
Assessment and Improvement of 

CLIGEN for Climate Change Impact 

Analysis in Australia 

 

 

Parshin Vaghefi 

B.Sc., M.Sc. 

 

 

Griffith School of Engineering 

Griffith Sciences 

Griffith University 

 

 

 

 

Submitted in fulfilment of requirements of the degree of Doctor of 

Philosophy 

 

 

 

 

 

September 2016



I 

 

Abstract 

Climate change is a complex phenomenon and can have considerable impact on 

hydrological and bio-physical systems as well as the society. To evaluate the impact of 

climate change, stochastic weather generators (SWG) are commonly used to produce 

synthetic weather sequences that are statistically similar to the observed weather data, 

and these SWGs have been widely used for downscaling global climate model (GCM) 

outputs. CLIGEN is one such weather generator that has been used for impact analysis. 

As a unique SWG, CLIGEN can produce variables describing storm patterns, including 

time to peak, peak intensity, and storm duration, in addition to precipitation amount and 

other daily weather variables. CLIGEN has been used for WEPP (Water Erosion 

Prediction Project) to predict runoff, soil erosion, and crop production. Although in 

recent years several research papers have been published to evaluate approaches that 

adjust CLIGEN parameters to simulate non-stationary climate change scenarios using 

observed data prior researches was limited to use simple approaches, e.g. multiplying 

the CLIGEN-generated daily precipitation by a fixed factor.  

The main goal of this research was to develop methodologies to adjust precipitation 

related parameters of CLIGEN for climate change impact analysis in two regions of 

Australia. On a broader scale, this research has three objectives: 

1. To adjust relevant CLIGEN parameters when annual precipitation has changed 

abruptly and significantly; 

2. To adjust relevant CLIGEN parameters when there is a significantly decreasing 

trend in annual precipitation; and 

3. To validate the adjustment method in terms of simulated streamflow using 

conceptual hydrological models. 

These adjustment methods were developed and validated by analysing historical daily 

precipitation data for southeast of Australia (SEA) and southwest of Western Australia 

(SWWA). Observed and CLIGEN generated precipitation from these regions were 

compared in terms of summary precipitation statistics and the simulated runoff using 

conceptual hydrologic models. 
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To better understand the relationship between CLIGEN parameters and the mean 

precipitation, partial derivatives of the mean monthly precipitation with respect to each 

of the five precipitation-related parameters were used to inform the precipitation 

sensitivity to changes in these CLIGEN parameters.  These analytical results show that 

changes in the mean precipitation amount on wet days, and changes in transition 

probabilities would affect the mean monthly precipitation, while changes in the standard 

deviation and skewness should not have any effect on the mean monthly precipitation.  

These analytical results were broadly verified using numerical simulations, especially 

when changes in parameters are relatively small.  The parameter sensitivity was used to 

guide development of statistical methods for parameter adjustment on a regional scale, 

especially where the significant trends in precipitation have occurred. The analytical 

method proved to be an excellent guide throughout this research, but the empirical 

results showed the analytical method has limitations and therefore, simulation was 

required to adjust CLIGEN parameter values. 

In SEA, precipitation showed a significant and abrupt increase in a 30-year period since 

the late 1940s from the preceding three decades. However, precipitation has decreased 

since the late 1970s, significantly at many sites in the same region. Average 

precipitation on wet days, standard deviations, skewness coefficients, and probabilities 

of a wet day following a wet day and a wet day following a dry day from 30 sites in this 

region and for three 30 year periods were analysed. This research showed that 

precipitation increased significantly from 1919 to 1978, and decreased for the period 

from 1949 to 2008. Both these 60 year periods broadly coincide with an underlying 

trend of increased temperature in Australia and elsewhere in the world. Daily 

precipitation data for the 90-year period show that there are strong positive correlations 

between changes in mean monthly precipitation and changes in mean daily 

precipitation, standard deviation, and the probability of wet-following-dry sequences. 

There is little evidence to suggest that skewness coefficients or wet-following-wet 

probabilities need to be adjusted to simulate changes in mean monthly precipitation for 

this region. A set of regression equations showed that when CLIGEN parameter values 

were adjusted using changes in monthly precipitations and regional relationships for the 

three parameters, output from CLIGEN was able to reproduce the changes in 

precipitation when compared with historical observations. 
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In SWWA, the annual precipitation has shown a significant decreasing trend since the 

mid-1920s. Although the annual precipitation has clearly decreased during the last 90 

years, trends in monthly and daily precipitation are not as strong and consistent. This 

research focused on CLIGEN parameter values for the daily precipitation amount to 

investigate correlations between variations of daily and annual precipitation for SWWA. 

Average precipitation on wet days, standard deviations, skewness coefficients, and 

probabilities of a wet day following a wet day and a wet day following a dry day from 

seven sites and for 90 years were analysed for each of the 61 overlapping time series of 

30 years each for these sites in SWWA. For the wet months in winter, there are 

similarities between statistically significant changes in annual precipitation and changes 

in the mean precipitation on wet days, standard deviation, the probability of a wet day 

following a dry day, and mean monthly precipitation. There is no need to adjust other 

parameters. Three regionalization methods developed and evaluated for adjusting 

CLIGEN parameters. These are the site-specific method, the average method, and using 

the site with the most significant changes to adjust CLIGEN parameters. This research 

shows a linear relationship between trends in the mean monthly precipitation and mean 

daily precipitation. These results indicate that CLIGEN parameter values can be best 

adjusted by the site specific method to reproduce the declining trend in precipitation. 

Finally, CLIGEN generated precipitation sequences were further validated for these two 

regions in Australia.  Streamflow data for three catchments in SEA and three 

catchments in SWWA were used to calibrate two conceptual hydrologic models, namely 

AWBM and SimHyd. The parameters for these hydrologic models were calibrated 

using observed streamflow data for the three catchments in each of two regions and the 

calibrated parameter values were used to simulate runoff amounts using observed and 

CLIGEN generated precipitation data.  

To validate adjustment methods for CLIGEN parameters in SEA, 60 years of observed 

and CLIGEN generated precipitation data were used to simulate daily flows. The results 

showed very similar changes in simulated flows on a monthly and annual basis with 

CLIGEN generated precipitation.  Statistical test results showed that there were no 

significant differences in terms of the simulated runoff between observed and CLIGEN 

generated precipitation data, although with CLIGEN generated precipitation, the 

simulated runoff tends to be lower than that using the observed precipitation data.  The 

site specific method for SWWA using these conceptual hydrological models to simulate 
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90 years of daily runoff showed very similar results using both CLIGEN generated and 

observed precipitation, with no statistically significant differences in the simulated 

runoff. 
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 Chapter I: Introduction 

Climate change has been one of the most topical issues of the day for discussion and 

debate among scientists and in the broader community since the early 1990s when the 

first IPCC (Intergovernmental Panel on Climate Change) assessment report was 

produced (IPCC, 1990).  In fact, climate change has become such an important issue in 

society in recent years that it has played an essential role and attracted much attention in 

most of the political elections around the world, and particularly in Australia. The 

impacts of climate change on the earth and the societies are inevitable and far-reaching. 

Therefore, there is an urgent need to develop and improve modelling tools to project 

future climates and to assess the potential impact of climate change on different aspects 

of life on earth. 

In this introductory Chapter, the research topic, its background, objectives and the 

outline of this thesis are presented. 

1.1 Research Background 

The climate of planet Earth is highly variable and climate change occurred in the past 

over the millennium. Our evolutionary origins lie in the warm, moderate climate of 

equatorial Africa, but our ancestors battled the cold, harsh, and unforgiving climate of 

the last ice age in order to spread across the planet. During the last 650,000 years there 

have been seven cycles of glacial advance and retreat, with the abrupt end of the last ice 

age about 7,000 years ago marking the beginning of the modern climate era and of 

human civilization (Santer et al., 2003; Ramaswamy et al., 2006). Most of these 

changes in climate are attributed to very small variations in Earth’s orbit that change the 

amount of solar energy our planet receives (Hegerl et al., 1996.). The current warming 

trend is of particular concern because most of this is very likely human-induced and 

proceeding at a rate that is unprecedented in the past 1,300 years (Santer et al., 1996).  

There is no doubt about natural variations and changes of climate. Earth's climate has 

always changed.  However, it is the rate of change that is of current concern to 

scientists.  Since the 1800s, humans have been burning vast quantities of fossil fuels to 

power the developing technological and global civilization. As a result, humans have 

been releasing the CO2 trapped in the fossil fuels in the form of energy-rich organic 

molecules back into the atmosphere, increasing the atmospheric concentration of CO2 
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(Figure 1-1). By itself, this is not a concern; as carbon dioxide comprises a very small 

proportion of the atmosphere, and no projected increase would affect our breathing, for 

instance. However, CO2 has another unique property which can have significant impact 

on the climate. As an important greenhouse gas, an increase in CO2 concentration would 

increase the radiational forcing of the lower atmosphere and elevate the temperature of 

the lower troposphere.  

 

Figure 1-1 Carbon dioxide concentration on Earth since 1850 (Retrieved from European 

Environment Agency at http://www.eea.europa.eu( 

Climatologists have detected a steady but small increase in global average temperatures 

over the last 150 years, based on weather data collected all around the world. The Earth 

has warmed since 1880 (Figure 1-2), but most of this warming has occurred since the 

1970s, with the 20 warmest years having occurred since 1981 (Peterson et al., 2009). 

Global mean air temperature air near the earth’s surface has risen by around 0.85 °C 

from 1880 to 2012 and at 0.12 °C per decade since 1951 (CSIRO, 2015). Global mean 

temperatures are projected to rise from 0.3-1.7 °C to 2.6-4.8 °C under Representative 

Concentration Pathways by 2081-2100, compared to the climate of 1986-2005 reported 

in Intergovernmental Panel on Climate Change (CSIRO, 2015). Warming is projected to 

be stronger over land than oceans and strongest over the Arctic. Hot days and heat 

waves are projected to become more frequent and cold days less frequent (IPCC, 2013).  
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Figure 1-2 Global Temperature Trends since 1880 (Retrieved from the Exploring the 

Environment Global Climate Change website at http://ete.cet.edu/modules/modules.html( 

Observational data show significant climate change in and surrounding Australia over 

the last century. Selected and quality-controlled surface observations were used to 

ensure that the observed variability and trends reflect those occurring in the broader 

atmosphere and are generally not due to local factors. Changes in the ocean 

environment are less abrupt due primarily to the large heat capacity of the ocean 

(IPCC, 2013). 

Australian temperatures have increased by almost 0.9 °C over the last hundred years, 

which is slightly more than the global average (CSIRO, 2015). Projections for Australia 

are for a hotter climate with more frequent extreme events. Australian average 

precipitation has been increasing since the 1970s, mainly due to an increase in wet 

season rain in northern Australia. During the cooler months, precipitation has declined 

in the southeast and southwest of the continent (Pittock, 2003).  

The declining trend of precipitation in south and southwest of Australia has been linked 

to circulation changes in the southern hemisphere that are influenced by increasing 

greenhouse gases and reductions in stratospheric ozone (IPCC, 2013). In south and 

southwest of Australia, cool season (winter and spring) precipitation has decreased and 
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it is projected to decrease more during this century, though increases are projected for 

Tasmania in winter (CSIRO, 2015). 

In eastern Australia, there is high confidence that by 2030, natural variability will 

predominate over trends due to greenhouse gas emissions. By 2090, there is medium 

confidence in a winter precipitation decrease related to the southward movement and 

weakening of winter storm systems (CSIRO, 2015). 

Climate change poses one of the most significant challenges in the world today. 

Probably no one in the world would be unaffected by the impact of global warming and 

climate change. Therefore, there is an urgent need to understand how climate change is 

likely to affect the sea-level, precipitation patterns and hydrological cycles and 

processes.  

Undeniably, projected changes in precipitation are much less spatially uniform than 

projected increase in temperature. Precipitation is generally projected to increase at high 

latitudes and near the equator and decrease in regions of the sub-tropics, although 

regional changes may differ from this pattern (IPCC, 2013). Precipitation extremes are 

projected to become more intense and more frequent in most regions. Global mean sea 

level is projected to increase between 260-550 mm and 450-820 mm by 2080-2100 

relative to 1986-2005 based on different climate change scenarios. Global sea level rise 

is driven mainly by the ocean thermal expansion and melting from glaciers and ice caps 

(IPCC, 2013). 

Geographical location of Australia and its close distance to Antarctica has made this 

country so vulnerable to climate change. Australia has one of the most naturally variable 

climates in the world and Australia’s climate is projected to become more variable and 

extreme in the future. Many of Australia’s important sectors are climate-dependent, 

such as agriculture and tourism, which are particularly vulnerable to changes in 

precipitation patterns and temperature. 

To predict and project future climates, numerical models such as global climate models 

(GCMs) are usually utilised. GCMs are generally used for climate projections, 

understanding the climate patterns and dynamics. Climate models use quantitative 

methods to simulate the interactions of the important drivers of climate, including 

atmosphere, oceans, land surface and ice. Generally, GCMs used for climate studies and 

climate projections are run at coarse spatial resolution and are unable to resolve 
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important sub-grid scale features. Therefore, model output from GCMs needs to be 

downscaled to an appropriate spatial and temporal scale to drive hydrologic and 

biomass production models for local impact studies (e.g. Zhang, 2005, 2007).  

Stochastic weather generators are one of the tools to produce synthetic weather 

sequences that are statistically similar to the observed weather data, and these stochastic 

weather generators have been widely used for downscaling GCM outputs (Semenov and 

Barrow, 1997; Wilby and Wigley, 1997; Goodess and Palutikof, 1998; Wilby et al., 

1998; Zhang and Garbrecht, 2003; Yu, 2005; Zhang and Liu, 2005; Zhang, 2005, 2007). 

Several stochastic weather generators (SWGs) have been developed over the last few 

decades, such as the Weather GENerator (WGEN) (Richardson, 1981; Richardson and 

Wright, 1984), the CLIMate GENerator (CLIMGEN) (Stöckle et al., 1999), the 

CLImate GENerator (CLIGEN) (Nicks and Gander, 1994; Nicks et al., 1995) and the 

Long Ashton Research Station-Weather Generator (LARS-WG) (Semenov and Barrow, 

2002). They have been widely used to simulate daily weather time series for impact 

studies (Semenov and Barrow, 1997; Wilks, 1992, 1999b; Zhang, 2005; Chen et al., 

2012). 

CLIGEN is one such stochastic weather generator for climate change impact studies 

(Nicks et al., 1995; Xu, 1999; Prudhomme et al., 2002; Favis-Mortlock and Savabi, 

1996; Pruski and Nearing, 2002a; Zhang, 2005; Yu, 2005; Zhang et al., 2010). For each 

day of a simulation period, ten weather variables can be generated to provide input to 

the Water Erosion Prediction Project (WEPP) for runoff, biomass production, and soil 

erosion predictions (Nicks et al., 1995; Yu, 2000). WEPP is a physically based daily 

runoff and erosion simulation model built on the fundamentals of hydrology, plant 

science, hydraulics, and erosion mechanics (Zhang and Garbrecht, 2003).  

While changes in precipitation amount and intensity during the last 100 years in 

Australia is clear and well-known to scientists (Cornish, 1977; Pittock, 1983; Yu and 

Neil, 1991; Nicholls and Lavery, 1992; Nicholls and Kariko, 1993; Chambers, 2001; 

Smith, 2004; Timbal, 2004; Li et al., 2005; Li et al., 2005; Feng et al., 2010; McFarlane 

et al., 2012; Silberstein et al., 2012;), the approach to adjust SWGs such as CLIGEN is 

yet to be established with high degree of confidence. Typically, input parameter values 

for CLIGEN are changed to represent the likely climate change scenarios (Pruski and 

Nearing, 2002a; Zhang, 2004). In particular, mean precipitation amounts on wet days 
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are altered to simulate the likely change to precipitation predicted by the GCM (Pruski 

and Nearing, 2002b; Zhang, 2004). Zhang (2005) used an empirical relationship 

between mean monthly precipitation and transitional probabilities to estimate the likely 

changes in the number of wet days, and used an analytical expression to adjust the 

standard deviation of daily precipitation.  

While there are numerous studies and research topics about precipitation patterns and 

changes in precipitation in Australia, there is little research on how to change parameter 

values for stochastic weather generators based on observed weather data from regions 

where precipitation is known to have significantly changed (Zhang and Garbrecht, 

2003; Yu, 2005). 

This research provides innovative and more specific methods of CLIGEN parameter 

adjustment for regions in Australia where significant changes in precipitation have 

occurred.. While development of these methods for parameter adjustment is more 

complex compared to methods published previously, the application of methods 

proposed in this research has been simplified with regression equations based on the 

mean monthly precipitation for the convenience of the CLIGEN users. 

1.2 Objectives of this study 

This PhD thesis aims to develop methodologies to adjust precipitation related 

parameters of CLIGEN for climate change impact analysis in two regions of Australia 

where significant changes in precipitation are known to have occurred. Therefore, this 

research has three broad objectives: 

1. To identify and quantify significant changes and trends in precipitation in 

south-eastern Australia and southwest of Western Australia, 

2. To determine how CLIGEN parameter values could be adjusted to represent 

historical trends and precipitation patterns in the regions where annual 

precipitation has changed abruptly (and significantly) and in the regions where 

there is a significant decreasing trend in annual precipitation; and 

3. To validate the adjustment method in terms of simulated precipitation for these 

regions and the simulated streamflow using conceptual hydrological models. 
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1.3 Scope of the Thesis 

The variation in precipitation is quite considerable in the temperate regions of Australia 

over past decades.  For example, precipitation in the 1950s, 1960s and 1970s was 

significantly higher than that in the 1920s, 1930s and 1940s in southeast of Australia.  

In contrast, the precipitation in southwest of Western Australia has steadily decreased 

since the 1950s.  The observed significant variation in precipitation has provided a 

unique opportunity to examine how CLIGEN parameter values have changed for these 

temperate regions in Australia, and to shed light on how to sensibly change the 

CLIGEN parameter values to represent precipitation variation or climate change of a 

similar magnitude. In summary, the spatial extent of this study (Figure 1-3) is: 

1. Southeast of Australia (SEA): It is well known that precipitation increased 

widely in southeast of Australia for the three decades since the late 1940s and 

then since 1980s an abrupt decrease in the mean annual precipitation has been 

identified in this region. 

2. Southwest of Western Australia (SWWA): The observed precipitation data in 

this region indicate a declining trend in annual precipitation amount since the 

1920s.  

 

Figure 1-3 Area of interest for adjustment of CLIGEN parameter values 
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1.4 Layout of this Thesis 

This thesis consists of seven chapters, three of which have been prepared as standalone 

journal papers, two published and one to be submitted for publication. 

 Chapter I: An Introduction to the thesis. 

 Chapter II: A Literature Review of: 

o Climate change 

o Impact of climate change in Australia 

o Stochastic weather generators and particularly CLIGEN: 

 Generation of daily precipitation in CLIGEN 

 CLIGEN parameters 

 Previous attempts on addressing climate change using CLIGEN 

 Chapter III: Precipitation sensitivity to parameters in CLIGEN 

 Chapter IV: First published paper in an international journal: 

o Use of CLIGEN to Simulate Climate Change in Southeast of Australia  

 Chapter V: Second published paper in an international journal: 

o Use of CLIGEN to Simulate Decreasing Precipitation Trends in The 

Southwest of Western Australia 

 Chapter VI: Third paper, to be submitted for journal publication: 

o Validation of CLIGEN Parameter Adjustment Methods for Southeast of 

Australia and Southwest of Western Australia 

 Chapter VII: Discussion and Conclusions 

 References: References cited in Chapters I, II, III and VII have been listed at this 

section. However, references for Chapters IV, V and VI are provided separated 

at the end of each relative chapter as they were presented independently for 

journal publications. 
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 Chapter II: Literature Review 

Climate is continuously changing in all parts of the Earth and precipitation changes are 

one of the most important aspects of climate change.  

In this chapter, a brief review of literatures is provided with regards to the changes of 

precipitation, predominantly in Australia. Then, stochastic weather generators are 

reviewed as the tools to downscale outputs from global climate models. To conclude, as 

a unique and powerful stochastic weather generator, CLIGEN has been reviewed. 

2.1 Climate Change 

Climate change is a complex phenomenon and can have considerable impact on 

hydrological and bio-physical systems as well as the society. The consequences of 

enhanced greenhouse increase have raised general awareness about climate change 

among societies. Earth’s climate has varied with time ever since the planet formed some 

five billion years ago (Frakes, 1979) on a great scale and local climate changes based on 

the location and topography on a smaller localised scale. However, the speed of climatic 

changes during the last century is that great that is comparable to the climatic changes 

of a millennium. The issue is now more severe when there is an unprecedented human 

population dependent on the climate for food, water and life (Pittock, 2003). Complex 

interactive processes between the Earth’s components such as atmosphere, oceans and 

biosphere, and within these sub-systems, amplify or suppress externally forced climate 

variations, generating internal variations on year-to-year, inter-decadal and century 

timescales (Frederiksen & Frederiksen, 2007). Observational data reveal significant 

climate change around the world over the last century. In fact, despite the limited 

observation data to comprehensively assess anthropogenic climate change, a recent 

study by Abram et al. (2016) shows in some regions of earth, surface temperatures 

began to increase since the start of industrial activities by human about 180 years ago. 

Regardless of when human activities on earth increased the pace of climate change, 

recorded data shows changes in the land area are greater and more abrupt than the 

changes in ocean environment. This is primarily due to the large heat content of the 

ocean (IPCC, 2013).  

As a result of these changes, the scarcity of water resources and increase of extreme 

storm events caused by climate change has become an issue of vital importance around 
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the world. Vulnerability of Australia’s temperature and precipitation patterns to climate 

changes is a distinct possibility widely accepted. 

2.2 Climate of Australia 

Australia is the lowest, flattest and the driest inhabited continent on earth with the most 

variable climate (Australian Bureau of Statistics [ABS], 2016). Based on Bureau of 

Meteorology (BoM, 2016) categories, Australia is consisted of six major climate zones 

based on temperature and humidity. While more than 60% of Australia has hot dry 

summer season, cold and mild conditions dominate the winter season in Australia. 

Figure 2-1 shows the climate of Australia classified according to temperature and 

humidity properties across the country. These maps are based on temperature and 

humidity data collected over the period 1961 to 1990 (BoM, 2016). 

 

Figure 2-1 Australia's climate zones based on temperature and humidity (Retrieved from 

the Bureau of Meteorology website at 

http://www.bom.gov.au/jsp/ncc/climate_averages/climate-classifications/index.jsp) 

  

http://www.bom.gov.au/jsp/ncc/climate_averages/climate-classifications
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This method of classification identifies six key zones across Australia, based on a set of 

definitions relating to summer and winter conditions: 

 Hot humid summer 

 Warm humid summer 

 Hot dry summer, mild winter 

 Hot dry summer, cold winter 

 Warm summer, cold winter 

 Mild/warm summer, cold winter 

The Köppen classification figure of Australia (Figure 2-2) shows six major groups and 

27 sub-groups of climate zones across Australia. The Köppen Climate Classification 

System is the most widely used system for classifying the world's climates. Its 

categories are based on the annual and monthly averages of temperature and 

precipitation (Pidwirny, 2006). 

 

Figure 2-2 Climate Classification of Australia based on a modified Köppen classification 

system (Retrieved from the Bureau of Meteorology website at 

http://www.bom.gov.au/jsp/ncc/climate_averages/climate-classifications/index.jsp) 

The modified Köppen classification system has used a standard 30-year climatological 

database from 1961 to 1990 in Australia. This method of classification is based on the 

http://www.bom.gov.au/jsp/ncc/climate_averages/climate-classifications
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concept that native vegetation is the best expression of climate in an area 

(Spinoni et al., 2015). The six major classes are identified predominantly on native 

vegetation type, with the additional 27 sub-groups taking into consideration seasonal 

distribution of temperature and precipitation: 

 Equatorial 

 Tropical 

 Subtropical 

 Desert 

 Grassland 

 Temperate 

Australia’s mean annual temperature is presented in Figure 2-3. The average annual 

temperature is calculated by adding daily temperature values each year, dividing by the 

number of days in that year to get an average for that particular year. The average 

values for each year in a specified period (1961 to 1990) are added together and the 

final value is calculated by dividing by the number of years in the period (BoM, 2016). 

 

Figure 2-3 Average mean daily temperature in Australia 1961 to 1990 (Retrieved from the 

Bureau of Meteorology website at www.bom.gov.au/climate/change) 
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The seasonal precipitation figure developed by BoM (2016) shows categorized zones of 

Australia based on the seasonal precipitation (Figure 2-4).  

 

Figure 2-4 Seasonal precipitation zones of Australia (Retrieved from the Bureau of 

Meteorology website at http://www.bom.gov.au/jsp/ncc/climate_averages) 

Figure 2-4 uses the differences between summer and winter precipitation across 

Australia to identify six major climate zones. The figure uses the median annual 

precipitation (based on the 100-year period from 1900 to 1999), seasonal incidence (the 

ratio of the median precipitation over the period November to April to the period May 

to October) and specific numerical precipitation thresholds to identify six major zones 

and 16 sub-groups. The major zones are: 

 Summer dominant 

 Summer 

 Uniform 

 Winter 

 Winter dominant 

 Arid 

These six classification groups identify the season of highest precipitation in each area, 

and are similar in distribution to the annual and monthly precipitation.  
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2.3 Precipitation Changes in Australia 

Although there has been slightly increase (1%) in global average precipitation over land 

during the 20th century (Nicholls et al., 1996), regional variations can be much higher. 

Since 1910, summer precipitation has increased in Eastern Australia and winter 

precipitation has decreased in southwestern Western Australia (Yu and Neil, 1991, 

Nicholls and Lavery, 1992 and Yu and Neil, 1993). 

The CSIRO’s technical report in 2015 showed that precipitation trends from 1900 to 

1949 were generally rather weak and spatially incoherent. Precipitation trends from 

1950 to 1990 were both large and spatially coherent. The east coast, Victoria, and 

southwest Australia have all experienced substantial precipitation declines since 1950. 

Across New South Wales and Queensland these precipitation trends partly reflect a very 

wet period around the 1950s, and the first decade of 21st century that have been 

unusually dry. In stark contrast, northwest Australia has experienced an increase in 

precipitation over this period. Trends in extreme daily precipitation vary across 

Australia. From 1950 to 2012, there have been increases in northwest and centre of 

Australia and over the western tablelands of New South Wales, but decreases in the 

southeast, southwest and central east coast.  

BoM (2016) also develops trends in Precipitation on decadal basis. Figure 2-5 shows 

trends in annual total precipitation across the Australia from 1920 to 2015. 

 

Figure 2-5 Trend in decadal precipitation in Australia 1920-2015 (Retrieved from the 

Bureau of Meteorology website at www.bom.gov.au/climate/change) 
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A visual comparison between Figure 2-4 and Figure 2-5 with the BoM’s climate 

classification map (Figure 2-2) shows the temperate region of Australia including 

Australia’s east coast, Victoria, and southwest Australia have all experienced substantial 

precipitation declines during the last century. 

Yu and Neil (1991) discovered there was no trend in extreme precipitation over 40 mm 

per day threshold at 17 stations in Southeast Australia from 1889 to 1985. They showed 

that though a warm period in the Southern Hemisphere in the latter part of the 20th 

century matched with greater precipitation, especially during the summer half-year, the 

difference between precipitation in a warm and wet and a cold and dry period could 

decrease as the critical rainfall intensity increases. However, in their further study, Yu 

and Neil (1993) reported that while the mean annual precipitation in southwestern 

Western Australia decreased during the period 1911–1990, extreme precipitation 

increased particularly in spring and summer. Nicholls and Kariko (1993) found an 

increase in precipitation of five representative stations in East Australia from 1910 to 

1988 as a result of more wet days rather than higher rainfall intensity. 

Trends in most extreme precipitation events are stronger than the trends in the mean. 

Since the start of the 20th century, the period with the lowest precipitation was from the 

1930s to the early 1940s. However recent droughts have been periods of high 

temperatures, with both the maximum and minimum temperatures higher than in the 

earlier dry periods (CSIRO, 2015).  

As a result of climate change, trends in extreme daily precipitation has been changed 

dramatically since 1950. The frequency of extreme events declined significantly along 

the east coast of Australia; however, the proportion of total precipitation falling as 

extreme events increased slightly.  

Heavy daily precipitation has accounted for an increased proportion of total annual 

precipitation over an increasing fraction of the Australian continent since the 1970s. 

Throughout most of Australia, extreme precipitation events (wettest day of the year) are 

projected to increase in intensity with high confidence (IPCC, 2013). 

It is estimated that there will be an increase in the frequency and duration of extreme 

events such as heavy rains, cyclones, floods, and droughts and a rise in sea level of 9 to 

88 cm by 2100 compared to 1990 (CSIRO, 2015). 
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2.3.1 Precipitation Changes in Southeast Australia 

It is well documented that precipitation in a 30-year period since the late 1940s was 

significantly higher than the preceding three decades in southeast of Australia (Cornish, 

1977; Pittock, 1983; Yu and Neil, 1991; Nicholls and Kariko, 1993). These changes 

were used to indicate how precipitation might change in a CO2-warmed world (Pittock, 

1983; Yu and Neil, 1991). Pittock (1975) described the change in mean annual 

precipitation between the period 1913-1945 and 1946-1974, which showed a large area 

in south-eastern Australia where increases in excess of 10% occurred. In some parts of 

southeast Australia, some mean monthly precipitation amounts have increased by 30 to 

40 per cent between 1913-1945 and 1946-1978 (Pittock, 1983). 

While it is well known that precipitation increased widely in southeast of Australia for 

the three decades since the late 1940s, in many cases in the region, it is not yet well 

established that precipitation since the late 1970s has significantly decreased. This 

significant and contrasting change in precipitation in southeast of Australia not only 

raises questions about the intrinsic relationship between climate change and statistically 

significant precipitation change but also about the operational issue of using weather 

generators to capture significant precipitation change and variability on the time scales 

of regional climatology, i.e., 30-year periods. Figure 2-6, Figure 2-7 and Figure 2-8 

show changes in decadal precipitation in southeast Australia for the last 95, 65 and 45 

years, respectively. 

 

Figure 2-6 Trend in decadal precipitation (mm/10yr) in New South Wales 1920-2015 

(Retrieved from the Bureau of Meteorology website at www.bom.gov.au/climate/change) 

http://www.bom.gov.au/climate/change/
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Figure 2-7 Trend in decadal precipitation (mm/10yr) in New South Wales 1950-2015 

(Retrieved from the Bureau of Meteorology website at www.bom.gov.au/climate/change) 

 

Figure 2-8 Trend in decadal precipitation (mm/10yr) in New South Wales 1970-2015 

(Retrieved from the Bureau of Meteorology website at www.bom.gov.au/climate/change) 

Figure 2-6, Figure 2-7 and Figure 2-8 reveal even though annual precipitation has been 

increased since 1920 in most part of southeast Australia, the region’s annual 

precipitation has been changed significantly from 1920s to 1950s. Similarly, during the 

last 45 years, the region’s decadal precipitation has been increased in the coastal areas 

while other areas had decrease in annual precipitation. 

http://www.bom.gov.au/climate/change/
http://www.bom.gov.au/climate/change/
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An example of the abrupt increase in annual precipitation in southeast Australia has 

been showed in Figure 2-9. The figure shows the annual precipitation data of Dandaloo 

(050018) precipitation site located in the coastal region of New South Wales. The 

difference between the mean annual precipitation for 1919-1948 and 1949-1978 is more 

than 19%. 

 

Figure 2-9 The annual precipitation and 30-year mean annual precipitation for two given 

periods in Dandaloo (Kelvin - 050018) 

As part of this research and to identify and quantify any significant changes or trends in 

southeast Australia’s precipitation, the observed annual precipitation data was analysed. 

These analyses for more than 30 sites in southeast of Australia demonstrates the 30-year 

mean annual precipitation from 1949 to 1978 in most of these sites is significantly 

higher than the 30-year period of 1919 to 1948.  

In contrast, statistical comparison between 30-year mean annual precipitation from 1949 

to 1978 and 1979 to 2008 shows annual precipitation in the coastal region of southeast 

of Australia has decreased significantly during the latter 30-year period. Figure 2-10 

shows comparison of three contrasting 30-year periods for Bogan Gate Post Office 

(050004) rainfall station in NSW. 
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This figure shows 29% increase 30-year mean annual precipitation from period of 

1919-1948 to 1949-1978 and 20% decrease of 30-year average annual precipitation 

between 1949-1978 and 1979-2008 periods. 

 

Figure 2-10 The annual precipitation and 30-year mean annual precipitation for three 

given periods in Bogan Gate Post Office (050004) 

2.3.2 Precipitation Changes in Southwest of Western Australia 

In southwest of Western Australia (SWWA), the analyses of observed annual 

precipitation data shows a trend precipitation decrease since the 1920s (Nicholls and 

Lavery, 1992; Chambers, 2001; Smith, 2004; Timbal, 2004; Li et al., 2005; Li et al., 

2005; Feng et al., 2010; McFarlane et al., 2012; Silberstein et al., 2012). If the 

precipitation decrease continues, the surface water yield in this region will be decreased 

by 24% by 2030 in comparison to that in the 1970s (McFarlane et al., 2012; Silberstein 

et al., 2012). While not conclusive in terms of possible drivers of the precipitation 

decrease, an important finding is that for the 20th century, winter half-year 

(April-October) precipitation decreases at specific stations, such as Manjimup, where 

the decrease occurred through reductions in the number and intensity of extreme events 

(Nicholls et al., 1996; Smith et al., 2004).  
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Figure 2-11 shows decadal trend in precipitation in the southwest region of Western 

Australia between 1970 to 2015. 

 

 

Figure 2-11 Trend in decadal precipitation (mm/10yr) in Western Australia 1970-2015 

(Retrieved from the Bureau of Meteorology website at www.bom.gov.au/climate/change/) 

The precipitation decrease in southwestern Australia since the mid-1970s is likely to be 

at least partly due to anthropogenic increases in greenhouse gases. It is not yet possible 

to attribute the post-1950 precipitation decreases in eastern Australia and precipitation 

increases in northwest of Australia to human activities (CSIRO, 2015). As with many 

regions over recent decades, the changes in climate of SWWA has been related to 

global warming. Since the 1970s, annual mean temperatures have increased at a rate of 

about +0.15 °C per decade, with increases occurring in all seasons except summer, 

when cooling of about -0.1 °C per decade has occurred (Bates et al., 2008). However, 
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spring season temperature in Western Australia has increased significantly (Figure 

2-12).  

 

Figure 2-12 Trend in decadal spring temperature (°C/10yr) in Western Australia 1970-

2015 (Retrieved from the BoM website at www.bom.gov.au/climate/change/) 

Previous studies linking SWWA precipitation fluctuations with those in other parts of 

the climate system include Allan and Haylock (1993) and Li et al. (2005). Allan and 

Haylock (1993) examined links with large-scale mean sea level pressure, sea surface 

temperature, and cloudiness patterns. They noted the significant inverse relationship 

between Perth mean sea level pressure and winter precipitation on both annual and 

decadal time scales. They also noted the long-term warming trend in the Indian Ocean, 

but subsequent attempts to link the changes in sea surface temperature to changes in 

SWWA precipitation have had limited success.  

Figure 2-13 shows the annual precipitation and 30-years running average in Manjimup 

rainfall station (009573) representing decrease rainfall trend in southwestern Western 

Australia. The graph shows an 20% decrease (1081 mm per year versus 867 mm per 
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year) in running average of annual precipitation from 30-year period of 1916-1945 to 

30-year period of 1986-2015. 

 

Figure 2-13 The annual precipitation and the 30-year moving average in Manjimup  

2.4 Stochastic Weather Generators 

There is no doubt about the impact of climate change on crop production and annual, 

monthly or even daily streamflow in Australia. However, the possible impacts of 

climate change have been the major topic for discussions and investigations by 

scientists and engineers during the last decades. To evaluate the impact of climate 

change, statistical models of daily weather sequences are generally used in 

meteorological and hydrological studies, as well as in agricultural, ecosystem or climate 

change simulations because observed ground-based meteorological data are often 

inadequate in terms of the recorded length, completeness or spatial coverage (Wilks & 

Wilby, 1999). These statistical models are also known as Stochastic Weather Generators 

(SWG) since they can fill in the missing data or generate indefinitely long synthetic 

weather series by reproducing the statistics of observed data such as daily means, 

variances, frequency of occurrence and the extremes. 
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Stochastic weather generators produce synthetic time series of weather data for a 

specific location based on the statistical characteristics of observed data. Models for 

stochastically generating weather data are commonly developed in two steps.  The first 

step is to model daily precipitation sequences and the second step is to model the other 

weather variables of interest, such as daily maximum and minimum temperature, solar 

radiation, humidity and wind speed conditional on precipitation occurrence 

(Hutchinson, 1986; Wilks & Wilby, 1999).  

Different stochastic weather generators such as LARS-WG (Anwar et al., 2012; Chen et 

al., 2013), ClimGen (Stöckle et al., 2004; Osborn et al., 2016), WGEN (Taulis and 

Milke, 2005; Liu and Zuo, 2012) and CLIGEN (Yu, 2000 and 2005; Zhang, 2004, 2005 

and 2007; Zhang and Garbrecht, 2003; Zhang et al., 2010) have been extensively used 

in various climate change studies. Synthesis of daily weather data is also useful in cases 

where observed record length is too short or data are incomplete. Much of the focus to 

develop stochastic weather generators has been to support crop growth models. Widely 

distributed crop modelling packages include built-in weather generation algorithms as a 

standard component (e.g., Richardson and Nicks, 1990; Soltani and Hoogenboom, 

2007). Long synthetic weather series have also been used to evaluate the impact of 

extreme storms or severe droughts on crop behaviour (e.g., Mearns et al., 1984; Liu and 

Zuo, 2012) or long term rates of soil erosion (Favis-Mortlock et al., 1991, 1996). Stern 

et al. (1982) calculated weather statistics of relevance to a particular agricultural setting, 

by deriving these statistics from a fitted stochastic weather models without having to 

rely directly on the frequency of occurrence of weather elements when the period of 

observation is short. The WGEN model has also found application in sensitivity studies 

of crop responses to changes in climatic variability that can be controlled through 

judicious adjustments of the parameters in the weather generator (Nonhebel, 1994; 

Semenov and Porter, 1995; Mearns et al., 1996; Riha et al., 1996, Meyer et al., 2008; 

Wilks, 2010; Chen et al., 2016). 

2.4.1 Daily Precipitation Occurrence 

Almost all weather variables are related and dependent on one another. However, unlike 

most weather variables, precipitation is very often zero while other variables are mostly 

continuous. In other words, the precipitation occurrence process manifests itself in two 

weather states: wet or dry. This makes a complex and unique situation among weather 
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variables. A key aspect of stochastic weather models is their representation of the 

probability of wet and dry days.  

A well-known approach for stochastic weather generators was developed by Richardson 

(1981), and weather generators based on the approach are often referred to as the 

"Richardson-type". Modelling the occurrence of wet and dry days is the first step to 

estimate precipitation. Then the next phase is to model the amount of precipitation 

falling on wet days using a functional estimate of the precipitation frequency 

distribution. The remaining variables are then computed based on their correlations with 

each other and with the wet or dry status of each day. The Richardson-type of generator 

has been used very successfully in a range of applications in hydrology, agriculture and 

environmental management. However, the Richardson-type weather generators are 

unable to describe the length of dry and wet series adequately and therefore persistent 

events such as drought and prolonged precipitation cannot be reproduced properly 

(Hutchinson, 1995). These can be very important in some applications such as 

evaluating climate change impacts on agriculture. For this reason, an alternative, serial 

approach has been developed (Racsko et al., 1991), which first models the sequence of 

dry and wet series of days and then models other weather variables like precipitation 

amount and temperature as dependent on the wet or dry series (IPCC, 2008). 

Scientists and researchers have suggested different methods of generating wet – dry day 

sequences to determine the process of precipitation occurrence for each given day. One 

of these methods is the Markov chain. In this method, once a random number has been 

generated, whether the next day in the sequence is wet or dry is determined using 

first-order Markov chain for precipitation occurrence, assuming that the probability of 

precipitation on any day depends only on whether the previous day was wet or dry 

(Wilks & Wilby, 1999). If the previous day was dry, then current day is simulated to be 

wet only if the random number is smaller than the probability of a wet day following a 

dry day, and otherwise it is also dry. If the previous day was wet, then the current day is 

simulated to be wet only if the random number is smaller than the probability of a wet 

day following a wet day, and is dry otherwise.  
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For some climates it has been found that the simple first-order Markov model generates 

synthetic precipitation series with small number of long dry spells 

(Buishand, 1977, 1978; Racsko et al., 1991; Guttorp, 1995). Wilks (1999a) addressed 

this deficiency by considering Markov chains of higher order. This technique increases 

the capacity of the Markov model for wet and dry day sequences. For example, 

second-order Markov chains use the wet/dry state on both the preceding day, and two 

days prior, such that eight transition probabilities must be defined. Each day may be 

assigned either one (wet) or zero (dry) values. Third and higher-order Markov chains 

can be similarly defined, although the number of transition probabilities required 

increases exponentially as the order increases. 

An alternative to Markov chain models for simulating precipitation occurrences is the 

use of spell-length models. Rather than simulating precipitation occurrences day by day, 

spell-length models operate by fitting probability distributions to observed relative 

frequencies of wet and dry-spell lengths. This kind of model is sometimes called an 

Alternating Renewal Process in that random numbers are generated alternately from the 

wet and dry spell-length distributions (Buishand, 1977, 1978). 

2.4.2 Daily Precipitation Amount 

Once the wet and dry sequences for each day have been generated a model for 

precipitation amounts on wet days is required for weather generators. Due to the 

frequency of very small daily precipitation occurrence, the most prominent statistical 

feature of daily precipitation amounts is that their distribution is strongly skewed to the 

right. However, the rare large daily precipitation amounts are the ones that are most 

important for hydrological and engineering studies (Wilks & Wilby, 1999).  

The exponential distribution was the first reasonable model for daily precipitation 

amounts, as it only requires specification of only one parameter, the average nonzero 

precipitation amount, yet reproduces qualitatively the strong positive skewness 

exhibited by daily precipitation data (Richardson, 1981; Wilby, 1994). More models 

have also been proposed for the distribution of daily precipitation amounts given the 

occurrence of a wet day.  

Probably the most common distribution that has been used is the two-parameter gamma 

distribution (Buishand, 1977, 1978; Wilks, 1992). This distribution involves two 

parameters, a shape parameter and a scale parameter. For a shape parameter equal or 
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smaller than 1, gamma distributions are qualitatively similar to exponential distributions 

in concentrating most of the probability near zero and producing large precipitation 

amounts only rarely. However, the additional parameter in two-parameter gamma 

distribution allows more flexibility of precipitation amount frequencies, and 

consequently improves the performance of stochastic precipitation models (Wilks & 

Wilby, 1999).  

The mixed exponential distribution is another generalization of exponential distribution 

which can be described as a mixture of two one-parameter exponential distributions. In 

other words, the mixed exponential distribution uses three parameters to generate the 

precipitation amounts with a weighting factor of α, and the small and large scale 

parameters of β and θ. This distribution has been reported to produce better overall fits 

to daily precipitation data than the gamma distribution and to present better frequencies 

of the very largest precipitation amounts (Woolhiser and Roldán, 1982; Roldán and 

Woolhiser, 1982; Wilks, 1999a). 

Given a distribution to represent the wet days with precipitation amounts greater than 

zero, simulations are accomplished through computer algorithms that generate random 

numbers according to the fitted distribution. For each day when the precipitation 

occurrence model simulates wet conditions, a new random variate from the fitted 

distribution for nonzero precipitation amounts is generated (Wilks & Wilby, 1999). 

Most SWGs assume the precipitation amounts on wet days are independent and follow 

the same distribution. Allowing different probability distributions for precipitation 

amounts depending on that day’s position in a wet spell has been considered by 

Buishand (1977, 1978) and other researchers (Katz, 1977; Wilks, 1999a). This means 

that parameters such as the mean precipitation on a wet day following a wet day might 

be greater than on a wet day following a dry day. However, allowing this extra 

complexity often makes little difference to the result (Katz, 1977; 

Buishand, 1977, 1978; Foufoula-georgiou and Lettenmaier, 1987).  

Stochastic weather generators also must produce additional meteorological daily 

variables. The most widely used model of daily weather variables developed to support 

models of crop development and yield, also includes simulations of daily maximum 

temperature, minimum temperature and solar radiation. This type of stochastic weather 

models originally proposed by Richardson (1981), and now widely referred to as 
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WGEN, determines the statistics of the daily non-precipitation variables conditional on 

occurrence or non-occurrence of precipitation. However, this conditioning is weakly 

defined and is only a proxy for other unspecified processes such as cloud cover, which 

affect temperature and solar radiation (Hutchinson, 1995). 

To conclude this section, SWGs can be used for modelling of weather and 

climate-sensitive systems, simulation of missing weather data as well as downscaling 

global climate models outputs for regional climate change scenarios (Wilks & 

Wilby, 1999). 

2.5 CLIGEN 

The CLIGEN computer program is a stochastic weather generator used to simulate 

weather data for use by other programs, primarily the Water Erosion Prediction Project 

(WEPP) model. WEPP is a process-based runoff and soil erosion prediction model 

(Flanagan and Nearing, 1995; Laflen et al., 1997). CLIGEN uses parameter files, 

compiled from weather station data, to generate simulated weather data for any number 

of years. It can also be used to fill in missing weather records, and to evaluate climate 

change impacts. Although there are subtle differences among the various weather 

generators, CLIGEN is on par with other generators in terms of preserving the low-

order statistics of rainfall, temperature, and solar radiation on daily, monthly, and 

annual bases (Yu, 2000). Two groups of weather variables are generated by CLIGEN. 

The first group includes all the daily weather variables such as occurrence and non-

occurrence of rainfall, rainfall amount on wet days, daily temperatures and solar 

radiation. The second group is related to storm patterns on wet days (Yu, 2000). Unlike 

other climate generators, it produces daily storm parameter estimates, including time to 

peak, peak intensity, and storm duration, which are required to run the WEPP, and the 

WEPS (Wind Erosion Prediction Systems) models.  For long-term continuous 

simulation of surface hydrology, WEPP assumes a double exponential distribution of 

rainfall intensity (Nicks et al., 1995).   
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For each day, CLIGEN can generate 10 weather variables using climatic equations built 

into the program to provide input to WEPP for runoff, biomass production and soil 

erosion predictions (Nicks et al., 1995; Yu, 2000): 

 Precipitation amount (mm) 

 Precipitation duration (h) 

 Peak intensity (mm/h) 

 Time to peak (h) 

 Maximum temperature (°C) 

 Minimum temperature (°C) 

 Dew point temperature (°C) 

 Solar radiation (Mega Joules m-2 day-1) 

 Wind speed (m/s) 

 Wind direction (degrees) 

Of these, the four precipitation-related variables are of particular importance because 

previous studies have shown that predicted runoff and soil loss are most sensitive to 

these precipitation variables (Yu, 2003). For each day when precipitation occurs, storm 

pattern is completely described by four variables, namely, precipitation amount, storm 

duration, peak intensity normalised by the average intensity and time to peak 

normalised by the storm duration.  Values for these four precipitation-related variables 

can be calculated using observed weather data.  Alternatively, CLIGEN can be used to 

simulate these variables along with other daily weather variables such as minimum and 

maximum temperatures, and solar radiation (Nicks et al., 1995).  

CLIGEN was first created by Arlin Nicks and Gene Gander in late 1980s at the United 

States Department of Agriculture (USDA), Agricultural Research Services (ARS) lab in 

Durant, Oklahoma (Meyer, 2009). The methodology behind development of CLIGEN 

was based on the weather generators used in the EPIC (Williams et al., 1984), and 

SWRRB (Williams et al., 1985) models. These models use well-tested weather 

generators and weather stations from the entire United States. These advantages, along 

with the availability of software and parameter estimation techniques, were the basis for 

using them to develop CLIGEN (Meyer, 2009). The weather generation methods used 

in the above mentioned models were modified to include the additional requirements for 

rainfall intensity distributions to be used in CLIGEN (Nicks et al., 1995). CLIGEN was 
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last modified by its originators in the middle of 1990s before Nicks' retirement and 

death in July 1997. Since then CLIGEN has been reviewed, revised, improved and re-

coded by a few scientists. Scheele and Hall (2000) at the USDA Forest Service lab in 

Moscow, Idaho, acquired the code from Nicks' computer to generate from historical 

weather data, the monthly station parameter files required to drive CLIGEN. They 

addressed an existing error in station data files, and expanded the data base with new 

stations for the United States (Scheele and Hall, 2000). Then, Yu (2000) tested the 

performance of CLIGEN for 14 sites in the United States, and found that there was no 

significant difference between CLIGEN-generated and observed climate data in terms 

of runoff and soil loss predicted with WEPP.  However, Yu (2000) expressed concerns 

that CLIGEN rainfall intensity calculations were not operating correctly due to a unit 

conversion error, and he modified the CLIGEN codes to correct the problem. Yu (2000) 

introduced the version 5.0 of CLIGEN using measured breakpoint rainfall data, which is 

still being used widely in the world. The entire CLIGEN program was subsequently 

re-coded with its structure simplified and readability improved (Meyer, 2001). At the 

same time CLIGEN parameter database was checked for its quality, errors corrected, its 

size expanded to include about 2600 sites in the United States (Flanagan et al., 2001). 

These findings lend strong support to CLIGEN to generate the required climate input 

for WEPP.  However, it was noted that CLIGEN-generated and observed data using the 

assumed storm pattern consistently over-estimate the rainfall erosivity when compared 

with measured rainfall erosivity for different sites in the United States and Australia 

(Yu, 2002).  Examination of the original 6-min precipitation data for the 43 sites in 

Australia shows that the over-estimation of rainfall erosivity is largely due to a 

systematic over estimation of the peak 30-minute intensity when the WEPP storm 

pattern is assumed.  These studies show that CLIGEN is able to produce precipitation 

data which are statistically similar to observed precipitation when the double 

exponential intensity distribution is assumed.  

Zhang and Garbrecht (2003) determined that the storm pattern generation, especially 

storm duration, needs to be improved for better prediction of runoff and soil erosion. 

The observed storm pattern showed positive linear correlations between rainfall, 

duration, and relative peak intensity, but little correlation was shown for generated 

storm patterns. The CLIGEN-generated durations were generally too long for small 

storms and too short for large storms. Inaccurate storm pattern generation led to WEPP 
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prediction errors on the test sites. Zhang and Garbrecht (2003) suggested 

reconsideration for storm duration generation to improve WEPP runoff and erosion 

prediction. Zhang and Garbrecht (2003) also suggested distribution-free approach to 

induce proper correlations between the input storm variables. Zhang and Garbrecht 

(2003) tested a distribution-free method for making desired rank correlation between 

generated storm variable for eight sites in the United States. The distribution-free 

approach was simple to use and capable of inducing desired rank correlation between 

storm depth and duration and consequently between storm depth and relative peak 

intensity. Original CLIGEN output after inducing desired correlation considerably 

improved WEPP runoff and soil loss predictions on most sites where strong correlation 

between storm depth and duration existed (Zhang, 2004).  

Stochastic weather generators such as CLIGEN are suitable to filling missing data or 

extending short records of measured data and generating daily weather series for 

ungauged areas through spatial interpolation of model parameters from adjacent gauged 

sites. In addition, CLIGEN is useful to generate present climate or a range of future 

climates by regulating model parameters for use in evaluating the potential impacts of 

climate changes on hydrological and natural resources (Zhang, 2004).  

Although the latest version of CLIGEN (v5.107) generates daily precipitation 

occurrence, amount, duration, peak storm intensity, time to peak, and daily values of 

maximum, minimum, and dew point temperatures, solar radiation, and wind speed and 

direction on a monthly basis; the focus of this research thesis was on precipitation 

amount. 

2.5.1 Daily Precipitation Generated by CLIGEN 

CLIGEN generates precipitation occurrences on a daily basis, and produces four 

precipitation-related variables for each wet day.  

These generated variables are: 

 The amount of precipitation; 

 Storm duration; 

 Time to peak as a fraction of the storm duration; and 

 The ratio of peak intensity over average intensity 
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Figure 2-14 provides a summary of how CLIGEN generates daily precipitation. 

 

 

 

 

 

 

 

 

Figure 2-14 Mechanism of daily precipitation process in CLIGEN 

Calculation of the basic statistics of daily precipitation has been provided in Chapter 2 

of the WEPP User Manual (Nicks et al., 1995) and is the original reference on 

CLIGEN. The method used (Nicks et al., 1995) for generating the number and 

distribution of precipitation events is a first-order two-state Markov chain. This method 

involves the calculation of two conditional probabilities: α, the probability of a wet day 

following a dry day, and β, the probability of a dry day following a wet day. The 

two-state Markov chain for the combination of conditional probabilities is: 

𝑷𝒓(𝑾|𝑫) = 𝜶       (2-1) 

𝑷𝒓(𝑫|𝑫) = 𝟏 − 𝜶       (2-2) 

𝑷𝒓(𝑫|𝑾) = 𝜷       (2-3) 

𝑷𝒓(𝑾|𝑾) = 𝟏 − 𝜷       (2-4) 

where Pr (W|D), Pr (D|D), Pr (D|W), and Pr (W|W) are the probabilities of a wet given 

a dry, dry given a dry, dry given a wet, and a wet given a previous wet day, 

respectively. CLIGEN uses 12 monthly values of these probabilities to calculate and 

provide different methods to represent the seasonal variation in these transition 

probabilities (Nicks et al., 1995; Meyer, 2001).  

CLIGEN generates a random number between zero and one based on the probability of 

a wet day following a wet day and the probability of a wet day following a dry day for 

each month to produce sequences of wet and dry days. A random number is generated 

from a uniform distribution for each day. If this uniformly distributed random number 
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was less than α and the previous day was dry, a wet day is predicted. If the uniformly 

distributed random number is greater than α, dry days would continue.  Similarly, if the 

previous day was wet, whether today is a wet or dry day depends on how the uniformly 

distributed random number compares with the other transitional probability β.  Then, 

CLIGEN uses a skewed normal distribution (a continuous probability distribution that 

generalises the normal distribution to allow for non-zero skewness) to represent the 

daily precipitation amounts for each month. For a predicted rain day, daily precipitation 

amount for each month can be calculated using a skewed normal distribution (Nicks et 

al., 1995; Zhang and Garbrecht, 2003): 

𝒙 =
𝟔

𝒈
{

[
𝒈

𝟐
(

𝑹−𝒖

𝒔
)+𝟏]

𝟏
𝟑⁄

𝟑
− 𝟏} +

𝒈

𝟔
      (2-5) 

Where 

 x is standard normal variate 

 R is daily precipitation amount (mm) 

 u is mean of the daily amounts for the month 

 s is standard deviation of daily amount for the month 

 g is skew coefficient of the daily amount for the month. 

Two random numbers are used to generate the normal deviate (x), which is then used in 

Equation 2-5 to compute the daily amount (R) using the standard deviation (s) and skew 

coefficient (g) of daily amounts for each month. If the maximum daily temperature is 

below zero degrees Celsius (0 °C) any precipitation is predicted to occur as snow. If the 

maximum daily temperature is above zero degrees Celsius and the minimum daily 

temperature is below zero degrees Celsius, the precipitation may be predicted to occur 

as rain or as snow. As an example, Table 2-1 how a daily wet-dry sequence and rain 

amount on wet days are generated assuming α value of 0.20 and β value of 0.54, 

u = 7.72 mm, s = 12.78 mm, g = 4.21. In this example, a day is considered as a wet day, 

when: 

 The day before is dry and the random number generated is smaller than α (0.20); 

or 

 The day before is wet and the random number generated is smaller than 1- β 

(0.46). 
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Table 2-1 A numerical illustration of CLIGEN daily precipitation generation algorithm 

(Assuming u = 7.72 mm, s = 12.78 mm, g = 4.21, α = 0.2 and β = 0.54) 

Day Random number between 0 & 1 Wet / Dry Standard Normal Variate Precipitation on wet days (mm) 

1 0.111955 W -0.75791 1.7 

2 0.352942 W -0.61947 1.7 

3 0.380188 W 0.23993 3.5 

4 0.788281 D -1.50484 - 

5 0.978346 D 0.04227 - 

6 0.024461 W 0.45960 5.1 

7 0.643618 D 1.33287 - 

8 0.021851 W 0.11790 2.9 

9 0.316699 W -0.75200 1.7 

10 0.211333 W -2.50612 0.3 

Assuming precipitation rates during a storm decrease exponentially from the maximum 

rate, Arnold and Williams (1989) proposed a method to estimate the peak storm 

intensity (rp) in millimetre per hour: 

𝒓𝒑 = −𝟐𝑹 𝐥𝐧(𝟏 − 𝜶𝟎.𝟓)       (2-6) 

where α0.5 is a dimensionless quantity that is defined as the ratio of the maximum 

30-minutes precipitation depth (R0.5) to the daily precipitation amount (R) for the storm 

event and is drawn from a two-parameter gamma distribution. The shape parameter of 

the gamma distribution is set to 6.28 in CLIGEN v5.107, and the other parameter is the 

mean α0.5 for the month (α0.5Mean) and is estimated by: 

𝜶𝟎.𝟓𝑴𝒆𝒂𝒏 =
𝑹𝟎.𝟓𝑴𝒆𝒂𝒏

𝑹𝑴𝒆𝒂𝒏
        (2-7) 

R0.5mean and Rmean in Equation 2-7 are the means of R0.5 and R for the month in 

millimetres, respectively. R0.5mean is related to R0.5Max by: 

𝑹𝟎.𝟓𝑴𝒆𝒂𝒏 =
−𝑹𝟎.𝟓𝑴𝒂𝒙

𝐥𝐧(𝑭)
        (2-8) 

In this equation, R0.5max is the mean 30-minutes maximum precipitation in millimetres, 

and F is the exceedance probability for R0.5max and is estimated by (Yu, 2000): 

𝑭 =
𝟐

𝟐𝑵𝒘+𝟏
         (2-9) 

where Nw is the average number of wet days for the month.  

The storm duration (D) is estimated as: 

𝑫 =
𝑹

𝒓𝒑
         (2-10) 
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In hours and then: 

𝑫 =
−𝟎.𝟓 ∆

𝐥𝐧(𝟏−𝜶𝟎.𝟓)
        (2-11) 

In the equation above, Δ is set to 3.99 in CLIGEN v5.107 based on a calibration 

conducted by Yu (2000) on 14 widely dispersed sites in the U.S. A value of 4.607 was 

used for Δ in older version of CLIGEN (v4.2) and changed to 9.21 in later versions 

before setting to 3.99. Basically, in Equation 2-11, Δ is an overall mean of the relative 

peak intensity across all sites. Equation 2-6 and Equation 2-11, as pointed out by 

Nicks et al. (1995), are tentative and subject to modification as more historical rainfall 

data are analysed. Relative peak intensity (ip) is calculated as: 

𝒊𝒑 = 𝒓𝒑
𝑫

𝑹
         (2-12) 

And it is dimensionless. Combining Equation 2-12 and Equation 2-6, we get: 

𝒊𝒑 = −𝟐𝑫 𝐥𝐧(𝟏 − 𝜶𝟎.𝟓)       (2-13)  

The relative time to peak is estimated as: 

𝒕𝒑 =
𝑻𝑷

𝑫
         (2-14) 

where Tp is time to peak in hour. 

2.5.2 Precipitation-related parameters in CLIGEN 

Precipitation in CLIGEN is calculated using a joint distribution of the probability that 

precipitation occurs today, given precipitation or no precipitation yesterday. CLIGEN 

uses the probability of a wet day following a dry day, and a wet day following a wet 

day. For wet days, the precipitation amount is generated using a skewed normal 

distribution using monthly mean, standard deviation and skewness of precipitation on 

wet days. To generate daily precipitation amounts, CLIGEN requires the following 

input parameter values: 

 Mean daily precipitation on wet days for each month (PdMean) – 12 values 

 Standard deviation of daily precipitation for each month (Sd) – 12 values 

 Coefficient of skewness of daily precipitation for each month (Sk) – 12 values 

 The probability of a wet day following a wet day for each month – 12 values 

 The probability of a wet day following a dry day for each month – 12 values 
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Any day with precipitation less than 0.254 mm is assumed to be a dry day. Amounts 

smaller than 0.254 mm are discarded because precipitation amount less than this is often 

recorded as trace, or simply zero. 

Therefore, mean daily precipitation, standard deviation of daily precipitation and 

skewness of daily precipitation all on wet days can be readily calculated using above 

definition of wet days for meteorological sites around the world.  

Yu (2005) provided comprehensive definitions and methods to calculate the probability 

of a wet day following a wet day and the probability of a wet day following a dry day 

for each month. In that definition: 

 Ndd is the total number of dry days in the month following a dry day; 

 Nwd is the total number of dry days in the month following a wet day; 

 Nww is the total number of wet days in the month following a wet day; and 

 Ndw is the total number of wet days in the month following a dry day.  

By this classification, all possible combinations of wet and dry days are covered. 

Therefore, the probability of a wet day following a wet day and the probability of a wet 

day following a dry day for each month can be calculated from: 

𝑷𝒓(𝑾|𝑾) =
𝑵𝒘𝒘

(𝑵𝒅𝒘+𝑵𝒘𝒘)
      (2-15) 

𝑷𝒓(𝑾|𝑫) =
𝑵𝒅𝒘

(𝑵𝒘𝒅+𝑵𝒅𝒅)
      (2-16) 

The base of these formulas comes from the definition of conditional probability: 

𝑷𝒓(𝑨|𝑩) =
𝑷𝒓(𝑨∩𝑩)

𝑷𝒓(𝑩)
 When Pr (B) ≠ 0    (2-17) 

Mean monthly precipitation can be estimated by using the mean wet day precipitation 

(PdMean) and the number of wet days for the month (Nw). The mean wet day precipitation 

is one of the input parameters for CLIGEN, the average number of wet days is related to 

the transition probabilities: 

𝑵𝒘 =  
𝑵𝒅×𝑷𝒓(𝑾|𝑫)

[𝟏−𝑷𝒓(𝑾|𝑾)+𝑷𝒓(𝑾|𝑫)]
     (2-18) 

where Nd is the number of days in the month. Therefore, changes in precipitation 

amount can be effected through changes to wet day precipitation, or transition 

probabilities, or both. 
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Precipitation changes can be a result of changes to event precipitation amount, or the 

number of storm events, or both. In either case, the CLIGEN parameters provide a rich 

framework for examining the changes to precipitation attributes, e.g., the amount, 

duration, and frequency of occurrence in relation to changes to precipitation totals. 

Table 2-2 presents a sample of CLIGEN precipitation-related parameter values input 

file for Manjimup site in SWWA. 

Table 2-2 A sample of CLIGEN parameter input file for Manjimup in SWWA 

Parameters Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

MEAN P 

(Inches) 
0.13 0.12 0.17 0.23 0.31 0.39 0.33 0.29 0.25 0.21 0.18 0.15 

S DEV P 

(Inches) 
0.25 0.22 0.30 0.32 0.39 0.43 0.36 0.32 0.28 0.27 0.25 0.23 

SKEW P 5.81 4.05 4.86 3.15 2.26 2.05 1.59 1.77 1.72 2.27 2.66 3.63 

P(W/W) 0.39 0.39 0.42 0.58 0.70 0.77 0.81 0.78 0.71 0.64 0.54 0.47 

P(W/D) 0.14 0.16 0.18 0.27 0.39 0.45 0.49 0.44 0.40 0.34 0.25 0.16 
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 Chapter III: Precipitation Sensitivity to Parameters: 

Some Analytical Consideration 

In theory, regardless of which version of CLIGEN being used, any CLIGEN parameters 

could be modified to simulate climate change scenarios. However, there is not much 

literature about how these parameters should be realistically adjusted, the amount of 

adjustment and whether the adjustment is reasonable and well supported by observed 

historical patterns. In fact, very limited studies have focused on how to adjust the 

parameter values to simulate climate change for runoff and soil erosion prediction 

purposes (Yu, 2005). Moreover, the current methods of CLIGEN parameter values 

adjustments are quite simplistic. Modifications by direct adjustment to daily sequences, 

in proportion for precipitation, and by fixed amount for temperatures (Favis-Mortlock 

and Savabi, 1996). In other words, increasing the mean daily precipitation on wet days 

by certain percentage or multiplying the output from CLIGEN by a fixed factor are the 

most commonly used methods in these limited studies (Pruski and Nearing, 2002b; 

Zhang, 2004). 

To address climate change impact in regions where precipitation has changed 

significantly, changes in CLIGEN parameter values can be related to changes in mean 

annual precipitation so that CLIGEN parameters can be adjusted in a coordinated 

manner to better represent the scenario where significant change in precipitation has 

occurred.  

During this research, precipitation sensitivity to parameters was considered analytically 

using partial derivatives of precipitation with respect to CLIGEN parameters. For the 

purpose of this sensitivity test, Clarence Town (061010) in NSW (151° 47' E, 32° 35' S) 

(see Figure 4-1 for its location) was selected from the list of high quality precipitation 

sites in Australia by Lavery et al. (1992, 1997). Sixty years of observed daily 

precipitation data for a given month (i.e. August) from 1919 to 1978 was analysed.  

The mean daily precipitation on wet days, standard deviation on wet days and skewness 

were calculated for CLIGEN-generated values as well as the number of wet following 

wet, wet following dry, dry following wet and dry following dry days. Consequently, 

the number of wet days and mean monthly precipitation based on CLIGEN generated 

values were calculated.  

Mean monthly precipitation can be calculated from: 
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 𝑷𝒎𝑴𝒆𝒂𝒏 = 𝑷𝒅𝑴𝒆𝒂𝒏 × 𝑵𝒘     (3-1)  

where: 

 PmMean is mean monthly precipitation; 

 PdMean is mean daily precipitation; and 

 Nw is number of wet days calculated based on Equation 2-18. 

As the main purpose of this exercise was to find the impact of each CLIGEN parameter 

on generated mean monthly precipitation, the relative sensitivity of the mean monthly 

precipitation to changes of each of the CLIGEN parameters was established.  

Relative sensitivity (RS) may be defined as: 

𝑹𝑺 =  
∆𝒚

𝒚⁄

∆𝒙
𝒙⁄
        (3-2) 

where, x is a variable and y is a function of x.  In this case, x would be one of the 

CLIGEN parameters, while y the mean monthly precipitation. 

Using Equations (2-18) and (3-1): 

𝑷𝒎𝑴𝒆𝒂𝒏 = 𝑷𝒅𝑴𝒆𝒂𝒏 ×  
𝑵𝒅×𝑷𝒓(𝑾|𝑫)

[𝟏−𝑷𝒓(𝑾|𝑾)+𝑷𝒓(𝑾|𝑫)]
   (3-3) 

For simplicity, let PmMean, PdMean, Pr (W|D) and Pr (W|W) be Pm, Pd, PDW and PWW, 

respectively. Partial derivative of Pm with respect to Pd in Equation (3-3) equals the 

number of wet days. 

𝝏𝑷𝒎

𝝏𝑷𝒅
=  

𝑵𝒅×𝑷𝑫𝑾

𝟏−𝑷𝑾𝑾+𝑷𝑫𝑾
=  𝑵𝑾      (3-4) 

Using Equations (3-1), (3-2) and (3-4): 

∆𝑷𝒎
𝑷𝒎

⁄

∆𝑷𝒅
𝑷𝒅

⁄
=

𝑵𝑾×𝑷𝒅

𝑷𝒎
=  

𝑷𝒎

𝑷𝒎
= 𝟏      (3-5) 

Similarly, the partial derivative of Pm with respect to PDW can be derived as follows: 

𝝏𝑷𝒎

𝝏𝑷𝑫𝑾
=  

𝑷𝒎

𝑷𝑫𝑾
− (𝟏 −

𝑷𝒎

𝑵𝒅×𝑷𝒅
)      (3-6) 

 

 

Using Equations (3-2) and (3-6): 
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∆𝑷𝒎
𝑷𝒎

⁄

∆𝑷𝑫𝑾
𝑷𝑫𝑾

⁄
= 𝟏 −

𝑷𝒎

𝑵𝒅𝑷𝒅
= 𝟏 −

𝑵𝒘

𝑵𝒅
     (3-7) 

where, Nw is less than or equal to Nd and therefore the relative sensitivity of Pm with 

respect to PDW should always be between zero and one. Finally, the partial derivative of 

Pm with respect to PWW is: 

𝝏𝑷𝒎

𝝏𝑷𝑫𝑾
=  

𝑷𝒎
𝟐

𝑵𝒅𝑷𝒅𝑷𝑫𝑾
       (3-8) 

Combining Equations (3-2) and (3-8): 

∆𝑷𝒎
𝑷𝒎

⁄

∆𝑷𝑾𝑾
𝑷𝑾𝑾

⁄
=

𝑷𝑾𝑾

𝑷𝑫𝑾
×

𝑷𝒎

𝑵𝒅𝑷𝒅
      (3-9) 

Assuming every day of the month being wet, the mean monthly precipitation as a 

fraction of the total potential precipitation can be defined as a constant value, f i.e., the 

ratio of Pm over NdPd. Then equations (3-7) and (3-9) can be simplified to equations 

(3-10) and (3-11), respectively. 

∆𝑷𝒎
𝑷𝒎

⁄

∆𝑷𝑫𝑾
𝑷𝑫𝑾

⁄
= 𝟏 − 𝒇       (3-10) 

∆𝑷𝒎
𝑷𝒎

⁄

∆𝑷𝑾𝑾
𝑷𝑾𝑾

⁄
=

𝑷𝑾𝑾

𝑷𝑫𝑾
× 𝒇       (3-11) 

Equations (3-5), (3-10) and (3-12) are analytical expressions of the relative sensitivities 

of the mean monthly precipitation to changes in precipitation-related parameters in 

CLIGEN.  Similarly, the ratio of partial derivative of monthly precipitation and partial 

derivatives of standard deviation and skewness on wet days is equal to zero. These 

equations could be used to guide parameter adjustment, especially when the changes in 

parameter values and the mean precipitation are relatively small.  These equations also 

show that changes in the standard derivation and skewness should not have any effect 

on the mean monthly precipitation.    

These analytical expressions were compared with a simple numerical simulation using 

parameter values for the month of August, Clarence Town in south-eastern Australia. 

The probability of a wet day following a wet day was 0.46, the probability of a wet day 

following a dry day was 0.20, the mean, standard deviation and skewness were 

7.72 mm, 12.78 mm and 4.21, respectively.  
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Each of the five CLIGEN parameters was adjusted by a fixed percentage while the rest 

of parameters remained unchanged and synthetic 300-year daily precipitation sequence 

for August were generated. Percentage of changes applied were ±5%, ±10%, and ±20% 

to each of the five parameters.  In total, 31 daily precipitation sequences (6 × 5 + 1 

baseline without change) were produced. 

Table 3-1 provides a summary of the magnitude of changes in the mean precipitation as 

a result of changes in CLIGEN parameters. 

Table 3-1 Summary of sensitivity analysis of CLIGEN parameters for Clarence Town   

Scenario  Change in PmMean 

Mean - 5% -5% 

Mean + 5% 5% 

Mean - 10% -10% 

Mean + 10% 10% 

Mean - 20% -20% 

Mean + 20% 20% 

Standard Deviation ± 5%, 10%, 20% 0% 

Skewness ± 5%, 10%, 20% 0% 

Pr (W|W) - 5% -3% 

Pr (W|W) + 5% 3% 

Pr (W|W) - 10% -6% 

Pr (W|W) + 10% 7% 

Pr (W|W) - 20% -11% 

Pr (W|W) + 20% 14% 

Pr (W|D) - 5% -4% 

Pr (W|D) + 5% 4% 

Pr (W|D) - 10% -8% 

Pr (W|D) + 10% 7% 

Pr (W|D) - 20% -16% 

Pr (W|D) + 20% 14% 

 

The results show changing probabilities of wet day following dry and wet day following 

wet day and mean daily precipitation by a factor between -20% to 20% will result in 

similar changes to the mean monthly precipitation. While, changing standard deviation 

and skewness doesn’t have much noticeable effect on the mean precipitation.  



42 

 

The relative sensitivities (equations 3-5, 3-10 and 3-11) for CLIGEN parameters using 

partial derivatives are presented and compared with empirically derived values in Table 

3-2. This table demonstrates relative sensitivity calculated using the empirical method 

matches closely the analytical results for daily precipitation, standard deviation and 

skewness. In theory, the probabilities of wet following wet and wet following dry days 

were expected to be close to 0.622 and 0.735, respectively. The relative sensitivity using 

the simulation results show that as changes to Pr (W|W) and Pr (W|D) increase, 

discrepancy between analytical and empirical results would increase.   

Therefore, the mean monthly precipitation is highly dependent on changes in the mean 

daily precipitation and almost independent of the changes in standard deviation and 

skewness. This also shows that probabilities of wet following wet and wet following dry 

days have some systematic impacts on the mean monthly precipitation. According to 

Table 3-2, results using analytical and simulation methods show good agreement with 

respect to the mean daily precipitation on wet days, standard deviation and skewness. 

While broadly similarly, the analytical results may not be a good approximation of 

parameter sensitivities of transition probabilities when the changes in these parameters 

in relation to precipitation occurrence are large.  

Table 3-2 Relative sensitivity test on CLIGEN parameters based on empirical and 

analytical methods 

Scenario Description Empirical method Analytical Method 

Mean ± 5%, 10%, 20% 1.00 1.00 

Standard Deviation ± 5%, 10%, 20% <0.001 0.00 

Skewness ± 5%, 10%, 20% <0.001 0.00 

Pr (W|W) - 5% 0.603 

0.622 

Pr (W|W) + 5% 0.642 

Pr (W|W) - 10% 0.586 

Pr (W|W) + 10% 0.663 

Pr (W|W) - 20% 0.553 

Pr (W|W) + 20% 0.710 

Pr (W|D) - 5% 0.744 

0.735 

Pr (W|D) + 5% 0.725 

Pr (W|D) - 10% 0.754 

Pr (W|D) + 10% 0.715 

Pr (W|D) - 20% 0.776 

Pr (W|D) + 20% 0.697 
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The analytical method based on partial derivatives is expected to be quite accurate when 

the changes in parameters are small.  Sensitivity of precipitation to CLIGEN parameters 

when changes are large cannot be derived analytically.  Little is known about changes to 

parameter values when the change in precipitation is gradual, resulting in significant 

trends in the annual rainfall as in the case of southwest of Western Australia. Therefore, 

further statistical analysis and simulations were required to compare empirical and 

analytical methods. The following two chapters have focused on statistical methods to 

adjust CLIGEN parameter values to simulate climate change scenarios in southeast 

Australia where annual precipitation has been changed significantly and in southwest of 

Western Australia where there is a significant trend of precipitation decrease since early 

20th century.  
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 Chapter IV: Use of CLIGEN to Simulate Climate 

Change in Southeast of Australia 

Abstract 

CLIGEN is a stochastic weather generator to reproduce, statistically, daily weather 

variables, and CLIGEN output has been used to simulate the impact of climate change 

on runoff and soil erosion. Weather observations from regions with significant climate 

variability and change could be used to determine how to manipulate the input to or 

output from CLIGEN to simulate climate change scenarios. Previous studies mostly 

used simplistic approaches, such as changing the average daily rainfall on wet days by a 

fixed percentage or multiplying the CLIGEN-generated daily rainfall by a fixed factor. 

The aim of this article is to develop a method based on available historical data to adjust 

CLIGEN parameter values when, historically, rainfall has significantly changed. In 

southeast of Australia, rainfall showed a significant and abrupt increase in a 30-year 

period since the late 1940s from the preceding three decades. However, rainfall has 

decreased since the late 1970s, significantly at many sites in the same region. Long-term 

(90 years) daily rainfall data from 30 sites in this region were used to examine decadal 

variations in rainfall and to evaluate the changes to CLIGEN parameter values with 

significant changes in annual rainfall. Average daily rainfall, standard deviations, 

skewness coefficients, and probabilities of a wet day following a wet day and a wet day 

following a dry day were analysed for each of three 30-year periods and for each of 30 

sites in southeast of Australia. This article shows that rainfall data for the period from 

1919 to 1978 would suggest an increase in rainfall in southeast of Australia. However, 

from the perspective of the period from 1949 to 2008, the conclusion of decreasing 

rainfall would be reached. Both these 60-year periods broadly coincide with an 

underlying trend of increased temperature in Australia and globally. Daily rainfall data 

for the 90-year period show that there are strong positive correlations between changes 

in mean monthly rainfall and changes in mean daily rainfall, standard deviation, and the 

probability of wet-following-dry sequences. There is little evidence to suggest ways of 

adjusting skewness coefficients or wet-following-wet probabilities to simulate changes 

in mean monthly rainfall for this region. A set of regression equations was developed to 

allow easy adjustment of CLIGEN parameter values to simulate monthly rainfall change 

for both increasing and decreasing rainfall change scenarios. The results show that when 
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CLIGEN parameter values were adjusted using changes in monthly rainfalls and 

regional relationships for the three important parameter values, output from CLIGEN 

was able to reproduce the changes in rainfall when compared with historical 

observations. The proposed methodology for adjusting CLIGEN parameters is not site-

specific and could also be used for other similar regions in the world. 

Keyword: CLIGEN, Climate change, Southeast of Australia, Weather generator. 

4.1 Introduction 

The impact of climate change on hydrology has become an issue of great concern in 

recent years. Future climates are usually predicted using numerical models (global 

climate models, or GCMs). Model output from GCMs needs to be downscaled to an 

appropriate spatial and temporal scale to drive hydrologic and biomass production 

models because climate models have a much coarser spatial resolution (Zhang, 2005, 

2007). Stochastic weather generators are tools to produce synthetic weather sequences 

that are statistically similar to the observed weather data, and these stochastic weather 

generators have been widely used for downscaling GCM outputs (Semenov and 

Barrow, 1997; Wilby and Wigley, 1997; Goodess and Palutikof, 1998; Wilby et al., 

1998; Zhang and Garbrecht, 2003; Yu, 2005; Zhang and Liu, 2005; Zhang, 2005, 2007). 

CLIGEN is one such stochastic weather generator for climate change impact studies 

(Nicks et al., 1995; Favis-Mortlock and Savabi, 1996; Xu, 1999; Prudhomme et al., 

2002; Pruski and Nearing, 2002a; Zhang, 2005; Yu, 2005; Zhang et al., 2010). For each 

daily simulation period, ten weather variables can be generated to provide input to the 

Water Erosion Prediction Project (WEPP) for runoff, biomass production, and soil 

erosion predictions (Nicks et al., 1995; Yu, 2000). WEPP is a physically based daily 

runoff and erosion simulation model built on the fundamentals of hydrology, plant 

science, hydraulics, and erosion mechanics (Zhang and Garbrecht, 2003). Typically, 

input parameter values for CLIGEN are changed to represent the likely climate change 

scenarios (Pruski and Nearing, 2002a; Zhang, 2004). In particular, mean precipitation 

amounts on wet days are altered to simulate the likely change to precipitation predicted 

by the GCM (Pruski and Nearing, 2002b; Zhang, 2004). Zhang (2005) used an 

empirical relationship between mean monthly rainfall and transitional probabilities to 

estimate the likely changes in the number of wet days, and used an analytical expression 

to adjust the standard deviation of daily precipitation. However, there is little research 
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on how to change parameter values for stochastic weather generators based on observed 

weather data from regions where precipitation is known to have significantly changed 

(Zhang and Garbrecht, 2003; Yu, 2005). 

It is well documented that rainfall in a 30-year period since the late 1940s was 

significantly higher than the preceding three decades in southeast of Australia (Cornish, 

1977; Pittock, 1983; Yu and Neil, 1991; Nicholls and Kariko, 1993). These changes 

were used to indicate how rainfall might change in a CO2-warmed world (Pittock, 1983; 

Yu and Neil, 1991). Research by Zhang and Garbrecht (2003) showed the 

CLIGEN-generated durations were generally too long for small storms and too short for 

large storms. Yu (2005) reported how to adjust values of CLIGEN parameters to 

generate storm patterns that varied between wetter and drier period for a single site 

(Sydney) in the region. The current study extends the work of Yu (2005) to focus on 

daily rainfall for the entire region of southeast of Australia, where rainfall has 

significantly increased. This research also attempts to extend the study period by 

another three decades, up until the end of 2008. 

While it is well known that rainfall increased widely in southeast of Australia for the 

three decades since the late 1940s (Cornish, 1977; Pittock, 1983; Yu and Neil, 1991; 

Nicholls and Kariko, 1993), in many cases in the region, it is not yet well established 

that rainfall since the late 1970s has significantly decreased. This significant and 

contrasting change in rainfall in southeast of Australia not only raises questions about 

the intrinsic relationship between climate change and statistically significant rainfall 

change but also about the operational issue of using weather generators to capture 

significant rainfall change and variability on the time scales of regional climatology, 

i.e., 30-year periods. 

The objectives of this article are: 

 To identify and quantify significant changes in rainfall in southeast of Australian 

for the 90-year period (1919-2008). 

 To contrast the CLIGEN parameter values between drier and wet periods. 

 To determine how CLIGEN parameter values could be changed to represent 

historical trends and patterns in rainfall in this and similar regions of the world. 
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4.2 Data and Methodology 

4.2.1 Station Selection 

At the time of this study, more than 4,800 stations were available for use from the 

database of the National Climate Centre of the Bureau of Meteorology (BoM). The 

stations are located in New South Wales and Australian Capital Territory. The spatial 

extent of this study is defined by 147° 31' E to 153° 30' E and from 28° 53' S to 37° 30' 

S. The region has a temperate climate with essentially uniform rainfall throughout the 

year (BoM, 1989). 

To identify the rainfall trends in southeast of Australia, weather stations were selected 

for three non-overlapping 30-year periods (1919-1948, 1949-1978, and 1979-2008). 

The year 1949 was reported to be the first year when significant rainfall increase 

occurred in this region (Yu, 1995, 2005). 

In an initial attempt, 41 stations were selected based on their geographical locations. 

Thirty high-quality stations were finalized for this analysis in consultation of the list of 

high-quality rainfall stations in Australia (Lavery et al., 1992, 1997) based on the length 

and quality of the recorded rainfall data. Table 4-1 shows the station number, location, 

total number of years of rainfall record, and mean annual rainfall for the three 30-year 

periods for the 30 stations in southeast of Australia. Spatial distribution of the 30 sites is 

shown in Figure 4-1. 

Daily rainfall data for the 90-year period from 1919 to 2008 were extracted from the 

national climate database using software known as MetAccess. Daily data was then 

aggregated into monthly and annual totals for further analysis and for calculating 

CLIGEN input parameter values. 
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Table 4-1 Thirty selected stations in southeastern Australia 

Station 
No. 

Location Longitude Latitude 

Years of 
Record 

Mean Annual Rainfall (mm) 

1919-1948 1949-1978 1979-2008 

50004 Bogan Gate Post Office 147° 48' E 33° 6' S 103 452 581 462 

50018 Dandaloo (Kelvin) 147° 40' E 32° 17' S 115 436 552 497 

50028 Trundle (Murrumbogie) 147° 31' E 32° 54' S 121 408 549 471 

50031 Peak Hill Post Office 148° 11' E 32° 43' S 116 492 644 568 

52019 Mogil Mogil (Benimora) 148° 41' E 29° 21' S 119 445 536 527 

53003 Bellata Post Office 149° 48' E 29° 55' S 91 529 657 623 

53018 Croppa Creek (Krui Plains) 150° 1' E 28° 60' S 92 517 629 597 

54003 Barraba Post Office 150° 37' E 30° 23' S 125 629 764 685 

54004 Bingara Post Office 150° 34' E 29° 52' S 124 670 771 709 

55045 Curlewis (Pine Cliff) 150° 2' E 31° 11' S 103 505 650 631 

55055 Carroll (The Ranch) 150° 28' E 30° 58' S 112 549 675 602 

58012 Yamba Pilot Station 153° 22' E 29° 26' S 129 1390 1599 1438 

58063 Casino Airport 153° 3' E 28° 53' S 130 1078 1170 1006 

60026 Port Macquarie (Bellevue Gardens) 152° 55' E 31° 26' S 139 1401 1669 1395 

61000 Aberdeen (Main Rd.) 150° 53' E 32° 10' S 107 550 676 516 

61010 Clarence Town (Grey St.) 151° 47' E 32° 35' S 110 1058 1141 1016 

61014 Branxton (Dalwood Vineyard) 151° 25' E 32° 38' S 116 771 900 808 

61071 Stroud Post Office 151° 58' E 32° 24' S 114 1036 1135 1021 

62021 Mudgee (George St.) 149° 36' E 32° 36' S 135 605 755 705 

62026 Rylstone (Ilford Rd.) 149° 59' E 32° 48' S 116 607 724 548 

63005 Bathurst Agricultural Station 149° 33' E 33° 26' S 97 570 723 628 

63032 Golspie (Ayrston) 149° 40' E 34° 16' S 108 663 827 659 

64008 Coonabarabran (Namoi St.) 149° 16' E 31° 16' S 127 640 834 790 

65022 Manildra (Hazeldale) 148° 35' E 33° 10' S 117 624 761 647 

68016 Cataract Dam 150° 48' E 34° 16' S 99 903 1316 981 

68034 Jervis Bay (Pt Perpendicular Lighthouse) 150° 48' E 35° 6' S 105 1051 1478 1146 

69006 Bettowynd (Condry) 149° 47' E 35° 42' S 106 732 927 671 

69018 Moruya Heads Pilot Station 150° 9' E 35° 55' S 131 896 1136 943 

70027 Delegate (Weewalla) 148° 60' E 37° 3' S 115 607 686 580 

70028 Yass (Derringullen) 148° 53' E 34° 45' S 105 670 796 670 
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Figure 4-1 Location of the 30 stations selected in southeastern Australia.  
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4.2.2 Methodology 

To meet the objectives of this study, three non-overlapping periods were selected for 

comparison purposes. The selected stations were checked to identify the maximum 

change in annual rainfall between the first two 30-year periods. The periods from 1919 

to 1948 and from 1949 to 1978 led to greater contrast in terms of mean annual rainfall 

for most of the 30 stations in southeast of Australia, a pattern that is consistent with 

previous observations (Yu, 1995, 2005). 

The annual rainfall totals were tested for significant differences in the means between 

the first and second periods, and between the second and third periods. A standard t-test 

for two samples with equal variance was used for the contrasting periods and for all 30 

sites. To qualify the level of significance using the t-test, the classification shown in 

Table 4-2 was adopted based on the p-value of the one-tail t-test. 

Table 4-2 Classification of statistical significance based on the p-value. 

Criteria Classification 

p > 0.1 Not significant 

0.05 < p < 0.1 Marginally significant 

0.01 < p < 0.05 Significant 

p < 0.01 Highly significant 

In this article, period 1 is defined as the 30-year period from 1919-1948, period 2 is 

from 1949-1978, and period 3 is from 1979-2008. Spring is defined to include 

September, October, and November; summer includes December, January and 

February; autumn includes March, April, and May; and winter includes June, July and 

August. Summer-half is defined to include the spring and summer months, and winter-

half includes the autumn and winter months. 

To generate daily rainfall amounts, CLIGEN requires the following input parameter 

values for each month of the year: 

 Average daily precipitation on wet days (Pw) 

 Standard deviation of daily precipitation (Sd) 

 Coefficient of skewness of daily precipitation (Sk) 

 The probability of a wet day following a wet day 

 The probability of a wet day following a dry day. 
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Calculation of basic statistics of daily rainfall is straightforward. Chapter 2 of the WEPP 

User Manual (Nicks et al. 1995) is the original reference on CLIGEN. In addition, Yu 

(2005) provided comprehensive definitions and methods to calculate the probability of a 

wet day following a wet day and the probability of a wet day following a dry day for 

each month. In that definition, Ndd is the total number of dry days in the month 

following a dry day, Nwd is the total number of dry days in the month following a wet 

day, Nww is the total number of wet days in the month following a wet day, and Ndw is 

the total number of wet days in the month following a dry day. By this classification, all 

possible options are covered. Therefore, the probability of a wet day following a wet 

day and the probability of a wet day following a dry day for each month can be 

calculated from: 

𝑷𝒓(𝑾|𝑾) =
𝑵𝒘𝒘

(𝑵𝒅𝒘+𝑵𝒘𝒘)
      (4-1) 

    

𝑷𝒓(𝑾|𝑫) =
𝑵𝒅𝒘

(𝑵𝒘𝒅+𝑵𝒅𝒅)
      (4-2) 

   

The base of these formulas comes from the definition of conditional probability: 

𝑷𝒓(𝑨|𝑩) =
𝑷𝒓(𝑨∩𝑩)

𝑷𝒓(𝑩)
  When Pr (B) ≠ 0   (4-3) 

Mean monthly precipitation can be estimated by using the mean wet day precipitation 

(Pw) and the number of wet days for the month (Nw). The mean wet day precipitation is 

one of the input parameters for CLIGEN, the average number of wet days is related to 

the transition probabilities: 

𝑵𝒘 =
𝑵𝒅×𝑷𝒓(𝑾|𝑫)

[𝟏−𝑷𝒓(𝑾|𝑾)+𝑷𝒓(𝑾|𝑫)]
      (4-4)  

where Nd is the number of days in the month. Therefore, changes in precipitation 

amount can be effected through changes to wet-day precipitation, or transition 

probabilities, or both. 

Alternatively, precipitation total can be regarded as the product of the number of 

precipitation events and the average event precipitation. An event is defined as a period 

of consecutive wet days. Precipitation events are separated by at least one dry day. The 

average event precipitation in terms of CLIGEN parameters is given by: 
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𝑷𝒆 =
𝑷𝒘

𝟏−𝑷𝒓(𝑾|𝑾)
       (4-5) 

Rainfall changes can be a result of changes to event rainfall amount, or the number of 

rainfall events, or both. In either case, the CLIGEN parameters provide a rich 

framework for examining the changes to rainfall attributes, e.g., the amount, duration, 

and frequency of occurrence in relation to changes to rainfall totals. 

Changes to CLIGEN parameter values are related to the underlying changes to mean 

monthly rainfall for the 30 stations in southeast of Australia. This allows adjustment to 

CLIGEN parameter values to represent historical changes in rainfall in southeast of 

Australia, and to determine how CLIGEN parameter values could be changed to 

simulate climate change scenarios in this and similar regions in the world. 

To test this adjustment method, changes in mean monthly rainfall between period 1 

(1919-1948) and period 2 (1949-1978) and regression equations for changes in 

CLIGEN parameter values were used to adjust CLIGEN input parameter values for 

period 1 to derive parameter values for period 2. The calculated and the adjusted 

parameter values were then used to simulate the climate for periods 1 and 2, 

respectively, with CLIGEN. The simulated rainfall changes between periods 1 and 2 

were then compared with the changes based on observed rainfall changes as well as 

changes in simulated rainfall with CLIGEN and calculated parameter values using 

historical rainfall data for the two periods separately. All the simulated climates were 

based on CLIGEN runs of 100 years in duration with disparate random seeds for each. 

4.3 Results 

4.3.1 Trends in Mean Annual Rainfall 

All the 30 stations had a greater mean annual rainfall in period 2 (1949-1978) than in 

period 1 (1919-1948). Conversely, the last period (1979-2008) had lower mean annual 

rainfall in comparison to that in the second period for all the stations tested. As an 

example, Figure 4-2 shows the time series of annual rainfall at Bogan Gate Post Office. 

It is clear from the diagram that rainfall at the site experienced a dramatic increase from 

the first to the second 30-year period (452 to 581 mm year-1). This period of increased 

rainfall is followed by an equally dramatic decrease during the last 30 years, with mean 

annual rainfall reduced to 462 mm year-1 for 1979-2008, a level that is very similar to 

that for the first 30 years (1919-1948). 
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Comparing rainfall for period 1 (1918-1948) and period 2 (1949-1978) shows that 67% 

of the stations (20 out of 30) recorded a highly significant increase in mean annual 

rainfall. Seven of the 30 stations showed a significant increase, and two showed 

marginal increases. Increase in rainfall is not statistically significant for just one of the 

30 stations (Clarence Town) (Figure 4-3 and Figure 4-4). 

In contrast, all the sites showed a lower mean annual rainfall for period 3 in comparison 

to period 2. Nine of the 30 stations showed highly significant decrease in mean annual 

rainfall. The other 21 stations are evenly classified into the three other categories. 

The largest increase during periods 1 and 2 occurred at the Cataract Dam station, 

showing a 31% increase in mean annual rainfall (an average of 903 mm for 1919-1948 

and an average of 1316 mm for 1949-1978). The smallest increase for the same 

contrasting periods was a 7% increase at mean annual rainfall at Clarence Town. For the 

second pair of contrasting periods (1949-1978 vs. 1979-2008), Bettowynd (Condry) 

showed the highest decrease in mean annual rainfall (38%) of the 30 stations examined. 

The lowest decrease of 2% in mean annual rainfall occurred at Mogil Mogil 

(Benimora). 

Figure 4-5 shows a comparison of mean annual rainfall between the contrasting periods. 

It is clear that rainfall was consistently higher in period 2 than in both the preceding and 

ensuing 30-year periods. A simple regression between mean annual rainfall for the 

contrasting periods shows that mean annual rainfall on average increased by 14% 

between period 1 (1919-1948) and period 2 (1949-1978) and subsequently decreased by 

19% between period 2 and period 3 (1979-2008). 
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Figure 4-2 Time series of annual rainfall amount at Bogan Gate Post Office (1919-2008)  
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Figure 4-3 Sites of significant increase in mean annual rainfall between 1919-1948 and 1949-1978 in southeastern Australia 
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Figure 4-4 Sites of significant decrease in mean annual rainfall between 1949-1978 and 1979-2008 in southeastern Australia  
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Figure 4-5 Comparison of the mean annual rainfall between the three 30-year periods for 

the 30 stations in southeastern Australia: (a) between 1919-1948 and 1949-1978, and (b) 

between 1949-1978 and 1979-2008. 
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4.3.2 Seasonal Rainfall 

Table 4-3 shows changes to seasonal rainfall between periods 1 and 2 and between 

periods 2 and 3. This is a summary of the sites with different degrees of statistical 

significance with respect to the changes in annual and seasonal rainfall in southeast of 

Australia (Table 4-3 and Table 4-4). For most seasons, and for a majority of the sites 

tested, seasonal rainfall followed the same pattern as annual rainfall, with a significant 

increase in period 2, followed by a decrease in rainfall for the last 30 years (1979-2008) 

(Table 4-3 and). For some sites in southeaster of Australia, the seasonal rainfall does not 

follow the increasing and decreasing pattern for annual rainfall, especially for autumn 

and winter (Table 4-3 and Table 4-4).  

Overall, it is clear from Table 4-3 that rainfall increased between periods 1 and 2 and 

decreased between periods 2 and 3. The increase between periods 1 and 2 was more 

dramatic and more consistent among the 30 sites tested than the decrease between 

periods 2 and 3. The increase followed by decrease is most consistent for summer 

rainfall and least consistent for autumn and winter rainfall. In fact, winter rainfall 

experienced no significant increase between periods 1 and 2 and no significant decrease 

between periods 2 and 3 for most of sites tested in southeast of Australia. 

Table 4-3 Variations in rainfall and statistical level of significance: HS = highly significant, 

S = significant, MS = marginally significant, NS = not significant, up arrow (↑) = increase, 

and down arrow (↓) = decrease. 

Station 

1919  –  1948   to   1949  –  1978 1949  –  1978   to   1979  –  2008 

Annual Spring Summer Autumn Winter Annual Spring Summer Autumn Winter 

Bogan Gate Post Office HS ↑ HS ↑ S ↑ S ↑ NS ↑ HS ↓ MS ↓ S ↓ S ↓ NS ↓ 

Dandaloo  HS ↑ S ↑ S ↑ S ↑ NS ↑ NS ↓ MS ↓ MS ↓ NS ↓ NS ↑ 

Trundle (Murrumbogie) HS ↑ HS ↑ S ↑ S ↑ NS ↑ MS ↓ NS ↓ MS ↓ NS ↓ NS ↑ 

Peak Hill Post Office HS ↑ HS ↑ HS ↑ MS ↑ NS ↑ MS ↓ NS ↓ MS ↓ NS ↓ NS ↑ 

Mogil Mogil (Benimora) S ↑ NS ↑ HS ↑ NS ↑ NS ↓ NS ↓ NS ↑ S ↓ NS ↑ NS ↑ 

Bellata Post Office HS ↑ S ↑ HS ↑ NS ↑ NS ↓ NS ↓ NS ↑ NS ↓ NS ↓ NS ↑ 

Croppa Creek (Krui Plains) HS ↑ S ↑ HS ↑ NS ↑ NS ↓ NS ↓ NS ↓ MS ↓ NS ↑ NS ↓ 

Barraba Post Office HS ↑ HS ↑ HS ↑ NS ↑ NS ↓ MS ↓ MS ↓ S ↓ NS ↓ NS ↑ 

Bingara Post Office S ↑ MS ↑ HS ↑ NS ↑ NS ↓ MS ↓ NS ↓ NS ↓ NS ↓ NS ↓ 

Curlewis (Pine Cliff) HS ↑ HS ↑ HS ↑ NS ↑ NS ↓ NS ↓ NS ↓ NS ↓ NS ↑ NS ↑ 

Carroll (The Ranch) HS ↑ HS ↑ HS ↑ MS ↑ NS ↓ MS ↓ MS ↓ S ↓ NS ↑ NS ↑ 

Yamba Pilot Station S ↑ NS ↑ HS ↑ NS ↑ NS ↑ MS ↓ NS ↓ S ↓ NS ↑ NS ↓ 

Casino Airport MS ↑ NS ↑ S ↑ NS ↓ NS ↑ S ↓ NS ↓ HS ↓ NS ↓ S ↓ 

Port Macquarie S ↑ NS ↑ HS ↑ NS ↑ NS ↑ HS ↓ NS ↓ HS ↓ NS ↓ S ↓ 

Aberdeen (Main Rd.) HS ↑ MS ↑ HS ↑ NS ↑ NS ↑ HS ↓ S ↓ HS ↓ MS ↓ MS ↓ 

Clarence Town (Grey St.) NS ↑ NS ↓ S ↑ NS ↓ NS ↑ S ↓ NS ↑ S ↓ NS ↑ S ↓ 

Branxton S ↑ NS ↑ HS ↑ NS ↓ NS ↑ MS ↓ NS ↑ S ↓ NS ↑ MS ↓ 

Stroud Post Office MS ↑ NS ↑ HS ↑ NS ↓ NS ↑ S ↓ NS ↑ HS ↓ NS ↑ S ↓ 

Mudgee (George St.) HS ↑ S ↑ HS ↑ NS ↑ NS ↑ NS ↓ NS ↓ S ↓ NS ↓ NS ↑ 

Rylstone (Ilford Rd.) S ↑ NS ↑ HS ↑ NS ↑ NS ↑ HS ↓ MS ↓ HS ↓ S ↓ MS ↓ 

Bathurst Agricultural Station HS ↑ HS ↑ HS ↑ MS ↑ NS ↑ S ↓ NS ↓ S ↓ MS ↓ NS ↓ 

Golspie (Ayrston) HS ↑ HS ↑ S ↑ MS ↑ NS ↑ HS ↓ MS ↓ HS ↓ S ↓ MS ↓ 

Coonabarabran HS ↑ HS ↑ HS ↑ NS ↑ NS ↓ NS ↓ NS ↓ MS ↓ NS ↑ NS ↑ 

Manildra (Hazeldale) HS ↑ HS ↑ HS ↑ MS ↑ NS ↑ S ↓ NS ↓ S ↓ MS ↓ NS ↑ 
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Station 

1919  –  1948   to   1949  –  1978 1949  –  1978   to   1979  –  2008 

Annual Spring Summer Autumn Winter Annual Spring Summer Autumn Winter 

Cataract Dam HS ↑ HS ↑ HS ↑ NS ↑ HS ↑ HS ↓ NS ↓ HS ↓ NS ↓ S ↓ 

Jervis Bay HS ↑ HS ↑ S ↑ S ↑ HS ↑ HS ↓ HS ↓ HS ↓ S ↓ HS ↓ 

Bettowynd (Condry) HS ↑ HS ↑ NS ↑ NS ↑ S ↑ HS ↓ HS ↓ HS ↓ S ↓ S ↓ 

Moruya Heads Pilot Station HS ↑ HS ↑ NS ↑ NS ↑ HS ↑ S ↓ NS ↓ NS ↓ NS ↓ MS ↓ 

Delegate (Weewalla) S ↑ HS ↑ NS ↓ NS ↑ S ↑ HS ↓ S ↓ MS ↓ MS ↓ MS ↓ 

Yass (Derringullen) HS ↑ HS ↑ S ↑ MS ↑ NS ↑ S ↓ MS ↓ S ↓ S ↓ NS ↓ 

Table 4-4 Direction of change and the statistical level of significance among the 30 sites in 

southeastern Australia 

Directions 

1919  –  1948   to   1949  –  1978 1949  –  1978   to   1979  –  2008 

Annual Spring Summer Autumn Winter Annual Spring Summer Autumn Winter 

Increase 30 29 29 26 22 0 5 0 9 11 

Decrease 0 1 1 4 8 30 25 30 21 19 

Level of significant Annual Spring Summer Autumn Winter Annual Spring Summer Autumn Winter 

Highly significant 20 16 19 0 3 9 2 9 0 1 

Significant 7 4 8 4 2 7 2 11 6 6 

Marginally significant 2 2 0 6 0 7 7 6 4 6 

No significant 1 8 3 20 25 7 19 4 20 17 

4.3.3 CLIGEN Parameter Values 

Unlike the mean annual rainfall, the mean daily rainfall for each month does not follow 

a clear pattern. Daily rainfall at some of the sites for some of the months increased, and 

for others it decreased. The most dramatic increase in mean daily rainfall occurred at 

Cataract Dam, with a 54.9% increase in March (from 1919-1948 to 1949-1978), and the 

largest decrease occurred at Port Macquarie (Bellevue Gardens), with a 108.4% 

decrease in August (from 1949-1978 to 1979-2008). To determine how CLIGEN 

parameter values could be changed to represent historical trends and patterns in rainfall, 

the ratios for five major CLIGEN parameter values between the three contrasting 

periods for all stations were calculated. These ratios were then related to the ratios for 

the mean monthly rainfall for the same contrasting periods. Figure 4-6, Figure 4-7, 

Figure 4-8, Figure 4-9 and Figure 4-10 show the changes in terms of the ratio of 

parameter values for the mean, standard deviation, skewness, probabilities of a wet day 

following a wet day, probabilities of a wet day following a dry day, and number of wet 

days for all stations in comparison of the ratio of monthly rainfall for the contrasting 

periods. Figure 4-6, Figure 4-7, and Figure 4-10 and Table 4-5 show that there are 

significant positive correlations between changes in mean monthly rainfall and changes 

in mean daily rainfall, standard deviations of mean daily rainfall, and the probability of 

wet following dry days. As indicated in Table 4-5 and Figure 4-8 and Figure 4-9, there 

are no strong correlation between changes in mean monthly rainfall and those in 

skewness and wet-following-wet probabilities. 
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Figure 4-6 Relationship between changes in mean monthly rainfall (MMR) and changes in 

mean daily rainfall (MDR): (a) between 1919-1948 and 1949-1978, and (b) between 1949-

1978 and 1979-2008. 
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Figure 4-7 Relationship between changes in mean monthly rainfall (MMR) and changes in 

the standard deviation of daily rainfall (MDD): (a) between 1919-1948 and 1949-1978, and 

(b) between 1949-1978 and 1979-2008. 
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Figure 4-8 Relationship between changes in mean monthly rainfall (MMR) and changes in 

the Skewness of mean daily rainfall (MDS): (a) between 1919-1948 and 1949-1978, and (b) 

between 1949-1978 and 1979-2008. 
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Figure 4-9 Relationship between changes in mean monthly rainfall (MMR) and changes in 

the probability of the wet day following a wet day (PWW): (a) between 1919-1948 and 

1949-1978, and (b) between 1949-1978 and 1979-2008. 
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Figure 4-10 Relationship between changes in mean monthly rainfall (MMR) and changes 

in the probability of the wet day following a dry day (PWD): (a) between 1919-1948 and 

1949-1978, and (b) between 1949-1978 and 1979-2008. 
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Table 4-5 R2 values for linear correlation between changes in mean monthly rainfall and 

changes in CLIGEN parameters for the two contrasting periods and for summer-half and 

winter-half of the year (Between 1919-1948 and 1949-1978 periods and between 1949-1978 

and 1979-2008). 

 Parameter All Months Summer-Half Winter-Half 

1919-1948 and 1949-1978 

 Mean P 0.9107 0.8875 0.9346 

 SD P 0.6944 0.6381 0.7503 

 Skew P 0.0015 0.0000 0.0057 

 Pr (W | W) 0.0393 0.0607 0.0262 

 Pr (W | D) 0.3059 0.3106 0.2450 

1949-1978 and 1979-2008 

 Mean P 0.7937 0.7568 0.8206 

 SD P 0.5715 0.5801 0.5542 

 Skew P 0.0131 0.0000 0.0496 

 Pr (W | W) 0.0086 0.0063 0.0120 

 Pr (W | D) 0.1608 0.2545 0.1117 

Table 4-5 presents the R2 values of the linear trend line correlation coefficient squared 

between the changes in mean monthly rainfall and the changes in the five major 

CLIGEN parameter values. Linear correlation coefficients show that changes in 

monthly rainfall are closely related changes in mean daily rainfall, the standard 

deviation of daily rainfall, and the transition probability for wet following dry days. On 

the other hand, the relationship between changes in rainfall and changes in the skewness 

coefficient for daily rainfall and wet-following-wet probabilities is insignificant. To 

adjust the model parameter values to simulate changes in rainfall, the latter two 

parameters can remain unchanged based on the data for the 30 sites tested. 

As mean monthly rainfall is not an input parameter for CLIGEN, some or all the five 

major parameters for CLIGEN need to be changed to achieve the required change in 

rainfall. Of the five parameters, table 5 shows that there is hardly any correlation 

between changes in rainfall and changes in skewness and wet-to-wet transition 

probabilities. Table 4-6 presents the linear regression equations that can be used to 

adjust the CLIGEN parameters based on the changes in rainfall that need to be 

simulated. It is clear that the regression equations are quite similar whether we consider 

rainfall increase (1919-1948 vs. 1949-1978) or rainfall decrease (1978-2008). A set of 

regression equations was derived using the combined data set of data on changes in 

monthly rainfall and changes on CLIGEN parameters (Table 4-6). These equations are 

recommended for use when mean monthly rainfall can vary by a factor of 2.5. 
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Table 4-6 Linear regression equations to predict, from changes in mean monthly rainfall, 

changes in CLIGEN parameter values of mean daily rainfall, daily standard deviation, and 

probability of a wet day following a dry day: x = change in monthly rainfall as ratios, and y 

= changes in model parameter values as ratios (see figures 6, 7, and 10). 

 Parameter Equation 

1919-1948 and 1949-1978  

 Mean P y = 0.9121x + 0.0604 

 SD P y = 0.7552x + 0.1867 

 Pr (W | D) y = 0.3239x + 0.7344 

1949-1978 and 1979-2008  

 Mean P y = 0.8203x + 0.1169 

 SD P y = 0.6799x + 0.2535 

 Pr(W | D) y = 0.2315x + 0.8385 

Combined  

 Mean P y = 0.884x + 0.069, R2 = 0.86 

 SD P y = 0.729x + 0.208, R2 = 0.66 

 Pr (W | D) y = 0.287x + 0.776, R2 = 0.22 

To test the adjustment method, the combined equations from table 6 were used to adjust 

the CLIGEN parameter values for period 1 to estimate the parameter values for period 

2. These adjusted parameter values were used to simulate 100-year climate sequences 

for the 30 sites with CLIGEN. Calculated parameter values using historical data for 

period 2 were also used to simulate 100-year climate sequences for the same 30 sites in 

southeastern Australia. CLIGEN-generated rainfall changes using adjusted and 

calculated parameter values were compared with the observed changes between period 

1 and 2. The average of the mean annual rainfall for the 30 sites was 716 mm for period 

1 and 875 mm for period 2, with an increase of 22%. The average of the mean annual 

rainfall using calculated parameter values for period 2 was 859 mm for the 30 sites, a 

difference of -1.8% of the observed average for the 30 sites. Using the parameter values 

for period 1 adjusted for changes in mean monthly rainfall between the two periods led 

to an average of 890 mm for the 30 sites, a difference of +1.7% of the observed average 

for the 30 sites. The difference between calculated and adjusted parameter values was 

31 mm in terms of the mean annual rainfall on average, or 3.5% of the observed average 

for the region. Using paired two-sample t-tests for the differences in means shows that 

there is no statistically significant difference in terms of the mean annual rainfall for the 

30 sites among the three data sets, namely, historical observations and simulated climate 

with calculated and adjusted parameter values.  

Figure 4-11 shows a comparison in the mean annual rainfall between the two 

contrasting periods. It can be seen from Figure 4-11 that mean annual rainfall is 

consistently higher for period 2 than for period 1 based on historical observations, and 
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using calculated and adjusted parameter values for CLIGEN. It is worth noting that the 

error bars are generally larger than those for simulated mean annual rainfall because of 

the difference in record length. 
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Figure 4-11 Mean annual rainfall for 30 selected stations using observed data, calculated 

and adjusted parameter values (error bars represent the standard deviations of mean). 

4.4 Discussion and Conclusion 

Climate change is complex and can have considerable impact on bio-physical systems 

and human society. To evaluate the impact of climate change, stochastic weather 

generators are often used to produce daily weather sequences based on broad-scale 

changes predicted by global climate models. CLIGEN is one such weather generator 

that has been used for impact analysis. Unlike other weather generators, CLIGEN 

produces variables describing storm patterns, including time to peak, peak intensity, and 

storm duration, in addition to rainfall amount and other daily weather variables. While 

various methods have been proposed to adjust CLIGEN parameter values to simulate 

climate change scenarios, there is little research on how CLIGEN parameter values 

could be adjusted to simulate climate change, whereas previous studies have used 

simplistic approaches, e.g., changing the average rainfall on wet days by a percentage or 

multiplying the CLIGEN-generated daily rainfall by a fixed factor. 
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Rainfall in southeast of Australia is highly variable in time. Instrumental records from 

the region show significant variability and change on the time scale of climatology, i.e., 

30 years. These secular changes have been previously used to indicate the likely rainfall 

change to represent human-induced climate change scenarios. Equally, significant 

change in historical rainfall can be used to guide and determine how parameter values 

can be adjusted to simulate climate change using stochastic weather generators. 

This article shows that rainfall data for the period from 1919 to 1978 would suggest an 

increase in rainfall in southeast of Australia. However, from the perspective of the 

period from 1949 to 2008, the conclusion of decreasing rainfall would be reached. Both 

of these 60-year periods broadly coincide with an underlying trend of increased 

temperature in Australia and globally (Plummer et al., 1995; IPCC, 2001). Rainfall data 

from these 30 sites in southeast of Australia shows that we should not draw any 

conclusions about the relationship between trends in atmospheric concentration of 

greenhouse gases and temperature with regional rainfall. Rainfall could be just as likely 

to increase as to decrease significantly on the time scale of regional climatology 

(30 years) in southeast of Australia. 

Nonetheless, southeast of Australia provides a rich setting to examine how CLIGEN 

parameter values actually vary during contrasting wet and dry periods. Daily data for 

the 90-year period for each of the 30 sites in the region show that there are strong 

positive correlations between changes in mean monthly rainfall and changes in mean 

daily rainfall, standard deviation of mean daily rainfall, and the probability of wet-

following-dry sequences. There is little evidence to suggest ways of adjusting the 

skewness coefficient or wet-following-wet probabilities to simulate changes in mean 

monthly rainfall for this region.  

A set of regression equations was developed to allow easy adjustment of CLIGEN 

parameter values (namely, mean daily rainfall amount, standard deviation of daily 

rainfall, and probability of wet days following a dry day) to simulate monthly rainfall 

change for both increasing and decreasing rainfall change scenarios for southeast of 

Australia and is potentially applicable in any similar regions in the world. To 

demonstrate the accuracy and usefulness of these equations, CLIGEN parameter values 

for period 1 were adjusted to simulate daily rainfall for period 2. Statistical analysis of 

the observed and simulated mean annual rainfall with calculated and adjusted parameter 

values showed that the adjustment method can be used to reproduce the observed 
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change in rainfall, at least in the mean for the 30 sites tested. As this method of 

adjusting CLIGEN parameter values is largely based on an extensive statistical analysis 

of historical rainfall observations, it is worth noting that further testing may be required 

for other regions of the world, and for simulating significant changes in other aspects of 

rainfall in addition to the mean. 
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 Chapter V: Use of CLIGEN to Simulate Decreasing 

Precipitation Trends in the Southwest of Western 

Australia 

Abstract 

CLIGEN is a stochastic weather generator to statistically reproduce daily weather 

variables. Weather observations from regions with significant climate variability could 

be used to determine how to manipulate the input to CLIGEN to simulate climate 

change scenarios. Most previous studies have used simplistic approaches, such as 

changing the average daily precipitation on wet days by a fixed percentage or 

multiplying the CLIGEN-generated daily precipitation by a fixed factor. The aim of this 

study was to develop a method based on available historical data to adjust CLIGEN 

parameter values when precipitation has gradually but significantly decreased. In the 

southwest of Western Australia (SWWA), annual precipitation has shown a significant 

decreasing trend since the mid-1920s. Although the annual precipitation has clearly 

decreased during the last 100 years, trends in monthly and daily precipitation are not as 

strong and consistent. This study focused on CLIGEN parameter values for the daily 

precipitation amount to investigate correlations between variations of daily and annual 

precipitation for SWWA. Long-term (90 years) daily precipitation data from seven 

rainfall stations in this region were used to examine decadal variations in precipitation 

and to evaluate the changes to CLIGEN parameter values with a gradual decrease in 

annual precipitation. Average precipitation on wet days, standard deviations, skewness 

coefficients, and probabilities of a wet day following a wet day and a wet day following 

a dry day were analysed for each of the 61 overlapping time series of 30 years each for 

these sites in SWWA. This article shows that for the wet months in winter, there are 

similarities between statistically significant changes in annual precipitation and changes 

in mean daily precipitation, standard deviation, the probability of a wet day following a 

dry day, and mean monthly precipitation. There is little evidence to suggest the need to 

adjust skewness coefficients, wet-following-wet and wet-following-dry probabilities to 

simulate changes in the mean monthly precipitation for this region. Three 

regionalization methods developed and evaluated for adjusting CLIGEN parameters are 

the site-specific method, the average method, and using the site with the most 

significant changes to adjust CLIGEN parameters. This article also shows a linear 
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relationship between trends in the mean monthly precipitation and mean daily 

precipitation. These results indicate that CLIGEN parameter values can be adjusted to 

reproduce the declining trend for the region in SWWA. 

Keyword: CLIGEN, Climate change, Declining trend, Global climate model, 

Stochastic weather generator, Western Australia. 

5.1 Introduction 

The impact of climate change on hydrology has become an issue of great concern in 

recent years. Future climates are usually predicted using numerical models (global 

climate models, or GCMs). Model output from GCMs needs to be downscaled to an 

appropriate spatial and temporal scale to drive hydrologic and biomass production 

models because climate models have a much coarser spatial resolution (Zhang, 2005, 

2007). Stochastic weather generators are tools to produce synthetic weather sequences 

that are statistically similar to the observed weather data, and these stochastic weather 

generators have been widely used for downscaling GCM outputs (Semenov and 

Barrow, 1997; Wilby and Wigley, 1997; Goodess and Palutikof, 1998; Wilby et al., 

1998; Zhang and Garbrecht, 2003; Yu, 2005; Zhang and Liu, 2005; Zhang, 2005, 2007). 

Various approaches are being developed to overcome the uncertainties accompanying 

future climate change projections, including the assessment of the performance of 

individual models as a guide to the reliability of their predicted changes (Perkins et al., 

2007; Suppiah et al., 2007; Whetton et al., 2007; Maxino et al., 2008; Perkins and 

Pitman, 2009; Smith and Chandler, 2010). Downscaling is another method that can 

potentially assist in the assessment of climate models. A simple test is whether the 

model provides an accurate estimate of present day regional precipitation and whether 

the model is able to simulate the observed relationship between regional precipitation 

and other key weather variables such as mean sea level pressure. Several studies have 

involved statistical downscaling as a tool in seasonal precipitation predictions for 

Australia (Hughes et al., 1999; Charles et al., 2004). In recent years, several studies 

have used Bayesian methods for statistical downscaling of GCMs (Mendes et al., 2006; 

Song et al., 2014). 

CLIGEN is one such stochastic weather generator for climate change impact studies 

(Nicks et al., 1995; Favis-Mortlock and Savabi, 1996; Xu, 1999; Prudhomme et al., 

2002; Pruski and Nearing, 2002a; Zhang, 2005; Yu, 2005; Zhang et al., 2010). For each 
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day of a simulation period, ten weather variables can be generated to provide input to 

the Water Erosion Prediction Project (WEPP) for runoff, biomass production, and soil 

erosion predictions (Nicks et al., 1995; Yu, 2000). WEPP is a physically based daily 

runoff and erosion simulation model built on the fundamentals of hydrology, plant 

science, hydraulics, and erosion mechanics (Zhang and Garbrecht, 2003). Typically, 

input parameter values for CLIGEN are changed to represent the likely climate change 

scenarios (Pruski and Nearing, 2002a; Zhang, 2004). In particular, mean precipitation 

amounts on wet days are altered to simulate the likely change to precipitation predicted 

by the GCM (Pruski and Nearing, 2002b; Zhang, 2004). Zhang (2005) used an 

empirical relationship between mean monthly precipitation and transitional probabilities 

to estimate the likely changes in the number of wet days and used an analytical 

expression to adjust the standard deviation of daily precipitation. However, previous 

studies have not attempted to use CLIGEN to simulate precipitation series where 

precipitation has significantly changed more or less as a linear function of time. There is 

little research into methods to change parameter values for stochastic weather 

generators based on observed weather data from regions where precipitation is known to 

have significantly changed (Zhang and Garbrecht, 2003; Yu, 2005). 

It is well documented that annual precipitation amount has shown a declining trend 

since the 1920s in the southwest of Western Australia (SWWA) (Nicholls and Lavery, 

1992; Chambers, 2001; Timbal, 2004; Smith, 2004; Li et al., 2005; Li et al., 2005; Feng 

et al., 2010; Silberstein et al., 2012; McFarlane et al., 2012), while Yu and Neil (1993) 

showed that there was no significant trend in extreme daily precipitation, even though 

total precipitation had decreased. If the precipitation decrease continues, the surface 

water yield in this region will be decreased by 24% by 2030 in comparison to that in the 

1970s (Silberstein et al., 2012; McFarlane et al., 2012). While not conclusive in terms of 

possible drivers of the precipitation decrease, an important finding is that for the 20th 

century, winter half-year (April-October) precipitation decreases at specific stations, 

such as Manjimup, where the decrease occurred through reductions in the number and 

intensity of extreme events (Nicholls et al., 1999; Smith et al., 2000). As with many 

regions over recent decades, the climate of SWWA has been characterized by warming. 

Since the 1970s, annual mean temperatures have increased at a rate of about +0.15 °C 

per decade, with increases occurring in all seasons except summer, when cooling of 

about -0.1 °C per decade has occurred (Bates et al., 2008). Previous studies linking 
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SWWA rainfall fluctuations with those in other parts of the climate system include 

Allan and Haylock (1993) and Li et al. (2005). Allan and Haylock (1993) examined 

links with large-scale mean sea level pressure, sea surface temperature, and cloudiness 

patterns. They noted the significant inverse relationship between Perth mean sea level 

pressure and winter rainfall on both interannual and decadal time scales. They also 

noted the long-term warming trend in the Indian Ocean, but subsequent attempts to link 

the changes in sea surface temperature to changes in SWWA rainfall have had limited 

success. Smith et al. (2000) suggested that correlations between sea surface 

temperatures and SWWA rainfall are linked via mean sea level pressure. 

Regardless of the causes of the declining trend, CLIGEN cannot currently reproduce the 

declining trend for annual precipitation in SWWA. As SWWA precipitation has 

decreased gradually, simple methods, such as multiplying CLIGEN parameters by a 

constant value for a long period of time, are not desirable. Therefore, new methods are 

needed to simulate precipitation changes in SWWA and elsewhere precipitation has 

changed gradually. 

The focus of this study is on reproduction of a non-stationary time series of 

precipitation on decadal time scales. Yu (2005) developed a method to adjust values of 

CLIGEN parameters to generate storm patterns between wetter and drier periods for a 

single site (Sydney) in the region. The method (Yu, 2005) was further developed by 

Vaghefi and Yu (2011) to include the southeast region of Australia and showed that 

significant changes to CLIGEN parameter values occurred when the mean annual 

precipitation changed significantly. Vaghefi and Yu (2011) presented regression 

equations to adjust CLIGEN parameter values to simulate abrupt changes in 

precipitation in southeast of Australia. The current study extends the work of Vaghefi 

and Yu (2011) to focus on SWWA, where precipitation has gradually decreased during 

the last nine decades. Rocheta et al. (2012) used general circulation models to describe 

trends in precipitation for 23 of the global coupled atmosphere ocean general circulation 

models, but stochastic weather generators have rarely been used to simulate declining 

trends in precipitation. The declining trend in precipitation in SWWA raises questions 

about the relationship between climate change and statistically significant precipitation 

change and about the operational issue of using weather generators to capture 

significant precipitation change and variability on time scales of days to decades. 
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5.2 Data and Methodology 

5.2.1 Station Selection 

The selected stations are located in the southwest of Western Australia (SWWA). The 

spatial extent of this study is from 115° 1' E to 118° 49' E and from 30° 21' S to 

34° 3' S. The region has a temperate climate with a marked wet season in winter 

(BoM, 1989). Lavery et al. (1992, 1997) identified 379 sites in Australia where the 

precipitation data are of high quality. There were seven such high-quality sites in 

SWWA, and they were selected for this study (Table 5-1). Figure 5-1 presents the 

locations of these seven sites. Daily precipitation data for a 90-year period from 1923 to 

2012 were retrieved from the national climate database (BoM, 2014). Daily data were 

then aggregated into monthly and annual totals for further analysis and for calculating 

CLIGEN input parameter values for these seven sites. 

 

Figure 5-1 Locations of the seven selected sites in the southwest of Western Australia.  
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Table 5-1 Seven selected stations in the southwest of Western Australia 

Station 

No. Location Longitude Latitude 

Years of 

Record 

Annual Precipitation 1923-2012 (mm) 

Mean Maximum Minimum 

009512 Springfields 115° 56 7 E 34° 24 4 S 94 1,365 1993 777 

009515 Busselton Shire 115° 20 44 E 33° 39 40 S 139 816 1148 518 

009518 Cape Leeuwin 115° 8 9 E 34° 22 22 S 119 970 1464 531 

009519 Cape Naturaliste 115° 1 8 E 33° 32 14 S 113 800 1109 562 

009573 Manjimup 116° 8 42 E 34° 15 3 S 101 985 1409 549 

009585 Nannup 115° 45 56 E 33° 58 47 S 116 920 1337 547 

009619 Wilgarrup 116° 12 15 E 34° 9 7 S 116 895 1481 531 

5.2.2 Methodology 

Converting daily precipitation data retrieved from BoM (2014) into time series of 

monthly and annual precipitation amounts for the selected sites in SWWA is 

straightforward. Trend analysis for the selected sites was based on linear regression 

between monthly or annual precipitation amount and time in years. A slope that is 

significantly different from zero indicates a significant trend. While there are other 

established methods for trend detection, such as the Mann-Kendall non-parametric trend 

test (e.g., Tabari et al., 2015; Xin et al., 2015), linear regression was chosen because the 

slope of the regression line has a clear physical meaning and has implications for water 

resources availability in the region. The significance level of the changes in the monthly 

or annual precipitation for the seven selected sites was tested using t-tests and p-values. 

When the p-value was smaller than 0.05, the change was considered statistically 

significant. 

Typically, CLIGEN input parameter values are computed using all the available 

meteorological data for a site (Nick et al., 1995; Yu 2005). To quantify the changes in 

CLIGEN parameter values over time, CLIGEN input parameter values were computed 

for each 30-year period on a rolling basis for this article. Weather data for a period of 30 

years would be adequate to characterize the climatology of the site, while time series of 

CLIGEN parameter values for the running climates would indicate the underlying 

changes in these parameter values and would indicate how to adjust these CLIGEN 

parameter values in order to simulate the known declining trend in precipitation for 

these sites in SWWA. In this article, each 30-year period is referred to by its mid-year, 

which is in the middle year of each 30-year period. For instance, the mid-year of the 

first 30-year period (1923 to 1952) is the year 1938, and the mid-year of the last 30-year 

period (1983 to 2012) is the year 1998. There were 61 mid-years and consequently 61 
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sets of precipitation statistics and CLIGEN parameter values for each site. These time 

series of CLIGEN parameters were analysed for trends and for developing relationships 

between the rate of change in monthly precipitation and the rate of change in CLIGEN 

parameter values. The rate of change in monthly precipitation was used as the 

independent variable to adjust CLIGEN parameters because changes in precipitation 

based on future climate projections using GCMs were more reliable at the monthly time 

scale than at the daily scale. Once such relationships were established, CLIGEN 

parameters values could be adjusted using the known rate of change in the monthly 

precipitation for each selected site. 

Based on daily precipitation data, CLIGEN parameter values were first computed for 

each of the 30-year periods to generate daily precipitation amounts. CLIGEN requires 

the following input parameter values for each month of the year: 

 Average daily precipitation on wet days (Pw), 

 Standard deviation of wet-day precipitation (Sd), 

 Coefficient of skewness of wet-day precipitation (Sk), 

 The probability of a wet day following a wet day (Pr(W|W)), 

 The probability of a wet day following a dry day (Pr(W|D)). 

Calculation of the basic statistics of daily precipitation is straightforward. Chapter 2 of 

the WEPP User Manual (Nicks et al., 1995) is the original reference on CLIGEN. In 

addition, Yu (2005) provided comprehensive definitions and methods to calculate the 

probability of a wet day following a wet day and the probability of a wet day following 

a dry day for each month, as follows: 

𝑷𝒓(𝑾|𝑾) =
𝑵𝒘𝒘

(𝑵𝒅𝒘+𝑵𝒘𝒘)
      (5-1)  

𝑷𝒓(𝑾|𝑫) =
𝑵𝒅𝒘

(𝑵𝒘𝒅+𝑵𝒅𝒅)
      (5-2)  

where 

Nww = total number of wet days in the month following a wet day 

Ndw = total number of wet days in the month following a dry day 

Nwd = total number of dry days in the month following a wet day 

Ndd = total number of dry days in the month following a dry day. 
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Trend analysis was undertaken for each of the five precipitation-related CLIGEN 

parameters in addition to the monthly and annual precipitation amounts to identify 

possible relationships that would indicate how CLIGEN parameter values could be 

adjusted to simulate the significant decreasing trends in precipitation in SWWA. 

For each month in the wet period in SWWA (April to October), the rate of change in 

monthly precipitation and that in CLIGEN parameters were computed for each of the 

seven selected sites. Regression equations were developed for the wet months using the 

rates of change, as shown below: 

𝑹 =  𝜶 + 𝜷𝑹𝒎       (5-3)  

where R is the slope of the trend line for a CLIGEN parameter, and Rm is the slope of 

the trend line for monthly precipitation (mm month-1 year-1). 

Once the values for α and β are known, Equation 5-3 can be used to adjust CLIGEN 

parameters from the rate of change in monthly precipitation. There would be a set of 

regression equations for each site, and one equation for each CLIGEN parameter. Three 

regionalization methods were evaluated because of the large number of equations 

involved. The site-specific method simply uses α and β values for each CLIGEN 

parameter and for each site. The average method uses the average α and β values from 

all seven sites for a given CLIGEN parameter. The Wilgarrup method uses α and β 

values for Wilgarrup, where the change in monthly precipitation was the largest and 

most significant among all selected sites. 

To evaluate the effectiveness of these regionalization methods, CLIGEN parameters 

were adjusted using the known changes in monthly precipitation. CLIGEN was then run 

with the adjusted parameter values. As it stands, the minimum adjustment to the mean 

daily precipitation amount is 0.254 mm (0.01 inch), and changes that are smaller than 

0.254 mm cannot be simulated using the current version of CLIGEN. As a result of this 

limitation to the magnitude of adjustment of CLIGEN parameters, the adjustment was 

applied discretely every 30 years. Therefore, CLIGEN parameter values computed from 

30 years of data (1953 to 1982) were adjusted for the previous (1923 to 1952) and 

following (1983 to 2012) 30-year periods using relevant regression equations and 

regionalization methods. Thus, three CLIGEN parameter files were prepared, one for 

each 30-year period. Three separate climate sequences were generated using CLIGEN. 

The generated climate sequences were then concatenated and combined to create a 
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CLIGEN-generated time series of 90 years. Each sequence consisted of 30 years of 

CLIGEN-generated data (1923 to 1952, 1953 to 1982, and 1983 to 2012) from three 

separate runs. This process was repeated for each regionalization method (site-specific, 

average, and Wilgarrup). These three methods of CLIGEN parameter adjustment were 

assessed and compared to identify the best method for the region. Finally, to validate 

these CLIGEN-generated weather sequences, they were statistically compared to 

observed historical data in terms of the rate of change in precipitation for each site on an 

annual basis. 

5.3 Results 

5.3.1 Trends in Annual Precipitation 

The time series of annual precipitation showed a significant declining trend for all seven 

sites in SWWA. As an example, Figure 5-2 shows the time series of annual 

precipitation for Wilgarrup station. The long-term precipitation was 895 mm per year. 

Prior to 1965, precipitation exceeded the average most of the time (34 out of 43 years); 

however, since 1965, the precipitation has noticeably declined, with 43 out of 47 years 

having below-average precipitation. The decreasing trend in annual precipitation is 

quite pronounced and persistent for the site (Figure 5-2). Table 5-2 shows the rate of 

change in precipitation per decade for all seven selected sites in SWWA. The rate of 

decrease at Wilgarrup is the greatest among the seven sites examined. The range of the 

declining trend varied from 3 to 63 mm per decade among the seven sites. The pattern 

of decrease shown in Figure 5-2 is typical of the changes in precipitation in recent 

decades in SWWA, but the rate of decrease varies depending on the site. 

Generally, changes in precipitation are more moderate at sites near the coast than at 

sites farther inland. Among these sites, the p-value for Wilgarrup (<10-10) showed that 

this site had the most significant rate of decrease in precipitation from 1923 to 2012. 

Because of the high rate of decrease at Wilgarrup, the relationships between the changes 

in monthly precipitation and CLIGEN parameter values for this site were used for the 

other six sites as one of the three regionalization methods. Compared to the other six 

sites, trend analysis of the annual precipitation at Cape Naturaliste showed that the 

decrease in precipitation was not significant at the 0.05 level (p = 0.57; Table 5-2). 

Although the rate of precipitation decrease at Cape Naturaliste was not significant, this 

site was included for comparison purposes. 
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Figure 5-2 Time series of annual precipitation for Wilgarrup. 

 

Table 5-2 Rate of change in precipitation per decade for the seven selected sites in 

southwest of Western Australia. 

Station 

No. 
Location 

Mean Annual Precipitation 

(mm) 

Trend 

(mm decade-1) 

Relative Trend to  

Long-Term Precipitation 
p-Value 

009512 Springfields 1365 -63.1 9.1 -4.6% <0.01 

009515 Busselton Shire 816 -17.2 5.8 -2.8% <0.01 

009518 Cape Leeuwin 970 -18.8 7.1 -2.6% <0.01 

009519 Cape Naturaliste 800 -3.3 5.7 -1.2% 0.57 

009573 Manjimup 985 -26.3 6.7 -2.9% <0.01 

009585 Nannup 920 -26.8 6.3 -3.2% <0.01 

009619 Wilgarrup 895 -52.3 6.9 -5.3% <0.01 

5.3.2 Trends in CLIGEN Parameter Values 

Some of the CLIGEN parameter values showed similar decreasing trends compared to 

the annual precipitation trend, particularly the mean daily precipitation amount, the 

standard deviation of daily precipitation on wet days, and the probability of a wet day 

following a dry day. The decreasing trend in CLIGEN parameter values for daily 

precipitation is more obvious in winter (wet months) than in summer (dry months). 

Figure 3 shows the trend in the mean monthly precipitation for Wilgarrup in July (the 

wettest month in this region), while Figure 5-4, Figure 5-5, Figure 5-6, Figure 5-7 and 

Figure 5-8 show the trends in CLIGEN parameter values for Wilgarrup in July from 

mid-year 1938 to mid-year 1998 as an example. Each year in these graphs represents the 

mid-year of a 30-year period, e.g., 1938 presents the 30-year period from 1923 to 1952 
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(inclusive). Each point in these figures represents the relevant parameter value 

calculated using the daily precipitation data for the 30-year period. 

The trend in mean daily precipitation (Figure 5-4), the standard deviation of daily 

precipitation on wet days (Figure 5-5), and the probability of a wet day following a dry 

day (Figure 5-6) in July show concurrent decreases with annual total precipitation 

(Figure 5-2). Also shown is the trend for mean monthly precipitation for Wilgarrup in 

July (Figure 5-3), which is similar to the trend for annual total precipitation for the same 

site (Figure 5-2). Figure 3 shows a clear decreasing trend in mean monthly precipitation. 

Such a trend can also be found in the standard deviation (Figure 5-5). A closer look at 

the trend in mean daily precipitation (Figure 5-4) reveals that unlike mean monthly and 

annual precipitation, the mean daily precipitation increased slightly since mid-year 1980 

(1965-1994). This shows that the 30-year period from 1965 to 1994 was the driest 

30-year period in terms of mean daily precipitation among all 61 30-year periods. Since 

then, the mean daily precipitation on wet days has increased slightly (Figure 5-4). This 

suggests that while monthly precipitation has been decreasing, precipitation intensity, in 

terms of precipitation amounts on wet days, may have increased. In addition, the 

probability of a wet day following a dry day also decreased from mid-year 1980 (Figure 

5-6). Unlike the mean monthly precipitation and the other three CLIGEN parameters, 

trends in the skewness coefficient of daily precipitation (Figure 5-7) and the probability 

of a wet day following a wet day (Figure 5-8) are not evident. Table 5-3 presents a 

summary of the CLIGEN parameter trends for the month of July. 

 

Figure 5-3 Time series of mean monthly precipitation at Wilgarrup in SWWA in July. 
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Figure 5-4 Time series of mean daily precipitation on wet days at Wilgarrup in SWWA in 

July. 

 

Figure 5-5 Time series of standard deviation of daily precipitation on wet days at 

Wilgarrup in SWWA in July. 

 

Figure 5-6 Time series of probability of a wet day following a dry day at Wilgarrup in 

SWWA in July. 
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Figure 5-7 Time series of skewness coefficient of daily precipitation on wet days at 

Wilgarrup in SWWA in July. 

 

Figure 5-8 Time series of probability of a wet day following a wet day at Wilgarrup in 

SWWA in July. 

 

Table 5-3 Trends in CLIGEN parameters in July. 

Station 
No. Location 

Mean Daily Precipitation 

 

Standard Deviation 

 

Pr(W|D) 

Rate of Change 
(mm d-1 year-1) R2 

Rate of Change 
(mm d-1 year-1) R2 

Rate of 
Change R2 

009512 Springfields -0.016 0.67  -0.015 0.70  -0.0017 0.21 

009515 Busselton Shire 0.065 0.94  0.070 0.97  -0.0021 0.46 

009518 Cape Leeuwin 0.004 0.14  0.009 0.15  -0.0015 0.70 

009519 Cape Naturaliste 0.009 0.39  0.020 0.67  -0.0015 0.41 

009573 Manjimup -0.028 0.90  -0.005 0.34  -0.0002 0.03 

009585 Nannup 0.037 0.93  0.045 0.93  -0.0014 0.52 

009619 Wilgarrup -0.034 0.60  -0.046 0.84  -0.0020 0.71 

Figure 5-9 shows the relationship between the rate of change in mean daily and mean 

monthly precipitation for wet (or winter) months (April to October). The values in this 

figure are derived from the slopes (m values) in the graphs in Figure 5-3 and Figure 5-4 
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for July and similar values for other months. Therefore, the trend in the mean daily 

precipitation changes can be estimated from the trend in mean monthly precipitation 

using the intercept (α) and slope (β) in Equation (5-3). The parameter values are 

presented in Table 5-4. 

These parameter values were used to predict the rate of change for each CLIGEN 

parameter that is applicable to all months from the rate of change in the mean monthly 

precipitation. Given the strong correlation between the rate of change at daily and 

monthly time scales, these equations can be applied to individual months, although the 

rate of change in the mean monthly precipitation can be highly variable from month to 

month. 

Similar to the mean daily precipitation, Figure 5-10 and Figure 5-11 show the 

relationship between the rate of change in the standard deviation of mean daily 

precipitation on wet days (Rs), the probability of a wet day following a dry day (Rp), and 

the mean monthly precipitation (Rm) for wet (or winter) months (April to October). 

Figure 5-11 demonstrates that although the probability of a wet day following a dry day 

follows the same trend as the other two CLIGEN parameters, there is considerably more 

scatter for this CLIGEN parameter (R2 = 0.28). 

 

Figure 5-9 Comparison of rate of change between mean daily precipitation on wet days 

(Rd) and mean monthly precipitation (Rm) at Wilgarrup (April to October).  
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Table 5-4 Parameter values to calculate CLIGEN parameter values based on the rate of 

change in the mean monthly precipitation. 

Location 

Mean Daily Precipitation  

on Wet Days (Rd) 
 

Standard Deviation of Mean 
Daily 

Precipitation on Wet Days (Rs)  

Probability of a Wet Day 

Following a Dry Day (Rp) 

  R2   R2   R2 

Springfields 6.9  10-4 0.0314 0.53  1.9  10-4 0.0254 0.23  -9.3  10-4 -0.0030 0.002 

Busselton Shire 1.9  10-3 0.0143 0.11  2.3  10-3 0.0492 0.17  -1.3  10-3 -0.0002 0.000 

Cape Leeuwin 2.5  10-4 0.0413 0.86  7.7  10-4 0.0708 0.35  -6.9  10-4 0.0025 0.001 

Cape Naturaliste 2.6  10-4 0.0431 0.66  6.2  10-4 0.1031 0.48  -4.1  10-4 0.0095 0.012 

Manjimup -4.8  10-4 0.0437 0.82  2.8  10-4 0.0533 0.90  6.8  10-4 0.0021 0.001 

Nannup 8.8  10-4 0.0233 0.15  6.6  10-3 0.0571 0.23  -3.1  10-4 0.0211 0.306 

Wilgarrup -4.5  10-5 0.0311 0.94  1.1  10-4 0.0531 0.74  -5.8  10-4 0.0185 0.276 

Average 5.0  10-4 0.0326 0.58  8.4  10-4 0.0589 0.44  -5.0  10-4 0.0072 0.085 

 

Figure 5-10 Comparison of rate of change between standard deviation of daily rainfall on 

wet days (Rs) and mean monthly rainfall (Rm) at Wilgarrup (April to October). 
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Figure 5-11 Comparison of rate of change between probability of a wet day following a dry 

day (Rp) and mean monthly rainfall (Rm) at Wilgarrup (April to October). 

5.3.3 CLIGEN-Generated Time Series for SWWA 

Three regionalization methods were applied to each of the seven sites in SWWA to 

reproduce climate sequences. The results in terms of the rate of change in the annual 

precipitation generated by CLIGEN are presented in Table 5-5 for the three 

regionalization methods for each site. Decadal changes in precipitation (in mm and as a 

percentage of the long-term mean) are also shown. The three columns on the right side 

of Table 5-5 show the absolute difference (%) between the observed and CLIGEN-

generated rates of decrease using the three regionalization methods. According to the 

observed precipitation trend, the largest decrease in decadal precipitation amount 

occurred at Springfield site (-63 mm per decade), while the most significant decrease as 

a percentage of the mean occurred at Wilgarrup site (-5.3%). 

The absolute difference values (last three columns in Table 5-5) show that the 

site-specific method resulted in the best CLIGEN-generated climate sequences in terms 

of the rate of decrease as a percentage of the long-term mean for four of the seven sites. 

The results also show that the Wilgarrup method led to the least average discrepancy 

between the observed and CLIGEN-generated climate sequences. However, the 

site-specific method provided the best overall fit among all sites because it captured the 

spatial variation in broad terms, with the simulated change in precipitation varying 
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from -40 to 1 mm per decade, while the rate of change varied little among the seven 

sites using the Wilgarrup method (-20 to -39 mm per decade). 

Table 5-5 Comparison of rate of change in decadal precipitation between observed and 

CLIGEN-generated values for seven sites in SWWA.  

Location 

Decadal Precipitation Change 
(mm decade-1) 

 

Decadal Precipitation Change 
(%) 

 

Absolute Difference in 
Precipitation 

Change as a Percentage of the 

Long-Term Mean (%) Obs. 
CLIGEN Adjustment [a] 

Obs. 
CLIGEN Adjustment 

SS A W SS A W SS A W 

Springfield -63 -24 -6 -20  -4.6 -1.8 -0.4 -1.5  2.8 4.2 3.2 

Busselton Shire -22 -4 -17 -31  -2.7 -0.5 -2.0 -3.8  2.3 0.7 1.0 

Cape Leeuwin -25 -4 -23 -32  -2.6 -0.5 -2.4 -3.3  2.1 0.2 0.8 

Cape Naturaliste -9 1 -23 -33  -1.2 0.1 -2.8 -4.1  1.3 1.7 2.9 

Manjimup -28 -21 -18 -39  -2.9 -2.2 -1.8 -4.0  0.7 1.0 1.1 

Nannup -29 -19 -16 -29  -3.2 -2.0 -1.7 -3.1  1.1 1.5 0.1 

Wilgarrup -47 -40 -22 -40  -5.3 -4.4 -2.4 -4.4  0.8 2.9 0.8 

Average -32 -16 -18 -32  -3.2 -1.6 -1.9 -3.5  1.6 1.7 1.4 

[a] Obs. = observed value, SS = site-specific method, A = average method, and A = Wilgarrup method. 

Figure 5-12 and Figure 5-13 show the CLIGEN-generated annual precipitation 

compared to the observed annual precipitation for Wilgarrup based on the site-specific 

and average methods, respectively. These figures demonstrate again that the 

site-specific method produced more realistic results, similar to those presented in Table 

5-5. 

The correlations among the decadal changes generated by the CLIGEN adjustment 

methods and the observed data demonstrate that, unlike the Wilgarrup method 

(R2 = 0.16), the decadal changes generated by CLIGEN using the site-specific method 

(R2 = 0.60) better correlated with the decadal changes based on observations. This 

demonstrates that using the average regionalization method or using the site with the 

most significant changes to regionalize the changes to other sites will not be as 

representative of the local climate. Therefore, to simulate the declining trend of 

precipitation for SWWA or for any other similar climate change scenario around the 

world, the site-specific method is most appropriate for reproducing gradual decreasing 

trends in precipitation over a time scale of decades. 
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Figure 5-12 Comparison of CLIGEN-generated and observed annual precipitation for 

Wilgarrup: site-specific (Wilgarrup) method. 

 

Figure 5-13 Comparison of CLIGEN-generated and observed annual precipitation for 

Wilgarrup: average method. 
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5.4 Discussion and Conclusion 

Climate change is complex and can have considerable impact on biophysical systems 

and human society. To evaluate the impact of climate change, stochastic weather 

generators are often used to produce daily weather sequences based on broad-scale 

changes predicted by global climate models. CLIGEN is one such weather generator 

that has been used for impact analysis. Unlike other weather generators, CLIGEN 

produces variables describing storm patterns, including time to peak, peak intensity, and 

storm duration, in addition to precipitation amount and other daily weather variables. 

There is little research on how CLIGEN parameter values should be adjusted to 

simulate climate change, and previous studies have used simplistic approaches, e.g., 

changing the average precipitation on wet days by a percentage or multiplying the 

CLIGEN-generated daily precipitation by a fixed factor. 

Precipitation changes can be a result of changes in event precipitation amount, the 

number of precipitation events, or both. In either case, the CLIGEN parameters provide 

a rich framework for examining the changes in precipitation attributes, e.g., the amount, 

duration, and frequency of occurrence in relation to changes in precipitation totals. 

Annual precipitation in SWWA has been gradually decreasing over the past 90 years. 

Instrument records from the region show a significant declining trend and change on the 

time scale of climatology, i.e., 30-year periods during the last 90 years. This article 

shows that similar declining trends in annual precipitation could be found in the mean 

monthly precipitation and in some of CLIGEN parameter values for daily precipitation 

amount, such as mean daily precipitation, standard deviation, and the probability of a 

wet day following a dry day. However, this study showed that, although the total 

precipitation amount is decreasing, the intensity of precipitation events has increased 

since the 1980s with an increase in the mean daily precipitation on wet days and a 

concurrent decrease in the probability of a wet day following a wet day. This 

observation is worth further examination when more recent data become available. 

Daily recorded precipitation data for the 90-year period from 1923 to 2012 for seven 

high-quality sites in the region show that there are similarities between the changes in 

mean monthly precipitation and those in mean daily precipitation, standard deviation, 

and the probability of wet-following-dry sequences. However, changes in the 

probability of a wet day following a dry day are fairly small and do not have a 
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noticeable impact on CLIGEN-generated daily precipitation amounts. There is also little 

evidence to suggest any systematic and significant changes in the skewness coefficient 

or wet-following-wet probabilities to simulate changes in mean monthly precipitation 

for this region.  

Regression equations were developed to allow easy adjustment of CLIGEN parameter 

values to simulate the declining trend in monthly and annual precipitation in SWWA. 

As the method to adjust CLIGEN parameters involves a fairly large number of 

regression equations, three regionalization methods were developed and assessed in this 

study.  

These methods, namely the site-specific method, the average method using the average 

parameter values, and the Wilgarrup method using parameter values from the site with 

the most significant change in precipitation, were tested and evaluated. Results 

indicated that the site-specific method is the most appropriate approach for adjusting 

CLIGEN parameter values and for reproducing the declining trend in precipitation for 

SWWA. 
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 Chapter VI: Validation of CLIGEN Parameters 

Adjustment Methods for Southeast of Australia and 

Southwest of Western Australia 

Abstract 

Global Climate Models (GCMs) are usually used for future climate projections. Model 

output from GCMs needs to be downscaled and stochastic weather generators (SWGs) 

such as CLIGEN are tools to downscale GCM output and to produce synthetic weather 

sequences that are statistically similar to the observed weather data. Two methods of 

adjusting CLIGEN parameters were developed to reproduce precipitation sequences for 

southeast of Australia (SEA) where significant changes in annual precipitation had 

occurred and for southwest of Western Australia (SWWA) where the precipitation has 

shown a significant decreasing trend since the 1920s. The adjustment methods have 

been validated using observed precipitation data for these regions. However, CLIGEN 

outputs ultimately will be used as input to other simulation models.  The objective of 

this research was to further validate the methods of CLIGEN parameter adjustment 

using conceptual hydrological models to simulate streamflow and to compare the 

streamflow using observed and CLIGEN-generated precipitation data. Six precipitation 

sites from SEA and SWWA were selected and synthetic time series of daily 

precipitation was generated for these sites. Conceptual hydrological models, namely 

AWBM and SimHyd, were used for flow simulation and they were calibrated using 

recorded daily streamflow data from six gauging stations in SEA and SWWA. Both 

monthly and annual streamflow show statistically similar patterns using observed and 

CLIGEN generated precipitation data.  The adjustment methods for CLIGEN 

parameters are further validated and can be used to reproduce the significant changes, 

both abrupt and gradually decreasing, in streamflow for these two climatically 

contrasting regions of Australia. 

Key words: CLIGEN, Climate change, Global climate model, Stochastic weather 

generator, Western Australia, Southeastern Australia, AWBM, SimHyd. 

6.1 Introduction 

Hydrologic cycles and processes have been affected by climate change over recent 

decades. Future climates are usually projected using numerical models such as global 
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climate models (GCMs) (IPCC 2013). Model output from GCMs needs to be 

downscaled to suitable spatial and temporal resolutions to drive hydrologic and biomass 

production models because climate model output typically a much coarser spatial 

resolution (Zhang 2005, 2007). Stochastic weather generators (SWGs) are statistical 

models for simulating weather sequences, which are expected to be similar to 

observations statistically. These SWGs are usually used in combination with hydrologic 

and other environmental models for water resource and environmental management 

(Semenov and Porter 1995; Mavromatis and Hansen 2001; Wheater et al. 2005). SWGs 

have also been used as downscaling tools to produce high-resolution climate change 

projections by linking their parameters to climate model outputs (Semenov and Barrow 

1997; Wilby and Wigley 1997; Goodess and Palutikof 1998; Wilby et al. 1998; Zhang 

and Garbrecht 2003; Yu 2005; Zhang and Liu 2005; Zhang 2005, 2007; Chen and 

Brissette 2014, 2015). 

Several SWGs have been developed over the past few decades, such as the Weather 

GENerator (WGEN) (Richardson 1981; Richardson and Wright 1984), the CLIMate 

GENerator (CLIMGEN) (Stöckle et al. 1999), the CLImate GENerator (CLIGEN) 

(Nicks and Gander 1994; Nicks et al. 1995) and the Long Ashton Research Station-

Weather Generator (LARSWG) (Semenov and Barrow 2002). They have been widely 

used to simulate daily weather sequences for impact studies (Semenov and Barrow 

1997; Wilks 1992, 1999; Zhang 2005; Chen et al. 2012). 

CLIGEN is designed to provide climate input to Water Erosion Prediction Project 

(WEPP) and has been used for climate change impact studies (Nicks et al. 1995; Xu 

1999; Favis-Mortlock and Savabi 1996; Prudhomme et al. 2002; Pruski and Nearing 

2002a; Zhang 2005; Yu 2005; Zhang et al. 2010). WEPP is a process-based daily runoff 

and erosion simulation model built on the fundamentals of hydrology, plant science, 

hydraulics, and erosion mechanics (Foster 1982; Nearing et al. 1989). For each day of a 

simulation period, ten weather variables are generated to provide input to simulate daily 

runoff, biomass production, and soil losses with WEPP (Nicks et al. 1995; Yu 2000).  

There were earlier attempts to validate CLIGEN in the United States and Australia 

(Johnson et al. 1996; Yu 2002, 2003; Zhang and Garbrecht 2003).  More recently, Fan 

et al. (2013) tested CLIGEN to determine whether CLIGEN is able to produce daily 

precipitation for the subtropical monsoon region of northern Taiwan. They attempted to 

reproduce 30 years of daily precipitation using CLIGEN, and they needed to recalibrate 
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the parameters to generate storm patterns to reduce the discrepancy between the 

observed and simulated rainfall to acceptable levels. Min et al. (2011) also assessed 

CLIGEN’s ability to reproduce 55 years of daily precipitation for eight sites in Korea 

Peninsula. They found that CLIGEN reproduces most of the daily precipitation 

characteristics satisfactorily, but CLIGEN tends to underestimate the mean and 

variability of daily precipitation slightly. Lobo et al. (2015) evaluated CLIGEN storm 

durations for 30 sites in Chile and noted that the storm duration was consistently 

overestimated, while the maximum intensity underestimated, resulting in reduced 

rainfall erosivity for these sites.   

Precipitation has decreased in southeast of Australia since 1970s, however, the level of 

significance associated with this decrease has not yet been quantified. On the other 

hand, the abrupt increase of the annual precipitation in southeastern Australia for the 

three decades since the late 1940s is well known and widely documented (Cornish 

1977; Pittock 1983; Yu and Neil 1991; Nicholls and Kariko 1993).  In contrast, 

southwest of Western Australia has experienced steady and significant decline in annual 

precipitation since the 1920s (Nicholls and Lavery 1992; Chambers 2001; Timbal 2004; 

Smith 2004; Li et al. 2005a; Li et al. 2005b; Feng et al. 2010; Silberstein et al. 2012; 

McFarlane et al. 2012).  

While these secular variation and change in precipitation during the last 100 years in 

Australia are well documented (Cornish 1977; Pittock 1983; Yu and Neil 1991; 

Nicholls and Kariko 1993; Nicholls and Lavery 1992; Chambers 2001; Timbal 2004; 

Smith 2004; Li et al. 2005a; Li et al. 2005b; Feng et al. 2010; Silberstein et al. 2012; 

McFarlane et al. 2012), methods to adjust parameter values for CLIGEN to simulate 

these observed climate variation and change have not been established.  Typically, input 

parameter values for CLIGEN are changed to represent the likely climate change 

scenarios (Pruski and Nearing 2002a; Zhang 2004). In particular, mean precipitation 

amounts on wet days are altered to simulate the likely change in precipitation predicted 

by GCMs (Pruski and Nearing 2002b; Zhang 2004). Zhang (2005) used an empirical 

relationship between the mean monthly precipitation and transitional probabilities to 

estimate the likely changes in the number of wet days and used an analytical expression 

to adjust the standard deviation of daily precipitation. However, previous studies have 

not attempted to use CLIGEN to simulate precipitation series where observed 



103 

 

precipitation has significantly changed over time (Zhang and Garbrecht 2003; Yu 

2005). 

To use CLIGEN to simulate the observed significant changes in precipitation for these 

two regions of Australia, Vaghefi and Yu (2011) developed a method based on the 

changes in mean monthly precipitation to adjust CLIGEN parameters for southeast of 

Australia where annual precipitation has abruptly changed among three contrasting 30 

year periods between 1919 and 2008. They have also developed (Vaghefi and Yu 2016) 

a site-specific method to adjust CLIGEN parameters for southwest of Western Australia 

where annual precipitation amount has shown a declining trend since the 1920s.  

When validating the generated daily precipitation data using CLIGEN, typically 

simulated and observed precipitation data were compared in terms of the mean, standard 

deviation and their seasonal variations for various regions of the world (Yu 2000, 2003, 

2005; Dubrovský et al. 2004; Kilsby et al. 2007; Xiaojun et al. 2007; Yan et al. 2008; 

Bastola et al. 2011; Min et al. 2011; Chen et al. 2012, 2016; Fan et al. 2013; Chen & 

Brissette 2014, 2015; Lobo et al. 2015; Zhuang et al. 2016).   While definitely needed, 

validated SWGs may not be adequate in terms of the output from other applications to 

which CLIGEN provides the required weather data.  Thus it is highly pertinent to assess 

the quality of SWGs in terms of simulated flow when CLIGEN is combined with 

hydrologic models because ultimately, CLIGEN-generated precipitation data need to be 

used input to other programs, tools and models. Although some studies evaluated flow 

generated based on precipitation generated by CLIGEN (Ghidey and Alberts 1996; 

Zhang et al. 1996; Tiwari et al. 1998, Yu et al. 2000; Li et al. 2013, 2014), previous 

studies essentially assumed that the daily precipitation generated using CLIGEN could 

be used in other applications so long as the generated precipitation being statistically 

similar to observations.  Li et al. (2014) assessed the applicability of six precipitation 

probability distribution models in China and while they found that the skewed normal 

distribution used in CLIGEN is the best among the six models at reproducing extreme 

precipitation events, they suggested further investigation would be required to assess the 

ability of these distribution models to simulate daily flow. Li et al. (2013) also assessed 

the ability of these probability distribution models to simulate daily flow for 24 

catchments in Canada. They found that three-parameter probability distribution models 

(such as the skewed normal distribution) perform better than the other distributions for 

simulating precipitation and discharge. However, to our knowledge, CLIGEN has never 
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been evaluated in terms of simulated daily flow when CLIGEN parameters were 

adjusted to represent climate variation and change. In other words, little is known about 

how flow estimated with observed precipitation compares with that estimated with 

CLIGEN-generated precipitation for regions where precipitation has significantly 

changed. 

Therefore, the objectives of the paper are to evaluate the quality of precipitation data 

generated by CLIGEN in terms of flow estimated using observed and CLIGEN 

generated daily precipitation data, and to further assess methods to adjust CLIGEN 

parameters to represent significant changes in precipitation in regions where 

precipitation is known to have changed significantly on the time scale of climatology, 

i.e., 30 years. This was achieved by applying two conceptual hydrologic models, 

namely AWBM and SimHyd to selected sites in southeast of Australia and southwest of 

Western Australia where methods to adjust CLIGEN parameters have been developed 

(Vaghefi and Yu 2011, 2016). 

6.2 Methodology and Data Selection 

6.2.1 Site Selection 

6.2.1.1 Precipitation Sites 

Two regions of Australia were the focus of this study. Southeast of Australia (SEA) is a 

region that has experienced abrupt changes in annual precipitation during the last 100 

years. Another region is southwest of Western Australia (SWWA) where annual 

precipitation has decreased steadily since 1920s. To evaluate parameter adjustment 

methods proposed for CLIGEN in these two regions, three precipitation sites from each 

of the two regions were selected from the lists of high quality precipitation sites in 

Australia (Lavery et al. 1992, 1997). 

The sites in SEA are located in New South Wales (NSW) and Australian Capital 

Territory (ACT). The spatial extent was defined by 149° 16' 17" E to 151° 47' 53" E and 

from 31° 16' 16" S to 34° 16' 52" S. The region has a temperate climate with essentially 

uniform monthly precipitation throughout the year (BoM 1989). Among the 30 sites that 

were considered in Vaghefi and Yu (2011), two sites with the most and the least 

significant changes in annual precipitation (Cataract Dam and Clarence Town, 

respectively) have been selected for validation purposes. As these two sites are both 



105 

 

considered to be coastal sites (within 18 km from the coastline), a third site from inland 

of NSW (Coonabarabran) was also selected (>300 km from the coastline). 

Lavery et al. (1992, 1997) identified 379 sites in Australia where the precipitation data 

are of high quality. There were seven such high-quality sites in SWWA which were 

previously used to develop CLIGEN parameter adjustment method (Vaghefi and Yu 

2016). Among them, three sites (namely, Manjimup, Wilgarrup and Nannup) were 

selected based on their geographical location and proximity to high-quality streamflow 

sites nearby in SWWA. The spatial extent of previous study (Vaghefi and Yu, 2016) 

was from 115° 45 56" E to 116° 12 15" E and from 33° 58 47" S to 34° 09 07" S. The 

region has a temperate climate with a marked wet season in winter (BoM, 1989). Table 

6-1, Figure 6-1 and Figure 6-2 present selected sites for this study. 

Table 6-1 Selected precipitation sites from southeast Australia and southwest of Western 

Australia 

Region Station Name 
Station 
Number 

Longitude Latitude 
Elevation 

(m) 

Mean Annual 

Precipitation 

(mm) 

SEA 

Clarence Town 061010 151° 47' 53 E 32° 35' 16 S 10 1,100 

Coonabarabran 064008 149° 16' 17 E 31° 16' 16 S 510 737 

Cataract Dam 068016 150° 48' 22 E 34° 16' 52 S 340 1,109 

SWWA 

Manjimup 009573 116° 08 42 E 34° 15 03 S 287 985 

Nannup 009585 115° 45 56 E 33° 58 47 S 100 920 

Wilgarrup 009619 116° 12 15 E 34° 09 07 S 240 891 
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Figure 6-1 Geographical location of the precipitation and streamflow sites in SEA region 

 

Figure 6-2 Geographical location of the precipitation stations and streamflow gauges in 

SWWA region 
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6.2.2 Streamflow Sites 

To validate CLIGEN parameter adjustment methods, streamflow data were required to 

calibrate hydrologic models and to estimate parameter values for these models. The 

estimated parameter values, coupled with hydrologic models, were assumed to represent 

rainfall-runoff relationship for the selected regions to evaluate daily flow simulated 

using CLIGEN-generated precipitation data. Recorded precipitation data area point 

based, while streamflow data were recorded at the gauging station for a catchment over 

which precipitation is inherently non-uniform in space. Ideally, a streamflow gauge for 

a small catchment with essentially uniform precipitation would be the best candidate to 

be associated with a single precipitation station in that catchment. However, a 

streamflow site that meets this requirement is unavailable for these two regions 

considered in this paper. Therefore, in this research streamflow sites were selected 

according to the proximity between the location of the gauging station and selected 

precipitation sites, followed by the catchment area (smaller being more suitable). 

Selected streamflow sites for SEA and SWWA are presented in Table 6-2, Figure 6-1 

and Figure 6-2. 

Table 6-2 Selected streamflow sites southeast Australia and southwest of Western Australia 

Region Station Name 
Station 

Number 
Longitude Latitude 

Median 
Elevation 

(m) 

Catchment 
Area 

(km²) 

Annual 
Runoff 

(mm) 

Calibration 
Period 

(years) 

SEA 

Foy Brook @ 
Ravensworth 

210042 151° 03' 00 E 32° 23' 24 S 270 170 95 1979-1998 

Coxs River @ 

Island Hill 
212045 150° 12' 00 E 33° 46' 12 S 896 970 116 1987-1998 

Belar Creek @ 

Warkton 
420003 149° 12' 00 E 31° 23' 24 S 604 133 78 1953-1998 

SWWA 

Donnelly River @ 
Strickland 

608151 115° 46 48 E 34° 19 48 S 241 807 164 1953-1962 

Margaret River @ 

Willmots Farm 
610001 115° 03 00 E 33° 56 24 S 109 442 216 1970-1979 

Thomson Brook @ 

Woodperry 

Homestead 

611111 115° 58 00 E 33° 37 48 S 228 102 125 1959-1968 

6.2.3 Methodology 

Daily precipitation retrieved from BoM (2016) was used to calculate CLIGEN 

parameters related to daily precipitation using the standard methods described in detail 

elsewhere (Vaghefi and Yu 2011 2016), and the daily data were accumulated to 

monthly and annual amounts for the selected sites. These parameter values were 

adjusted using the methods developed by Vaghefi and Yu (2011, 2016) to simulate the 
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observed changes in precipitation in south-east of Australia and southwest of Western 

Australia.  These adjustment methods are briefly described below. 

Vaghefi and Yu (2011) suggested that changes to CLIGEN parameter values are related 

to the underlying changes to the mean monthly precipitation and they applied this 

method for CLIGEN parameter adjustment in southeast of Australia. They analysed 

daily data for 30 sites in SEA and found that here are strong positive correlations 

between changes in the mean monthly precipitation and changes in mean daily 

precipitation, standard deviation of daily precipitation, and the probability of wet-

following-dry sequences, while there is little evidence to suggest ways of adjusting the 

skewness coefficient or wet-following-wet probabilities to simulate changes in the mean 

monthly precipitation for this region. Vaghefi and Yu (2011) developed a set of 

regression equations to allow easy adjustment of CLIGEN parameter values to simulate 

monthly precipitation change for scenarios of increases or decreases in precipitation in 

south-east of Australia and is potentially applicable in any similar regions in the world. 

Changes in the mean monthly precipitation between 1919-1948 and 1949-1978 and 

regression equations for changes in CLIGEN parameter values were used to adjust 

CLIGEN input parameter values. The calculated and the adjusted parameter values were 

then used to simulate the weather sequences for these contrasting periods with CLIGEN 

In SWWA, trend analysis was undertaken by Vaghefi and Yu (2016) for each of the five 

precipitation-related CLIGEN parameters in addition to the monthly and annual 

precipitation amounts to identify possible relationships that would indicate how 

CLIGEN parameter values could be adjusted to simulate the significant decreasing 

trends in precipitation. Regression equations were developed for the wet months using 

the rates of change using three regionalization methods. These methods, namely the 

site-specific method, the average method using the average parameter values, and the 

Wilgarrup method using parameter values from the site with the most significant change 

in precipitation, were tested and evaluated. Regression equations were developed for the 

wet months using the rates of change, as shown below: 

𝑅 = 𝛼 + 𝛽𝑅𝑚     (6-1) 

where R is the slope of the trend line for a CLIGEN parameter, and Rm is the slope of 

the trend line for monthly precipitation (mm month-1 year-1). 
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Once the values for α and β are known, equation 6-1 can be used to adjust CLIGEN 

parameters from the rate of change in monthly precipitation. There would be a set of 

regression equations for each site, and one equation for each CLIGEN parameter. Three 

regionalization methods were evaluated because of the large number of equations 

involved. The “site-specific” method simply uses α and β values for each CLIGEN 

parameter and for each site. The “average” method uses the average α and β values from 

all seven sites for a given CLIGEN parameter. The “Wilgarrup” method uses α and β 

values for Wilgarrup, where the change in monthly precipitation was the largest and 

most significant among all selected sites. Results indicated that the “site-specific” 

method is the most appropriate approach for adjusting CLIGEN parameter values and 

for reproducing the declining trend in precipitation for SWWA. Therefore, in this study, 

CLIGEN parameters were adjusted using “site-specific” regionalization method of 

adjustment (Vaghefi and Yu 2016) followed by running CLIGEN to produce 90 years 

of daily precipitation (1923-2012). Then slope of the changes, mean annual 

precipitation, standard deviation and coefficient of variance was calculated based on the 

observed and CLIGEN generated precipitation. 

With adjusted parameter values, CLIGEN was run to produce daily precipitation series 

for the six sites considered in the paper, and these daily series were subsequently 

accumulated to produce monthly and annual precipitation totals. To validate these 

adjustment methods for CLIGEN parameters, two 30-year (60 years) periods of 

observed and CLIGEN generated precipitation data in SEA and 90 years of observed 

and CLIGEN generated precipitation data in SWWA were used to simulate daily flows 

for each of the two regions. 

6.2.3.1 Conceptual Models 

Two conceptual hydrological models were selected to simulate daily flows for each site 

to validate the proposed adjustment methods for CLIGEN parameters. The hydrological 

models, Australian Water Balance Model (AWBM) and SimHyd, were used to estimate 

the daily, monthly and annual flow sequences. These models have been widely used and 

accepted in Australia (Chiew et al. 2002; Boughton 2004; Jones et al. 2006; Chiew et al. 

2008; Wang et al. 2011; Yu and Zhu 2015). Input requirements are identical, including 

daily precipitation and daily potential evapotranspiration (Yu and Zhu 2015). 
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AWBM was developed in the early 1990s (Boughton, 1993; Boughton and Carroll, 

1993) and is now one of the most widely used rainfall-runoff models in Australia. 

AWBM uses three surface stores (C1, C2 and C3) to simulate partial areas of runoff 

(A1 and A2) considering a base flow index (BFI) and two constants for surface store 

and baseflow (Podger, 2004). SimHyd also is a conceptual rainfall-runoff model that 

estimates daily stream flow from daily precipitation and areal potential 

evapotranspiration data.  

The SimHyd model is actually a simplified version of another daily rainfall runoff 

model developed in the 1970s (Porter and McMahon 1975). Unlike AWBM with 

unconnected surface stores, SimHyd conceptualizes the runoff from four different 

sources; namely direct runoff from impervious areas, runoff due to infiltration excess, 

interflow, and baseflow from a groundwater store. Apart from the infiltration capacity, 

which is modelled as a nonlinear function of the soil moisture, all other relationships are 

linear and constrained by store capacities. 

In total AWBM and SimHyd have eight and seven parameters for catchments (without 

impervious surfaces in SimHyd). The parameters of AWBM and SimHyd were 

calibrated using observed daily potential evapotranspiration and catchment 

precipitation, and streamflow data for three calibration catchments in each region. Then, 

the calibrated parameter values were utilised to simulate daily flow series (A) using 

observed precipitation data and series (B) using the CLIGEN generated precipitation 

data. For both calibration and simulation, a software known as RRL was used (Podger 

2004).  Genetic algorithm was used to minimise the sum of squares of errors in 

observed and simulated flows for parameter calibration.   Finally, statistical analysis 

was undertaken to compare flow series (A) and (B) to test whether CLIGEN could be 

used to reproduce the change and/or trend in precipitation and streamflow (Figure 6-3). 
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Figure 6-3 Flowchart for validating adjustment methods for CLIGEN parameters 

Table 6-3 and Table 6-4 present calibrated parameter values for these selected 

streamflow gauging stations.  Nash-Sutcliffe criteria (Nash and Sutcliffe 1970) show 

that these conceptual hydrologic models are able to fit the observed streamflow data 

reasonably well for these gauging stations in SEA and SWWA.  

Table 6-3 Calibrated AWBM parameter values and model performance indicators for six 

selected streamflow gauges in southeast of Australia and southwest of Western Australia 

Region Southeast Australia (SEA) Southwest of Western Australia (SWWA) 

AWBM Parameters Coxs River Foy Brook Belar Creek Donnelly River Margaret River Thomson Brook 

A1 0.23 0.36 0.19 0.09 0.08 0.29 

A2 0.22 0.24 0.29 0.41 0.32 0.36 

BFI 0.83 0.62 0.33 0.20 0.21 0.50 

C1 (mm) 48.8 28.6 47.1 6.1 42.4 29.8 

C2 (mm) 102.0 75.3 131.0 178.8 178.8 180.4 

C3 (mm) 317.6 252.9 447.1 490.2 415.7 425.5 

KBase 0.29 0.09 0.80 1.00 0.72 1.00 

KSurf 0.83 0.58 0.28 0.95 0.96 0.84 

Nash-Sutcliffe Criterion 0.94 0.95 0.55 0.84 0.87 0.81 
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Table 6-4 Calibrated SimHyd parameter values and model performance indicators for six 

selected streamflow gauges in southeast of Australia and southwest of Western Australia 

Region Southeast Australia (SEA) Southwest of Western Australia (SWWA) 

SimHyd Parameters Coxs River Foy Brook 
Belar 

Creek 
Donnelly River Margaret River Thomson Brook 

Baseflow Coefficient 0.22 0.20 0.29 0.11 0.11 0.08 

Infiltration Coefficient 109.8 331.0 142.7 385.9 337.3 263.5 

Infiltration Shape 1.33 5.33 1.22 0.55 0.08 1.37 

Interflow Coefficient 0.25 0.85 0.24 0.00 0.01 0.09 

RISC (mm) 2.18 4.08 4.43 3.22 0.98 3.53 

Recharge Coefficient 0.57 0.67 0.51 0.54 0.49 0.47 

SMSC (mm) 423.7 343.5 470.6 496.1 402.2 498.0 

Nash-Sutcliffe Criterion 0.88 0.93 0.57 0.88 0.89 0.77 

Daily streamflow based on the observed and CLIGEN generated precipitation data for 

each station was calculated using calibrated parameters of AWBM and SimHyd for 

these three streamflow gauges. Therefore, three precipitation sites, three sets of 

parameter values, two regions and two conceptual hydrological models results in 18 

combinations of daily streamflow using observed precipitation (series A) and CLIGEN 

generated precipitation (series B) for comparative analysis. 

Simulated flow series (A) and (B) were compared using monthly and annual flows 

based on the observed and CLIGEN generated precipitation data. The simulated flows 

were statistically tested using Student t-test to determine whether streamflow generated 

using the observed and CLIGEN generated precipitation data are significantly different 

from each other. The t-test result with a p-value of less than 0.01 was considered to 

indicate significant difference in estimated flows between the two data sources. 

6.3 Results 

6.3.1 Annual Precipitation 

Prior to comparing simulated streamflow using AWBM and SimHyd, the observed and 

CLIGEN-generated precipitation data were compared for the six sites from the two 

regions. The results showed that the observed and CLIGEN-generated precipitation data 

are quite similar in the mean. Figure 6-4 shows a comparison of the mean annual 

precipitation between the observed and CLIGEN generated data for SEA and SWWA.  

The average mean annual precipitation using the observed data was 900 mm, and that 

using the CLIGEN-generated data was 874 mm, a difference < 3% for the six sites.  
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Figure 6-4 Comparison of the observed mean annual precipitation against CLIGEN 

generated for southeast Australia (SEA) and southwest of Western Australia (SWWA).  

The period was 30 years for sites in SEA, and 90 years in SWWA 

6.3.2 Annual Runoff 

The time series of annual streamflow for each region was plotted and compared 

graphically as well as tested statistically. In all 18 scenarios, for both AWBM or 

SimHyd, the difference between annual streamflow series (A) and (B) was found to be 

insignificant. However, in general the performance of SimHyd in terms of flow 

simulation using observed and CLIGEN-generated precipitation data was better than 

AWBM model. 

In SEA, time series of annual streamflow for all 18 scenarios follow a similar pattern. 

As an example, Figure 6-5 presents the annual time series of calculated streamflow 

using AWBM based on the observed and CLIGEN generated precipitation at Cataract 

Dam for the two contrasting period in SEA.   
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Figure 6-5 Annual time series of simulated streamflow with AWBM based on the observed 

(A) and CLIGEN generated (B) precipitation at Cataract Dam in southeast of Australia 

Figure 6-6 presents the simulated mean annual flow predicted using the observed and 

CLIGEN generated daily precipitation data for the two contrasting periods for the three 

sites in Southeast of Australia.  The error bars represent one standard error of the mean.  

It can be seen from Figure 6-6 that the mean annual streamflow is broadly similar using 

the observed and CLIGEN-generated precipitation data for both models, the streamflow 

estimated using the CLIGEN-generated precipitation data is systematically less than 

that estimated using the observed data.  The mean annual streamflow estimated using 

CLIGEN generated precipitation data (series B) is smaller than streamflow generated 

using observed precipitation data by 9 to 94 mm and the difference varies from -7% to 

44%, between the two streamflow series (Table 6-5).  The average mean streamflow 

was 141 mm year-1 for the 18 scenarios using the CLIGEN-generated data and AWBM.  

This is 24% less than 186 mm year-1 using the observed data.  For SimHyd, the average 

mean streamflow was 199 mm year-1 for the 18 scenarios using the CLIGEN-generated 

data, which is 13% less than that using the observed data (228 mm year-1).      
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Figure 6-6 Mean annual flows predicted using observed and CLIGEN-generated daily 

precipitation for the two contrasting periods with AWBM (a) and SimHyd (b) for the three 

sites in southeast of Australia 

In SWWA where the annual precipitation shows a decreasing trend since the 1920s, 

estimated streamflow follows a similar trend irrespective of which precipitation data set 

or hydrological model was used. Figure 6-7 shows, as an example, the annual time 
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series of calculated flow with SimHyd using the observed and CLIGEN generated 

precipitation at Nannup in southwest of Western Australia. 

 

Figure 6-7 Annual time series of calculated streamflow by SimHyd based on the observed 

(A) and CLIGEN generated (B) precipitation at Nannup in southwest of Western Australia 

In SWWA, the observed and CLIGEN generated precipitation data was used to simulate 

streamflow for a 90-year period from 1923 to 2012. The results show that using the 

observed and CLIGEN generated precipitation data, streamflow were quite similar for 

all scenarios and for both models. Figure 6-8 shows the long-term (1923-2012) mean 

annual streamflow predicted using the observed and CLIGEN-generated daily 

precipitation data with AWBM and SimHyd for three sites in southwest of Western 

Australia.  The maximum difference between estimated annual streamflow (series A) 

and (series B) varies from -8.1 to 7.3 mm. The average mean flow was 163 mm year-1 

for the 18 scenarios using the CLIGEN-generated data, and was 162 mm year-1 using 

the observed data for the same 18 scenarios.  The discrepancy was less than 0.3% in the 

mean. 
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Figure 6-8 Long-term (1923-2012) mean annual flows predicted using observed and 

CLIGEN-generated daily precipitation with AWBM and SimHyd for three sites in 

southwest of Western Australia.  The error bars represent one standard error of the mean 

6.3.2.1 Changes in Annual Streamflow 

To compare streamflow using CLIGEN-generated and observed precipitation in SEA, 

the ratios of mean annual streamflow for two contrasting periods are presented in Figure 

6-9.  Let Q1 be the mean annual streamflow for the period from 1929-1948 and Q2 be 

the mean annual streamflow for the period from 1949-1978.  The ratio of Q2/Q1 

represents the change in streamflow over the two contrasting periods when precipitation 

has significantly increased. 
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Figure 6-9 Ratios of calculated annual streamflow for two contrasting periods in southeast 

of Australia 

As expected, the mean annual streamflow for period 2 (Q2) was higher than that for 

period 1 (Q1). The ratio of Q2 over Q1, varies between 1.1 to 3.3, regardless of which 

precipitation data set or conceptual hydrological model was used. In addition, the larger 

the increase in precipitation, the larger the increase in streamflow between the two 

periods. This means that the streamflow ratio over the two contrasting periods for 

Cataract Dam, which has recorded the most significant increase in precipitation, were 

the largest, while Clarence Town with the least amount of increase in annual 

precipitation between two periods has the smallest streamflow ratios. Figure 6-9 also 

shows the ratio of simulated streamflow (series B using CLIGEN-generated 

precipitation) are consistently higher than that using observed precipitation for all 18 

scenarios. This occurred largely because streamflow was underestimated using the 

CLIGEN-generated precipitation as shown in Figure 6-6. Lower estimated streamflow 

led to increased ratio between the two contrasting period.  The ratio of Q2/Q1 varied 

from 1.1 to 2.6 using the observed precipitation data.  This ratio was increased to 1.4 to 

2.7 using SimHyd, and increased even further to 1.5 to 3.3 using AWBM.  Although 

there are noticeable differences in the streamflow ratio shown in Figure 6-9, the 
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standard Student t-test indicated that there are no insignificant differences between the 

flow generated using observed or CLIGEN generated precipitation data.  

Table 6-5 Differences in percent in the mean annual streamflow between observed and 

CLIGEN-generated precipitation data for selected sites in southeast of Australia 

Precipitation Site 
Streamflow Calibration 
Gauge 

AWBM SimHyd 

Cataract Dam 

Coxs River (212045) 

-16% -7% 

Coonbarabran -42% -17% 

Clarence Town -30% -12% 

Cataract Dam 

Foy Brook (210042) 

-18% -11% 

Coonbarabran -30% -18% 

Clarence Town -23% -17% 

Cataract Dam 

Belar Creek (420003) 

-22% -9% 

Coonbarabran -44% -19% 

Clarence Town -34% -15% 

For SWWA, the rate of decrease in streamflow in mm decade-1 from 1923 to 2012 are 

presented in Figure 6-10. The rate of decrease in streamflow using CLIGEN generated 

precipitation (7 to 29 mm decade-1) is generally smaller than the rate of decrease in 

streamflow using the observed precipitation (11 to 31 mm decade-1). However, in this 

region, there is no noticeable difference between two conceptual hydrological models in 

terms of the simulated rate of decrease in streamflow (7 to 31 mm decade-1 for AWBM 

and 8 to 27 mm decade-1 for SimHyd).  
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Figure 6-10 Rate of changes in simulated flow per decade from 1923 to 2012 in southwest 

of Western Australia 

The Student t-test was undertaken to evaluate the differences between annual flow 

amounts generated by different methods for SEA and SWWA.   
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Table 6-6 presents the percentage differences in rate of change between AWBM and 

SimHyd for selected sites in SWWA. The t-test results for the annual streamflow 

indicate that the differences between annual streamflow using the observed and 

CLIGEN precipitation are statistically insignificant for all 18 scenarios considered, and 

these are unrelated to selected hydrological models.  
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Table 6-6 Differences in percent in the rate of change between observed and CLIGEN-

generated precipitation data for selected sites in SWWA region 

Precipitation Site Streamflow Calibration Gauge AWBM SimHyd 

Manjimup 

Donnelly River (608151) 

27% 26% 

Nannup 29% 27% 

Wilgarrup 9% 7% 

Manjimup 

Margaret River (610001) 

21% 26% 

Nannup 31% 31% 

Wilgarrup 6% 13% 

Manjimup 

Thomson Brook (611111) 

23% 26% 

Nannup 33% 27% 

Wilgarrup 6% 10% 

6.3.3 Monthly Runoff 

Similar to the annual streamflow, simulated monthly streamflow using the observed and 

CLIGEN precipitation for each region was plotted and compared graphically as well as 

statistically tested. Figure 6-11 and Figure 6-12 show comparisons of monthly 

distribution of estimated streamflow in SEA using the observed and CLIGEN 

precipitation for Coonabarabran using SimHyd as an example. 

 

Figure 6-11 Monthly distribution of average flow and standard error of the mean at 

Coonabarabran for 30-year period of 1919-1948 in southeast of Australia 
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Figure 6-12 Monthly distribution of average flow and standard error of the mean at 

Coonabarabran for 30-year period of 1949-1978 in southeast of Australia 

As presented in these sample graphs, the monthly distribution of estimated flow values 

using AWBM or SimHyd are relatively similar in SEA and they follow the same 

pattern. The range of changes found in simulated monthly flow is between -28 to 

18 mm per month. However, the t test results showed that the p values for each month 

of 18 scenarios (216 values) are all greater than 0.01 and therefore the difference in 

simulated streamflow is considered to be statistically insignificant. In other words, 

while the range of changes are relatively large, the variability of monthly flow is so 

great that no significant differences between monthly streamflow were found. Table 6-7 

presents the maximum difference in the simulated flow for each month using each 

parameter set as well as the simulated mean monthly streamflow with the largest 

difference on a monthly basis. 
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Table 6-7 The maximum differences in the mean monthly streamflow (Q) using observed 

precipitation (Obs. Prec.) and CLIGEN-generated precipitation (CLG. Prec.) for selected 

sites in southeast of Australia 

Precipitation 

Site 

Streamflow 

Calibration Gauge 

AWBM SimHyd 

Q using Obs. 

Prec. in mm 

(A) 

Q using CLG. 

Prec. in mm 

(B) 

Month 

Q using Obs. 

Prec. in mm 

(A) 

Q using CLG. 

Prec. in mm 

(B) 

Month 

Cataract Dam 
Coxs River 

(212045) 

48.4 30.4 Mar 54.1 42.5 Mar 

Coonabarabran 20.0 11.5 Feb 12.7 5.0 Jul 

Clarence Town 44.4 18.8 Apr 45.3 27.6 Mar 

Cataract Dam 
Foy Brook 

(210042) 

57.5 34.0 Mar 38.1 27.3 Mar 

Coonabarabran 15.2 5.1 Jul 17.7 6.7 Jul 

Clarence Town 46.0 20.5 Mar 55.1 27.6 Mar 

Cataract Dam 
Belar Creek 

(420003) 

38.1 20.6 Mar 27.9 18.0 May 

Coonabarabran 8.5 2.3 Jul 10.1 4.0 Jul 

Clarence Town 35.2 14.2 Apr 38.8 23.0 Apr 

 

Figure 6-13 Monthly distribution of average flow and standard error of the mean at 

Manjimup for 90-year period of 1923-2012 in southwest of Western Australia 

The monthly distribution of simulated streamflow in SWWA based on the observed and 

CLIGEN-generated precipitation is presented in Figure 6-13 using AWBM as an 

example. Similar to the SEA region, monthly distribution of estimated streamflow using 
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AWBM or SimHyd are quite similar in SWWA and they follow similar seasonal 

patterns. However, in SWWA, the median of monthly streamflow during the dry 

months is mostly zero. The t-test results showed that approximately 37 % of monthly 

flow p-values were smaller than the significance threshold level of 0.01, most of these 

are months in summer (Dec-Feb).  

Table 6-8 shows monthly the mean monthly flow simulated using the observed (series 

A) and CLIGEN-generated (series B) values are quite similar. In fact, statistical test 

shows differences in all wet months are insignificant and only some of the dry months 

show significant differences between flow series A and B. The median of monthly 

streamflow for all these months is zero. 

Table 6-8 The maximum differences in changes of simulated mean monthly flow (Q) per 

decade using observed precipitation (Obs. Prec.) and CLIGEN-generated precipitation 

(CLG. Prec.) for selected sites in southwest of Western Australia 

Precipitation 

Site 

Streamflow 

Calibration 

Gauge 

AWBM SimHyd 

Q using Obs. 

Prec. in mm 

decade-1 (A) 

Q using CLG. 

Prec. in mm 

decade-1 (B) 

Month 

Q using Obs. 

Prec. in mm 

decade-1 (A) 

Q using CLG. 

Prec. in mm 

decade-1 (B) 

Month 

Manjimup 

Donnelly River 

(608151) 

33.6 27.4 Sep 38.6 44.0 Jul 

Nannup 36.6 46.0 Jul 28.2 14.5 Sep 

Wilgarrup 26.2 18.4 Sep 26.7 18.3 Sep 

Manjimup 

Margaret River 

(610001) 

42.7 35.6 Sep 44.6 50.5 Jul 

Nannup 38.8 49.6 Jul 35.9 19.6 Sep 

Wilgarrup 31.7 20.0 Sep 33.6 24.7 Sep 

Manjimup 

Thomson Brook 

(611111) 

21.0 15.3 Sep 37.8 43.2 Jul 

Nannup 16.1 6.5 Sep 28.6 15.1 Sep 

Wilgarrup 15.4 8.6 Sep 26.8 18.6 Sep 

 

Table 6-9 and Table 6-10 present the maximum differences in the rate of change in the 

simulated mean monthly streamflow. These tables show that both AWBM and SimHyd 

are able to reproduce the decreasing trend in monthly streamflow for SWWA. Not 

surprisingly, the maximum differences in the rate of decrease occur in winter months 

when streamflow are much higher than that in other months. 

Table 6-9 The maximum difference in the rate of decrease (Rc) between observed 

precipitation (Obs. Prec.) flows and CLIGEN generated precipitation (CLG. Prec.) flows 

for southwest of Western Australia using AWBM 
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Precipitation 

Site 

Streamflow Calibration 

Gauge 

Average Rc using Obs. Prec. in mm 

decades-1 (A) 

Average Rc using CLG. Prec. in mm 

decades-1 (B) 

Month 

Manjimup 

Donnelly River (608151) 

-3.2 -1.5 Sep 

Nannup -4.0 -1.5 Jul 

Wilgarrup -4.8 -2.7 Sep 

Manjimup 

Margaret River (610001) 

-4.1 -2.5 Sep 

Nannup -4.8 -2.7 Jul 

Wilgarrup -7.1 -4.0 Sep 

Manjimup 

Thomson Brook (611111) 

-3.1 -2.0 Jul 

Nannup -3.4 -0.5 Jul 

Wilgarrup -3.0 -0.9 Sep 

Table 6-10 The maximum difference in the rate of decrease (Rc) between observed 

precipitation (Obs. Prec.) flows and CLIGEN generated precipitation (CLG. Prec.) flows 

for southwest of Western Australia using SimHyd 

Precipitation 

Site 

Streamflow 

Calibration 

Gauge 

Average Rc using Obs. 

Prec. in mm decades-1 

(A) 

Average Rc using CLG. 

Prec. in mm decades-1 

(B) 

Month 

Manjimup 

Donnelly River 

(608151) 

-2.6 -0.9 Sep 

Nannup -1.9 -0.9 Sep 

Wilgarrup -4.2 -1.9 Sep 

Manjimup 

Margaret River 

(610001) 

-2.4 -1.0 Oct 

Nannup -2.5 -1.2 Sep 

Wilgarrup -4.8 -2.5 Sep 

Manjimup 

Thomson Brook 

(611111) 

-2.6 -0.9 Sep 

Nannup -1.9 -0.8 Sep 

Wilgarrup -4.2 -1.9 Sep 

6.4 Discussion 

To our knowledge, this is the first time when output from CLIGEN with adjusted 

parameter values was assessed in terms of simulated streamflow when significant 

changes in precipitation have occurred. The majority of statistical tests undertaken in 

this study showed that there were no significant differences between simulated 

streamflow using observed and CLIGEN-generated precipitation data. Despite the 

statistical tests indicating no significant differences, a comparison of the simulated flow 

as an end product of CLIGEN-generated precipitation with streamflow simulated with 

observed precipitation data showed some discrepancy, particularly for the simulated 



127 

 

streamflow in drier monthly. The discrepancy between simulated flows could occur as a 

result of the unavoidable limitations such as conceptual hydrological model selection, 

parameter calibration, and sample size. In addition, using streamflow data at gauging 

stations to calibrate models adds to the uncertainty associated with this investigation. 

Generally, catchment precipitation (based on interpolation of point precipitation data) 

was used to calibrate the model. The larger the catchment, more data points would be 

required to represent the spatial distribution of precipitation. However, simulating flow 

using CLIGEN generated precipitation data, only point precipitation data are used. 

Three streamflow gauges were used in this study to calibrate two hydrological models. 

This was considered to be sufficient for the validation purposes. However, using more 

streamflow gauges with similar catchment characteristics would allow proper averaging 

of parameter values. An averaging method could overcome some of the limitations and 

possibly reduce the uncertainty associated with simulated streamflow for these sites. 

For the purpose of validating the adjustment methods for CLIGEN parameters on 

monthly basis, precipitation distribution can have considerable impact on the statistical 

results. For example, in SWWA where summer precipitation is low and streamflow is 

close to zero, statistical tests showed that 37% of monthly simulated streamflow are 

significantly different using the observed when compared to streamflow using 

CLIGEN-generated precipitation data. 

6.5 Conclusion 

CLIGEN is a SWG which can produce sequences of daily weather variables. Since 

precipitation has significantly changed in some regions of Australia, CLIGEN 

parameters need to be adjusted to simulate the changes in precipitation and the impact 

of such changes on catchment hydrology in these regions. A method of CLIGEN 

parameters adjustment was developed by Vaghefi and Yu (2011) based on the changes 

in the mean monthly precipitation for southeast of Australia where there was an abrupt 

change in annual precipitation in 1950s. Vaghefi and Yu (2016) subsequently proposed 

a site-specific method of CLIGEN parameter adjustment for southwest of Western 

Australia where annual precipitation showed a clear decreasing trend over the last 90 

years.  

The aim of this paper was to further evaluate these proposed methods by comparing 

simulated daily streamflow using CLIGEN generated and observed precipitation. 
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AWBM and SimHyd, two conceptual hydrological models commonly used in Australia 

were calibrated and utilised to test the quality of the CLIGEN generated precipitation 

using above mentioned adjustment methods. Simulated monthly and annual flows were 

statistically tested for significant differences. The results showed monthly and annual 

simulated streamflow time series using observed and CLIGEN generated precipitation 

all follow similar patterns. No significant difference was found between annual 

streamflow generated using observed or CLIGEN generated precipitation. This provides 

additional support for the proposed method to adjust CLIGEN parameters. Changes in 

flows where flow has significantly changed could be slightly exaggerated due to the 

underestimation of streamflow using conceptual hydrological models. For regions 

where there is a decreasing trend in annual precipitation, the rate of decrease using 

CLIGEN generated precipitation tends to smaller than that in the streamflow estimated 

using observed precipitation data. The t-test for monthly flow showed that differences in 

simulated flow using observed and CLIGEN-generated precipitation data can be 

significant for dry months in SWWA. This occurred largely because of the extremely 

high variability of streamflow during drier months when most streams cease to flow in 

SWWA.  

In summary, using developed adjustment methods, CLIGEN parameters were adjusted 

to simulate flows using conceptual hydrological models. These flows were compared to 

simulated flows using observed precipitation data. Simulated flows using CLIGEN 

generated precipitation was able to reproduce the change in the mean in southeast of 

Australia and the decreasing trend in southwest of Western Australia. Therefore, the 

adjustment methods developed for CLIGEN parameters are further validated using 

CLIGEN-generated precipitation as input data for conceptual hydrological models. 
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 Chapter VII: Discussion and Conclusion 

Climate change is an ongoing and complex process in nature. The rate of climate 

change has significantly increased since the 1850s mainly because of the human 

activities on Earth which have a huge demand for fossil fuel. The human induced 

climate change can have considerable impact on bio-physical systems, and the societies 

around the world.  

To evaluate the impact of climate change, stochastic weather generators are the most 

common tools used to produce daily weather sequences based on broad-scale changes 

predicted by global climate models. CLIGEN is one such weather generator that has 

been used for impact analysis and unlike other weather generators, it produces variables 

describing storm patterns, including time to peak, peak intensity, and storm duration, in 

addition to precipitation amount and other daily weather variables. 

Precipitation in southeast of Australia is so variable in time. Instrumental records from 

the region show significant variability and change on the time scale of climatology, 

i.e., 30 years. These secular changes have been previously used to indicate the likely 

precipitation change to represent human-induced climate change scenarios. Equally, 

significant change in observed precipitation can be used to guide and determine how 

parameter values can be adjusted to simulate climate change using stochastic weather 

generators. Analyses of the observed precipitation since 1920s in southeast of Australia 

shows abrupt changes in annual precipitation in this region. These analyses 

demonstrated similar changes in monthly precipitation particularly during the wet 

season in southeast of Australia. However, precipitation data from 30 high-quality sites 

in southeast of Australia show that it is premature to draw any conclusions about the 

relationship between trends in atmospheric concentration of greenhouse gases and 

temperature with regional precipitation. Precipitation could be just as likely to increase 

as to decrease significantly on the time scale of regional climatology (30 years) in 

southeast of Australia.  

To simulate climate change scenarios in southeast of Australia precipitation related 

parameter values of CLIGEN are required to be adjusted. These are mean daily 

precipitation on wet days, standard deviation and skewness of mean daily precipitation 

on wet days, and probabilities of wet days following wet days and wet days following 

dry days.  However, 90 years (1919 - 2008) daily precipitation data for 30 high-quality 
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precipitation sites in this region revealed some random pattern of changes in daily 

precipitation and those in parameter values. This was despite of the broad agreement 

between analytical and simulation results presented in Chapter III of this thesis. To 

resolve this, ratios of CLIGEN parameters over mean monthly precipitation were 

calculated and regression equations between them were established for southeast of 

Australia. These regression equations showed there are strong positive correlations 

between changes in mean monthly precipitation and changes in mean daily 

precipitation, standard deviation of mean daily precipitation, and the probability of wet-

following-dry sequences. There is little evidence to suggest ways of adjusting the 

skewness coefficient or wet-following-wet probabilities to simulate changes in mean 

monthly precipitation for this region. Using this method, CLIGEN parameter values 

were adjusted and time series of annual precipitation, calculated based on 

CLIGEN-generated daily values, were developed and compared to observed annual 

precipitation time series. The pairs were also statistically tested to confirm CLIGEN can 

reproduce the observed changes in annual precipitation in southeast of Australia and 

respectively the effectiveness of the adjustment method. 

Unlike abrupt changes in annual precipitation in southeast of Australia, the observed 

annual precipitation records in southwest of Western Australia show a significant 

decreasing trend and change on the time scale of climatology during the last 90 years. 

Daily recorded precipitation data for the 90-year period from 1923 to 2012 for seven 

high-quality precipitation sites in southwest of Western Australia show that there are 

correlations among the changes in mean monthly precipitation and those in mean daily 

precipitation, standard deviation, and the probability of wet-following-dry sequences. 

However, changes in the probability of a wet day following a dry day are fairly small 

and do not have a noticeable impact on CLIGEN-generated daily precipitation amounts. 

Similar to findings in southeast of Australia, there is also little evidence to suggest any 

systematic and significant changes in the skewness coefficient or wet-following-wet 

probabilities to simulate changes in mean monthly precipitation for this region. 

Regression equations were developed to allow adjustment of CLIGEN parameter values 

to simulate the declining trend in monthly and annual precipitation in southwest of 

Western Australia. As the method to adjust CLIGEN parameters involves a fairly large 

number of regression equations, three regionalization methods were developed and 

assessed in this study. These methods, namely the site-specific method, the average 
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method using the average parameter values, and the Wilgarrup method using parameter 

values from the site with the most significant change in precipitation, were tested and 

evaluated. Results indicated that the site-specific method is the most appropriate 

approach for adjusting CLIGEN parameter values and for reproducing the declining 

trend in precipitation for southwest of Western Australia. Therefore, this research shows 

that similar declining trends in annual precipitation could be found in the mean monthly 

precipitation and in some of CLIGEN parameter values for daily precipitation amount, 

such as mean daily precipitation, standard deviation, and the probability of a wet day 

following a dry day. However, this study showed that, although the total precipitation 

amount is decreasing, the intensity of precipitation events has increased since the 1980s 

with an increase in the mean daily precipitation on wet days (Figure 5-4) and a 

concurrent decrease in the probability of a wet day following a wet day (Figure 5-8). 

This observation of increase in the mean precipitation on wet days is worth further 

examination when more recent data become available. 

As these methods of adjusting CLIGEN parameter values are largely based on an 

extensive statistical analysis of historical precipitation observations and they disagree 

with the analytical results for some of the CLIGEN parameters, it is worth noting that 

further testing may be required for other regions of the world, and for simulating 

significant changes in other aspects of precipitation in addition to the mean. 

To validate the above mentioned methods of CLIGEN parameter adjustment for 

southeast of Australia and southwest of Western Australia, synthetic time series of daily 

precipitation amounts generated were fed into two widely used conceptual hydrological 

models (AWBM and SimHyd). Then the runoff generated using CLIGEN-generated 

precipitation was compared against runoff generated using observed precipitation. The 

results show both monthly and annual simulated runoff time series using either 

observed or CLIGEN generated precipitation follow similar patterns. Statistically 

testing of the pairs revealed no significant difference between annual runoff generated 

using observed or CLIGEN generated precipitation. This could be due to the vast 

variation of annual runoff for reach year, but the large variation exists in historical 

recorded streamflow data too. The t-test for monthly runoff showed some differences 

being significant during the dry months in southwest of Western Australia. However, 

recorded data show during the dry months that most streams in this region ran dry. 
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Therefore, as the maximum of absolute differences for these months varied from 6 to 16 

mm per month the differences were considered to be insignificant in practical terms. 

Simulating the potential effects of climate change on water resources and food 

production is of great importance in boosting the resilience of agricultural production 

systems and mitigating the adverse impact of the potential climate change. The 

recommended adjustment methods of CLIGEN parameters for these two regions of 

Australia can be used to assess the impact of climate change within these two regions 

and the findings will help water resource management and of in the water industry 

generally. 

Although a thorough review of the possible adjustment methods has been undertaken 

and for completeness of the method development the selected methods have been 

statistically tested, the uncertainty of the results must be considered when these 

recommended methods are implemented for the impact assessment of climate change in 

hydrological and crop models. Further testing and development of the methodology 

would be desirable.  

In conclusion, this PhD research has identified and quantified precipitation changes and 

trends in southeast Australia and southwest of Western Australia. An analytical method 

was developed to test the sensitivity of CLIGEN parameter values to synthetic changing 

sequences. Using the identified changes and trends in observed data, different statistical 

methods were developed adjust CLIGEN parameter values to reproduce significant 

changes and trends in the annual precipitation. The recommended adjustment methods 

were statistically tested and it was shown that these methods are able to reproduce 

changes and trends in annual precipitation. Finally, the adjustment methods were 

validated, in terms of simulated runoff using conceptual hydrological models.  



140 

 

 References 

Abram, N. J., McGregor, H. V., Tierney, J. E., Evans, M. N., McKay, N. P., Kaufman, D. S., & 

the PAGES 2k Consortium. (2016). Early onset of industrial-era warming across the 

oceans and continents. Nature 536, 411-418. doi:10.1038/nature19082. 

Anwar, S., Yu, B., & Nabi, G. (2012). A pplication of weather generator for  environmental 

parameters  estimation for upper indus basin. Soil Environ. 31(1), 11-20. 

Allan, R. J., & Haylock, M. R. (1993). Circulation Features Associated with the Winter Rainfall 

Decrease in Southwestern Australia. Journal of Climate 6, 1356-1367. doi: 

10.1175/1520-0442(1993)006<1356:CFAWTW>2.0.CO;2. 

Arnold, J. G., & Williams, J. R. (1989). Stochastic generation of internal storm patterns. 

Transactions of the ASAE, 32(1), 161-167. 

Australian Bureau of Statistics. (2016). The Australian continent, 2016, Retrieved from 

http://www.australia.gov.au/about-australia/our-country/the-australian-continent 

Bates, B. C., Hope, P., Ryan, B., Smith, I., & Charles, S. (2008). Key findings from the Indian 

Ocean Climate Initiative and their impact on policy development in Australia. Climate 

Change 89(3), 339-354. doi: 10.1007/s10584-007-9390-9 

BoM. (2016). Climate data online. Canberra, Australia: Australian Government, Bureau of 

Meteorology. Retrieved from www.bom.gov.au/climate/data/. 

Buishand, T. A. (1977). Stochastic modeling of daily rainfall sequences. Mededlingen 

Landbouwhogeschool Wageningen 77(3). 

Buishand, T. A. (1978). Some remarks on the use of daily rainfall models. Journal of Hydrology 

36, 295–308. doi:10.1016/0022-1694(78)90150-6 

Chambers, L. E. (2001). Classifying rainfall districts: A southwestern Australian study. 

Australian Meteorological Magazine 50(2), 91-103. 

Chen, H., Guo, J., Zhang, Z., & Chong-Yu, X. (2013). Prediction of temperature and 

precipitation in Sudan and South Sudan by using LARS-WG in future. Theoretical and 

Applied Climatology 113(3), 363-375. doi:10.1007/s00704-012-0793-9.  

Chen, J., Brissette, F. P., Leconte, R., & Caron, A. (2012). A versatile weather generator for 

daily precipitation and temperature. Transactions of the ASABE 55(3), 895-906. 



141 

 

Chen, J., Brissette, F. P., & Zhang, X.J. (2016). Hydrological Modeling Using a Multisite 

Stochastic Weather Generator. Journal of Hydrologic Engineering 21(2), 

10.1061/(ASCE)HE.1943-5584.0001288, 04015060. 

Cornish, P. M. (1977). Changes in seasonal and annual rainfall in New South Wales. Search 8, 

38-40. 

CSIRO and Bureau of Meteorology. (2015). Climate Change in Australia Information for 

Australia’s Natural Resource Management Regions: Technical Report, CSIRO and 

Bureau of Meteorology, Australia 

Favis-Mortlock, D. T., Evans, R., Boardman, J. & Harris, T. M. (1991). Climate change, winter 

wheat yield and soil erosion on the English South Downs. Agricultural Systems 37, 

415–33. 

Favis-Mortlock, D., & Savabi, M. (1996). Shifts in rates and spatial distributions of soil erosion 

and deposition under climate change. (M. Anderson, & S. Brooks, Eds.) Advances in 

Hillspoe Processes 529-560. 

Feng, J., Li, J., & Li, Y. (2010). A monsoon-like southwest Australian circulation and its 

relation with rainfall in southwest Western Australia. Journal of Climate 1334-1353. 

doi: 10.1175/2009JCLI2837.1. 

Flanagan, D. C. & Nearing, M. A. (1995).  USDA-Water Erosion Prediction Project: Hillslope 

Profile and Watershed Model Documentation.  NSERL Report No. 10.  West Lafayette, 

Ind.: USDA-ARS Nat. Soil Erosion Research Lab. 

Flanagan, D. C., Meyer, C. R., Yu, B. & Scheele, D. L. (2001). Evaluation and enhancement of 

CLIGEN weather generator. In: Ascough, J.C., Flanagan, D.C. (Eds.), Proceedings of 

the ASAE Symposium on Soil Erosion Research for the 21st Century. ASAE, St Joseph, 

MI, 107–110. 

Frakes, L. A. (1979). Climates Throughout Geologic Time. Elsevier Scientific Publishing, 

Amsterdam, 269-294. 

Frederiksen, J. S. & Frederiksen, C. S. (2007). Inter-decadal Changes in Southern Hemisphere 

Winter Storm Track Modes. Tellus A 59A, 599-617. doi: 10.1111/j.1600-

0870.2007.00264.x. 

Foufoula-Georgiou, E. & Lettenmaier, D. P. (1987). A Markov Renewal Model for rainfall 

occurrences. Water Resources Research 23(5), 875-884. doi: 

10.1029/WR023i005p00875 



142 

 

Goodess, C., & Palutikof, J. (1998). Development of daily rainfall scenarios for southeast Spain 

using a circulation-type approach to downscaling. International Journal of Climatology 

18(10), 1051-1083. doi: 10.1002/(SICI)1097-0088(199808)18:10<1051::AID-

JOC304>3.0.CO;2-1 

Guttorp, P. (1995). Stochastic modeling of scientific data. London: Chapman & Hall. 

Hegerl, G. C., von Storch, H., Hasselmann, K., Santer, B. D., Cubasch, U., & Jones, P. D. 

(1996). Detecting Greenhouse-Gas-Induced Climate Change with an Optimal 

Fingerprint Method. Journal of Climate, 9, 2281-2306. doi: doi: 10.1175/1520-

0442(1996)009<2281:Dggicc>2.0.Co;2.  

Hutchinson, M. F. (1986). Methods of generation of weather sequences. In: Bunting, A. H., 

editor, Agricultural environments Wallingford: CAB International, 149-157.  

Hutchinson, M. F. (1995). Stochastic space-time models from ground-based data. Agricultural 

and Forest Meteorology 73, 237–64. 

IPCC (1990). The IPCC Scientific Assessment. Report prepared for Intergovernmental Panel on 

Climate Change by Working Group I [J.T. Houghton, G.J. Jenkins and J.J. Ephraums 

(eds.)]. Cambridge University Press, Cambridge, Great Britain, New York, NY, USA 

and Melbourne, Australia 410 pp. 

IPCC, (2008). About Stochastic Weather Generators. Retrieved 5 December 2008, from 

http://www.ipcc-data.org/ddc_weather_generators.html 

IPCC, (2013). Climate Change 2013: The Physical Science Basis. Contribution of Working 

Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate 

Change [Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A. 

Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)]. Cambridge University Press, 

Cambridge, United Kingdom and New York, NY, USA, 1535 pp, 

doi:10.1017/CBO9781107415324. 

Katz, R. W. (1977). Precipitation as a Chain-Dependent Process. Journal of Applied 

Meteorology 16(7), 671–76. doi: doi: 10.1175/1520-

0450(1977)016<0671:PAACDP>2.0.CO;2 

Laflen, J. M., Elliot, W. J., Flanagan, D. C., Meyer, C. R. & Nearing, M. A. (1997).  WEPP - 

Predicting water erosion using a process-based model.  Journal of Soil and Water 

Conservation 52(2):96-102. 



143 

 

Lavery, B. M., Kariko, A. K., & Nicholls, N. (1992). A high-quality historical rainfall data set 

for Australia. Australian Meteorological Magazine 40(1): 33-39. 

Lavery, B. M., Joung, G., & Nicholls, N. (1997). An extended high-quality historical rainfall 

data set for Australia. Australian Meteorological Magazine 46(1): 27-38. 

Li, F., Chambers, L. E., & Nicholls, N. (2005). Relationships between rainfall in the southwest 

of Western Australia and near-global patterns of sea-surface temperature and mean sea-

level pressure variability. Australian Meteorological Magazine, 54(1), 23-33. 

Li, Y., Cai, W., & Campbell, E. (2005). Statistical modeling of extreme rainfall in southwest 

Western Australia. Journal of Climate 18(6), 852-863. 

Liu, D. L. & Zuo, H. (2012). Statistical downscaling of daily climate variables for climate 

change impact assessment over New South Wales, Australia. Climatic Change 115(3) 

629-666. doi:10.1007/s10584-012-0464-y 

McFarlane, D., Stone, R., Martens, S., Thomas, J., Silberstein, R., Ali, R., & Hodgson, G. 

(2012). Climate Change Impacts on Water Yields and Demands in Southwestern 

Australia. Journal of Hydrology, 475, 488-498. 

Mearns, L. O., Katz, R. W. & Schneider, S. H. (1984). Extreme high-temperature events: 

changes in their probabilities with changes in mean temperature. Journal of Applied 

Meteorology 23, 1601–13. 

Mearns, L.O., Rosenzweig, C., & Goldberg, R. (1996). The effect of changes in daily and 

interannual climatic variability on CERESwheat yields. A sensitivity study. Climatic 

Change 32, 257–92. 

Meyer, C. R. (2001). CLIGEN weather generator, expanded and improved. Retrieved from 

http://www//horizon.nserl.purdue.edu/Cligen/. 

Meyer, C. R. (2009). General Description of the CLIGEN Model and its History. West 

Lafayette, IN: USDA-ARS National Soil Erosion Laboratory. Retrieved from 

https://www.ars.usda.gov/ARSUserFiles/50201000/WEPP/cligen/CLIGENDescription.

pdf. 

Meyer, C. R., Renschler, C. S., & Vinning R. C. (2008).  Implementing quality control on a 

random number stream to improve a stochastic weather generator. Hydrological 

Processes 22(8), 1069–1079. doi: 10.1002/hyp.6668. 

Nicholls, N., Gruza, G.V., Jouzel, J., Karl, T. R., Ogallo, L. A., & Parker, D. E. (1996). 

Observed Climate Variability and Change. In Climate Change 1995: The Science of 

https://www.ars.usda.gov/ARSUserFiles/50201000/WEPP/cligen/CLIGENDescription.pdf
https://www.ars.usda.gov/ARSUserFiles/50201000/WEPP/cligen/CLIGENDescription.pdf


144 

 

Climate Change, (Eds J.T. Houghton, L.G.M. Filho, B.A. Callander, N. Harris, A. 

Kattenberg, and K. Maskell), 133-192, Cambridge University Press, Cambridge, UK.  

Nicholls, N., & Kariko, A. (1993). East Australian Rainfall Events: Interannual Variations, 

Trends, and Relationships with the Southern Oscillation. Journal of Climate 6(6), 1141-

1152. 

Nicholls, N., & Lavery, B. (1992). Australian Rainfall Trends During the Twentieth Century. 

International Journal of Climatology 12(2), 153-163. 

Nicks, A. D., & Gardner, G. (1994). CLIGEN: A Weather Generator for Climate Inputs to 

Water Resource and Other Model. In Proceedings of the 5th International Conference 

on Computers in Agriculture. American Society of Agricultural Engineers, 3-94. 

Nicks, A. D., Lane, L., & Gardner, G. (1995). Chapter 2: Weather generator. In USDA Water 

Erosion Prediction Project: Hillslope Profile and Watershed Model Documentation. 

NSERL. West Lafayette: USDA-ARS National Soil Erosion Research Laboratory. 

Nonhebel, S. (1994). The effects of use of average instead of daily weather data in crop growth 

simulation models. Agricultural Systems 44, 377–96. 

Osborn, T. J., Wallace, C. J., Harris, I. C., & Thomas, M. M. (2016). Pattern scaling using 

ClimGen: monthly-resolution future climate scenarios including changes in the 

variability of precipitation. Climatic Change 134(3), 353-369. doi:10.1007/s10584-015-

1509-9 

Peterson T. C., & Baringer, M. O. (2009). State of the Climate in 2008. Special Supplement to 

the Bulletin of the American Meteorological Society 90(8), S17-S18. 

Pidwirny, M. (2006). "Climate Classification and Climatic Regions of the World". 

Fundamentals of Physical Geography, 2nd Edition. September 1, 2016 from 

http://www.physicalgeography.net/fundamentals/7v.html 

Pittock, A. B. (1975). 'Climatic Change and the Patterns of Variation in Australian Rainfall', 

Search 6, 498-504.  

Pittock, A. B. (1983). Climate Change in Australia: Implications for a CO2-warmed Earth. 

Climate Change 5(4), 321-340. 

Pittock, A. B. (2003). Climate change - An Australian Guide to the Science and Potential 

Impacts, Australian Greenhouse Office, Canberra. Retrieved from 

http://www.ccma.vic.gov.au 



145 

 

Prudhomme, C., Reynard, N., & Crooks, S. (2002). Downscaling of Global Climate Models for 

Flood Frequency Analysis: Where Are We Now? Hydrological Processes 16(6), 1137-

1150. 

Pruski, F., & Nearing, M. (2002a). Runoff and Soil-Loss Responses to Changes in Precipitation: 

A Computer Simulation Study. Journal of Soil and Water Conservation 57(1), 7-16. 

Pruski, F., & Nearing, M. (2002b). Climate-Induced Changes in Erosion During The 21st 

Century for Eight U.S. Locations. Water Resources Research 38(12), 34-1-34-11. 

Racsko, P., Szeidl, L. & Semenov, M. (1991). A serial approach to local stochastic weather 

models. Ecological Modelling 57, 27–41. 

Ramaswamy, V., Schwarzkopf, M. D., Randel, W. J., Santer, B. D., Soden, B. J., & Stenchikov, 

G.L. (2006). Anthropogenic and Natural Influences in the Evolution of Lower 

Stratospheric Cooling. Science 311(5764), 1138-1141. 

Richardson, C. W. (1981). Stochastic Simulation of Daily Precipitation, Temperature, And 

Solar Radiation. Water Resources Research 17, 182-190. 

Richardson, C. W. & Nicks, A. D. (1990). Weather generator description. In Sharpley, A. N. 

and Williams, J. R., editors, Erosion/productivity impact calculator. 1. Model 

documentation. Agricultural  Research Service Technical Bulletin 1768, Washington, 

DC: US Department of Agriculture, 93–104. 

Richadson, C. W., & Wright, D. (1984). WGEN: A Model for Generating Daily Weather 

Variables. US Department of Agriculture. Agricultural Research Service ARS-8, 83. 

Riha, S. J., Wilks, D. S., & Simoens, P. (1996). Impact of temperature and precipitation 

variability on crop model predictions. Climatic Change 32, 293–311. 

Roldán, J., & Woolhiser, D. A. (1982). Stochastic daily precipitation models: 1. A comparison 

of occurrence processes. Water Resources Research 18(5), 1451-1459. doi: 

10.1029/WR018i005p01451. 

Santer, B. D., Taylor, K. E., Wigley, T. M. L., Johns, T. C., Jones, P. D., Karoly, D. J., Mitchell, 

J. F. B., Oort, A. H., Penner, J. E., Ramaswamy, V., Schwarzkopf, M. D., Stouffer, R. 

J., & Tett, S. (1996). A search for human influences on the thermal structure of the 

atmosphere. Nature 39, 39-46. 

Santer, B. D., Wehner, M. F., Wigley, T. M. L., Sausen, R., Meehl, G. A., Ammann, C., 

Arblaster, J., Washington, W. M., Boyle, J. S., & Brüggemann, W. (2003). 



146 

 

Contributions of Anthropogenic and Natural Forcing to Recent Tropopause Height 

Changes. Science, 301, 479-483. doi: 10.1126/science.1084123 

Semenov, M. A., & Barrow, E. E. (1997). Use of a stochastic weather generator in the 

development of climate change scenarios. Climatic Change 35(4), 397-414. doi: 

10.1023/A:1005342632279. 

Semenov, M. A., & Barrow, E. E. (2002). LARS-WG, A Stochastic Weather Generator for Use 

in Climate Impact Studies, User Manual. Retrieved from Rothamsted: 

http://www.rothamsted.ac.uk/mas-models/download/LARS-WGManual.pdf 

Semenov, M. A. & Porter, J. R. (1995). Climatic variability and the modelling of crop yields. 

Agricultural and Forest Meteorology 73, 265–83. 

Scheele, D. L., & Hall, D. E. (2000). Corrections and Improvements to the CLIGEN Climate 

Database. USDA Forest Service Rocky Mountain Research Station, Moscow Forestry 

Sciences Laboratory. May 18, 2000. 6 p. 

Silberstein, R. P., Aryal, S. K., Durrant, J., Pearcy, M., Braccia, M., Charles, S. P., Boniecka, 

L., Hodgson, G. A., Bari, M. A., Viney, N. R., & McFarlane, D. J. (2012). Climate 

Change and Runoff In Southwestern Australia. Journal of Hydrology 475, 441-455. doi: 

10.1016/j.jhydrol.2012.02.009. 

Smith, I. (2004). An Assessment of Recent Trends in Australian Rainfall. Australian 

Meteorological Magazine 53(3), 163-173. 

Smith, I. N., Bates, B. C., Campbell, E. P., & Nicholls, N. (2000). Cause and predictability of 

decadal variations. Indian Ocean Climate Initiative Research Report. Melbourne, 

Australia: Bureau of Meteorology Research Center. 

Soltani, A., Hoogenboom, G. (2007). Assessing crop management options with crop simulation 

models based on generated weather data. Field Crops Research 103, 198-207. doi: 

10.1016/j.fcr.2007.06.003 

Spinoni, J., Vogt, J., Naumann, G., Carrao, H., & Barbisa, P. (2015). Towards identifying areas 

at climatological risk of desertification using the Köppen–Geiger classification and 

FAO aridity index. International Journal Of Climatology 35(9), 2210-2222. doi: 

10.1002/joc.4124. 

Stern, R. D., Dennett, M. D. & Dale, I. C. (1982). Analysing daily rainfall measurements to give 

agronomically useful results. II. A modelling approach. Experimental Agriculture 18, 

237–53. 



147 

 

Stöckle, C., Campbell, G., & Nelson, R. (1999). ClimGen Manual. Pullman, WA: Biological 

Systems Engineering Department. Washington State University. 

Stöckle, C. O., Kjelgaard, J. & Bellocchi, G. (2004). Evaluation of estimated weather data for 

calculating Penman-Monteith reference crop evapotranspiration. Irrigation Science 

23(1) 39-46. doi:10.1007/s00271-004-0091-0 

Taulis M. E., & Milke, M. W. (2005). Estimation of WGEN weather generation parameters in 

arid climates. Elsevier 184(2-4) 177-191. doi:10.1016/j.ecolmodel.2004.10.002 

Timbal, B. (2004). Southwest Australia Past and Future Rainfall Trends. Climate Research 

26(3), 233-249. 

Wilby, R. L. (1994). Stochastic weather type simulation for regional climate change impact 

assessment. Water Resources Research 30 (12), 3395-3403. doi: 10.1029/94WR01840. 

Wilby, R., & Wigley, T. (1997). Downscaling General Circulation Model Output: A Review of 

Methods and Limitations. Progress in Physical Geography 21(4), 530-548. 

doi:http://ppg.sagepub.com/content/21/4/530.abstract 

Wilby, R., Wigley, T., Conway, D., Jones, P., Hewitson, B., Main, J., & Wilks, D. (1998). 

Statistical downscaling of general circulation model output: A comparison of methods. 

Water Resources Research 34(11), 2995-3008. doi: 10.1029/98WR02577 

Wilks, D. (1992). Adapting Stochastic Weather Generation Algorithms for Climate Change 

Studies. Climate Change 22, 67-84. 

Wilks, D. (1999a). Interannual variability and extremevalue characteristics of several stochastic 

daily precipitation models. Agricultural and Forest Meteorology 93, 153–69. 

Wilks, D. (1999b). Multisite Downscaling of Daily Precipitation with A Stochastic Weather 

Generator. Climate Research 11, 125-136. 

Wilks, D. (2010). Use of stochastic weather generators for precipitation downscaling. John 

Wiley & Sons, Ltd., 1. doi: 10.1002/wcc.85 

Wilks, D., & Wilby, R. (1999). The weather generation game: a review of stochastic weather 

models. Progress in Physical Geography 23,3, 329–357 

Williams, J. R., Jones, C. A., & Dyke, P. T. (1984). A modeling approach to determining the 

relationship between erosion and soil productivity. Transactions of the ASAE 27(1):129-

144. 



148 

 

Williams, J. R., Nicks, A. D. & Arnold, J. G. (1985). Simulator for water resources in rural 

basins. Journal of Hydraulic Engineering 111(6):970-986. 

Woolhiser, D. A., & Roldán, J. (1982). Stochastic daily precipitation models: 2. A comparison 

of distributions of amounts. Water Resources Research, 18(5), 1461-1468. doi: 

10.1029/WR018i005p01461. 

Xu, C. Y. (1999). From GCMs to river flow: A review of downscaling methods and hydrologic 

modelling approaches. Progress in Physical Geography 23(2): 229-249. doi: 

10.1177/030913339902300204. 

Yu, B. (2000). Improvement and Evaluation of CLIGEN for Storm Generation. Transactions of 

the  ASAE 43(2), 301-307. doi: 10.13031/2013.2705. 

Yu, B. (2002). Using CLIGEN to generate RUSLE climate inputs.  Transactions of the ASAE 

45(4), 903-1001. 

Yu, B. (2003). An assessment of uncalibrated CLIGEN in Australia. Agricultural and Forest 

Meteorology 119, 131–148.  

Yu, B. (2005). Adjustment of CLIGEN Parameters to Generate Precipitation Change Scenarios 

in Southeastern Australia. Catena 61(2-3), 196-209. 

Yu, B., & Neil, T. (1991). Global Warming and Regional Rainfall: The Difference Between 

Average and High-Intensity Rainfalls. International Journal of Climatology · 2015 - 

Volume 35 International Journal of Climatology 11(6), 653-661. 

Yu, B., & Neil, D. T. (1993). Long-term variations in regional rainfall in the southwest of 

Western Australia and the difference between average and high-intensity rainfalls. 

International Journal of Climatology 13(1), 77-88. doi: 10.1002/joc.3370130106. 

Zhang, X. C. (2004). Generating Correlative Storm Variables for CLIGEN Using a 

Distribution-Free Approach. Transactions of the ASAE 48(2), 567-575. doi: 

10.13031/2013.18331. 

Zhang, X. C. (2005). Spatial Downscaling of Global Climate Model Output for Site-Specific 

Assessment of Crop Production and Soil Erosion. Agricultural and Forest Meteorology 

135(1-4), 215-229. doi: 10.1016/j.agrformet.2005.11.016 

Zhang, X. C. (2007). A Comparison of Explicit and Implicit Spatial Downscaling of GCM 

Output for Soil Erosion and Crop Production Assessments. Climatic Change 84(3), 

337-363. doi: 10.1007/s10584-007-9256-1 



149 

 

Zhang, X. C. (2012). Verifying a temporal disaggregation method for generating daily 

precipitation of potentially non-stationary climate change for site-specific impact 

assessment. International Journal of Climatology 33(2), 326-342. Doi: 

10.1002/joc.3425. 

Zhang, X. C., & Garbrecht, J. D. (2003). Evaluation of CLIGEN Precipitation Parameters and 

Their Implication On WEPP Runoff and Erosion Prediction. Transactions of the ASAE 

46(2), 311-320. doi: 10.13031/2013.12982 

Zhang, X. C., & Liu, W. Z. (2005). Simulating potential response of hydrology, soil erosion, 

and crop productivity to climate change in Changwu tableland region on the Loess 

Plateau of China. Agricultural and Forest Meteorology 131(3-4), 127-142. doi: 

10.1016/j.agrformet.2005.05.005. 

Zhang, X. C., Chen, J., Garbrecht, J. D. & Brissette, F. P. (2012). Evaluation of a 

Weather Generator-Based Method for Statistically Downscaling Non-Stationary 

Climate Scenarios for Impact Assessment at a Point Scale. Transactions of the ASABE 

55(5), 1745-1756. doi: 10.13031/2013.42366. 

Zhang, Y., Nearing, M., Zhang, X., Xie, Y., & Wei, H. (2010). Projected Rainfall Erosivity 

Changes Under Climate Change from Multimodel and Multiscenario Projections in 

Northeast China. Journal of Hydrology 384(1-2), 97-106. doi: 

10.1016/j.jhydrol.2010.01.013 

  



150 

 

 Appendix A: Published Paper No. I 

Vaghefi, P., & Yu, B. (2011). Use of CLIGEN to Simulate Climate Change in Southeastern 

Australia. Trans. ASABE, 54(3), 857-867. doi:10.13031/2013.37111 

  



151 

 

  



152 

 

  



153 

 

  



154 

 

  



155 

 

  



156 

 

  



157 

 

  



158 

 

  



159 

 

  



160 

 

  



161 

 

  



162 

 

  



163 

 

 Appendix B: Published Paper No. II 

Vaghefi, P., & Yu, B. (2016). Use of CLIGEN to Simulate Decreasing Precipitation Trends in 

The Southwest of Western Australia. Trans. ASABE, 59(1), 49-61. 

doi:10.13031/trans.59.10829 

 


