per cent at Kompup, compared with 30 per cent at Mt Lindesay.  

Rainfall and streamflow reductions for the end-of-century timeframe were much lower 
for the B1 scenario than for the A2 and A1B scenarios. These results suggest that 
streamflow reduction in the Denmark River can be minimised through conscious 
global efforts to improve technology, social equity and to protect the environment (all 
aspects represented in the B1 emissions scenario). However, any changes would 
need to start now given they take a long time to produce an effect. 

The greenhouse gas emissions scenarios used in this study are not predictions of the 
future. They are only projections of possible outcomes of a range of social, economic 
and environmental developments. While reducing emissions to a low emissions 
pathway (such as the B1 scenario) appears to be the most beneficial option, it is also 
the most challenging given we are currently following an emissions growth pathway 
higher than the A2 scenario. 

Even though this study provides evidence that regional impacts of future climate 
change can be reduced by making large (global) efforts to reduce greenhouse gas 
emissions now; some effects of a drying climate are unavoidable and need to be 
incorporated into future water planning.  
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1 Introduction 
This study explores the impact of projected climate change on streamflow in the 
Denmark River catchment, specifically considering two future timeframes (2030 and 
2085). It will contribute to the regional water plan for the Albany/Denmark area to 
ensure that surface-water supply planning provides for a range of potential future 
climate scenarios. 

The decline in rainfall and streamflow in south-west Western Australia since the mid 
1970s has been well documented (Ruprecht & Rodgers 1999; Li et al. 2005; Bates et 
al. 2007). Given this decline, as well as the sensitivity of the Denmark River 
catchment to vegetation clearing (Bari et al. 2004) and rapidly progressing 
development in the region, it is imperative that water allocation planning for the area 
is based on detailed knowledge of the current river system and a range of possible 
future economic, social and environmental scenarios. It is for this reason that 
projected climate data for a range of greenhouse gas emissions scenarios has been 
applied to a detailed hydrologic model of the Denmark River catchment. 

The Denmark River is located in the Great Southern region of Western Australia. It is 
an important water source for the Albany/Denmark region, yielding up to 20 gigalitres 
(GL) of water annually (Bari et al. 2004). The river has had significant salinity issues 
due to clearing of native vegetation and since the mid 1970s has been too saline for 
public water supply. The Quickup River dam was built in 1990 as an alternative water 
supply source for the town of Denmark; however, in recent years it has not been able 
to supply enough water to meet demand. A target has been set to recover the 
Denmark River to potable water standards (500 mg/L) at Mt Lindesay by 2020 (Bari 
et al. 2004). At the same time, if the river is to become a viable future water supply 
source for Denmark, it is important to assess the quantity of water available, as well 
as its quality (as described in the Denmark River salinity situation statement, Bari et 
al. 2004).  

Projected climate data has been applied to catchment hydrology models throughout 
the world (Wilby 2005; Coulibaly et al. 2005; Palmer & Hahn 2002). In many of these 
studies, general circulation models (GCMs) have been used to project future 
precipitation and temperature. However, GCMs output climate data at a regional 
scale that can be too coarse for detailed hydrologic analysis. Statistically 
downscaling the GCM atmospheric circulation output is a method that has been 
developed to help resolve smaller-scale processes, providing suitable climate input 
for hydrologic models (Fowler et al. 2007). This method has been applied to water 
supply catchments in south-west Western Australia (Berti et al. 2004; Kitsios et al. 
2008).  

The Intergovernmental Panel on Climate Change (IPCC) has developed a variety of 
emissions scenarios for a range of future social, economic and environmental 
developments (IPCC 2000). Berti et al. (2004) and Kitsios et al. (2008) used 
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statistically downscaled precipitation projections for GCMs forced by the IPCC A2 
scenario. The A2 scenario is on the high end of emissions scenarios; however, 
current greenhouse gas emissions growth has been observed to follow this high path 
(Rahmstorf et al. 2007). In this study, three IPCC emissions scenarios have been 
used (high – A2; moderate – A1B; and low – B1) to assess projected future climate 
and streamflow conditions under a range of possible future developments.  

The objective of this study is thus to explore the impact of climate change scenarios 
(particularly changes in precipitation) on simulated streamflow in the Denmark River 
catchment. The methodology of applying statistically downscaled precipitation data to 
a catchment model is described further in Section 3 of this report, as are the results 
and limitations of this study (sections 5 and 6 respectively). 
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2 Catchment 
The Denmark River catchment is located 414 km south east of Perth in the Great 
Southern region of Western Australia (Figure 1). The catchment covers an area of 
663 km2, over which there is great variability in climate, geology and land use. The 
Denmark River discharges into the Southern Ocean through the Wilson Inlet near the 
town of Denmark.  

 

Figure 1 Denmark River catchment locality map 

The Denmark River catchment has a temperate climate (based on the Köppen 
classification system) with mild wet winters and hot dry summers (BOM 2008). Mean 
annual rainfall increases from north to south from 650 mm to 1100 mm (Figure 2).  
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Figure 2  Denmark River catchment rainfall gauges and rainfall isohyets 

In the catchment overall, grazing and annual pastures are the primary agricultural 
practices. In the southern portion of the catchment (downstream from Mt Lindesay), 
dairy farming and beef production are the dominant practices. Clearing of native 
forest for agriculture began in 1870, and by 1984 approximately 16 per cent of the 
catchment area had been cleared. Controls for clearing were established in 
December 1978 and by 2005 approximately 51 per cent of the cleared land had been 
reforested (Bari et al. 2004). Remaining native vegetation is predominantly forest with 
species of jarrah (E. marginata) and marri (E. calophylla) (Ruprecht, Stokes & Pickett 
1985).  
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Catchment elevation varies from around 80 m AHD in the south to 240 m AHD in the 
north. There is a small area of high relief around a granite outcrop in the south east. 
Mt Lindesay is the peak of this high relief area, with an elevation of around 
450 m AHD. 

The main landforms in the catchment include laterite plateau, dissected plateau, 
incised valleys and swampy flats. The laterite plateau covers approximately 
55 per cent of the catchment and is characterised by uplands with sands and 
ironstone gravels over mottled clays. Twenty per cent of the catchment is comprised 
of dissected plateau, which is generally hilly with yellow mottled soils and gravels. 
Incised valleys cover 15 per cent of the catchment, and are characterised by 
moderate to steep slopes with yellow podzolic soils and red earths. Swampy flats 
cover the remaining 10 per cent of the catchment, mainly in the west and north-
western areas. These are characterised by shallow drainage lines with leached 
sands and podzolic soils (Ruprecht, Stokes & Pickett 1985). The geology and soils of 
the catchment have been described in more detail by Collins and Fowlie (1981). 

Ten streamflow gauging stations have operated periodically throughout the 
catchment since 1962. Of these 10, three have over 30 years of records and five are 
still operating (Figure 3). The locations of these gauging stations are shown in Figure 
1. 

Jan-62 Jan-67 Jan-72 Jan-77 Jan-82 Jan-87 Jan-92 Jan-97 Jan-02 Jan-07

Perillup (603177)

Amarillup Swamp (603172)

Yate Flat Creek (603190)

Clear Hills (603173)

Kompup (603003)

Lindesay Gorge (603002)

Mt Lindesay (603136)

Quickup Brook (603006)

Scottsdale Brook (603023)

Denmark Ag College (603021)

 

Figure 3  Streamflow gauging station operation periods in the Denmark River 
catchment 
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3 Method 

3.1 Overview of project methodology 

This study investigated the potential impact of projected climate change on simulated 
streamflow in the Denmark River catchment. As with previous climate streamflow 
studies in south-west Western Australia (Berti et al. 2004; Kitsios et al. 2008), 
statistically downscaled climate data (projected rainfall) has been input into a 
hydrologic model and the resulting streamflow has been assessed. However, unlike 
the previous studies, the sensitivity of impacts to a range of emissions scenarios has 
also been assessed. 

This study’s three main components are: 

 simulation of present and projected future atmospheric conditions at a GCM 
grid scale (CSIRO Mk3.5 GCM) with greenhouse gas forcing for three 
emissions scenarios (A2, A1B, B1) 

 statistical downscaling of present and projected GCM atmospheric predictor 
output to produce multi-site daily rainfall 

 input of statistically downscaled daily rainfall into a hydrologic model 
(LUCICAT) and analysis of the resulting streamflow. 

Each component and their linkages (Figure 4) will be discussed further in the 
following sections. 
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Figure 4 Project methodology schematic 

 

3.2 CSIRO Mk3.5 GCM 

The CSIRO Mk3 GCM couples an atmospheric GCM (atmospheric, land and sea-ice 
components) to an ocean GCM derived from the Geophysical Fluid Dynamics 
Laboratory’s Modular Ocean Model. The Mk3 allows for the interactions of different 
components, taking into account the different time-scales of each. Major 
improvements over previous model generations (e.g. the Mk 2) include better 
physical parameterisations, thus removing the need for flux adjustments, and a 
prognostic cloud scheme, allowing the model to generate physically-based cloud 
properties (Gordon et al. 2002). The CSIRO Mk3.0 version was used in previous 
statistical downscaling investigations for south-west Western Australia (Berti et al. 
2004; Kitsios et al. 2006; Charles et al. 2007). This study uses an updated version, 
the CSIRO Mk3.5, which has improved numerical schemes, improved physical 
parameterisations and rebalanced energetics to remove control drift in global mean 
temperature (Collier et al. 2007).  

Output for three IPCC Fourth Assessment Report emissions scenarios (high – A2; 
moderate – A1B; and low – B1) were available for the Mk3.5. The daily atmospheric 
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predictor series required for statistical downscaling were extracted for these 
scenarios. All three scenarios use common ‘20th century’ greenhouse gas 
concentrations to 2000 and then projected emissions from 2001 to 2100 (see 
Appendix A for more information on the emissions scenarios).  

3.3 Downscaled rainfall 

The non-homogeneous hidden Markov model (NHMM) of Hughes et al. (1999) and 
Charles et al. (1999) was used to relate observed atmospheric predictors to multi-
station daily precipitation and to generate projected multi-station daily precipitation 
when driven by predictors from the CSIRO Mk3.5 GCM. The NHMM first models 
multi-station daily precipitation occurrence patterns as a finite number of ‘hidden’ (i.e. 
unobserved) weather states. The temporal evolution of these daily states (rainfall 
patterns) is modelled as a first-order Markov process with state-to-state transition 
probabilities conditioned on a small number of synoptic-scale atmospheric predictors. 
Being based on precipitation occurrence patterns, rather than atmospheric circulation 
patterns, the NHMM captures much of the spatial and temporal variability of daily 
multi-station precipitation occurrence. For each weather state of a selected NHMM, 
precipitation amounts at each station are then modelled by regressions of 
transformed amounts on precipitation occurrence at key neighbouring stations. This 
captures the first- and second-order moments (i.e. mean and variability) of 
precipitation amounts as well as the between-station correlation in amounts 
(Charles et al. 1999).  

A network of 16 meteorological stations was selected for statistical downscaling. 
These stations encompassed the southern portion of south-west Western Australia. 
Station selection reflected daily rainfall data quality and coverage of the Denmark 
River catchment and surrounds. The NHMM was calibrated using daily NCEP/NCAR 
Reanalysis (Kalnay et al. 1996) atmospheric predictors and the 16 stations’ daily 
rainfall for 1986 to 2005. NHMMs were calibrated on a seasonal basis, for winter 
(May–October) and summer (November–April). Detailed calibration methodology is 
described in Hughes et al. (1999) and Charles et al. (1999).  

The selected summer (November–April) atmospheric predictors, calculated from 
NCEP/NCAR Reanalysis grids over south-west Western Australia, are: 

 north-south gradient in sea level pressure 

 dew point temperature depression (air temperature minus dew point 
temperature) at the 850 hPa level 

 north-south gradient in geopotential height at the 850 hPa level 

The selected winter (May–October) atmospheric predictors are: 

 north-south gradient in sea level pressure 

 dew point temperature depression at the 700 hPa level 

 north-south gradient in geopotential height at the 850 hPa level 
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Daily series of these atmospheric predictors were extracted from the CSIRO Mk3.5 
A2, A1B and B1 for transient simulations from 1958 to 2100. These series were used 
to drive the NHMMs to produce 100 stochastic realisations of projected daily rainfall 
for each scenario for the 16 rainfall stations. 

3.4 LUCICAT model 

The Land Use Change Incorporated Catchment (LUCICAT) model is a dynamic 
water-balance model that simulates daily streamflow and salt load for given rainfall, 
evaporation and land use. The model requires input data such as daily rainfall, pan 
evaporation, salt storage, land use and subcatchment characteristics. Simulation 
results such as streamflow, groundwater level and salt load are output at nominated 
nodes within the catchment. These results are available on annual, monthly and daily 
timesteps. 

The LUCICAT model simulates large catchments by breaking them down into smaller 
Response Units. Each unit consists of three modules including: 

1 a two-layer unsaturated soil module (dry, wet and subsurface stores) 

2 a saturated groundwater module 

3 a transient stream zone module. 

Runoff from each Response Unit is routed downstream in open channels of the 
catchment stream network and is subjected to water losses through evaporation and 
infiltration. The LUCICAT model and its calibration process have been described in 
greater detail elsewhere (Bari & Smettem 2003; Kitsios et al. 2008; Smith et al. 
2007).  

3.5 LUCICAT data preparation and model set up 

The Denmark River catchment area of 663 km2 was divided into 58 Response Units 
based on topography and stream network characteristics. The Response Units 
ranged in size from 1.5 to 17.7 km2. Each required data such as daily rainfall, pan 
evaporation, streamflow (for calibration purposes), as well as land-use history, 
groundwater characteristics and physical attributes (such as stream length, depth, 
surface slope and area). 
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Figure 5 Denmark River subcatchment delineation for the LUCICAT model 

The rainfall used for LUCICAT modelling was derived from the rainfall records of 38 
stations located within and adjacent to the catchment (Figure 2). For each day of the 
calibration period (1975–2005) and the model warm-up period (1971–75), daily 
rainfall was calculated for each Response Unit using records from its three closest 
rainfall stations. This method is described in Dean and Snyder (1977). Days without 
data were filled in with records from the closest rainfall station with recorded rainfall. 

The mean annual derived rainfall (1975–2003) for the entire catchment was 
approximately 830 mm, ranging from 650 mm in the north to 1175 mm in the south. 
More than 70 per cent of this rainfall occurred between May and October. 
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Potential evaporation data, at the centroid of each Response Unit, was produced 
from previous work by Luke et al. (1988). A harmonic function was used to 
disaggregate annual Class A pan evaporation to a daily timestep. Average annual 
pan evaporation was 1670 mm for the period 1975 to 2003 and ranged from 
1570 mm in the south to 1760 mm in the north of the catchment.  

The clearing and plantation history of each Response Unit was compiled with 
historical data (Ruprecht et al. 1985; Bari et al. 2004), aerial photography and 
Landsat TM images. Aerial photography was available from the late 1940s and was 
used to approximate the extent of clearing before the introduction of clearing control 
legislation in 1978. Clearing and plantation history for the model warm-up and 
calibration period (1971–2005) was derived from Landsat TM late-summer scenes 
from 1988 to 2005. 

3.6 LUCICAT model calibration and validation 

The LUCICAT model was calibrated to observed streamflow data from nine gauging 
stations for the periods when observed data was available (Table 1 includes the 
calibration period for each gauging station). 

Table 1 LUCICAT calibration results at nine and validation results at two gauging 
stations in the Denmark River catchment 

Gauge 
no. 

Calibration 
period 

Validation 
period 

Mean annual flow 
difference 

(calibration period) 

Mean annual flow 
difference 

(validation period) 

   
(modelled–observed) / 

observed 
(modelled–observed) / 

observed 

   (%) (%) 

    

603172* 1971–1977  -1  

603190* 1990–2004 1960–1971 -0.4 -17 

603173* 1971–1977  -1  

603003* 1990–2004  -2  

603002 1974–1986  -8  

603136 1990–2004 1960–1971 8 17 

603006 1986–1998  -7  

603023 1998–2004  3  

603021 1998–2004  13  

* gauging stations located within the upper catchment 

A range of criteria was used to assess the similarity between simulated and observed 
streamflow. These included plots of simulated and observed daily series, flow-period 
error index (EI), Nash-Sutcliffe coefficient of efficiency (E), explained variance (EV), 
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correlation coefficient (CC) and the overall water balance (E2). A full description of 
these criteria and a list of results are included in Appendix B. 

The model simulated well the daily observed data during the calibration period at all 
gauging stations with a Nash-Sutcliffe coefficient of efficiency (E) of 0.99 (Nash & 
Sutcliffe 1970) (Figure 6). The model underestimated the annual streamflow by 1 to 
2 per cent for all gauges located within the upper catchment, while the model 
estimations for the lower catchment ranged from underestimation by 8 per cent to 
overestimation by 13 per cent. The overestimation by 13 per cent at Denmark 
Agricultural College may be associated with data quality, accuracy of gauging station 
records and inaccuracies in descriptions of vegetation cover (Table 1). 
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Figure 6 Comparison between mean annual observed and modelled runoff at nine 
gauging stations within the Denmark River catchment 

Validation of the LUCICAT model was carried out for a period of 12 years between 
1960 and 1971, for two gauging stations with long-term streamflow data: Yate Flat 
Creek (603190) and Mt Lindesay (603136). It was assumed that catchment land use 
in these years was similar to the 1946 to 1957 period. Historical records from these 
years were used to estimate the forest leaf-area index (LAI) and determine the extent 
of clearing. The validation period’s rainfall was derived by correlating the observed 
rainfall data from five rainfall gauges in the catchment and the simulated rainfall 
series used in the calibration (see Appendix C for more information on the rainfall 
correlation method). The observed rainfall records could have been spatially 
distributed throughout the Denmark River catchment in a similar way to the 
calibration dataset (Dean & Snyder 1977). However, five rainfall stations may not be 
adequate for describing the spatial distribution of rainfall throughout the catchment. 
The observed data from five stations was correlated to the calibration dataset, which 
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encompassed 38 rainfall stations (and hence better described the spatial distribution 
of rainfall throughout the catchment).  

Validation results showed the model underestimated annual streamflow by 17 per 
cent at the Yate Flat Creek gauging station. Annual streamflow at the Mt Lindesay 
site was overestimated by 17 per cent. Comparison of observed and simulated 
annual runoff, for validation and calibration, is presented in Figure 7. The 
underestimation at Yate Flat Creek and overestimation at Mt Lindesay gauging 
stations may be attributed to the definition of LAI and/or the spatial distribution of the 
correlated rainfall. 
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Figure 7 Comparison of observed and simulated (from LUCICAT calibration and 
validation) annual runoff at Yate Flat Creek and Mt Lindesay  
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3.7 Application of projected climate data to the 
LUCICAT model 

The LUCICAT model was run with the parameters determined during the calibration 
process (see Section 3.6) and the statistically downscaled projected rainfall series 
(see Section 3.3). The statistical downscaling process generated 100 replicates of 
projected daily rainfall sequences. However, it was determined that 40 series were 
sufficient to account for the statistical variation across replicates (see Appendix D). 
This meant that the LUCICAT model was run 40 times (a simulation for each of the 
realisations of daily rainfall) for each emissions scenario. A similar approach was 
used in previous climate change studies in the Stirling and Serpentine catchments in 
south-west Western Australia (Berti et al. 2004; Kitsios et al. 2008). 

Maintaining the calibration parameter dataset was necessary to isolate streamflow 
changes due to projected rainfall change alone. However, there were some major 
assumptions inherent in this method. The following factors were assumed to remain 
constant from 2006 onwards: 

 potential evaporation 

 vegetation and land use 

 temperature 

 soil properties. 

It is a very complex issue to try to determine how these factors and their 
interrelationships will change under future conditions. This is outside the scope of this 
study. The error and uncertainties associated with the assumed stationary nature of 
catchment characteristics are described further in Section 6.3. 

One difference between the LUCICAT calibration dataset and the dataset used for 
the climate simulations was the way in which plantation growth values were 
assigned. During the calibration, the catchment’s plantation areas were set to 
growing, and were still growing at the end of the calibration period (2005). For the 
climate simulations, the plantations were assigned a ‘fully grown’ value from 2006 
onwards. As such they were assigned a greater root depth from 2006 onwards (15 m 
in 2006 compared with 8 m in 2005), and it was expected they would draw more 
water. Assigning a ‘fully grown’ value to plantations was considered the most realistic 
means of describing the plantations to 2100, without the ability to predict future 
catchment practices. All other model parameters remained constant from 2006 to 
2100.  



Surface water hydrology, HY 30  Denmark River climate change 

 

 

 

16  Department of Water 

4 Analysis of rainfall projections 
This section describes projected rainfall results throughout the Denmark River 
catchment. Projections of daily rainfall are available for three emissions scenarios 
and at 16 sites in the southern portion of south-west Western Australia (as described 
in Section 3.3).  

Three sites within and around the Denmark River catchment were used to generate 
climate data for the hydrologic modelling. Downscaled rainfall from Arundel (009501), 
Denmark Post Office (009531) and Perillup (009595) was correlated with the 
calibration rainfall dataset to provide rainfall at the centroid of each Response Unit in 
the LUCICAT model. This method is similar to that used in the validation process and 
a detailed description is provided in Appendix C.  

For each emissions scenario (A2, A1B and B1), 40 series of daily projected rainfall 
were analysed from 1975 to 2100, with mean monthly and annual rainfall determined 
at three 32-year time-slices centred around 1990, 2030 and 2085. Mean monthly and 
annual data have been determined for each rainfall series, and these results have 
been averaged across the 40 series for each emissions scenario. Comparison has 
been made between GCM downscaled present and projected rainfall, as well as 
between GCM downscaled present and observed rainfall.  

4.1 Annual rainfall results 

Results were analysed for observed and GCM downscaled annual rainfall in the 
Denmark River catchment and evaluated at the catchment outlet (Response Unit 58). 
Observed rainfall was analysed for the period 1975 to 2006, while GCM downscaled 
rainfall data was analysed from January 1975 to October 2100.  

The annual GCM downscaled rainfall data for each of the three emissions scenarios 
(A2, A1B and B1) is illustrated in Figure 8. These annual series are the average of 40 
rainfall series for each scenario. The effect of climate change was explored by 
assessing the change in rainfall for each scenario from 1975 to 2100. The grey 
highlighted areas in Figure 8 represent the 32-year time-slices over which annual 
rainfall values were averaged. These time-slices were centred around 1990, 2030 
and 2085, representing the respective timeframes of ‘present period’, ‘allocation 
planning future’ and ‘end-of-century’. In previous studies in the south-west, 30-year 
time-slices were used. However, an extra two years was added to the time-slices in 
this study. This enabled a stable climate simulation to be carried out with a rainfall 
series generated by repeating the calibration rainfall series, while maintaining the 
pattern of leap years. 
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Figure 8 Annual rainfall for the Denmark River catchment (average of 40 
simulations) for each emissions scenario for three 32-year time-slices 
centred around 1990, 2030 and 2085  

Present and future rainfall for each emissions scenario were compared. For the A2 
scenario, the average annual rainfall in the 2030-centred period (2014–45) was 3 per 
cent less than for the present period. For the A1B and B1 scenarios there was a 
similar 2 and 2.5 per cent reduction. By 2085, rainfall reductions were much larger for 
the A2 and A1B scenarios than for the B1 scenario. Average annual rainfall for the 
2085-centred period (2068–99) was approximately 8 and 7 per cent less than the 
present for the A2 and A1B scenarios respectively. However, for the B1 scenario, the 
rainfall reduction to 2085 was smaller than it was for 2030, at approximately 2 per 
cent compared with 2.5 per cent. This is consistent with the emissions trajectories 
associated with these scenarios, where A2 and A1B greenhouse gas concentrations 
are still increasing whereas B1 has stabilised (IPCC 2000). 

Table 2 Mean annual observed and projected rainfall for the Denmark River 
catchment 

 
Observed 

 
A2 

 
A2 change    
from present 

A1B 
 

A1B change   
from present 

B1 
 

B1 change    
from present 

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

        
1990 826 776 - 777 - 780 - 

(1975–2006)        
2030 - 752 -3 760 -2 760 -2.5 

(2014–2045)        
2085 - 715 -8 723 -7 763 -2 

(2068–2099)        

It is important to note that the GCM downscaled rainfall series differ to the observed 
rainfall, even over the present time-period. Table 2 shows that the observed annual 
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rainfall over the Denmark River catchment was 826 mm. The GCM downscaled 
annual rainfall for all three emissions scenarios for the present time-period (1975–
2006) was noticeably less than the observed, of the order 6 per cent (approximately 
780 mm). Similar outcomes in previous studies were found to result from biases in 
GCM atmospheric predictors, rather than deficiencies in the statistical downscaling 
approach (Charles et al. 2007). Also, the GCM simulations have their own 
interannual variability that is independent of the natural forcing seen in the observed 
record, and so the simulated frequency of atmospheric conditions leading to wet and 
dry years may not overlap with that of the observed record. For more information on 
the differences between GCM downscaled and observed rainfall, see Appendix C. 

4.2 Monthly rainfall results 

As discussed in Section 2, the Denmark River catchment experiences a temperate 
climate, with approximately 71 per cent of rainfall occurring between May and 
October. The seasonality of rainfall is of major importance in hydrologic modelling 
due to the impact it has on catchment wetting and drying processes. For the 
Denmark River catchment, the LUCICAT model has been calibrated to observed 
rainfall. However, GCM downscaled rainfall (used in the climate change component 
of the LUCICAT modelling) exhibited a slightly different monthly pattern to the 
observed rainfall. For instance, from April to July, observed average monthly rainfall 
(1975–2006) was higher than the corresponding downscaled rainfall for all three 
emissions scenarios (Figure 9). This trend was reversed in later months (August–
October) when downscaled rainfall for all three scenarios was higher than the 
observed. Approximately 76 per cent of annual rainfall occurred between May and 
October for the GCM downscaled rainfall series. This means that the GCM 
downscaled rainfall data had a slightly different seasonality to the observed data, with 
more rainfall later in the year (with the exception of November) and less earlier on. 
This trend is similar to what was reported for the Stirling and Serpentine catchments 
in Western Australia (Berti et al. 2004; Kitsios et al. 2008). However, in both these 
cases, there was a much greater shift in seasonality between GCM downscaled and 
observed rainfall. 
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Figure 9 Observed and projected mean monthly rainfall (1975–2006) for the 
Denmark River catchment 

The mean seasonal rainfall for the present period (1975–2006) is shown in Figure 10. 
GCM downscaled rainfall was slightly higher than the observed in summer and less 
than the observed in autumn, winter and spring. The difference between GCM 
downscaled and observed rainfall was most noticeable in autumn and winter and was 
greatest (proportionally) in autumn, when projected rainfall was between 11 and 13 
per cent less than the observed (see Table 3).  
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Figure 10 Observed and projected mean seasonal rainfall (1975–2006) for the 
Denmark River catchment 

Table 3 Mean observed and projected seasonal rainfall for the Denmark River 
catchment over the present period (1975–2006) 

 
Observed 

 
A2 

 

Difference 
from 

observed 

A1B 
 

Difference 
from 

observed 

B1 
 

Difference 
from 

observed 
 (mm) (mm) (%) (mm) (%) (mm) (%) 

Summer 
(DJF) 

74 78 4 79 7 78 5 

Autumn 
(MAM) 

194 173 -11 169 -13 168 -13 

Winter   
(JJA) 

344 321 -7 327 -5 330 -4 

Spring 
(SON) 

213 204 -4 201 -5 204 -4 

The seasonal differences between present and future projected rainfall are shown in 
Figure 11. For the A2 emissions scenario, there was a consistent rainfall reduction 
into the future in all seasons. For instance, summer rainfall was highest in the 
present period (1990), was lower in 2030 and lower still in the 2085 period. 

Rainfall reduction was not as consistent for the A1B and B1 emissions scenarios. For 
instance, average winter rainfall in 2030 for the A1B scenario was higher than the 
present winter rainfall for this scenario, while for the B1 scenario, winter rainfall was 
higher in 2085 than it was in the present period (Figure 11). 
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Figure 11 Mean seasonal rainfall for the Denmark River catchment for each 
emissions scenario, for present and future time-slices (1990, 2030 and 
2085) 
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4.3 Variation throughout the catchment 

The Denmark River catchment encompasses areas of high and low rainfall with a 
distinct gradient of low to high rainfall, north to south in the catchment.  

The method used to capture the spatial distribution of rainfall throughout the 
catchment was described in Section 3, and further in Appendix C. One of the main 
differences between the climate input for the calibration and GCM downscaled 
precipitation simulations was the number of stations involved in generating Response 
Unit rainfall. There were 38 stations used to derive the calibration dataset and only 
three for the GCM downscaled datasets. Hence, GCM downscaled datasets were 
created by correlating GCM downscaled rainfall from these three sites to the 
calibration data from 38 sites. By using this method, the spatial distribution of the 
GCM downscaled rainfall was more similar to the calibration dataset than if the Dean 
and Snyder method (1977) had been applied to the three sites. However, there were 
still differences between the spatial distribution of the calibration and GCM 
downscaled datasets.  

The spatial distribution of rainfall throughout the catchment can have a large impact 
on streamflow generation within the catchment. Differences in the spatial distribution 
of the calibration and GCM downscaled rainfall dataset may therefore be one of the 
reasons the GCM downscaled present and observed streamflow were so different for 
all three climate scenarios (as described in the streamflow results in Section 5). 
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5 Streamflow modelling results 
The following streamflow results are the average of 40 LUCICAT simulations for each 
emissions scenario (A2, A1B and B1). As with the GCM downscaled rainfall results, 
streamflow has been analysed from 1975 to 2100, with mean monthly and annual 
streamflow assessed at three 32-year time-slices centred around 1990, 2030 and 
2085. Present downscaled and projected downscaled streamflow have been 
compared, as well as present downscaled and observed streamflow. 

Flow results are described using both streamflow and runoff at points along the 
Denmark River. Streamflow is a measure of the flow of water per unit time. Runoff is 
a measure of flow of water per unit area per unit time. Here we calculate runoff to be 
streamflow divided by catchment area. In this way, runoff is independent of 
catchment area, enabling flow characteristics to be compared between different 
points of the river (irrespective of catchment area upstream of each point). 

5.1 Impact of land-use change 

It became apparent very early in the hydrologic modelling process that simulated 
flows were showing changes due to more than just the projected rainfall series. The 
sensitivity of the catchment to land-use change, particularly the maturity of plantation 
areas, is explored in this section. The results of a simulation with the same 
parameters and a stable-climate series are also included. This simulation was used 
to isolate the streamflow change due to land use and enable this change to be 
factored out of the projected simulations. 

The Denmark River catchment has been classified as one of five resource recovery 
catchments in the south-west of Western Australia (Government of Western Australia 
1996). As mentioned in Section 2, historical clearing of native vegetation, particularly 
in the northern portion of the catchment, has resulted in increased streamflow and 
salinity. Given the history of sensitivity to land-use change within the catchment, it is 
not surprising that further changes in land use would alter the flow regime of the river. 

It is not possible to realistically foresee the next 100 years of land use within the 
Denmark River catchment. For the purpose of climate modelling, the extent of 
cleared catchment was kept constant from 2005 onwards (consistent with the 
calibrated dataset). However, the plantation vegetation was still assigned a ‘growing’ 
root depth by the end of the calibration period. It was thought that setting the 
plantations to ‘fully grown’ (increasing the root depth) would be the most consistent 
means to describe the future vegetation in the catchment; thus they were set to ‘fully 
grown’ by 2006 and remained this way until 2100.  



Surface water hydrology, HY 30  Denmark River climate change 

 

 

 

24  Department of Water 

5.2 Stable climate simulation 

Initial LUCICAT modelling results for all climate scenarios showed a sharp reduction 
in streamflow and groundwater levels after 2006. Streamflow reduction could not be 
attributed to rainfall decline because no significant variation in rainfall had occurred 
by this time; hence the reduction was attributed to the catchment’s response to 
maturing plantations. A stable-climate simulation was conducted to determine the 
extent to which land-use change (alone) would affect streamflow. This simulation had 
the same parameters as the climate scenario simulations, but had a rainfall series 
generated from repetition of the calibration rainfall series (1971–2005) to cover the 
period 1975 to 2100. Annual streamflow results for the stable-climate simulation are 
included in Figure 12. 

 

Figure 12 Modelled annual streamflow from the stable-climate simulation 
reported in the mid (Mt Lindesay) and northern (Kompup) portions of the 
catchment 

The modelled mean annual streamflow was substantially lower for 2007 to 2100 than 
for 1971 to 2006. This effect was evident throughout the Denmark River catchment, 
as shown in Figure 12. The streamflow decline was proportionally greater in the 
northern part of the catchment, where most of the plantations exist. For instance, the 
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decline in mean annual streamflow at Kompup was approximately 6 GL, or 63 per 
cent, while the decline at Mt Lindesay was 7 GL, or 30 per cent.  

Modelled groundwater levels also decreased throughout the catchment from 2006 
onwards. In the cleared portion of the Kompup subcatchment, there was a sharp 
decline in modelled groundwater levels until 2017, followed by a more-gentle decline 
until 2067 (Figure 13). The modelled decline in the cleared portion of the Mt Lindesay 
subcatchment was less pronounced than for Kompup and only occurred until 2020. 
Modelled groundwater levels remained relatively stable in the forested portions of 
each subcatchment from 1971 to 2100 (Figure 13). 

 

Figure 13 Modelled groundwater levels for the stable-climate simulation for 
cleared and forested portions of four subcatchments within the Denmark 
River catchment 

Mean annual runoff results for the stable-climate simulation are included in Table 4. 
Results are reported for the same time-slices chosen for the climate change 
scenarios. Percentage reductions in mean runoff for future periods compared with 
the present period indicate the effect of land-use change on runoff. For instance, at 
Yate Flat Creek gauging station (603190) there was a 78 per cent reduction in runoff 
by 2030. Runoff reduction at the Mt Lindesay gauging station (603136) was 
approximately 30 per cent by 2030. It was evident across all three subcatchments 
(Table 4) that the majority of runoff change occurred between the present and 2030-

Cleared

-6

-4

-2

0

2

4

6

Jan-1990 Jan-2000 Jan-2010 Jan-2020 Jan-2030 Jan-2040 Jan-2050 Jan-2060 Jan-2070 Jan-2080 Jan-2090

G
ro

un
dw

at
er

 le
ve

l b
el

ow
 s

ur
fa

ce
 (

m
)

Forested
0

2

4

6

8

10

12

14

Jan-1990 Jan-2000 Jan-2010 Jan-2020 Jan-2030 Jan-2040 Jan-2050 Jan-2060 Jan-2070 Jan-2080 Jan-2090

G
ro

un
dw

at
er

 le
ve

l b
el

ow
 s

ur
fa

ce
 (

m
)

Scottsdale Mt Lindesay Kompup Yate Flat



Surface water hydrology, HY 30  Denmark River climate change 

 

 

 

26  Department of Water 

centred period. This coincided with the plantations maturing in 2006 and the time 
taken for the catchment to adjust to this change.  

Table 4 Mean annual runoff at three subcatchments within the Denmark River 
catchment for the stable-climate simulation 

 Yate Flat Creek Kompup Mt Lindesay 

 
Runoff 

 
Change    
from 1990 

Runoff 
 

Change    
from 1990 

Runoff 
 

Change     
from 1990 

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

1990         
(1975–2006) 77 0 42 0 50 0 

         

2030      
(2014–2045) 17 -78 15 -63 36 -30 

         

2085         
(2068–2099) 16 -79 15 -64 35 -30 

The impact of land-use change was so large (varying from 78 per cent runoff 
reduction at Yate Flat Creek down to 30 per cent reduction at Mt Lindesay), that it 
needed to be accounted for in the climate change modelling. Hence, streamflow 
results for the climate change scenarios have been adjusted to remove the effect of 
land-use change. This has been achieved by reducing the 1990-centred period 
streamflow results (for each emissions scenario) by the corresponding percentage 
reduction due to land-use change. For example, mean annual streamflow results at 
Yate Flat Creek from 1975 to 2006 would be reduced by 78 per cent before they 
could be compared with the future time-slices.  

5.3 Annual streamflow results 

There was a significant difference between current streamflow simulated from GCM 
downscaled precipitation data and that of the observed data. On average, annual 
streamflow from downscaled rainfall for the present period at Mt Lindesay was 
between 22 and 24 per cent lower than the corresponding streamflow from observed 
data (Table 5). Because of the large difference between the simulated and observed 
streamflow for the present period, it would not be suitable to compare future 
projected streamflow with the observed. As a result, future projected streamflow has 
been compared with the corresponding current simulated streamflow for each 
emissions scenario. 
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Table 5 Comparison between mean annual streamflow from observed and 
projected climate data for the present period (1975–2006) at Mt Lindesay 

 
Mean annual flow   

(1975–2006) 

Difference 
(between observed 

and projected) 

 (GL) (mm) (%) 

     
Observed 25.3 50 – 
     
A2 19.3 38 -24 
     
A1B 19.8 39 -22 
     
B1 19.9 40 -22 

Mean annual runoff results for each emissions scenario – for the present and future 
periods – are shown in Table 6. Similar to the rainfall results, the A2 scenario was 
found to have the largest decrease in runoff: a 13.5 per cent reduction by 2030 and a 
32.5 per cent reduction by 2085. Runoff reduction was similar for the A1B scenario 
with 10 per cent by 2030 and 32 per cent by 2085. The runoff reduction for B1 by 
2030 was similar to both the A2 and A1B scenarios at 10 per cent. However, it 
appears that runoff stabilised for the B1 scenario after 2030, as runoff in 2085 was 
8 per cent lower than the present for this scenario.  
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5.4 Monthly streamflow results 

As with the annual results, monthly streamflow results for observed and simulated 
climate data showed significant differences over the 1990-centred present period. 
Mean monthly streamflow at Mt Lindesay for the present period is shown in Figure 
14. Streamflow was higher for the observed climate data in nearly all months of the 
year (except September and October), with the greatest difference occurring in June 
and July. There was a slight shift in seasonality between observed and simulated 
data. There was more streamflow earlier in the year (June and July) for the observed 
climate, and more later in the year for the simulated climates (September and 
October).  
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Figure 14 Mean monthly modelled streamflow at Mt Lindesay for the 1990-centred 
period (1975–2006) 

Monthly streamflow simulated for the current and projected climates are shown in 
Figure 15. Error bars have been used to represent the 95 per cent confidence 
intervals for mean monthly values. Streamflow decline was the most consistent for 
the A2 scenario, with decreases for each month in 2030 followed by further 
decreases to 2085. Decreases were slightly less consistent for the A1B scenario in 
2030; however, by 2085 there was a decline in streamflow for all months. Results for 
the B1 scenario were the least consistent; for example, streamflow in 2030 was lower 
than 2085 in many months. This effect was also evident in the annual reductions in 
rainfall and streamflow for this scenario, which were greater in 2030 than 2085  
(Table 6).  
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*1990 values have been adjusted to account for changes due to land use 

Figure 15 Modelled mean monthly streamflow at Mt Lindesay for the A2, A1B and 
B1 climate scenarios 
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5.5 Variation throughout the catchment 

Annual runoff results at Yate Flat Creek, Kompup and Mt Lindesay are included in 
Table 7. Runoff reduction, for all scenarios, was proportionally highest in the northern 
part of the catchment. For instance, the runoff reduction by 2085 for the A2 scenario 
was 62 per cent at Yate Flat Creek (the predominantly cleared catchment) compared 
with 32.5 per cent at Mt Lindesay. 

Table 7 Mean annual runoff for the A2, A1B and B1 climate scenarios, reported for 
present and future periods at three subcatchments 

 A2 A1B B1 

 
Runoff

 
... 

Runoff 
*      
  

Change  
(from 
1990) 

Runoff
 
 

Runoff 
*      
    

Change   
(from 
1990) 

Runoff 
 
 

Runoff
*   
        

Change  
(from 
1990) 

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

              
Yate Flat 
Creek 

            

1990 61 13  61 13   61 13  

2030   8 -41   9 -30  9 -33 

2070   6 -56   7 -46  9 -35 

2085  5 -62   5 -60  9 -34 

              

Kompup                   

1990 31 12  32 12   32 12  

2030  8 -33   9 -24  9 -25 

2070  6 -48   7 -38  9 -26 

2085   5 -57   6 -53   9 -27 

              

Mt Lindesay             

1990 38 27  39 28   40 28  

2030  23 -13.5   25 -10  25 -10 

2070  20 -26   23 -16  26 -8 

2085  18 -32.5   19 -32  26 -8 

* 1990 values have been adjusted to account for changes due to land use 
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6 Discussion 

6.1 Modelled changes in climate and streamflow 
patterns 

Modelled rainfall and streamflow patterns were assessed at three 32-year time-slices 
representing the following timeframes: 

 1990-centred present period (1975–2006) 

 2030-centred allocation planning future (2014–45) 

 2085-centred end-of-century period (2068–99). 

These modelled changes were explored for three projected greenhouse gas 
emissions scenarios (high – A2; moderate – A1B; and low – B1). Reductions in 
rainfall and streamflow were apparent for all emissions scenarios at both future time-
slices. However, the effect of the different emissions scenarios was most evident for 
the end-of-century time-slice. 

Projected rainfall and streamflow reductions for the three emissions scenarios were 
fairly consistent to 2030 and diverged by 2085. By 2030 rainfall reduction was 
between 2 and 3 per cent with corresponding streamflow reduction (at Mt Lindesay) 
of 10 to 13.5 per cent. By 2085 the effect of each emissions scenario became more 
apparent, with both the A2 and A1B scenarios producing larger rainfall and 
streamflow reductions than the B1 scenario. By 2085, rainfall had reduced by 7 to 8 
per cent (A1B and A2 emissions scenarios respectively), with a corresponding 
streamflow decline of 32 to 32.5 per cent at Mt Lindesay. The B1 scenario was a 
much milder emissions scenario and by 2085 rainfall had decreased by 2 per cent, 
and streamflow by 8 per cent.  

6.2 How well does the projected data fit the 
observed? What does this mean for the analysis of 
projected results? 

The similarity between simulated and observed rainfall and streamflow data over the 
present period (1975–2006) was used to assess the GCM’s reliability in simulating 
current climate conditions. This in turn provided a level of confidence in the GCM’s 
projections of future climate. For the Denmark River catchment, the average annual 
projected rainfall was approximately 6 per cent less than observed rainfall for the 
present period. In previous studies in south-west Western Australia, projected rainfall 
tended to be higher than the observed, but the magnitude difference was similar. For 
instance, CSIRO Mk3 GCM downscaled rainfall for the Serpentine catchment was 
approximately 5 per cent higher than the observed. In addition, previous studies 
using the CSIRO Mk3 GCM model in south-west Western Australia showed a shift in 
peak rainfall timing from June–July (observed) to July–August (projected) (Berti et al. 
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2004; Kitsios et al. 2008). While there was a slight shift in the seasonal pattern of 
rainfall in the Denmark River catchment (projected monthly rainfall was less than the 
observed from April–July and greater than the observed from August–October), there 
was no shift in the peak rainfall month. 

Differences between GCM downscaled and observed rainfall were amplified in the 
modelled streamflow. Simulated streamflow was consistently lower than the 
observed for the present period; between 22 and 24 per cent lower compared with 
the 6 per cent rainfall reduction for all three emissions scenarios. Kitsios et al. (2008) 
modelled streamflow in the Serpentine River using downscaled climate data from a 
variety of GCMs and found that the monthly distribution of downscaled rainfall had a 
large impact on streamflow generation. For instance, on an annual scale, the 
Conformal-Cubic Atmospheric Model (CCAM) and Mk3 GCMs overestimated rainfall 
by approximately 5 per cent, with corresponding streamflow overestimation of 14 and 
29 per cent respectively. Although both models produced similar mean annual rainfall 
over the present period, the CCAM model produced a monthly rainfall pattern that 
was more similar to the observed: it also produced more similar streamflow results 
(14 versus 29 per cent).  

As a general rule of thumb, there is a threefold multiplier in streamflow response for a 
given rainfall change (Chiew 2006). The Mk3.5 model for the Denmark River 
catchment generally fits this rule with an approximate fourfold multiplier in streamflow 
for a given rainfall change (22 to 24 per cent streamflow for a 6 per cent rainfall 
change), as does the CCAM model for the Serpentine catchment. This gives some 
confidence that although the rainfall data is imperfect, the data’s monthly distribution 
is similar enough to generate reasonably realistic streamflow sequences.  

Even though the GCM downscaled rainfall and resultant simulated streamflow 
compared reasonably well with the observed data, the correlation wasn’t close 
enough to allow direct comparison of future projections to observed data. Hence, 
during the analysis of results, future projections of rainfall and streamflow were 
compared with current downscaled. This ensured that the interpretation of results 
was not unduly influenced by known GCM biases. 

6.3 Sources of error and uncertainty 

The propagation of errors and uncertainties associated with modelling future climate 
is amplified when linked to impacts modelling, such as the hydrologic modelling 
presented here. In this study there is uncertainty associated with the future climate 
scenarios and error introduced through the GCM, downscaling method and 
hydrologic model. A range of assumptions has therefore been made to ensure that 
streamflow could be modelled until 2100 with some understanding of the levels of 
confidence involved.  

The three emissions scenarios (IPCC 2000) used in this study ranged from high (A2) 
to low greenhouse gas emissions (B1). They are based on the future greenhouse 
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gas emissions determined by driving forces such as demographic, socio-economic 
and technological development. There is a great deal of uncertainty as to how these 
will develop in the future, with the 2008 economic meltdown a salient example. The 
scenarios represent future possibilities rather than actual predictions and as such, 
the future climate data has been referred to as projected data (not predicted data).  

Another reason for future climate data being termed ‘projected’ data is its reliance on 
the accuracy of the GCM to simulate climate processes in the region of interest. For 
this study, climate data has been projected for a single GCM (Mk3.5). However, there 
are many GCMs available worldwide, and there can be great variability in climate 
projections between GCMs. CSIRO (2007) used the results from 23 GCMs to 
investigate climate change trends across Australia. The 23 models gave a range of 
results for various climate variables such as temperature and rainfall, of which the 
50th percentile was used to describe the most likely trend. This ensemble approach 
is a common method used to increase the confidence in GCM output, particularly for 
future climate projections where direct comparison cannot be made with observed 
data. The use of a single GCM is a limitation of this study that reduces confidence in 
future climate projections. It can be overcome in future studies through the use of 
rainfall series from multiple GCMs. 

To maximise confidence in climate change projections for the Denmark River 
catchment, a number of measures have been put in place. For instance, GCM 
projections of rainfall and other climate variables (such as temperature) are output at 
too-course a scale to be suitable for detailed hydrologic analysis. For the Denmark 
River catchment, atmospheric predictors have been taken from the Mk3.5 GCM and 
statistically downscaled to generate daily rainfall series. In this way only the most 
reliable GCM outputs, that drive rainfall variability, have been used. Statistical 
downscaling is a means of reproducing observed precipitation statistics, which is 
particularly important in hydrologic studies where both the sequencing and intensity 
of daily rainfall time-series are crucial for runoff generation.   

The LUCICAT model was run with the calibrated parameters and driven with 
projected rainfall series for each emissions scenario. This approach was necessary 
to isolate the impact of projected rainfall changes on streamflow to 2100. However, 
there were a number of assumptions inherent in this method. For example, 
catchment parameters such as evapotranspiration, land use (post 2006) and soil 
properties were assumed to remain constant until 2100. Similar to the emissions 
scenarios, there is no way to predict catchment conditions in 100 years’ time. The 
uncertainty in maintaining these parameters becomes greater the further streamflow 
projections are made into the future. For some parameters, such as 
evapotranspiration, climate change will impact into the future directly and through 
feedbacks (e.g. vegetation changes). However, in the south-west of Western 
Australia, no consensus has been reached on even the sign of change in 
evapotranspiration (Gifford et al. 2005). For other parameters, such as soil properties 
and land use, the 2005 (or 2006 in the case of land use) values were maintained to 
2100 to ensure that streamflow results reflected rainfall-driven climate change only. 
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In reality, however, any future changes to these parameters can have a major impact 
on hydrologic processes in the catchment.  

The impact of land-use change on streamflow was explored in Section 5.2. 
Significant streamflow changes were evident after setting catchment plantations to 
‘fully grown’ in 2006. The LUCICAT simulation conducted with a stable climate and 
the ‘fully grown’ plantation scenario highlighted the sensitivity of the Denmark River 
catchment to changes in land use. For ‘fully grown’ conditions there was a 
30 per cent decrease in streamflow at Mt Lindesay, and streamflow decline was even 
more severe in the northern portion of the catchment (where most of the plantations 
are located), with a 63 per cent decline at Kompup. When compared with the 
percentage changes in streamflow due to the various climate scenarios (10 to 13.5 
per cent by 2030, 8 to 32.5 per cent by 2085) it is apparent that future land-use 
changes can have a greater impact on streamflow than climate change in the 
Denmark River catchment alone.  

This study isolates the impact of changing rainfall on streamflow in the Denmark 
River catchment for a range of emissions scenarios. Despite the many uncertainties, 
this study provides planners with the opportunity to assess the direct impact of 
rainfall decline on streamflow, within a range of high to low emissions scenarios.  
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7 Conclusions  
Projected rainfall series for three emissions scenarios were applied to the LUCICAT 
hydrologic model for the Denmark River catchment from 1975 to 2100. Current and 
future projections of both rainfall and streamflow were compared for two future 
periods centred around 2030 and 2085.  

For both future periods mean annual rainfall and streamflow declined for all 
emissions scenarios. The emissions scenarios ranged from high, to medium and low 
greenhouse gas emissions (A2, A1B and B1 scenarios respectively). However, it was 
found that the emissions scenarios had little effect on projected rainfall and 
streamflow for the 2030-centred period, with a projected rainfall decline to 2030 of 
between 2 and 3 per cent resulting in a streamflow decline ranging from 10 to 13.5 
per cent. However, by 2085 the effect of the emissions scenarios was more clear, 
with much smaller rainfall and streamflow declines for the B1 scenario (2 per cent 
rainfall and 8 per cent streamflow) compared with the A2 scenario (8 per cent rainfall 
and 32.5 per cent streamflow.  

Current GCM downscaled rainfall and streamflow were compared with observed data 
to assess the ability of the GCM downscaled data to match current conditions. In 
previous climate change studies in the south-west of Western Australia (Berti et al. 
2004; Kitsios et al. 2008) the present period’s GCM downscaled climate data 
exhibited a distinct shift in peak month, which was then amplified in the streamflow 
results. For the Denmark River catchment there was a slight shift in the seasonality 
of the projected rainfall (for all three scenarios) towards more rainfall later in the year; 
however, there was no shift in the peak rainfall month.  

Projected streamflow changes were investigated at a range of locations within the 
Denmark River catchment. The northern portion of the catchment, which experiences 
lower rainfall than the southern portion, was found to be more sensitive to climate 
change than other regions. For instance, for 2085 (A2 scenario) there was a 57 per 
cent reduction in streamflow at Kompup, compared with a 32.5 per cent reduction at 
Mt Lindesay due to projected rainfall alone. 

A stable-climate simulation was undertaken to assess the sensitivity of the catchment 
to land-use change. Plantations had a large impact on streamflow, and after setting 
the plantations to ‘fully grown’ in the LUCICAT model in 2006, there was a sharp 
decline in streamflow to 2030. The northern portion of the catchment was most 
sensitive to land use, with a streamflow reduction of 63 per cent due to land use at 
Kompup by 2030; while at Mt Lindesay there was a corresponding 30 per cent 
reduction. 

There was a projected decline in rainfall and streamflow in the Denmark River 
catchment for all emissions scenarios for the 2030 and 2085 periods. However, 
towards the end of the century (2085), rainfall and streamflow decline for the B1 
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scenario was far less than for the A1B and A2 scenarios. These results show that 
conscious global efforts to reduce greenhouse gas emissions and a move towards 
cleaner fuels, social equity and more environmentally friendly ways of living can 
potentially help to mitigate climate change impacts. However, some effects are 
inevitable and need to be planned for. In the Denmark River catchment, planners 
need to consider that streamflow may decline by up to 13.5 per cent by 2030 (due to 
rainfall decline alone).  
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8 Recommendations 
To increase confidence in the projected rainfall and streamflow results, 
improvements could be made to a number of areas in this study.  

1. Previous studies of the south-west of Western Australia have shown that 
different GCMs project different climate results (Kitsios et al. 2008). Future 
work should account for this through the assessment and weighting of multiple 
GCMs.  

2. As knowledge of the parameters describing changes in vegetation and 
potential evaporation improves, the results should be incorporated into the 
hydrologic model. 

3. In this study the hydrologic model was calibrated to all available rainfall 
stations in and around the Denmark River catchment. However, in future 
studies it may be beneficial to calibrate the hydrologic model with only the 
rainfall stations used in the statistical downscaling model. This needs further 
investigation.   
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Appendices 
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Appendix A — Emissions scenarios 

The Intergovernmental Panel on Climate Change (IPCC) has developed long-term 
emissions scenarios for use in the analysis of potential impacts of climate change 
around the world. These emissions scenarios are updated periodically to incorporate 
the latest methodologies and understanding to evaluate the driving forces of climate 
change. The current set of emissions scenarios was adopted in 2000 and includes 
four scenario storylines (or families): A1, A2, B1 and B2. Scenarios were chosen 
from all but the B2 family for this study. For details see the IPCC Special report: 
emissions scenarios – summary for policymakers (2000). 

The A1 storyline describes a future with rapid economic and technological growth 
throughout the world. The global population peaks by mid-century at around 9 billion, 
and then declines. This storyline has underlying themes of capacity building, 
increased social and cultural interaction, and improved equity. The A1B scenario is 
one of three scenarios within the A1 family. It puts an emphasis on developing a 
balance across all energy sources (fossil and non-fossil fuels). The projected CO2 
emissions from fossil fuels is approximately 13.1 gigatonnes of carbon per year 
(GtC/yr) by 2100. 

The A2 storyline is less optimistic in terms of future development. It describes a world 
with a continuously increasing population and slower technological and economic 
growth than the other families. The global population is around 11 billion by mid-
century and 15 billion by the end of the century. The underlying themes of this 
scenario family are self-reliance and the preservation of local identities. By the end of 
the century, the A2 scenario has the highest cumulative CO2 emissions (from 1990 to 
2100) of all three scenarios used in this study. CO2 emissions from fossil fuels is 
projected to be approximately 28.9 GtC/yr in 2100. 

As with A1, the B1 storyline represents a world with rapid technological growth and a 
population that peaks mid-century and declines thereafter. It represents a shift to a 
service and information economy that is more equitable across regions. The B1 
future is even more optimistic than A1, with a focus on environmental protection and 
social equity. By 2100, projected CO2 emissions for the B1 scenario are lower than 
both A1B and A2 emissions, at 5.2 GtC/yr from fossil fuels. 
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Appendix B — LUCICAT preparation and calibration 

B.1 Evaporation and rainfall data 

Annual pan evaporation data at the centroid of each Response Unit was calculated 
from previous work by Luke et al. (1988) and converted to a daily timestep using a 
simple harmonic function. Mean annual pan evaporation for the period 1975 to 2003 
was 1670 mm and ranged from 1570 mm in the south to 1760 mm in the north of the 
catchment. Daily modelled pan evaporation data from the Denmark Post Office 
meteorological station (009531) compared well with the pan evaporation data derived 
using the above methodology at the catchment outlet, Response Unit 58 (Figure 
B.1).  
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Figure B.1 Daily pan evaporation from modelled data at Denmark Post Office 
(009531) and derived from annual data at Response Unit 58  

Rainfall records from 38 meteorological stations were used to create a spatial 
distribution of daily rainfall throughout the Denmark River catchment for the LUCICAT 
model calibration (Table B.1). 
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Table B.1 List of rainfall stations from which observed data was used to derive 
daily rainfall series for all 58 Response Units used in LUCICAT model 

 Station 

no. 

Station name Operator Start of 

record 

End of 

record 
 

      
1 9501 Arundel BOM May 1912 Jun 2006 
2 9523 Illalangi BOM Dec 1911 Dec 2005 
3 9531 Denmark Post Office BOM Dec 1910 Jun 2006 
4 9532 Denmark Ag School BOM Feb 1948 Jun 2006 
5 9558 Iawakia BOM May 1937 Mar 2006 
6 9563 Wattlegrove BOM Dec 1911 Dec 1952 
7 9589 Nornalup BOM Jul 1913 Jun 2006 
8 9591 Pardelup BOM Dec 1906 Dec 2005 
9 9595 Perillup BOM May 1915 Apr 2006 

10 9609 Youngs Siding BOM Dec 1906 Jun 2006 
11 9637 Denmark Res. Stn BOM Oct 1951 Jan 1984 
12 9647 Weraroa BOM Dec 1958 Jun 2006 
13 9661 Rocky Gully Town BOM Dec 1953 Jun 2006 
14 9752 Denbarker BOM Jul 1966 Jun 2006 
15 9765 Ruthven BOM Dec 1936 Nov 2000 
16 9770 Angus Downs BOM May 1968 Aug 1976 
17 9782 Bandicoot Nursery BOM Sep 1968 Aug 1988 
18 9784 Kimberley BOM May 1969 Jun 2006 
19 9843 Frankland Vineyards BOM Nov 1975 May 2006 
20 9928 Vermeulen BOM May 1974 Jun 2006 
21 9964 Rocky Gully BOM Dec 1995 Jun 2005 
22 509017 Mt Lindesay DoW Jul 1974 Jan 1979 
23 509022 Woonanup DoW May 1972 Sep 2005 
24 509024 Harewood Road DoW Jul 1974 Sep 1985 
25 509183 Lindesay Gorge DoW Apr 1973 Apr 1999 
26 509207 Blue Lake DoW Sep 1973 May 1999 
27 509228 Kompup DoW Apr 1974 Nov 2005 
28 509229 Boundary Road DoW Jun 1974 May 1999 
29 509278 Styx Junction DoW Jul 1974 Nov 2005 
30 509385 Rocky Glen DoW Aug 1979 Nov 2005 
31 509418 Sunny Glen DoW May 1984 Oct 2005 
32 509426 Mount Leay DoW Mar 1985 Apr 1999 
33 509439 Sleeman Road Bridge DoW Apr 1985 Oct 2005 
34 509441 Rodger's Farm DoW Sep 1985 Jun 1989 
35 509453 Beigpiegup DoW Jun 1986 Oct 2005 
36 509498 Pardelup Prison East DoW Jun 1988 Jun 2004 
37 509499 Barrama West DoW Jun 1988 Jul 1999 
38 509500 Willmay South DoW Jun 1988 Jul 1999 
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B.2 Calibration 

The LUCICAT model was calibrated to observed streamflow data for the period 1975 
to 2005, with a warm-up period from 1971 to 1975, at nine gauging stations 
throughout the catchment. A number of model parameters were varied to achieve a 
close fit between the modelled and observed streamflow (Table B.2). The range of 
values for some parameters indicates variation in the parameter over the catchment. 

Table B.2 Parameters used for calibration of the LUCICAT model for the Denmark 
River catchment 

Parameter Description Unit Value 

ia Soil conductivity of A-horizon --- 2.1 

Kuv Vertical conductivity of upper store mm/day 27.185 

c Soil depth of unsaturated zone --- 0.125 

d Depth of top soil mm 1100–2200 

Kll Lateral conductivity of subsurface store mm/day 500 

Cu Salt from dry store --- 0.0063 
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A number of measures of fit were used to quantify the similarity between modelled 
and observed streamflow. These include: 

 plots of simulated and observed daily flow series 

 flow-period error index (EI), which is calculated as 
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 water balance (E2), which is calculated as 
i

ii

O

OS 
 and has a range of 0 to 

infinity and a perfect score of 0 

 root mean squared error (RMS), which is calculated as 2)(
1

ii SO
n   and 

has a range of 0 to infinity and a perfect score of 0. 

O represents the observed data point, S the simulated data point, n the total number 
of observations and f the flow period (number of days with greater than zero flow).
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Table B.3 Daily and monthly flow statistics for the Denmark River catchment 
LUCICAT calibration 

 
 

Measure 
of Fit 

Best fit 
value 

603173 603190 603003 603002 603172 603136 603023 603006 603021 

E 1 -0.14 -0.25 -0.22 0.61 -0.61 0.23 0.61 0.70 0.71 

CC 1 0.65 0.73 0.75 0.80 0.72 0.53 0.80 0.83 0.87 

EI 1 1.49 0.88 1.05 1.03 1.53 1.01 1.03 0.87 1.01 D
ai

ly
 

E2 0 0.00 -0.07 -0.10 -0.11 -0.16 -0.43 -0.02 -0.08 0.01 
            

E 1 0.73 0.78 0.78 0.88 0.76 0.82 0.93 0.86 0.85 

CC 1 0.85 0.92 0.93 0.94 0.91 0.91 0.96 0.93 0.93 

EI 1 1.49 0.88 1.05 1.03 1.54 0.99 1.03 0.87 1.01 

EV 1 0.73 0.78 0.78 0.88 0.76 0.82 0.93 0.86 0.85 M
on

th
ly

 

RMS 0 2.43 6.11 3.95 2.84 4.48 3.68 6.52 2.81 4.33 

Similarity between observed and modelled streamflow was also assessed by 
comparison of hydrographs and daily flow duration curves for each of the nine 
calibration gauging stations. Daily streamflow results at Mt Lindesay (603136) and 
Yate Flat Creek (603190) gauging stations have been included here, as these 
stations are representative of the forested (Mt Lindesay) lower catchment, and the 
cleared (Yate Flat Creek) upper catchment.  

Daily flow duration curves at Yate Flat Creek and Mt Lindesay gauging stations are 
shown in Figure B.3. Comparison between the observed and predicted daily flows at 
Yate Flat Creek shows that the model simulated high flows (top 10 per cent) 
reasonably well, while there was some deviation in lower flows. Predicted flows were 
more similar to observed at Mt Lindesay, with a slight deviation in high flows (top 
20 per cent). 
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Figure B.3 Daily flow duration curves (observed and modelled) at (a) Yate Flat 
Creek (603190) and (b) Mt Lindesay (603136) 

Daily observed and predicted runoff corresponded well in most years. Daily flow 
hydrographs at Mt Lindesay and Yate Flat Creek are shown in Figure B.4 for high, 
average and low flow years during the calibration period (between 1971 and 2004). 
The plots show that the model over predicted flow in the low flow year at Mt Lindesay 
(Figure B.4.a) and Yate Flat Creek (Figure B.4.b). The modelled flow was reasonably 
similar to observed in the average flow year (Figure B.4.c and Figure B.4.d), while 
modelled flows were slightly lower than observed in the highest flow year (Figure 
B.4.e, Figure B.4.f). 

 



Denmark River climate change  Surface water hydrology, HY 30  

 

 

 

Department of Water  47 

 
Mt Lindesay

0

0.2

0.4

0.6

0.8

1

1/01/1987 1/04/1987 1/07/1987 1/10/1987

D
ai

ly
 r

u
n

o
ff

 (
m

m
)

Yate Flat Creek

0

0.5

1

1.5

2

1/01/1987 1/04/1987 1/07/1987 1/10/1987

D
ai

ly
 r

u
n

o
ff

 (
m

m
)

0

0.5

1

1.5

2

2.5

3

1/01/1999 1/04/1999 1/07/1999 1/10/1999

D
ai

ly
 r

u
n

o
ff

 (
m

m
)

0

1

2

3

4

5

1/01/1999 1/04/1999 1/07/1999 1/10/1999

D
ai

ly
 r

u
n

o
ff

 (
m

m
)

0

2

4

6

8

10

1/01/1988 1/04/1988 1/07/1988 1/10/1988

D
ai

ly
 r

u
n

o
ff

 (
m

m
)

0

5

10

15

20

25

1/01/1988 1/04/1988 1/07/1988 1/10/1988

D
ai

ly
 r

u
n

o
ff

 (
m

m
)

Observed Modelled 

D
ry

 y
e

ar
A

ve
ra

g
e

 y
e

ar
W

et
 y

ea
r

 

Figure B.4 Daily runoff (modelled and observed) at Yate Flat Creek and Mt 
Lindesay gauging stations for wet, average and dry years. 
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Figure B.4 Monthly runoff (observed and modelled) at (a) Yate Flat Creek (603190) 
and (b) Mt Lindesay (603136) 
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Appendix C — GCM downscaled rainfall distribution 

C.1 Rainfall station data comparison 

GCM atmospheric predictors were downscaled to rainfall at 16 sites in the south 
coast region of Western Australia. Of these 16 sites, three were close enough to the 
Denmark River catchment for use in the hydrologic modelling. A small pilot study was 
undertaken to compare observed and GCM downscaled rainfall at these three rainfall 
stations (Perillup, Denmark Post Office and Arundel). In this study, 10 series of GCM 
downscaled rainfall were analysed for each station and each emissions scenario. 
Seasonal and annual GCM downscaled averages (from 1975 to 2003) were 
compared with observed data.  

Comparison for the period 1975 to 2003 showed that GCM downscaled rainfall was 
less than observed rainfall at all stations for all emissions scenarios and seasons 
(Figure C.1) with the exceptions of: 

 Denmark Post Office (009531) in summer, where downscaled GCM rainfall 
was between 12 and 16 per cent higher than the observed 

 Arundel (009501) for the B1 scenario in winter, where downscaled GCM 
rainfall was 1.5 per cent higher than the observed. 
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Figure C.1 Seasonal comparison (1975–2003) between observed and downscaled 
GCM rainfall for three emissions scenarios: (a) B1, (b) A1B, (c) A2,  at 
three meteorological stations in the Denmark River catchment. 

Comparison of mean monthly rainfall shows that from April to July, observed rainfall 
is higher than downscaled for all emissions scenarios at all rainfall sites. Downscaled 
rainfall is higher than observed from August to October (with the exception of the A2 
and B1 scenarios at Perillup in September) (Figure C.2). These results are consistent 
with the catchment average rainfall results presented in Section 4.2. 
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Figure C.2 Monthly rainfall comparison (1975–2003) at three meteorological 
stations: Arundel, Denmark Post Office and Perillup. 
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Downscaled mean annual rainfall (1975–2003) was between four and seven per cent 
lower than observed (Table C.1) across the three sites and scenarios.  

Table C.1 Annual comparison between observed and GCM downscaled (10 runs) 
rainfall at three meteorological stations (Perillup, Denmark Post Office 
and Arundel). 

  Perillup 009595 Denmark PO 009531 Arundel 009501 

  

Annual mean 
(1975–2003) 

Difference 
from 

observed 

Annual mean 
(1975–2003) 

Difference 
from 

observed 

Annual mean 
(1975–2003) 

Difference 
from 

observed 

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

Observed 647  991  550  

A2 602 -7 932 -6 510 -7 

A1B 618 -5 942 -5 527 -4 

B1 601 -7 939 -5 512 -7 
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C.2 Rainfall correlation method 

The spatial distribution of rainfall throughout a catchment is an important 
consideration in any hydrologic model. This is particularly pertinent in the case of the 
Denmark River catchment where average annual rainfall varies from 650 mm in the 
north to 1100 mm in the south (mean annual rainfall 1975–2003). The LUCICAT 
model accounts for the spatial variability in rainfall throughout the catchment by 
allowing daily rainfall to be defined for each Response Unit within the model.  

During the calibration phase of the hydrologic modelling, observed daily rainfall from 
38 meteorological sites in and around the catchment was spatially distributed using 
the Dean and Snyder (1977) method to produce rainfall at each Response Unit. 
However, for the climate scenario modelling, only three stations near the Denmark 
River catchment had downscaled rainfall data. The spatial distribution of rainfall from 
these three stations could not have been expected to adequately reflect the spatial 
distribution from 38 stations. The distribution differences between the observed 
rainfall and climate change data might have introduced unwanted bias into the 
modelling results. To overcome this issue, a relationship was developed between the 
annual observed rainfall at each Response Unit and the annual observed rainfall at 
each of the three stations with downscaled GCM data. The following equation was 
solved for each Response Unit for the period 1975 to 2003: 

 

yij = aijx1j + bijx2j + cijx3j 

 

Where 

i = Response Unit number (1 to 58) 

j = year (1975–2003) 

yij = annual observed rainfall at Response Unit i during year j 

x1j = annual rainfall at 009501 during year j 

x2j = annual rainfall at 009531 during year j 

x3j = annual rainfall at 009595 during year j 

aij, bij, cij are unknowns for each Response Unit i and each year j 

 

The above equation was solved using observed rainfall data at rainfall stations 
009501, 009531 and 009595. The constants (a, b and c) that were determined during 
this process were then applied to the GCM downscaled rainfall data at these three 
sites. The figures below show the percentage difference between the observed 
calibration rainfall and the GCM downscaled rainfall (averaged over 40 simulations) 
for each emissions scenario (A1B, A2 and B1) from 1975 to 2003. The GCM 
downscaled rainfall was less than the observed for all scenarios, by 1 to 7 per cent. 
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Figure C.3 Difference between observed and calculated Response Unit rainfall for 
each emissions scenario 

Previous studies (Kitsios et al. 2008) showed that this rainfall correlation approach 
was effective in aligning the spatial distribution of the rainfall used in the climate 
change modelling to that of the observed rainfall.  
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Appendix D — Simulation sample size 

A small pilot study was conducted to determine the required rainfall simulation 
sample size. Ten downscaled rainfall simulations for the period 1975 to 2004 were 
analysed and sample size was established using the following equation (Johnson & 
Bhattacharyya 1996):  

n = [t0.01/2*θ/d]2 

Where: 

n = required sample size 

np= sample size of pilot study 

θ = standard deviation 

d = desired error margin 

t0.01/2 = t-value at the 99% confidence limit (2 tailed t-test, df = np -1) 

Sample size was calculated using the standard deviation in annual rainfall for each 
simulation as the sample variable. A desired error margin of 5 per cent was chosen 
after analysing the average of the sample variable over all 10 simulations. A sample 
size of 37 was found to be required to ensure a 5 per cent error margin with a 
99 per cent confidence limit. It was decided that 40 simulations would be sufficient to 
produce a statistically significant result. 

 

 

 



Denmark River climate change  Surface water hydrology, HY 30  

 

 

 

Department of Water  55 

References 
Bari, MA, Berti, MA, Charles, S, Hauck, E & Pearcey, M 2005, ‘Modelling of 
streamflow reduction due to climate change in Western Australia – A case study’, 
MODSIM 2005, Melbourne, December 2005, Australia. 

Bari, MA, Charles, SP, Kitsios, A, Coppolina, M, Boniecka, L & Crossley, K 2007, 
‘Predicting streamflow reduction due to climate change in the south-west of Western 
Australia – A review’, Greenhouse 2007, Latest Science and Technology, October 
2007, Sydney, Australia. 

Bari, MA, Mauger, GW, Dixon, RNM, Boniecka, LH, Ward, B, Sparks, T & 
Waterhouse, AM 2004, Salinity situation statement: Denmark River, Department of 
Environment, Water resource technical series no. WRT 30. 

Bari, MA & Smettem, KRJ 2004, ‘Modelling monthly runoff generation processes 
following land use changes: groundwater-surface runoff interreactions’, Hydrology 
and Earth Systems Science, vol. 8(5), pp. 903–922. 

Bari, MA & Smettem, KRJ 2006, ‘A conceptual model for daily water balance 
following partial clearing from forest to pasture’, Hydrological Earth System Science, 
vol. 10, pp. 321–337. 

Bari, MA & Smettem, KRJ 2006, ‘A daily salt balance model for stream salinity 
generation processes following clearing from forest to pasture’, Hydrological Earth 
System Science, vol. 10, pp. 321–337. 

Bates, BC, Hope, P, Smith, I & Charles, S, 2007, ‘Key findings from the Indian Ocean 
Climate Initiative and their impact on policy development in Australia’, Climate 
Change, vol. 89, pp. 339–354. 

Berti, ML, Bari, MA, Charles, SP & Hauck, EJ 2004, Climate change, catchment 
runoff and risks to water supply in the south-west of Western Australia, Department 
of Environment, Western Australia. 

Beverly, C, Bari, MA, Christy, B, Hocking, M & Smettem, KRJ 2005, ‘Predicted 
salinity impacts from land use change: comparison of rapid assessment approaches 
and a detailed modelling framework’, Australian Journal of Experimental Agriculture, 
45:117. 

BOM – see Bureau of Meteorology 

Bureau of Meteorology 2007, Australian Climates, [online] accessed on: 08/07/08. 
<http://www.bom.gov.au/cgi-bin/climate/cgi_bin_scripts/clim_classification.cgi>, 
Commonwealth of Australia. 



Surface water hydrology, HY 30  Denmark River climate change 

 

 

 

56  Department of Water 

Charles, SP, Bari, MA, Kitsios, A & Bates, BC 2007, ‘Effect of GCM bias on 
downscaled precipitation and runoff projections for the Serpentine catchment, 
Western Australia’, International Journal of Climatology, vol. 27, pp. 1673–1690. 

Charles, SP, Bates, BC & Hughes, JP 1999, ‘A spatio-temporal model for 
downscaling precipitation occurrence and amounts’, Journal of Geophysical 
Research, vol. 104, pp. 31657–31669. 

Chiew, F 2006, ‘An overview of methods for estimating climate change impact on 
runoff’, 30th Hydrology and Water Resources Symposium, Tasmania. 

Collier, MA, Dix, MR & Hirst, AC 2007, ‘CSIRO Mk3 climate system model and 
meeting the strict IPCC AR4 data requirements’, MODSIM07 International Congress 
on Modelling and Simulation: Land, water & environmental management: integrated 
systems for sustainability, Modelling and Simulation Society of Australia and New 
Zealand, pp. 582–588. 

Collins, PDK & Fowlie, WG 1981, Denmark and Kent river basins water resources 
survey, Public Works Department, Western Australia. 

Coulibaly, P, Dibike, Y, Anctil, F 2005, ‘Downscaling precipitation and temperature 
with temporal neural networks’, Journal of Hydrometeorology, vol. 6, pp. 483–496, 
American Meteorological Society. 

Commonwealth Scientific and Industrial Research Organisation 2007, Climate 
change in Australia, CSIRO. 

CSIRO – see Commonwealth Scientific and Industrial Research Organisation 

Dean, JD & Snyder, WM 1977, ‘Temporally and aerially distributed rainfall’, Journal 
of Irrigation and Drainage Engineering, vol. 123 IR2, pp. 221–229. 

Dixon, RNM & Bari, MA 2008, ‘Modelling of stream salinity management options for 
the Warren River’, Hydrology and Water Resources Symposium, The Institution of 
Engineers, Adelaide, Australia, 2008. 

Fowler, HJ, Blenkinsop, S & Tebaldi, C, 2007, ‘Linking climate change modelling to 
impacts studies; recent advances in downscaling techniques for hydrological 
modelling’, International Journal of Climatology, vol. 27, pp. 1547–1578. 

Fu, G & Charles, S 2007, Multi-model climate change scenarios for south-west 
Western Australia and potential impacts on streamflow, IAHS Publ. 313. 

Gifford, R (Ed.) 2005, ‘Pan evaporation: An example of the detection and attribution 
of trends in climate variables’, Proceedings of a workshop held at the Shine Dome, 
Australian Academy of Science, Canberra, 22–23 November 2004. 



Denmark River climate change  Surface water hydrology, HY 30  

 

 

 

Department of Water  57 

Gordon, HB, Rotstayn, LD, McGregor, JL, Dix, MR, Kowalczyk, EA, O’Farrell, SP, 
Waterman, LJ, Hirst, AC, Wilson, SG, Collier, MA, Watterson, IG & Elliott, TI 2002, 
The CSIRO Mk3 climate system model, Technical paper no. 60, CSIRO Atmospheric 
Research, Melbourne.  

Government of Western Australia 1996, Western Australian salinity action plan, 
prepared by Agriculture Western Australia, Department of Conservation and Land 
Management, Department of Environmental Protection and Water and Rivers 
Commission. 

Hughes, JP, Guttorp, P & Charles SP 1999, ‘A non-homogeneous hidden Markov 
model for precipitation occurrence’, Applied Statistics, vol. 48, pp. 15–30. 

Intergovernmental Panel on Climate Change 2000, Special report: emissions 
scenarios – summary for policymakers, Intergovernmental Panel on Climate Change. 

IPCC – see Intergovernmental Panel on Climate Change 

Johnson, RA & Bhattacharyya, GK 1996, Statistics: principles and methods, 3rd edn, 
John Wiley & Sons Canada, Toronto. 

Kalnay, E, Kanamitsu, M, Kistler, R, Collins, W, Deaven, D, Gandin, L, Iredell, M, 
Saha, S, White, G, Woollen, J, Zhu, Y, Chelliah, M, Ebisuzaki, W, Higgins, W, 
Janowiak, J, Mo, KC, Ropelewski C, Wang, J, Leetmaa, A, Reynolds, R, Jenne, R & 
Joseph, D 1996, ‘The NCEP/NCAR 40-year reanalysis project’, Bulletin of the 
American Meteorological Society, vol. 77, pp. 437–471. 

Kitsios, A, Bari, MA & Charles, SP 2008, Projected impacts of climate change on the 
Serpentine catchment – Downscaling from multiple general circulation models, 
Department of Water, Western Australia. 

Li, Y, Cai, W & Campbell EP 2005, ‘Statistical modelling of extreme rainfall in 
southwest Western Australia’, J. Climate, vol. 18, pp. 852–863. 

Loh, I 2004, Adoption of a standard data period for surface water management 
decisions in the south-west of Western Australia, Internal water resource allocation 
note, Department of Water, Perth. 

Luke, GJ, Burke, KL & O’Brien, TM 1988, Evaporation data for Western Australia, 
Western Australia Department of Agriculture, Division of Resource Management, 
Technical report no. 65, pp. 29. 

Milly, PCD, Betancourt, J, Falkenmark, M, Hirsch, RM, Kundzewicz, ZW, 
Lettenmaier, DP & Stouffer, RJ 2008, ‘Stationarity is dead: Whither water 
management?’, Science, vol. 319, pp. 573–574. 

Nash, JE & Sutcliffe, JV 1970, ‘River flow forecasting through conceptual models, I, A 
discussion of principles’, Journal of Hydrology, vol. 10, pp. 282–90.  



Surface water hydrology, HY 30  Denmark River climate change 

 

 

 

58  Department of Water 

Palmer, R & Hahn, M 2002, The impact of climate change on Portland’s water 
supply: An investigation of potential hydrologic and management impacts on the Bull 
Run system, Portland Water Bureau.  

Rahmstorf, S, Cazenave, A, Church, JA, Hansen, JE, Keeling, RF, Parker, DE & 
Somerville, RCJ 2007, ‘Recent climate observations compared to projections’, 
Science, vol. 316, pp. 709. 

Ruprecht, J & Rodgers, S 1999, The effect of climate variability on streamflow in 
south western Australia, Water and Rivers Commission, Surface water hydrology 
series no. SWH 25. 

Ruprecht, JK, Stokes, RA, Pickett, RB 1985, Denmark River yield and salinity study, 
Water Authority of Western Australia. 

Smith, R, Bari, MA, Rowlands, D & Dixon, RNM 2007, Salinity situation statement: 
Helena River, Department of Water, Division of Water Resources Management, 
Water resources technical series no. WRT 34, pp. 177. 

Wilby, R 2005, ‘Uncertainty in water resource model parameters used for climate 
change impact assessment’, Hydrological Processes, vol. 19, pp. 3201–3219. 

 

 





Looking after all our water needs

Department of Water
168 St Georges Terrace, Perth, Western Australia

PO Box K822 Perth Western Australia 6842
Phone: (08) 6364 7600

Fax: (08) 6364 7601
www.water.wa.gov.au



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


	Heading: The impact of climate change on rainfall and streamflow in the Denmark River catchment 
	Sub Heading: Western Australia


