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EXTENDED ABSTRACT 

   The South West of Western Australia (SWWA) has been of interest to research due to the 

decrease in rainfall over this region since the 1950s with a significant shift since the 1970s. 

SWWA depends on the winter rainfall for meeting its agricultural water requirements and town 

water supply. A decrease in rainfall has adverse impacts on these sectors. The decreasing trend 

has been attributed to the decrease in the magnitude and frequency of the westerlies which 

bring rainfall to this region and the major changes in the large-scale atmospheric phenomenon 

such as the Southern Annular Mode. The observed decline in water levels in the dams of this 

region indicates a decrease in runoff which is mostly a result of decrease in heavy rainfall. This 

suggests to the need to characterize the rainfall changes in SWWA both temporally and 

spatially. 

   Total rainfall can be decomposed into light, medium and heavy rainfalls, and the land 

responds differently to these rainfall classes. The light and medium rainfall is crucial in 

replenishing the soil moisture which is beneficial to vegetation. While heavy rainfall 

contributes mostly to runoff flowing into dams, it also poses a higher risk of soil erosion 

compared to light and medium rainfall. This study aims to quantify contributions from these 

rainfall classes to the decrease and interannual variations in rainfall, and to relate the decrease 

to station characteristics, i.e., latitude, elevation and the mean annual rainfall, and to the large-

scale circulation pattern known as the Southern Annular Mode (SAM). The Southern Annular 

Mode (SAM) is the north south movement of the westerlies which are winds from west to east 

and occur in the midlatitudes between the 30˚ and 60˚ in the northern and southern hemispheres. 

Long-term data for 30 stations were used, and daily rainfall was divided into three classes in 

such a way that they contributed equally (one third of the total) to the total rainfall of each 

station. It was observed that the decrease in heavy rainfall was mainly responsible for the 

decrease in total rainfall, followed by the medium and light rainfalls. Stations with a higher 

rainfall along the coast were more likely to experience a decrease in rainfall than those in the 

drier inland areas. Stations, where rainfall was strongly correlated with SAM, were mostly 

concentrated along the west coast of SWWA and the SAM index explained 9% of the variation 

in heavy rainfall and 11% in total rainfall for the region. 

   Rainfall volume is a crucial aspect because the precipitation over an area such as a catchment 

largely determines water resources availability for that area. Changes in the rainfall volume 

have considerable implications for regional water resources planning and management. As the 
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rainfall volume is the product of the wet area, which is the area receiving rainfall and the rainfall 

depth, the change in rainfall volume is the result of change in rainfall depth or that in wet area 

or both. No study has yet been undertaken to examine the change in rainfall volume in SWWA. 

This study also aims to examine the spatial and temporal changes in rainfall volume and to 

attribute this change to that in the wet area and that in the average rainfall depth in SWWA. 

Gridded daily rainfall data at 0.05° resolution for the period from 1911 to 2018 were used for 

an area of 265,952 km2 in SWWA. The results showed that regions near the coast with mean 

annual rainfall ≥ 600 mm showed significant decreasing trends in rainfall volume, and 84% of 

which could be attributed to a decrease in the wet area, while the decrease in rainfall depth only 

played a minor role. The regions farther inland showed an increasing trend in rainfall volume 

although the trend was not statistically significant. The regions near the coast also showed a 

decreasing trend in wet area with a higher number of rain days while the regions farther inland 

showed an increasing trend in wet area with a lower number of rain days. In the coast, the rate 

of decrease in rainfall has been reduced, and heavy rainfall, in fact, has increased over past 30 

years, although, there was no concurrent change in SAM. 

 

   The runoff in SWWA has been steadily decreasing which has led to reduction in the water 

available for water supply and agriculture. The study aimed to understand the role of rainfall 

changes in the decrease of runoff in the study area. Daily rainfall, potential evapotranspiration 

and runoff data for 10 catchments in SWWA were used. It was observed that all catchments 

exhibited a decreasing trend in runoff while the rainfall showed an increasing trend in some 

catchments. Further, the rate of change in runoff was found to be 2.6 times the rate of change 

in rainfall. The AWBM model overpredicted the runoff suggesting the presence of factors 

besides the decreasing rainfall in the observed decrease in runoff. The results indicated that the 

decrease in rainfall has led to a persistent decrease in groundwater table, which accelerated the 

decrease in streamflow in the region.  

    

   This study focused on the trend in rainfall of different intensities and their contribution to the 

total rainfall trend. It was found that the decreasing trend was mainly concentrated along the 

coastal region (high mean annual rainfall) while the inland region (low mean annual rainfall) 

experienced an increasing trend in rainfall. In other words, the wet regions were becoming drier 

and the dry regions were becoming wetter. The trend and variability in heavy rainfall was 

observed to be the major contributor to the variations in total rainfall. Rainfall volume along 
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the coast also showed a significant decrease and this was mainly due to the decrease in wet 

area while the decrease in average daily rainfall depth only played a minor role. Although, in 

the long term, the rainfall shows a decreasing trend, in the recent period, the rate of decrease 

in the total rainfall has reduced and the heavy rainfall, in fact, has increased with no concurrent 

change in SAM. The decrease in runoff was not solely caused by the changes in rainfall, but 

the steady decline of groundwater levels in the region could also be contributing to the 

decreasing runoff. Although, in the recent years, the rate of decrease in rainfall has reduced, 

the groundwater in this region needs to first recover before we can observe any positive change 

in streamflow in this region. 
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CHAPTER 1 – INTRODUCTION 
 

1.1 The South West of Western Australia (SWWA) 

 

   Rainfall is a main source of freshwater replenishment and plays an integral role in the 

sustenance of life on earth. Variability in rainfall has adverse effects on flora, fauna and 

humans. Rainfall variability and trends are an important area of research as they reflect the 

ongoing changes in climate while also influencing the soil moisture and streamflow. The 

changes in soil moisture and streamflow in turn have detrimental effects on the agriculture 

and water supply sectors.  

 

   In this study, the area of interest is the South West of Western Australia (SWWA), which 

lies to the south of 30ºS and west of 120ºE (Figure 1.1). It covers an area of 265,952 km2. 

More than 20 water supply dams mainly for domestic, agricultural and industrial uses are 

located in this area. The region also coincides with the Australian wheatbelt which produces 

wheat, barley, canola and other crops. Agricultural production of the wheat belt contributed 

to 59% of total gross value of agricultural production in Western Australia in 2017-2018 

(Australian Bureau of Statistics). Perth, the capital of Western Australia and one of the 

fastest growing cities is located in this region (www.perthnow.com.au). The population of 

Perth was greater than two million in 2015 according to the Australian Bureau of Statistics 

and is still showing an increasing trend (www.abs.gov.au).  

 

   The region is unique as it receives a higher mean annual rainfall ranging between 300 

mm and 1310 mm while the surrounding region receives less than 300 mm of mean annual 

rainfall (Figure 1.1). Since the 1950s, the rainfall of SWWA has been showing a decreasing 

pattern and since the 1970s the trend was significant (Li et al., 2005 and Fu et al., 2010). 

With the decrease in rainfall, the streamflow to the dams in the region decreases, supplying 

lesser water to the increasing demands of a fast-growing population. 

 

   Due to the decrease in water availability and higher demand for water, the urban areas of 

SWWA, now uses a combination of desalinated seawater, groundwater, groundwater 

replenishment and streamflow into dams for meeting their water requirements. The water 

in dams is not only from the inflows from rain, but they also store groundwater and 



14 | P a g e  
 

desalinated water for use in hotter months. In 2019-2020, Perth’s water sources consisted 

of 43% of desalinated water,  39% of groundwater, 15% of water from dams and 3% from 

groundwater replenishment (https://www.watercorporation.com.au). 

 

 

 

 
 

Figure 1. 1 Mean annual rainfall map of Western Australia sourced from 

http://www.bom.gov.au. The highlighted region indicates the study area and the green region 

represents the location of wheatbelt in SWWA sourced from 

https://catalogue.data.wa.gov.au.. 

 

1.2 Climate and weather drivers of SWWA 

 

   Figure 1.2 presents the climate zones of Australia according to the Koppen climate 

classification. The central part of Australia experiences desert climate with hot summers and 

hot winters. The northern part of Australia has tropical climate which is characterized by 

persistently wet monsoons. Western Australia has grassland climate which is persistently dry 
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while Southwestern Australia experiences mediterranean climate. The eastern and southeastern 

part of Australia has subtropical and mediterranean climate respectively. 

 

 

Figure 1. 2 Koppen Climate map of Australia (Bureau of Meteorology) 

As mentioned above, SWWA has a Mediterranean climate with greater than 50% of the rain 

occurring during the winter months of June, July and August as shown in Figure 1.3.  

 

 

Figure 1. 3 Mean monthly rainfall at Perth (Source: www.bom.gov.au) 
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  Figure 1.4 presents the various weather drivers affecting the rainfall of SWWA. The climate 

in SWWA is influenced by many factors like subtropical ridge, frontal systems, cut off lows, 

west coast trough, Southern Annular Mode (SAM), and Indian Ocean Dipole (IOD) (IOCI, 

2002). 

 

Figure 1. 4 Subtropical ridge in summer and winter (Source: http://www.bom.gov.au) 

 

   The relatively low rainfall experienced in SWWA is mainly caused by a cold water current, 

the West Australian current, which is a part of the Southern Indian Ocean current. The cold 

frontal systems which move from west to east across the Southern Ocean, varying in intensity 

and speed are generally associated with heavy rainfall in SWWA during the winter months. 

The low pressure systems, cut off lows, also bring sustained and often heavy rainfall to SWWA. 

The position of the subtropical ridge, a high pressure belt  which encircles the earth at 30˚S and 

30˚N plays a significant role in the climate of SWWA. During summer the subtropical ridge is 

located at the south of Australia thereby suppressing any cold frontal activity, while during 

winter the ridge moves up towards Central Australia giving way to cold fronts which bring 

rainfall to SWWA (Figure 1.4).  

    The westerlies which are winds blowing from west to east occur in the midlatitudes between 

the 30˚ and 60˚ latitudes in the northern and southern hemispheres. The Southern Annular 

Mode (SAM) is the north south movement of the westerlies. A positive value of SAM causes 

the belt of westerly winds to contract towards the South Pole and results in less rainfall and a 
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negative SAM causes the westerly winds to expand towards the equator and results in strong 

storms and low pressure systems bringing more rainfall (Figure 1.5).  

 

Figure 1. 5 Positive and negative phase of Southern Annular Mode (Source: 

http://www.bom.gov.au) 

  Indian Ocean Dipole (IOD) is a measure of the changes in sea surface temperature patterns in 

the northern Indian Ocean which has a significant impact on the rainfall of Australia. A positive 

IOD indicates reduced rainfall for Australia and a negative IOD indicates increase in rainfall. 

The role of the above mentioned weather drivers in the decreasing rainfall of SWWA is detailed 

in Section 2.2. 

1.3 Decreasing rainfall of SWWA and its impacts 

 

   The rainfall trend has been examined for various regions of Australia and many researchers 

have concluded that the rainfall in Australia is showing large variability and significant change 

(Pittock, 1983, Yu and Neil, 1993, Hennessy, 1999, Smith, 2004). While the North East of 

Australia is experiencing an increasing trend in rainfall (Suppiah and Hennessy, 1998), SWWA 

has been showing a significant steady decline in its winter rainfall since the 1970s (Yu and 

Neil, 1993). 

 

   The two major sectors of SWWA that depend on rainfall are the agricultural and water supply 

sectors and these sectors respond differently to the decreasing rainfall pattern. The wheat grain 

yield in SWWA has not been much affected as the decrease in rainfall has mostly occurred 

during the months of June and July when the crop is relatively small with low water demand 

(Ludwig et al., 2009). This combined with the low evaporative demand and high humidity 
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during winter suggests that the crop is not much impacted by a decrease in rainfall during June 

and July (Ward and Dunin, 2001). However, a decrease in rainfall during May and August can 

have detrimental effects on crop yield. In May, rainfall is required to wet the soil for suitable 

sowing conditions while in August, water demand is high due to increased water demand of 

the larger crop and increased temperature compared to previous months (Ludwig et al., 2009). 

The decrease in wheat production could be up to 50% of total wheat production by 2070 (Sprigg 

et al., 2014). Similarly, more hot days and less rainfall could also affect livestock due to greater 

heat stress (Hughes and McMichael, 2011). Figure 1.6 shows a wheat paddock under the dry 

spell in the South West of Western Australia. 

 

 

Figure 1. 6 Wheat paddock with water tanks (Source: Bill Bunbury, 2015) 

 

   The low dam levels in SWWA is a significant indicator of the declining rainfall as presented 

in Figure 1.7 (Power et al., 2005, Hope and Ganter, 2010).  Years of below average rainfall in 

the region has reduced the infiltration of rainfall to recharge the groundwater. Overtime this 

has led to disconnectivity between the surface water and groundwater leading to reduced 

streamflow (Kinal and Stoneman, 2012). This has resulted in a shift in hydrologic regime of 

streams from perennial to ephemeral (Petone et al., 2010). Extreme rainfall is required to re-

establish the surface water - groundwater connectivity.  
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Figure 1. 7 Annual streamflow into Perth’s water supply dams (Source: Reid et al., 2009) 

 

   The hypothesis is that the decline in water levels in the dams in the study area indicate a 

decrease in runoff which is mostly a result of decrease in heavy rainfall. This suggests to the 

need to characterise the rainfall changes in SWWA both temporally and spatially. No study has 

yet been done to understand the role of different classes of rainfall in the observed decrease of 

total rainfall in SWWA. Rainfall volume is a crucial aspect because the precipitation over an 

area such as a catchment largely determines water resources availability for that area. Changes 

in the rainfall volume have considerable implications for regional water resources planning and 

management. As the rainfall volume is the product of the wet area, which is the area receiving 

rainfall and the rainfall depth, the change in rainfall volume is the result of change in rainfall 

depth or that in wet area or both. No study has yet been undertaken to examine the change in 

rainfall volume in SWWA. This study also aims to examine the spatial and temporal changes 

in rainfall volume and to attribute this change to that in the wet area and that in the average 

rainfall depth in SWWA. The runoff in SWWA has been steadily decreasing which has led to 

reduction in the water available for water supply and agriculture. This study aimed to 

understand the role of rainfall changes in the decrease of runoff in the study area. 
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1.4 Aims and objectives 

 

   The aim of this study is to understand the changes in rainfall of SWWA by looking at the 

following objectives: 

1) Identify the contribution of each of the different classes of rainfall, namely, light, 

medium and heavy rainfall, to the total decrease of rainfall.   

2) Determine the changes in rainfall volume, wet area, average daily rainfall depth and the 

number of rain days. 

3) Understand the rainfall-runoff relationship for selected catchments in the study area. 

   A flowchart presenting the aim, objectives and the methodology adopted to achieve the 

objectives is presented in Figure 1.8. 

 

Figure 1. 8 Flowchart of the aim, objectives and methodology adopted in this study 
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1.5 Organisation of thesis 

 

   This thesis presents the research undertaken by the author between September 2016 and 

February 2020. This PhD thesis is presented as a series of papers. Chapter 1 describes the 

features of the study area and the climate drivers of the region. The effects of the decreasing 

rainfall and the aims and objectives of the study are also presented. Chapter 2 details the 

previous studies on global rainfall changes, rainfall and streamflow trend in SWWA and the 

causes of the observed trend. The knowledge gap and motivation for the study are also 

discussed. Chapters 3, 4 and 5 are research articles which are published, submitted and in initial 

stages of submission, respectively. Each research article explains the previous studies relating 

to the topic, data and methods followed by the results, discussion and conclusion. Chapter 3 

discusses the interannual variations in light, medium and heavy rainfall in SWWA based on 

daily rainfall data from 30 rain gauge stations in the study area. Chapter 4 determines the 

changes in rainfall volume, wet area, average daily rainfall depth and number of rain days in 

SWWA using gridded daily rainfall data for the period 1911 - 2018. The rainfall-runoff 

relationship for selected catchments in the southwest of Western Australia was analysed in 

Chapter 5. Chapter 6 presents the key findings, limitations of the study and the future scope of 

study. 
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CHAPTER 2 – LITERATURE REVIEW 
 

2.1 Global rainfall changes 

 

   Rainfall shows considerable temporal and spatial variability around the world (Easterling et 

al., 2000). Yang et al. (2019), observed that 55% of the global land area exhibited either 

significant wetting or significant drying trends, with 38% of the global land area showing 

significant changes towards drier conditions. As a result of global warming, the frequency of 

extreme rainfall events have increased significantly by 12% globally compared to those 

expected due to natural multidecadal variability (Lehmann et al., 2015). A warming climate 

allows the atmosphere to hold more water as suggested by the Clausius Clapeyron (C-C) 

relationship due to which there is an increase in regional precipitation events (IPCC, 2019). As 

global temperature increases, the hydrological cycle intensifies and circulation patterns change 

(Marvel and Bonfils, 2013). More intense rainfall causes redistribution of surface and 

groundwater resources. High intensity rainfall results in increased runoff and inflow into 

reservoirs (blue water) and decrease in water stored in soil which is available for plants (green 

water). In other words, extreme rainfall can cause surface flooding, soil erosion and water stress 

for plants (Eekhout et al., 2018). 

 

   In the United States, the Northwest and Southwest shows decreasing trends on precipitation 

amount, while the Midwest, Northeast and parts of South show increasing trends during the 

period 1980 - 2010 (Prein et al., 2016). A significant decreasing trend has been reported, during 

the period 1910 - 2009, in the annual rainfall of the Mediterranean basin and a significant 

increasing trend in annual rainfall in Central and Northern Europe (Caloiero et al., 2018). In 

the Arab regions, a general warming trend has been observed since the 1970s. The western part 

of the region exhibits a wetting trend while the eastern part shows a drying trend (Donat et al., 

2014). Wang et al. (2015) studied the spatial and temporal variations of annual precipitation in 

China during the period 1960 - 2010 and found that there have been significant changes in 

rainfall in East, Northwest China, Northeast and Southwest China and the decadal changes of 

precipitation in East China were closely correlated with the East Asian summer monsoon and 

the atmospheric circulation. Saha et al. (2018) suggests that the trend of rainfall over different 

regions in India shows dissimilar pattern considering the rainfall during the period 1848 - 2006. 

The trend of rainfall in different seasons in North and Central India is closely related to the 
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overall decreasing pattern of the country, Peninsular India shows slight similarity while North 

East India shows a different pattern to the overall decreasing pattern in rainfall. 

 

   In the southern hemisphere, a study conducted in New Zealand by Caloiero (2014) for the 

period 1951 - 2010, looked at the spatial and temporal patterns of daily precipitation 

concentration using the precipitation concentration index (CI) and the results showed the 

different behaviour of CI between the North Island and the South Island. The precipitation 

concentration index (CI) is used to examine the temporal heterogeneity of precipitation 

distribution by correlating the magnitude of precipitation events with the time of occurrence 

(Zhang et al., 2019). North Island showed most critical rainfall concentration and the eastern 

side of South Island showed comparable CI values to North Island while the western side of 

South Island showed lower CI values. In Australia, the average rainfall has increased in the 

northwest and southeast (Collins & Della-Marta, 1999; Suppiah and Hennessey, 1999), while 

there is a large significant decline of rainfall in Southern Australia and South West of Western 

Australia (Cai and Cowen, 2008; Wright, 1974; Yu and Neil, 1993, Choudhury et al., 2015).  

 

   These studies indicate that rainfall patterns are changing temporally and spatially around the 

world indicating that the weather drivers which bring rainfall to these regions may have altered 

in magnitude or the time of occurrence. These changes also suggest the importance of planning 

and allocating the available water irrigation and water supply.     

 

2.2 Rainfall trend in SWWA  

 

   Many studies have been carried out to understand the variability of rainfall in Australia, 

mostly around the late 20th century. Almost all of them have concluded that the winter rainfall 

has steadily decreased in the South West of Western Australia. A decrease in the mean rainfall 

in the winter months in SWWA was observed by Pittock (1983). Yu and Neil (1993) associated 

the decrease in annual rainfall in SWWA to the decrease in the frequency of occurrence of all 

rainfall intensities in winter and that though the high intensity events (extreme events closely 

related to flooding, soil erosion and gully formation), show a decrease in winter, an increase in 

the summer rainfall was observed. The decline in winter rainfall in SWWA is caused by the 

significant decrease in both the intensity and frequency of high intensity rainfall (Hennessy et 

al., 1999 and Haylock and Nicholls, 2000). Hennessy et al. (1999) found a significant decrease 
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of 19% in total rainfall and a 25 % decrease in winter rainfall. A significant decrease of 41 – 

59% in the frequency of winter heavy rainfall and a 13% decline in the total winter rain days 

in SWWA were also observed. The change point of statistically significant decreasing trend in 

SWWA is identified to be around the time 1965 – 1970 (Li et al., 2005 and Fu et al., 2010). 

Gallant et al. (2007) analysed the trend in six Australian regions using 9 climatic indices which 

are related to the mean annual, seasonal and extreme daily rainfall and found that 8 out of the 

9 indices in SWWA show a statistically significant decreasing trend. SWWA also exhibits a 

decrease in the occurrence and intensity of daily precipitation (Bates et al., 2010). Standard 

deviation of annual rainfall in coast of SWWA is higher compared to inland region indicating 

that the coast is more susceptible to periods of drought and flood (Dey et al., 2019). There also 

has been a westward shift in rainfall zones by up to 100 km in SWWA (Guthrie et al., 2015) 

as presented in Figure 2.1. 

 

Figure 2.1 Shift in rainfall zones (Guthrie et al. 2015) 
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   Research has hypothesised to relate decreasing rainfall trends with climate drivers and large-

scale atmospheric phenomena like Southern Annular Mode (SAM), El Nino Southern 

Oscillation (ENSO) and Sea Surface Temperature (SST) (Hope et al., 2006, Raut et al., 2014). 

Beecham and Choudhury (2010) analysed the variability of point rainfall in Melbourne, 

Australia at different temporal scales and found a correlation between periodic intensity rainfall 

and ENSO. Samuel et al. (2006) observed that winter rainfall in SWWA is lower in the years 

when warm SSTs dominate the southern and tropical western Indian Ocean. They also 

observed a correlation between the SST anomalies and the sharp reduction in SWWA rainfall 

in the 1970s.  Nicholls (2010), suggests that SST does not completely explain the variability in 

south Australian rainfall while the year to year variations of the Southern annular Mode is 

closely correlated to the year to year variation of rainfall. SAM is found to be inversely related 

to the SWWA winter rainfall (Hope et al., 2010 and Feng et al., 2015). SAM is exhibiting a 

significant increasing trend which has been caused by the ozone depletion over Australia and 

the greenhouse gas increase (Thompson et al., 2011). As SAM is inversely related to SWWA 

rainfall, an increasing trend in SAM indicates further decrease in rainfall.  

 

   The decreasing frequency of westerly fronts in SWWA during June, July and August is also 

stated to be responsible for the declining winter rainfall (Hope et al., 2006 and Alexander et 

al., 2010). K means cluster analysis was used to find that the major decline in winter rainfall 

over SWWA is due to the overall reduction in frequency of westerly fronts and particularly 

strong fronts and it was also found that a positive phase of SAM resulted in reduced winter 

rainfall in all phase of ENSO (Raut et al., 2014). The region of maximum front frequency is 

projected to shift from 20˚S - 40˚S to 40˚S - 60˚S (Catto et al.,2014). The subtropical ridge has 

intensified over the recent decades due to an increase in the number of high pressure systems. 

This intensification, coupled with the southward shift of subtropical ridge prevents the cold 

fronts from reaching SWWA resulting in reduced rainfall (Timbal and Drosdowsky, 2013, 

Pepler et al.,2018). The step change in winter rainfall in SWWA after the 1970s is explained 

as a positive SAM in a neutral ENSO phase which was associated with a reduced rainfall from 

westerly fronts. Frederiksen and Frederiksen (2011), explains the reduction in winter rainfall 

in SWWA as a result of the reduction in the strength of the Southern hemispheric subtropical 

jet stream and the associated poleward displacement of the storm tracks. The concept of a 

monsoon like atmospheric circulation, South West Australian Circulation (SWAC) was put 

forward by Feng et al., (2015) and SWAC was found to explain clearly the interannual 

variability of rainfall in SWWA and also the long-term drying trend. Villarini and Denniston 
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(2016), found that Tropical Cyclones (TCs) play a significant role in extreme rainfall in much 

of Australia and in particular, Western Australia. They concluded that the vast majority of 

annual rainfall in excess of 100 mm over Western Australia can be associated with TC and that 

there is an increased probability of having a TC annual maximum rainfall and seasonal extreme 

rainfall during La Nina year rather than an El Nino year.  

 

2.3 Streamflow trend in SWWA  

 

   In Australia, Zhang et al., (2016) analysed the pattern of streamflow from the 1950s for the 

whole country using streamflow data from 222 gauging stations which were not impacted by 

major developments or changes from bushfire and suitable to study changes of streamflow. It 

was found that annual streamflow in Australia has been showing a significant increasing trend 

in northern part of the Northern territory while a significant decreasing trend in South west of 

Western Australia (SWWA), Southern Australia, New South Wales, Victoria and South East 

Queensland. Petrone et al., (2010) observed that the inflow into the major water supply 

reservoirs of SWWA, have declined by more than 50% due to a 16% reduction in rainfall since 

the mid-1970s and the runoff coefficients have been progressively lower over the last 50 years. 

Model projections in SWWA indicate that the change in runoff is three times the change in 

rainfall (Islam et al., 2013, Silberstein et al., 2012). Based on the observed declining 

groundwater levels and declining runoff coefficients, it was suggested that the hydrological 

processes of this region could be non-stationary and that model calibrations from historical 

conditions may not be suitable for future projections (Silberstein et al., 2012). The study by 

Smith and Power (2014) suggests that the increasing temperature in SWWA do not have a 

direct influence on the declining inflow into the dams, rather temperature and rainfall are 

inversely related. In addition to the decreasing rainfall, the groundwater levels in SWWA has 

also been showing a declining trend and even the years of average rainfall does not satisfy the 

groundwater storage before contributing to runoff (Hughes et al.,2012). The variable rainfall 

in addition to the falling ground water levels could probably be the reason for the streamflow 

decline in SWWA (Petrone et al., 2010).  

 

2.4 Knowledge gaps 

 

   Previous studies in SWWA have examined the decreasing trend in the rainfall in SWWA in 

terms of a decrease in extreme events or high intensity rainfall (Hennessy et al., 1999; Fu et 
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al., 2010; McGree et al., 2014) and annual and seasonal trend analysis have also been carried 

out showing similar results (Choudhury et al., 2015). The total rainfall in an area can be 

considered to be the sum of light, medium and heavy rainfall. Classifying rainfall into heavy, 

medium and light rainfall would be advantageous to a better understanding of the rainfall-

runoff relationship as catchments responds differently to different rainfall classes in terms of 

runoff generation and water availability. No study has been done yet to identify the contribution 

of each of the different classes of rainfall, namely, light, medium and heavy rainfall, to the total 

decrease of rainfall in SWWA. Examining the decrease in rainfall in SWWA from this 

perspective has two benefits. First, different rainfall classes may be associated with distinct 

precipitation mechanisms. For example, heavy winter rainfall in SWWA is mostly associated 

with north westerly winds while the late winter showery rainfall is mainly due to the south 

westerly winds (Wright, 1974). Examining the trend and the interannual variations of different 

rainfall classes could help identify the underlying cause for the decline in rainfall in SWWA. 

Second, identifying the trend of light, medium and heavy rainfall, helps in understanding the 

interannual and seasonal pattern of each of these classes and is useful for developing water 

management strategies. A decrease in heavy rainfall would imply a decrease in streamflow and 

consequent lowering of water level in reservoirs whereas a decrease in light or medium rainfall 

indicates lower water availability for soil moisture replenishment which is critical for crop 

growth.   

 

   Also, studies in this region have determined the change in rainfall in relation to the change 

in rainfall depth or frequency (Pittock, 1983; Yu and Neil, 1993; Hennessey et al., 1999; Smith, 

2004; Gallant et al., 2007). Rainfall volume as distinct from rainfall depth is crucial because 

the precipitation over an area such as a river basin largely determines water resources 

availability for that area. Changes in the rainfall volume have considerable implications for 

regional water resources planning and management.  As the rainfall volume is the product of 

the wet area, which is the area receiving rainfall and the rainfall depth, the change in rainfall 

volume is the result of change in rainfall depth or that in wet area or both. Previous studies 

which considered rainfall volume were concerned with the rainfall volume produced by 

tropical storms and their effects (Noguiera et al., 2010) and the relationship between rainfall 

volume and vegetation (La’zaro et al., 2000). To our knowledge, no research has been 

undertaken to examine the change in rainfall volume and the wet area in the context of a 

regional decline in rainfall in SWWA. 
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   Studies indicate that the decreasing rainfall plays an important role in the declining runoff in 

SWWA. No study has yet been done to determine the impact of trends in different intensities 

of rainfall on the runoff trend in SWWA.  
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3.1. Introduction 

 

   Rainfall is one of the most important weather variables as it is the primary source of fresh 

water, and regional rainfall variability and change are an integral part of the global concern 

with climate change as a result of the enhanced greenhouse effect (Folland et al., 2001). 

Examining rainfall trends helps to identify their underlying causes and develop adaption 

strategies for water resources management. 

 

   Studies have shown increased rainfall variability in most parts of the world over the years 

(Dore, 2005). In England and Wales, winters are becoming increasingly wet while summers 

are drier during the time period, 1766 to 2014. Since 1976 winter precipitation has shown no 

significant trend, but spring has become wetter with drier summers (Mills, 2016). Bavil et al. 

(2018) investigated the trend in the frequency of occurrence of precipitation in Urmia Lake 

basin in Iran and concluded that the frequency of occurrence of daily precipitation with small 

amounts (10 mm) is significantly decreasing resulting in reduced runoff to the lake. Significant 

decreasing trends are observed in the annual rainfall in West and North Africa with an abrupt 

reduction since 1968 (Nicholson et al., 2018). Based on annual and seasonal analyses in 

Nigeria, Akinsanola and Ogunjobi (2017) report an increasing trend in annual, monsoon, post- 

and pre-monsoon rainfalls and a decreasing trend in winter rainfall. Excessive monsoon 

flooding has become more frequent in South East Asia and understanding the shift and 

predicting changing trends of the monsoon may be central to managing the floods which have 

devastating impacts on millions of people in the region (Loo et al., 2015). 

 

   Rainfall has been examined for various regions of Australia and many have concluded that 

the rainfall in Australia is showing large interannual variability and significant change (Pittock, 

1983; Yu and Neil, 1993; Hennessy et al., 1999; Smith, 2004). While some parts of Australia 

show a significant increasing trend in rainfall (Suppiah and Hennessy, 1998), the South West 

of Western Australia (SWWA) is showing a significant decreasing trend (Yu and Neil, 1993; 

Gallant et al., 2007; Bates et al., 2010). SWWA receives most of its rainfall in winter during 

the months of June, July and August and SWWA depends on the winter rainfall for meeting its 

agricultural water requirements and town water supply. These sectors have been adversely 

affected by the decrease in rainfall over recent decades. Wheat production in the area could 

decline by 7.3% by 2030 (Heyhoe et al., 2007) and the decrease of inflow into the dams due to 
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lower rainfall has led to low water levels in the dams of this region while the demand for water 

supply has been rising continuously (Steffen et al., 2015).  

 

   A decrease in the mean rainfall in the winter months in SWWA was observed by Pittock 

(1983). Yu and Neil (1993) associated the decrease in annual rainfall in SWWA with the 

decrease in the frequency of occurrence of all rainfall intensities in winter and though the high-

intensity events (extreme events closely related to flooding, soil erosion and gully formation) 

show a decrease in winter, this is offset by a corresponding increase during summer. The 

decline in winter rainfall in SWWA is caused by the significant decrease in both the intensity 

and frequency of high-intensity rainfall (Hennessy et al., 1999; Haylock and Nicholls, 2000). 

Hennessy et al. (1999) found a significant decrease of 19% in total rainfall and a 25% decrease 

in winter rainfall. A significant decrease of 41–59% in the frequency of winter heavy rainfall 

and a 13% decline in the total winter rain days in SWWA were also observed. The change point 

of the statistically significant decreasing trend in SWWA is identified to be around the time 

1965–1970 (Li et al., 2005; Fu et al., 2010). Gallant et al. (2007) analysed the trend in six 

Australian regions using nine climatic indices which are related to the mean annual, seasonal 

and extreme daily rainfall and found that eight out of the nine indices in SWWA show a 

statistically significant decreasing trend. SWWA also exhibits a decrease in the occurrence and 

intensity of daily precipitation (Bates et al., 2010). 

 

   The climate of SWWA is influenced by various weather drivers including the frontal system, 

Indian Ocean Dipole (IOD), sea surface temperature (SST), El Nino Southern Oscillation 

(ENSO), Southern Annular Mode (SAM) and the Sub Tropical Ridge (Murphy and Timbal, 

2008). The winter rainfall in SWWA is lower in years when warm SSTs dominate the southern 

and tropical western Indian Ocean and the SST anomalies show a strong negative correlation 

with the sharp reduction in SWWA rainfall in the 1970s (Samuel et al., 2006). SAM is observed 

to have an inverse relationship to the SWWA winter rainfall (Feng et al., 2010; Hope et al., 

2010). The step change in winter rainfall in 1970 is thought to be the result of a positive SAM 

in a neutral ENSO phase accompanied by a reduction in rainfall from the westerly fronts (Raut 

et al., 2014). The decreasing frequency of westerly fronts in SWWA during June, July and 

August is also thought to be responsible for the declining winter rainfall (Hope, 2006; 

Alexander and Arblaster, 2009). Rainfall variability in SWWA is more closely linked to the 

mean sea level pressure (MSLP) than SST (Ansell et al., 2000). The decreasing trend is strongly 

associated with a decrease in atmospheric moisture and an increase in regionally averaged sea 
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level pressure (Bates et al., 2010). The correlation between SST and winter rainfall in SWWA 

was found to be the highest during the time period 1950–1994 (Smith et al., 2000). The concept 

of a monsoon-like atmospheric circulation, the South West Australian Circulation (SWAC), 

put forward by Feng et al. (2015) explains clearly the interannual variability of rainfall in 

SWWA and the long term decreasing trend.  

 

   Previous studies in SWWA have examined the decreasing trend in the rainfall in SWWA in 

terms of a decrease in extreme events or high-intensity rainfall (Hennessy et al., 1999; Fu et 

al., 2010; McGree et al., 2014) and annual and seasonal trend analyses have also been carried 

out showing similar results (Choudhury et al., 2015). The total rainfall in an area can be 

considered to be the sum of light, medium and heavy rainfalls. Classifying rainfall into heavy, 

medium and light rainfall classes would be useful for a better understanding of the rainfall–

runoff relationship as catchments responds differently to different rainfall classes in terms of 

runoff generation and water availability. No study has been done yet to identify the contribution 

of each of the different classes of rainfall, namely, light, medium and heavy rainfalls, to the 

total decrease of rainfall in SWWA. Examining the decrease in rainfall in SWWA from this 

perspective has two benefits. First, different rainfall classes may be associated with distinct 

precipitation mechanisms. For example, heavy winter rainfall in SWWA is mostly associated 

with north-westerly winds while the late winter showery rainfall is mainly due to the south-

westerly winds (Wright, 1974). Examining the trend and the interannual variations of different 

rainfall classes could help identify the underlying cause for the decline in rainfall in SWWA. 

Second, identifying the trend of light, medium and heavy rainfalls helps in understanding the 

interannual and seasonal pattern of each of these classes and is useful for developing water 

management strategies. A decrease in heavy rainfall would imply a decrease in streamflow and 

consequent lowering of water level in reservoirs whereas a decrease in light or medium rainfall 

indicates lower water availability for general uses.  

 

   To classify light, medium and heavy rainfalls, absolute thresholds, common to all sites, were 

not used because rainfall classification irrespective of the site location may lead to different or 

even erroneous interpretations, as the rainfall considered extreme for one location may not be 

extreme at another due to differing climatic conditions (Gallant et al., 2007). It is more 

appropriate to use relative thresholds, which are site-specific thresholds, where the 

classification is based on the actual rainfall received at that particular station.  
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   Previous studies which examined the pattern of extreme rainfall in the study area have used 

the peak over threshold approach (Li et al., 2005; Aryal et al., 2009) and the 95th percentile 

(Hennessy et al., 1999; Haylock and Nicholls, 2000; McGree et al., 2014) to develop the 

extreme rainfall series in the study area. This study used an alternate approach to classify 

rainfall as light, medium and heavy for each station. Two thresholds in mm⋅day−1 were 

selected for each site so that the total rain was separated into three equal components. Previous 

studies have established the inverse relationship between the large scale circulation pattern, the 

SAM and the winter rainfall in SWWA (Feng et al., 2010; Hope et al., 2010). The current study 

aims to further test the relationship between the SAM) and the trend in light, medium, heavy 

and total annual rainfalls. The study also aims to assess the effect of the local site characteristics 

such as latitude, elevation, distance from the coast and the mean annual rainfall on the observed 

rainfall trends.  

 

   The objectives of this study are (a) to quantify the change in each rainfall class as components 

of the overall decrease in rainfall in SWWA, (b) to evaluate the contribution from each rainfall 

class to the total rainfall in terms of interannual variations, (c) to determine the change in the 

amount and the number of days of heavy rainfall for all seasons, (d) to test whether site-specific 

characteristics such as latitude, elevation, distance from coast and the mean annual rainfall are 

significantly correlated with the change in the total rainfall and individual rainfall classes and 

(e) to determine whether observed changes in rainfall in SWWA could be explained by the 

large scale circulation pattern, the SAM. 

 

3.2 Data and methodology 

 

   SWWA has a Mediterranean climate with rainfall mostly occurring in winter months. The 

region has a mean annual rainfall of 300–1,200 mm (Table 3.1) and receives more than half of 

its total rainfall during the months of June, July and August. Rainfall in this region is mostly 

associated with cold frontal systems, which are moving from west to east across the Southern 

Ocean. Other factors that affect the rainfall in this region include the Subtropical ridge, SAM, 

IOD, west coast trough and cloud bands (Murphy and Timbal, 2008). 

 

   The study area lies south of 30°S and west of 119°E (Figure 3.1). This area was chosen 

because it has the highest mean annual rainfall (300–1,310 mm) compared to the neighbouring 

regions with a lower mean annual rainfall (130–300 mm) (Figure 3.1). More importantly, 
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previous studies (Yu and Neil, 1993; Hennessy et al., 1999; Gallant et al., 2007) show that 

significant decreases in rainfall have occurred in this area. 

 

 

 

Figure 3. 1 The 30 rainfall stations in South West of Western Australia considered for this 

study. The squares represent stations regarded as high-quality stations (Lavery et al., 1992 

and 1997), the circles represent additional stations for better spatial coverage, and the 

triangles represent major cities. The mean annual rainfall of Western Australia (130-1310 

mm) was sourced from http://www.bom.gov.au. The station names corresponding to the 

sequential numbers indicated on map are given in Table 3.1. 

 

   Daily rainfall data for SWWA were obtained from the Bureau of Meteorology website for 30 

stations in the study area. Nineteen of them were identified as high-quality rainfall stations 

(Lavery et al., 1992; 1997). The remaining 11 stations were selected for a better spatial 

coverage. Distribution of the stations in the study area is shown in (Figure 3.1 and details of 

the stations are given in Table 3.1.  
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Table 3. 1 Rainfall stations included in this study (Station number in bold indicates high 

quality stations as identified in Lavery et al., 1992 and 1997) 

BoM 

Station 

Number 

Station 

number 

on Fig.1   

Location Latitude Longitude 
Elevation 

(m) 

Mean 

annual 

rainfall 

(mm) 

Record 

length 

(years) 

9619 1 Wilgarrup -34.15 116.2 240 908 103 

10037 2 Cuttening -31.73 117.76 300 308 100 

10045 3 Ejanding -31.016 117.13 290 313 107 

10126 4 Trayning -31.116 117.8 290 319 99 

10525 5 Broomehill -33.85 117.63 328 446 103 

10582 6 Kojonup -33.83 117.15 305 533 85 

9519 7 Cape Naturaliste -33.53 115.016 109 807 106 

9551 8 Grassmere -35.016 117.75 10 1004 95 

9561 9 Kendenup -34.483 117.63 262 598 71 

9591 10 Pardelup -34.63 117.38 230 792 69 

9616 11 Westbourne -34.1 116.67 280 687 107 

10024 12 Casuarina Vale -31.16 116.85 275 376 84 

10536 13 Corrigin -32.33 117.866 295 372 104 

10658 14 Cuballing -32.833 116.983 300 504 99 

8066 15 Kokardine -30.7 117.05 310 327 104 

10091 16 Meckering -31.633 117.016 195 380 64 

10092 17 Merredin -31.483 118.283 315 330 105 

10032 18 Cowcowing -31 117.4 300 303 99 

9520 19 Cape Riche -34.016 118.73 40 561 101 

9534 20 Donnybrook -33.57 115.82 63 978 110 

9628 21 Collie -33.36 116.15 204 988 69 

9547 22 Forest Grove -34.07 115.08 60 1141 83 

9527 23 Dardanup East -33.4 115.78 40 914 81 

9515 24 Busselton Shrine -33.66 115.35 4 862 71 

9572 25 Halls head -32.54 115.7 366 866 92 

9538 26 Dwellingup -32.71 116.06 267 1226 80 

9585 27 Nannup -33.98 115.77 100 973 62 

9018 28 Gingin -31.35 115.9 92 760 67 

9033 29 New Norcia -30.97 116.22 220 548 68 

9009 30 Lower Chittering -31.61 116.11 113 848 59 

 

   A day with greater than or equal to 0.2 mm of rainfall was considered as a wet day. For 

stations with missing data, a station was accepted for a year if it had less than 10% of rain days 

missing and less than five consecutive rain days missing (Hennessy et al., 1999). Similarly, for 

stations with accumulated data (data which included rainfall of more than 1 day), a station was 
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accepted for a year if it had less than 10% of accumulated rainfall and less than five consecutive 

accumulated rainfall records (Hennessy et al., 1999).  

 

   To classify rainfall into light, medium and heavy, relative thresholds were used. The method 

adopted here involved ranking the rainfall data at a station in a decreasing order and dividing 

this ranked series into three sets such that each set contributed to 1/3 (one third) of the total 

rainfall. The top set was defined as heavy rainfall for the station. Similarly, the bottom one 

third was defined light rainfall and the remaining values in the middle were the medium rainfall 

for the particular station. The thresholds that separate these rainfall classes would vary from 

site to site, but all the three classes contribute equally to the total rainfall for all sites. Annual 

time series of total, light, medium and heavy rainfall were prepared for each station in the study 

area using this relative threshold approach.  

 

   To determine the trend in total rainfall and in each of the three classes, linear regression was 

used to quantify how rainfall (the dependent variable) varies with time (the independent 

variable). The slope of the regression line was taken to indicate the rate of change in rainfall, 

and the trend was deemed to be statistically significant based on the p value if the slope differs 

from zero. As shown in Appendix 3.1, the sum of the rate of change for individual rainfall class 

equals the rate of change in the total rainfall, that is,  

 

𝛽𝑟 = 𝛽𝑙 + 𝛽𝑚 + 𝛽ℎ                                                                  (1)  

where βr is the slope of the regression line for the annual rainfall, βl, βm and βh are the slopes 

for light, medium and heavy rainfalls, respectively. In addition, when each of the three rainfall 

classes contribute equally to the total rainfall, it can be shown that the slope for individual 

rainfall classes is identical. In other words, we have  

 

𝛽𝑙 = 𝛽𝑚 = 𝛽ℎ = 𝛽𝑟/3                                                                                       (2)  

 

as the null hypothesis to examine how each of these rainfall components varies in time in 

relation to variations in the annual rainfall.  

 

   To evaluate the contribution from each rainfall class to the variation in the total rainfall, the 

total variation in rainfall was decomposed as the sum of covariance of light, medium and heavy 

rainfalls with the total rainfall as shown in Appendix 3.2:  
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𝑉𝑎𝑟(𝑇) =  𝐶𝑜𝑣 (𝐿, 𝑇) + 𝐶𝑜𝑣 (𝑀, 𝑇) + 𝐶𝑜𝑣 (𝐻, 𝑇)  

 

   To determine the variation in heavy rainfall for each season, time series of the total amount 

of heavy rainfall and the number of days with heavy rainfall for each season in each year were 

prepared for all the stations. The seasons considered for the analysis were summer (December, 

January and February), autumn (March, April and May), winter (June, July and August) and 

spring (September, October and November). Linear regression was used to determine the trend 

in heavy rainfall in each of the four seasons.  

 

   Pearson correlation coefficient between the site characteristics such as latitude, elevation, the 

mean annual rainfall and distance from the coastline and the trend in each rainfall class and 

that in total rainfall was used to examine the relationship between the site characteristics and 

the observed trends in rainfall. Latitude, elevation and the mean annual rainfall for each station 

were obtained from the Bureau of Meteorology website. Distance from the coastline was 

calculated as the shortest distance between the station and the coastline. Similarly, the 

correlation between SAM with the observed trend was also examined using the SAM index 

(source: http://www.lasg.ac.cn/staff/ljp/data-NAM-SAM-NAO/SAM(AAO).html). The SAM 

index is the difference between the normalized zonal MSLP at 40°S and at 65°S (Nan and Li, 

2003). Linear models were developed to estimate the total and heavy rainfalls in the study area 

from the SAM index. 

 

3.3. Results and Discussion 

 

3.3.1 Trend analysis for individual rainfall classes  

 

   Table 3.2 shows results from trend analysis of the three rainfall classes and the total rainfall 

together with the long-term average annual rainfall for the 30 stations considered in this study. 

The average rainfall for each class is not included in Table 2 as it is just one third of the total 

average rainfall. Twenty seven of the 30 stations showed a decreasing trend in total rainfall, of 

which 12 stations showed a significant decrease at 5% significance level. Of the 12 stations, 

10 showed a significant decrease at 1% significance level. The range of the decreasing trend 

for total rainfall varied from 0.84 (Cape Riche) to 38.3 mm⋅decade−1 (Wilgarrup). 
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Table 3. 2 Linear trends in the total, light, medium and heavy rainfall (values with ‘†’ and 

‘††’ indicate statistical significance at 5% and 1% levels, respectively). The mean annual 

rainfall is also presented. 

Station 

Total 
Light 

(mm/ 

decade) 

Medium 

(mm/ 

decade) 

Heavy 

(mm/ 

decade) 

Trend 

(mm/ 

decade) 

Mean 

Rainfall 

(mm) 

Wilgarrup -38.3†† 907.8 -3.7†† -10.3†† -24.4†† 

Cuttening -2.4 307.7 -0.2 -0.4 -1.8 

Ejanding 1.5 312.5 0.4 1.1 0.1 

Trayning 1.1 319.0 0.0 -0.2 1.2 

Broomehill -5.4 446.2 -0.3 -3.1† -2.1 

Kojonup -14.6†† 533.4 0.8 -7.3†† -8.1†† 

Cape Naturaliste -13.3†† 807.4 -3.5†† -5.6†† -4.2 

Grassmere -24.0†† 1004.3 -0.2 -5.4† -18.4†† 

Kendenup -14.4† 597.8 0.9 -4.9 -10.4† 

Pardelup -25.7†† 792.2 -4.5† -9.2†† -12.0† 

Westbourne -10.4†† 687.3 1.5 -3.8† -8.1†† 

Casuarina Vale -7.0 376.1 -6.8†† -1.0 0.9 

Corrigin -5.8† 371.9 -1.8† -0.9 -3.1 

Cuballing -9.4†† 504.2 0.1 -2.2 -7.3†† 

Kokardine -0.9 326.7 -0.2 0.6 -1.3 

Meckering -11.9 380.2 -0.5 -6.4† -5.0 

Merredin -1.5 329.7 -0.1 -3.0†† 1.5 

Cowcowing -1.7 302.7 -0.6 -0.7 -0.3 

Cape Riche -0.8 561.5 6.1 -0.9 -6.0 

Donnybrook -18.2†† 977.7 -4.3†† -6.9†† -7.1† 

Collie -13.0 988.4 -8.9†† -9.8 5.7 

Forest Grove -6.4 1141.2 11.1†† -2.8 -14.7† 

Dardanup East -26.1†† 914.0 -0.2 -5.6 -20.2†† 

Busselton Shrine -12.9 862.5 -5.9† -2.5 -4.5 

Halls head -6.0 865.9 -2.6 -2.7 -0.7 

Dwellingup -32.7†† 1225.7 -2.9 -11.4† -18.5† 

Nannup 0.5 973.2 6.0 1.7 -7.2 

Gingin -16.5 760.2 -2.3 1.0 -15.3† 

New Norcia -12.2 548.3 -7.5†† 1.2 -5.9 

Lower Chittering -7.7 848.3 3.7 -0.2 -11.1 

 

 

   For three stations, namely Wilgarrup, Pardelup and Donnybrook, the significant decrease in 

total rainfall was accompanied by significant decreases in the light, medium and heavy 

rainfalls. For seven among the 12 stations that showed a significant decreasing trend in total 
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rainfall, the total decrease was accompanied by a significant decrease in heavy rainfall only. 

Similarly, for five of the 12 stations, the decrease in total rainfall was accompanied by a 

significant decrease in the medium rainfall and at two stations, by a significant decrease in the 

light rainfall. For four stations, the decrease in the total rainfall was accompanied by a decrease 

in both the medium and heavy rainfalls and at one station the trend in total rainfall was 

accompanied by a decrease in both the medium and light rainfalls. These suggested that for a 

majority of the stations, the decreasing trend in total rainfall has been brought about by a 

concurrent decrease in heavy rainfall, followed by the medium and light rainfalls. For most 

stations, the rate of decrease in mm⋅decade−1 relative to the average rainfall (mm) was the 

highest for heavy rainfall followed by the medium and light rainfalls. For example, at 

Wilgarrup, the heavy rainfall decreased by 8% ([24.4 mm⋅decade−1]/[907.8 mm/ 3]), the 

medium rainfall decreased by 3% ([10.3 mm⋅decade−1]/[907.8 mm / 3]) and the light rainfall 

decreased by 1% ([3.7 mm⋅decade−1]/[907.3 mm / 3]) from their respective long-term average. 

 

   Time series of the total and the three classes of rainfall at Wilgarrup station, where all classes 

showed a significant decreasing trend at 1% significance level is given in Figure 3.2 as an 

example. The decreasing trend in heavy rainfall (2.43 mm⋅year−1) was higher than the 

decreasing trend in medium rainfall (1.03 mm⋅year−1), followed by the decreasing trend in light 

rainfall (0.37 mm⋅year−1). Thus, the trend in heavy rainfall is the largest (63%) contributor to 

the decrease in total rainfall (3.83 mm⋅year−1) at Wilgarrup. 
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Figure 3. 2 Annual time series of (a) light, (b) medium, and (c) heavy rainfall in addition to 

the total rainfall at Wilgarrup in South West of Western Australia. 

   Significant positive correlation was found between the trends in total, light, medium and 

heavy rainfalls for the 30 stations in SWWA (Table 3.3). This indicated that the decrease in the 

total rainfall was contributed by the decreases in all three rainfall classes, although the degree 

of their contribution to the decrease in total rainfall differed. The trend in the medium (0.79) 

and the heavy rainfalls (0.78) was highly correlated with the trend in total rainfall and the 

correlation was weaker (0.37) for the light rainfall. Significant correlation was also observed 

between the trend in the medium rainfall and that in heavy rainfall (0.40). This suggests that 

both these rainfall classes could be produced by similar weather systems and the decrease in 

rainfall might be related to a weakening of these types of weather systems. 



45 | P a g e  
 

 

Table 3. 3 Correlation between the trend in total rainfall and the three distinct rainfall classes 

(values with ‘†’ and ‘††’ indicates significant correlation at 5% and 1% significance level, 

respectively) 

  Total Light Medium Heavy 

Total 1 0.37† 0.79†† 0.78†† 

Light  1 0.32 -0.21 

Medium   1 0.40† 

Heavy   
 

1 

 

 

   Figure 3.3 shows the spatial distribution of stations with significant (at 5% significance level) 

and nonsignificant trends for all classes of rainfall and the total rainfall in the study area. It can 

be seen that for all rainfall classes and for total rainfall, most stations away from the coastline 

do not exhibit a significant decrease compared to those nearer to the coastline. In addition, 

more than 70% of stations with a significant trend, in all rainfall classes and total rainfall, were 

observed to be located south of 33°S. The relationship between the trend and latitude of a 

station will be further discussed in Section 3.2. For the heavy and total rainfalls, 75% of the 

stations which exhibited a significant decreasing trend were located near the south-west corner 

of the study area (Figure 3.3a,d). Sixty percent of the stations that showed a significant decrease 

in the light rainfall were mostly located along the west coast of the study area (Figure 3.3b). 

For stations with a significant decreasing trend in the medium rainfall, 73% of the stations were 

located in the southern half of the south of the study area (Figure 3.3c). Similar results were 

obtained for winter rainfall in SWWA (Raut et al., 2014). Rainfall in the coastal regions of 

SWWA showed a significant decreasing trend and this was found to be related to the 

predominantly positive phase of SAM in a neutral ENSO phase resulting in reduced rainfall 

from the rain-bearing westerly fronts in winter months (Raut et al., 2014) 
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Figure 3. 3 Spatial distribution of rainfall stations with significant trends in (a) total, (b) light, 

(c) medium and (d) heavy rainfall (circles, squares and triangles represent stations with no 

significant changes, stations with significant decrease (p-value < 0.05) and major cities, 

respectively) 

   As the rainfall was classified into three classes such that each contributed to one third of the 

total rainfall for each station, in an ideal case, the rate of decrease in light, medium and heavy 

rainfalls should also be exactly one third of the total rainfall decrease at the particular station.    
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Our analysis showed that the rate of decline in heavy rainfall was 68% higher and the rate of 

decline in light rainfall was 55% lower than what was expected. The medium rainfall exhibited 

a trend that was closer (24%) to the expected trend compared to the other two classes. Figure 

3.4 shows the observed trend versus expected trend (one third of the total) for three rainfall 

classes. 

 

 

Figure 3. 4 Observed vs expected trends for (a) light, (b) medium and (c) heavy rainfall for 

the 30 sites selected. The dashed lines represent the expected trend. 

 

   The contribution of the three rainfall classes to the total rainfall in terms of the interannual 

variability was computed as the sum of the covariance between the light, medium, and heavy, 

and the total rainfalls (Equation 3 and Appendix 3.2) and is given in Table 3.4. The variation 

in heavy rainfall contributed to 57% of the total variation on average followed by medium and 

light rainfall which contributed to 30% and 13%, respectively. This shows that the interannual 

variation in heavy rainfall is largely responsible for the interannual variation in rainfall in 

SWWA. These results were congruent with the previous results shown in Figure 4, where the 

observed trend in heavy rainfall was higher than expected, the trend in light rainfall was lower 

than expected, while the observed trend in the medium rainfall was close to what was expected. 
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Table 3. 4 Covariance of light (L), medium (M) and heavy (H) rainfall expressed as a 

percentage of the variation of total rainfall. 

Station 

number 

Standard Deviation 

(mm) 

L 

(%) 

M 

(%) 

H 

(%) 

9619 207.5 9 29 63 

10037 81.8 16 31 54 

10045 79.5 16 23 61 

10126 83.1 17 28 55 

10525 93.7 15 26 60 

10582 103.7 8 33 60 

9519 138.0 13 29 58 

9551 159.3 5 26 68 

9561 110.4 9 34 56 

9591 148.1 14 27 59 

9616 121.4 11 29 60 

10024 91.6 17 32 50 

10536 85.7 15 26 59 

10658 102.3 15 28 57 

8066 79.9 22 24 54 

10091 101.1 14 33 53 

10092 80.0 19 22 59 

10032 71.7 19 33 48 

9520 129.9 6 22 72 

9534 179.9 15 33 52 

9628 191.0 14 30 56 

9547 154.8 3 32 65 

9527 168.8 14 30 56 

9515 137.4 16 37 48 

9572 151.5 7 36 56 

9538 246.7 13 30 57 

9585 151.5 14 32 54 

9018 157.8 13 31 56 

9033 135.2 15 33 52 

9009 171.4 10 34 56 

Average 13 30 57 

  

   As the trend in the amount of heavy rainfall contributed most to the total trend in rainfall in 

SWWA compared to the other two classes, the trend in the number of days with heavy rainfall 
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in a year and the seasonal distribution of heavy rainfall events were further examined. The 

average number of days with heavy rainfall in the study area ranged between 4.2 days⋅year−1 

at Ejanding and 12 days⋅year−1 at Grassmere. Majority of the stations showed a decreasing 

trend in the number of days with heavy rainfall, of which, 12 stations showed a significant 

decreasing trend. All stations which had a significant decreasing trend in the amount of heavy 

rainfall (Table 3.2) also showed a significant decreasing trend (at 5% significance level) in the 

total number of days with heavy rainfall, except for Pardelup and Gingin. Significant 

decreasing trends in the total number of days with heavy rainfall were detected at Corrigin and 

Nannup, although there was no concurrent significant decrease in the total amount of heavy 

rainfall for the two sites. 

 

   The significant decreasing trend in the number of days with heavy rainfall ranged from 0.15 

mm⋅decade−1 (or 3% of the average annual number of days with heavy rainfall) at Corrigin to 

0.84 mm⋅decade−1 (or 8%) at Wilgarrup. It was worth noting that the significant decreasing 

trend in the total amount of heavy rainfall also showed a similar pattern ranging between 2% 

at Donnybrook and 8% at Wilgarrup. The similarity in terms of the relative magnitude of the 

decrease in heavy rain amount and heavy rain days suggests that weather systems associated 

with heavy rainfall in SWWA are weakening in both their intensity and frequency. 

 

   Since, the trend in the amount of heavy rainfall and number of days with heavy rainfall 

contributed most to the total decreasing trend in the study area, seasonal pattern of heavy 

rainfall was also examined. Patterns of the total amount of heavy rainfall and the number of 

heavy rain days in each season are presented in Tables 3.5 and 3.6, respectively. The results 

indicated that the decrease in the amount of heavy rainfall and the number of heavy rain days 

for most stations have occurred in winter. Fifteen stations showed a significant decreasing trend 

in the amount of heavy rainfall in winter and 13 stations had a significant decreasing trend in 

the number of heavy rain days in winter at 5% significance. In autumn, seven stations had a 

significant decreasing trend in the amount of heavy rainfall as well as a significant decreasing 

trend in the number of heavy rain days. Two stations (Nannup and Wilgarrup) had a significant 

decreasing trend in the amount of heavy rainfall and the number of heavy rain days in spring. 

In summer, no stations showed a significant decrease in heavy rainfall and the number of heavy 

rain days. Instead, significant increases (5% significance) in heavy rainfall occurred at two sites 

(Broomehill and Cuballing, Table 3.5) and significant increases (5% significance) in the 
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number of heavy rain days also occurred at two sites (Broomehill and Merredin, Table 3.6). It 

is interesting to note that given the overwhelming decreasing trend in rainfall and heavy 

rainfall, significant increases in heavy rainfall in summer have occurred at some sites in 

SWWA. 

 

Table 3. 5 Linear trend in the amount heavy rainfall for all seasons (values with ‘†’ indicate 

statistical significance at 5% level). The mean heavy rainfall in a year for each season is also 

presented. 

Station name 

Autumn Winter Spring Summer 

Trend 

(mm/ 

decade) 

Mean 

Rainfall 

(mm) 

Trend 

(mm/ 

decade) 

Mean 

Rainfall 

(mm) 

Trend 

(mm/ 

decade) 

Mean 

Rainfall 

(mm) 

Trend 

(mm/ 

decade) 

Mean 

Rainfall 

(mm) 

Wilgarrup -0.42† 75.20 -1.58† 164.34 -0.36† 42.85 -0.11 12.66 

Cuttening -0.08 36.43 -0.15 31.89 -0.05 10.99 0.08 23.01 

Ejanding -0.03 36.00 -0.10 36.74 0.06 9.28 0.07 21.70 

Trayning 0.03 34.30 -0.04 38.20 0.09 12.93 0.01 16.61 

Broomehill -0.24† 45.19 -0.30† 56.45 0.07 24.23 0.25† 22.33 

Kojonup -0.32† 48.20 -0.55† 86.48 0.03 23.29 0.05 14.96 

Cape Naturaliste -0.13 69.39 -0.38 159.88 0.08 27.40 -0.01 6.93 

Grassmere -0.58† 90.73 -1.03† 152.80 -0.11 66.57 -0.14 17.66 

Kendenup -0.38 62.78 -0.54† 73.31 -0.16 40.92 0.04 14.89 

Pardelup -0.40 77.72 -0.74† 105.13 -0.02 53.93 -0.09 18.25 

Westbourne -0.26 62.90 -0.69† 111.44 0.00 32.16 0.02 17.13 

Casuarina Vale 0.05 40.47 -0.15 53.81 0.08 8.72 0.08 21.70 

Corrigin -0.08 38.50 -0.34† 45.08 -0.08 15.78 0.23 20.14 

Cuballing -0.23† 38.56 -0.60† 90.77 -0.06 20.52 0.18† 13.58 

Kokardine -0.01 34.84 -0.17 41.86 -0.02 10.90 0.02 18.20 

Meckering -0.05 38.21 -0.55 60.65 -0.16 11.04 0.22 12.84 

Merredin 0.04 37.60 -0.17† 34.80 0.06 12.89 0.16 16.63 

Cowcowing 0.00 37.50 -0.14 34.09 0.09 9.83 0.02 19.03 

Cape Riche -0.50† 53.51 -0.04 62.77 -0.16 39.63 0.08 30.27 

Donnybrook -0.09 79.88 -0.58† 201.31 -0.09 33.85 -0.02 8.15 

Collie 0.31 71.76 0.51 209.08 -0.24 33.67 -0.03 10.72 

Forest Grove -0.38 92.45 -1.02† 236.77 -0.03 41.55 -0.05 11.01 

Dardanup East -0.71† 77.13 -1.55† 187.39 0.06 25.53 0.07 7.58 

Busselton Shrine 0.30 74.69 -0.81† 182.49 0.10 20.16 -0.06 8.90 

Halls head -0.01 74.29 -0.48 174.33 0.18 25.10 0.18 11.46 

Dwellingup 0.26 89.07 -2.09† 244.73 0.09 57.72 -0.12 16.46 

Nannup 0.20 80.50 -0.26 188.71 -0.51† 43.25 -0.15 9.60 

Gingin -0.21 54.51 -1.00 162.50 -0.29 26.32 0.04 7.21 

New Norcia -0.08 50.40 -0.32 100.97 -0.19 17.65 0.05 11.08 

Lower Chittering -0.15 62.03 -0.42 184.51 -0.42 24.53 0.20 7.02 
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Table 3. 6 Linear trend in the number of days with heavy rainfall for all seasons (values with 

‘†’ indicate statistical significance at 5% level). The mean annual number of days with heavy 

rainfall for each season is also presented. 

Station name 

Autumn Winter Spring Summer 

Trend 

(days/ 

decade) 

Mean 

no. of 

days  

Trend 

(days/ 

decade) 

Mean 

no. of 

days  

Trend 

(days/ 

decade) 

Mean 

no. of 

days  

Trend 

(days/ 

decade) 

Mean 

no. of 

days  

Wilgarrup -0.02† 2.51 -0.05† 5.91 -0.01† 1.64 0.00 0.38 

Cuttening 0.00 1.50 -0.01 1.59 0.00 0.49 0.00 0.83 

Ejanding 0.00 1.34 -0.01 1.74 0.00 0.43 0.00 0.71 

Trayning 0.00 1.41 0.00 1.90 0.00 0.65 0.00 0.58 

Broomehill -0.01† 1.98 -0.01† 2.86 0.00 1.12 0.01† 0.80 

Kojonup -0.01† 1.98 -0.02† 4.04 0.00 1.09 0.00 0.46 

Cape Naturaliste 0.00 2.41 -0.01 5.80 0.00 1.07 0.00 0.22 

Grassmere -0.02† 3.22 -0.04† 6.00 0.00 2.68 0.00 0.59 

Kendenup -0.01 2.69 -0.02 3.73 -0.01 2.00 0.00 0.52 

Pardelup -0.01 3.03 -0.03 4.75 0.00 2.42 0.00 0.66 

Westbourne -0.01† 2.29 -0.03† 4.73 0.00 1.42 0.00 0.55 

Casuarina Vale 0.00 1.56 -0.01 2.49 0.00 0.35 0.00 0.68 

Corrigin 0.00 1.55 -0.01† 2.09 0.00 0.73 0.00 0.56 

Cuballing -0.01 1.46 -0.02† 3.70 0.00 0.89 0.00 0.39 

Kokardine 0.00 1.40 -0.01† 1.98 0.00 0.55 0.00 0.77 

Meckering 0.00 1.45 -0.01 2.56 -0.01 0.47 0.00 0.42 

Merredin 0.00 1.49 -0.01† 1.74 0.00 0.61 0.01† 0.56 

Cowcowing 0.00 1.52 -0.01† 1.74 0.00 0.48 0.00 0.77 

Cape Riche -0.01† 1.80 0.00 2.48 0.00 1.41 0.00 0.88 

Donnybrook 0.00 2.21 -0.02 5.75 0.00 1.11 0.00 0.20 

Collie 0.01 1.97 0.01 6.28 -0.01 1.07 0.00 0.26 

Forest Grove -0.01 2.78 -0.03† 7.08 0.00 1.36 0.00 0.30 

Dardanup East -0.02† 2.09 -0.04† 5.42 0.00 0.84 0.00 0.19 

Busselton Shrine 0.01 2.20 -0.02 5.69 0.00 0.70 0.00 0.27 

Halls head 0.00 2.18 -0.01 5.26 0.01 0.85 0.00 0.23 

Dwellingup 0.01 2.09 -0.04† 5.91 0.00 1.51 0.00 0.30 

Nannup 0.00 2.44 -0.02 6.42 -0.02† 1.61 0.00 0.27 

Gingin 0.00 1.73 -0.03 5.42 -0.01 0.93 0.00 0.18 

New Norcia 0.00 1.87 -0.01 4.09 -0.01 0.72 0.00 0.34 

Lower Chittering -0.01 1.88 -0.01 5.92 -0.01 0.81 0.00 0.17 

 

   Broadly, it was observed that there was a decreasing trend in the amount of heavy rainfall 

and the number of heavy rain days in the study area during winter and autumn. In spring, around 

50% of the stations had a decreasing trend in the amount and in the number of heavy rain days, 

while the remaining stations showed an increasing trend in heavy rainfall, although, this 
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increasing trend was not found to be significant for any of the stations. In summer, more than 

60% of the stations had an increasing trend in the amount of heavy rainfall and the number of 

heavy rain days. This suggested that the heavy rainfall in the predominant rainy season (winter) 

in SWWA was decreasing, while the heavy rainfall during the dry season (summer) was 

increasing. These results are consistent with the findings of Yu and Neil (1993), who reported 

a decrease of high-intensity rainfall in winter and an increasing trend in summer in SWWA. 

 

   3.3.2 Relationship between site characteristics and rainfall trend  

    

   The effect of the station characteristics (latitude, elevation and the mean annual rainfall) on 

the observed trend total rainfall and the three intensity classes was considered using Pearson 

correlation analysis and the results are presented in Table 3.7. Initially, the distance from the 

coastline was also considered for the study but as the distance from the coastline and the mean 

annual rainfall of the study area was highly correlated (−0.85), only the mean annual rainfall 

was considered for further analysis. The mean annual rainfall showed a significantly negative 

correlation with the trend in the medium, heavy and total rainfalls. The results suggested that 

those stations with a high mean annual rainfall (stations near the coastline) were more likely to 

be associated with decreases in rainfall compared to those with a low mean annual rainfall 

(stations farther inland). Figure 3.5 shows the relationship between the mean annual rainfall 

and the trend in all three rainfall classes and that in the total rainfall. 

 

Table 3. 7 Correlation between rainfall and station attributes (‘†’ and ‘††’ indicate statistical 

significance at 5% and 1%, respectively) 

Rainfall class Latitude Elevation Mean annual rainfall 

Light -0.18 -0.18 0.03 

Medium 0.55†† 0.04 -0.51†† 

Heavy 0.48†† 0.44† -0.61†† 

Total 0.48†† 0.26 -0.62†† 

 

   Latitude was found to be significantly and positively correlated with the trend in the medium, 

heavy and total rainfalls. Most stations (70%) at higher latitudes (south of 33°S) showed 
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significant trends compared to those stations at lower latitudes (Figure 3.3). Site elevation was 

found to be significantly and positively correlated with the trend in heavy rainfall only. This 

suggested that stations at a lower elevation are more likely to be associated with decreasing 

trends compared to those at a higher elevation. This can be seen from the spatial distribution 

of stations in Figure 3.3, where most of the stations with a significant decreasing trend are 

located towards the coast with a lower elevation compared to the stations located farther inland 

with a higher elevation. The decrease in the light rainfall did not show significant correlations 

with any site characteristics examined in this study, whereas the decrease in the medium and 

heavy rainfalls was significantly correlated with site location characteristics. 

 

Figure 3. 5 Relationship between the mean annual rainfall and the linear trend in (a) total (b) 

light, (c) medium and (d) heavy rainfall (circles and squares denote non-significant and 

significant trend respectively and the dashed lines represent the trend line). 

 

   Using latitude, elevation and the mean annual rainfall as predictors, linear models were 

developed for the light, medium, heavy and total rainfalls. For the medium, heavy and total 

rainfalls, the models were found to be significant at 5% significance level and they were able 

to explain 30–40% of the variation in the dependent variables (Table 3.8). Latitude, elevation 

and the mean annual rainfall were found to be significant predictors for the medium rainfall 



54 | P a g e  
 

whereas for total rainfall, the mean annual rainfall was found to be the only significant 

predictor. Although the linear model for heavy rainfall was significant, none of the independent 

variables was found to be significant predictors. Also, the model developed for the light rainfall 

was not significant at the 5% level. The observed trend versus the modelled trend using latitude, 

elevation and mean annual rainfall as predictors for the total rainfall and all the classes of 

rainfall are shown in Figure 3.6. 

 

Table 3. 8 Partial regression coefficients (‘††’ indicate statistical significance at 1%) 

Rainfall class Latitude Elevation 
Mean annual 

rainfall 
Adjusted R2 p value 

Light -0.770 -0.009 -0.004 -0.020 >0.05 

Medium 1.170†† -0.014†† -0.007†† 0.420 <0.05 

Heavy 0.920 0.008 -0.011 0.340 <0.05 

Total 1.320 -0.016 -0.022†† 0.350 <0.05 

 

 

Figure 3. 6 Observed trend vs modelled trend using latitude, elevation and mean annual 

rainfall as predictors for (a) total (b) light (c) medium and (d) heavy rainfall. The straight line 

indicates the 1:1 line. 
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3.3.3 Correlation of SAM with rainfall  

 

   Results of Pearson correlation analysis, carried out to find possible associations between the 

total, light, medium and heavy rainfalls of all the stations and the SAM index, are presented in 

Table 3.9. The majority of the stations (73%) showed a negative correlation with SAM for the 

total rainfall. This result agreed with the findings of Feng et al. (2010) and Hope et al. (2010), 

which suggested an inverse relationship between SAM and winter rainfall in SWWA. Another 

interesting fact about the stations in the study area was that a significant decreasing trend was 

observed for all those stations where the medium, heavy and total rainfalls were significantly 

correlated to SAM. 

 

Table 3. 9 Correlation between rainfall and SAM 

Coefficient Range 
SAM 

Light Medium Heavy Total 

- 0.6 – - 0.31 5 1 5 3 

- 0.30 – 0 12 21 15 19 

0 – 0.30 12 8 10 8 

0.31 – 0.6 1 0 0 0 

No. of stations with significant 

correlation (p<0.05) 
4 1 6 5 

 

   All five stations, for which the total rainfall showed correlation with SAM and had a 

significant decreasing trend in total rainfall, were found to be in the south-west corner of the 

study area as shown in Figure 3.7. In the case of the light, medium and heavy rainfalls, the 

stations which showed significant correlations with SAM and had a significant decreasing trend 

were also concentrated in this region. This region was defined by 32.25°S, 34.25°S and 

116.5°E, and data for stations in this region were aggregated for further examination. 
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Figure 3. 7 Location of stations with significant correlations with SAM in (a) total (b) light 

(c) medium and (c) heavy rainfall. Squares represent stations with significant correlation with 

SAM and circles represent stations with non-significant correlations. The highlighted area is 

the region along the west coast where the sites, which showed significant correlations with 

both SAM and had significant decreasing trend, were more concentrated than elsewhere in 

the study area. 
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   To evaluate whether SAM index could be used to predict the heavy and total rainfalls of this 

region, the correlation of SAM with the average rainfall in this region (highlighted in Figure 

3.7) was computed. The annual time series of heavy and total rainfalls in the west coast region 

along with SAM are shown in Figure 3.8. The total and heavy rainfalls showed significant 

decreasing trends at the 5% level. SAM (1948–2010) showed a significant correlation 

coefficient of −0.34 with the heavy rainfall of the region and of −0.30 with the total rainfall. 

 

 

Figure 3. 8 Annual variation in SAM and (a) total rainfall and (b) heavy rainfall 

 

   Using the SAM index, linear regression models were developed, to test if the SAM index 

could be used to predict the heavy and total rainfalls in the highlighted region (Figure 3.7). It 

was found that the SAM index was capable of explaining 11% of the total variation in the total 

rainfall and 9% of the variation in the heavy rainfall at 5% level of significance (Figure 3.9a,b). 

 

 

Figure 3. 9 The relationship between SAM and (a) annual total rainfall and (b) annual heavy 

rainfall for the west coastal region in SWWA as defined in Fig. 3.7. 
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   While significant correlations between rainfall and SAM were found for the selected region 

along the west coast of Western Australia (Figure 3.7a), there are exceptions for individual 

stations. For example, some stations such as Kendenup, Pardelup and Corrigin showed a 

significant decrease in total rainfall, although rainfall for these stations was not significantly 

correlated with SAM. This indicated that the variability in rainfall in this region was not 

entirely and consistently dependent on the SAM. 

 

   Previous studies in SWWA investigated the annual and seasonal patterns in rainfall 

(Choudhury et al., 2015) as well as the pattern of extreme rainfall using other methods of 

classification such as the peak over threshold method (Li et al., 2005; Aryal et al., 2009). This 

study used a different method to classify rainfall as light, medium and heavy rainfalls. The 

results showed that the major contributor to the decrease in total annual rainfall was heavy 

rainfall followed by medium and light rainfalls. The results agreed with the previous findings 

in the study area (Hennessy et al., 1999; Haylock and Nicholls, 2000). This study also examined 

the contribution of each rainfall class to the total annual variation in rainfall in SWWA, 

showing the larger contribution of heavy rainfall to the total rainfall variability. The study also 

revealed the larger decline of the heavy rainfall in SWWA, compared to the other two classes 

considered in this study. The decrease in heavy rainfall was found to be mainly during winter 

and autumn while in summer it showed an increasing trend. This seasonal pattern of heavy 

rainfall is consistent with the findings of Yu and Neil (1993), which suggested a decrease in 

high-intensity rainfall in winter and an increase in summer. A significant correlation was 

observed between the trend in rainfall classes and the local site characteristics and the SAM, 

indicating the influence of these factors on the observed trend in rainfall of SWWA. SAM 

showed significant negative correlation to total and heavy rainfalls in the west coast of the 

study area which agrees with the findings of previous studies regarding the inverse relationship 

between SAM and winter rainfall in SWWA (Feng et al., 2010; Hope et al., 2010). 

 

   The larger rate of decline in heavy rainfall in the study area explains the marked lowering of 

water levels in the dams of this region as it is the heavy rainfall which causes runoff and inflow 

to dams. The results also indicate the significant weakening of the precipitation mechanisms or 

weather drivers causing heavy rainfall in this region. 
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3.4. Conclusion 

 

   The contributions of different rainfall classes to the decline in the total rainfall were examined 

using daily rainfall data from 30 stations in SWWA. Twelve, ten, eleven and twelve stations 

showed a significant decreasing trend in the total, light, medium and heavy rainfalls, 

respectively. The trends in all three rainfall classes were found to have significant positive 

correlation with the trend in the total rainfall, indicating that all three classes contributed to the 

overall decrease in rainfall in the region. The trends in the medium and heavy rainfalls were 

highly (0.78) correlated with the total trend compared to the correlation of trends in light 

rainfall with the total rainfall (0.37). 

 

   The decomposition analysis of the variation in the annual rainfall for the 30 stations showed 

that the variation in the heavy rainfall was the major contributor (57%) to the variation in the 

total rainfall, followed by the variation in the medium (30%) and light rainfalls (13%). Similar 

conclusions were supported given that more stations showed concurrent decreases in the heavy 

and total rainfalls, while there are fewer stations with concurrent decreases in both the light 

and total rainfalls in the study area. The rate of decrease in the heavy rainfall was 68% higher 

than the expected one third of the rate of decrease in the total rainfall and the rate of decrease 

in the light rainfall was 55% lower than the expected. The rate of decrease in medium rainfall 

was quite close to the expected rate. Majority of the stations which showed a significant 

decreasing trend in the amount of heavy rainfall also showed a significant decrease in the 

number of heavy rain days. The seasonal trend analysis of heavy rainfall indicated a significant 

decreasing trend in the amount of heavy rainfall and the number of heavy rain days in winter 

and autumn and for some stations an increasing trend in summer. 

 

   The observed trends in the total, medium and heavy rainfalls were found to be related to the 

mean annual rainfall, latitude and elevation. Majority of the stations which exhibited significant 

decreasing trends were those with a high mean annual rainfall and located near the coastline. 

It was also observed that more than 70% of stations with significant trends for all three rainfall 

classes and the total rainfall were located south 33°S latitude. Stations at a lower elevation were 

more likely to have a significant decreasing trend compared to the stations at a higher elevation. 

Trends in the light rainfall were not significantly correlated with any of the site characteristics 

examined. 
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   The rainfall in the region showed significant negative correlation with the large scale 

circulation pattern, the SAM. All stations with significant correlation between SAM and the 

medium, heavy and total rainfalls showed a significant decreasing trend for these rain classes. 

The stations showing a significant decreasing trend in the total, light, medium and heavy 

rainfalls as well as significant correlation between these rainfall classes and SAM were all 

concentrated along the west coast of the study area. The linear models developed using the 

SAM index as a predictor for the total and heavy rainfalls of the west coast region of SWWA 

were able to explain 11% of the variation in total rainfall and 9% of the variation in heavy 

rainfall. 
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Appendix 3.1: Rate of change in total rainfall expressed as the sum of the rate of changes in light, 

medium and heavy rainfall 

The equations for annual, light, medium and heavy rainfall are given by  

𝑌𝑟 =  𝛼𝑟 + β𝑟𝑡                      (A1)           

𝑌𝑙 =  𝛼𝑙 +  β𝑙𝑡                                                                             (A2)          

𝑌𝑚 =  𝛼𝑚 + β𝑚𝑡         (A3)          

𝑌ℎ =  𝛼ℎ +  βℎ𝑡                                                                           (A4)     where, 𝑌𝑟, 𝑌𝑙, 𝑌𝑚 and 

𝑌ℎ are the annual total rainfall, annual light rainfall, annual medium rainfall and annual heavy rainfall 

at a particular station. β𝑟,β𝑙 , β𝑚 and βℎ are the slopes of total, light, medium and heavy rainfall 

and 𝛼𝑟,𝛼𝑙, 𝛼𝑚 and 𝛼ℎ are the respective intercepts. It can be shown that the rate of change in total 

rainfall (β𝑟) is the sum of the rates of change in light (β𝑙), medium (β𝑚) and heavy rainfall (βℎ) as 

demonstrated below.    

The slope of the regression equation is given by  

β1 =  
∑ (𝑥𝑖𝑦𝑖)−𝑛

𝑖=1 𝑛𝑥̅𝑖𝑦̅𝑖

∑ (𝑥𝑖
2𝑛

𝑖=1 )−𝑛𝑥̅𝑖
2                                                                            (A5) 

In this case 𝑥𝑖 = the time, t and let the mean of time be 𝑡̅. Also, let the mean of total, light, medium and 

heavy rainfall be denoted as 𝑌𝑟̅,𝑌𝑙̅,𝑌𝑚
̅̅̅̅ , and 𝑌ℎ

̅̅̅. 

β𝑙 + β𝑚 + βℎ =  
∑(𝑡𝑌𝑙) − 𝑛𝑡̅𝑌𝑙̅   +  ∑(𝑡𝑌𝑚) − 𝑛𝑡̅𝑌𝑚

̅̅̅̅   +   ∑(𝑡𝑌ℎ) − 𝑛𝑡̅𝑌ℎ
̅̅̅  

∑ 𝑡2 − 𝑛𝑡̅2
 

                                                =  
∑ 𝑡(Y𝑙 + Y𝑚 + Yℎ)−𝑛𝑡̅(𝑌𝑙̅̅ ̅+ 𝑌𝑚̅̅ ̅̅  + 𝑌ℎ̅̅ ̅̅ )

∑ 𝑡2−𝑛𝑡̅2
 

But Y𝑙  +  Y𝑚  +  Yℎ =  𝑌𝑟 and 𝑌𝑙̅ + 𝑌𝑚
̅̅̅̅  + 𝑌ℎ

̅̅̅ =  𝑌̅𝑟 

              β𝑙 + β𝑚 + βℎ =  
∑ 𝑡𝑌−𝑛𝑡̅𝑌̅𝑟

∑ 𝑡2−𝑛 𝑡̅2
  

                          =β𝑟, the slope of total rainfall. 

 

Appendix 3.2: Variation in total rainfall expressed as the sum of covariance of light, medium, 

heavy and total rainfall 

𝑇𝑖 = 𝐿𝑖 + 𝑀𝑖 + 𝐻𝑖                      (A6) 

𝑇̅ = 𝐿̅ + 𝑀̅ + 𝐻̅                                   (A7) 

By definition, 

𝑉𝑎𝑟 (𝑇) =  ∑(𝑇𝑖 − 𝑇̅)2 =  ∑ 𝑇𝑖
2 − 𝑁𝑇̅2                   (A8) 

𝐶𝑜𝑣 (𝐿, 𝑇) =  ∑(𝐿𝑖 − 𝐿̅)(𝑇𝑖 − 𝑇̅) =  ∑ 𝐿𝑖𝑇𝑖 − 𝑁𝐿̅𝑇̅     (A9) 

Similarly,  

𝐶𝑜𝑣 (𝑀, 𝑇) =  ∑ 𝑀𝑖𝑇𝑖 − 𝑁𝑀̅𝑇̅                   (A10) 

𝐶𝑜𝑣 (𝐻, 𝑇) =  ∑ 𝐻𝑖𝑇𝑖 − 𝑁𝐻̅𝑇̅                   (A11) 

Therefore, we have 
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𝐶𝑜𝑣 (𝐿, 𝑇) + 𝐶𝑜𝑣 (𝑀, 𝑇) + 𝐶𝑜𝑣 (𝐻, 𝑇) =  ∑ 𝑇𝑖(𝐿𝑖 + 𝑀𝑖 + 𝐻𝑖) − 𝑁𝑇̅(𝐿̅ + 𝑀̅ + 𝐻̅) 

      = ∑ 𝑇𝑖
2 − 𝑁𝑇̅2 = 𝑉𝑎𝑟(𝑇)   (A12) 

where 𝑇𝑖 is the total annual rainfall for a station which is the sum of annual light (𝐿𝑖), medium (𝑀𝑖) and 

heavy (𝐻𝑖) rainfall. Also, the mean annual rainfall (𝑇̅) is the sum of mean annual light (𝐿̅), medium (𝑀̅) 

and heavy (𝐻̅) rainfall 
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4.1 Introduction 

    

   Rainfall shows considerable temporal and spatial variability around the world (Easterling et 

al. 2000). Spatial variability in rainfall can provide vital information and insight which would 

be useful for adopting region-specific water management strategies. The global precipitation 

pattern indicates that the wet areas are becoming wetter and dry areas are becoming drier (Dore 

2005). In the United States, the Northwest and Southwest shows decreasing trends on 

precipitation amount, while the Midwest, Northeast and parts of South shows increasing trends 

(Prein et al. 2016). A significant decreasing trend has been reported in the annual rainfall of 

the Mediterranean basin and a significant increasing trend in annual rainfall in Central and 

Northern Europe has been found (Caloiero et al. 2018). In the Arab regions, a general warming 

trend has been observed since the 1970s. The western part of the region exhibits a wetting trend 

while the eastern part shows a drying trend (Donat et al. 2014). Wang et al. (2015) studied the 

spatial and temporal variations of annual precipitation in China during the period 1960 – 2010 

and showed that there have been significant changes in rainfall in East, Northwest China, 

Northeast and Southwest China and the decadal changes of precipitation in East China were 

closely correlated with the East Asian summer monsoon and the atmospheric circulation. Saha 

et al. (2018) suggests that the trend of rainfall over different regions in India shows dissimilar 

pattern. The trend of rainfall in different seasons in North and Central India is closely related 

to the overall decreasing pattern of the country, Peninsular India shows slight similarity while 

North East India shows a different pattern to the overall decreasing pattern in rainfall. 

 

   In the southern hemisphere, a study conducted in New Zealand by Caloiero (2014), looked 

at the spatial and temporal patterns of daily precipitation concentration using the precipitation 

concentration index (CI). The precipitation concentration index (CI) is used to examine the 

temporal heterogeneity of precipitation distribution by correlating the magnitude of 

precipitation events with the time of occurrence (Zhang et al., 2019). The results showed the 

different behaviour of CI between the North Island and the South Island. North Island and the 

eastern side of South Island showed higher CI values indicating critical rainfall concentration 

while the western side of South Island showed lower CI values. In Australia, the average 

rainfall has increased in the northwest and southeast (Collins & Della-Marta 1999; Suppiah 

and Hennessey 1999), while there is a large significant decline of rainfall in South West of 

Western Australia (SWWA) (Wright 1974; Yu and Neil 1993, Choudhury et al. 2015).  
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   The decrease of rainfall in SWWA has been well studied and documented in previous studies. 

They have examined the change in rainfall in relation to the change in rainfall depth or 

frequency (Pittock 1983; Yu and Neil 1993; Hennessey et al. 1999; Smith et al. 2004; Gallant 

et al. 2007). Rainfall volume as distinct from rainfall depth is crucial because the precipitation 

depth over an area such as a river basin helps to determine the water resources availability for 

that area. Changes in the rainfall volume have considerable implications for regional water 

resources planning and management (Arai et al. 2012).  As the rainfall volume is the product 

of rainfall depth and the wet area, the change in rainfall volume is the result of change in rainfall 

depth or that in wet area or both. Rainfall volume has significant applications in hydrologic 

applications or global circulations models (Kebe et al. 2005). Previous studies which 

considered rainfall volume were concerned with the rainfall volume produced by tropical 

storms and their effects (Noguiera et al. 2010) and the relationship between rainfall volume 

and vegetation (La’zaro et al. 2000). To our knowledge, no research has been undertaken to 

examine the change in rainfall volume and the wet area in the context of a regional decline in 

rainfall in SWWA.  

 

   The Southern Annular Mode (SAM) is the north-south movement of the westerly wind belt 

which dominates the middle to higher latitudes of the Southern Hemisphere (Thompson and 

Wallace, 2000). Previous studies suggest that a positive SAM in a neutral ENSO (El Nin ̌o 

Southern Oscillation) phase is the cause of the decrease in rainfall along the coast of SWWA 

(Raut et al. 2014). The inverse relationship between SAM and SWWA winter rainfall has also 

been established in previous studies (Ansell et al. 2000 and Li et al. 2005). However, Feng et 

al. (2010) found that the positive and negative phases of SAM has negligible impact on SWWA 

winter rainfall if the year 1964, which was an extremely wet year, is excluded. Most rainfall 

trend studies, as in this study, are usually based on long term rainfall data which can overlook 

the recent climate variations of a region. As a 30-year period is the minimum duration required 

to define regional climatology, the period from 1989 to 2018 was analyzed to examine recent 

climate variations in SWWA.  

 

   The aim of this study is to obtain a better understanding of the changes in rainfall volume in 

SWWA during the period from 1911 to 2018. The objectives of this study are to 1) evaluate 

the rate of change in rainfall volume, wet area, and the average daily rainfall depth for different 

rainfall thresholds; 2) attribute changes in rainfall volume to that in the wet area and average 

daily rainfall depth, 3) compare the observed trend in rainfall volume and wet area with the 
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expected trend; 4) map the change in areas having different number of rain days for different 

rainfall thresholds; 5) analyze and interpret the recent trend (1989 -2018) in rainfall and trend 

variations in relation to the SAM. 

 

4.2 Material and methods 

 

   The study area (265,952 km2) is the South West of Western Australia, which lies south of 

30ºS and west of 120ºE. This area receives a mean annual rainfall (MAR) between 200 and 

1258 mm (Fig. 4.1) and has a Mediterranean climate with more than 50% of the rainfall in 

winter (June-August). The daily gridded rainfall data from Bureau of Meteorology from 1911 

– 2018 (108 years) was used for this study (http://www.bom.gov.au/climate/data-

services/maps.shtml). The gridded rainfall data has been developed under the Australian Water 

Availability Project (AWAP) where the grids are interpolated from station rainfall data using 

a sophisticated analysis technique as detailed by Jones et al. (2009). Each grid cell covers an 

area of 0.05 ̊ latitude by 0.05 ̊ longitude.  

 

   Based on the mean annual rainfall in SWWA, the area was classified into four zones. Areas 

with the mean annual rainfall between 200 mm - 400 mm  as Zone 1, 400 mm - 600 mm as 

Zone 2, 600 mm - 1000 mm as Zone 3, and greater than 1000 mm as  Zone 4 (Fig. 4.1). Table 

1 gives the details of each zone. It is worth noting that these zones lie at varying distances from 

the coast with Zone 4 being closest to the coast and Zone 1 farther inland. For each zone the 

change in rainfall volume, wet area, and average daily rainfall depth were determined using 

linear regression. The statistical significance of the trend was determined using the p-value. A 

p-value less than 5% was considered as statistically significant. 

 

.  
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Figure 4. 1 Mean annual rainfall (MAR) in South West of Western Australia classified into 

four zones. Data sourced from http://www.bom.gov.au for the period, 1961-1990 

 

Table 4. 1 The area and mean annual rainfall volume for the whole study area and the four 

zones for the period 1911 – 2018. 

Region Area (km2) 
Mean Annual Rainfall 

Volume (TL year-1) 

Whole region 265952.2 131.7 

Zone 1 140209.1 45.9 

Zone 2 60738.7 29.3 

Zone 3 49301.9 38.8 

Zone 4 15702.4 17.6 

 

    

   A day with rainfall greater than or equal to 0.2 mm was considered as a wet day,  a day with 

rainfall ≥ 10 mm as a heavy precipitation day, and a day with rainfall ≥ 30 mm as a very heavy 

precipitation  day according to Australian Bureau of Meteorology 

(http://www.bom.gov.au/climate/change/about/extremes.shtml). In this study we define and 

investigate the following categories: daily rainfall ≥ 0.2 mm day-1 was considered as total 

rainfall, daily rainfall ≥ 10 mm day-1 was considered as heavy rainfall, and daily rainfall ≥ 30 
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mm day-1 was considered as very heavy rainfall.  The rainfall volume, wet area, and average 

daily rainfall depth for each year were computed as follows:  

1) The rainfall volume on a given day, V, was the sum of rainfall depths for all the grid 

cells with rainfall ≥ r (where r = 0.2, 10 and 30 mm day-1) times average area of the grid 

cell (30.9103 km2).  The annual rainfall volume was calculated as the sum of rainfall 

volumes for all days (rainfall ≥ r mm) in the year, given in TL (teralitres).  

2) The wet area on a given day was the total number of cells with rainfall ≥ r times the 

average area of the grid cell. The average wet area for a year, A, was calculated as the 

average of all daily wet areas in a year, given in km2.  

3) The average daily rainfall depth, D, was the sum of rainfall depths for all grid cells with 

rainfall ≥ r in the year divided by the total number of cells with rainfall ≥ r in that year, 

given in mm.  

The following conservation relationship among annual V (TL), A (km2), and D (mm) values 

holds for all rainfall thresholds: 

𝑉 =
𝐴𝐷𝑁

106  for all r             (1) 

where N is the number of days in a calendar year, and 106 just a factor for unit conversion. Eq. 

(1) allows decomposition of the total volume of water received at the ground level into the 

depth of precipitation, and the areal coverage.  

 

   Let V be the annual volume of rainfall of all grid cells with rainfall ≥ 0.2 mm day-1 and let 

Vr be the annual volume of rainfall of all grid cells with rainfall ≥ r (where r = 10 and 30 mm 

day-1). For each threshold, r, let ƞ be the ratio of the mean Vr to the mean V. As r increases, the 

contribution of Vr to total V would decrease or so would ƞ. If V and Vr are perfectly correlated 

and proportional, i.e. Vr(i) = ƞ V(i) for each year i, one would expect that the rate of change in 

Vr, βr, would be exactly ƞβ, where β is the rate of change in V. Thus, we have a null hypothesis 

that βr = ƞβ, to test whether rainfall above a threshold varies in a similar fashion in comparison 

to that in total rainfall volume. In other word, we could compare the observed rate of change 

in Vr, i.e.βr, with the expected rate of change, ƞβ, for different rainfall thresholds. Similarly, 

the observed rate of change in wet area was compared to the expected rate of change in wet 

area for different daily rainfall thresholds.       

 



71 | P a g e  
 

   To estimate the contribution of the change in wet area and depth to the rainfall volume, we 

regard the rain volume (V) as the product of the wet area (A) and rain depth (D), differentiating 

the equation V=AD with respect to time in finite difference form leads to: 

 

 
∆𝑉

∆𝑡
=  𝐷

∆𝐴

∆𝑡
+  𝐴

∆𝐷

∆𝑡
                        (2) 

Or 

 
∆𝑉

𝑉∆𝑡
=  

∆𝐴

𝐴∆𝑡
+  

∆𝐷

𝐷∆𝑡
                        (3) 

 

The rate of change terms ∆V/∆t , ∆A/∆t and ∆D/∆t in Eq. (2) and (3)can be approximated with 

linear trends in rainfall volume, wet area and average daily rainfall depth, respectively. The 

first term on the right-hand side of Eq. (3) can be used to represent the contribution from the 

change in wet area to change in rainfall volume.  Likewise, the second term on the right-hand 

side, ∆D/D∆t represents the contribution from the change in rainfall depth to the overall change 

in rainfall volume. A similar approach has been used to partition the change in streamflow to 

climate and human factors (Wang et al. 2013). 

 

   The number of days with rainfall ≥ 0.2 mm and rainfall ≥ 10 mm in a year for each grid cell 

in the whole study area was determined and shown as maps for each decade. These maps help 

identify regions where the change in the number of rain days was most pronounced. The four 

zones based on the mean annual rainfall were not considered in the study of rate of change in 

number of rain days. Instead, new regions were identified throughout the study area based on 

the number of rain days and the rate of change in the area of these regions were calculated. 

 

  To determine the recent changes in rainfall and their relation to the SAM, the total annual 

rainfall was calculated for the 0.2 , 10, and 30 mm day-1 thresholds for the periods 1957 – 2018, 

1957 - 1988, and 1989 – 2018, respectively. The trend in the SAM and rainfall for these periods 

were calculated for the whole region and the four zones. Pearson correlation was used to find 

the statistical relationships between SAM and rainfall in the study area. The SAM index was 

extracted for the period 1957 – 2018 from Marshall (2003).  
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4.3 Results 

  

4.3.1 Trend in rainfall volume, wet area and average daily rainfall depth 

 

   The rainfall volume, wet area, and average daily rainfall depth were calculated for the whole 

area and the four zones separately for total rainfall (rainfall ≥ 0.2 mm day-1), heavy rainfall 

(rainfall ≥ 10 mm day-1), and very heavy rainfall (rainfall ≥ 30 mm day-1), respectively, for the 

period 1911 – 2018. Figure 4.2(a) and 4.2(b) show an example of the time series of annual 

rainfall volume and the average wet area for Zone 4 (MAR ≥ 1000 mm) for the heavy rainfall 

(rainfall ≥ 10 mm day-1). A decreasing pattern was observed in rainfall volume and wet area in 

Zone 4. Figure 4.2(c) represents the wet area (in km2) for heavy rainfall (rainfall ≥ 10 mm day-

1) in Zone 4 for each day of the year 1957. The average of these daily values (1586.25 km2 in 

1957) was taken as the average wet area for the particular year. 

    

 

Figure 4. 2 Time series of (a) annual rainfall volume (b) annual wet area (c) daily wet area for 

1957 in Zone 4 for daily rainfall intensity > 10 mm as an example. Dotted lines represent a 

decreasing trend of 0.23 TL per decade for rainfall volume and 31.04 km2 per decade for wet 

area 
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a) Trend in rainfall volume 

 

   Figure 4.3 presents the results of trend analysis of the rainfall volume, for the whole study 

area and the four zones separately. The whole region showed a significant decreasing trend 

for the total rainfall (rainfall ≥ 0.2 mm day-1). Zone 1 with a MAR of 200 to 400 mm, and 

which lies farther inland, showed an increasing trend in rainfall volume for total, heavy and 

very heavy rainfall (rainfall ≥ 0.2, 10 and 30 mm day-1), although, the trend was not 

statistically significant for all thresholds. Zone 2 (400 mm ≤ MAR ≤ 600 mm) showed a 

significant decreasing trend in rainfall volume for total rainfall (rainfall ≥ 0.2 mm day-1). 

Zone 3 (600 mm ≤ MAR ≤ 1000 mm) showed a significant decreasing trend in rainfall 

volume for total (rainfall ≥ 0.2 mm day-1) and heavy rainfall (rainfall ≥ 10 mm day-1) while 

Zone 4 showed significant decreasing trend for all thresholds. In general, the decreasing 

trend in rainfall volume was predominant in the coastal areas (Zone 3 and 4) while the 

inland area (Zone 1) showed an increasing trend although this trend was not statistically 

significant. 

    

Figure 4. 3 The trend in the rainfall volume for the whole area and four zones with different 

daily rainfall thresholds. Columns with “*” indicates trend at 5% significance 
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b) Trend in wet area 

 

   Figure 4.4 presents the results of trend analysis of the average wet area for the region and for 

individual zones. Significant decreasing trend in wet area was observed for total rainfall 

(rainfall ≥ 0.2 mm day-1) for the whole region and in all zones. Zone 1 showed an increasing 

trend in wet area for the heavy (rainfall ≥ 10 mm day-1) and very heavy rainfall (rainfall ≥ 30 

mm day-1) although this trend was not significant. Zone 3 and 4 showed significant decrease in 

wet area with heavy rainfall (rainfall ≥ 10 mm day-1) and Zone 4 had a significant decrease in 

wet area with very heavy rainfall than (rainfall ≥ 30 mm day-1). These results suggested that 

the wet area has been shrinking in size for the study period (1911 – 2018) in the regions of high 

MAR (≥ 600 mm). This could be one of the reasons for the observed decreasing trend in rainfall 

in the study area. A net decrease in the wet area for the whole region was observed, even though 

there was an increase in the wet area farther inland, i.e. Zone 1, because this increase was more 

than off-set by the concurrent decrease in other zones. 

 

     

Figure 4. 4 The trend in the wet area for the whole study area and for four zones at different 

daily rainfall thresholds. Columns with “*” indicates trend at 5% significance 
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c) Trend in average daily rainfall depth 

 

   Figure 4.5 presents the trend in the average daily rainfall depth in the study area. The mean 

rainfall depth increases as the rainfall threshold increases. Significant trends were observed 

only for the total rainfall (rainfall ≥ 0.2 mm day-1) for the whole region and in Zone 1.  All 

three thresholds showed an insignificant increase in average daily rainfall depth for the whole 

region and all zones except for heavy rainfall (rainfall ≥ 10 mm day-1) in Zone 4 and very heavy 

rainfall (rainfall ≥ 30 mm day-1) in Zone 1. 

 

     

 

Figure 4. 5 The trend in the rainfall depth for the whole study area and for four zones with 

different daily rainfall thresholds. Columns with “*” indicates trend at 5% significance 

 

   To summarize, the total rainfall (rainfall ≥ 0.2 mm day-1) showed a significant decreasing 

trend in rainfall volume and wet area, and an increasing trend in the average daily rainfall depth 

for the whole region and in most zones. For the heavy rainfall (rainfall ≥ 10 mm day-1), a 

significant decreasing trend in rainfall volume and wet area was observed in the coastal regions 

(Zone 3 and 4) while an increasing trend was observed in the inland areas (Zone 1). The average 

daily rainfall depth for heavy rainfall showed an increasing trend in all zones except Zone 4. 

The very heavy rainfall (rainfall ≥ 30 mm day-1), in the coastal region with MAR ≥ 1000 mm 
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(Zone 4) showed a significant decrease in rainfall volume and wet area and a non-significant 

increasing trend in the average daily rainfall depth in all zones except Zone 1. 

 

4.3.2 Contribution of change in wet area and average daily rainfall depth to the change in 

rainfall volume  

    

   The rate of change in wet area contributed most to the rate of change in rainfall volume, 

while the rate of change in rainfall depth only played a minor role. Table 4.2 gives the range 

of percentage contribution of rate of change in wet area and average daily rainfall depth to 

the rate of change in rainfall volume. For the whole region, for all thresholds, more than 

55% of the rate of change in volume was caused by a rate of change in wet area. In Zone 

1, for the heavy (rainfall ≥ 10 mm day-1) and very heavy rainfall (rainfall ≥ 30 mm day-1), 

more than 77% of the rate of change in volume was due to the rate of change in wet area, 

while for total rainfall (rainfall ≥ 0.2 mm day-1), 54% of the rate of change in volume was 

due to rate of change in average daily rainfall depth. In Zone 2, more than 50% of the rate 

of change in rainfall volume and in the coastal region (Zone 3 and 4), more than 84% of 

the rate of change in volume, was due to the rate of change in wet area. Generally, it was 

observed that for most regions, the rate of change in volume was caused mainly due to rate 

of change in wet area rather than the rate of change in average daily rainfall depth.  

 

Table 4. 2 Percentage contribution of the rate of change in the wet area and that in the 

average daily rainfall depth to the rate of change in rainfall volume. 

Zones Wet Area (%) Average daily rainfall depth (%) 

Whole Area 56 - 85 15 - 44 

Zone 1 46 - 98 2 - 54 

Zone 2 52 - 84 16 -48 

Zone 3 84 -94 6 - 16 

Zone 4 98 – 99.7 0.3 - 2 

 

4.3.3 Observed vs expected trends for rainfall volume and wet area 

    

   The observed trend was compared with the expected trend in rainfall volume and wet area as 

described in the Data and Methods Section. Figure 4.6 (a) and (b) show the observed and 
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expected trends of rainfall volume for the heavy (rainfall ≥ 10 mm day-1) and very heavy 

rainfall (rainfall ≥ 30 mm day-1), respectively, for the whole region and the four zones 

considered for the study. The observed decreasing trend of rainfall volume for the heavy 

rainfall (rainfall ≥ 10 mm day-1), as given in Figure 4.6 (a), was lower than the expected 

decreasing trend for the whole region, zones 2, 3 and 4, while in Zone 1, the observed 

increasing trend was higher than the expected increasing trend. For the whole region and Zone 

2, a decreasing trend in the rainfall volume of very heavy rainfall (rainfall ≥ 30 mm day-1), was 

expected but an increasing trend was observed instead (Figure. 4.6(b)). In Zone 1, the observed 

increasing trend was higher than the expected increasing trend, in Zone 3, the observed 

decreasing trend was lower than the expected decreasing trend while in Zone 4 the observed 

decreasing trend was higher than the expected decreasing trend.  

 

   Figure 4.6 (c) and (d) shows the observed and expected trends of wet area for the heavy 

(rainfall ≥ 10 mm day-1) and very heavy rainfall (rainfall ≥ 30 mm day-1) for the region and the 

four zones. The decreasing trend of wet area for the heavy rainfall (rainfall ≥ 10 mm day-1) was 

lower than the expected decreasing trend for the whole region, zones 2, 3 and 4 (Fig. 4.6(c)) 

while in Zone 1, a decreasing trend was expected but an increasing trend was observed. For the 

very heavy rainfall (rainfall ≥ 30 mm day-1), the observed decreasing trend in wet area for the 

whole region, zones 2 and 3 was lower than expected (Fig. 4.6(d)). In Zone 1, a decreasing 

trend was expected but an increasing trend was observed while in Zone 4, the observed 

decreasing trend was higher than the expected decreasing trend. 

 

   In general, in the inland region (Zone 1, 200 mm ≤ MAR ≤ 400 mm), the observed increasing 

trend in rainfall volume was higher than the expected increasing trend and for wet area, a 

decreasing trend was expected but an increasing trend was observed. In the coastal region 

(Zone 4, 1000 mm ≤ MAR ≤ 1258 mm), the observed decreasing trend in rainfall volume and 

wet area was higher than the expected decreasing trend.  
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Figure 4. 6 The expected vs observed trends for (a, b) rainfall volume for the 10 and 30 

mm/day threshold and (c, d) wet area for the 10 and 30 mm/day thresholds, respectively. In 

each plot, the dashed line indicates expected trend and the column indicates observed trend. 

 

4.3.4 Trend in number of rain days 

 

   Figure 4.7 represents the change in the wet area corresponding to the number of days with 

rainfall greater than or equal to 0.2 mm day-1.  

 

Figure 4. 7 Inter-decadal spatial variation in rain days with rain ≥ 0.2mm/day 
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   The southern and western regions of the study area received more rain days compared to the 

northern and eastern parts of the study area (Fig. 4.7). Table 4.3 compares the fraction of the 

total area, receiving different classes of rain days for the first and last decade. The region in the 

south west coast receiving greater than or equal to 200 rain days year-1 which covered 6.5% of 

the study area in 1910s decreased to 0% by the 2010s (Table 4.3). The wet area with less than 

120 rain days year-1, in the north east of the study area, increased by 28% while the region in 

the south west receiving greater than or equal to 120 rain days year-1 decreased by 28%. 

 

 

Figure 4. 8 Inter-decadal spatial variation in rain days with rain ≥10 mm/day 

 

   Figure 4.8 gives the change in wet area corresponding to the number of days with rainfall 

greater than or equal to 10 mm day-1. Overrall, the west and south west of the study area 

received the highest number of days with rainfall greater than or equal to 10 mm day-1. This 

region in the west and south west, with greater than or equal to 30 rain days year-1, covered 

12.8% of the total area in the 1910s but reduced to 6.5% in the 2010s. The area with less than 

30 rain days year-1 which lies inland increased in area by 6.5% by the 2010s (Table 4.3). The 

region in the west which received greater than or equal to 40 rain days year-1 disappeared by 

the end of the study period while the region in the south with greater than or equal to 40 rain 

days year-1 gradually decreased in area.    
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Table 4. 3 Comparison of the fractional area in terms of the number of rain days per year 

between the 1910s and 2010s. 

Rainfall ≥ 0.2 mm day-1 Rainfall ≥ 10 mm day-1 

No. of 

days  

year-1 

% of total 

area 

No. of 

days 

 year-1 

% of total 

area 

1910s 2010s 1910s 2010s 

1 - 80 6.3 24.2 1 - 10 56.7 56.4 

80 - 120 41.8 51.9 10 - 20 19.6 26.7 

120 - 160 34.7 15.8 20 - 30 10.9 11.4 

160 - 200 10.7 8.1 30 - 40 9.5 5.1 

≥ 200 6.5 0 ≥ 40 3.3 0.4 

 

Table 4. 4 Trend in the wet areas. Values with ‘†’ indicates significance at 5%. (positive 

trends indicate that the wet area is expanding, and negative trends indicate that the wet area is 

contracting) 

 

   

 

 

 

 

 

 

 

 

   Table 4.4 gives the trend in wet area corresponding to the number of days with rainfall ≥ 0.2 

mm day-1 and rainfall ≥ 10 mm day-1, respectively. The wet area with rainfall greater than or 

equal to 0.2 mm day-1 and with less than 120 rain days year-1 showed a significant increasing 

trend while the region with more than 120 rain days year-1 showed a significant decreasing 

trend. The wet area with rainfall greater than or equal to 10 mm day-1 and less than 10 days of 

rainfall showed a decreasing trend. The wet area with 10 to 20 rain days year-1 showed an 

Rainfall ≥ 0.2 mm day-1 Rainfall ≥ 10 mm day-1 

No. of day 

year-1 

Trend       

(km2 year-1) 

No. of day 

year-1 

Trend       

(km2 year-1) 

1 - 80 40.4 1 - 10 113.6† 

80 - 120 136.5† 10 - 20 47.4 

120 - 160 - 93.5† 20 - 30 - 99.5† 

160 - 200 - 37.1† 30- 40 - 48.3† 

≥ 200 - 46.3† ≥ 40 - 13.2† 
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increasing trend while the wet area with more than 20 rain days year-1 showed a decreasing 

trend. Mostly, the wet area with the higher number of rain days showed a significant decreasing 

trend in both the conditions considered while the wet area with lower number of rain days 

showed an increasing trend. 

 

4.3.5 Recent changes in rainfall in relation to the Southern Annular Mode 

 

   Trend analysis for the last 30 years showed that in the coastal regions (zones 3 and 4), the 

decreasing trend has reduced in magnitude for the total annual rainfall (rainfall ≥0.2 mm day-

1), while, heavy rainfall (rainfall ≥10 mm day-1) and very heavy rainfall (rainfall ≥30 mm day-

1) showed an increasing trend,  with no concurrent change in SAM. The rate of increase in 

SAM over the past 30 years (1989 – 2018) was 0.54 decade-1, which was similar to the long 

term rate of increase (0.55 decade-1) (Fig. 4.9(a)). In the coast (zones 3 and 4), the total annual 

rainfall decreased over the whole period (1957 – 2018) and showed a negative correlation (- 

0.29) to the SAM.  This is consistent with the findings of Li et al. (2005) and Hope et al., (2010) 

who suggested an  inverse relation between the SAM and rainfall. However, it was observed 

that the rate of decrease in rainfall has substantially reduced in magnitude over the past 30 

years (1989 – 2018) compared to the previous 32 years (1957 - 1988)(Fig. 4.9(b)). This was 

true for the coastal region (zones 3 and 4), for all rainfall thresholds as presented in Table 4.5.  

For some, the trend has been reversed, i.e. rainfall has in fact increased over the past 30 years. 

For example, in Zone 4, during the period 1957 to 1988, the heavy rainfall significantly 

decreased at the rate of 61.5 mm decade-1, while in the last 30 years, the heavy rainfall showed 

an increasing trend (15.8 mm decade-1) as presented in Fig. 4.9(c). This change in the way 

rainfall varied over the past 30 years suggests that the relationship between SAM and rainfall 

has changed over the recent years, and other mechanisms are needed to explain the recent 

rainfall trend and variations in coastal regions of SWWA. 
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Table 4. 5 Comparison of trends in the total, heavy, and very heavy annual rainfall in Zone 3 

and 4 during the period 1957 – 1988 and 1989 - 2018. Values with ‘†’ indicates significance 

at 5%. 

Region Period 
Daily threshold (mm day-1) 

0.2 10 30 

Zone 3 
1957 - 1988 -30.8 -30.2 0.2 

1989 - 2018 -24.6 -1.4 12.5 

Zone 4 
1957 - 1988 -59.6† -61.5† -18.9 

1989 - 2018 -5.3 15.8 26.6† 

 

 

Figure 4.9 Time series of (a) SAM (b) total annual rainfall (0.2 mm day-1) and (c) annual 

heavy rainfall (10 mm day-1) for the period 1957 to 2018 in Zone 4. In each plot, the dashed 

line represents the trendline. 
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   4.4 Discussion 
 

In SWWA, the region of high rainfall near the coast (Zone 3 and Zone 4) with a larger number 

of rain days was observed to become drier due to a significantly decreasing trend in the wet 

area. On the other hand, the region farther inland (Zone 1) with low MAR and lower number 

of rain days was observed to become wetter due to an increasing trend in the wet area, although 

this trend was not significant. SWWA receives most of its rainfall from the frontal systems 

(Charles et al. 2010 and Pook et al. 2012), but since 1974, there has been fewer and weaker 

cold fronts (Frederiksen and Frederiksen 2007) which could explain the reduced wet area in 

SWWA. The decline in rainfall in the coastal regions has also been associated with the decrease 

in the frequency of strong westerly fronts (Nicholls 1997 and Hope et al. 2006). The observed 

decrease in wet area could also be attributed to the southward shift in synoptic circulations, 

associated with rain-bearing fronts, since the 1970s (Hope et al. 2006).  The increasing trend 

in the inland region can be attributed to an increase in the frequency of easterly troughs in 

December, January and February in the inland region of the study area (Berry et al. 2011). 

Further, the positive phase of SAM in a neutral ENSO phase could cause the region to 

experience reduced rainfall from the westerly fronts and increased rainfall from easterly 

troughs (Raut et al. 2014).  

 

   Previous studies have suggested the role of the SAM in the decreasing pattern of rainfall in 

SWWA (Li et al. 2005 and Raut et al. 2014). However, in this study, it was observed that in 

the recent years (1989 – 2018), rate of decrease in rainfall has been reduced, and heavy rainfall 

in fact has increased in the coastal region of SWWA, while, there was no concurrent change in 

SAM index over the same period. This indicates that the relationship between SAM and rainfall 

has changed and other climate drivers could be the cause of the recent rainfall trend and 

variations in the coastal regions of SWWA. 

 

4.5 Conclusion 

 

   This study aimed at determining the changes in rainfall volume, wet area, average daily 

rainfall depth, and the number of wet days in SWWA during the period 1911 - 2018. The study 

dealt with identifying the rainfall changes in four zones, classified based on the mean annual 

rainfall and located at varying distances away from the coast, with Zone 4 being the closest to 

the coast with the highest mean annual rainfall, while Zone 1 lied farther inland with the lowest 
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mean annual rainfall. Also, in the study, rainfall at different intensities were considered to have 

a better understanding of the variation of heavy rainfall above certain threshold in relation to 

an overall decreasing trend in rainfall volume. Recent trend (1989 - 2018) in the total, heavy 

and very heavy rainfall were analyzed, and this was explained relative to the SAM. The key 

conclusions are given below:  

• The significant decreasing trend in rainfall volume and wet area was predominant in 

coastal regions (Zone 3 and 4) while the inland region (Zone 1) showed an increasing 

trend although this trend was not statistically significant for all thresholds considered. 

In the inland region (Zone 1), the observed increasing trend in rainfall volume was  

greater than the expected increasing trend. A decreasing trend in wet area was expected 

but an increasing trend was observed. In the coastal region (Zone 4), observed 

decreasing trend in volume and wet area was greater than the expected decreasing trend.  

• All three thresholds showed an increasing trend in average daily rainfall depth in the 

whole region and all zones except for heavy rainfall (rainfall ≥ 10 mm day-1) in Zone 4 

and very heavy rainfall (rainfall ≥ 30 mm day-1) in Zone 1 where a decreasing trend 

was observed. 

• More than 50% of the rate of change in rainfall volume in the whole region, Zone 1 and 

2 was attributed to the change in wet area except the for the total rainfall (rainfall ≥ 0.2 

mm day-1) in Zone 1 where 54% of the rate of change in rainfall volume was due to the 

rate of change in average daily rainfall depth. In the coastal regions (Zone 3 and 4), 

more than 84% of the rate of change in rainfall volume was due to the rate of change in 

wet area. 

• The region near the coast with a higher number of rain days per year showed a 

decreasing trend while the inland region with a lower number of rain days showed an 

increasing trend for rainfall ≥ 0.2 mm day-1 and rainfall ≥ 10 mm day-1.  

• The decreasing trend in total rainfall has reduced in magnitude, and heavy rainfall in 

fact has increased over the past 30 years in the coastal region of SWWA while there 

was no concurrent change in SAM index over the same period. 

 

   The study showed that the rainfall volume in coastal areas is showing a significant decreasing 

trend. This indicates the need for strategic planning in the management and allocation of the 

available water in a region of decreasing water availability. This study was done using gridded 

rainfall data which is interpolated from station data. In SWWA, the density of stations is higher 
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towards the coast compared to the inland regions. This is a limitation of this work, as the data 

quality in the region with fewer stations would be less than the coastal region. Similarly, the 

number of rain days reported in this study will probably be higher than the actual number of 

rain days as the number of rain days is sensitive to the density of observations and as it takes 

only one station to record rainfall for surrounding grids to have an interpolated rainfall amount 

(Charles et al. 2010). Future studies could look into the effects of the observed decrease in 

rainfall volume and wet area on the water supply and agricultural sectors. Also, the changes in 

the climate drivers which influence the rainfall of SWWA could be further investigated to 

explain the recent changes in rainfall in the coastal regions of SWWA. 
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5.1 Introduction 

 

   Runoff is the catchment’s response to rainfall, which contributes to inflow into water supply 

reservoirs. Runoff from a catchment is influenced by meteorological factors (rainfall, and 

potential evapotranspiration), physical factors (topography, soil, vegetation, and drainage 

pattern) and human activities (land use, urbanisation, dams and reservoirs operations) 

(Sengupta, 2017).  While an increase in runoff can cause flooding and soil erosion, a decrease 

in runoff reduces the inflow into the dams and thereby directly impacts the water availability 

of a region. Several studies have been conducted on global and regional bases to understand 

the changes in runoff and how this is related to rainfall changes. Based on a study of 3558 

catchments from around the world, Do et al. (2017) suggest that during the period from 1966 

to 2005 more stations are showing decreasing trends (11.6%) in the annual maximum 

streamflow while 7.1% of the stations are showing increasing trends in the annual maximum 

streamflow. Specifically, for Australia, it was observed that there was a significant decreasing 

trend in streamflow along the west coast and east coast of the continent. Among the 79 stations 

chosen for study in Australia, 19% of the stations showed a significant decreasing trend and 

2.5% of the stations showed an increasing trend in streamflow. In the 21st century, the mean 

streamflow has  been projected to increase by 5% - 80% over most of Asia, northern Europe, 

northern and eastern North America, central and eastern Africa, south eastern and north western 

South America and central and northern Australia, but to decrease by 5% - 50% over the 

Mediterranean region, south western North America and Central America, northern and 

southern South America, Southern Africa and south western and south eastern Australia (Dai, 

2016).  

  In Australia, Zhang et al. (2016) analysed the pattern of streamflow from the 1950s for the 

whole country using streamflow data from 222 unregulated gauging stations with minimal land 

use change and are suitable for trend analysis. It was found that the annual streamflow in 

Australia has been showing a significant increasing trend in the northern Australia including 

northern parts of Western Australia while a significant decreasing trend in South West of 

Western Australia (SWWA), South Australia, New South Wales, Victoria and South East 

Queensland. Petrone et al. (2010) observed that the inflow into the major water supply 

reservoirs in SWWA, have decreased by more than 50% due to a 16% reduction in rainfall 

since the mid-1970s and the runoff coefficients have been progressively getting lower over the 

last 50 years. Silberstein et al. (2013) integrated the Sacramento and IHACRES models to study 
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the catchment behaviour of 106 catchments in SWWA. The possibility of a change in the state 

of the catchments which was not captured by the model was suggested. It is predicted that by 

2030 there will be appreciable water deficit in SWWA if the current water consumption, 

population and economic growth and decrease in water yield continue (McFarlane et al., 2012). 

Model projections for SWWA indicate that the change in runoff is three times the change in 

rainfall (Islam et al., 2013, Silberstein et al., 2012). Smith and Power (2014) suggest that the 

increasing temperature in SWWA does not have a direct influence on the declining inflow into 

the dams, rather temperature and rainfall are inversely related. In addition to the decreasing 

rainfall, the groundwater levels in SWWA has also been showing a declining trend and even 

in years of average or above average rainfall, groundwater storage was insufficiently recharged 

(Hughes et al., 2012). The variable rainfall in addition to the falling groundwater table in the 

region could probably be the reason for the streamflow decline in SWWA (Petrone et al., 2010).  

   Previous studies indicate that the decreasing rainfall plays an important role in the declining 

runoff in SWWA. No study has yet examined the changes in the three classes of rainfall (light, 

medium and heavy rainfall) and how they are related to the declining runoff in the selected 

catchments in SWWA. The Australian Water Balance Model is a conceptual catchment water 

balance model that has been widely used in Australia and around the world (David and Richard, 

2000, Boughton, 2006, Boughton and Chiew, 2007, Chiew 2010, Haque et al., 2014, Hughes 

and Vaze, 2015, Yu and Zhu, 2015). The model has a simple structure and high computational 

efficiency (Anshuman et al., 2018). The model uses rainfall and evapotranspiration as input to 

predict runoff. Previous studies have noted the disproportional reduction in runoff compared 

to rainfall in SWWA in the recent decades (Islam et al., 2013, Silberstein et al., 2012). The 

suitability of using the AWBM model in a region like SWWA with a consistently decreasing 

runoff needs to be investigated.  

   The aim of this study was to understand the rainfall-runoff relationship in SWWA using data 

from ten catchments with quality streamflow data in the study area. The objectives of this study 

were 1) to determine and compare the trend in light, medium, heavy and total rainfall and 

runoff; 2) to test the AWBM model, for flow prediction in SWWA; and 3) to test whether the 

decrease in streamflow is entirely a result of the declining rainfall. 

5.2 Data and methodology 

 

   Ten catchments in SWWA were chosen for the study. All these catchments were identified 

by the Bureau of Meteorology as hydrologic reference stations which are well-maintained river 
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gauges of long, high quality streamflow records (http://www.bom.gov.au/water/hrs/). The 

water data information obtained from Australian and State water agencies are collated and 

homogenised by the Bureau of Meteorology. The catchment area varied between 18.7 km2 for 

Clarke Brook to 1834.5 km2 for Kent River. The location of the catchments is given in Figure 

5.1 and the site details given in Table 5.1.  

 

Figure 5. 1 Location of catchments and bores chosen for study in SWWA 

 

   Daily rainfall and potential evapotranspiration data for the catchments were extracted from 

the SILO database (https://www.longpaddock.qld.gov.au/). Daily runoff data were 

downloaded from the Bureau of Meteorology website (http://www.bom.gov.au/). Rainfall data  

≥ 0.2 mm was considered for the study. Annual rainfall was computed for the water year which 

was defined as a 12-month period from May to April for SWWA (Bates et al., 2008). 

Groundwater levels for eight bores with most recent data in the study area were obtained from 

the Water Information Reporting website (http://wir.water.wa.gov.au/Pages/Water-

Information-Reporting.aspx) as presented in Figure 5.1. 
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Table 5. 1 Site details 

Station 

No. 
Name  Latitude Longitude 

Catchment 

Area (km2) 
Period of Record  

604053 Kent River at Styx Junction -34.9 117.1 1834.5 1956 - 2018 

606001 Deep River at Teds Pool -34.8 116.6 467.8 1976 - 2018 

606185 Shannon River at Dog Pool -34.8 116.4 451.0 1964 - 2018 

607155 

Dombakup Brook at Malimup 

Track -34.6 116.0 123.9 1962 - 2018 

608002 Carey Brook at Staircase Road -34.4 115.8 45.7 1975 - 2018 

613002 Harvey River at Dingo Road -33.1 116.0 147.2 1970 - 2018 

613146 Clarke Brook at Hillview Farm -33.0 115.9 18.7 1961 - 2018 

616002 Darkin River at Pine Plantation -32.1 116.3 667.1 1969 - 2018 

616013 

Helena River at 

Ngangaguringuring -31.9 116.4 323.1 1972 - 2016 

616065 Canning River at Glen Eagle -32.2 116.2 521.8 1953 - 2018 

 

To classify rainfall into light, medium and heavy, relative thresholds were used. The method 

adopted here involved ranking the rainfall data for each catchment in a decreasing order and 

dividing this ranked series into three sets such that each set contributed to 1/3 (one third) of the 

total rainfall. The top set was defined as heavy rainfall for the catchment. Similarly, the bottom 

one third was defined light rainfall and the remaining values in the middle were the medium 

rainfall for the particular station. The thresholds that separate these rainfall classes would vary 

from site to site, but all the three classes contribute equally to the total rainfall for all sites. 

Table 5.2 presents the relative thresholds chosen for each catchment. Linear regression was 

used to determine the trend for each rainfall class and runoff for each of the ten catchments. 

The correlation between the trend in runoff and rainfall were calculated based on Pearson 

correlation analysis.  
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Table 5. 2 Relative rainfall threshold for each catchment. 

Catchment Light (mm) Medium (mm) Heavy (mm) 

Kent < 5.3 5.3 – 11.8 ≥ 11.8 

Deep < 7.3 7.3 – 15.4 ≥ 15.4 

Shannon < 8.5 8.5 - 18 ≥ 18 

Dombakup < 9.7 9.7 – 19.5 ≥ 19.5 

Carey <  9.7 9.7 – 19.9 ≥ 19.9 

Harvey < 12.2 12.2 – 24.4 ≥ 24.4 

Clarke < 11.4 11.4 – 23.2 ≥ 23.2 

Darkin < 8.5 8.5 – 18.1 ≥  18.1 

Helena < 8 8 – 16.9 ≥ 16.9 

Canning < 10.4 10.4 – 22.5 ≥ 22.5 

 

   The Australian Water Balance Model (AWBM) was used to test whether the model could 

predict the runoff and its variations over time in the study area. The model, developed by Walter 

Boughton, is a conceptual and lumped catchment water balance model which simulates runoff 

from daily or hourly rainfall and evapotranspiration data (Boughton, 1995).  The model has 8 

calibration parameters which accounts for catchment partial areas, surface storage capacities, 

baseflow and flow recession constants. The model uses three surface stores of differing 

capacities, C1, C2 and C3 to simulate partial area runoff. At each time step, rainfall is added to 

the existing moisture in the store and evapotranspiration subtracted according to the formula,  

Store_n = Store_n + rain - evapotranspiration (n = 1 to 3) 

When the moisture in each store exceeds the store capacity, the excess becomes runoff and if 

the evapotranspiration demand is greater than the available moisture and the value of moisture 

in the store would become negative, this is reset to zero. The three parameters, A1, A2 and A3 

represent the proportions of the catchment area such that A1 + A2 + A3 = 1. When A1 and A2 

are changed, A3 will be adjusted automatically.  

When rainfall excess occurs from any store, part of this becomes recharge to the baseflow 

according to Base Flow Index (BFI) x excess and the remaining (1 – BFI) x excess becomes 

surface runoff.  The surface store is depleted at the rate, (1 – ks) x Surface Store (SS) and 

baseflow is depleted at the rate, (1 – kb) x Baseflow Store (BS) (Boughton, 1995).  The model 
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is included in a software package called the Rainfall Runoff Library which was used in this 

study (Perraud et al., 2003 and Podger, 2003). Figure 5.2 gives the structure of the AWBM 

model. The default minimum and maximum values of the parameters as used in the RRL model 

are given in Table 5.3. 

Table 5. 3 Default values of calibration parameters in AWBM model 

Parameter 
Default 

value  

Default 

minimum  

Default 

maximum 

A1 0.134 0 1 

A2 0.433 0 1 

BFI 0.35 0 1 

C1 (mm) 7 0 50 

C2 (mm) 70 0 200 

C3 (mm) 150 0 500 

Kb 0.95 0 1 

Ks 0.35 0 1 

 

 

Figure 5. 2 Structure of AWBM rainfall runoff model (Source: Rainfall Runoff Library user 

guide) 
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  In this study, for model calibration, the first 60% of the available data for each catchment was 

used and the remaining 40% of the data was used for model validation. The model was 

calibrated based on monthly streamflow values. For model calibration, the objective function 

was to minimise the sum of squares errors (SSE) (Kim et al., 2005). For validation of the model 

results, the modelled runoff was compared with the observed streamflow using the Nash 

Sutcliffe Efficiency (NSE) (eqn. 5.1) and Pearson correlation analysis.  

Nash Sutcliffe Efficiency = 
∑ (𝑄𝑜𝑏𝑠−𝑄𝑚𝑜𝑑)2𝑛

𝑖=1

∑ (𝑄𝑜𝑏𝑠 −𝑄𝑎𝑣𝑒)2𝑛
𝑖=1

                        (5.1) 

where, n is total number of monthly observations in the validation period, Qobs is the observed 

streamflow, Qmod is the modelled runoff and Qave is the average observed streamflow for each 

catchment. Nash Sutcliffe Efficiency was chosen as it is the most commonly and widely used 

model evaluation statistic (Ewen, 2011, Guinot et al., 2011, Pushpalatha et al., 2012). 

 

5.3 Results  
 

5.3.1 Correlation between rainfall and runoff 

 

   Annual total and heavy rainfall for most catchments showed highest correlation to annual 

runoff as presented in Table 5.4. Total, medium and heavy rainfall for all catchments showed 

significant correlation with runoff. Light rainfall for all catchments except Carey, Clarke and 

Darkin showed significant correlation with runoff.  
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Table 5. 4 Pearson correlation coefficient between total light, medium, heavy rainfall and 

runoff (Values with ‘†’ indicate significance at 5%) 

Catchment Total Light Medium Heavy 

Kent 0.63† 0.27† 0.49† 0.45† 

Deep 0.72† 0.31† 0.46† 0.56† 

Shannon 0.81† 0.29† 0.59† 0.65† 

Dombakup 0.75† 0.36† 0.50† 0.59† 

Carey 0.70† 0.20 0.35† 0.58† 

Harvey 0.76† 0.29† 0.59† 0.54† 

Clarke 0.81† 0.22 0.52† 0.66† 

Darkin 0.63† 0.25 0.45† 0.53† 

Helena 0.67† 0.43† 0.39† 0.62† 

Canning 0.79† 0.38† 0.53† 0.68† 

Average 0.73 0.30 0.49 0.58 

  

5.3.2 Trend in catchment rainfall and runoff 

    

   Runoff for all the ten catchments showed significant decreasing trends while the rainfall 

did not decrease over the period considered for all catchments. Table 5.5 presents the trend 

in the total annual rainfall, runoff and volumetric runoff coefficient (ratio of runoff over 

rainfall) for the catchments during the time periods given in Table 5.1. All catchments 

exhibited decreasing trends in rainfall, except Deep and Carey, which exhibited increasing 

trends in annual rainfall totals. Figure 5.3 presents the time series of rainfall and runoff 

for the Harvey and Carey catchments as an example. The rate of decrease in runoff at 

Harvey was greater than the rate of decrease in rainfall (Fig. 5.3(a)). In Carey (Fig. 5.3 

(b)), while the runoff decreased, the rainfall showed an increasing trend. The  runoff 

coefficient for all catchments showed significant decreasing trend indicating that the 

fraction of rainfall becoming runoff in all these catchments has reduced. 
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Table 5. 5 Trend in total rainfall, runoff and runoff ratio (‘†’ indicates statistical significance 

at 5%) 

Name  

Rainfall Runoff Runoff Ratio 

Trend  

(mm/decade)  

Mean 

(mm) 

Trend  

(mm/decade)  

Mean 

(mm) 
Trend Mean 

Kent -8.6 721.5 -4.1† 40.3 -0.0005† 0.05 

Deep 6.4 936.5 -12.9† 67.0 -0.001† 0.06 

Shannon -17.9 1046.9 -20.8† 145.3 -0.002† 0.13 

Dombakup -29.8† 1226.4 -38.3† 283.5 -0.002† 0.23 

Carey 17.6 1199.6 -15.9† 142.2 -0.001† 0.12 

Harvey -21.6 1077.5 -41.7† 190.2 -0.003† 0.17 

Clarke -38.3† 1017.5 -53.5† 223.2 -0.004† 0.21 

Darkin -15.0 681.6 -1.7† 5.0 -0.0002† 0.006 

Helena -18.1 587.1 -1.4† 5.0 -0.0002† 0.008 

Canning -39.2† 888.6 -9.9† 33.9 -0.0008† 0.03 

 

 

Figure 5. 3 Time series of rainfall and runoff in (a) Harvey and (b) Carey. Solid line, dashed 

line and dotted line represents rainfall, runoff and trendline, respectively. 
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   Table 5.6 presents the trend in light, medium and heavy rainfall for the ten catchments during 

the time period given in Table 5.1. The light rainfall showed decreasing trends in all the ten 

catchments and significant decreasing trends for seven of the ten catchments. Medium rainfall 

showed decreasing trends for all catchments except Deep and Shannon where an increasing 

trend was observed. Heavy rainfall showed decreasing trends in 6 catchments and an increasing 

trend in the other 4 catchments (Kent, Deep, Carey and Harvey). Similar results were found, 

showing an increasing trend in the heavy (daily rainfall ≥ 10 mm day-1) and the very heavy 

rainfall (daily rainfall ≥ 30 mm day-1) for the recent years in Chapter 4. It was also observed 

that the catchments, Kent, Deep and Carey which showed an increasing trend in heavy rainfall 

and showed a significant decreasing trend in light rainfall, were concentrated to the south of 

the study area.  

Table 5. 6 Trend in light, medium and heavy rainfall (‘†’ indicates statistical significance at 

5%) 

Catchment 
Trend (mm/decade) 

Light Medium Heavy 

Kent -8.3† -2.8 2.5 

Deep -14.4† 7.8 12.6 

Shannon -8.1† 3.3 -13.4 

Dombakup -12.0† -5.7 -12.1 

Carey -21.4† 16.4 22.4 

Harvey -8.7 -17.7 4.8 

Clarke -1.5 -10.2 -26.6† 

Darkin -6.0 -2.5 -6.6 

Helena -7.8† -2.2 -8.2 

Canning -6.3† -7.4 -25.9† 

 

   The Pearson correlation analysis between the rate of change in total rainfall, light, medium, 

heavy rainfall and runoff showed that the total (r = 0.58) and heavy rainfall (r = 0.54) were 

positively correlated to the rate of change in runoff followed by trend in the medium rainfall (r 

= 0.44). The trend in light rainfall showed a negative correlation (r = -0.39) with trend in runoff. 

Although the trend in total rainfall and that in heavy rainfall were positively correlated to 
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runoff, the total and heavy rainfall showed increasing trend in most catchments where the 

runoff showed a significant decreasing trend. This suggests the role of additional factors in the 

observed decreasing trends in runoff for these ten catchments in SWWA. 

   Figure 5.4 presents the rate of change in runoff for all catchments plotted against the rate of 

change in each rainfall class during the time period given in Table 5.1. It was observed that the 

rate of change in runoff was 2.6 times the rate of change in total rainfall and could explain 34% 

of the variability in runoff. This is similar to findings in previous studies that the rate of change 

in runoff in SWWA is about three times the rate of change in rainfall (Islam et al., 2013, 

Silberstein et al., 2012). The rate of change in light, medium and heavy rainfall explained 15%, 

20% and 30% of the variability in runoff, respectively. 

 

Figure 5. 4 Rate of change in runoff plotted against rate of change in (a) total; (b) light; (c) 

medium and (d) heavy rainfall. 

5.3.3 AWBM model calibration and validation 

 

   Suitability of the AWBM model for flow prediction in SWWA was examined. Table 5.7 

presents the calibrated parameter values and calibration efficiency for the ten catchments. All 
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catchments had a calibration efficiency greater than 0.65 except Darkin (0.39). The Pearson 

correlation coefficient between the modelled runoff and observed monthly streamflow for the 

validation period varied between 0.75 and 0.89 for the catchments. 

 

Table 5. 7 Calibrated parameter values and model performance for AWBM for the ten 

selected catchments 

Catchment A1 A2 BFI C1 C2 C3 Kb Ks 
Calibration 

efficiency 

Validation 

efficiency 

Pearson 

correlation 

coefficient 

Kent 0.03 0.3 0.6 0.1 178.8 416.5 0.97 0.82 0.68 0.55 0.79 

Deep 0.001 0.4 0.4 49.9 199.7 499.3 0.99 0.92 0.74 0.28 0.79 

Shannon 0.001 0.4 0.4 49.9 199.7 491.7 0.99 0.82 0.74 0.68 0.85 

Dombakup 0.005 0.5 0.3 47.5 200.0 452.0 0.99 0.76 0.77 0.59 0.79 

Carey 0.08 0.5 0.7 6.4 199.8 499.6 0.99 0.90 0.67 0.60 0.86 

Harvey 0.009 0.3 0.6 49.9 158.5 499.6 0.99 0.85 0.72 0.32 0.84 

Clarke 0.2 0.4 0.5 49.9 199.9 499.3 0.99 0.75 0.82 0.51 0.89 

Darkin 0.0009 0.1 0.3 49.9 200.0 499.6 0.99 0.85 0.39 0.33 0.76 

Helena 0.08 0.3 0.9 50.0 186.7 332.9 0.99 0.88 0.68 0.45 0.75 

Canning 0.03 0.2 0.8 46.3 147.5 490.2 0.99 0.86 0.72 0.51 0.75 

 

      The estimated streamflow using the AWBM model was greater than the observed 

streamflow for 9 out the ten catchments considered in this study.  Comparing the observed 

streamflow with modelled streamflow, it was observed that for all catchments, except Helena, 

the model overpredicted the streamflow. Figure 5.5 presents the time series of modelled 

streamflow and observed streamflow for the calibration and validation period in Harvey, as an 

example. It was observed that the departure of the observed streamflow from the modelled 

streamflow has been increasing towards the end of the validation period. 
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Figure 5. 5 Time series of modelled and observed streamflow for Harvey catchment. The 

dashed line represents modelled streamflow and the solid line represents the observed 

streamflow. The vertical line cuts the time series into calibration and validation periods. 

   Figure 5.6 presents the average annual observed streamflow plotted against the average 

annual modelled runoff for all catchments. During the calibration period (Fig. 5.6 (a)), the 

observed streamflow was similar to the runoff modelled by AWBM, but during the validation 

period (last 40% of the period of study), the observed streamflow was systematically lower 

than the modelled streamflow. In other words, the modelled flows were biased for the 

validation period as the model parameters were calibrated using the initial 60% of the period 

of study. This indicates that factors other than rainfall and the potential evapotranspiration 

(inputs to AWBM) could be changing in recent years causing a further decrease in runoff than 

expected, at least to the extent that was captured with calibrated parameter values for AWBM. 

 

Figure 5. 6 Average annual observed streamflow vs modelled streamflow for all the ten 

catchments for (a) calibration period and (b) validation period. The 1:1 line in red indicates 

perfect agreement. 
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5.4 Discussion 

 

   As the rate of decrease in runoff was greater than the rate of decrease in rainfall and the 

AWBM model overestimated the runoff in recent years for the ten catchments in SWWA, 

additional factors could be involved in the decrease in runoff in SWWA. Previous studies in 

the region has found a steady decline in groundwater level of SWWA (Hughes et. al., 2012). 

Data from eight bores in the study area with most recent groundwater data were obtained as 

presented in Table 5.8 and Figure 5.1. It was found that the groundwater level has been steadily 

decreasing in all the bores. Figure 5.7 presents the reduced standing water levels at all the bores 

presented in Table 5.8. 

 

Table 5. 8 Bore details and trend 

No. Bore id Latitude Longitude Record length 
Trend 

(m / decade) 

(a) 61615051 -32.1 115.9 1985 - 2019 -4.99 

(b) 61330024 -32.9 115.9 1982 - 2019 -1.46 

(c) 61319142 -32.9 115.7 1979 - 2017 -0.14 

(d) 61030066 -33.7 115.7 1987 - 2018 -0.14 

(e) 60830007 -34.4 115.7 1993 - 2019 -0.30 

(f) ALBA0599 -35.0 117.7 2003 - 2018 -0.14 

(g) ALBAN298 -35.1 117.8 2002 - 2018 -0.18 

(h) WALPO105 -34.9 116.7 2012 - 2018 -0.17 
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Figure 5. 7 Reduced standing water level (mm) of all the bores given in Table 5.8 

 

   In certain catchments, such as Deep and Carey, the streamflow showed a decreasing trend, 

even though the rainfall showed an increasing trend. This might be due to the high interannual 

variability of rainfall in these catchments. For the groundwater to be replenished and to 

contribute to streamflow, these catchments should receive above average rainfall regularly. The 

AWBM model parameters which were calibrated using the first 60% of the period of study was 

unable to capture the decrease in groundwater level for the validation period which caused the 

model to overpredict the runoff. As previously observed by Hughes et al., 2012 and Petrone et 

al., 2010, the groundwater in this region needs to first recover before we can observe any 

positive change in streamflow in this region. Similarly, from the simulated runoff, it may be 

inferred that in the recent years, the rainfall runoff relationship in SWWA has changed. A 

decrease or increase in rainfall no longer guarantees a respective change in runoff. This 
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indicates the need to look at additional factors or processes such as groundwater level or land 

use changes and also using models which take into account these factors or processes.   

  

   This study was done using gridded rainfall data which is interpolated from station data. In 

SWWA, the density of stations is higher towards the coast compared to the inland regions. This 

is a limitation of this work, as the data quality in the region with fewer stations would be lower 

than the coastal region. Further, this study used the Morton’s wet environment areal potential 

evapotranspiration as input to the AWBM model. It assumes upwind effects are negligible and 

local variations are ignored and hence the evapotranspiration estimate is an areal average 

(Wang et al., 2000). Future studies could use model evaluation techniques other than NSE as 

NSE tends to be sensitive to larger values in a time series whereas lower values are neglected 

(Legates and McCabe, 1999). 

 

5.5 Conclusion 

 

    This study aimed to understand the rainfall-runoff relationship in SWWA based on data from 

ten catchments. Main conclusions from this study are: 

• The total and heavy rainfall showed highest correlation with runoff for all catchments. 

• All catchments showed significant decreasing trends in runoff while decrease in rainfall 

occurred in most catchments only while rainfall did increase occurred in a few. The rate 

of decrease in runoff was 2.6 times larger than the rate of decrease in rainfall. 

• The trends in total and heavy rainfall showed positive correlation with runoff trend and 

explained 34% and 30%, respectively, of the variation in trends among the ten 

catchments. 

• The modelled runoff from the AWBM model was found to be greater than the observed 

streamflow in recent years. The overpredicted runoff using parameters calibrated for 

earlier periods was likely to have occurred because of the decrease in groundwater level 

that was not adequately captured by the AWBM model.  

 

   Although, rainfall was showing an increasing trend for some of the catchments in 

SWWA, the groundwater should be replenished first in these dry catchments for runoff to 

recover.  
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CHAPTER 6 - CONCLUSIONS AND RECOMMENDATIONS 

 

This chapter includes the key findings from the whole study, and recommendation because of 

the limitations and scope for future work. 

 

   This research study dealt with characterizing the rainfall changes in the South West of 

Western Australia during the period 1911 to 2018 in the context of decreasing runoff in this 

region. The rainfall in this region has showed significant decrease from the 1950s and the runoff 

coefficients have decreased progressively over the last 50 years (Petrone et al. (2010)).The 

decrease in runoff has resulted in lowering of dam water levels and limited water supply for 

irrigation, domestic and commercial and industry water use.  

 

6.1 Conclusions 
 

   Based on data from 30 rain gauging stations in SWWA, the daily rainfall was classified into 

light, medium and heavy rainfall. For each station the light, medium and heavy rainfall were 

different as the heavy rainfall for one station may not be heavy for another. The results 

indicated that the variation in heavy rainfall was the major contributor (57%) of the variation 

in total annual rainfall followed by medium (30%) and light rainfall (13%). The rate of decrease 

in heavy rainfall was also higher (68%) than the expected rate of decrease. Seasonal trend 

analysis showed that amount of heavy rainfall and the number of days with heavy rainfall 

showed decreasing trend in winter and autumn while an increasing trend in summer. Stations 

with significant decreasing trend in total and heavy rainfall were mostly concentrated along the 

coast and had a higher mean annual rainfall. Rainfall in the region also showed significant 

negative correlation to the large-scale circulation pattern, the Southern Annular Mode (SAM). 

 

   To determine the changes in the rainfall volume, wet area, average daily rainfall depth and 

number of wet days in SWWA, gridded daily rainfall data for the period 1911 to 2018 was 

used. The study area was classified into four zones based on the mean annual rainfall and three 

daily rainfall thresholds (total, heavy and very heavy) were considered. Significant decreasing 

trend in rainfall volume and wet area was observed in the coastal regions while in the inland 

region an increasing trend was observed. The average daily rainfall depth showed an increasing 

trend for most thresholds. In the coastal region (mean annual rainfall ≥ 600 mm), more than 
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84% of the rate of change in rainfall volume was attributed to the changing extend of wet areas 

while the average daily rainfall depth only played a minor role. The region near the coast with 

a higher number of rain days showed a decreasing trend in area while an increasing trend was 

observed for the inland region with a lower number of rain days. Although, in long term the 

rainfall is decreasing in the coastal area, over the past 30 years, the rate of decrease in rainfall 

has reduced and the heavy rainfall, in fact, has increased with no concurrent change in the SAM 

index. 

 

   To understand the rainfall-runoff relationship in the study area, daily rainfall and runoff data 

for ten catchments in the study area was extracted, trends in rainfall and runoff were analysed 

and streamflow was estimated using hydrologic models. While the runoff in all the ten 

catchments showed a significant decreasing trend, the rainfall showed a decreasing trend in 

some catchments only and an increasing trend in others. The rate of decrease in runoff was 

found to be 2.6 times higher than the rate of change in rainfall. The trend in total and heavy 

rainfall showed positive correlation with runoff trend in the study area and explained 34% and 

30% of the variation in runoff trends among the ten study catchments. The estimated runoff 

using the AWBM model was found to be higher than the observed streamflow indicating the 

presence of other factors such as the steady decline of groundwater levels in the region which 

was not adequately captured by the model. 

 

   The results of this research add to our understanding of the rainfall decrease in SWWA in 

that the trend and variability in heavy rainfall is the major contributor to the decrease in total 

rainfall of SWWA. The study examined changes in the rainfall volume and the wet area at 

different rainfall thresholds, an approach which has not been previously used to understand the 

decreasing rainfall in SWWA. It was found that the decrease in rainfall volume in the coastal 

region was mainly due to the decrease in wet area. It was also found that area with higher 

number of rain days in the coasts of SWWA has been decreasing while the area with lower 

number of rain days in the inland region has been increasing. In other words, wet areas are 

becoming drier and dry areas are becoming wetter. In the recent years, the rate of decrease in 

total rainfall has reduced and the heavy rainfall, in fact, has increased. It was also found that 

the AWBM model overpredicts the runoff in SWWA as it does not adequately capture the 

impact of factors other than rainfall, such as, the decreasing groundwater level, which 

contributes to the decline in runoff in the study area. 
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6.2 Recommendations for further study  

 

   This study used point rainfall data from the Bureau of Meteorology and gridded rainfall data 

from the SILO climate database for analysis. While using the point data, the years which had 

more than 10% of missing data or more than 10% of accumulated data were omitted. This 

meant that these years were not a part of the study while analyzing the rainfall trend for the 

region. Gridded rainfall data is interpolated from station data. The density of stations is higher 

towards the coasts compared to the inland regions, hence, the data quality in the inland region 

with fewer stations would be lower than that in the coastal regions.  

 

   This study used linear regression for trend analysis as the rainfall and runoff in this region 

has been steadily decreasing since the 1950s. Linear regression assumes a linear relation 

between the dependent variable and the independent variable. This could lead to omission of 

any nonlinear behavior in rainfall and runoff. This study used the AWBM model which is a 

simple conceptual model that uses rainfall and evapotranspiration as inputs to predict the runoff 

of a catchment. The model assumes similar soil conditions for the whole catchment which may 

not always hold true especially for the larger catchments. Future studies in the region could 

consider process-based models which better represent hydrologic responses and incorporates 

spatial variability in a catchment such as the Penn State Integrated Hydrologic Modeling 

System (PIHM) (Pechlivanidis et al., 2011). Process based models are built on the 

understanding of the physics related to the hydrological processes (Vaze, 2011). They are used 

when accurate data is available and the hydrological processes in the catchment are accurately 

understood (Sitterson et al., 2018). One of the limitations of such models is the large amounts 

of data required to run them (Uhlenbrook et al., 2004). Further, the use of coupled surface 

water-groundwater models such as MIKE SHE or MODFLOW, could also be beneficial to 

understand the interaction between the surface water and groundwater in the context of the 

declining runoff in SWWA. 
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