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Abstract
This thesis presents the outcomes of a comprehensive research study undertaken to
investigate the influence of rainfall and catchment characteristics on urban
stormwater quality. The knowledge created is expected to contribute to a greater
understanding of urban stormwater quality and thereby enhance the design of
stormwater quality treatment systems.
The research study was undertaken based on selected urban catchments in Gold
Coast, Australia. The research methodology included field investigations, laboratory
testing, computer modelling and data analysis. Both univariate and multivariate data
analysis techniques were used to investigate the influence of rainfall and catchment
characteristics on urban stormwater quality. The rainfall characteristics investigated
included average rainfall intensity and rainfall duration whilst catchment
characteristics included land use, impervious area percentage, urban form and
pervious area location. The catchment scale data for the analysis was obtained from
four residential catchments, including rainfall-runoff records, drainage network data,
stormwater quality data and land use and land cover data. Pollutants build-up
samples were collected from twelve road surfaces in residential, commercial and
industrial land use areas. The relationships between rainfall characteristics,
catchment characteristics and urban stormwater quality were investigated based on
residential catchments and then extended to other land uses. 
Based on the influence rainfall characteristics exert on urban stormwater quality,
rainfall events can be classified into three different types, namely, high average
intensity-short duration (Type 1), high average intensity-long duration (Type 2) and
low average intensity-long duration (Type 3). This provides an innovative approach
to conventional modelling which does not commonly relate stormwater quality to
rainfall characteristics. Additionally, it was found that the threshold intensity for
pollutant wash-off from urban catchments is much less than for rural catchments.
High average intensity-short duration rainfall events are cumulatively responsible for
the generation of a major fraction of the annual pollutants load compared to the other
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rainfall event types. Additionally, rainfall events less than 1 year ARI such as 6month ARI should be considered for treatment design as they generate a significant
fraction of the annual runoff volume and by implication a significant fraction of the
pollutants load. This implies that stormwater treatment designs based on larger
rainfall events would not be feasible in the context of cost-effectiveness, efficiency in
treatment performance and possible savings in land area needed. This also suggests
that the simulation of long-term continuous rainfall events for stormwater treatment
design may not be needed and that event based simulations would be adequate.
The investigations into the relationship between catchment characteristics and urban
stormwater quality found that other than conventional catchment characteristics such
as land use and impervious area percentage, other catchment characteristics such as
urban form and pervious area location also play important roles in influencing urban
stormwater quality. These outcomes point to the fact that the conventional modelling
approach in the design of stormwater quality treatment systems which is commonly
based on land use and impervious area percentage would be inadequate.
It was also noted that the small uniformly urbanised areas within a larger mixed
catchment produce relatively lower variations in stormwater quality and as expected
lower runoff volume with the opposite being the case for large mixed use urbanised
catchments. Therefore, a decentralised approach to water quality treatment would be
more effective rather than an “end-of-pipe” approach.
The investigation of pollutants build-up on different land uses showed that pollutant
build-up characteristics vary even within the same land use. Therefore, the
conventional approach in stormwater quality modelling, which is based solely on
land use, may prove to be inappropriate. Industrial land use has relatively higher
variability in maximum pollutant build-up, build-up rate and particle size distribution
than the other two land uses. However, commercial and residential land uses had
relatively higher variations of nutrients and organic carbon build-up. Additionally, it
was found that particle size distribution had a relatively higher variability for all
three land uses compared to the other build-up parameters. The high variability in
particle size distribution for all land uses illustrate the dissimilarities associated with
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the fine and coarse particle size fractions even within the same land use and hence
the variations in stormwater quality in relation to pollutants adsorbing to different
sizes of particles.
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Chapter 1 Introduction
1.1 BACKGROUND
Urbanisation is a common phenomenon witnessed in most parts of the world
(Dizdaroglu et al. 2009). Urbanisation transforms natural areas such as forest and
grassland to impervious surfaces including roads, roofs and parking lots. The
increased percentage of impervious surfaces leads to an increase in runoff volume,
whilst a variety of anthropologic activities produce a range of pollutants such as
nutrients, solids and organic matter, which accumulate on the catchment surfaces. As
a result, both hydrologic and water quality characteristics are significantly affected.
These pollutants are picked up and transported by the stormwater runoff contributing
pollutant loads to receiving waters. Urban stormwater runoff is of significant
environmental concern since water resources are among the most important
resources in an urban area. In a busy and congested urban environment, the water
environment is highly valued as an environmental, aesthetic and recreational asset
(Davis et al. 2010). Regulatory authorities and the community are increasingly aware
of the value of urban water resources.
With the enhanced attention on stormwater quality, mitigation strategies to improve
the quality of urban stormwater runoff are becoming increasingly common in urban
areas. The efficiency of these stormwater treatment mitigations is of particular
concern. However, current knowledge on pollution in urban stormwater runoff is
limited, which constrains the implementation of efficient stormwater quality
treatment strategies (Goonetilleke et al. 2005). In current practice, urban stormwater
quality is considered as a variable only with the land use of the contributing
catchment, whilst variations in quality is considered as stochastic, irrespective of the
nature of the rainfall event or other catchment characteristics such as urban form and
anthropogenic activities. Such an approach constrains the effectiveness of
stormwater treatment design and can result in inefficiencies in the treatment of
stormwater quality and can even be counterproductive. This is due to the
complexities in urban stormwater quality which exhibits inherent variability in
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relation to rainfall and catchment characteristics. Due to recent advancements in
knowledge relating to pollutant processes, particularly in relation to pollutant buildup, wash-off and transport, current practices in stormwater quality estimation needs
to be enhanced. Consequently, a holistic approach based on strong scientific
investigations on stormwater quality in relation to pollutant loads, pollutant processes
and influential factors is essential.
1.2 RESEARCH PROBLEM
The efficiency of stormwater quality treatment is of significant concern due to the
importance of water resources in urban areas. Unfortunately, the lack of appropriate
guidance underpinned by strong scientific knowledge in the relevant areas of
treatment design has led to inefficiencies in treatment mitigation. This can be
primarily attributed to the limited knowledge on stormwater quality processes and
their influential factors. This essentially relates to the fact that in the past the primary
focus in the area of urban stormwater was on quantity and flood mitigation. It is only
in recent years that there is an increasing focus on stormwater quality. Even though
most current models have integrated water quality into simulations, the common
approach is to assign stochastic parameters to a rainfall event irrespective of the
underlying characteristics. This approach does not consider the variable nature of
stormwater quality with rainfall characteristics. Therefore, an approach to classify
rainfall events according to their stormwater quality responses is necessary to
improve the current engineering practices. Additionally, stormwater quality is
multifaceted and varies with a range of catchment characteristics in addition to
typical factors such as land use and impervious area fraction. In this context, an indepth understanding of the role of key influential factors on stormwater quality is
essential to enhance design approaches and application in engineering practice. In
summary, it is essential to investigate the influence of rainfall and catchment
characteristics on urban stormwater quality for successful stormwater quality
mitigation design.
1.3 AIMS AND OBJECTIVES
In order to contribute to resolving the research problems noted above, there were
three main aims for this research study. These were:
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1. To classify the different rainfall types based on pollutant contributions to
stormwater runoff from residential catchments;
2. To develop a methodology for rainfall selection for treatment design to optimise
stormwater treatment based on both stormwater quality and quantity;
3. To evaluate how pollutant build-up and stormwater runoff quality varies with a
range of catchment characteristics based on different rainfall types.
The primary objective of the research study was to create fundamental knowledge on
the influence of rainfall and catchment characteristics on urban stormwater quality in
order to build a body of knowledge to strengthen urban stormwater quality treatment
design.
1.4 RESEARCH HYPOTHESES
The research study was based on the following hypotheses:
•

In terms of rainfall characteristics, average rainfall intensity and rainfall
duration are the most important factors influencing urban stormwater quality;

•

In terms of catchment characteristics, land use, impervious area percentage,
urban form and urban area locations are the most important factors
influencing urban stormwater quality;

•

Natural rainfall events can be classified into different types based on pollutant
contributions to stormwater runoff;

•

Land use has a significant influence on pollutant build-up but not on pollutant
wash-off.

1.5 SCOPE
This research study primarily focused on investigating the influence of rainfall and
catchment characteristics on urban stormwater quality. The scope of the research
project was as follows:
•

The research study was confined to the Gold Coast area. Although this limits
the research outcomes in terms of regional and climatic parameters, the
knowledge developed regarding the influence of rainfall and catchment
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characteristics on urban stormwater quality are generic and applicable outside
of the study area.
•

The catchment characteristics considered were land use, the impervious area
percentage, urban form and urban area locations whilst the rainfall
characteristics considered were average rainfall intensity and rainfall duration.
This was based on the hypothesis that these factors play key roles in
influencing urban stormwater quality.

•

The research study focused on primary physical and chemical water quality
parameters such as total nitrogen, total phosphorus, total suspended solids
and total organic carbon. Microbiological parameters were not investigated.

•

Seasonal variations and meteorological factors such as wind in pollutant
build-up were not considered.

•

The influence of land use on pollutant processes was investigated only in
relation to pollutant build-up. This was based on the hypothesis that land use
has a significant influence on pollutant build-up but not pollutant wash-off.

1.6 SIGNIFICANCE AND JUSTIFICATION FOR THE RESEARCH
The efficiency of stormwater quality treatment mitigation is essential for stormwater
management. A successful stormwater quality treatment design is closely dependent
on the state of knowledge regarding the primary factors influencing stormwater
quality. In this context, it is important to investigate these influential factors in order
to create knowledge to contribute to improving treatment system design.
Rainfall and catchment characteristics are among the most important influential
factors in relation to urban stormwater quality since they affect pollutant
transportation (wash-off) and pollutant generation and accumulation (build-up),
respectively. However, the limited understanding of the roles of these two factors in
urban stormwater quality has constrained the implementation of efficient stormwater
quality treatment strategies. In terms of rainfall characteristics, current knowledge is
to essentially consider variations in stormwater quality as stochastic without relating
them to rainfall characteristics. Such an approach has limited the effectiveness in
stormwater treatment design due to the highly variable nature of stormwater quality
with respect to rainfall characteristics. In terms of catchment characteristics, past
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research literature has noted that conventional factors such as land use and
impervious area percentage alone has little ability to represent the influence of
catchment characteristics on urban stormwater quality. This implies that additional
factors in relation to catchment characteristics such as urban form and urban area
location should be taken into consideration in urban stormwater quality research.
A comprehensive understanding of the relationship between rainfall characteristics,
catchment characteristics and urban stormwater quality can help to improve
stormwater quality treatment system design. Practical application of the new
knowledge created should improve the current approaches to stormwater treatment
design and also contribute to areas such as classification of rainfall events from a
stormwater quality viewpoint, rainfall selection for treatment design and optimum
location of treatment systems.
1.7 OUTLINE OF THE THESIS
This thesis includes nine chapters. Chapter 1 describes the research background and
aims and objective of the research study. Chapter 2 provides a critical review of past
research relevant to the current research study. It includes background information
relating to the research project and identifies the knowledge gaps. Chapter 3 presents
the research methodology and the research design. The study site selection and data
collection are described in Chapter 4. Chapter 5, Chapter 6, Chapter 7 and Chapter 8
are the data analysis chapters. These chapters present the outcomes of the research
study. Chapter 5 focuses on the influence of rainfall characteristics on urban
stormwater quality. Chapter 6 describes the rainfall events selection for stormwater
treatment design based on stormwater quality modelling. Chapter 7 discusses the
outcomes of the analysis on the influence of catchment characteristics on urban
stormwater quality. These three chapters aimed to develop knowledge based on
residential catchments. Chapter 8 discusses pollutants build-up on different land uses
and the extension of the knowledge created in relation to residential catchments, to
other land uses. Chapter 9 provides the conclusions and recommendations for further
research. Finally, all of the references cited in the thesis are listed.
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Chapter 2 Urbanisation and Water Quality
2.1 BACKGROUND
Increasing numbers of people are moving into cities in search of employment and
better living conditions. This process, known as urbanisation, is occurring all over
the world. Urban water bodies which are important environmental, aesthetic and
recreational resources are adversely affected by urbanisation.
Due to urbanisation, natural characteristics of the land are changed by various
anthropogenic activities common to urban areas. These anthropogenic activities are
among the most important pollutant sources (Masamba and Mazvimavi 2008).
Numerous pollutants are introduced into the urban environment by vehicular traffic,
industrial processes, building construction and commercial activities, which are
carried by stormwater. It is not surprising that past researchers have pointed out that
stormwater runoff is highly polluting and it is a threat to the quality of receiving
water bodies in urban areas (for example Ellison and Brett 2006; Han et al. 2006; Pitt
2006; Egodawatta 2007).
As water environments are greatly valued in urban areas, urban stormwater quality is
one of the most important environmental concerns at the present time. The influence
of various factors involving many media, space and time scales makes stormwater
quality issues complex and difficult to manage (Ahyerre et al. 1998). Therefore, an
in-depth understanding of stormwater quality processes is essential to ensure that
effective urban stormwater quality mitigation strategies adopted.
2.2 IMPACTS OF URBANISATION
The influence of urbanisation on the water environment can be categorised into
hydrologic impacts and water quality impacts.
2.2.1 Hydrologic impacts

From a hydrologic perspective, there are two important physical changes to a
catchment resulting from urbanisation. Firstly, it is the increasing percentage of
impervious surfaces such as roofs, roads, parking lots and sidewalks, which reduces





the amount of infiltration into the ground and depression storage (Kibler 1982).
Secondly, it is the conversion of the natural drainage system to an artificial
conveyance system which introduces uniform slopes, reduced roughness and flow
channels. These changes in combination lead to the increase in the runoff peak and
runoff volume and the decrease in the time to peak. The hydrologic changes that a
catchment undergoes are illustrated in Figure 2-1. Table 2-1 lists the hydrologic
responses to changes in the physical characteristics of a catchment due to
urbanisation.

Figure 2-1 Change in runoff hydrograph due to urbanisation
(Adapted from Kibler 1982)
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Table 2-1 Hydrologic responses to changes to physical characteristics due to
urbanisation (Adapted from ASCE 1975)
Changes to physical

Hydrologic responses

characteristics of the catchment
Removal of trees and vegetation

Decrease in evapotranspiration and interception;
increase in stream sedimentation
Reduced time of concentration, thereby

Development of residential,

increasing peak discharge, increased flow

commercial and industrial areas,

velocities and reduced time to peak. Runoff

increase in impervious area

volume and flood damage potential is also
greatly increased

Construction of storm drains and
drainage channel improvements

Local relief from flooding, but concentration of
flood waters may aggravate flood problems
downstream

A. Runoff peak
When a catchment is urbanised, pervious surfaces such as grasslands give way to
impervious surfaces due to the construction of roads and buildings. Reduced
roughness and infiltration reduces the time of concentration which in turn reduces the
time required for runoff to flow from the most remote point of the catchment to the
outlet. This results in an increase in peak runoff (Davis 2008). The increased peak
runoff can enhance flood risk to people, damage to property and lead to land
degradation (Nelson and Booth 2002). Shi et al. (2007) investigated the changes in
runoff in Shenzhen, China. They found that due to urbanisation in the past 20 years,
the runoff peak had increased by 12.9% on average. Researchers have also noted that
the magnitude of the increase in runoff peak is closely related to the fraction of
impervious surfaces, type of drainage channel improvements and the amount of
vegetation present (Chen et al. 2009).
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B. Runoff volume
Urbanisation also results in the increase in runoff volume (Kang et al. 1998;
Franczyk and Chang 2009; Barron et al. 2011). Barron et al. (2011) found that
urbanisation led to an expansion in the area of the catchment they investigated due to
the construction of the drainage system and was responsible for a 30-100% rise in
predicted runoff volume. Franczyk and Chang (2009) using a hydrologic model to
predict the runoff volume due to urbanisation noted a 2.7% increase in mean annual
runoff by 2040. The main reason for the increasing runoff volume in urban areas is
the increased proportion of impervious surfaces.
C. Time to peak flow
As illustrated in Figure 2-1, the time to peak flow decreases with urbanisation.
According to Huang et al. (2008b), the time to peak flow had reduced from 9 to 6
hours in a catchment in Taiwan where there was continuing expansion in
urbanisation. This was attributed to the increasing proportion of impervious surfaces
which reduces infiltration losses, depression storage and results in uniform surface
slope. These phenomena are closely related to the increase in runoff peak flow and
volume (Huang et al. 2008a; Chen et al. 2009; Liu and Qin 2009; Jacobson 2011).
2.2.2 Water quality impacts

Urbanisation not only impacts on the catchment hydrology, but also plays a
significant role in influencing stormwater quality. The changes in stormwater quality
primarily include the deterioration of the physical, chemical, microbiological quality
and consequently the degradation of the aquatic ecosystem of receiving water bodies.
Major water quality problems arise from the consequences of urbanisation which can
include, salinity, rise in temperature, sedimentation, dissolved oxygen depletion,
introduction of toxic substances and biological impacts (Zoppou 2001). Rainfall and
the resulting surface runoff bring pollutants into receiving water and lead to changes
from their natural state (House et al. 1993). The pollutant load resulting from
stormwater runoff can be higher than secondary treated domestic sewage effluent
(Droste and Hartt 1975; Helsel et al. 1979).
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The various anthropogenic activities common to urban areas such as industrial,
commercial and residential areas are the most important pollutant sources (Qin et al.
2010). Numerous pollutants are introduced into the urban environment by industrial
processes, building construction and commercial activities. These pollutants
accumulate on both, impervious and pervious surfaces. The energy related to rainfall
and runoff will lead to the detachment and transportation of pollutants to the
receiving waters (Jartun et al. 2008).
Due to the introduction of efficient drainage systems as a consequence of
urbanisation, pollutants are easily transported to receiving waters. In an investigation
into pollutant inputs from surface runoff, Sonzogni et al. (1980) noted that suspended
solids and nutrient loads originating from urban areas were between 10 and 100
times higher than in non-urbanised areas. Line et al. (2002) also noted similar
phenomenon with an increase of ten times in relation to solids loads; and a doubling
in nutrient loads from urbanised areas when compared to rural areas.
Catchment and rainfall characteristics play a key role in urban stormwater quality
(Liebens 2001; Ahearn et al. 2005; Shigaki et al. 2007). Catchment characteristics
mainly influence pollutant sources and loads whilst rainfall characteristics play the
key role in the transport of pollutants. In an investigation into different urban land
uses, Miguntanna (2009) and Herngren (2005) found that commercial land use
results in a relatively high total solids load. They attributed this to the high traffic
volume and a variety of anthropologic activities. Ahearn et al. (2005) studied 28 subbasins within the Cosumnes Watershed, California and found that the ratio of urban
areas to rural areas played a significant role in both total suspended solids and
nitrate-N loading. Huang et al. (2007) noted that stormwater runoff from commercial,
residential and park catchments displayed a higher level of nitrogen and phosphorus
loading. They attributed this to the relatively dense vegetation in these land use types.
Shigaki et al. (2007) studied the relationship between rainfall intensity and
phosphorus compounds. They found that the concentrations of dissolved reactive
phosphorus (DRP), particulate phosphorus (PP) and total phosphorus (TP) were
significantly greater in runoff resulting from a rainfall intensity of 75 mm/h
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compared to 25 mm/h. High intensity rainfall can produce rain drops with high
kinetic energy, which will more easily detach pollutants adhering to the catchment
surfaces. The pollutants thus released from catchment surfaces are transported easily
by runoff to receiving waters.
2.3 POLLUTANT SOURCES
As stormwater runoff flows over catchment surfaces, pollutants are transported to the
receiving waters through physical and chemical processes (Mikkelsen et al. 1994).
Researchers have identified numerous sources of stormwater quality degradation in
urban areas (for example Gnecco et al. 2005; Brown and Peake 2006; Kim et al.
2007). The major pollutant sources are the following:
•

Vehicular traffic

•

Industrial processes

•

Vegetation

•

Construction and demolition activities

•

Corrosion

•

Spills

•

Erosion

2.3.1 Vehicular traffic

Vehicular traffic primarily contributes particulates, heavy metals (such as Zn, Pb, Cd,
Al) and hydrocarbons (Han et al. 2006; Li et al. 2008a). Pollutants from vehicles can
exist in the form of solid, liquid and gas. These pollutants are mainly generated from
vehicle exhaust emissions, wear of vehicle tyres and brake lining. The pollutant loads
are dependent on traffic volume, road characteristics such as location of traffic lights,
road layout, pavement surface and driver habits. Spillage of fuel, oil and lubricants
can be found everywhere, especially in parking lots and near traffic lights. Vehicle
emissions mainly contribute gaseous pollutants to the atmosphere. However, these
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pollutants can be deposited on the ground by dry and wet deposition and then
incorporated into stormwater runoff.
As a major pollutant contributor, vehicular traffic can be characterised by other
factors such as land use. For example, industrial and commercial land use can
generate relatively more pollutants, and also different pollutant species, when
compared to residential land use (Miguntanna 2009). The primary reason is the
relatively high traffic activities in industrial and commercial areas. Mahbub et al.
(2010) found that high traffic activities in commercial and industrial areas influences
the accumulation of heavy metal concentrations in particle size range from 75-300
µm but not in the 1-75 µm range. This also highlights the influence of traffic on
pollutants adsorbed to different particle size ranges.
2.3.2 Industrial processes

Modern industrial processes contribute many kinds of pollutants to urban areas (Line
et al. 1997). Pollutant species and their concentrations vary with the nature of the
industry and management mode. The specific pollutant concentrations depend on the
particular industrial process. Rainfall and runoff leach pollutants from open stacks of
raw materials, finished products, emissions from the industrial processes and process
wastes. Primary pollutants consist of suspended solids, heavy metals, hydrocarbons,
nutrients and organic substances (Kelly et al. 1996).
2.3.3 Vegetation input

Plant materials are another pollutant source impacting on stormwater quality. It
mainly introduces nutrients through leaves, pollen and bark. Line et al. (2002) found
that the concentration of total kjeldahl nitrogen (TKN) increased during pollen
deposition periods. However, Allison et al. (1998) questioned whether plant debris
have an important impact on the introduction of nutrients such as total nitrogen (TN)
and total phosphorus (TP) to stormwater runoff. In a study of an urban area in innercity Melbourne, they noted that the leaf litter was around two orders of magnitude
smaller than the nutrient loads measured in stormwater runoff. These observations
confirm the significant role played by location specific factors in dictating the
characteristics of urban stormwater quality.
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2.3.4 Construction and demolition activities

Construction and demolition activities are an important contributor to non point
source pollution in urban areas (Novotny and Olem 1994; Goonetilleke and
Yigitcanlar 2010). Generally, the pollutants generated during construction are linked
directly to the on-going construction activity. The soil cover is removed during site
preparation with rainfall and the resulting runoff picking up solids from the loosened
soil and then depositing these solids into receiving water. Brick debris and cement
particles are also notable pollutants during construction activities. The influence of
construction and demolition activities on the urban environment is related to the fact
that these activities can produce a large amount of solids and litter. Line et al. (2002)
reported that solids export from construction sites were more than 10 times in
quantity when compared with other land uses. These observations imply that the
major pollutant contribution to stormwater quality from construction and demolition
activities is to introduce solids to stormwater runoff.
2.3.5 Corrosion

Metal surfaces such as roofs and gutters in urban areas are corroded easily by acid
rain and aggressive gases. Rainfall washes off corroded materials and then transports
them into receiving waters. Metallic roofs are the major contributor of corroded
particles. For example, Bannerman et al. (1993) reported that the concentration of
heavy metals from galvanized roofs was higher than that from streets. The factors
responsible for corrosion are the availability of corrodible materials, the frequency of
exposure to an aggressive environment, the drying-wetting frequency of the exposed
surfaces, the material structure and maintenance practices (Brinkmann 1985).
2.3.6 Spills

Spills can degrade stormwater quality physically, chemically and biologically.
Vehicles, construction and demolition activities and industrial activities are the major
sources of spills. The pollutant contribution from spills is difficult to quantify. Proper
management and mitigation practices can prevent spills affecting stormwater quality.
2.3.7 Erosion

This primarily includes the erosion of stream banks, pervious surfaces and material
stockpiles at construction, demolition, industrial, commercial and waste disposal
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sites (Novotny et al. 1985; Wahl et al. 1997; Nelson and Booth 2002). In terms of
stream banks, erosion is increased due to changes in the hydrology as a result of
urbanisation which could result in higher peak flows. In a study of a 144 km2
urbanising catchment, Nelson and Booth (2002) found that the annual sediment
yield had increased by nearly 50% due to urban development with stream bank
erosion accounting for around 20%.
2.4 PRIMARY STORMWATER POLLUTANTS
Stormwater quality deterioration in urban areas results from the introduction of
pollutants. The degree of deterioration is dependent on the pollutant species and load.
Suspended solid is seen as the most important pollutant since other pollutants can be
absorbed to its surfaces (Ball et al. 2000). In addition, according to a report from
Healthy Waterways (2011), nutrients and organic carbon were identified as the two
most important water pollutants in catchments of South East Queensland.
Consequently, the major pollutants including suspended solids, nutrients and organic
carbon are discussed below in terms of their influence on urban stormwater quality.
Additionally, toxicants and litter are also discussed due to their common presence in
urban stormwater.
2.4.1 Suspended solids

Suspended solids play a critical role in stormwater quality because other pollutants
such as heavy metals, nutrients, pathogens and hydrocarbons can be attached to the
solids particles (Ball et al. 2000; Vaze et al. 2000; Jartun et al. 2008; Kayhanian et al.
2008; Clark and Pitt 2009). It has been found out that on a volumetric basis,
suspended solids are the largest non point source pollutant in urban receiving waters
(Munoz and Panero 2008).
The influence of suspended solids on water quality primarily includes physical and
chemical impacts. The physical impacts include the reduction in water transparency
and hence inhibition of photosynthesis. In addition, high loads of solids can also lead
to the smothering of bottom dwelling fauna and flora and changes to the substrata.
Compared to the physical impacts of suspended solids on water quality, their
chemical impact needs to be given more attention. The primary chemical impact of
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solids is the adsorption of other pollutants, and their transport into the receiving
waters. Particle size exerts a significant influence on pollutant transport. Generally,
large particles are not easily suspended even in a fast flow, whilst fine particles are
easily suspended for long periods of time and transported to receiving waters
(Goonetilleke and Thomas 2003). Table 2-2 gives the outcomes of the investigations
undertaken by Sartor and Boyd (1972) in relation to the adsorption of other
pollutants by different sizes of particulates.
Table 2-2 Percentage by weight of pollutants related to different particle sizes
(Adapted from Sartor and Boyd 1972)

24.4

840-2000
µm
7.6

246-840
µm
24.6

104-246
µm
27.8

43-104
µm
9.7

Volatile Solids

11.0

17.4

12.0

16.1

17.9

25.6

BOD

7.4

20.1

15.7

15.2

17.3

24.3

COD

2.4

4.5

13.0

12.4

45.0

22.7

Kjeldahl Nitrogen

9.9

11.6

20.0

20.2

19.6

18.7

Nitrates

8.6

6.5

7.9

16.7

28.4

31.9

Phosphates

0

0.9

6.9

6.4

29.6

56.2

Total Heavy Metals

16.3

17.5

14.9

23.5

27.8

-

Total Pesticides

0

16.0

26.5

25.8

31.7

-

Parameter

>2000 µm

Total Solids

<43 µm
5.9

Due to electrostatic charges on the surface, solids easily adsorb other pollutants such
as heavy metals and hydrocarbons (Bradford 1977; Andral 1999). The adsorption
process is characterised by the attachment of solute molecules to a sorbent solid (Tai
1991). The adsorption capacity of a solid particle varies with its structure, size and
chemical characteristics (Pechacek 1994). Researchers have shown that finer
particulates can adsorb higher concentrations of pollutants due to their relatively
larger surface area (Warren et al. 2003; Herngren et al. 2006). Miguntanna (2009)
investigated nitrogen and phosphorus loads in stormwater runoff in different land
uses and found that particle size range 75-150 µm had the highest load for both
nutrient species. Vaze and Chiew (2002) found that in stormwater runoff, although
more than 50% of particles were coarser than 300µm, less than 15% of total nitrogen
(TN) or total phosphorus (TP) was adsorbed to particle sizes larger than 300µm.
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Sansalone and Buchberger (1997) reported that the mass of Zn, Cu and Pb adsorbed
to suspended solids increased with the reduction in particle size. Herngren et al.
(2006) identified that the maximum concentration of heavy metals was present in the
0.45 to 75 µm particle size range. Ujevic et al. (2000) observed that the finest solid
fractions contained the highest concentrations of Cr and Pb in an urbanised area.
These studies confirm that stormwater treatment processes should increase the focus
on the removal of fine particles, rather than on coarse particles.
Herngren et al. (2005) studied the relationship between pollutants and particulates
using simulated rainfall. They found that the concentrations of Cu, Pb, Fe and Al
were closely related to total suspended solids (TSS) in industrial areas. This was
attributed to the fact that these heavy metals are adsorbed to particulates. Based on
this research finding, it is hypothesised that strong relationships also exist for other
types of heavy metals (Prestes et al. 2006). According to Mahbub et al. (2010), Ni,
Cd and Cr concentrations are strongly related to particulates smaller than 1 µm.
Therefore, this range of particles can be targeted for the removal of Ni, Cd and Cr. In
addition, these research outcomes confirm that solids act as an important indicator of
heavy metals in relation to stormwater quality monitoring.
Suspended solids usually originate from road surfaces, rooftops, construction sites
and pervious areas and are transported by stormwater runoff. Nelson and Booth
(2002) found that a higher concentration of fine particle is contributed by
anthropogenic activities rather than natural sources. Gobel et al. (2007) noted that the
total suspended solids (TSS) concentration was higher in streets than in other areas in
the urban catchment they investigated. The nature and volume of suspended solids is
influenced by land use practices (Stein et al. 2008). Anthropogenic activities such as
construction and vegetation removal are very likely to disturb the soil and its
protective cover. Therefore, the exposed soil is easily loosened and transported by
stormwater runoff.
2.4.2 Nutrients

Nutrients are needed to sustain the living tissue and include compounds such as
nitrogen, phosphorus, carbon, calcium, potassium, iron and manganese. Nitrogen and
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phosphorus compounds are the most important nutrients and the most abundant in
urban stormwater runoff.
Nutrient excess in water bodies can lead to excessive plant growth which in turn can
decrease dissolved oxygen due to microbial degradation on death and decay of the
plants. The decrease in dissolved oxygen can result in over-reproduction of anaerobic
bacteria and the depletion of aquatic organisms, thereby degrading the ecological
environment in water bodies. The phenomenon resulting from nutrients enrichment is
referred to as eutrophication, which has become a serious environmental problem in
urban areas (Gray et al. 2008; Lewitus et al. 2008). Furthermore, excessive nitrates
in drinking water can cause disease such as stomach cancers. Additionally, water
containing nitrate in excess of 10 mg/L can taste bitter and cause physiological
distress (Straub 1989).
A variety of sources contribute nutrients to stormwater runoff. These include, plant
debris, animal litter, lawn fertiliser, domestic and industrial wastewater and vehicle
emissions (Wong et al. 2000; Graves et al. 2004). Nutrients are transported by
stormwater runoff in both particulate and dissolved forms. Researchers have noted
that phosphorus is transported by stormwater runoff mainly in particulate form whilst
nitrogen is transported primarily in dissolved form (Uusitalo et al. 2000; Wong et al.
2000; Quinton et al. 2001; Jian et al. 2007).
In the case of nitrogen, Carpenter et al. (1998) have noted industrial wastewater and
septic tanks as major pollutant sources. Also, fertilizer serves as another important
source of nitrogen (Emilsson et al. 2007). Researchers have studied the role of
manure and fertilizer on nitrogen and phosphorus loads in runoff. For example, a
study undertaken by Huang et al. (2007) showed that residential and park land use
have higher total nutrient concentrations than other urban land uses. They attributed
this phenomenon to the high fertilizer application in these types of land uses. After
being absorbed by plants, the remaining nitrogen and phosphorus compounds are
attached to soil particles. When a storm event occurs, they are easily picked up by
runoff. Even through nitrogen and phosphorus are regarded as important nutrient
pollutants, it is difficult to standardise their export rate for any land use. This can be
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attributed to the large number of factors impacting the interacting processes. These
factors include soil type, rainfall and runoff characteristics, land use and
anthropogenic activities in the catchment (Goonetilleke and Thomas 2003).
Vehicle emissions are also a source of nutrients in urban areas. Sawyer et al. (2000)
revealed that light-duty and heavy-duty vehicles are the most important contributors
of nitrogen oxides (NOx). According to the California Air Resources Board data
(CARB 2006), vehicles were responsible for 51% of nitrogen oxides in California in
2006.
2.4.3 Organic Carbon

Organic carbon or oxygen demanding materials are compounds which can be
oxidised by bacteria to carbon dioxide (CO2) and water. The most important impact
of organic matter is the decrease in dissolved oxygen in water bodies due to
microbial oxidation. Also, it can lead to undesirable odours, undermine water
supplies and reduce the recreational value of waterways (Ellis 1989; Warren et al.
2003). In addition, Herngren et al. (2010) found that the presence of organic carbon
plays an important role in the distribution of hydrocarbons by influencing their
adsorption to solids and their transportation by stormwater runoff.
Organic matter has a stronger affinity to fine particles than coarse particles.
According to Sator and Boyd (1972), street sweeping is not effective in removing
fine particles, which can contain 34-99.5% of oxygen demand loading. Hence, the
majority of organic matter on street surfaces is picked up by surface runoff.
Sansalone and Tittlebaum (2001) investigated stormwater runoff from a road surface
in Louisiana, USA and noted that organic matter represented 29% on average of the
TSS concentration. Furthermore, organic carbon adsorbed to suspended solids
increases their sorption capacity for combining with hydrophobic organic chemicals
and some heavy metals such as Pb and Zn (Parks and Baker 1997). Even though this
characteristic is considered as beneficial, organic matter is easily decomposed
microbially, thus returning pollutants back to the dissolved phase.
Street surfaces are an important contributor of organic carbon to urban receiving
waters including street litter and plant debris (Gilbert and Clausen 2006; Gobel et al.
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2007; Pappas et al. 2008). Sator and Boyd (1972) found that the concentration and
loading of organic carbon closely depend on catchment characteristics and street
sweeping frequency. Also, organic carbon accumulates much faster on street surfaces
than inorganic materials (Sartor and Boyd 1972). The possible reason is that in urban
areas, leaves and litter are predominant over deposited sand and dust materials.
Furthermore, the amount of organic carbon varies with land use. According to
Miguntanna (2009), the highest organic carbon loading is in residential land use for
all particle size ranges. This was attributed to the greater presence of vegetation in
the surrounding area of the residential road surface investigated. Egodawatta (2007)
found that a significant fraction of organic compounds present in road surface
pollutants, were in soluble form for all land uses.
2.4.4 Toxicants

Toxicants are chemical compounds that have harmful or injurious impacts on living
organisms. Toxicants are typically introduced into the environment by anthropologic
activity (Lippmann 2009). Heavy metals and hydrocarbons are two of the most
important toxicants and of particular concern in stormwater quality research
(Herngren 2005; Brown and Peake 2006; Liu et al. 2010b).
Heavy metals present in urban stormwater runoff have been given much attention
due to their potential toxicity. Also, they are not decomposed in the environment
unlike most other pollutants. A major source of heavy metals in stormwater runoff is
vehicular traffic (Dong et al. 1984; Sansalone and Buchberger 1997). In addition,
building sidings and atmospheric deposition are all regarded as sources of heavy
metals in stormwater runoff.
Hydrocarbon compounds, similar to heavy metals, are primarily transported by solids
due to the strong affinity, particularly for fine particles. Among hydrocarbon
pollutants, polycyclic aromatic hydrocarbons (PAHs) are of particular concern in
stormwater runoff due to their potentially high concentration, numerous sources and
toxicity to aquatic organisms (Beasley and Kneale 2002). PAHs can be generated
from both anthropogenic and natural sources (Larkin and Hall 1998; Van Metre et al.
2000). Natural sources mainly consist of the anaerobic degradation of organic
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materials and forest fires while anthropogenic sources mainly include vehicles and
storage facilities. Although both sources contribute PAHs to the water environment,
it has been found that the contributions from anthropogenic sources is much greater
than from natural sources (Stenstrom et al. 1984).
2.4.5 Litter

Litter can be produced in any land use. Although it is widely distributed, litter does
not serve as a primary cause of water pollution. Due to large particle size, the most
obvious impact of litter is visual aesthetics due to flotation on the water surface. Also,
litter accumulation can clog urban drainage systems and hinder the conveyance of
stormwater. Even though litter may have an impact on water quality in an urban area,
litter is not easily be picked up by stormwater runoff due to its large size. Also, litter
can be effectively removed by regular street sweeping. Therefore, litter is not usually
regarded as a significant urban stormwater pollutant.
2.5 INFLUENCE OF CATCHMENT AND RAINFALL CHARACTERISTICS
ON STORMWATER QUALITY
Both catchment and rainfall characteristics play an important role in relation to urban
stormwater quality. Catchment characteristics primarily influence pollutant
generation whilst rainfall characteristics primarily affect pollutant transportation.
Catchment characteristics include a range of factors such as land use, urban form and
urban area location whilst rainfall characteristics describe the variations in rainfall
events primarily in relation to duration and intensity.
Pollutant generation and their transportation are strongly related to build-up and
wash-off processes. Therefore, the influence of catchment and rainfall characteristics
on urban stormwater quality is in effect represented by their impacts on these two
pollutant processes.
2.5.1 Pollutants build-up

Pollutant build-up refers to pollutant accumulation caused by dry and wet deposition.
It is a complex process and influenced by many factors such as traffic, land use,
impervious surfaces, and antecedent dry period (Vaze and Chiew 2002; Deletic and
Orr 2005). In an urban catchment, pollutants are introduced by anthropogenic
activities and natural sources and then removed by rainfall, wind and street sweeping
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(Pitt 1979). The influence of natural phenomena on pollutant build-up mainly
involves dry and wet deposition (Savinov et al. 2000; Deletic and Orr 2005).
Anthropogenic activities such as industrial processes, vehicle emissions and tyre
wear are identified as important contributors to pollutant build-up (Brodie and Porter
2006; Sabina et al. 2006).
Many researchers have strived to apply mathematical formulae to undertake a
quantitative analysis of the build-up process (for example Egodawatta 2007; Liu et al.
2010b). There are a number of typical equations as follows:


 ݕൌ ܽ  ௫

•

Reciprocal form

•

Logarithmic form  ݕൌ ܽ  ܾ  ݔ

•

Exponential form  ݕൌ ܽ݁ ି௫

•

Power form  ݕൌ ሺܿǡ ܽ ݔ ሻ

Where:
x- Antecedent dry days
y - Build-up load accumulated
a ,b and c -Coefficients
(Ball et al. 1998; O'Loughlin and Stack 2003; Egodawatta 2007; MIKEURBAN
2008)
Egodawatta (2007) developed a power equation for pollutants build-up and noted
that the coefficients of the build-up equation were different for high population
density and low population density catchments. In an investigation into the
parameters of the exponential build-up equation in the MIKE URBAN model, Liu et
al. (2010a) found that the input parameters applicable to Southeast Queensland,
Australia were significantly different from the default values in the software, which
was developed in Denmark. This implies that pollutants build-up varies significantly
with regional characteristics.
Research into the pollutants build-up process has many inherent difficulties. On the
one hand, due to the important role played by anthropogenic activities in the
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pollutant build-up process, investigations need to involve key activities. However,
this is quite complex as pollutant build-up varies with different anthropogenic
activities and the degree of influence these activities exert is highly variable. On the
other hand, mathematical formulation is invariably based on certain assumptions. For
example, pollutants build-up is influenced by the antecedent dry period. Pollutants
accumulate at a high rate on catchment surfaces at the initial period, followed by a
reduced accumulation rate, and finally almost asymptotes to a threshold value
(Egodawatta and Goonetilleke 2006).
Numerous factors can influence pollutants build-up. Among the most important
influential factors are catchment characteristics such as land use and impervious area
percentage (Goonetilleke et al. 2009; Kang 2009; Miguntanna et al. 2010). In an
investigation into pollutants build-up on different land uses, Bian and Zhu (2009)
noted that commercial land use contributed the highest amount of organic matter,
nitrogen and phosphorus to pollutant build-up. They attributed this to the variety of
anthropologic activities taking place and the high traffic volume. Similar conclusions
were also drawn by Miguntanna (2009), with commercial land use generating the
highest total solids build-up compared to other land uses. Egodawatta (2007)
observed that pollutants build-up displayed a significant variation in three road
surfaces located within the same land use. This was attributed to the variation in
urban form and population density at the specific sites. These research studies
confirm that pollutants build-up is affected not only by land use but also by site
specific characteristics.
2.5.2 Pollutants wash-off

Wash-off refers to the process where pollutants built-up on the surface during the dry
period are incorporated into stormwater runoff. It can be considered as a combination,
including the separation from the catchment surface and transportation. Firstly,
rainfall drops reach the ground and wets the surface dissolving water soluble
pollutants and dislodging particulate pollutants. Secondly, the separated pollutants
are transported by stormwater runoff.
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Rainfall characteristics such as rainfall intensity has a significant impact on
pollutants wash-off (Vaze and Chiew 2002; Brodie and Rosewell 2007). In an
investigation into the relationship between pollutants wash-off and stormwater runoff,
Gnecco et al. (2005) found that TSS concentration tended to be high with the
increase in rainfall intensity. This suggests that pollutant characteristics in runoff are
closely dependent on rainfall characteristics. A higher pollutant load stems from
higher rainfall intensity. This can be attributed to the fact that higher rainfall intensity
has a greater capacity for the separation of pollutants from the surface and their
transport. The threshold intensity for pollutant wash-off from rural catchments can
range from 67 mm/h (Renard et al. 1997) to 50 mm/h (Hudson 1993). This implies
that pollutants wash-off from rural catchments would need relatively high rainfall
kinetic energy and thereby high rainfall intensity.
Typically, an exponential form of equation is used to replicate the pollutants washoff process based on the rainfall intensity. There are two types of equations
commonly used as given below:
•

Exponential form ܹ ൌ ܹ ሺͳ െ ݁ ିூ௧ ሻ

•

Modified exponential form ܨௐ ൌ ௐ ൌ ܥி ሺͳ െ ݁ ିூ௧ ሻ

ௐ

బ

(Sartor et al. 1974; Egodawatta et al. 2007)
Where:
W-Weight of the material mobilised after time t
W0-Initial weight of the material on the surface
I-Rainfall intensity
K-Wash-off coefficient
FW-Fraction of wash-off
CF-Capacity factor
Although the exponential form has the ability to replicate pollutants wash-off,
Egodawatta et al. (2007) found that a rainfall event has the capacity to wash-off only
a fraction of the pollutants present on the surface and the fraction varies with rainfall
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intensity, the kinetic energy of rainfall and the pollutants characteristics. Therefore,
they suggested a modification to the exponential form by introducing a Capacity
Factor (CF) which is defined as the capacity of rainfall to transport pollutants.
According to Egodawatta et al. (2007), CF varies between 0 and 1 depending on the
rainfall intensity. When rainfall intensity is less than 40mm/hr, capacity factor (CF)
will increase linearly from 0 to 0.5, which is followed by a constant value of 0.5 for
40 to 90mm/hr, and then varies from 0.5 to 1.
According to Vaze and Chiew (2002), there were two possible alternative concepts
of wash-off, namely source limiting (Figure 2-2a) and transport limiting (Figure 22b). The former represents the scenario where pollutants accumulate from zero and
then revert back to the original level after a wash-off event. The latter represents the
scenario where only a fraction of the pollutants is removed by the wash-off process
and the pollutants load is restored back over time to almost the same level as before
the rainfall event. They also noted that in most cases, pollutant wash-off is closer to
the source limiting process. However, this may vary for different pollutant types.
Miguntanna (2009) has noted that nitrogen wash-off process is a source limiting
process while phosphorus wash-off process is a transport limiting process. It was
found that the total nitrogen concentration in runoff decreased with increasing
rainfall intensity whilst the total phosphorus concentration increased with increasing
rainfall intensity. Therefore, it can be concluded that pollutants wash-off is affected
by a range of factors rather than a single factor.
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Figure 2-2 Hypothetical representation of surface pollutant load over time
(a) Source limiting; (b) Transport limiting (Adapted from Vaze and Chiew 2002)
2.5.3 Factors influencing urban stormwater quality

As both catchment and rainfall characteristics play an important role in pollutants
build-up and wash-off, the following discussion focuses on the relevant factors in
this regard.
A. Catchment characteristics
Land use and land cover
Land use is the human modification of the natural environment to the built
environment. In terms of urban catchments, land use is typically divided into
residential, commercial and industrial areas. These different land use types are
characterised by different anthropologic activates such as vehicular traffic. Land
cover refers to the physical material on the land surface such as grass, asphalt,
concrete and roof surfaces (Comber et al. 2005). Land use and land cover have a
significant influence on the urban environment. In terms of the water environment,
different land use and land cover can produce different pollutant types and loads and
hence play a key role in stormwater quality (Ahearn et al. 2005).
Different land uses have different anthropogenic activities. For example, industrial
land use would have more frequent loading activities while commercial land use may
have high traffic volumes. These characteristics have an important effect on
pollutants build-up. Pollutant accumulation curves (Figure 2-3) for residential,
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industrial and commercial areas were developed by Sartor et al. (1974). These curves
show that relatively higher solids accumulation occurs in industrial areas compared
to residential and commercial areas. The possible reason for this is that industrial
areas are swept less often and produce more dust due to the nature of the
anthropogenic activities taking place.

Figure 2-3 Pollutant accumulation rates for different land uses
(Adapted from Sartor et al. 1974)
The characteristics of solids build-up varies with land use and land cover.
Miguntanna (2009) in the investigations undertaken found that industrial land use
tended to produce more fine particles than other land uses. This was attributed to the
presence of industrial enterprises such as cement based industries in the surrounding
areas. In an investigation into solids build-up on road surfaces and roof surfaces,
Egodawatta (2007) found that roof surfaces display a smaller variation in particle
size distribution for different antecedent dry days than road surfaces. This suggests
that only limited re-distribution occurs with time on roof surfaces compared with
road surfaces.




ʹ

There have been attempts to investigate the relationships between nutrients and land
use as nutrients are among the most important urban stormwater pollutants (Owens
and Walling 2002; Miguntanna 2009). For example, Li et al. (2008b) studied
stormwater quality in relation to land use and land cover in the upper Han River,
China. They noted that zones where large cities are located were found to have high
concentrations of dissolved phosphorus in stormwater than other zones. Owens and
Walling (2002) found that with the increasing level of urbanisation and
industrialisation, the range and concentration of total phosphorus content also
increase. A possible reason was the wide use of phosphorus compounds such as
detergents in urban areas. In an investigation into the correlation between land use
and nutrients, Ahearn et al. (2005) found that the ratio of urban areas to rural areas
played a significant role in both total suspended solids and nitrate-N loading. As the
ratio increased, nutrient loading in stormwater runoff increased. This was attributed
to the fact that the increase in the ratio indicated a higher percentage of urbanised
areas and the occurrence of greater anthropogenic activities.
Organic carbon is closely related to land use and land cover. Miguntanna (2009)
noted that residential land use generated the highest total organic carbon build-up
among all investigated land use types. This can be attributed to the relatively greater
vegetation and thereby the presence of twig and leaf fragments in a residential land
use. Due to the ability of organic carbon to influence the presence of other pollutants
in the water environment, relationships between organic carbon build-up and land
use is of importance in urban stormwater quality research (Herngren et al. 2006;
Goonetilleke et al. 2009; Miguntanna et al. 2010).
The influence of land use and land cover on stormwater quality can lead to
differences in pollutant concentrations and species. This is because it implicitly
relates to the different anthropogenic activities and the extent of these activities.
Therefore, the further investigation of the relationship between stormwater quality
and land use and land cover is important.
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Impervious surface percentage
Impervious surfaces have been seen as the one of the most important factors
affecting stormwater quality (Brabec et al. 2002). Compared with pervious surfaces,
pollutants on impervious surfaces can be easily picked up by runoff due to the low
roughness and transported to receiving waters. Therefore, impervious surface
percentage has been a key catchment characteristic taken into consideration in urban
stormwater quality research. In an investigation into stormwater quality in urban
catchments, Mallin et al. (2008) found that impervious surface percentage was
strongly correlated with phosphorus concentration. Arnold and Gibbons (1996) noted
that the receiving water quality decreased with the increasing percentage of
impervious surfaces. According to Dietz and Clausen (2008), the increase in
impervious surface percentage can significantly enhance both TN and TP
concentrations in stormwater runoff. These research outcomes highlight the
important influence of impervious surface area on stormwater quality.
Urban form
Urban form is an important factor in relation to the impact of urbanisation on the
water environment. Urban form refers to the physical layout and design of the urban
area, including density, street layout, transportation and employment areas and urban
design features (Breheny 1992). These characteristics can affect both, the water
quantity and quality. For example, street layout can affect the distribution of drainage
systems and the time and velocity of surface runoff while population density and
transportation are responsible for pollutant generation. Goonetilleke et al. (2005)
found that a high-density residential development would be the preferred option in
terms of safeguarding water quality since this type of urban form results in a
relatively smaller footprint. Furthermore, they also noted that there was very little
similarity in stormwater quality for different urban forms, even though two
catchments may have the same percentage of impervious surfaces. They attributed
this to the different spatial distribution of impervious surfaces and catchment
management practices. According to these research studies, it can be concluded that
urban form should be taken into consideration for developing an in-depth
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understanding of stormwater quality processes. However, there has been only limited
research undertaken to investigate the relationship between urban form and
stormwater quality. This underlines the need to overcome this knowledge gap as it
can provide guidance for the development of robust strategies for to stormwater
quality management.
Urban area location
Urban area location is defined as the spatial distribution of urban areas in a
catchment. It primarily relates to the distance of the various urban areas from the
drainage system or catchment outlet. Although numerous studies have confirmed the
strong relationship between urban area type and stormwater quality, the influence of
their spatial locations on stormwater quality is still not clear (Baker 2003). Changes
in urban area location can modify the runoff process such as the starting time of
pervious surfaces runoff, flow velocity and pollutants load and thereby stormwater
quality (Bufill 1989). Therefore, it is critical to understand the role played by urban
area location on stormwater runoff quality and quantity.
Urban area location mainly influences the process of runoff reaching the catchment
outlet and hence, pollutant loads. For example, when pervious surfaces are located
away from the catchment drainage system, the pervious surface runoff may not reach
the drainage system or will be significantly delayed due to the long travel distance.
Also, the required rainfall amount needed to activate pervious surface runoff would
have to increase since a greater runoff loss would occur due to percolation into the
ground.
Bufill and Boyd (1988) have confirmed that the urban area location can modify the
runoff process. Therefore, differences in urban area location can lead to differences
in pollutant contributions from different urban surfaces. Unfortunately, to date, there
has been only limited research which has focused on the influence of urban area
location on urban stormwater quality. This highlights the need to understand the
relationship between urban area location and stormwater quality.
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B. Rainfall characteristics
Rainfall characteristics, including rainfall duration and rainfall intensity, play an
important role in relation to urban stormwater quality (Shigaki et al. 2007; Kang et al.
2008; Herngren et al. 2010). Brodie and Rosewell (2007) noted that the square of the
rainfall intensity provides a measure of the kinetic energy available in rainfall for the
wash-off process. This confirms the close relationship between rainfall intensity and
pollutants wash-off. Wang et al. (2010) noted that ammonia nitrogen concentration
decreased with long rainfall duration. They attributed this observation to the dilution
taking place with long duration rainfall events. However, Lee and Bang (2000) noted
that the concentration of suspended solids and chemical oxygen demand increased
with increasing rainfall duration. The possible reason of these conflicting
observations could be due to the different wash-off characteristics of different
pollutants combined with catchment characteristics.
In terms of stormwater mitigation design, appropriate selection of rainfall events is
essentially related to the required efficiency of the stormwater treatment in relation to
pollutant load and pollutant species (Larm 2000). Unfortunately, the current
knowledge in relation to the classification of natural rainfall events is focused solely
on hydrologic criteria such as Average Recurrence Interval (ARI) (Rahman and
Goonetilleke 2001). Therefore, it may be argued that this type of rainfall
classification is more suitable for hydrologic design such as flood mitigation design
rather than stormwater quality mitigation design. To date, there is only limited
guidance available regarding the classification of natural rainfall events to suit the
needs of stormwater quality design. Therefore, in order to improve the efficiency of
stormwater treatment strategies, appropriate guidance is needed for the classification
of natural rainfall events in the context of stormwater quality. Therefore, an in-depth
understanding of how stormwater quality varies with rainfall characteristics is
important.
2.6 URBAN CATCHMENT MODELLING
Hydrologic and water quality modelling is being increasingly used as an evaluation
and prediction tool for understanding the quantity and quality impacts on urban
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receiving waters (Zoppou 2001). In addition, modelling also gives guidance to
management decisions. Such models should be capable of holistic analysis of
different kinds of information in the study of complex phenomena. For example,
hydrologic models can combine topographical, meteorological and geographical
information in the simulation process (Stephanie and Stephen 2007).
2.6.1 Urban hydrologic models

A hydrologic model is an approximation of the hydrologic system. In a hydrologic
modelling process, a combination of mathematical procedures is used to replicate the
hydrologic processes. The basic principle involved in hydrologic modelling is the
transformation of rainfall to runoff. It includes two processes, which are, the losses
resulting from evaporation and interception and the attenuation due to storage on the
surface or subsurface (Mansell 2003). There are many factors impacting on the
relationship between rainfall and runoff. These include:
•

The spatial-time distribution of precipitation and evaporation;

•

The topography of the catchment in terms of the direction and magnitude of
ground slope;

•

The physical characteristics of the soil layers;

•

The land use and land cover.

(Mansell 2003)
Ideally, these data should be available for all points on the surface of the catchment
and for some depth below the surface over the time-scale of the model. However, it
is clearly not realistic to have access to this level of detail. Therefore, all hydrologic
models are only approximations of real systems.
The typical hydrologic process in a catchment is illustrated in Figure 2-4. According
to Figure 2-4, a fraction of rainfall will contribute to runoff whilst the remainder is
lost due to evaporation or percolation into the ground. Different mathematical
procedures are used to simulate the different components in the hydrologic process
(Laurenson and Mein 1995). As an example, Horton’s infiltration equation can be
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used to the estimate precipitation-infiltration process whilst the Manning equation
can be used to determine the characteristics of the free-surface flow driven by gravity.

Figure 2-4 Hydrologic processes
Although many hydrologic models have been developed over the years, most of the
fundamental mathematical equations used in these models relate to rural or natural
catchments rather than urban areas. Compared to the hydrologic processes in rural
areas, there are obviously different processes in urban catchments, especially
infiltration and depression storage because of the presence of impervious surfaces. In
order to meet the requirements of simulating urban catchments, modifications are
incorporated in hydrologic models replicating rural areas so that they can model
urban areas as accurately as possible. Generally, urban catchment surfaces are
divided into three land cover types, directly connected impervious, not directly
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connected impervious and pervious areas. There are different mathematical
formulations for representing these three types of surfaces (Borah and Bera 2003;
O'Loughlin and Stack 2003). For example, in relation to impervious surfaces,
effective rainfall can be obtained by subtracting the initial loss from the total rainfall.
Generally, the range of initial loss for impervious surfaces ranges from 0 to 5mm
(O'Loughlin and Stack 2003). For pervious surfaces, a continuing loss model is
commonly applied and it is suitable for most parts of Australia (Phillips and Yu
2003).
In urban hydrologic models, mathematical equations primarily simulate rainfall loss
and runoff routing. The loss equations are responsible for estimating the loss of
rainfall due to infiltration and depression storage whilst routing equations transform
the effective rainfall to a runoff hydrograph based on catchment characteristics. The
loss and routing are simulated at the same time. The general process is to remove the
loss from the total rainfall and then simulate the routing process. There are a number
of hydrologic modelling approaches such as the time-area method and kinematic
wave method (O'Loughlin and Stack 2003; MIKEURBAN 2008). These methods use
different theoretical concepts to integrate peak attenuation and travel time of runoff
due to the storage action of the catchment and the drainage channels. Time-area
method has been widely used in hydrologic research due to its ability to simulate
urban catchments compared with other methods. Therefore, the theory of the timearea method is discussed in this section.
The time-area routing models can simulate the flow at the outlet of a catchment
based on the variation of contributing area with time. The time-area curve can
calculate the runoff hygrograph for a simulated catchment and given rainfall event.
The method is illustrated in Figure 2-5.
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Figure 2-5 Time-area method
(Adapted from O'Loughlin and Stack 2003)
The peak discharge is the sum of flow contributions from the subdivisions of the
catchment defined by time contours, which are lines of equal flow-time to the
catchment outlet where the peak discharge is required. The time-area curve is
obtained based on the time of concentration which can be defined as the time taken
for the flow from the most remote part of the catchment to reach the outlet. The
variation of the cumulative time-area curve with distance from the outlet depends on
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the shape and surface characteristics of the catchment. That means that the time-area
curve can be drawn as a concave, convex or linear shape.
The time-area method for calculating peak flows from rainfall has been extended
since it first appeared in the 1920s (Shaw 1983). Many modifications have been
specifically introduced for modelling urban catchments. Commonly used
hydrological models such as ILSAX, DRAINS, MIKE URBAN and MOUSE
simulate hydrologic processes using the time-area method.
2.6.2 Urban stormwater quality models

The technical approach used in stormwater quality models is similar to that used in
hydrologic models (Zoppou 2001). These models are used to estimate pollutant
concentrations or loads introduced by a catchment. The data required for stormwater
quality modelling is mainly related to rainfall characteristics, catchment
characteristics and pollutant build-up and wash-off. There are two fundamental
approaches for undertaking stormwater quality modelling. These are the event based
method and the long term continuous based method.
A. Event based models
In the event based method, the pollution process is divided into two steps: build-up
process and wash-off process for each rainfall event. Empirical equations are applied
to simulate these two steps in the modelling process (Akan and Houghtalen 2003).
Suspended solids are the major pollutant commonly modelled due to being regarded
as the primary indicator of pollution. Other pollutant loads are generally estimated by
assuming that the ratio of a particular pollutant to that of suspended solids is a
constant for a given land use (Akan and Houghtalen 2003). Different forms of
pollutant build-up and wash-off equations are used in different models. Most forms
of build-up equations are based on antecedent dry days while pollutants wash-off is
mainly a function of rainfall intensity (see Section 2.5.1 and 2.5.2).
Antecedent dry days and rainfall intensity are the key parameters in the simulation of
pollutants build-up and wash-off. However, the currently available stormwater
quality models are not sensitive to all of these rainfall characteristics. This leads to
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the difficulty in investigating the relationship between a range of rainfall
characteristics and stormwater quality with the use of these stormwater quality
models. Therefore, the sole application of these stormwater quality models for
investigating the relationship between rainfall characteristics and stormwater quality
would lead to inaccuracies in the study outcomes. In this context, the combined
application of numerous models focusing on different pollutant processes such as
build-up and wash-off respectively, should be the preferred option in order to ensure
that the applied models are sensitive to all of the investigated rainfall characteristics.
Additionally, simulating pollutant process alone in stormwater quality modelling is
not sufficient. Estimating hydrologic parameters such as runoff volume and peak
discharge is essential for the simulation of pollutant concentration and load.
Generally, the pollutant concentration at the catchment outlet is given more attention
than that at the other locations because it is closely related to receiving water quality.
Therefore, this emphasises the importance of simultaneous simulation of hydrologic
and stormwater quality processes.
Most stormwater quality models are integrated into hydrologic and hydraulic models.
For example, models such as MIKE URBAN, SWMM and BASINS include
stormwater quality simulation components.
B. Long term continuous based models
Unlike event based models, which focus on the estimation of detailed pollutant load
and/or concentration for a particular rainfall event or a series of rainfall events, long
term continuous based models focus on long-term pollutant load estimation such as a
month or a year (Ahyerre et al. 1998; Akan and Houghtalen 2003). Usually, these
types of models are required in planning level studies.
In current engineering practice, using long term continuous based models such as
MUSIC is to assign stochastic stormwater quality values to each rainfall event for
long-term continuous period such as 20 years, based on a specific approach such as a
probability approach (McAuley and Knights 2009). This approach does not
necessarily consider the variable nature of stormwater quality with rainfall and
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catchment characteristics. Additionally, land use is commonly considered as the only
influential catchment characteristic in stormwater quality models. Such an approach
constrains the effectiveness of stormwater treatment design and hence results in
inefficiencies in the treatment of stormwater quality. This is due to the complexities
urban stormwater quality exhibit with the inherent variability of rainfall and
catchment characteristics as discussed in Section 2.5. In this context, current
modelling approaches may not be appropriate for stormwater treatment design.
Long term continuous based models are capable of estimating the annual pollutant
export from a catchment based on parameters related to land use or rainfall
characteristics. Same as for event based models, different equations are used by
different models and have varying degrees of complexity (Letcher et al. 1999). Other
than MUSIC, XP-AQUALM is also one such model designed for long-term runoff
and pollutant export estimations and costing and policy assessments (XP-AQUALM
1996).
2.7 CONCLUSIONS
The following discussion summarises the important conclusions from the review of
literature related to urbanisation and its influence on the water environment. The
review included the current state of knowledge on hydrologic and water quality
impacts of urbanisation, the influence of catchment and rainfall characteristics on
urban stormwater quality and hydrologic and stormwater quality modelling
approaches.
The influence of urbanisation on the water environment primarily includes two
impacts. Firstly, it is the hydrologic impact. The presence of impervious surfaces
reduces infiltration and the presence of more uniform surface slopes as a result of
urbanisation. This leads to a series of hydrologic changes to the catchment such as
increase in runoff volume and peak and a reduced time to peak. The second impact is
in the area of water quality. A variety of anthropogenic activities resulting from
urbanisation introduces pollutants, including solids, nutrients, toxicants and organic
matter. These pollutants are washed-off by stormwater runoff and transported to the
receiving waters.
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Catchment and rainfall characteristics play an important role in relation to urban
stormwater quality as they influence the two primary pollutants processes, namely,
build-up and wash-off. Pollutant build-up can be influenced by catchment
characteristics such as land use and land cover whilst pollutant wash-off is
influenced by both rainfall and catchment characteristics. In addition, it is found that
other than the typical catchment characteristics such as land use, other factors such as
urban form and urban area location also has a significant impact on urban stormwater
quality due to their influence on both pollutants generation and transportation.
Furthermore, it is noted that current methods for rainfall events classification are
only suitable for hydrologic design rather than stormwater quality design. In this
context, developing a methodology for selecting rainfall events on the basis of urban
stormwater quality investigations is essential to improve stormwater treatment design.
Therefore, an in-depth understanding of the influence of catchment and rainfall
characteristics on urban stormwater quality is necessary to supply guidance for the
design of stormwater treatment strategies in order to improve their efficiency.
Numerous predictive models have been developed for hydrologic and water quality
simulation of stormwater runoff. Additionally, a significant number of models are
available for modelling urban catchments. However, since most models are not
sensitive to all of the rainfall characteristics, it could lead to inaccuracies in the
modelling results. Therefore, the combined application of a suite of models focusing
on different pollutant processes is preferred in order to improve the accuracy of the
modelling outcomes. Additionally, the approach of current long term continuous
based stormwater quality models is to assign stochastic stormwater quality factors to
each rainfall event solely based on land use. Therefore, the current modelling
approach may not be appropriate for stormwater treatment design since urban
stormwater quality is multifaceted.




͵ͻ

Chapter 3 Methods and Research Design
3.1 BACKGROUND
As discussed in Chapter 2, stormwater quality is closely related to both catchment
characteristics and rainfall characteristics. Investigation of the influence of rainfall
and catchment characteristics on stormwater quality can provide fundamental
knowledge to enhance stormwater treatment design. This research study entailed the
investigation of a range of catchments with different characteristics and a variety of
rainfall events.
There were two types of data used in the study. This included monitoring data from
residential catchments and pollutant build-up data from field collections. Monitoring
data which was only available for residential catchments was used to analyse the
influence of catchments and rainfall characteristics on urban stormwater quality on
residential catchments whilst the pollutant build-up data was used to extend the
investigations to other land uses. For the study, a range of study tools was required
for field sample collection, modelling and data analysis.
3.2 RESEARCH METHODOLOGY
The research methodology was divided into five main steps as follows:
•

Critical review of literature

•

Selection of study sites, modelling software and data analysis techniques

•

Build-up sampling and data collection

•

Build-up sample testing

•

Data analysis

The detailed research process is further illustrated as Figure 3-1.
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Critical review of literature

Methodology development

Selection of study sites

Selection of modelling
software

Selection of data analysis
techniques

Samples and data collection

Build-up samples collection from different
land uses

Catchment data, rainfall-runoff data, drainage
network data, water quality data and land use and land
cover data for the selected residential catchments

Testing for solids, nutrients and
organic matter
Data analysis

Figure 3-1 Research process
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3.2.1 Critical review of literature

An in-depth understanding of past research undertaken which is relevant to this study
was essential. Identifying the research gaps, understanding the state of knowledge
and justifying the research methods were achieved from the critical review of
published research literature.
Through the critical review literature, current state of knowledge was gained relating
to stormwater pollutant sources, pollutant types, the influence of catchment and
rainfall characteristics on stormwater quality and pollutant build-up and wash-off.
Also, the formulation of the research methods and data needs for the study was
underpinned by the knowledge gained from the literature review.
3.2.2 Selection of study sites, modelling software and data analysis techniques

The research project entailed a comprehensive study investigating the influence of
catchment and rainfall characteristics on urban stormwater quality. As such, data
from a number of different catchments were needed for the investigations.
Consequently, a number of catchments with long term rainfall-runoff and stormwater
quality records and appropriate catchment and drainage network data were identified.
Additionally, a series of road surfaces on different land uses including residential,
commercial and industrial land uses were selected for pollutant build-up samples
collection as road surfaces have been recognised as a major contributor of pollutants
to urban stormwater runoff (Fulcher 1994; Ball et al. 1998; Han et al. 2006).
Taking into consideration the volume of data generated, the diversity of variables and
the complexity of the data analysis to be undertaken, it was essential to identify
appropriate data analysis techniques. Computer modelling was used to investigate the
influence of rainfall characteristics on urban stormwater quality, which formed an
integral part of the data analysis. Therefore, appropriate modelling software was
selected based on the accuracy in simulating rainfall-runoff processes and model
complexity. Computer modelling requires long term rainfall-runoff data and
appropriate catchment and drainage network baseline data.
3.2.3 Samples and data collection

Pollutants build-up sample collection was undertaken on the selected road surfaces
for the three different land uses identified. Additionally, catchment monitoring data
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including rainfall-runoff records, drainage network data, stormwater quality data and
land use and land cover data were obtained for the selected catchments.
3.2.4 Build-up samples testing

Based on the literature review undertaken, laboratory testing focused on three
categories of pollutants. They were solids, nutrients and organic carbon due to their

important roles in affecting stormwater quality. The influence of these pollutants on
urban stormwater quality is discussed in Section 2.4. All samples including field
blanks and laboratory blanks for quality control purposes were tested for these
parameters according to the Standard Methods for Water and Waste Water (APHA
2005).
3.2.5 Data analysis

Firstly, data analysis was conducted to categorise the selected rainfall events based
on stormwater quality. Secondly, data analysis was undertaken to define the selection
of appropriate rainfall events to investigate the influence of rainfall characteristics on
urban stormwater quality. Thirdly, the data analysis was carried out to investigate the
influence of catchment characteristics on urban stormwater quality based on the
different rainfall categories. Fourthly, the data analysis was undertaken to investigate
the influence of land use on pollutants build-up using the pollutant build-up data
from different land uses. In this regard, both univariate and multivariate data analysis
techniques were applied. The methodology adopted for the data analysis is illustrated
in Figure 3-2.
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Figure 3-2 Methodology of data analysis
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3.3 STUDY TOOLS
3.3.1 Vacuum collection system

In past research, a number of techniques had been used to collect samples from road
surfaces. However, the majority of these techniques can be separated into two
categories. One is brushing or sweeping and the other is vacuuming. Brushing or
sweeping can be undertaken easily but it is not efficient for collecting fine particles
(Robinson et al. 2003). This means that this technique is more suitable when coarse
particles are of interest. According to Bris et al. (1999), vacuuming, and particularly
wet vacuuming is more efficient for collecting fine particles compared to other
techniques such as brushing, sweeping and dry vacuuming. This conclusion was
based on an experiment undertaken on the laboratory floor using dry and wet
vacuuming techniques. Bris et al. (1999) found that wet vacuuming had a relatively
higher efficiency in collecting all particle size fractions when compared with dry
vacuuming (see Figure 3-3).

Figure 3-3 Collection efficiencies between dry and wet vacuuming
(Adopted from Bris et al. 1999)
According to published research, fine particles play a far more critical role in
stormwater quality as they adsorb a relatively greater pollutant load (Sartor and Boyd
1972; Deletic and Orr 2005). As such, the collection of fine particles is important in
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stormwater quality research. The criteria for the selection of the sample collection
technique were based on enhancing the collection of fine particles.
A number of researchers have used industrial vacuuming systems in stormwater
quality research as these systems can provide high vacuum power (for example
Shaheen 1975; Vaze et al. 2000). However, it is not only collection efficiency that is
important, but also the ability to retain particles should also be taken into
consideration when selecting an appropriate vacuuming system (Tai 1991). The
domestic vacuum system used by Tai (1991) had a retention efficiency of 96.4%
which was due to the significant capacity for retaining fine particles. This can be
attributed to the effective filtration systems common in domestic vacuuming systems.
Consequently, it can be concluded that both, high vacuum power and effective
filtration system should be considered as criteria for selecting an appropriate
vacuuming system.
Taking these two criteria into account, a DeLonghi Aqualand model which consists
of a compact 1500W motor and efficient filtration system was selected for collecting
pollutants from road surfaces. This vacuuming system was also used by Egodawatta
and Goonetilleke (2008) and Herngren et al. (2005) for their research. Along with
these features, portability was another reason for selecting the vacuum system.
In the vacuum system, the air intake is directed through a column of water which
helps to retain the particulate pollutants. The selected vacuuming system is equipped
with a High Efficiency Particulate Air (HEPA) filter. According to the
manufacturer’s specifications, the HEPA filter has 99.97% efficiency in filtration. It
is capable of minimising the escape of fine particles from the exhaust. The pollutants
retained in the water can be easily extracted to sample containers for analysis. The
filtration system is illustrated in Figure 3-4.
Due to the importance of fine particles in stormwater quality research, the need to
enhance the collection efficiency of fine particles was of concern. This was resolved
by providing a small vacuum foot with a brush to the end of the vacuum system hose.
The foot is capable of concentrating the air flow into a smaller area where system
power can effectively collect both, fine and coarse particles. The brush enhanced the
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collection efficiency of the vacuuming system by dislodging the finer particles from
road surfaces (Herngren et al. 2005; Egodawatta 2007). Through the combination of
brushing and vacuuming, the collection efficiency of the vacuuming system for both
fine and coarse particles was improved significantly.

Figure 3-4 Filtration system in DeLonghi Aqualand vacuum
3.3.2 Sprayer

Other than dry build-up samples, wet sample collection was also undertaken during
the build-up sampling. This was to collect dissolved pollutants on the road surfaces.
The road surfaces were moistened before wet sample collection. A 12 volt electric
sprayer as shown in Figure 3-5 (swift 60 L compact sprayer with pressure control
module and pressure gauge attached) was used to wet the road surfaces.
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Figure 3-5 Sprayer
3.3.3 Hydrologic and hydraulic modelling software

Hydrologic and hydraulic modelling is being increasingly used as evaluation and
prediction tools for understanding the quantity impacts on urban receiving waters
(Zoppou 2001). Such models should be capable of holistic analysis of different types
of information in the study of complex water phenomena. For example, hydrologic
models can combine topography, meteorology and geography related information in
the simulation process (Sorooshian and Gupta 1995).
A. Selection of modelling software
The selection of an appropriate hydrologic and hydraulic model was critical for the
research project. The selected model needed to have the ability to accurately simulate
the hydrologic processes in the study catchments. Additionally, convenience in
importing data from external sources for model setup was also important. For
example, in this research, the drainage network data for the study catchments were
obtained in Mapinfo file format while rainfall records were obtained as an Excel file.
This required that the selected model should have the capability for importing
different types of data files. Furthermore, since the investigation of the relationship
between rainfall characteristics and urban stormwater quality was based on
individual rainfall events rather than long-term continuous rainfall, the selected
model needed to be able to accurately simulate hydrologic processes accordingly.
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According to these criteria, a range of models widely used were evaluated in order to
select the appropriate model for the research study. Table 3-1 shows the comparison
of three different commercial models. All of them have the capacity to accurately
simulate hydrologic processes. MUSIC, which has been used widely in Australia for
stormwater treatment design, requires long-term continuous rainfall input rather than
event-based rainfall data (McAuley and Knights 2009). In terms of data import,
MIKE URBAN displays strong capacity of importing different types of data sources
such as Mapinfo, Excel and Geographical Information System (GIS) databases since
the software is a GIS-based hydrologic and hydraulic model (MIKEURBAN 2008).
This translates to ease of model setup in MIKE URBAN compared with other two
models. Therefore, based on a comprehensive consideration on these criteria, MIKE
URBAN was selected for the research study.
Table 3-1 Comparison of three different commercial models
Models

Accuracy

MIKE URBAN
√
MUSIC
√
XP-SWMM
√
√ Good performance × Poor performance

Event-based
rainfall input
√
×
√

Capability for
importing data
√
×
×

B. MIKE URBAN
MIKE URBAN has been developed by the Danish Hydraulic Institute (DHI)
(MIKEURBAN 2008). The modelling software is a flexible system for modelling
and designing of water distribution networks and collection systems for wastewater
and stormwater. It combines a GIS-based data management package, a complete
stormwater and wastewater modelling package and a complete water distribution
network modelling package (MIKEURBAN 2008). MIKE URBAN is based on a
database for storing network as well as hydraulic modelling data. This database is
based on GeoDatabase, which is a storage for GIS data and may also be operated
directly using standard GIS applications.
MIKE URBAN provides the ability to model both water distribution and collection
systems. It is an integration of mathematical modelling procedures developed for
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hydrologic and hydraulic simulations. MIKE URBAN supplies two engines,
MOUSE and SWMM5, for modelling hydrologic and hydraulic phenomena. The
structure of MIKE URBAN is illustrated as Figure 3-6.

Figure 3-6 The structure of MIKE URBAN
(Adapted from MIKEURBAN 2008)
MIKE URBAN needs three categories of input data for hydrologic and hydraulic
simulations, namely, network, catchment and boundary data. Network inputs
primarily consist of nodes and links. Node information is spatial location, dimensions
and elevations of nodal structures such as manholes, basins and outlets. These node
structures are connected by links, including pipes and channels. The main link inputs
are type of link, their hydraulic properties such as roughness and information on
upstream and downstream nodes. Catchment inputs primarily include catchment area
and the node at which the catchment drains. The catchment should drain to a predefined node from nodal inputs. There are three types of boundary inputs in MIKE
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URBAN, namely, catchment loads and meteorological boundary conditions, network
loads and external water levels. In this research study, the first two boundary inputs
were applied. Catchment loads and meteorological boundary inputs are the rainfall
data in the form of rainfall intensity time series while network loads boundary inputs
are the results of hydrologic simulation and are used in hydraulic simulation. Figure
3-7 illustrates the hydrologic and hydraulic simulation sequence in MIKE URBAN.

Figure 3-7 Hydrologic and hydraulic simulation sequence in MIKE URBAN
3.3.4 Data analysis techniques

Data analysis techniques adopted included univariate and multivariate data analysis
techniques. Univariate data analysis techniques were applied to explore the data
variability and included mean, standard deviation and coefficient of variation.
However, the application of univariate data analysis techniques was limited due to
constraints related to manipulating and investigating large data sets and multiple
variables. This was overcome by the application of multivariate data analysis
techniques. Multivariate data analysis techniques such as principal component
analysis for pattern recognition and multi criteria decision making methods for
ranking objects were employed. Detailed information regarding these data analysis
techniques are discussed in the following sections.
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A. Univariate data analysis
There were three univariate methods used in the data analysis, including mean,
standard deviation (SD) and coefficient of variation (CV). The mean is primarily the
most representative single value describing a given data set. SD indicates the spread
or dispersion of data points with respect to the mean. The smaller the SD value, the
more concentrated is the data set (Adams 1995). CV is a coefficient to describe the
data variation from the mean. It is typically in the form of a percentage. A large CV
value represents a high variation in the dataset (Egodawatta 2007). The equations for
calculating these three parameters are given below.
1

Equation 3-1

Equation 3-2

100%

Equation 3-3

Where,
- Mean
n

-The number of data points

xi -Value of each data point
B. Multivariate data analysis
Principal component analysis (PCA)
Principal Component Analysis (PCA) is a common, informative data display method,
and is employed as a convenient technique for initial exploratory purposes for pattern
recognition (Adams 1995; Kokot et al. 1998). PCA has been widely used in a
number of water quality research studies to investigate multivariate statistical data.
For example, Mendiguchia et al. (2004) employed PCA to assess the influence of
anthropogenic activities on river water quality; Goonetilleke et al. (2005)
investigated the influence of urban form on urban stormwater quality using PCA;
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Herngren et al. (2005) used PCA to identify the relationship between heavy metals
and particle size in urban stormwater runoff samples; Miguntanna (2009a) used PCA
to explore correlations between nutrients, other chemical parameters and particle
sizes in pollutant build-up and wash-off. In this research, PCA was used to identify
the relationships between catchment characteristics, rainfall characteristics and
stormwater quality.
PCA is performed on the transformed data by reducing a set of raw data to a number
of principal components (PCs). PC1 describes the largest data variance and PC2 the
next largest data variance and so on. There are as many PCs as the number of
variables, but most of the variance is collected in the first few PCs. Each object is
identified by a score, and each variable by a loading value or weighting. The data
displays may be obtained by plotting (i) PCi vs PCj scores (score plot, i, j = PC
number), (ii) loadings for a given PC (loading plot) and (iii) scores and loading
vectors on the one plot (biplot). The various display plots indicate relationships
between objects, the significance of variables on each PC, and correlations between
objects and variables. This analytical method can provide useful guidance regarding
the relationship of objects and variables in a data matrix.

The number of significant PCs may be selected with the use of the Scree plot method.
A Scree plot shows the variation of the eigenvalues in descending order with
corresponding PCs (Adams 1995). According to the point where the graph makes a
significant change in direction, the number of principal components which should be
taken into consideration is decided.
Prior to performing PCA, the original data set is arranged into a matrix where the
variables are represented by columns and objects are represented by rows. In this
research study, a set of rainfall events were considered as objects while the rainfall
characteristics and pollutants parameters were considered as variables. As the
variables did not have the same units and/or were of widely varying magnitude, the
data was subjected to standard pre-treatment techniques, including mean centring and
standardisation prior to performing the PCA (Kokot and Yang 1995; Libranda et al.
1995; Tyler et al. 2007).
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Standardisation is achieved by the individual value in each cell being divided by the
standard deviation of that column. Mean centring is to subtract the mean value of
each variable from each element in their respective column. In PCA, mean centred
data tend to describe the first PC in the direction of the largest variance of the data.
In this research study, due to the large differences in the magnitude between
variables in the original data, the data was pre-treated by both mean centring and
standardisation, namely auto scaling, in order to ensure that all the variables have
equal weights (Purcell et al. 2005; Settle et al. 2007). The results of auto scaled data
have a mean of zero and unit standard deviation. Furthermore, due to the sensitivity
of PCA to atypical objects, they are removed from the data matrices before analysis
by performing Hotelling T2 test (Lim et al. 2006). According to this method, all the
objects lying within a 95% confidence interval are enclosed in Hotelling T2 ellipse
and the objects lying outside the ellipse are considered as the atypical objects.
In the PCA biplot, the variables are considered as correlated when the angles
between the vectors are small. An obtuse angle indicates a weak correlation. An
angle of 90º is considered as uncorrelated parameters. Although the PCA biplot is
informative, the sole use of PCA is not adequate to identify the linkage between
parameters especially when the biplots encompass a low data variance. In this
context, a correlation matrix, which shows the degree of correlation among the
parameters can be used in the analysis in order to support the PCA biplot. A large
correlation value indicates the close relationship between variables. In this research
study, the StatistiXL software was used to perform PCA (StatistiXL 2007).
Multi Criteria Decision Making Methods- PROMETHEE and GAIA
Multi Criteria Decision Making methods (MCDM) facilitates decision-making when
dealing with multivariate problems. The main objective of MCDM is to help
decision-makers to resolve complex decision issues in a systematic, consistent and
productive ways. According to research literature, a number of multicriteria decisionmaking methods have been used successfully such as SMART, ELECTRE, SMAA,
PROMETHEE and GAIA (for example Khalil et al. 2004; Lim et al. 2006; Martin et
al. 2007; Miguntanna 2009a; Miguntanna 2009b).
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Among the recent application of MCDM methods, PROMETHEE (Preference
Ranking Organisation Method for Enrichment Evaluation) and GAIA (Graphical
Analysis for Interactive Aid) were identified as the two most suitable ranking
methods. As Brans et al. (1986) have noted, PROMEHTEE method is more suitable
than ELECTRE due to its simplicity and stability in application. Also, unlike PCA,
PROMETHEE has the ability to provide a ranking even for a few objects. In this
research, PROMETHEE and GAIA were used in build-up data analysis and the
investigation of relationships between catchment characteristics and stormwater
quality.
PROMETHEE is an unsupervised method for rank-ordering objects (Keller et al.
1991). Each variable has to be modelled by; (i) supplying a preference function and
thresholds to indicate how objects are to be compared (Table 3-2), where Q threshold
represents the largest deviation that the decision maker considers negligible when
comparing two objects based on a single variable; P threshold represents the smallest
deviation that is considered as decisive in comparison of two objects. P cannot
smaller than Q. S Gaussian threshold is a middle value that is only used with the
Gaussian preference function; (ii) indicating how the objects are to be ordered: topdown (maximised) or bottom-up (minimised) and, (iii) supplying a weighting to
reflect the importance of one criterion over another (default value=1).
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Table 3-2 Preference functions

A set of net ranking out flow values, Ф, are computed for each object on the basis of
the partial ranking out flow indices, +Ф and -Ф. The objects are rank-ordered from
the most preferred one (the most positive (+) Ф value) to the least well performing
one (the most negative (–) Ф value). A large difference between two net ranking out
flow values, Ф, indicates that the two objects are dissimilar. Generally, 10% of the
difference of Ф values between the most preferred objects and the least well
performing object is considered as the threshold to compare the two objects. Two
objects are seen as similar if the difference in Ф values between them is smaller than
10% of the difference between the highest and lowest Ф values. When the Ф values
are decomposed into a new data matrix, a PCA biplot, GAIA, can be derived, which
acts as a convenient guide to the PROMETHEE rank-order (Espinasse et al. 1997).
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In addition to the overlay of scores and loadings vectors, the GAIA biplot also
displays a vector, Pi (π), which is computed to indicate roughly the direction of the
most preferred object(s). The preference decision is convincing if the length of this
vector is relatively long and vice versa. DecisionLab software (DecisionLab 2000)
was used for PROMETHEE and GAIA analysis in the research study.
3.4 SAMPLE TESTING
All samples including field blanks and laboratory blanks for quality assurance were
tested following the Standard Methods for Water and Waste Water (APHA 2005) .
3.4.1 Solids

Parameters related to solids included particle size distribution (PSD), total suspended
solids (TSS) and total dissolved solids (TDS).
A. Particle size distribution (PSD)
Malvern Masterizer S was used in PSD analysis. The instrument consists of a sample
dispersion unit connected by two flow cells to the optical unit. A laser beam is used
to analyse the particle size distribution. The laser beam produces a scatter pattern
from a flow of particles. A Reverse Fourier lens with 300mm diameter was used
which is capable of analysing particles ranging from 0.05µm to 900µm. The
accuracy of the measuring process for this range is ±2% of the volume median
diameter (Malvern Manual 1997). The results obtained from the optical unit were
translated using specialised software supplied by the manufacturer. The final results
for particle size distribution are interpreted as volume based. The instrument analyses
the volume of the particles initially and the particle size is then determined by
equating that volume to an equivalent sphere. Before placing samples in the
instrument, the samples were mixed by gently rolling the sample container. A
deionised water sample was measured as a laboratory blank to obtain the background
value. Figure 3-8 shows the instrument used for particle size distribution analysis.
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Figure 3-8 Malvern Masterizer S for particle size distribution
B. Total suspended solids and total dissolved solids (TSS and TDS)
TSS concentration was measured by filtering a known volume of sample through a 1
µm glass fibre filter paper of known weight and measuring the weight of the residue
retained on it. Filter papers were pre-washed using deionised water and oven dried
before filtering. Samples were well mixed and a 100 mL representative portion from
each sample was filtered through the pre-weighed filter papers and the residue
retained on the filter paper was oven dried at 103-105 ºC. The increase in weight of
the filter paper was determined to obtain the TSS weight in the volume filtered. The
test method for TSS was 2540C in the Standards Methods for Water and Waste
Water (APHA 2005).
TDS concentration was measured by the dry weight of the filtrate. A 50 mL filtrate
was transferred into a clean pre-weighted petri dish and oven dried. The increase in
weight of the petri dish was determined to obtain the TDS weight in the volume
transferred. The test method used for TDS was 2540D in the Standards Methods for
Water and Waste Water (APHA 2005).
3.4.2 Organic carbon

A Shimadzu TOC-5000A Total Organic Carbon Analyser was used to test total
organic carbon (TOC). This instrument is capable of measuring samples ranging
from 0 to 25000 mg/L for total carbon and from 0 to 3000 mg/L for inorganic carbon.
The detection limit is 50 µg/L. The accuracy of measurement is ±1.5%. Figure 3-9
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shows the TOC Analyser. The test method for TOC was 3510B in the Standards
Methods for Water and Waste Water (APHA 2005).

Figure 3-9 TOC Analyser
3.4.3 Nutrients

The laboratory instruments used for nutrient analysis consisted of SmartChem 140
Discrete Analyser and Seal Discrete Analyser. All these instruments are colorimetric
instruments. Additionally, a block digestion system was used for digestion of
samples for total kjeldahl nitrogen (TKN) and total phosphorus (TP). SmartChem
140 was used for nitrite nitrogen (NO2-), nitrate nitrogen (NO3-) and TKN testing;
Seal Discrete Analyser was used for TP testing. Total nitrogen (TN) was obtained by
the addition of TKN, NO2- and NO3-.
A. SmartChem 140/Seal Discrete Analyser
These two instruments are highly automated and work with minimal operator
interaction. They are controlled by computers and operate on manufacturer designed
software. Both these instruments include a sample probe, high performance wash
station, reaction cuvette system and sample and reagent position trays. The high
performance wash station washes the samples probe after every liquid contact to
prevent cross contamination. Once the samples and required reagents are loaded into
the instrument, the test sample is prepared inside the reaction cuvettes automatically.
The instruments measure absorbance directly in the reaction cuvettes. This eliminates
the need to transfer reaction mixtures to a common flow cell and hence prevents any
contamination.
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A number of test methods are included in a single run by these instruments. The
calibration of each test method can be inspected separately while the instrument is in
operation. When the concentration of the analyte in the sample is above the method
detection range, the samples are diluted automatically. In addition, sample blanks
and quality control solutions can be included according to the preference of the user.
In terms of SmartChem 140, the range of measurement for NO2-, NO3- and TKN are
0.01-1.00mg/L, 0.02-20 mg/L and 0.10-20.0 mg/L respectively. The ranges of
measurement for TP in Seal Discrete Analyser are 0.063-5.0 mg/L. More detailed
information regarding these instruments can be found in the instrument manuals
(Manual 2006; Westco 2007). Figure 3-10 shows the SmartChem 140 and Seal
Discrete Analyser. The test methods for NO2-, NO3- ,TKN and TP were 4500-NO2-B,
4500-NO3-E, 4500-Norg-B and 4500-P-B respectively in the Standards Methods for
Water and Waste Water (APHA 2005).
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A. SmartChem 140

B. Seal Discrete Analyser
Figure 3-10 SmartChem and Seal Discrete Analyser
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B. Digestion
For TP and TKN testing, prior digestion is required. The digestion process varies
with the sample type and required parameters (Digestion 2005) . In the research
study, 25 mL of samples, 1 standard solution, 1 quality control solution, 1 field blank
and 1 laboratory blank were poured into pre-washed digestion tubes using a pipette
and then 10 mL of digestion solution and Teflon boiling chips were added to each
tube. All samples were heated to 160 ºC for 1 hour and 380 ºC for 30 min. After
cooling, each sample volume was brought back to 25mL using deionised water.
The AIM600 block digester was used for digestion. The instrument includes
digestion block, programmable controller, set of digestion tubes and tube rack and
cooling stand. The digestion block is heated with a flat plate heater in order to ensure
an even temperature across the block. The digestion block has 20 wells to place 100
mL tubes (Figure 3-11). The digestion block is controlled by a programmable
controller which allows the temperature of the digestion block to be controlled to
within ±2 ºC. More detailed information on the instrument can be found in the
manual (Digestion 2005).
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Figure 3-11 Block Digestion instrument

3.5 SUMMARY
The primary research tools used in this research project were:
•

Vacuum system and sprayer

•

MIKE URBAN modelling software

•

a range of specialised laboratory testing equipment

•

A range of data analysis techniques

The vacuuming system was selected to efficiently collect pollutant build-up samples
from road surfaces. The collection efficiency of finer particles was the primary
criteria in the selection of the vacuum system. The vacuum system was found to have
high particle retention efficiency. A sprayer was used to wet road surfaces before
undertaking wet sample collection.

Chapter 3

64

Based on pre-determined selection criteria, MIKE URBAN was selected as the
hydrological and hydraulic modelling software for the research study. It is capable of
simulating runoff hydrographs with high accuracy and for importing data
conveniently from different sources.
Both univariate and multivariate data analysis techniques were selected for deriving
the required outcomes. Univariate data analysis was mainly used for exploration and
the derivation of simple relationships in the data set. The research project also
entailed the identification of relationships between catchment characteristics, rainfall
characteristics and urban stormwater quality. This required the application of
multivariate data analysis techniques. The multivariate data analysis methods used
included principal component analysis and multi criteria decision making methods,
PROMETHEE and GAIA.
A series of laboratory tests were undertaken on the collected build-up samples. The
tested parameters included solids, nutrients and organic carbon.
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Chapter 4 Study Area Selection and Data
Collection
4.1 BACKGROUND
This research entailed a comprehensive study investigating the influence of
catchment and rainfall characteristics on urban stormwater quality. According to the
research methodology discussed in Chapter 3, there were two types of data needed,
namely, monitoring data and pollutants build-up data. For this purpose, the field
work undertaken consisted of catchment scale investigations and small-plot scale
investigations.
This chapter describes the catchment scale and small-plot scale study sites and their
selection procedures. Additionally, monitoring data and build-up samples collection
procedure are discussed.
4.2 STUDY AREAS
Study areas were located at Gold Coast, Queensland State, Australia. The region has
a diversity of urban areas including waterways and different urban developments.
Gold Coast is situated in the south of Brisbane, the state capital and is the sixth
largest city in Australia. The city’s population is approximately 500,000 and is
expected to increase to over 600,000 by 2021 (GCCC-Web 2008). It spans 1,042 km2
of land and consists of 57 km of coastline. Tourism is Gold Coast’s biggest industry.
Around 10 million tourists visit the region every year.
Gold Coast has a subtropical climate. The average summer temperature ranges from
19oC to 29oC and winter from 16oC to 21oC. The Gold Coast has a network of
waterways, including five main rivers and a number of creeks. The waterways
connect to lakes and canals. The region’s major drainage basin areas are shown in
Figure 4-1.
High density urban areas are located along the coastline. However, rapid urban
development has led to the deterioration of urban stormwater quality due to a variety
of anthropogenic activities. As a result, a number of urban catchment monitoring
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programs have been set up in order to collect relevant baseline data for the
development of effective stormwater quality mitigation strategies.

Figure 4-1 Gold Coast Map
(Adapted from GCCC-Web 2008)
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4.3 STUDY SITES SELECTION
The selection of study sites including catchment areas and the small-plot areas are
described below.
4.3.1 Catchment study sites

The catchment study sites were selected based on the following criteria:
•

To encompass a diversity of different catchment characteristics such as the
percentage impervious area, urban form and urban area locations.

•

Availability of long-term monitoring data including rainfall-runoff data and
stormwater quality data.

•

Availability of baseline data including catchment characteristics and drainage
network data.

According to these criteria, four catchments were identified. The study catchments
have similar geology, predominant soil type and topography. This ensured that these
factors would not differently influence the stormwater runoff quality characteristics.
The study sites included one primary catchment and three smaller subcatchments
located within the main catchment. Their locations are shown in Figure 4-2.
Highland Park is the main catchment. A small tributary of the Nerang River, Bunyip
Brook is the study catchment’s primary stormwater drainage, which starts from the
westward hilly region and flows towards the Nerang River. The integrated pipe and
channel network connecting various parts of the catchment to the tributary further
facilitates stormwater drainage.
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Bunyip Brook

Figure 4-2 Catchment locations
The three small catchments are within Highland Park and represent different urban
forms. Birdlife Park is a highly developed area with single detached dwellings while
Alextown is a tenement townhouse development with roughly 60 properties and

Chapter 4

70

Gumbeel is developed with around 20 dual occupancy residences. Characteristics of
the selected study areas are given in Table 4-1.
Table 4-1 Characteristics of catchment study sites
Land cover
Impervious
Pervious area
area

Study area

Extent (ha)

Highland Park

105.1

40%

60%

Mixed urban
development

Alextown

1.7

70%

30%

Townhouse
development

Gumbeel

1.2

70%

30%

Birdlife Park

7.5

45.8%

54.2%

Urban form

duplex housing
developed
around
cul-de-sac
High-socialeconomic
detached
housing
development

These four catchments were equipped with rainfall and runoff monitoring stations
including automatic samplers. Baseline data obtained for the selected catchments
included catchment characteristics such as stream and drainage network layout,
digital elevation model (DEM) and impervious area details. This data was needed for
model set up to investigate the influence of rainfall characteristics on urban
stormwater quality and for analysing the influence of catchment characteristics on
urban stormwater quality.
4.3.2 The small-plot study sites

The objective of the small-plot scale investigation was to investigate the role of land
use on pollutants build-up. As discussed in Chapter 2, road surfaces are primary
pollutant contributors to stormwater runoff. Therefore, the small-plot study sites
selected for pollutants build-up sample collection were located on road surfaces. The
criteria adopted in the selection of small-plot study sites were as follows:
•

Minimum disturbance to local residents and traffic
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•

Fair to good surface condition

•

Convenient accessibility to the site

Based on preliminary field investigations, twelve road surfaces were selected after
careful consideration of the criteria. The roads were located in three suburbs in Gold
Coast; Clearview Estate, Surfers Paradise and Nerang. The land uses in these three
suburbs are, respectively, residential, commercial and industrial. The primary
characteristics of the road surfaces were obtained prior to the samples collection.
Table 4-2 lists the details of the selected study sites.
Table 4-2 Characteristics of road surface study sites
Suburb

Land use

Road names

Texture depth (mm)

Merloo Drive

0.76

Slope

Coordinates

(degree)

Clearview
Estate

Yarrimbah
Drive

0.86

Winchester
Drive

0.84

Carine Court

0.80

St Paul's Place

0.90

0.62

2.87

1.30

Flat

Flat

Commercial
Via Roma

Thornton Street

Stevens Street

Nerang

1.32

Residential

Hobgen Street

Surfers
paradise

2.24

0.84

1.11

1.10

Lawrence
Drive

1.05

Hilldon Court

0.93

Flat

Flat

5.91

1.59

Industrial

Patrick Road

1.14

0.72

1.70

S 28o 00.167'
E153o 18.236'
S 28o 00. 011’
E153o 18.130'
S 28o 00.072'
E153o 18.766'
S 28o 00.018’
E153o 18.829'
S 28o 00.704'
E153o 25.190'
S 28o 00.702'
E153o 25.350'
S 28o 00.724’
E153o 25.413’
S 28o 00.618’
E153o 25.883’
S 27o 29.183’
E153o 20.034’
S 27o 59.843’
E153o 20.755’
S 28o 00.011’
E153o 20.455’
S 27o 59.957’
E153o 20.474’
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4.4 DATA COLLECTION
4.4.1 Catchment scale data collection

Most of the catchment data were provided by Gold Coast City Council (GCCC) as
MapInfo GIS software (MapInfo 2006) files. The data files included:
•

Digital Elevation Model (DEM)

•

Land use

•

Detailed drainage networks including waterways, pipes, channels and
locations of gully pits (manholes)

•

Aerial photographs

Maps provided can be found in Appendix A.
Automatic stream flow and stormwater quality monitoring stations were already
established at the outlet of each of the study catchments to record stream flow and for
stormwater sample collection for subsequent laboratory analysis. These stations are
equipped with:
•

Depth gauges fixed to a V-notch weir to record water depth at 15 min
intervals and thereby determine stream flow using calibrated rating curves
(see Figure 4-3);

•

Water quality probes to automatically measure selected quality parameters
such as pH and turbidity;

•

Automatic water samplers for sample collection for laboratory testing for
additional pollutant parameters (see Figure 4-4).

The sample collection equipment had been set to trigger when the flow reaches a predetermined depth. This depth is dependent on the downstream structure at the
collecting point. Hence, it varies from sampling station to sampling station. Samples
can be collected in 15-minute intervals once the sampler is triggered. Each sampler
has the capacity to collect 24 samples. The sampler can create a log of the sampling
times.
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Depth gauge

V-notch

Figure 4-3 Depth gauge and V-notch

Data logger

Water samples

Figure 4-4 Automatic stormwater sample collection equipment
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4.4.2 Pollutants build-up samples collection

Two pollutant build-up samples were collected from each road surface representing
two different antecedent dry days. Consequently, a total of 24 pollutants build-up
samples were collected. The samples collection information is given in Table 4-3.
Table 4-3 Build-up samples collection
Samples collection
Suburb

Land use

Road names

dates and antecedent
dry days

Merloo Drive

Clearview Estate

Residential

Yarrimbah Drive

2009-01-16 (8)

Winchester Drive

2009-05-01 (17)

Carine Court
Hobgen Street

Surfers paradise

Commercial

St Paul's Place

2009-04-24 (10)

Via Roma

2009-06-12 (4)

Thornton Street
Stevens Street

Nerang

Industrial

Lawrence Drive

2009-02-08 (5)

Hilldon Court

2009-07-19 (4)

Patrick Road

The collection of build-up samples using a vacuum system is shown in Figure 4-5.
Details of the vacuum system are discussed in Section 3.3.1. A 1.5m×2m frame was
used to demarcate the test plot. The frame was placed between the kerb and the
median strip of the road. Only one sample was collected at each study site based on
the assumption that pollutants build-up is uniform throughout the study site. Before
using the vacuum system, all component parts including the water compartment,
hoses and foot were cleaned with deionised water. 3L of deionised water was poured
into the water compartment as the filtration medium. A deionised water sample was
taken as a field blank. The process of dry sample collection was to vacuum the
surface three times in perpendicular directions. The dry sample collection was to
collect the particulate pollutants. Before wet sample collection, the surface was
dampened with the sprayer without creating any wash-off (see Figure 4-6). The wet
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sample collection was undertaken to collect dissolved pollutants on the road surfaces.
The same vacuuming procedure as for the dry sample collection was applied. In the
last step, the water compartment, hoses and brush were washed with deionised water
thoroughly in order to minimise the loss of particulate pollutants. The collected water
sample was transferred into a polyethylene container. The details regarding the dry
and wet samples collection are described in Section 3.3.1 and Section 3.3.2.

Figure 4-5 Build-up samples collection
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Figure 4-6 Spraying process
4.5 HANDLING AND TREATMENT OF SAMPLES
Each sample was labelled with the street name and collection date. Additionally,
deionised water blanks and field water blanks were included to maintain standard
quality control procedures as stipulated in Australia/ New Zealand Standards, Water
Quality- Sampling (AS/NZS 5667.1 1998). All collected samples were transported to
QUT laboratory on the same day. According to Standard Methods for Water and
Waste Water (APHA 2005), samples were preserved by adding preservatives
(sulfuric acid) and placing them in refrigeration at a temperature of 4 0C.
4.6 SUMMARY
The field investigation was undertaken in the Gold Coast, Australia and consisted of
catchment investigations and small-plot investigations. Catchment investigations
were undertaken for collecting data for computer modelling to investigate the
relationship between rainfall characteristics and urban stormwater quality.
Furthermore, the data from catchment investigations were also used for analysing the
influence of catchment characteristics on urban stormwater quality. Four catchments
with different catchment characteristics with long term rainfall, runoff and
stormwater quality data and drainage network data was selected. In terms of smallChapter 4
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plot investigation, twelve road surfaces from three different land uses including
residential, commercial, and industrial areas were selected for pollutants build-up
sample collection. The primary tool for build-up samples collection was a modified
vacuum cleaner. All samples collected were labelled, transported and preserved
under specified methods for further testing.
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Chapter 5 Influence of Rainfall
Characteristics on Urban Stormwater
Quality
5.1 BACKGROUND
Rainfall characteristics play an important role in influencing the pollutant wash-off
process (Loucks 1998; Ball et al. 2000; Lee and Bang 2000). The detachment and
transportation of pollutants are strongly related to the rainfall characteristics such as
rainfall intensity (Goonetilleke and Thomas 2003). Therefore, it is important to
develop appropriate methodology that can estimate stormwater quality based on the
characteristics of rainfall event for application in treatment design. Unfortunately,
there is limited guidance available for estimating stormwater quality as the
conventional approach is to consider stormwater quality stochastically, irrespective
of the characteristics of the design rainfall event as discussed in Section 2.6.2. This
can lead to inefficiencies in stormwater quality treatment systems. In this context, an
in-depth understanding of the influence of rainfall characteristics on urban
stormwater quality can provide the requisite knowledge to undertake efficient
stormwater quality treatment design and hence enhance the treatment of stormwater
pollution.
The focus of this chapter was to evaluate the influence of rainfall characteristics on
urban stormwater quality. Fundamental knowledge on different rainfall types and
resulting stormwater quality characteristics was developed based on an in-depth
analysis of data collected by monitoring stations located at the four residential
catchments described in Section 4.4.1 (Alextown, Gumbeel, Birdlife Park and
Highland Park). The data set consisted of rainfall and runoff records and stormwater
quality parameters. The stormwater quality parameters included nutrients, solids and
organic carbon which are the primary stormwater pollutants as discussed in Chapter
2.
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5.2 SELECTION OF POLLUTANTS AND RAINFALL CHARACTERISTICS
5.2.1 Selection of pollutant parameters

Solids, nutrients and organic matter are among the most important pollutants
responsible for the deterioration of receiving water quality. As such, the
investigations undertaken were based on these pollutant parameters. A detailed
discussion of the role of these pollutants in the deterioration of urban water resources
can be found in Section 2.4. The selected specific pollutant parameters investigated
were total suspended solids (TSS), total nitrogen (TN), total phosphorus (TP) and
total organic carbon (TOC).
Event mean concentration (EMC, mg/L) values rather than the instantaneous
concentrations were used in the analysis for two reasons. Firstly, instantaneous
concentrations have a relatively high variation with time whilst the EMC represents
the average pollutants amount for a rainfall event and hence can be considered as an
event characterisation in terms of stormwater quality (Adams and Papa 2000).
Secondly, EMC is the parameter adopted to estimate the pollutants load, which is
typically used in stormwater quality treatment design (Weiss et al. 2007).
5.2.2 Selection of rainfall characteristics

As discussed in Section 2.5.3, rainfall characteristics include a range of parameters
such as rainfall depth, rainfall intensity, antecedent dry days and rainfall duration.
The selection of appropriate rainfall parameters to investigate the relationship
between rainfall characteristics and urban stormwater quality was essential for the
analysis. This is due to the fact that the presence of too many correlating parameters
can overshadow the critical relationship among rainfall characteristics and urban
stormwater quality (Egodawatta et al. 2006). Therefore, a pre-analysis was
undertaken for selecting the important and independent rainfall characteristics.
A. Extraction of rainfall events and rainfall parameters
Six rainfall characteristics were included in the pre-analysis. They were average
rainfall intensity, rainfall duration, antecedent dry days, maximum rainfall intensity,
initial rainfall intensity (10 min average) and rainfall depth. As described in Section
4.3 and 4.4, the four residential catchments have been continuously monitored since
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2002. An automatic rain gauge had been established in close proximity to the
catchments which recorded rainfall data in 5 min time intervals. This provided an
extensive database for the selection of rainfall events for the envisaged investigations.

The rainfall events for the investigation were selected based on the quality of the
rainfall records and pollutants EMC data for the four catchments. A total of 41
rainfall events were selected for further analysis after careful assessment of the
available data. For each selected rainfall event, the first recorded rainfall intensity
value greater than 5 mm/h was considered as the commencement of the rainfall event
and the last value larger than 5 mm/h was considered as the end of the rainfall event.
The reason for considering 5 mm/h as the threshold was that as noted by Egodawatta
(2007), a rainfall intensity less than 5 mm/h does not have a significant effect on
pollutants wash-off. Once suitable rainfall events were identified, the summation of
the rainfall periods with significant precipitation was considered as the total rainfall
duration. The average rainfall intensity was obtained by dividing the total rainfall
depth by the rainfall duration. Maximum rainfall intensity and initial rainfall
intensity (10 min average) were extracted directly from the rainfall records.
Antecedent dry days were obtained by counting the days between the previous
rainfall event and the selected event.

B. Pre-analysis for selecting rainfall characteristics
Principal component analysis (PCA) was selected as the analytical tool for the
investigations undertaken due to its capabilities for exploring the linkages between
objects and their variables. The details of the PCA technique are outlined in Section
3.3.4.

The data used for the PCA analysis included the rainfall records and pollutants EMC
(TSS, TN, TP and TOC) data. However, pollutants EMC data was not available for
all of the four catchments for all the 41 rainfall events investigated. Table 5-1 shows
the number of rainfall events where both, rainfall records and pollutants EMC data
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were available for each catchment. Rainfall events from each catchment were
considered as objects whilst the average rainfall intensity (AgI), rainfall duration
(RD), antecedent dry days (ADD), maximum rainfall intensity (MaxI), initial rainfall
intensity (IniI), rainfall depth (RDep) and pollutants EMC (TN, TP, TSS and TOC)
were taken as variables. Consequently, a data matrix (73×10) was generated for PCA.
The data matrix is given in Table B-1, B-2, B-3 and B-4 in Appendix B.
Table 5-1 The number of rainfall events with pollutants EMC data
Catchments

Alextown

Gumbeel

Birdlife Park

Highland Park

No. of rainfall events

21

17

17

18

The variables considered did not have the same units and there was wide variability
in the magnitude. To avoid any bias arising from this, the data was mean centred and
standardised, prior to performing the PCA (Sirius 2008). This was done by
subtracting the column mean from each element in the respective columns and
dividing by the standard deviation for that column. Additionally, Hotelling T2 test
was performed to identify the atypical objects. The identified atypical objects were
removed from the data matrix in order to improve the sensitivity of the PCA analysis.
Details of the Hotelling T2 test are available in Section 3.3.4. After removing atypical
objects, the data matrix was submitted to PCA.
Figure 5-1 shows the resulting PCA biplots. Figure 5-1 consists of two biplots where
Figure 5-1A displays the PC1 vs. PC2 biplot and Figure 5-1B shows the PC2 vs. PC3
biplot. The number of PCs needed for the analysis was determined based on the
variance associated with each PC as indicated by the Scree plot method (Adams 1995)
(Figure E-1 in Appendix E). Details on the selection of the number of PCs and
associated Scree plot method are discussed in Section 3.3.4. As shown in Figure 51A and Figure 5-1B, the first three PCs contain 29.4%, 19.3% and 12.8% of data
variance adding to a total data variance of around 61.5%. This indicates that the
inclusion of PC1, PC2 and PC3 axes in the analysis explains an appreciable part of
the data variance.
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It is noted in Figure 5-1A that antecedent dry days (ADD) is projected to the negative
PC1 axis whilst other rainfall variables and all pollutant EMCs are projected to the
positive PC1 axis. Additionally, the three rainfall intensity values, maximum rainfall
intensity (MaxI), initial rainfall intensity (IniI) and average rainfall intensity (AgI),
show strong correlation with each other and pollutant EMCs. According to Figure 51B, rainfall duration (RD) and rainfall depth (RDep) display a strong correlation as
the angle between the vectors is very small. Therefore, it can be surmised that the
three rainfall intensity parameters closely correlate whilst rainfall duration and
rainfall depth also show a close correlation. However, ADD is a relatively
independent parameter. Furthermore, RD, RDep and AgI are essentially correlated
with each other. As discussed previously, too many correlating parameters can
overshadow the critical relationships. Therefore, MaxI, IniI and RDep were removed
from the analysis and AgI, RD and ADD were eventually selected for further
analysis.
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Figure 5-1 PCA biplots for pre-analysis
5.3 ANALYSIS OF RAINFALL EVENTS AND STORMWATER QUALITY
5.3.1 Investigation of rainfall characteristics

As discussed in Section 1.3, one of the primary aims of the research study was to
classify rainfall events based on stormwater quality that they generate. In this context,
the analysis presented in this section initially focused on classifying rainfall events
based on their intensity and duration, and then demonstrating the uniqueness of each
rainfall type in generating similar stormwater quality characteristics. Measured
rainfall events were used for this analysis.
A. Classification of rainfall events
Average rainfall intensity and rainfall duration were employed to classify the rainfall
events due to their important role in influencing urban stormwater quality (see
Section 5.2.2). This classification was undertaken by plotting all of the rainfall events
in an Intensity-Frequency-Duration (IFD) plot for the study catchments. The standard
IFD plot was obtained using the software, AUS-IFD Version 2.1 (Jenkins 1997). The
AUS-IFD software was developed based on the data provided in Australian Rainfall
and Runoff (AR&R 1997). Figure 5-2 shows the IFD plot for the 41 rainfall events.
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Figure 5-2 IFD plot for the selected rainfall events
According to Figure 5-2, nearly all of the rainfall events are located below the 1 year
ARI curve. This indicates that most of the investigated rainfall events are smaller
than 1 year ARI. This in turn means that these rainfall events provide a suitable
dataset as most of typical stormwater quality treatment systems are designed for
rainfall events less than 1 year ARI (Dunstone and Graham 2005). Additionally,
based on the average rainfall intensity and rainfall duration, the rainfall events can be
classified into three groups which are named as Type 1 (circular symbols), Type 2
(triangular symbols) and Type 3 (square symbols) respectively (refer to Figure 5-3).
The rainfall events in the Type 1 group have high average rainfall intensity (more
than 20 mm/h), but relatively short duration. The rainfall event in the Type 2 group
has a relatively higher average intensity (28.98 mm/h) than the Type 3 group and
longer duration. The rainfall events in the Type 3 group have relatively low average
intensity (less than 20 mm/h) and most of them have a relatively long duration.
Furthermore, it can also be observed that the number of rainfall events of Type 1 and
Type 2 groups (6 of Type 1 and 1 of Type 2) are much less than the number of
rainfall events of Type 3 (34). This indicates that high-average-intensity rainfall
events occur relatively rarely whilst low-average-intensity rainfall events occur
relatively frequently and nearly all of them are smaller than 1 year ARI.
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The observations noted above implies that the types of rainfall events which are
traditionally used in hydrologic analysis such as for flood mitigation design, are not
necessarily appropriate for stormwater quality design as rainfall events used in
hydrologic design are usually greater than 1 year ARI. Additionally, it can be noted
that the different rainfall types as described above provides a methodology to
logically classify a seemingly chaotic mix of rainfall events into different groups on
the basis of average rainfall intensity and duration. Furthermore, it is quite evident
that high-average-intensity rainfall events occur rarely compared to low-averageintensity events.
B. Analysis of rainfall characteristics
In order to validate the rainfall classification described above, the detailed rainfall
characteristics data were analysed. Table 5-2 gives the average rainfall intensity,
rainfall duration and antecedent dry days for the three types of rainfall events. The
detailed data for individual rainfall events are given in Table B-5 in Appendix B. It is
evident that all of the rainfall events belonging to Type 1 and Type 2 have relatively
high average rainfall intensity (more than 20 mm/h) compared with the mean value
(9.9 mm/h) of the average rainfall intensity for Type 3 events. Additionally, the
range of average rainfall intensity in Type 1 and Type 2 groups is 26.9-52.7 mm/h,
whilst the range for Type 3 is 5.3-16.8 mm/h. This means that high-average-intensity
rainfall events are associated with high variation, whilst low-average-intensity
rainfall events fall into a relatively narrow intensity band. This in turn means that in
treatment design using low-average-intensity rainfall events, it would be much easier
to predict the treatment performance since there is relatively lower variability.
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Table 5-2 Rainfall characteristics
Average
rainfall
intensity
(mm/h)

Rainfall
duration (h)

Antecedent dry
days (d)

021113

26.9

1.6

16.2

031024

28.9

1.4

4.3

031214

28.7

1.2

8.0

021210

39.5

0.8

5.1

031026

33.6

0.2

2.5

030322

52.7

0.6

4.1

040224

28.9

7.6

1.0

Mean

9.9

2.4

3.3

Range

5.3-16.8

0.08-8.4

0.1-26.5

Rainfall events

Type 1

Type 2
Type 3

Rainfall types

High-averageintensity

Low-averageintensity

In terms of rainfall duration, all rainfall events belonging to the Type 1 group show
relatively shorter duration (less than 2 h) than other two types of rainfall events.
However, the antecedent dry days for the Type 1 group rainfall events do not show
much difference from the rainfall events in the other two groups. According to these
analysis outcomes, it is clear that the classification of rainfall events to three types on
the basis of average rainfall intensity and rainfall duration for stormwater quality
design is valid.
In summary, rainfall events can be classified into three types on the basis of average
intensity and duration. These are, high average intensity-short duration (Type 1),
high average intensity-long duration (Type 2) and low average intensity-long
duration (Type 3). Additionally, for convenience of understanding, these three types
of rainfall events can be illustrated by the rectangles, where the length represents the
rainfall duration (h) and the height represents the average rainfall intensity (mm/h)
(see Figure 5-3).
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Figure 5-3 Illustration of the different rainfall types
5.3.2 Principal component analysis (PCA)

Classification of rainfall events was done on the basis of the variations in rainfall
intensity and duration. However, to be valid, the classification should have a strong
relationship to stormwater quality. In order to understand the stormwater quality
response to the different rainfall types, a detailed analysis was considered necessary.
In this context, principal component analysis (PCA) was selected as the analytical
tool due to its capability for exploring the linkages between objects and their
variables. A detailed discussion of PCA techniques is given in Section 3.3.4.
Additionally, a correlation matrix which shows the degree of correlation between
variables was also developed to further confirm the outcomes of the PCA results.
The previously identified 41 rainfall events were used for the principal component
analysis. Rainfall events were considered as objects whilst the average rainfall
intensity (AgI), rainfall duration (RD), antecedent dry days (ADD) and four pollutant
EMCs (TSS, TN, TP and TOC) were considered as variables. Accordingly, a data
matrix (73×7) was generated for PCA. As discussed in Section 5.2.2, these rainfall
characteristics were identified as suitable to explore the relationships between
rainfall characteristics and urban stormwater quality.
Due to the presence of a large number of objects in the data matrix, a specific
convention was adopted to identify each object. The first letter in the label, A, G, B
and H, corresponded to the rainfall events for Alextown, Gumbeel, Birdlife Park and
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Highland Park catchments, respectively. The 6 digits following the first letter is the
rainfall event date. For example, A-021113 represents the rainfall event which
occurred on November 13th, 2002 at Alextown catchment.
Figure 5-4 shows the resulting PCA biplots. Figure 5-4 consists of two biplots where
Figure 5-4A displays the PC1 vs. PC2 biplot and Figure 5-4B shows the PC1 vs. PC3
biplot. The number of PCs needed for the analysis was determined based on the
variance associated with each PC as indicated by a Scree plot (Adams 1995) (Figure
E-2, Appendix E). Details of the selection of number of PCs and Scree plots are
discussed in Section 3.3.4. As shown in Figure 5-4A and Figure 5-4B, the first three
PCs contain 27.4%, 21.1% and 13.5% of data variance with total data variance
explained by the PCs being 62%.

A. PC1 vs.PC2 biplot
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B. PC1 vs.PC3 biplot
Figure 5-4 PCA biplots for the dataset used for analysis
It can be noted in Figure 5-4A and 5-4B that the rainfall events are clustered
according the proposed rainfall classification. This means that the rainfall types
classified based on rainfall characteristics are in agreement with stormwater quality
that they generate. Therefore, it can be concluded that the classification of rainfall
types can be considered as a stormwater quality based classification. In addition, it
was found that the classification is not based on specific catchments. This implies
that the rainfall events classification is independent of catchment characteristics.
Most of the Type 3 rainfall events (low average intensity-long duration) are projected
to the positive PC1 axis and clustered together whilst nearly all of Type 1 rainfall
events (high average intensity-short duration) and all Type 2 rainfall events (high
average intensity-long duration) are projected to the negative PC1 axis and relatively
scattered. It is also noteworthy that the average rainfall intensity vector (AgI) and
antecedent dry days (ADD) vector point in the same direction as all pollutants EMC
vectors, which are all projected to the negative PC1 axis whilst rainfall duration (RD)
vector is opposite to the pollutant EMCs and is projected to the positive PC1 axis.
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This indicates that AgI and ADD have a positive relationship with pollutant EMCs
whilst RD has a negative relationship with pollutant EMCs.
Based on the above observations, it can be concluded that high average rainfall
intensity and long antecedent dry days can generate relatively high pollutant EMCs
whilst longer rainfall durations would have a dilution effect. Additionally, the AgI
vector indicates a relatively close correlation with all pollutant EMCs whilst the
ADD vector only indicates a close correlation with TOC. These observations confirm
that average rainfall intensity would play the more influential role in influencing
stormwater quality rather than the antecedent dry days. This means that the rainfall
characteristics, in other words the ability to wash-off built-up pollutants would have
a more significant influence on receiving water quality than pollutants build-up
characteristics, which relates to the pollutants available for wash-off.
Table 5-3 gives the correlation matrix for the dataset used in the study. It can be seen
that average rainfall intensity shows positive correlations with all pollutants and the
highest correlation values are with TN, TP and TSS EMCs respectively (0.480 for
TN, 0.380 for TP and 0.234 for TSS) whilst antecedent dry days show the highest
correlation with TOC EMC (0.197). Rainfall duration displays negative correlation
values with most pollutants (-0.063 for TN, -0.106 for TSS and -0.181 for TOC).
This further confirms that average rainfall intensity has a relatively close relationship
with pollutant EMCs, followed by antecedent dry days whilst rainfall duration has a
negative influence on stormwater quality. In other words, high average rainfall
intensity and long antecedent dry days produce relatively polluted stormwater runoff
whilst the pollutant EMCs will be reduced with long rainfall duration due to dilution.
In addition, TN, TSS and TOC EMCs display a negative relationship with rainfall
duration whilst TP shows a positive relationship with rainfall duration. This implies
that the wash-off processes for TP are different compared to the other three
pollutants considered.
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Table 5-3 Correlation matrix for the dataset used for analysis
RD

AgI

ADD

TN

TP

TSS

RD

1.000

AgI

-0.026

1.000

ADD

-0.204

0.055

1.000

TN

-0.063

0.480

-0.085

1.000

TP

0.131

0.380

-0.140

0.207

1.000

TSS

-0.106

0.234

0.090

0.313

-0.016

1.000

TOC

-0.181

0.080

0.197

0.146

0.074

0.173

TOC

1.000

5.3.3 Investigation of the original dataset

As confirmed by Figure 5-4A and 5-4B, the three different types of rainfall events
display different relationships with pollutant EMCs. It is also evident that the
discrimination is not on the basis of catchment characteristics. This further reinforces
the validity of separating the rainfall events into three different types. Therefore, it
was considered important to further investigate the stormwater quality dataset in
order to understand the influence of different rainfall types on stormwater quality in
detail.
Table 5-4 shows the mean values and standard deviations (SD) of pollutant EMC
values based on the three types of rainfall events. This is to highlight stormwater
quality characteristics among the three rainfall types.
Table 5-4 Pollutants EMC for different rainfall types
TN
(mg/L)

TP
(mg/L)

TSS
(mg/L)

TOC
(mg/L)

Mean

6.85

1.16

225.03

14.63

SD

5.99

1.25

260.89

5.75

Mean

5.10

3.29

83.50

8.816

SD

1.49

3.06

57.33

2.15

Mean

2.19

0.55

92.49

11.36

SD

1.43

0.44

84.21

5.13

Rainfall types
Type 1

Type 2

Type 3
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According to Table 5-4, Type 1 rainfall events display the highest mean EMC values
with 6.85 mg/L, 225.03 mg/L and 14.63 mg/L for TN, TSS and TOC respectively
whilst Type 2 shows the highest TP EMC value (3.29 mg/L). Additionally, Type 1
displays the highest standard deviations of TN, TSS and TOC whilst Type 2 shows
the highest standard deviation for TP. Type 3 rainfall events did not have relatively
higher mean values and standard deviations for all pollutants. Additionally, Type 3
displays the lowest mean values and standard deviations for TN and TP. The
outcomes further confirm that the classifications undertaken based on average
rainfall intensity and rainfall duration in the context of stormwater quality is valid.
Additionally, Type 2 events tend to generate high TP EMC whilst Type 1 events tend
to produce high TSS, TN and TOC. This further confirms the previous conclusion
that TP has a different wash-off process compared to the other three pollutants. TN,
TSS and TOC EMC values reduce with increasing rainfall duration whilst TP EMC
will increase with increasing rainfall duration as Type 2 rainfall events which
produce high TP EMC have longer duration than Type 1 rainfall events.
According to the observations derived above, it can be concluded that the selection
of design rainfall type for stormwater treatment design should be based on the
treatment objectives. For example, Type 1 rainfall (high average intensity-short
duration) should be selected if the treatment is targeting TSS removal whilst Type 2
rainfall (high average intensity-long duration) should be selected if the treatment is
targeting TP removal.
It is also noteworthy that the rainfall types which produce relatively high pollutant
EMCs are those events where the average rainfall intensity is higher than 20 mm/h
(see Table 5-2). It can be argued that 20 mm/h can be considered as the threshold for
producing high pollutant loads. In contrast, according to Renard et al. (1997) and
Hudson (1993), the same threshold intensity for rural catchments is more than 50
mm/h (see Section 2.5.2). This indicates that the rainfall intensity for pollutant washoff from urban catchments is much lower than for rural catchments. This can be
attributed to the ease of pollutants being picked-up and transported in urban areas
compared with rural areas. It is important that this knowledge is taken into
consideration in the design of stormwater treatment systems.
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As evident in Table 5-4, it is noteworthy that high average rainfall intensity can
produce relatively higher pollutant EMCs regardless of the rainfall duration. This can
be explained by the fact that the high average intensity rainfall can produce rain with
high kinetic energy in comparison to low intensity rainfall, and will easily detach
pollutants adhering to the catchment surface (Egodawatta et al. 2007). The pollutants
thus released from the catchment surface will be easily transported by the runoff, and
will result in high pollutant concentrations in stormwater runoff.
Additionally, it is also evident from Table 5-2 that not all of the high-averageintensity events (Type 1 and Type 2) have relatively long antecedent dry days.
Particularly in the case of two of them, (031026 and 040224), the antecedent dry
days (2.5 and 1.0 days respectively) are much shorter than most of the Type 3 rainfall
events. However, these rainfall events still generated high pollutants EMC values
compared to the Type 3 rainfall events. This implies that antecedent dry days are not
an appropriate parameter to be used for rainfall classification in the context of
stormwater quality. The outcomes further confirm the important role of average
rainfall intensity and rainfall duration in classifying the rainfall events in the context
of stormwater quality.
It can also be noted from Table 5-4 that high-average-intensity rainfall events (Type
1 and Type 2) have relatively high standard deviations of pollutants EMC values
whilst low-average-intensity rainfall events (Type 3) have relatively low standard
deviations of pollutants EMC values. This can be attributed to a number of factors.
Firstly, as discussed above, pollutant EMCs are strongly related to average rainfall
intensity. Since Type 1 and Type 2 rainfall events have a wide range of intensities
(26.9-52.7 mm/h) compared with Type 3 rainfall events, pollutant EMCs resulting
from Type 1 and Type 2 would be expected to produce highly variable pollutant
EMCs. Secondly, low-rainfall-intensity rainfall events have limited kinetic energy
for pollutants pick-up and transport (transport limited). This leads to a relatively
limited amount of pollutants being exported from a catchment although the initial
pollutants available would significantly differ due to catchment characteristics and
antecedent dry days. Therefore, the pollutant EMCs are relatively consistent for the
low-average-intensity rainfall events.
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The above observations need to be taken into consideration in determining the range
of stormwater quality for different rainfall events. Additionally, the above outcomes
also confirm the previous conclusion discussed in Section 5.3.1, that in the case of
treatment design for low-average-intensity rainfall events, it would be much easier to
predict the treatment performance since there will be lower variability of pollutant
EMCs, particularly TN and TP.
The analysis undertaken provides an innovative classification of rainfall events. The
classification is different from the conventional IFD based approach due to the
explicit consideration of stormwater quality. This provides knowledge for the
refinement of conventional stormwater quality estimation where stormwater quality
is considered as a stochastic variable irrespective of the nature of rainfall event. The
proposed classification leads to the estimation of stormwater quality within a narrow
range based on the characteristics of the rainfall event. Therefore, this approach
would be more appropriate for use in stormwater quality treatment design than the
conventional IFD based classification of rainfall events. Additionally, the proposed
classification provides the ability to select the appropriate rainfall events to be used
in stormwater quality treatment design based on the required treatment outcomes
which may differ between systems, between catchments or water quality objectives
of receiving water bodies.
5.4 CONCLUSIONS
A large number of rainfall events with detailed rainfall records and pollutants EMC
data were analysed in order to understand the influence of rainfall characteristics on
urban stormwater quality. The following key conclusions were derived:
•

Rainfall events can be classified into three different types based on
average rainfall intensity and rainfall duration. This classification
explicitly takes into consideration stormwater quality and is independent
of catchment characteristics. This provides a new and more appropriate
concept to the conventional stormwater quality estimation approaches
which considers stormwater quality as stochastically variable, irrespective
of the nature of the rainfall event. Based on this new understanding,
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stormwater quality can be predicted with relatively high confidence for
the three rainfall types as classified. Additionally, the classification also
provides the ability to select the appropriate rainfall events to be used in
stormwater quality treatment design based on the required treatment
outcomes which may differ between systems, between catchments or
water quality objectives of receiving water bodies.
•

An average rainfall intensity of 20 mm/h can be considered as the
threshold intensity for pollutant wash-off from urban catchments. It is
much lower than the threshold for the rural catchments which is in the
range of about more than 50 mm/h.

•

The stormwater quality (TN, TP, TOC and TSS) resulting from highaverage-intensity rainfall events is highly variable whilst it is relatively
consistent for low-average-intensity rainfall events. These observations
need to be taken into consideration in estimating stormwater quality
ranges for different rainfall events. Additionally, in the case of lowaverage-intensity rainfall events, it would be much easier to predict the
treatment performance due to the low variation in stormwater quality.

•

Average rainfall intensity plays a more important role in influencing
stormwater quality rather than the antecedent dry days. This means that
the rainfall characteristics, in other words the ability to wash-off built-up
pollutants would have a more significant influence on receiving water
quality than pollutants build-up characteristics, which relates to the
pollutants available for wash-off.

•

Different pollutants have different wash-off characteristics. TN, TSS and
TOC wash-off reduces with the increase in rainfall duration whilst TP
wash-off increases as the rainfall duration increases. As such, Type 1
rainfall (high average intensity-short duration) tends to produce high TSS,
TN and TOC EMC whilst Type 2 rainfall (high average intensity-long
duration) tends to generate high TP EMC.

Chapter 5

96

Chapter 6 Stormwater Quality Modelling
6.1 INTRODUCTION
The conventional approach to stormwater treatment systems design is to consider
stormwater quality variations as stochastic, irrespective of the nature of the rainfall
event. Such an approach can diminish the overall performance of the treatment
system. A holistic approach to selecting rainfall events for treatment design based on
both, stormwater quantity and quality is needed in order to achieve efficient
stormwater treatment system design.
In Chapter 5, the analysis undertaken was based on a limited number of rainfall
events (41 events) and their stormwater quality data. The runoff volume generated by
rainfall events was not investigated. However, for stormwater treatment design, both
stormwater quality and quantity should be taken into account. This requires
appropriate monitoring data including rainfall-runoff records and stormwater quality
data. In this context, modelling is an appropriate method since it can generate
stormwater quality and quantity data for each rainfall event.
As discussed in Chapter 5, three basic rainfall types can be defined based on their
resulting response in terms of stormwater runoff quality. This definition can provide
guidance in relation to stormwater treatment design, particularly for the selection of
appropriate rainfall events. Although it has been found that the stormwater quality
varies with different rainfall types, designing of a stormwater treatment system
should also take into account the runoff volume captured. In the case of the design
volume being too small, a large number of rainfall events will exceed the capacity of
the treatment device. Alternately, if the design volume is too large, there will be
increased cost as well as further treatment being negligible after a certain threshold
(Guo and Urbonas 1996). These facts highlight the need for the prudent selection of
rainfall event/s for stormwater treatment design based on both stormwater quality
and an appropriate runoff volume. This will ensure that the selected rainfall event/s
have the capacity to transport a significant pollutant load and the treatment devices
which are designed based on the selected rainfall events can provide efficient and
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cost-effective treatment. In this context, guidance in the selection of rainfall event/s
and an in-depth understanding of their capacity for transporting pollutants load is
important.
Based on comprehensive analysis of rainfall-runoff data, this chapter details a
technically robust approach for the selection of rainfall events for stormwater
treatment design. Underpinned by the knowledge created in Chapter 5, the selection
of rainfall events for treatment design is described based on both stormwater quality
and quantity underpinned by extensive hydrologic and stormwater quality modelling.
The model simulation results for rainfall events in a representative year were
analysed after calibration and validation. This provided the basis for the development
of a statistical method for selecting rainfall events in the context of both stormwater
quality and runoff volume.
6.2 MODELLING
Modelling is one of the most important activities in the stormwater treatment design
(Ahyerre et al. 1998). The basic components of a stormwater quality model are the
hydrologic model and pollutant processes (pollutants build-up and wash-off) model
(Zoppou 1999). The hydrologic model is responsible for stormwater quantity
simulation, whilst the pollutant processes model simulates stormwater quality. The
dependency of stormwater quality modelling on water quantity estimation is
primarily due to two reasons. Firstly, the pollutants cannot be transported without
runoff flow. Therefore, the hydrologic component is integral in stormwater quality
modelling. Secondly, the procedures to mitigate quantity and quality are often
complementary (Zoppou 1999). As discussed in Section 2.6.2, commercially
available stormwater quality models are not sensitive to all of the important rainfall
characteristics. This leads to the difficulty in investigating the relationships between
a range of rainfall characteristics and stormwater quality. Therefore, a sole
dependency on stormwater quality models for investigating the relationship between
rainfall characteristics and stormwater quality could lead to inaccuracies in the study
outcomes. In this context, a suite of models which incorporate appropriate sensitivity
in relation to all of the important rainfall characteristics and focus on different
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processes including hydrologic processes and pollutant build-up and wash-off
processes were employed in the current study.
6.2.1 Model setup

The models used included three components, namely, catchment hydrology,
pollutant build-up and pollutant wash-off. Pollutant EMC for each rainfall event was
estimated in four steps as illustrated in Figure 6-1. The hydrologic component was
undertaken using a computer model in order to simulate runoff from the catchment
area. The time-area method was used for the runoff simulation due to its ability to
simulate catchment runoff (O'Loughlin and Stack 2003). Detailed information
regarding the method can be found in Section 2.6.2. Pollutant build-up and wash-off
components were undertaken using two mathematical equations, which had been
developed by Egodawatta (2007). The estimation of pollutant EMCs were
undertaken for the four study catchments, Alextown, Gumbeel, Birdlife Park and
Highland Park. The estimated outcomes were used to validate the sensitivity of the
three-component model in relation to the important rainfall parameters. This is to
ensure that the three-component model can be applied for rainfall event selection.

Figure 6-1 Simulation processes of pollutants EMC
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In modelling, total solids (TS) is commonly considered as the indicator pollutant for
the other stormwater pollutants. This is due to the critical importance of TS as solids
act as the carrier of other pollutants (Sartor and Boyd 1972; Harrison and Wilson
1985; Goonetilleke and Thomas 2003). TS equals the summation of total suspended
solids (TSS) and total dissolved solids (TDS)
A. Hydrologic model
MIKE URBAN (2008) was selected as the hydrologic model to simulate the runoff
hydrographs. MIKE URBAN was selected for this study after a rigorous review of
available models as discussed in Section 3.3.3. The hydrologic model in MIKE
URBAN is based on the time-area method, which is the same procedure employed in
developing the wash-off equation used in the analysis (Egodawatta 2007). MIKE
URBAN (2008) was developed by the Danish Hydraulic Institute (DHI). The
modelling software is a flexible system capable of modelling collection systems such
as wastewater and stormwater. More detailed information regarding MIKE URBAN
model can be found in Section 3.3.3.
Model setup
In order to simulate the runoff hydrographs, the MIKE URBAN model was setup
accordingly for the four catchments. Detailed maps of the drainage network
including sizes of gully pits and pipe diameters were supplied by the Gold Coast City
Council (GCCC). These maps can be found in Appendix A. The input data for the
four models are given in from Figure F-1 to Figure F-12 in Appendix F.
Alextown catchment model
Alextown is a townhouse development with an area of 1.7 ha. The percentage of
impervious surfaces is 70%. Detailed information of the catchment characteristics
can be found in Section 4.3.1. The catchment consists of an efficient drainage system
with rectangular gully pits with steel mesh lids placed in the middle of the road to
collect road runoff. Figure 6-2 shows the drainage system for Alextown catchment.
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Figure 6-2 The drainage system in Alextown catchment
For modelling, the catchment was divided into 28 subcatchments so that its
distributed nature can be adequately represented. The Alextown catchment model
consisted of 28 nodes, 1 outlet and 28 pipes. Figure 6-3 shows the details of the
drainage network and subcatchments setup in MIKE URBAN.
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Figure 6-3 Alextown model network
Other than the input data obtained directly from GCCC datasets, a number of
assumptions were adopted during model setup. Firstly, a constant value was used for
impervious surfaces percentage based on the assumption that impervious surfaces are
distributed equally over the catchment surfaces. Secondly, MIKE URBAN considers
the gully pits as cylindrical and a diameter is assigned as the primary dimensional
parameter. However, all the catchment gully pits were of rectangular shape. An
equivalent diameter which was considered as the diagonal length of the rectangular
manhole was adopted for catchment modelling. According to the MIKE URBAN
manual (MIKEURBAN 2008), the assignment of gully pits of different shapes does
not introduce error to the modelling outcomes.
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Gumbeel catchment model
Gumbeel is a duplex housing development and its area is 1.2 ha. The percentage of
impervious surfaces is 70%. Detailed information of the catchment characteristics
can be found in Section 4.3.1. The catchment is located along a ridge. Therefore, the
runoff is primarily contributed by roads, which means that the percentage of
connected impervious surfaces is relatively low. The drainage system in Gumbeel
catchment is relatively simple and short, compared with the other study catchments.
Figure 6-4 shows the Gumbeel catchment drainage system.

Figure 6-4 The drainage system in Gumbeel catchment
The catchment was divided into two subcatchments. The Gumbeel model consisted
of 3 nodes, 1 outlet and 3 pipes. The model network is shown Figure 6-5.
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Figure 6-5 Gumbeel model network
Birdlife Park catchment model
Birdlife Park catchment is a detached housing development with an area of 7.5 ha.
The percentage of impervious surfaces is 45.8%. Detailed information of the
catchment characteristics can be found in Section 4.3.1. The catchment is in a valley
with a relatively greater slope than other study catchments. The runoff is collected by
side manholes. Furthermore, the runoff contributed from pervious surfaces is also
combined with the road runoff as most of the pervious surfaces are located in the
front of houses and are relatively extended. Figure 6-6 shows the Birdlife Park
catchment drainage system.
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Figure 6-6 The drainage system in Birdlife Park catchment
Birdlife Park was divided into 77 subcatchments in the model, which consisted of 78
nodes, 1 outlet and 79 pipes. Figure 6-7 shows the model network.

Figure 6-7 Birdlife Park model network
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Highland Park catchment model
Highland Park is a mixed land use catchment with area of 105.1 ha. The catchment
includes residential, commercial and forestry land use. The percentage of impervious
surfaces is 40%. Detailed information of the catchment characteristics can be found
in Section 4.3.1. The main drainage line is a small tributary, the Bunyip Brook. The
integrated pipe and channel network connecting various parts of the catchment area
to the tributary, further facilitates the stormwater drainage. Figure 6-8 shows the
drainage lines of Highland Park catchment.
Highland Park catchment was divided into 625 subcatchments. The Highland Park
model consisted of 633 nodes, 1 outlet, 39 channels and 596 pipes. In the case of the
drainage channels, the cross sections were obtained from a Digital Elevation Model
(DEM) supplied by GCCC. Figure 6-9 shows the Highland Park catchment model
network.
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Figure 6-8 The drainage system in Highland Park
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Figure 6-9 Highland Park model network
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Model calibrations and validations
Method
Model calibration is one of the most important requirements in modelling. It is
undertaken to reconcile simulation results with measured phenomena. To enable the
model to closely match the behaviour of the natural system, an initial value was
obtained for each calibration parameter by mathematical calculations and then a trialand-error procedure was used by adjusting the input parameters based on the initial
values (Gupta et al. 1998). Model validation is defined as the process of
demonstrating that a model developed for specific rainfall events is capable of
accurate prediction for different rainfall events (Henriksen et al. 2003). The
catchment models were validated using input parameters derived during the
calibration process.
Data for model calibrations were selected by careful inspection of the available
rainfall and runoff event data. The rainfall events selected for model calibrations and
validations and their characteristics are given in Table F-1 in Appendix F. Runoff
discharge measured at the catchment outlets was applied to assess the goodness-of-fit
between observed and simulated values. Two statistical parameters were used to
describe the quality of the simulation results, namely, the root mean square error
(RMSE) and the coefficient of determination (CD) (Loague and Green 1991). The
equations used are given below:
∑
∑

Equation 6-1
⁄∑

Equation 6-2

Where
S -Simulated results
O -Observed results
Ō -The average value of the observed results
n -The total number of observations
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The RMSE value indicates the extent to which the simulations are over-estimating or
under-estimating observed values. The smaller the RMSE value, the closer the
simulation results to the observed data. The CD value describes the ratio of the
scatter of the simulated values to that of the observed values. A CD value being close
to 1 means that the observed and simulated results match closely.
Calibration parameters
The time-area method needs three parameters and time-area curves for calibration in
MIKE URBAN. The three parameters are:
•

Time of concentration

•

Reduction factor

•

Initial loss

Reduction factor and initial loss parameters influence the runoff volume whilst time
of concentration and time-area curves influences the hydrograph shape. An initial
value was decided for each calibration parameter. These parameters were then
adjusted by “trial and error” until an acceptable agreement was obtained between
simulated and observed results.
Time of concentration (Tc) is one of the most important parameters and varies with a
number of factors such as catchment slope, drainage length and catchment shape. In
order to obtain the initial Tc value for each catchment, Equation 6-3 was used. The
parameters required for the calculation of Tc values were obtained from catchment
digital maps. The initial Tc values derived are given in Table 6-1.
.

"#.$

!

#.

Equation 6-3 (Adapted from Williams 1922)

Where
Tc-Time of concentration (min)
L-Longest drainage length (km)
A-Catchment area (km2)
S-Equal area slope (m/km)
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Reduction factor is a parameter which indicates the percentage of directly connected
impervious surfaces. The initial loss is dependent on the surface types and initial
moisture content on the catchment surfaces. The initial loss can vary from event to
event based on the initial moisture content on the surfaces. The theoretical values of
the Reduction factor and Initial loss can be determined by plotting the rainfall depth
vs. runoff depth curve for each catchment as illustrated in Figure 6-10 (Bedient and
Huber 1992). The slope of the line is the reduction factor whilst the intercept on the
rainfall depth axis is the initial loss. The initial values for the two parameters were
obtained accordingly and were then adjusted in the calibration process. The initial
reduction factors and initial loss values obtained are given in Table 6-1.
Table 6-1 Initial parameters for calibrations
Time of
Catchments

concentration
Tc (min)

Reduction

Initial loss

Time-area

factor

(mm)

curve

Alextown

19.08

0.69

3.2

TA Curve 1

Gumbeel

23.46

0.20

5.3

TA Curve 1

Birdlife Park

30.38

0.75

2.1

TA Curve 1

Highland Park

45.23

0.64

3.9

TA Curve 1

Runoff depth (mm)

Runoff depth=A× Rainfall depth -B

Reduction factor=A

Initial loss

Initial loss=B/A
Reduction factor

Rainfall depth (mm)
Figure 6-10 Generation of parameters required by MIKE URBAN
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A time-area curve represents the contributing part of the catchment surface as a
function of time. It accounts for the shape of the catchment in relation to the
catchment outlet. In MIKE URBAN, there are three default curves, TA Curve 1, TA
Curve 2 and TA Curve 3, applicable for rectangular, divergent and convergent
catchments, respectively. Additionally, it is also possible to define any number of
custom time-area curves. In order to simplify the calibration process undertaken, all
the catchments were considered as rectangular. Accordingly, TA Curve 1 was
applied to all catchments.
Calibration and validation results
Although the initial values for the calibration parameters were obtained by
calculation, it was necessary to adjust these parameters for obtaining agreement
between simulated and observed results due to differences resulting from model
replication of real catchments. Based on trial-and-error, the initial calibration
parameters were further refined by calibration of the four catchments. The final
parameters obtained from calibrations are given in Table 6-2. The RMSE and CD
values for all discharge calibrations and validations are given in Table 6-3. Figure 611 shows the comparison between simulated and observed peak discharge values for
the calibration and validation study, whilst Figure 6-12 shows the comparison
between simulated runoff volumes and observed runoff volumes from the calibration
and validation study.
As shown in Table 6-3, the RMSE values range from 0.003 to 0.228 for all of the
four catchments. These relatively small RMSE values indicate that the simulated
results are close to the observed results. In addition, most of the CD values are close
to 1. This further confirms that the calibration and validation results are reasonable.
According to Figure 6-11 and Figure 6-12, it can be seen that both peak discharge
and total runoff volume show good agreement between observed and simulated
results. It can be concluded that the runoff volumes were simulated appropriately by
the calibrated models and that the runoff volumes from the calibrated models can in
turn be used for the estimation of pollutants EMCs.
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Table 6-2 Parameters obtained from calibrations
Catchments
Alextown
Gumbeel
Birdlife Park
Highland Park

Time of
concentration
Tc (min)
22
30
20
40

Reduction factor

Initial loss
(mm)

Time-area curve

0.7
0.1
0.9
0.75

1.0
1.0
0.1
1.0

TA Curve 1
TA Curve 1
TA Curve 1
TA Curve 1

Table 6-3 RMSE and CD values for calibrations and validations
Catchment
Gumbeel

Task
Calibration
Validation
Calibration

Alextown
Validation

Calibration
Birdlife Park
Validation

Calibration
Highland Park
Validation
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Rainfall event
2002-04-28
2001-12-29
2002-05-03
2003-12-06
2003-11-24
2002-04-12
2002-10-27
2002-11-13
2002-08-21
2002-08-25
2002-11-15
2002-02-01
2002-10-27
2002-06-02
2001-12-31
2002-02-02
2002-04-12
2002-08-21
2002-04-28
2002-05-03
2002-06-04
2002-09-20
2001-03-21
2002-11-15

RMSE
0.003
0.007
0.003
0.003
0.006
0.010
0.006
0.010
0.005
0.002
0.007
0.009
0.013
0.011
0.006
0.006
0.079
0.122
0.102
0.137
0.057
0.127
0.228
0.219

CD
0.64
0.63
0.49
0.74
0.66
0.48
0.69
0.82
0.72
0.83
0.82
0.64
0.78
0.65
0.54
0.87
0.83
0.81
0.76
0.67
0.77
0.53
0.61
0.63
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Simulated peak discharge (m3/s)

0.25
Gumbeel
0.2

1:1

Alextown
Birdlife Park

0.15
0.1
0.05
0
0

0.05

0.1
0.15
Observed peak discharge (m3/s)

0.2

0.25

A. The Gumbeel, Alextown and Birdlife Park

Simulated peak discharge (m3/s)

2.5
Highland Park

1:1

2
1.5
1
0.5
0
0

0.5

1
1.5
Observed peak discharge (m3/s)
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Figure 6-11 The comparison of observed and simulated peak discharges
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Figure 6-12 The comparison of observed and simulated total runoff volumes
B. Build-up equation
The estimations of build-up loads for the four catchments were undertaken using the
build-up equations developed by Egodawatta (2007) as discussed Section 2.6.2.
These equations were developed based on the same catchments as the study sites in
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this research study. Additionally, the pollutant build-up was calculated based on
antecedent dry days. This ensured the sensitivity of the models to antecedent dry
days.
As an outcome of the research study undertaken by Egodawatta (2007), a power
equation was developed for road surface TS build-up on impervious surfaces
(Equation 6-4). The two sets of empirical parameters, A and B, were obtained for two
types of urban form; high population density (such as townhouses and duplex
housing) and low population density (such as detached housing). Furthermore,
according to Egodawatta (2007), the maximum build-up load (M) is achieved after
21 antecedent dry days. A similar form of build-up equation has also been used by
previous researchers (for example Ball et al. 1998).
The recommended build-up equation and the two sets of parameters are given in
Equation 6-4 and Table 6-4, respectively. Detailed information on the build-up
equation and the two sets of build-up parameters can be found in Egodawatta (2007).
Load= min (M, ADB)

Equation 6-4

Where
A -Build-up rate (g/m2/d)
B -Time exponent
M -Maximum build-up load (g/m2)
D -Antecedent dry days (d)

Table 6-4 Build-up parameters for different urban form (Egodawatta 2007)
Urban form
High population
density
Low population
density
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A

B

M

2.90

0.16

4.72

1.65

0.16

2.69
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Alextown and Gumbeel catchments are townhouse and duplex housing developments,
respectively (see Section 4.3.1), whilst Birdlife Park catchment is a detached housing
development. Therefore, parameters applicable for high population density were used
for build-up estimations for Alextown and Gumbeel catchments, whilst parameters
applicable for low population density were applied for build-up estimation for
Birdlife Park catchment. Highland Park is a mixed land use catchment. Therefore,
the Highland Park catchment was divided into a number of subcatchments based on
high and low population densities. Then, the two sets of parameters were used for the
different subcatchments and the total build-up loads were the summation of the
different subcatchment build-up loads.
The antecedent dry days was used in Equation 6-4 to calculate the build-up load per
unit area. The total build-up load for each catchment was obtained by the build-up
load per unit area multiplied by the total catchment area and the percentage of
impervious surfaces. The outcomes were further used for estimating pollutant washoff loads.
C. Wash-off equation
Pollutant wash-off estimations were undertaken using the wash-off equation
developed by Egodawatta (2007). The equation for estimating pollutant wash-off was
selected taking into consideration the sensitivity of the wash-off process to rainfall
intensity (see Section 2.6.2). This equation is given below.
%&

'

'(

)

1

+

,-.

Equation 6-5

Where
Fw

-Wash-off fraction

W

- Weight of the material washed-off after time t

W0

- Initial weight of the material on the catchment surface

CF

-Capacity factor

I

- Rainfall intensity

k

-Wash-off coefficient
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The equation was developed based on the impervious fraction. The capacity factor
CF indicates the capacity of a rainfall event to mobilise pollutants and has a value
ranging from 0 to 1 primarily depending on the rainfall intensity. According to
Egodawatta (2007), CF varies based on three rainfall intensity classes. For the 5 to 40
mm/h intensity range, CF increases linearly; for the 40 to 90 mm/h intensity range,
CF is a constant and for the above 90 mm/h intensity, it varies linearly to a maximum
value (Table 6-5). This approach was used for determining the parameters for
Equation 6-5. The wash-off fraction for each rainfall event can be estimated using
Equation 6-5 and the estimation of parameters as explained in Table 6-5.
Table 6-5 Wash-off parameters (Egodawatta 2007)
Parameters

Intensity range (mm/h)

Value

5-40

(0.01×I) +0.1

40-90

0.5

>90

(0.0098 × I) -0.38

All intensities

8×10-4

Capacity factor (CF)

Wash-off coefficient (k)
I-rainfall intensity
D. The estimation of TS EMC
Estimation steps

In order to estimate TS EMC, the TS wash-off load was estimated initially. TS washoff load from the catchment surface was obtained by multiplying the TS build-up
load (Equation 6-4) by the wash-off fraction (Equation 6-5) for the rainfall event. For
different rainfall intensities, the capacity factor CF for the wash-off fraction is
different and can be calculated by the equations given in Table 6-5. In order to obtain
the wash-off fraction for each rainfall event, the following steps were undertaken.
(1) Rainfall intensity threshold
Small intensity time steps are not capable of producing a significant wash-off
fraction. This meant the adoption of a threshold value for rainfall intensity.
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Intensities lower than the threshold value was not considered for the wash-off
fraction calculations. The threshold rainfall intensity adopted was 5 mm/h.
(2) Wash-off fraction calculation
The wash-off fraction calculation commenced from the first 5 min time step where
the rainfall intensity was larger than 5 mm/h. The wash-off fraction for the first time
step was estimated using Equation 6-5 and data given in Table 6-5. Then, for the
second time step, the wash-off fraction was determined starting from the value
previously obtained from the first time step. This procedure continued until the last
time step of the rainfall event. Consequently, the accumulated wash-off fraction for
the rainfall event was obtained. The detailed explanation of the methodology can be
found in Egodawatta (2007).
(3) The estimation of TS wash-off loads
Based on the estimated TS build-up load on the catchment surfaces during the
antecedent dry days and wash-off fraction for each rainfall event, the TS wash-off
load for each rainfall event was obtained by multiplying the build-up load by the
corresponding the wash-off fraction.
(4) The estimation of TS EMC
TS EMC (mg/L) for each rainfall event was obtained by the TS wash-off loads
divided by the total runoff volumes simulated by MIKE URBAN computer model.
The TS EMC results for the 41 rainfall events for the four catchments can be found
in Table F-2 in Appendix F.
Simulation results
Figure 6-13 shows the comparison of estimated and measured TS EMC for the four
catchments, individually. It can be noted that Alextown and Gumbeel displays a
relatively good agreement between estimated and measured EMC values whilst for
Birdlife Park and Highland Park, the EMC values are under estimated.
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Figure 6-13 The comparison of estimated and measured TS EMC for the four
catchments
Additionally, it can be observed that the under estimation of TS EMC by the model
for Highland Park catchment is relatively more significant than for Birdlife Park.
This can be attributed to the following reasons.
1.

Only the impervious surfaces were considered in both the runoff volume
simulation and pollutant wash-off loads estimation. However, in the real
catchments, both impervious and pervious surfaces may contribute to the
pollutant load. Alextown and Gumbeel have the highest percentage of
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impervious surfaces (70%) among the four catchments, followed by Birdlife
Park at 45.8% and Highland Park catchment with 40%. Therefore, the pollutant
EMC estimations performed relatively better for Alextown and Gumbeel due to
the high percentage of impervious area, but poorly for Birdlife Park and
Highland Park catchments.
2.

Sampling from storm events for subsequent laboratory analysis for pollutant
concentrations was done by pumping from a constant height about the drainage
channel bed, irrespective of the flow depth. This could lead to the collection of
non-representative samples with high TS loads.

3.

EMC samples were prepared from the runoff samples typically collected 15 min
apart. Due to the relatively smaller size of the catchments and the resulting
“flashy” nature of stormwater runoff, water quality can vary significantly during
this time interval. This can lead to non-representative EMC results.

4.

The computer model and build-up and wash-off equations used for estimating
TS EMC are based on a number of assumptions and conceptual descriptions of
pollutant processes. This may introduce errors to the estimation results.

Although the estimation of TS EMC were not satisfactory for all of the four
catchments, these results were accepted since the primary function of the study was
to validate the three-component catchment models (hydrologic, build-up and washoff) in terms of its sensitivity to the important rainfall parameters rather than to
predict the TS EMC. Therefore, the estimated TS EMC values for the four
catchments were further analysed on the sensitivity of the three-component
catchment model to important rainfall characteristics.
6.2.2 Model validation

In order to validate the sensitivity of the three-component catchment model to
important rainfall characteristics, Principal Component Analysis (PCA) was selected
as the analytical tool. PCA is capable of evaluating linkages between objects and
variables.
For each catchment, there were 41 rainfall events with parameters such as average
rainfall intensity (AgI), rainfall duration (RD), antecedent dry days (ADD) and TS

Chapter 6

122

EMC determined. These rainfall events were taken as objects in PCA whilst AgI, RD,
ADD and TS EMC were considered as variables. Since TS EMC was estimated for
each rainfall event and catchment, the TS EMC was available for all 41 rainfall
events for each catchment. Consequently, a matrix (164×4) was generated for PCA.
The data pre-processing was the same as described in Section 5.2.2.
Figure 6-14 shows the resulting PCA biplot. The number of PCs needed for the
analysis was determined based on the Scree plot method (Adams 1995) (Figure E-3
in Appendix E). Details of the selection of number of PCs and Scree plots are
discussed in Section 3.3.4. A total data variance of 67.5 % is explained by the two
PCs.
Type 3
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Low-average-intensity
Type 1 and Type 2

ADD
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High-average-intensity
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Figure 6-14 PCA biplot for simulated data
It is evident that the PCA biplot in Figure 6-14 displays a similar pattern as Figure 54. All objects are clustered into two groups based on the PC1 axis. Most of the Type
3 rainfall events (low average intensity-long duration) are positioned on the negative
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PC1 axis and clustered together whilst Type 1 (high average intensity-short duration)
and Type 2 (high average intensity-long duration) rainfall events are positioned on
the positive side of the PC1 axis and are relatively scattered. Additionally, the
average rainfall intensity (AgI) vector has an acute angle with the TS EMC vector,
followed by antecedent dry days (ADD) vector whilst the rainfall duration (RD)
vector is almost in the opposite direction to the TS EMC vector. Furthermore, both
AgI and ADD as well as TS EMC vectors are projected on the positive PC1 axis
whilst RD is projected on the negative PC1 axis. These observations can also be
confirmed from the correlation matrix for the dataset (Table 6-6). The correlation
value between average rainfall intensity and TS EMC is the highest at 0.561,
followed by the correlation value (0.073) between antecedent dry days and TS EMC.
Furthermore, the value (-0.411) between rainfall duration and TS EMC is the lowest.
Table 6-6 Correlation matrix of simulated dataset
AD

ADD

AgI

AD

1.000

ADD

0.005

1.000

AgI

-0.295

0.111

1.000

TS EMC

-0.411

0.073

0.561

TS EMC

1.000

It can be found that the outcomes from the three-component model show similar
relationships between rainfall characteristics and stormwater quality as the
monitoring data analysis. The TS EMC is strongly related to average rainfall
intensity, followed by antecedent dry days whilst rainfall duration is negatively
correlated to TS EMC. The agreement in results between simulation data and
monitoring data implies that the three-component model is sensitive to all important
rainfall characteristics (average rainfall intensity, antecedent dry days and rainfall
duration). Therefore, the three-component model with hydrologic, build-up and
wash-off components has good ability to represent the relationship between rainfall
characteristics and stormwater quality and hence can be used for rainfall events
selection.
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6.3 SELECTION OF RAINFALL EVENTS FOR STORMWATER
TREATMENT DESIGN
As discussed in Section 2.6.2, the application of current stormwater quality models
alone cannot accurately simulate stormwater quality due to their lack of sensitivity to
all of the important rainfall characteristics. Therefore, in order to select appropriate
rainfall events for stormwater quality treatment design, the three-component model
described above was employed to demonstrate the robust approach for the selection
of rainfall events. The model was previously validated in relation to its ability to
simulate the relationships between rainfall characteristics and stormwater quality.
6.3.1 Rainfall events

In stormwater treatment design, pollutant load is typically considered as the pollutant
export from catchments (Nakamura 2009). The load is equal to the runoff volume
multiplied by the concentration of the particular pollutant for a nominated time
period. The annual pollutant load is one of the most important parameters employed
to define the pollutant export from a given catchment (Skinner et al. 2009). In this
context, the runoff volumes and EMCs are estimated by monitoring storm runoff
events over a period of time (Charbeneau and Barrett 1998). As such, the rainfall
events which typically occur in one year were selected for the model simulation.
A. Selection of a representative year
It was important to select a representative year where the rainfall characteristics are
typical for the study areas under investigation. As discussed in Chapter 5, the rainfall
events can be classified into three types in terms of stormwater quality. Therefore,
the selected representative year should include all of these three types of rainfall
events. Additionally, the rainfall events for the selected representative year needed to
have moderate characteristics rather than extreme characteristics such as extremely
high rainfall amounts or rainfall frequency.
In order to select a representative year, the historical rainfall records of the study
catchments were analysed. The annual rainfall depth and the number of rainfall
events which occurred each year were extracted from the rainfall records for the
period of 1992-2010, which is a continuous period within the historical rainfall
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records. Figure 6-15 shows the annual rainfall depth and the number of rainfall
events from 1992 to 2010. It was found that the average annual rainfall depth in the
period of 1992-2010 is 1352.7 mm in the investigated period whilst the average
number of rainfall events occurring in one year was 132. The characteristics of
rainfall events in 2003 are the closest to both, the average annual rainfall depth and
the number of rainfall events, 1363.7 mm and 131events, respectively. Therefore, the
rainfall events in 2003 were further analysed in order to ensure that the three rainfall
types were present within the data set.
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Figure 6-15 Rainfall events in 1992-2010
The 131 rainfall events which occurred in 2003 were extracted from the rainfall
records. However, it was found that there were 65 rainfall events where the rainfall
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intensity during each time step was less than 5 mm/h. This meant that these rainfall
events did not generate significant pollutant loads as such a low rainfall intensity
cannot exert influence on the pollutant wash-off process (Egodawatta 2007) (see
Section 6.2.1). Therefore, these rainfall events were not considered in the analysis
whilst the remaining 66 rainfall events were included in the analysis. The rainfall
characteristics including average rainfall intensity, rainfall duration and antecedent
dry days were also extracted for the selected 66 rainfall events. The data extractions
were undertaken according to the same approach discussed in Section 5.2.2. The 66
rainfall events and their rainfall characteristics are given in Table F-3 in Appendix F.
The 66 rainfall events were superimposed on Intensity-Frequency-Duration (IFD)
curves as shown in Figure 6-16. Fifteen events (shown as circular data points) have a
relatively high average intensity (more than 20 mm/h) but short duration (less than
1.5 h), whilst 50 events (shown as square data points) have a lower average intensity
(less than 20 mm/h) and most of them have relatively long duration. One event
(shown as a triangular data point) has an average intensity of 27.3 mm/h and 7.4 h
duration. It was found that the rainfall events in 2003 encompassed the three rainfall
types, namely high average intensity-short duration (Type 1), high average intensitylong duration (Type 2) and low average intensity-long duration (Type 3). Therefore,
2003 was considered appropriate for selection as the representative year for the
envisaged investigations.
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Figure 6-16 Rainfall events of 2003 in IFD graph
B. Investigation of rainfall characteristics for the representative year
According to the above analysis, it was noted that there were 15 rainfall events which
fall into Type 1 and one event which falls into Type 2, whilst there were 50 Type 3
rainfall events. Other than rainfall types, the ARI was also investigated for the
rainfall events in order to understand the influence of “heaviness of rainfall” in
stormwater treatment design, namely in the context of stormwater quantity. In Figure
6-16, only the 1 year and 6-month ARI curves are shown in the figure. This is due to
the fact that stormwater treatment systems are frequently designed for storm events
of less or equal to 1 year ARI as discussed in Chapter 5. The 6-month ARI curve was
obtained by extrapolating the standard ARI curves.
It is evident from Figure 6-16 that nearly all of the rainfall events are less than 1 year
ARI except for the Type 2 event. This is same as the outcomes derived in Chapter 5.
In addition, it is also evident that three Type 1 events are above the 6-month ARI.
The three rectangular regions shown in Figure 6-16 represent the mean values of
average rainfall intensity and rainfall duration for the three rainfall types. The reason
for drawing rectangular regions was to determine the threshold rainfall parameters
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which can ensure that a major fraction of the runoff volume with high pollutant loads
can be captured by designing the stormwater treatment system accordingly. The
analysis for threshold rainfall parameters is discussed in Section 6.3.2. It can be
found that in regards to the 2003 rainfall events, the mean values of the average
intensity and duration for Type 1 events is 31.1 mm/h and 0.4 h, for Type 2 events it
is 27.3 mm/h and 7.4 h and for Type 3 events it is 10.2 mm/h and 1.2 h.
6.3.2 Stormwater quality modelling results

In order to generate the stormwater quality results for each type of rainfall event, the
66 rainfall events were modelled using MIKE URBAN to generate the runoff
volumes for Alextown, Gumbeel, Birdlife Park and Highland Park catchments. Then,
the TS build-up and wash-off loads were estimated using the equations (Equation 6-4
and 6-5) for each catchment. The approach adopted was the same as the procedure
discussed in Section 6.2. The values derived for TS load are given in Table 6-7. TS
load for different rainfall types was derived by adding all loads within the same
rainfall type. TS EMC was obtained by the summation of loads and divided by the
summation of runoff volumes for the same rainfall type. The annual TS loads were
obtained by the summation of loads generated by Type 1, Type 2 and Type 3 events.
The estimated TS EMCs, TS loads and runoff volumes of 66 rainfall events for the
four catchments are shown in from Table F-4 to Table F-7 in Appendix F.
As shown in Table 6-7, both TS load and TS EMC generated by Type 1 rainfall
events are much higher than the amounts produced by the other two types of rainfall
events for all four catchments whilst the runoff volume for Type 1 events is much
less than for Type 3 rainfall events. In terms of Type 2 events, TS EMC is relatively
smaller than for the other two types of rainfall due to the dilution effect of the large
runoff volume. Figure 6-17 provides a comparison of the percentages of TS load and
runoff volume produced by the Type 1, Type 2 and Type 3 rainfall events for all the
four catchments together with the number of rainfall events for the three types. It was
found that although the number of Type 1 rainfall only account for 22.7% of all
rainfall events, they generated 58.0% of the TS load. The total runoff volume from
Type 1 events only accounts for 29.1%. This means that compared with other two
types, Type 1 rainfall events which are high average intensity-short duration are
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responsible for most of the pollutants export from catchments although they occur
relatively less frequently. Type 2 events occur even more rarely and only generated 5%
of TS load but generated 19.1% of the runoff volume. Type 3 events occur more
frequently, but do not generate high pollutant loads. Based on these observations, it
can be concluded that focusing on the Type 1 events which are high average
intensity-short duration rainfall events can lead to greater efficiency in stormwater
treatment systems performance due to their greater pollutant generation ability. This
can be further supported by the relatively smaller total runoff volume generated by
Type 1 events. This is due to the fact that a smaller runoff volume can be effectively
captured by the treatment system, whilst a larger runoff volume may significantly
by-pass the treatment system without achieving the desired removal of pollutants
(Guo and Urbonas 1996).

Chapter 6

130

Table 6-7 Estimated results of 2003 rainfall events
Catchments
Highland park

Gumbeel

Birdlife Park

Alextown
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Rainfall type

TS load (kg)

Type 1
Type 2
Type 3
Type 1
Type 2
Type 3
Type 1
Type 2
Type 3
Type 1
Type 2
Type 3

2853.60
244.96
1818.20
100.30
8.66
63.90
233.40
19.98
148.70
142.10
12.90
90.50

Runoff volume
(m3)
79505.80
53214.50
141503.90
223.40
153.90
315.60
8806.50
4932.20
16171.00
2370.60
1395.90
4192.40

TS EMC (mg/L)
35.89
4.60
12.85
449.01
56.26
202.51
26.50
4.05
9.20
59.94
9.24
21.60

Annual load (kg)
4916.76

172.86

402.08

245.50
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Figure 6-17 Comparison of three types of rainfall events
Although it has been noted that high average intensity-short duration type rainfall
events should be targeted by stormwater treatment design, not all of these rainfall
events can be captured effectively by treatment systems since a large runoff volume
may flow through the treatment system at relatively high velocity and resulting in
little residence time for adequate stormwater treatment. This implies that stormwater
treatment should also be designed based on an appropriate runoff volume rather than
the approach “the bigger, the better” in the context of both, efficiency and costeffectiveness. Therefore, this means that other than rainfall types, a threshold in
relation to runoff volume should be also used in the selection of rainfall events. The
rainfall events above the threshold are not considered in the treatment design due to
their large runoff volume. The rainfall events below the threshold will generate most
of the annual total runoff volume and will also include a significant fraction of the
exported pollutants load. This ensures that a significant part of the runoff volume and
pollutants load can be effectively subjected to treatment.
As shown in Figure 6-16, most of the rainfall events are less than 1 year ARI. This
may also mean that an ARI less than 1 year could be appropriate in terms of
stormwater quality design. Consequently, 6-month ARI was also investigated in
relation to the suitability of such rainfall events in stormwater treatment system
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design. Table 6-8 provides a comparison of the total runoff volume and pollutant
loads for the rainfall events larger than 6-month ARI (4 events) and for events
smaller than 6-month ARI (62 events). It was found that rainfall events smaller than
6-month ARI generate a greater cumulative runoff volume and pollutants load than
the rainfall events larger than 6-month ARI in all the four catchments. The summary
information for all four catchments combined is graphically presented in Figure 6-18.
It can be noted that rainfall events smaller than 6-month ARI generate 68.37% of
annual total runoff volume and includes 68.61% of the TS load exported. This means
that the rainfall events less than 6-month ARI produce most of the runoff volume
with most of the pollutants load. The outcomes further confirm that stormwater
treatment design based on larger rainfall events may not provide a satisfactory costbenefit outcome. The rainfall events less than 1 year ARI such as 6-month ARI could
be targeted in stormwater treatment design. These observations confirm that treating
frequent rainfall events should be the preferred option since its benefits include
efficiency in treatment performance, cost-effectiveness and possible savings in land
area needed. Additionally, as discussed in Section 2.6.2, the application of the
conventional modelling approach such as MUSIC for stormwater treatment design is
to simulate long-term continuous rainfall events over 20 years. This approach would
not provide any greater efficiencies according to the outcomes of this research study.
Selecting appropriate rainfall events for stormwater quality modelling should be the
preferred approach. This significantly reduces the simulation time and requirement of
rainfall data as well as ensures the efficiency of the stormwater treatment system.
For the 2003 rainfall events (Figure 6-16), Type 1 events which generates a greater
pollutants load than the other types of rainfall events have a mean value of 31.1
mm/h average intensity and 0.4 h duration. Therefore, a rainfall event with an
average intensity of 31.1 mm/h and duration of 0.4 h can be considered as the rainfall
parameters for the stormwater treatment design for the investigated catchments. This
is due to the fact that the treatment devices designed based on these rainfall
parameters can be expected to capture a major portion of the annual runoff volume as
rainfall parameters with lower values including Type 3 rainfall events produce a
smaller runoff volume (see Figure 6-16) and hence can also be captured by the
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treatment devices. It is noteworthy that there are a significant proportion of Type 3
events which generated a larger runoff volume than Type 1 events (see Figure 6-16).
Hence these events would not be effectively treated by a treatment system designed
based on Type 1 events. However, since these Type 3 rainfall events do not tend to
produce relatively high pollutant loads, a treatment design based on Type 1 events is
satisfactory. Furthermore, the analysis was based on 2003 rainfall events and the
mean values for Type 1 rainfall parameters (average intensity of 31.1 mm/h and
duration of 0.4 h) has been suggested as the treatment design parameters. However, it
should be noted that selecting mean values as design parameters only provides a
methodology for the selection of a threshold rainfall event for stormwater treatment
design. In fact, the approach for the selection of rainfall parameters could vary due to
factors such as water quality treatment objectives and rainfall characteristics.
Table 6-8 Runoff volume and TS loads based on 6-month ARI
Catchments

Highland park

Gumbeel

Birdlife Park

Alextown
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Rainfall events
Larger than 6month ARI
Smaller than 6month ARI
Larger than 6month ARI
Smaller than 6month ARI
Larger than 6month ARI
Smaller than 6month ARI
Larger than 6month ARI
Smaller than 6month ARI

Runoff volume
(m3)
87749.4

TS load (kg)
1467.22

186474.8

3449.54

248.8

51.62

444.1

121.26

8496.4

119.94

21413.3

282. 12

2389.2

73.77

5569.7

171.78
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Figure 6-18 Comparison of percentage of runoff volume and TS load based on
6-month ARI for all four catchments combined

6.4 CONCLUSIONS
The chapter has discussed a modelling methodology for better representing the
relationship between rainfall characteristics, stormwater quality and stormwater
quantity. Based on the analysis of rainfall events and the resulting stormwater quality
and quantity in a representative year, the approach to be adopted for rainfall events
selection for stormwater treatment design on the basis of both stormwater quality and
quantity has been presented. The conclusions from this analysis are:
•

The three-component model consisting of a hydrologic model and pollutants
build-up and wash-off equations developed for rainfall events selection
exhibited appropriate sensitivity to all important rainfall characteristics such
as rainfall intensity, rainfall duration and antecedent dry days and hence has
the ability for undertaking accurate simulations based on the relationship
between rainfall characteristics and stormwater quality.

•

Taking 2003 as the representative year:
It was found that Type 1 (high average intensity-short duration) rainfall
events cumulatively produce a major portion of the annual pollutants load
compared to the other types of rainfall events.
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An ARI less than 1 year such as 6-months should be considered in
designing stormwater treatment systems as these rainfall events
cumulatively generate a significant portion of the annual runoff volume
and by implication a significant fraction of the pollutants load. This
confirms that designs based on small and frequent rainfall events rather
than larger rainfall events would be appropriate in the context of
efficiency in treatment performance, cost-effectiveness and possible
savings in land area needed.
A methodology was developed for the selection of threshold rainfall
parameters for stormwater quality treatment design based on Type 1
rainfall to capture a major fraction of the annual runoff volume containing
most of the pollutant load exported by a catchment. Essentially, this
approach will also be able to treat Type 3 rainfall events.
Outcomes from this analysis imply that the conventional modelling
approach for stormwater treatment design which entails the simulation of
long-term continuous rainfall events does not provide any greater benefits.
Selecting appropriate rainfall events for stormwater quality modelling
should be the preferred approach. This significantly reduces the
simulation time and requirement of rainfall data as well as ensures the
efficiency of designed stormwater treatment.
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Chapter 7 Influence of Catchment
Characteristics on Urban Stormwater
Quality
7.1 INTRODUCTION
7.1.1 Background

Catchment characteristics are among the most important factors which influences
catchment hydrology and stormwater quality. In addition, the influence of catchment
characteristic on hydrology and stormwater quality is complex since it is
multifaceted (Ahyerre et al. 1998). Although a number of researchers have focused
on investigating the influence of catchment characteristics on stormwater quality, the
studies were limited to conventional characteristics such as land use (for example
Owens and Walling 2002; Ahearn et al. 2005; Li et al. 2008). However, conventional
characteristics such as land use alone may not adequately explain the complexity of
the stormwater quality responses or site-to-site differences in stormwater quality
(Novotny and Olem 1994). As Hatt et al. (2004) have pointed out, assigning a
pollutant output to a particular land use provides little insight into the processes
impacting water quality.
Additionally, as discussed in Chapter 5 and Chapter 6, the influence of rainfall
characteristics on stormwater quality varies with different rainfall types. This makes
stormwater quality processes extremely complex. Although attempts have been made
to investigate the influence of catchment characteristics on stormwater quality in past
research studies, nearly all of the research outcomes were in reality still based on the
combined influences of rainfall and catchment characteristics and hence failed to
explain how stormwater quality is specifically influenced by the catchment
characteristics. In this context, separating the effect of catchment characteristics on
stormwater quality from the rainfall characteristics is essential to accurately identify
the role played by catchment characteristics in influencing stormwater quality.
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The focus of this chapter is to define the influence of catchment characteristics on
stormwater quality. In addition to conventional catchment characteristics such as
land use and impervious area percentage, urban form and urban area location which
represents the physical layout and design of the urban and the spatial distributions of
different catchment areas, was also included in the analysis. As discussed in Section
2.5.3, urban form and urban area location plays a significant role in pollutant
generation and runoff flow routing (Shaw 1983; Goonetilleke et al. 2005). Urban
form leads specific anthropologic activities, which are closely related to pollutant
generation. In terms of urban area location, impervious and pervious areas are the
specific types of surfaces in an urban catchment. Unlike pervious areas, impervious
areas are usually connected to the drainage system. In the research study it was
assumed that the impervious area locations were implicitly included in the
stormwater quality response due to the ‘flashy’ nature and the relatively small size of
urban catchments. However, this is not necessarily the case for pervious areas which
may contribute runoff only on occasion. Hence, the pervious area locations were
explicitly considered in the research investigations.
The role played by catchment characteristics in affecting stormwater quality was
detached from the rainfall characteristics by separately analysing the catchment
characteristics based on different rainfall types identified in Chapter 5. The analysis
in the chapter was undertaken in two phases. The rainfall-runoff relationships for the
four study catchments (Alextown, Gumbeel, Birdlife Park and Highland Park) were
investigated to understand the influence of catchment characteristics on catchment
hydrology. Then, the influence of catchment characteristics on urban stormwater
quality was investigated.
7.1.2 Underpinning theoretical concepts for the analysis

Catchment hydrology plays an important role in urban stormwater quality processes
since pollutants are picked up and transported to the receiving waters by stormwater
runoff. The catchment characteristics can affect catchment hydrology in relation to
runoff volume, the time of concentration and peak flow due to factors such as the
impervious area percentage, the spatial distribution of catchment surfaces
(impervious and pervious areas), slope and distance to the drainage system from the
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specific catchment surfaces. In terms of stormwater quality, these changes in
catchment hydrology can lead to changes in relation to the amount of pollutant loads
transported to the receiving waters (Elizabeth and Brabec 2009). Therefore, an indepth understanding of the influence of catchment characteristics on catchment
hydrology is essential prior to the exploration of their impacts on stormwater quality.
There is a range of modelling approaches to simulate catchment hydrology. However,
these modelling approaches cannot comprehensively replicate the hydrologic
processes in an urban catchment due to its complexity. All models are a simplified
version of real catchment processes. Therefore, the feasible approach is to apply the
best available knowledge in replicating catchment processes.
Hydrologic models simulate urban catchment hydrology based on the rainfall-runoff
relationship. As such, urban catchments were typically divided into directly
connected impervious surfaces, not directly connected impervious surfaces and
pervious surfaces (Shaw 1983). Boyd et al. (1993) have provided an approach to
determine the fractions of these three different types of catchment surfaces using a
plot of rainfall depth vs. runoff depth for the catchment as shown in Figure 7-1.
However, there can be difficulties in clearly identifying the three different linear
segments (I, II and III in Figure 7-1), particularly for the not directly connected
impervious surfaces. This is due to the relatively low fraction of not directly
connected impervious surfaces compared with other two types of surfaces in an
urban catchment.
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Runoff depth

DCIS: Directly connected impervious surfaces

1:1

IS: Total impervious surfaces (directly and not
directly connected)
PS: Pervious surfaces

III: Runoff from IS+PS

II: Runoff from IS
I: Runoff from DCIS

Initial loss

Rainfall depth

Figure 7-1 Conceptual plot illustrating runoff from different catchment surfaces
(Adapted from Boyd et al. 1993)
In Figure 7-1, the straight lines replicate the rainfall-runoff relationship and the
slopes of the straight lines represent the fraction of different catchment surfaces
contributing to runoff. However, in nature, the fraction of catchment surfaces
contributing to runoff is not necessarily constant. In other words, the fraction of
catchment surfaces contributing to runoff could vary with the rainfall amount (Boyd
et al. 1993) and hence cannot be truly represented by straight lines. Figure 7-2 is
provided to illustrate this concept where the line Segment III consists of more than
one single straight line. The variation of catchment area fraction contributing to
runoff can be attributed to the heterogeneity of catchment characteristics which
influence runoff due to factors such as antecedent wetness, the distance of surfaces to
the drainage system and infiltration characteristics of the catchment surfaces. It has
been concluded that the fraction of catchment surfaces contributing to runoff
increases with increasing rainfall amount (Barron et al. 2011). This phenomenon is
more common in relatively large catchments than small catchments due to the more
extensive distribution and the presence of different types of catchment surfaces
(Barron et al. 2011).
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1:1
DCIS: Directly connected impervious surfaces

Runoff depth

IS: Total impervious surfaces (directly and not
directly connected)
PS: Pervious surfaces
III: Runoff from IS+PS

II: Runoff from IS
I: Runoff from DCIS
Rainfall depth

Figure 7-2 Variation of catchment surfaces fraction contributing to runoff
Additionally, due to the complexity of urban catchment hydrology, the conventional
parameters alone relating to catchment characteristics will not accurately explain the
inherent processes. For example, the impervious area percentage has been widely
used in hydrologic models for simulating runoff hydrographs (Zoppou 2001).
However, it has been found that pervious surfaces can also contribute to runoff
particularly if they are located close to the drainage system (Bufill and Boyd 1988).
This implies that not only the percentages of different catchment surfaces, but also
their locations in the catchment play an important role in influencing the hydrologic
processes. This is due to the influence of surface locations on runoff flow routes and
the continuing loss during travel to the drainage system. Furthermore, the role of
pervious area locations on hydrology can be complex as these surfaces are not
usually connected in a conventional manner to the drainage system compared to the
impervious surfaces. These characteristics lead to variability in the urban catchment
hydrologic response, which cannot be easily replicated by models. Figure 7-3 shows
a conceptual illustration of the variations due to different pervious area locations.
When pervious areas are located further away, runoff has to travel longer to enter the
drainage system and hence leads to greater continuing loss. This results in a reduced
amount of runoff reaching the drainage system.
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Figure 7-3 Conceptual plot indicating the influence of different surface locations
7.2 ANALYSIS OF RAINFALL-RUNOFF DATA
7.2.1 Extraction of rainfall-runoff parameters

Although urban catchment hydrology is complex and cannot be easily replicated by
simple models, Fu et al. (2011) have noted that by analysing the rainfall-runoff
relationship, the role of catchment characteristics such as pervious area locations can
be investigated. This in turn can help to understand how catchment characteristics
affect hydrology. Therefore, in order to investigate the role of catchment
characteristics for the four study catchments, the rainfall depth vs. runoff depth
curves were plotted for Alextown, Gumbeel, Birdlife Park and Highland Park (see
Figure 7-4). Data required for these plots were extracted from rainfall-runoff records
for the four catchments. Number of rainfall events used for the analysis and their data
range is shown in Table 7-1.
Table 7-1 Identified rainfall events for analysis
Catchments

Alextown

Gumbeel

Birdlife Park

Highland Park

No. of rainfall events

15

10

16

18

Rainfall depth (mm)

6.04-65.30

12.62-50.60

1.20-65.50

6.30-73.00

Runoff depth (mm)

1.55-31.80

1.29-18.90

0.53-39.66

2.41-35.85
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7.2.2 Investigation of rainfall and runoff depths

Due to the complexity of catchment characteristics affecting catchment hydrology as
discussed in Section 7.1.2, the investigations undertaken only included the
replication of two line segments as illustrated in Figure 7-1 to assess the runoff from
impervious and pervious surfaces. This was undertaken by merging segment I and II
in Figure 7-1 as a single line to represent the total impervious area runoff (directly
and not directly connected impervious surfaces) and considering segment III as
summation of impervious and pervious area runoff.
According to the typical patterns illustrated in Figure 7-1, the slope of the segment
III is 1:1 if all pervious areas contribute to runoff (Boyd et al. 1993). In this context,
it was assumed that all pervious areas in the four catchments eventually contribute to
the runoff when a certain rainfall depth is reached. The rainfall depth vs. runoff depth
plots are shown in Figure 7-4. According to Boyd et al. (1993), pervious surface
runoff can vary from event to event due to the antecedent wetness and hence lead to
varying pervious surface runoff. In this context, the line drawn below all runoff data
points indicates the lowest degree of antecedent wetness on the catchment surfaces.
The antecedent dry days at the closest point to the line was checked and confirmed
that the catchments were in relatively dry condition. In the research study it was
hypothesised that impervious area runoff can also vary with antecedent wetness
similar to pervious area runoff. The procedure adopted to demarcate impervious and
pervious area contributions (in Figure 7-4) were as follows:
1. The blue dash line (-----) was drawn to ensure that the impervious area runoff
data points (●) were above this line.
2. The green dotted line (……) was drawn parallel to the 1:1 line such that all the
pervious runoff data points were above it. When the pervious runoff data points
scatter significantly, as replication by a single one straight line is not possible, a
series of lines were drawn until the line attained a slope of 1:1.
3. The point of intersection between the blue and green lines was considered as the
commencement of the pervious area runoff.
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The green dotted curve indicates the increasing fraction of pervious surfaces contributing to runoff
with the increase in rainfall depth.

D. Rainfall depth vs. runoff depth for Highland Park
Figure 7-4 Rainfall depth vs. runoff depth plots for the four catchments
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It can be seen in Figure 7-4 that the patterns of rainfall depth vs. runoff depth plots
for the four catchments are different. This is due to difference in their catchment
characteristics. Alextown, Birdlife Park and Highland Park display the obvious
pervious area runoff whilst Gumbeel does not show pervious area runoff even though
Alextown and Gumbeel have the same impervious area percentage (70%, refer to
Table 7-2). According to the Alextown plot (Figure 7-4 A) and the Birdlife Park plot
(Figure 7-4 C), there are clear two lines representing impervious and pervious
surfaces. This means that when small rainfall events with low rainfall depths occur,
the runoff is primarily generated from the impervious surfaces. With increasing
rainfall depth, pervious surfaces start to contribute to the runoff. In addition, the
pervious area runoff data points tend to be along a straight line (green dotted line) for
Alextown and Birdlife Park. It is evident that the pervious area runoff from these two
catchments would originate from a relatively fixed fraction of pervious areas. This
can be attributed to the nature of the linkage of pervious surfaces to the drainage
systems in Alextown and Birdlife Park.
The break point indicating the commencement of pervious area runoff in Alextown is
at around 42 mm rainfall depth and in Birdlife Park, it is around 29 mm. Furthermore,
it can be found that the initial losses at these two catchments are similar at less than
10 mm (Figure 7-4 A and C). This means that the difference in the commencement
of pervious area runoff between Alextown and Birdlife Park would not be due to the
difference in antecedent wetness. These outcomes confirm that pervious area
locations have a significant influence on catchment hydrology. The pervious areas
contributing to runoff in Birdlife Park catchment is relatively near to the drainage
system since the amount of rainfall depth capable of initiating pervious area runoff
(and contribution to the drainage system) is relatively lower than for Alextown
catchment. It can be concluded that the runoff processes discussed above for
Alextown and Birdlife Park are closely dependent on their catchments characteristics.
Birdlife Park
Birdlife Park is a catchment with detached housing and the runoff is collected by
roadside gully pits. Most pervious surfaces such as gardens and lawns are located in
front of houses and hence near to the drainage system (refer to Table 7-2 which
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provides a summary of catchment characteristics). Additionally, the extent of these
pervious surfaces is relatively larger than in the other catchments. These
characteristics enable runoff from pervious areas to reach the drainage system
relatively more easily and rapidly than in the case of the other catchments.
Consequently, the amount of rainfall depth required to activate pervious area runoff
and its contribution to the drainage systems is relatively low. In other words, if the
pervious areas were located a distance away from the drainage system, though
pervious area runoff may be activated at the same time, additional rainfall depth is
needed to make an impact on the drainage system due to additional continuing loss.
Furthermore, Birdlife Park catchment is in a valley with relatively greater ground
slopes (refer to summary of catchment characteristics in Table 7-2). This further
facilitates the pervious area runoff reaching the drainage system. Figure 7-5
illustrates the typical catchment characteristics in Birdlife Park catchment.
Alextown
Alextown is a townhouse development. Pervious surfaces are located in the front of
houses with a mild slope (refer to summary of catchment characteristics in Table 7-2).
Unlike the Birdlife Park catchment, the stormwater gully pits in Alextown are
located in the middle of roads. Compared with the roadside gully pits in Birdlife Park,
the pervious area runoff in Alextown has longer travel distances. Therefore, the
rainfall depth required to activate pervious area runoff in Alextown is higher than
Birdlife Park. Figure 7-6 illustrates the catchment characteristics in Alextown.
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Figure 7-5 Catchment characteristics in Birdlife Park

Figure 7-6 Catchment characteristics in Alextown
Gumbeel
According to Figure 7-4 B, there is no obvious pervious area runoff in Gumbeel.
This can be attributed to the Gumbeel catchment characteristics. Gumbeel catchment
is located in a typical ridge area. The access road is the primary contributor to runoff
since other surfaces such as gardens and lawns are located lower than the road
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surface elevation. Furthermore, though there are a few of grass belts located close to
the kerb, the runoff from these pervious surfaces does not reach the drainage system
since the ridge topography makes the pervious area runoff to flow away from the
drainage line. Additionally, there are only two gully pits in the Gumbeel drainage
system and they are located a distance away from most of the houses. Furthermore,
only a few roof gutters are connected to the drainage system. These characteristics
separate most of the pervious surfaces such as backyards away from the drainage
system rather than towards them (refer to summary of catchment characteristics in
Table 7-2). Hence, the runoff generated from these surfaces is not able to reach the
catchment drainage system. These characteristics result in the absence of pervious
area runoff in the rainfall depth vs. runoff depth plot (see Figure 7-4 B). Figure 7-7
illustrates the catchment characteristics in Gumbeel.

A. The access road in Gumbeel
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B. Houses located lower than road surface
Figure 7-7 Catchment characteristics in Gumbeel

Highland Park
It is evident in Figure 7-4 D that the Highland Park catchment displays a different
rainfall-runoff relationship pattern from the other three catchments. The pervious
runoff starts at around 19 mm rainfall depth and does not replicate as a single straight
line (see Figure 7-4 D green dotted curve). This means that the fraction of pervious
surfaces contributing to runoff is not fixed. Pervious areas which are located a
distance away from the drainage system is gradually activated to generate runoff due
to the further increase in rainfall depth as illustrated conceptually in Figure 7-2.
When the rainfall depth reaches the value which can activate pervious area runoff
(around 19 mm in Figure 7-4 D), a portion of pervious areas which are located close
to the drainage system or connected appropriately will commence contributing runoff
prior to the other pervious areas which are located away. When the rainfall depth
continues increasing, other pervious surfaces will also commence generating runoff.
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The runoff process in Highland Park is also closely related to the catchment
characteristics. Highland Park is a mixed land use catchment and has a relatively
large area (105.1 ha). It includes a number of (sub) catchments such as Alextown,
Birdlife Park and Gumbeel, which have different characteristics in respect of urban
form, impervious surface percentage and pervious area locations (refer to summary
of catchment characteristics in Table 7-2). This makes the rainfall-runoff relationship
in Highland Park more complex.
Summary
The analysis undertaken found that the rainfall-runoff process is not only influenced
by the conventional catchment characteristics such as impervious area percentage but
also other catchment characteristics such as pervious area locations. This means that
the influence of catchment characteristics on catchment hydrology is complex such
that the conventional catchment characteristics alone cannot appropriately explain
the catchment behaviour. Based on the analysis of rainfall-runoff relationships for
the four catchments, an in-depth understanding of the characteristics of these four
catchments was derived, particularly with regards to the role of the pervious area
locations. The detailed catchment characteristics for the four catchments are
summarised in Table 7-2.
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Table 7-2 Summary of characteristics of the study catchments

Catchment

Topography

Land cover

Area
(ha)

Impervious
area
percentage
(%)

Pervious
area
percentage
(%)

Land use

Pervious area
location

Urban form
Impervious areas

Pervious areas

Alextown

Mild slope

1.7

70

30

Residential

Near to
drainage
systems

Townhouse

Roads, roofs and
driveways

Landscaped
gardens

Gumbeel

Ridge area,
houses and
gardens
below
drainage line

1.2

70

30

Residential

Away from
drainage
systems

Duplex housing,
developed around
cul-de-sac

Roads, roofs and
driveways

Landscaped
gardens and
green belts

Near to
drainage
systems

Detached
housing, through
roads connected
to busy arterial
roads, large extent
of road surfaces

Roads, roofs and
driveways

Landscaped
gardens and
grassland

Some near,
some far away

Mixed urban
form, located
close to busy
highway and
driveway

Roads, roofs,
driveways and
parking lots

Gardens, green
belts, grasslands
and
undeveloped
bushland

Birdlife
Park

Steep slope

Highland
Park

Hilly area in
the west,
lower
elevation in
the east
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105.1

45.8

40

54.2

Residential

60

Mixed land
use with a
significant
fraction of
residential
areas
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7.3 INFLUENCE OF CATCHMENT CHARACTERISTICS ON
STORMWATER QUALITY
According to the discussions in Section 7.2, catchment characteristics exert a
significant influence on catchment hydrology. As pollutants deposited on the
catchment surfaces are transported by stormwater runoff, stormwater quality is
impacted accordingly. Additionally, runoff from different pervious areas can washoff varying amounts of pollutants. Consequently, this variation compounds the
complexities in urban stormwater quality. Therefore, knowledge regarding the
influence of catchment characteristics on catchment hydrology is essential for the
accurate analysis of the influence of catchment characteristics on stormwater quality.
As noted in Section 7.2.1, the influence of catchment characteristics were separated
from the rainfall characteristics by independently analysing the relationship between
catchment characteristics and stormwater quality based on the three types of rainfall
events identified in Chapter 5. The dataset used for this analysis was the same data
set used for analysis in Chapter 5. However, the current analysis excluded the
variables for rainfall characteristics (average rainfall intensity, rainfall duration and
antecedent dry days) from the original data matrix. Therefore, only pollutants
variables (TN, TP, TSS and TOC EMC) were used in the analysis.
7.3.1 Univariate data analysis

The analysis of the data matrix was undertaken based on the three types of rainfall
events. For each pollutant EMC, the mean values were obtained on the basis of the
different catchments and rainfall types. Figure 7-8 gives the histograms for each
pollutant EMC for the different catchments and rainfall types.
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Figure 7-8 Comparison of pollutants EMC
In Figure 7-8, it is evident that there are significant differences in pollutant EMCs
among the four catchments based on the three rainfall types. This is despite the fact
that Alextown, Birdlife Park and Gumbeel have the same land use (residential),
whilst Highland Park also contains a significant fraction of residential area (see
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Table 7-2). Also, Gumbeel and Alextown have the same percentage of impervious
area.
In terms of Type 1 rainfall events, all pollutants except TP display higher EMC
values in Gumbeel and Highland Park than other two catchments. In terms of Type 2
rainfall events, Birdlife Park and Highland Park display higher pollutant EMC values
except for TP, than the other two catchments. The difference in TP from other
pollutants further confirms the conclusion in Chapter 5 that TP has different wash-off
characteristics from other pollutants. In terms of Type 3 rainfall events, TN and TP
display relatively lower pollutant EMC values (around 2 mg/L for TN and less than 1
mg/L for TP) than the other two rainfall types. Additionally, TN and TP EMC values
in the case of Type 3 events are relatively consistent among the four catchments.
However, Highland Park shows higher TSS and TOC EMC values for Type 3
rainfall events, being up to 149.6 mg/L and 15.2 mg/L respectively. These outcomes
highlight the fact that the influence of catchment characteristics on urban stormwater
quality would vary with different rainfall types. These conclusions strongly
emphasise the need to investigate in-depth the relationship between catchment
characteristics and stormwater quality.
7.3.2 Relationship between catchment characteristics and stormwater quality

In order to investigate the relationship between catchment characteristics and
stormwater quality, the data matrix (73×7; consisting of 73 rainfall events and data
values consisting of average intensity, rainfall duration, antecedent dry days, TN, TP,
TOC and TSS EMC values) used in the analysis in Section 5.3.2 was re-arranged on
the basis of the three types of rainfall events and excluding the rainfall variables.
Table 7-3 gives the number of rainfall events for the three different rainfall types.
Accordingly, this resulted in three matrices of 13×4 for high average intensity-short
duration (Type 1), 4×4 for high average intensity-long duration (Type 2) and 56×4
for low average intensity-long duration (Type 3).
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Table 7-3 The number of events for the different rainfall types
Type 1

Type 2

Type 3

high intensity-short

high intensity-long

low intensity-long

duration

duration

duration

13

4

56

Rainfall type

Description
No. of rainfall
events

As discussed in Section 7.1.1, the catchment characteristics influencing urban
stormwater quality primarily include the conventional catchment characteristics such
as impervious area percentage and land use as well as additional characteristics such
as pervious area location and urban form. It should also be noted that all of the four
catchments are primarily residential land use although Highland Park catchment
includes a fraction of other land uses. In this context, the investigation of catchment
characteristics specifically focussed on impervious area percentage, pervious area
location and urban form. Furthermore, the influence of catchment characteristics on
stormwater quality was analysed by investigating pollutants EMC values and
variations among the four catchments.
The PROMETHEE method was employed in the analysis in order to identify the
relationship between catchment characteristics and stormwater quality whilst GAIA
was used to visually present the PROMETHEE results. PROMETHEE is able to
analyse linkages between actions and criteria even for a limited dataset. Further
details regarding PROMETHEE and GAIA can be found in Section 3.3.4. The three
data matrices based on different rainfall types were subjected to PROMETHEE
analysis individually.
PROMETHEE method required each criterion to be set as “maximise” or “minimise”
so that higher or lower values of criteria are ranked first. In this analysis, all
pollutants EMC values were maximised so that the most polluted rainfall event was
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ranked first. The V-shape preference function was selected and is a simple linear
model bound by zero and a nominated threshold, P, which in the present case
corresponded to the maximum value of each criterion. The weighting for each
criterion was set to 1, which meant no criterion was favoured over the others.
A. Observations from the data analysis
Type 1 (High average intensity-short duration rainfall type)
The matrix (13×4) for the high average intensity-short duration rainfall type was
submitted to PROMETHEE analysis. Figure 7-9 displays the GAIA plot while Table
7-4 shows the PROMETHEE ranking.
PC2

PC1

Highland Park

Alextown

Birdlife Park

Gumbeel

Figure 7-9 GAIA biplot for Type 1 events (∆=77.33%)
(∆=the variance of original data matrix explained by GAIA biplot)
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Table 7-4 PROMETHEE ranking for Type 1 events
Rainfall events
H-031024
H-031214
G-021210
G-021113
G-031024
H-031026
H-021113
B-021210
A-031024
H-030322
A-021113
A-031214
B-021113

Ф values
0.3490
0.3217
0.2300
0.1802
0.1741
0.1448
0.0176
-0.0512
-0.0788
-0.1734
-0.2053
-0.3300
-0.5787

Ranking
1
2
3
4
5
6
7
8
9
10
11
12
13

According to Figure 7-9, most rainfall events for Highland Park and Gumbeel
catchments point in the same direction as the four pollutant EMC vectors whilst
rainfall events in Alextown and Birdlife Park catchments are positioned opposite to
the four pollutant EMC vectors. In addition, the decision axis Pi points in the
direction of Highland Park and Gumbeel rainfall events. This indicates that Highland
Park and Gumbeel generated relatively higher pollutant EMC values than Alextown
and Birdlife Park when these catchments experienced Type 1 (high average intensityshort duration) rainfall events. This observation can also be supported by the fact that
Highland Park and Gumbeel rainfall events occupy the top positions in the
PROMETHEE ranking (Table 7-4) and their Ф values are much higher than for
Alextown and Birdlife Park.
Type 2 (High average intensity-long duration rainfall type)
The matrix (4×4) for the high average intensity-long duration rainfall type was
submitted to PROMETHEE analysis. Although this matrix had very limited data
(four data points for the four catchments from one event), it was still possible to
undertake PROMETHEE analysis (see Section 3.3.4). Figure 7-10 displays the
GAIA plot while Table 7-5 gives the PROMETHEE ranking.
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PC2

PC1

Highland Park

Alextown

Birdlife Park

Gumbeel

Figure 7-10 GAIA biplot for Type 2 events (∆=98.28%)
Table 7-5 PROMETHEE ranking for Type 2 events
Rainfall events
B-040224
H-040224
A-040224
G-040224

Ф values
0.3926
0.0780
-0.1990
-0.2716

Ranking
1
2
3
4

According to Figure 7-10, all pollutant EMC vectors are projected to the positive
PC1 axis, to which Birdlife Park rainfall is also projected. TN, TSS, TOC vectors
and Highland Park rainfall are projected to the positive PC2 axis whilst TP and
Alextown rainfall are projected to the negative PC2 axis. Gumbeel rainfall is on the
negative PC1 axis. Additionally, the decision axis Pi points in the direction of
Highland Park and Birdlife Park objects and is opposite to Alextown and Gumbeel
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objects. These observations indicate that Highland Park and Birdlife Park generate
relatively higher pollutant EMC values than Alextown and Gumbeel. This is also
supported by PROMETHEE ranking (Table 7-5). The rainfall events in Highland
Park and Birdlife Park occupy the top positions while Alextown and Gumbeel are
ranked at the bottom.
Type 3 (Low average intensity-long duration rainfall type)
The matrix (56×4) for low average intensity-long duration rainfall was submitted to
PROMETHEE analysis. Figure 7-11 displays the GAIA plot whilst Table 7-6 gives
the PROMETHEE ranking.
PC2
TP
TN

PC1

TOC

TSS

Highland Park

Alextown

Birdlife Park

Gumbeel

Figure 7-11 GAIA biplot for Type 3 events (∆=64.82%)
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Table 7-6 PROMETHEE ranking for Type 3 events
Rainfall
events
G-020602
H-031215
B-020821
H-021027
H-020825
A-031215
B-020827
G-030313
H-030427
A-030301
H-030225
H-030307
B-021027
B-020503
H-030514
H-030313
A-020825
B-030226
G-040114
A-030201
B-020921
A-040114
A-030307
A-030313
H-020821
G-020921
A-030514
A-030312

Ф value
0.2766
0.2412
0.2167
0.2064
0.1977
0.1957
0.1867
0.1707
0.1497
0.1219
0.0971
0.0853
0.0844
0.0807
0.0752
0.0656
0.0622
0.0587
0.0566
0.0528
0.0503
0.0421
0.0399
0.0290
0.0087
0.0066
-0.0086
-0.0098

Ranking
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

Rainfall
events
B-020602
B-021115
H-020921
G-030225
G-021115
B-020616
G-020428
A-030203
A-021209
A-030427
A-030202
A-021027
B-021209
B-030313
A-021115
A-020821
H-030312
B-030427
A-021226
H-020428
G-020604
G-020429
G-020503
G-020501
B-020604
G-020616
G-020505
B-020429

Ф value
-0.0108
-0.0130
-0.0236
-0.0243
-0.0306
-0.0438
-0.0489
-0.0497
-0.0515
-0.0619
-0.0641
-0.0725
-0.0813
-0.0855
-0.0956
-0.1000
-0.1028
-0.1098
-0.1176
-0.1494
-0.1552
-0.1593
-0.1596
-0.1815
-0.2040
-0.2095
-0.2162
-0.2182

Ranking
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

According to Figure 7-11, it can be seen that the decision axis Pi points in the
opposite direction to most of rainfall objects. This indicates that most of these
rainfall events did not produce high pollutants EMC values. This also can be
supported by Figure 7-8 that Type 3 events did not produce higher pollutants EMC
than other two types, particularly for TN and TP EMCs.
Also, it can be noted that rainfall events in Birdlife Park and Highland Park
catchments display greater scatter than Alextown and Gumbeel. Additionally,
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Birdlife Park and Highland Park rainfall events are mainly spread along the negative
PC2 axis, to which TSS and TOC vectors are also projected. This means that the
rainfall events in Birdlife Park and Highland Park generate higher variations in
stormwater runoff pollution, particularly with regards TSS and TOC, compared with
Alextown and Gumbeel. Alextown rainfall events are clustered around the origin
whilst all of Gumbeel rainfall events are projected to the positive PC2 axis, to which
TN and TP are also projected. These observations suggest that the rainfall events in
Alextown generate relatively low variations in stormwater quality compared to the
other three catchments whilst rainfall events in Gumbeel produce higher variations in
TN and TP EMC values. These observations can also be supported by the
PROMETHEE analysis (Table 7-6). It can be noted that the spread of Alextown
ranking (Rank 6-47) is the smallest among the four catchments (Gumbeel 1-55,
Birdlife Park 3-56 and Highland Park 2-48). This means that rainfall events in
Alextown tend to produce relatively lower variations in stormwater quality compared
to the other three catchments.
In order to further confirm the findings from the PROMETHEE and GAIA analysis,
it was decided to further investigate the original Type 3 data due to the larger dataset
available for this rainfall type. Consequently, the stormwater quality data for the four
catchments were plotted as box plots (Figure 7-12). The numerical values are
presented in from Table B-1 to Table B-4 in Appendix B. It can be noted in Figure 712 that Gumbeel produces the highest variations of TP EMC values whilst Birdlife
Park and Highland Park generate higher variations in TSS and TOC EMC values
when compared to Alextown and Gumbeel. However, Alextown displays the lowest
variations in the case of TOC and TN, and relatively lower variations in the case of
TSS and TP. These observations are in good agreement with the PROMETHEE and
GAIA analysis results.
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Figure 7-12 Comparisons of stormwater quality within Type 3 events
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B. Discussion of data analysis
According to the observations from the data analysis, the stormwater quality
characteristics in the four catchments are significantly different between different
rainfall types. Due to the similarity in rainfall characteristics within the same rainfall
type (see Chapter 5), it can be argued that the dissimilarity in stormwater quality
characteristics primarily results from catchment characteristics.
It was noted that Alextown and Gumbeel have the same impervious area percentage
(70%) and land use (see Table 7-2). However, the stormwater quality characteristics
from these two catchments are different, particularly in the case of Type 1 rainfall
events. As discussed in Section 7.2.2, Alextown and Gumbeel exhibit completely
different rainfall-runoff processes (see Figure 7-4 A and B) and this was attributed to
the differences in pervious area locations in these two catchments. Runoff is
primarily from impervious areas in Gumbeel whilst the runoff can be contributed to
both impervious and pervious areas in Alextown due to the presence of pervious
areas close to the drainage system (see Section 7.2.2). Since pollutant loads from
pervious areas tend to be relatively lower, it would dilute pollutant concentrations
when compared with runoff contributed mainly by impervious areas. Therefore, this
leads to the relatively lower pollutants EMC values in Alextown compared to
Gumbeel.
It was also found that Birdlife Park and Highland Park generated relatively higher
pollutant EMCs than Alextown and Gumbeel in the case of Type 2 rainfall events
even though Birdlife Park (45.8%) and Highland Park (40%) have lower impervious
area percentages. This means that impervious area percentage alone cannot explain
the stormwater quality characteristics since in this case the catchments with low
impervious area percentage still produce higher pollutant EMCs than the catchments
with high impervious area percentage. Additionally, Birdlife Park and Highland Park
also produced higher variations in stormwater quality than Alextown and Gumbeel
for Type 3 events. These outcomes confirm that conventional modelling approach of
using typical catchment characteristics such as impervious area percentage alone
cannot appropriate explain the resulting stormwater quality characteristics.
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It was noted that due to the urban form in Birdlife Park (detached housing
development) and Highland Park (mixed land use) when compared to Alextown
(townhouse development) and Gumbeel (duplex housing in a cul-de-sac) there are
higher variations in stormwater quality as displayed Figure 7-11 and Figure 7-12.
Furthermore, there is relatively higher through-traffic volume at Birdlife Park and
Highland Park than Alextown and Gumbeel due to the nature of their urban form
including road layout and geographic location. This would lead to higher pollutant
exports from Birdlife Park and Highland Park than Alextown and Gumbeel. These
outcomes confirm that urban form is a critical factor which influences stormwater
runoff quality.
Additionally, it was noted that stormwater quality characteristics vary with rainfall
type. Therefore, it can be concluded that pollutants exported from catchments as a
result of different rainfall types will be different. Gumbeel and Alextown where there
are different spatial distributions of pervious areas produce different stormwater
quality characteristics in the case of Type 1 events. This was attributed to the runoff
flow transporting pollutants from different surfaces based on their locations. This can
be related to the characteristics of Type 1 rainfall events (high average intensity-short
duration). When catchments experience Type 1 rainfall, the pollutants on catchment
surfaces can be easily detached by the rain drops since the high intensity rainfall
results in high kinetic energy. However, due to the relatively short duration, the total
rainfall depth and the resulting runoff volume is limited. According to the
discussions in Section 7.2.2, in terms of limited runoff volume, the runoff from
pervious areas located a distance away will not reach the drainage system due to the
greater continuing loss whilst runoff from the pervious areas located closer can reach
the drainage system easily. This means that Type 1 events cannot effectively
transport pollutants from the catchment surfaces located a distance away, particularly
from pervious areas. Therefore, pollutant export can be considered as “transport
limiting” in the case of Type 1 events.
In the case of Type 2 rainfall events, Birdlife Park and Highland Park generated
relatively higher pollutant EMCs than Alextown and Gumbeel. This is attributed to
the difference in their urban form and hence pollutant transport potential which can
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be related to the characteristics of Type 2 events. For Type 2 events, the stormwater
quality characteristics are different from Type 1. On the one hand, similar to Type 1
events, Type 2 events (high average intensity-long duration) can also produce rainfall
with high kinetic energy and easily detach pollutants adhering to the catchment
surface. Additionally, due to the long duration, Type 2 events can generate relatively
large runoff volume and thereby can wash-off a greater pollutant load from the
catchment surfaces. This means that rainfall characteristics would not be the limiting
factor in relation to stormwater quality. Instead, catchment characteristics and
resulting pollutant load initially available for wash-off on the catchment become
important. Therefore, the pollutant export can be considered as “source limiting” in
the case of Type 2 events.
It was also observed from Figure 7-11 that most of the rainfall events, independent of
catchments, did not generate high pollutant EMC values in the case of Type 3 events.
This is due to the fact that Type 3 rainfall events have relatively low rainfall intensity.
Therefore, the rainfall events have limited kinetic energy to wash-off pollutants. This
leads to a limited amount of pollutants being exported. Furthermore, as Miguntanna
(2009) pointed out, with increasing rainfall duration, the pollutant concentrations can
reduce due to dilution. Therefore, in the case of Type 3 (low average intensity-long
duration) rainfall type, the major limiting factor for pollutant export is the capacity of
rainfall events to detach pollutants. Consequently, the pollutant export can be
considered as “wash-off limiting” in the case of Type 3 events.
In summary, by analysing the stormwater quality data based on the three different
rainfall types, it was found that other than the conventional catchment characteristics
such as impervious area percentage and land use, other catchment characteristics
such as urban form and pervious area location also play an important role in
influencing urban stormwater quality. The above conclusions confirm that the
conventional modelling approach based solely on land use and impervious area
percentage would be inadequate. Taking urban form and pervious area locations into
account is necessary for deriving more realistic modelling outcomes. Furthermore, it
was noted that the pollutant loads exported from catchments vary with the rainfall
type.
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7.3.3 Analysis of pollutant EMCs for all rainfall types

Section 7.3.1 and 7.3.2 described the influence of catchment characteristics on urban
stormwater quality based on different rainfall types. However, most current
stormwater treatment designs are undertaken on the basis of the outcomes obtained
from the investigation of stormwater quality samples which consists of a mix of
different rainfall types. The analysis of stormwater quality samples can provide a
general comparison of different catchments in terms of pollutants export. On this
basis, the analysis of pollutant EMC values for all rainfall types was undertaken.
Table 7-7 shows the mean and standard deviations (SD) values of the four primary
stormwater pollutants (TN, TP, TSS and TOC) for all of the investigated rainfall
events for the four catchments.
Table 7-7 Pollutant EMCs in all rainfall types based on four catchments
Catchments
Alextown

Birdlife Park

Gumbeel

Highland Park

TN (mg/L)

TP (mg/L)

TSS (mg/L)

TOC (mg/L)

Mean

2.90

0.74

74.98

11.50

SD

2.38

0.95

51.27

3.67

Mean

1.99

1.20

111.41

10.05

SD

1.66

1.84

99.63

5.36

Mean

3.63

0.86

54.15

10.88

SD

4.05

0.74

63.56

5.40

Mean

4.19

0.47

224.99

14.66

SD

4.38

0.31

219.06

5.95

From the data given in Table 7-7, it can be found that Highland Park, the main
catchment, produced the pollutant EMC values of the same magnitude as the other
three subcatchments except for TSS. However, it was also noted that the standard
deviation values for Highland Park are the highest, particularly for TN, TSS and
TOC. This means that Highland Park, as the main catchment, tends to generate
relatively higher variations in stormwater quality compared to the smaller catchments
with uniform urban form. This can be attributed to the high percentage of pervious
surfaces and the diversity of urban form in the Highland Park catchment.
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Considering the data monitoring locations, the larger Highland Park catchment outlet
could be regarded as being at the end of the drainage system whilst the three smaller
catchment outlets are positioned along the creek. Therefore, it can be also implied
that “end-of-pipe” stormwater quality treatment strategies may not be particularly
effective due to highly variable nature of the stormwater quality. This observation
can also be supported by the fact that the large runoff volume produced by a large
catchment can constrain the efficiency of a stormwater quality treatment system due
to capacity limitations. As such, it can be recommended that for greater effectiveness
of stormwater quality treatment, a decentralised approach should be adopted instead
of an “end-of-pipe” approach with treatment measures located at the outlets of
smaller areas with more uniform urban form.
7.4 CONCLUSIONS
This chapter investigated the rainfall-runoff relationships for the four study
catchments. In addition, the influence of catchment characteristics on urban
stormwater quality was also investigated based on the different types of rainfall
events. A number of conclusions were derived as follows:
•

Conventional catchment characteristics such as land use and impervious area
percentage alone are inadequate for providing a comprehensive explanation
of catchment hydrology and hence stormwater quality characteristics. It was
found that pervious area location and urban form have an important impact
on stormwater quality by influencing pollutants transportation by runoff flow
and pollutant generation, respectively.

•

The stormwater runoff quality could be diluted when pervious areas are
located close to the drainage systems particularly in the case of Type 1 events.

•

In terms of urban form, it was found that more uniform urban forms generate
relatively less variation in stormwater quality than large mixed use urban
catchments. This means that effectiveness of “end-of-pipe” stormwater
quality treatment strategies in the case of large mixed use urbanised
catchments can be limited. Instead, a decentralised approach should be
adopted with treatment measures located at the outlets of areas with smaller
urban footprint and more uniform urban form.
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•

Pollutant exports vary with the rainfall type. This is attributed to both, rainfall
and catchment characteristics and hence resulting in different limiting factors
for pollutant export. It was found that the pollutant export is limited by
pollutant transportation by runoff flow, pollutants initially available for washoff and the capacity of the rainfall for detaching pollutants in the case of Type
1, Type 2 and Type 3 events, respectively. In this context, the pollutant export
can be considered as transport limiting, source limiting and wash-off limiting
for Type 1, Type 2 and Type 3 events, respectively.
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Chapter 8 Analysis of Pollutants Build-up
on Different Land Uses
8.1 BACKGROUND
The investigation of the influence of rainfall and catchment characteristics on urban
stormwater quality using data from four residential catchments was discussed in the
previous chapters. The catchment characteristics considered were impervious area
percentage, urban form and pervious area locations. However, as a number of
previous researchers have pointed out (Lindstrom 2001; Owens and Walling 2002;
Ahearn et al. 2005; Li et al. 2008), land use also has an important influence on
stormwater quality. This is due to the fact that land use significantly influences the
nature of anthropogenic activities, which are closely related to pollutant generation
and accumulation on catchment surfaces and eventually, wash-off (Li et al. 2008).
Therefore, in addition to the specific catchment characteristics discussed in the
previous chapters, investigating the influence of land use on stormwater quality is
also important to derive a holistic understanding of the influence of catchment
characteristics on urban stormwater quality.
Since land use is a parameter which affects pollutant generation and accumulation,
the logical approach to assess the influence of land use on stormwater quality should
be based on its pollutant build-up characteristics. Pollutant build-up is a dynamic
process and at any given point in time, build-up is the resultant of pollutant
deposition, re-suspension and removal (Duncan 1995). Typically, pollutants build-up
process is represented by the decreasing-rate increasing function with antecedent dry
days, until reaching a maximum build-up load (Sartor and Boyd 1972). Although
there is significant knowledge currently available relating to the variation of build-up
with land use, most researchers have considered land use as a uniform feature across
the catchment where the variations in pollutants build-up within the same land use is
not explicitly investigated (for example Goonetilleke et al. 2005; Tiefenthaler et al.
2008; Rothenberger et al. 2009).
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The conventional modelling approach for stormwater treatment design is to simulate
the stormwater quality based on a stochastic stormwater quality distribution in terms
of land use (see Section 2.6.2). However, as discussed in Chapter 7, stormwater
quality can vary within a particular land use with a range of other catchment
characteristics such as urban form and pervious area location. This provides an
improved approach to estimate stormwater quality than using a stochastic model
solely based on land use. The possible spatial variation in build-up even within the
same land use can exert changes in temporal variations such as in the pollutograph at
the catchment outlet (Ghafouri and Swain 2005). This would imply that assigning
input parameters such as by using a probability distribution approach to represent a
particular land use as in case of conventional modelling may not be appropriate.
Therefore, this highlights the need for the investigation of variability of pollutants
build-up not only based on land use, but also within the same land use due to other
influential factors.
The focus of this chapter is to identify the variations in pollutants build-up in
different land uses and within the same land use. Pollutants build-up can vary in
terms of solids accumulation rate, load, particle size distribution and other associated
pollutant loads such as total nitrogen (TN), total phosphorus (TP) and total organic
carbon (TOC). Therefore, the analysis conducted included the investigation of solids
build-up, particle size distribution and the build-up characteristics of the other
associated pollutants.
8.2 DATA AND PRE-PROCESSING
8.2.1 Data collection and testing

As discussed in Section 4.4.2, pollutant build-up samples from three different land
uses, namely residential, commercial and industrial, were collected and tested so that
the variability of build-up due to land use could be investigated. From each land use,
four road surfaces were selected so that the variability resulting from the site specific
characteristics within the same land use could be evaluated. Two build-up samples
were collected from each road surface representing two different antecedent dry
periods. Consequently, a total of 24 build-up samples were collected from 12 road
surfaces in the three different land uses.
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Each build-up sample was tested for TSS, TDS, TN, TP and TOC and particle size
distribution. The TS load was obtained by the summation of TSS and TDS loads. TS
load was converted to TS load per unit area (g/m2) for analysis based on the sampling
area. Similar conversions were also undertaken for TSS, TN, TP and TOC.
8.2.2 Build-up equation selection for generating build-up coefficients

Since the build-up samples were collected during different antecedent dry days for
different sites, the resulting values were not directly comparable. Due to this reason,
the build-up data obtained was used to generate coefficients for the selected pollutant
build-up equation (Chen and Adams 2006). This was to transform the information in
build-up loads to the comparable format of build-up coefficients so that the solids
build-up characteristics among different land uses can be compared using build-up
coefficients. In this context, the TS loads were used to derive the build-up
coefficients for the different study sites.
In research literature, a number of different forms of mathematical equations are used
to replicate pollutants build-up. These equations are typically in linear, exponential,
power, logarithmic and reciprocal formats (Grottker 1987; Baffaut and Delleur 1990;
Tai 1991; Kuo et al. 1993; Charbeneau and Barrett 1998; Haiping and Yamada 1998;
Vaze and Chiew 2002). It is hypothesised that the differences in equation formats
could be due to inconsistencies in research techniques and data interpretation. For
example, an exponential form of pollutants build-up equation for different land uses
was proposed by Sartor and Boyd (1972) and provides a reasonable level of accuracy.
A modified form of the exponential equation is widely used in stormwater quality
models such as SWMM (Huber and Dichinson 1988). Ball et al. (1998) suggested
that power or reciprocal forms of mathematical equations can replicate build-up more
accurately. Egodawatta (2007) used a power equation to replicate build-up in an
investigation on residential road surfaces. Although these equations have different
formats, generally they describe pollutant build-up as a decreasing-rate increasing
function with antecedent dry days until reaching a maximum build-up load.
In this analysis, no separate attempt was made to investigate the best performing
build-up equation format. The power equation (Equation 6-4) given below which

Chapter 8

173

was used to estimate pollutants build-up loads for the four residential catchments in
Chapter 6 was selected due to its satisfactory performance in replicating pollutant
build-up (see Section 6.2.1). An initial objective was to obtain build-up coefficients
for sites with different solids build-up loads, different land use and different site
specific characteristics within the same land use. According to Equation 6-4, the
build-up coefficients, namely build-up rate (A) and maximum build-up load (M)
were employed to investigate the variability of pollutant build-up. The decision to
use these as the key coefficients can be justified by their primacy for describing the
pollutant build-up process (Baffaut and Chameau 1990).
Load= min (M, ADB)

Equation 6-4

Where
A -Build-up rate (g/m2/d)
B -Time exponent
M -Maximum build-up load (g/m2)
D -Antecedent dry days (d)
8.2.3 Generating build-up coefficients for different road surfaces

The collected TS loads data was employed to derive the pollutant build-up rate and
maximum build-up load based on Equation 6-4. According to Egodawatta (2007), the
time exponent (B) in Equation 6-4 is 0.16 for road surfaces. As the study sites for
this research study also consisted of road surfaces, for the time exponent B, 0.16 was
assigned in the analysis. Additionally, Egodawatta (2007) noted that the maximum
build-up load can be achieved after 21 antecedent dry days. Consequently, in the
current study, the pollutant build-up load at 21 antecedent dry days was considered
as the maximum build-up load M. The collected TS loads for each road surface and
the corresponding antecedent dry days were used to generate the pollutant build-up
rate, A. Thereafter, the maximum build-up load M was obtained by considering the
antecedent dry days (D) as 21 in Equation 6-4.
8.3 ANALYSIS OF SOLIDS BUILD-UP
Table 8-1 gives the build-up coefficients derived for the different road surfaces.
Validity of the build-up coefficients derived were assessed by comparing with
predicted build-up values from a previous study, namely, the study by Herngren
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(2005). The reasons for selecting this previous study were due to the similarity of the
study sites and the fact that the study was undertaken in the same region as this
research study. The predicted TS build-up loads using the selected build-up equation
and the measured TS loads from the previous research study are shown in Table 8-2.
In Table 8-2, the calculated pollutant load range is due to the differences in build-up
coefficients observed within the same land use.
Table 8-1 Build-up coefficients for different road surface study sites
Land use

Road names

Merloo Drive
Yarrimbah Drive
Winchester
Drive
Residential
Carine Court
Mean
SD
Hobgen Street
St Paul's Place
Via Roma
Commercial
Thornton Street
Mean
SD
Stevens Street
Lawrence Drive
Hilldon Court
Industrial
Patrick Road
Mean
SD
M-maximum build-up load; A-build-up rate

M (g/m2)

A (g/m2/d)

1.31
0.90
0.84
1.12
1.07
0.23
0.55
0.99
0.84
1.22
0.90
0.28
4.40
2.23
1.12
2.32
2.52
1.37

0.81
0.55
0.51
0.74
0.65
0.14
0.34
0.61
0.51
0.75
0.55
0.17
2.70
1.37
0.69
1.42
1.55
0.84

Table 8-2 Comparison of observed and predicted pollutant build-up values

Land use

Antecedent
dry days

Observed build-up
values from
Herngren (2005)
(g/m2)

Calculated value
using derived
coefficients (g/m2)

Residential

2

0.82

0.58-0.90

Commercial

1

5.29

0.34-0.75

Industrial

7

2.29

0.94-3.69

According to Table 8-2, residential and industrial land use show the best agreement
between observed and predicted build-up loads, compared with commercial land use.
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In industrial land use, the predicted value range for seven antecedent dry days is
0.94-3.69 g/m2 whilst the value is 2.29 g/m2 in the previous research study by
Herngren (2005). In residential land use, the predicted value range for two
antecedent dry days is 0.58-0.90 g/m2 whilst the value is 0.82 g/m2 in the previous
research study. However, it is found that the observed build-up load (5.29 g/m2)
(study by Herngren 2005) in commercial land use is much higher than the calculated
value using derived coefficients. This would imply that the variation in TS build-up
within the same land use would have a greater range than what has been derived in
this study (0.34-0.75 g/m2). This suggests that there can be even higher variations in
solids build-up even within the same land use. According to the comparison of
observed and predicted build-up loads, it can be found that the set of developed
build-up coefficients has reasonably replicated the solids build-up for two types of
land use. Also, the focus of the analysis was to investigate the variability of
pollutants build-up with land use and site specific characteristics rather than predict
solids build-up for specific land uses. Therefore, the derived build-up coefficients
were used in the following analysis.
According to Table 8-1, both maximum build-up and build-up rate show a range
rather than a single value in respect of each land use. The industrial land use has the
highest maximum build-up (mean value 2.52 g/m2) and build-up rate (mean value
1.55 g/m2/d). In addition, the industrial land use also shows the largest variations for
both maximum build-up (1.37 g/m2) and build-up rate (0.84 g/m2/d). This can be
attributed to variability of anthropogenic activities specific to industrial land use. The
diversity of industrial enterprises could lead to large differences in solids build-up. In
addition, according to Table 4-2 in Section 4.3.2, it can also be noted that the
industrial road surface textures are relatively rougher than at the residential and
commercial land use areas. This in turn would also lead to higher variations in solids
build-up as the rough surfaces can affect pollutant processes such as the redistribution of fine particles (Zafra et al. 2008).
The values obtained for solids build-up illustrates the high variability of build-up
parameters even within the same land use. In relation to the research study
undertaken, the variation of maximum build-up and build-up rate can be considered
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to be in the range (0.84-1.31 g/m2) and (0.51-0.81 g/m2/d) for residential land use;
(0.55-1.22 g/m2) and (0.34-0.75 g/m2/d) for commercial land use and (1.12-4.40 g/m2)
and (0.69-2.70 g/m2/d) for industrial land use.
Other than the variation of solids build-up within the same land use, the influence of
land use on solids build-up was also investigated by plotting build-up curves. Figure
8-1 shows the solids build-up curves for road surfaces for different land uses. It is
evident that these build-up curves can be generally categorised based on land use.
The curves for the industrial area are located the upper end, followed by the
residential area. The curves for the commercial area are located at the lower end.
This indicates that industrial areas generate relatively higher TS load, followed by
residential areas. The commercial area produces relatively lower TS load. It can also
be noted that the envelope formed by the build-up curves for the industrial land use is
the widest among the three land uses. This confirms the relatively high variations in
pollutant build-up in industrial land uses. These outcomes support the conclusions
derived from the analysis of data in Table 8-1.
Residential
Commercial
Industrial

4.5
4

TS build-up (g/m2)

3.5
3
2.5
2
1.5
1
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10
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Antecedent dry days

20

25

Figure 8-1 TS build-up curves for the 12 road surface study sites
8.4 PARTICLE SIZE DISTRIBUTIONS
Differences in pollutant build-up with land use and site specific characteristics within
the same land use are not limited to pollutant loads and rates of build-up. Differences
can also be in terms of physical composition of the solids in build-up. Particle size
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distribution (PSD) is one of the most important parameters that provide knowledge
on the physical composition of solids. The importance of understanding particle size
distribution in urban stormwater quality research stems from the enhanced adsorption
of pollutants to finer particles (Schillinger and Gannon 1985). Also, it is an important
parameter to describe the mobility of the particles during wash-off and their
association with other pollutants. Detailed information on particle size distribution
measurement can be found in Section 3.4.1.
For ease of understanding, the particle size distribution curves for 24 build-up
samples were categorised into 12 classes based on the 12 road surfaces. In order to
investigate the changes in PSD in solids build-up resulting from site specific
characteristics rather than the impact of antecedent dry days, the average volumetric
particle size percentages for each road surface were analysed. The PSD curves
derived for each individual build-up sample is shown in Appendix D.
Figure 8-2 shows the average volumetric particle size percentages for each road
surface. It can be noted that the different roads within the same land use display
varying particle size distributions. Industrial area roads have the most variability
compared to the other two land uses. This can be attributed to the relatively high
variability of solids generation and deposition in the industrial land use areas as
discussed above, leading to differences in the amount of solids generated by
anthropogenic activities and accumulated on surfaces. In addition, the traffic
characteristics in different industrial sites can also result in differences in solids
deposition and hence PSD. This implies that particle size distribution varies with
both site specific characteristics and land use. The variability evident in the particle
size distribution among all road surfaces further confirms the high spatial variability
of pollutants build-up due to site specific characteristics.
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Figure 8-2 Particle size distributions for each road surface
Furthermore, in most stormwater quality models, the parameters relating to PSD are
input by assigning a volume-diameter value such as D10 (mean diameter in 10% of
total particles volume). In this regard, the D10, D50 and D90 values were also
investigated. It can be noted in Table 8-3 that D10, D50 and D90 values of particle size
distribution display very high variability for all three land uses. The industrial land
use shows the highest standard deviation for D10 and D50 (12.74 µm and 92.21 µm)
whilst residential land use displays the highest standard deviation for D90 (342.21
µm). These outcomes further confirm that industrial land use has a relatively high
variation in PSD, particularly in the case of fine particles, compared with the other
land uses.
The high variability in particle size distribution for all land uses illustrate the
dissimilarities associated with the fine and coarse particle size fractions even within
the same land use. The relatively higher variation of PSD in industrial land use can
be attributed to the poor road surfaces conditions, differences in traffic characteristics
and the diversity of pollutant generating activities as discussed previously.
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Table 8-3 D10, D50 and D90 for each road surface
Land use

Residential

Commercial

Industrial

Road names
Merloo Drive
Yarrimbah Drive
Winchester Drive
Carine Court
Mean
SD
Hobgen Street
St Paul's Place
Via Roma
Thornton Street
Mean
SD
Stevens Street
Lawrence Drive
Hilldon Court
Patrick Road
Mean
SD

D10 (µm)
1.06
5.69
1.23
1.67
2.41
2.20
1.70
2.28
3.09
1.68
2.18
0.66
0.11
26.20
1.44
0.67
7.10
12.74

D50 (µm)
10.48
103.57
6.78
6.63
31.87
47.84
7.72
48.27
163.77
30.53
62.57
69.48
2.65
190.8
8.99
7.72
52.54
92.21

D90 (µm)
16.57
754.23
88.91
120.67
245.09
342.21
190.80
301.68
754.22
301.68
387.09
250.27
19.31
647.41
409.45
190.79
316.74
272.19

8.5 BUILD-UP ANALYSIS OF ASSOCIATED POLLUTANTS
According to Chapter 7, it was found that not only solids, but also other associated
pollutants such as nutrients and organic carbon display high variations in stormwater
runoff within the residential catchments. This implies that pollutants build-up can
also show significant differences with land use and site specific characteristics within
the same land use in terms of associated pollutants (Kelly et al. 1996; Miguntanna
2009). Therefore, the investigation on these associated pollutants in build-up is also
important to understand the influence of different land uses and site specific
characteristics on pollutants build-up. In order to analyse the associated pollutants
build-up, TN, TP, TOC and TSS were selected as the focus pollutants due to their
common presence in stormwater runoff (Hoffman et al. 1984; Bannerman et al. 1992;
Wit and Bendoricchio 2001; Taylor et al. 2005; Munoz and Panero 2008).
The PROMETHEE method was selected for analysis undertaken. This is due to the
capability of PROMETHEE method to identify relationships between criteria and
actions. This can also be supported by the fact that PROMETHEE can provide a
ranking for as little as two data points while GAIA displays PROMETHEE results
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visually as a principal component biplot (see Section 3.3.4). The criteria used for this
analysis were TN, TP, TOC and TSS loads (g/m2) while the actions were the 24
build-up samples collected (12 roads with two different antecedent dry days).
Accordingly, a matrix (24×4) was submitted to PROMETHEE analysis (Table C-1 in
Appendix C). The parameters required were assigned using the process described in
Section 7.3.2.
Figure 8-3 shows the principal component biplot obtained from GAIA whilst the
PROMETHEE ranking is shown in Table 8-4. According to Figure 8-3, build-up
samples are clustered based on their land use and is primarily clustered along PC2
axis, whilst the significant scatter within the same land use is primarily along the
PC1 axis. This implies that although the associated pollutants in build-up are affected
by land use, they are also highly variable even within the same land use. Furthermore,
this means that the variation related to land use is secondary to the variation within
the same land use since the PC1 axis indicates the highest variance in the dataset
(Adams 1995). This can also be supported by the PROMETHEE ranking (Table 8-4).
The build-up samples scatter in PROMETHEE ranking even within the same land
use. It can also be noted in Figure 8-3 that most of the industrial land use samples are
projected on the positive PC2 axis, where the TSS vector is also projected whilst
most of the residential and commercial land use samples are projected on the
negative PC2 axis, where TN, TP and TOC vectors are also projected. This further
confirms that industrial land use will generate higher TSS loads whilst residential
and commercial land use will generate relatively more nutrients and organic carbon
loads. This behaviour can be attributed to the more solids generating activities in
industrial areas and greater vegetation cover and fertiliser usage in residential and
commercial areas.
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Figure 8-3 GAIA biplot for associated pollutants (∆=76.59%)
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Table 8-4 PROMETHEE ranking for associated pollutants
Samples
Φ values
Ranking
Samples
Φ values
Ranking
Rw1
0.349
1
Rc1
-0.0189
13
Ct1
0.2385
2
Rc2
-0.0235
14
Ry1
0.2054
3
Cv1
-0.0368
15
Ip1
0.1612
4
Ct2
-0.0851
16
Cp2
0.1401
5
Ii1
-0.094
17
Is2
0.1332
6
Ry2
-0.1063
18
Is1
0.0945
7
Cp1
-0.1208
19
Ch1
0.0821
8
Cv2
-0.1387
20
Ih1
0.012
9
Rw2
-0.1608
21
Ip2
0.002
10
Ih2
-0.1743
22
Rm2
-0.0053
11
Ch2
-0.2069
23
Ii2
-0.0117
12
Rm1
-0.235
24
Note: In column 1, the first letter indicates land use types (R-Residential; C-Commercial; IIndustrial). The second letter is the first letter of the road name and the digit indicates the
sampling episode.

Although the outcomes from the PROMETHEE and GAIA analysis can be
informative, it is recommended in research literature that further evaluation of the
findings should be undertaken using the raw data (Miguntanna 2009a). Table 8-5
gives the data range, mean values and standard deviations for the original dataset.
Industrial land use shows the highest mean value for TSS build-up load (2.1402
g/m2). Commercial land use shows the highest mean values for TN (0.0026 g/m2)
and TOC (0.0492 g/m2) and residential land use shows the highest mean value for TP
(0.003 g/m2). These observations are well in agreement with the outcomes from the
PROMETHEE and GAIA analysis. In terms of standard deviation (SD), industrial
and residential land uses display relatively higher SD values for TSS than
commercial land use. Residential land use displays the highest SD for TP whilst
commercial land use displays the highest SD for TN and TOC. These characteristics
can be attributed to the nature of anthropologic activities in different land uses such
as more fertiliser usage in residential land use and more solids generating activities in
industrial land use as discussed previously.
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Table 8-5 Pollutants build-up for different land uses
Land use

Parameter

TSS
(g/m2)

TN
(g/m2)

TP
(g/m2)

TOC
(g/m2)

Chapter 8

Residential

Commercial

Industrial

Data range

Mean

SD

Data range

Mean

SD

Data range

Mean

SD

0.2536-3.3860

1.3597

1.0287

0.4154-1.4606

0.9014

0.3884

1.0061-3.9820

2.1402

0.9632

0.0002-0.0039

0.0014

0.0016

0.0004-0.0069

0.0026

0.0023

0.0001-0.0033

0.0019

0.0013

0.0008-0.0059

0.0030

0.0017

0.0010-0.0033

0.0021

0.0008

0.0003-0.0036

0.0018

0.0012

0.0097-0.0989

0.0452

0.0273

0.0100-0.2086

0.0492

0.0650

0.0212-0.0545

0.0385

0.0123
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The outcomes from this analysis indicate that in terms of associated pollutants buildup such as nutrients and organic carbon, the build-up characteristics are different
from the solids. As discussed in Section 8.3 and Section 8.4, solids build-up is highly
variable in industrial land use. However, in this analysis, most of the associated
pollutants build-up (nutrients and organic carbon) display higher variation for
commercial and residential land uses rather than industrial land use. This means that
for different land uses, the stormwater quality would be variable for different
pollutant types. This suggests that land use has different effects on the build-up
characteristics of solids, nutrients and organic carbon. Therefore, it implies that other
associated pollutant loads could not be predicted solely by assessing solids loads.
Additionally, it does not also necessarily mean that the other associated pollutant
loads will directly reflect solids loads. Furthermore, the large differences in
associated pollutants build-up within the same land use points to differences in buildup characteristics at different sites within the same land use. The spatial variability of
pollutants build-up not only applies to solids but also to the associated pollutants. For
certain water quality parameters, variation in pollutant build-up within the same land
use was higher compared to the variation with land use.
8.6 COMPARISON OF VARIABILITY IN POLLUTANT BUILD-UP
PARAMETERS
The coefficient of variation (CV) were calculated for the build-up parameters
(maximum build-up, build-up rate, D10, D50 ,D90, TSS, TN, TP and TOC loads) for
each land use in order to compare their variability. Figure 8-4 provides a comparison
of the values derived for the different land uses.
It can be observed that all build-up parameters show relatively high CV values (more
than 25%) regardless of land use. This further confirms the high variation associated
with pollutant build-up even within the same land use as a data set with CV greater
than 10% is considered as having a high variation (Hamburg 1994). D10 displays the
highest CV values for industrial land use (179%) and D50 shows the highest CV
value for residential land use (150%). TOC load and D50 display high CV values for
commercial land use (132% for TOC load and 111 %for D50). It can also be noted
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that the build-up parameters representing particle size distribution tend to be highly
variable for all land uses. This means that the variability in particle size distribution
within the same land use is relatively higher than for the other pollutant build-up
parameters. The high variability in particle size distribution for all land uses illustrate
the dissimilarities associated with the fine and coarse particle size fractions even
within the same land use. Therefore, this can lead to variations in stormwater quality
in relation to other pollutants adsorbing to different sizes of particles.
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Figure 8-4 CV of different build-up parameters
8.7 EVALUATION OF STORMWATER QUALITY CHARACTERISTICS
FOR DIFFERENT LAND USES
The investigation of pollutants build-up for different land uses confirm that
pollutants build-up characteristics have little similarity between residential,
commercial and industrial land uses in terms of solids build-up, particle size
distribution and build-up of associated pollutants such as nutrients and organic
carbon. In addition, it is evident that the pollutants build-up varies highly even within
the same land use and the degree of this variation is not consistent in relation to both
land use and build-up parameters.
These differences in pollutants build-up characteristics among different land uses
would accordingly lead to dissimilarities in stormwater quality characteristics as
build-up processes supply the pollutants which dictate stormwater quality. The high
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variability means that there are significant differences in pollutants build-up at
different locations despite the fact that these locations are within the same land use.
It was found in Chapter 5 that the rainfall events can be classified into three different
types on the basis of pollutant generation, namely, high average intensity-short
duration (Type 1), high average intensity-long duration (Type 2) and low average
intensity-long duration (Type 3). According to Chapter 7, when catchments
experience Type 1, Type 2 or Type 3 events, the limiting factors of pollutant export
are different, namely runoff flow transport, pollutant load initially available for
wash-off or the capacity of the rainfall for detaching pollutants, respectively.
The knowledge developed based on residential catchments in previous analytical
chapters (see Chapter 5 and Chapter 7) helps to understand the influence of land use
on urban stormwater quality. Firstly, although it was found that pollutant build-up is
highly variable with both land use and site specific characteristics within the same
land use, the high spatial variability of pollutants build-up within the same land use
would play the more important role in influencing pollutant export than land use
itself in the case of Type 1 events (high average intensity-short duration). This is due
to the fact that Type 1 events mainly wash-off pollutants at locations close to
drainage system as discussed in Chapter 7. In this context, the influence of land use
on urban stormwater quality is primarily indicated by the pollutant build-up
characteristics at locations close to the drainage system.
In the case of Type 2 events (high average intensity-long duration), urban stormwater
quality would be related to the variations in pollutants build-up resulting from both
land use and site specific characteristics within the same land use as these events can
contribute pollutants to stormwater runoff from nearly the entire catchment area.
Industrial land use has the highest variability of solids build-up and particle size
distribution whilst commercial and residential land use tend to vary in relation to
nutrients and organic carbon build-up. Therefore, stormwater quality in turn would
tend to be highly variable in terms of solids in the case of industrial catchments
whilst the stormwater quality would tend to be highly variable in terms of nutrients
and organic carbon in the case of commercial and residential catchments.
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The influence of land use on urban stormwater quality would not be important in the
case of Type 3 events (low average intensity-long duration). This is due to the
limited capacity of Type 3 events to detach pollutants from catchment surfaces.
Therefore, the high variability of pollutants build-up with both land use and site
specific characteristics within the same land use has little effect on stormwater
quality.
For ease of understanding, the influence of land use and site specific characteristics
within the same land use on urban stormwater quality has been summarised in Table
8-6.
Table 8-6 Influential factors on urban stormwater quality
Rainfall types

Type 1

Type 2

Influential
factor
Site specific
characteristics
within the
same land use
Both land use
and
site specific
characteristics
within the
same land use

Rainfall
characteristics
8.8 CONCLUSIONS
Type 3

Stormwater quality
Industrial
Commercial
Residential
Depends on pollutant characteristics at
locations close to the drainage system
High
pollution and
variation in
solids and
particle size
distribution

High pollution and variation in
nutrients and organic carbon

Will not produce highly polluted stormwater

The chapter has discussed the outcomes of the investigation on pollutants build-up
based on three different land uses where the study sites consisted of road surfaces.
The analysis was undertaken for solids build-up, particle size distribution and other
associated pollutants. The following conclusions were derived in relation to
pollutants build-up:
•

Pollutant build-up characteristics vary even within the same land use. This
highlights the highly variable nature of build-up not only due to land use but
also due to site specific characteristics within the same land use. Therefore,
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the conventional approach of estimating stormwater quality based solely on
land use in stormwater quality modelling may prove to be inappropriate. For
certain water quality parameters, variation in pollutant build-up within the
same land use was higher compared to variation with land use.
•

Industrial land use has relatively higher variability of maximum build-up,
build-up rate and particle size distribution than residential and commercial
land uses. However, the commercial and residential land use displayed
relatively higher variations of nutrients and organic carbon build-up.
Therefore, for different land uses, the stormwater quality would be variable
for different pollutant types.

•

Land use has different influences on the build-up characteristics of solids,
nutrients and organic carbon. Therefore, this underlines the fact that the other
associated pollutant loads such as nutrients and organic carbon cannot be
accurately predicted by solely assessing solids loads.

•

The influence of land use and site specific characteristics within the same
land use on urban stormwater quality varies with the rainfall type. The study
outcomes provide guidance for stormwater treatment design for taking into
account land use when selecting different rainfall types as design rainfall.

•

Particle size distribution displayed a relatively higher variability for all three
land uses than the other build-up parameters. The high variability in particle
size distribution for all land uses illustrate the dissimilarities associated with
the fine and coarse particle size fractions even within the same land use.
Therefore, this can lead to the variations in stormwater quality in relation to
other pollutants adsorbing to different sizes of particles.
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Chapter 9 Conclusions and
Recommendations for Further Research
9.1 CONCLUSIONS
The thesis provides a detailed analysis of the influence of rainfall and catchment
characteristics on urban stormwater quality. Investigations of the relationships
among rainfall characteristics, catchment characteristics and urban stormwater
quality were undertaken at four residential catchments. Subsequently, the
understanding was extended to other land uses by investigating pollutant build-up
characteristics for different land uses. This was based on the hypothesis that land use
plays an important role in affecting pollutant build-up but has little effect on
pollutant wash-off. The research outcomes provided an in-depth understanding of
how rainfall and catchment characteristics influence urban stormwater quality and
thereby provide guidance for stormwater quality treatment design.
Both univariate and multivariate data analysis techniques were applied in the
investigation into the relationships among rainfall characteristics, catchment
characteristics and urban stormwater quality. Natural rainfall events were classified
into three rainfall types characterised by average rainfall intensity and rainfall
duration based on their role in relation to stormwater quality. This in turn led to the
development of a methodology for the selection of appropriate rainfall events for
treatment system design. Additionally, the influence of catchment characteristics on
urban stormwater quality was investigated based on the identified three different
rainfall types. These investigations specifically focussed on residential catchments.
Finally, the understanding developed in relation to residential catchments was
extended to other urban land uses by analysing pollutants build-up characteristics for
different land uses.
9.1.1 Influence of rainfall characteristics on urban stormwater quality

Fundamental knowledge on the relationship between rainfall characteristics and
urban stormwater quality was developed by identifying three different rainfall types
based on their role in relation to stormwater quality. The major conclusions derived
Ϳ
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relating the influence of rainfall characteristics on urban stormwater quality are as
follows:
•

Rainfall events can be classified into three different types characterised
by average rainfall intensity and rainfall duration (Type 1: high average
intensity-short duration, Type 2: high average intensity-long duration and
Type 3: low average intensity-long duration). This classification is
stormwater quality based and independent of catchment characteristics.
This classification provides an innovative concept to conventional
stormwater quality modelling approaches which commonly consider
stormwater quality as stochastic variable, irrespective of the nature of the
rainfall event. Based on this approach, stormwater quality can be
predicted with high accuracy for the three rainfall types as classified. The
proposed classification also provides a reliable approach for rainfall event
selection for treatment system design based on the desired treatment
outcomes which may differ between systems, between catchments or the
water quality objectives of receiving water bodies.

•

Average rainfall intensity of 20 mm/h can be considered as the threshold
intensity for pollutant wash-off from urban catchments. It is much lower
than the threshold for the rural catchments which is in the range of over
50 mm/h.

•

The stormwater quality resulting from high-average-intensity rainfall
events is highly variable whilst it is relatively consistent for low-averageintensity rainfall events. These outcomes need to be taken into
consideration in determining stormwater quality ranges for different
rainfall events. Additionally, in the case of low-average-intensity rainfall
events, it is relatively easier to predict the treatment performance due to
the relatively low variation in stormwater quality.

•

Average rainfall intensity plays a more important role in influencing
stormwater quality rather than the antecedent dry days. This means that
rainfall characteristics, in other words the ability to wash-off built-up
pollutants on catchment surfaces would have a more significant influence
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on receiving water quality than the pollutants build-up characteristics,
which characterises the pollutants available for wash-off.
•

Different pollutants have different wash-off characteristics. TN, TSS and
TOC wash-off reduces with the increase in rainfall duration whilst TP
wash-off increases as the rainfall duration increases. As such, Type 1
rainfall (high average intensity-short duration) tends to produce high TSS,
TN and TOC event mean concentrations (EMC) whilst Type 2 rainfall
(high average intensity-long duration) tends to generate high TP EMC.

9.1.2 Stormwater quality modelling

A methodology for the selection of appropriate rainfall events for stormwater quality
treatment design based on both stormwater quality and quantity was developed using
a three-component model consisting of a hydrologic model and pollutant build-up
and wash-off equations. The three-component model exhibited appropriate
sensitivity to all the important rainfall characteristics such as rainfall intensity,
rainfall duration and antecedent dry days. Consequently, it has the capability for
simulating the relationship between rainfall characteristics and urban stormwater
quality. This modelling approach took into consideration both stormwater quality and
quantity. Consequently, this methodology can provide guidance for stormwater
quality treatment design in relation to the selection of appropriate design rainfall
events.
Taking the rainfall events in a representative year, it was found that high average
intensity-short duration rainfall events are cumulatively responsible for the
generation of a major fraction of the annual pollutants load compared to the other
rainfall event types. Additionally, rainfall events less than 1 year ARI such as 6month ARI should be considered in designing stormwater treatment systems as these
rainfall events generate a significant fraction of the annual runoff volume and by
implication a significant fraction of the pollutants load. This confirms that
stormwater quality treatment designs based on relatively large rainfall events is
inappropriate in the context of cost-effectiveness, efficiency in treatment
performance and possible savings in land area needed.
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Additionally, these outcomes suggest that the conventional modelling approach of
long-term continuous simulation rainfall events for stormwater treatment design may
not provide the necessary accuracy. Instead, the selection of appropriate individual
rainfall events for stormwater quality modelling should be preferred approach. This
significantly reduces the data needs and simulation times.
Furthermore, a methodology was developed for the selection of threshold rainfall
parameters for stormwater quality treatment design based on high average intensityshort duration rainfall events to capture a major portion of the annual runoff volume
containing a major fraction of the pollutant load exported by a catchment. Essentially,
this approach will also be able to treat low average intensity-long duration rainfall
events.
9.1.3 Influence of catchment characteristics on urban stormwater quality

The research investigations were carried out by analysing the relationship between
catchment characteristics and urban stormwater quality based on the three rainfall
types previously identified. The investigated catchment characteristics included
commonly used catchment characteristics such as land use and impervious area
percentage as well as additional characteristics such as urban form and pervious area
location. The primary conclusions from the investigations undertaken are as follows:
•

Conventional catchment characteristics such as land use and impervious area
percentage alone are inadequate for providing a comprehensive explanation
of catchment hydrology and hence stormwater quality characteristics. It was
found that pervious area location and urban form have an important impact
on stormwater quality by influencing pollutants transportation by runoff flow
and pollutant generation, respectively. This suggests that the conventional
modelling approach in the design of stormwater quality treatment systems
which are based solely on typical parameters such as land use and impervious
area percentage are not adequate and it is important that additional factors
such as urban form and pervious area locations are also taken into
consideration.
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•

Pollutant exports from a catchment vary with the rainfall type. This is
attributed to both, rainfall and catchment characteristics and hence resulting
in different limiting factors for pollutant export. It was found that the
pollutant export is limited by pollutant transportation by runoff flow,
pollutants initially available for wash-off and the capacity of the rainfall for
detaching pollutants in the case of Type 1, Type 2 and Type 3 events,
respectively. In this context, the pollutant export can be considered as
transport limiting, source limiting and wash-off limiting for Type 1, Type 2
and Type 3 events, respectively.

•

The stormwater runoff quality could be diluted when pervious areas are
located close to the drainage systems particularly in the case of Type 1 events.

•

In terms of urban form, it was found that more uniform urban forms generate
relatively less variation in stormwater quality than large mixed use urban
catchments. This means that effectiveness of “end-of-pipe” stormwater
quality treatment strategies in the case of large mixed use urbanised
catchments can be limited. Instead, a decentralised approach should be
adopted with treatment measures located at the outlets of areas with smaller
urban footprint and more uniform urban form.

9.1.4 Pollutants build-up on different land uses

Fundamental knowledge on pollutants build-up on different land uses was developed
based on study sites consisting of road surfaces within residential, commercial and
industrial land uses. The investigations were undertaken in relation to solids build-up,
particle size distribution and the build-up of other associated pollutants. In addition,
the knowledge developed with regards to stormwater quality in residential
catchments was extended to other urban land uses. The primary conclusions from the
investigations are as follows:
•

Pollutant build-up characteristics vary even within the same land use. This
underlines the highly variable nature of build-up not only due to land use but
also due to site specific characteristics within the same land use. Therefore,
the conventional approaches in stormwater quality modelling, which is based
solely on land use, may prove to be inappropriate. For some water quality
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parameters, variation in pollutant build-up within the same land-use was
higher compared to the variation between different land uses.
•

Industrial land use has relatively higher variability in terms pollutant build-up,
build-up rate and particle size distribution than residential and commercial
land uses. However, the commercial and residential land use displayed
relatively higher variations in nutrients and organic carbon build-up.
Therefore, for different urban land uses, the stormwater quality would vary
for different pollutant types.

•

Land use has different influences on the build-up characteristics of solids,
nutrients and organic carbon. Therefore, this implies that other associated
pollutant loads cannot be accurately predicted solely by assessing solids loads.

•

The influence of land use and site specific characteristics within the same
land use on urban stormwater quality varies with the different rainfall types.
This provides guidance for stormwater quality treatment design for taking
land use into account when selecting design rainfall.

•

Particle size distribution displayed a relatively higher variability for all
investigated land uses than the other build-up parameters. The high variability
in particle size distribution for all land uses illustrate the dissimilarities
associated with the fine and coarse particle size fractions even within the
same land use. Therefore, this can lead to the variations in stormwater quality
in relation to other pollutants adsorbing to different sizes of particles.

9.2 RECOMMENDATIONS FOR FURTHER RESEARCH
This research study has provided an in-depth understanding and created new
knowledge relating to the influence of rainfall and catchment characteristics on urban
stormwater quality. In addition, the study outcomes provide guidance that enhances
stormwater quality treatment design. However, there are still a number of important
areas which will benefit from further investigations. Therefore, the following
research studies are recommended to enhance the knowledge created:
•

This research study investigated the influence of rainfall and catchment
characteristics on urban stormwater quality based on residential catchments.
By extending the knowledge in relation to the pollutants build-up
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characteristics on different urban land uses, stormwater quality characteristics
of industrial and commercial land uses were derived. It is recommended that
direct investigations should be undertaken to confirm the conclusions in
relation to stormwater quality of other urban land uses such as industrial and
commercial.
•

It was found that TP wash-off behaviour was different from other pollutants
with TP wash-off increasing as the rainfall duration increased. In contrast, TN,
TSS and TOC wash-off reduces with the increase in rainfall duration. This
highlights the need to further investigate different pollutants wash-off
characteristics.

•

Stormwater quality is affected by a number of pollutant types. This research
study specifically focused on nitrogen, phosphorus, organic carbon and
suspended solids. However, other pollutants such as heavy metals and
hydrocarbons are also important urban stormwater pollutants. These
pollutants are also influenced by rainfall and catchment characteristics.
Therefore, detailed investigations of the role of rainfall and catchment
characteristics in the build-up and wash-off of these pollutants are also
needed.

•

The research study used pollutant EMCs to indicate the stormwater quality.
However, instantaneous stormwater quality data provides representation of
the variation of stormwater quality with time. This can strengthen the detailed
analysis of the relationships between rainfall characteristics, catchment
characteristics and urban stormwater quality. Therefore, further analysis
using instantaneous stormwater quality data is recommended.
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Figure A-2 Drainage network for Highland Park catchment

Appendix A

219

Appendix B
Rainfall Data

Appendix B

221

Table B-1 Rainfall characteristics and stormwater quality data for Alextown catchment
Rainfall characteristics
Rainfall
events

Rainfall
depth
(mm)

Rainfall
duration (h)

A-021113
A-031024
A-031214
A-040224
A-021115
A-021209
A-021226
A-030201
A-030202
A-030203
A-030301
A-030307
A-030312
A-030313
A-030427
A-030514
A-021027
A-020825
A-031215
A-040114
A-020821

44.92
41.01
35.91
222.20
50.45
41.79
27.32
4.24
7.95
77.67
0.50
7.27
14.07
38.70
66.37
86.15
25.39
31.78
3.10
74.14
80.34

1.67
1.42
1.25
7.67
3.67
4.25
1.67
0.50
0.92
8.42
0.08
0.50
0.83
3.33
5.92
7.92
2.67
3.17
0.42
5.00
7.50

Average
rainfall
intensity
(mm/h)
26.95
28.95
28.73
28.98
13.76
9.83
16.39
8.47
8.67
9.23
6.00
14.55
16.88
11.61
11.22
10.88
9.52
10.03
7.44
14.83
10.71

Pollutant EMCs (mg/L)

Antecedent
dry days

Initial intensity
(10 mins) (mm/h)

Max.
intensity
(mm/h)

TN

TP

TSS

TOC

16.24
4.26
7.99
1.00
1.53
5.07
0.81
26.54
0.46
0.83
1.55
0.50
3.41
0.14
0.77
7.16
4.22
2.55
1.04
2.46
0.45

27.48
11.70
8.14
9.79
74.04
5.97
14.84
2.72
5.81
9.33
3.00
5.40
2.95
4.18
3.26
2.61
6.36
15.76
21.55
24.78
9.77

56.51
118.54
83.39
70.64
102.21
27.18
29.68
10.65
15.80
25.36
6.00
39.24
38.58
35.38
37.79
33.85
29.15
26.89
63.84
59.43
46.21

1.12
12.00
3.20
3.30
1.56
0.78
0.86
3.00
1.69
2.52
2.49
2.86
2.89
2.79
1.71
2.94
0.79
5.32
3.03
4.30
1.80

1.08
0.68
0.60
4.67
0.31
0.41
0.21
0.67
0.60
0.14
0.62
0.58
0.47
0.28
0.45
0.49
0.42
0.62
1.43
0.45
0.28

66.84
120.00
66.00
44.00
22.49
42.90
16.70
42.00
2.00
38.00
180.00
158.00
62.00
177.33
62.67
72.67
73.56
59.27
142.00
82.00
44.09

18.43
9.47
11.65
5.98
11.48
17.42
13.97
15.39
12.26
13.14
16.53
7.82
10.10
9.28
10.06
9.04
12.79
5.02
14.77
8.11
8.88

Rainfall
types

Type 1
Type 2

Type 3

A-Alextown ; 6 Digitals-Rainfall event date
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Table B-2 Rainfall characteristics and stormwater quality data for Birdlife Park catchment
Rainfall
events

B-021113
B-021210
B-040224
B-020604
B-020616
B-020821
B-020827
B-020921
B-021027
B-020602
B-021115
B-021209
B-020503
B-030226
B-030313
B-030427
B-020429

Rainfall
depth (mm)

Rainfall
duration (h)

44.92
32.94
222.20
22.37
10.21
80.34
1.55
35.62
25.39
20.93
50.45
41.79
59.69
0.53
38.70
66.37
16.25

1.67
0.83
7.67
2.75
1.33
7.50
0.17
2.50
2.67
1.83
3.67
4.25
4.75
0.10
3.33
5.92
1.08

Rainfall characteristics
Average
rainfall
Antecedent
intensity
dry days
(mm/h)

26.95
39.52
28.98
8.13
7.65
10.71
9.32
14.25
9.52
11.42
13.76
9.83
12.57
5.31
11.61
11.22
15.00

16.24
5.10
1.00
0.64
7.84
0.45
1.47
4.04
4.22
1.69
1.53
5.07
2.13
0.45
0.14
0.77
0.96

Pollutant EMCs (mg/L)
Initial intensity
(10 mins) (mm/h)

Max.
intensity
(mm/h)

TN

TP

TSS

TOC

27.48
69.97
9.79
4.36
71.42
9.77
5.96
12.09
6.36
7.27
74.04
5.97
12.16
5.31
4.18
3.26
24.04

56.51
136.98
70.64
10.32
92.29
46.21
11.91
37.36
29.15
32.96
102.21
27.18
39.50
5.31
35.38
37.79
31.81

0.86
1.53
5.40
0.00
0.89
5.52
4.07
1.65
2.66
0.85
1.07
0.80
1.21
2.87
1.95
2.26
0.19

0.47
4.77
6.94
0.33
0.51
0.37
1.42
1.79
0.33
0.38
0.49
0.48
0.46
0.93
0.50
0.22
0.10

53.71
25.41
144.00
86.79
147.32
218.73
98.58
93.62
166.77
207.51
41.02
26.96
408.86
52.00
28.67
18.67
75.37

3.51
18.55
10.81
2.26
9.39
13.24
12.00
4.12
16.08
10.68
19.39
14.23
4.26
12.75
8.08
8.07
3.45

Rainfall
types

Type 1
Type 2

Type 3

B-Birdlife Park; 6 Digitals-Rainfall event date
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Table B-3 Rainfall characteristics and stormwater quality data for Gumbeel catchment
Rainfall
events

Rainfall
depth
(mm)

Rainfall
duration (h)

G-021113
G-021210
G-031024
G-040224
G-020429
G-020501
G-020503
G-020505
G-020602
G-020604
G-020616
G-020921
G-020428
G-021115
G-040114
G-030225
G-030313

44.92
32.94
41.01
222.20
16.25
0.44
59.69
4.95
20.93
22.37
10.21
35.62
53.71
50.45
74.14
0.53
38.70

1.67
0.83
1.42
7.67
1.08
0.08
4.75
0.58
1.83
2.75
1.33
2.50
5.00
3.67
5.00
0.10
3.33

Rainfall characteristics
Average
Initial intensity
rainfall
Antecedent
(10 mins)
intensity
dry days
(mm/h)
(mm/h)
26.95
16.24
27.48
39.52
5.10
69.97
28.95
4.26
11.70
28.98
1.00
9.79
15.00
0.96
24.04
5.26
0.64
2.63
12.57
2.13
12.16
8.49
0.67
8.64
11.42
1.69
7.27
8.13
0.64
4.36
7.65
7.84
71.42
14.25
4.04
12.09
10.74
11.30
2.74
13.76
1.53
74.04
14.83
2.46
24.78
5.30
10.99
5.30
11.61
0.14
4.18

Pollutant EMCs (mg/L)
Max.
intensity
(mm/h)

TN

TP

TSS

TOC

56.51
136.98
118.54
70.64
31.81
5.26
39.50
11.84
32.96
10.32
92.29
37.36
23.11
102.21
59.43
5.30
35.38

4.56
11.83
14.50
4.80
0.88
0.00
0.95
1.00
6.00
1.37
0.00
0.69
2.60
2.36
5.10
2.26
2.85

1.05
2.42
1.52
1.00
0.26
0.10
0.60
0.13
1.63
0.24
0.39
1.37
0.41
0.44
0.45
0.35
2.28

235.98
51.36
172.00
26.00
11.75
15.20
8.73
8.80
119.75
39.92
17.60
56.88
45.08
5.48
32.00
30.67
43.33

20.13
24.42
12.77
8.37
9.15
12.43
4.72
4.04
8.90
5.62
5.69
11.52
9.05
14.51
9.40
15.08
9.21

Rainfall
types

Type 1
Type 2

Type 3

G-Gumbeel; 6 Digitals-Rainfall event date
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Table B-4 Rainfall characteristics and stormwater quality data for Highland Park catchment
Rainfall
events

Rainfall
depth
(mm)

Rainfall
duration (h)

H-021113
H-030322
H-031024
H-031214
H-031026
H-040224
H-020825
H-020921
H-021027
H-020428
H-030225
H-030307
H-030312
H-030313
H-020821
H-030427
H-030514
H-031215

44.92
35.15
41.01
35.91
8.40
222.20
31.78
35.62
25.39
53.71
0.53
7.27
14.07
38.70
80.34
66.37
86.15
3.10

1.67
0.67
1.42
1.25
0.25
7.67
3.17
2.50
2.67
5.00
0.10
0.50
0.83
3.33
7.50
5.92
7.92
0.42

Rainfall characteristics
Average
Initial
rainfall
Antecedent
intensity (10
intensity
dry days
mins) (mm/h)
(mm/h)
26.95
16.24
27.48
52.73
4.07
21.70
28.95
4.26
11.70
28.73
7.99
8.14
33.60
2.50
38.85
28.98
1.00
9.79
10.03
2.55
15.76
14.25
4.04
12.09
9.52
4.22
6.36
10.74
11.30
2.74
5.30
10.99
5.30
14.55
0.50
5.40
16.88
3.41
2.95
11.61
0.14
4.18
10.71
0.45
9.77
11.22
0.77
3.26
10.88
7.16
2.61
7.44
1.04
21.55

Pollutant EMCs (mg/L)
Max.
intensity
(mm/h)

TN

TP

TSS

TOC

56.51
110.83
118.54
83.39
65.81
70.64
26.89
37.36
29.15
23.11
5.30
39.24
38.58
35.38
46.21
37.79
33.85
63.84

0.94
2.57
17.10
5.40
13.50
6.90
4.44
1.25
3.93
0.76
2.32
3.44
1.78
2.68
1.12
2.93
2.41
2.04

0.20
0.00
1.04
0.83
0.35
0.53
1.03
0.58
0.38
0.15
0.45
0.26
0.05
0.67
0.22
0.46
0.55
0.78

262.78
147.33
411.00
1002.00
311.00
120.00
54.64
227.68
92.31
66.00
114.00
193.33
67.33
65.33
228.39
175.33
179.33
332.00

19.16
12.10
11.35
18.80
9.86
10.10
19.35
3.51
27.98
8.36
21.20
11.58
9.85
16.71
12.05
19.83
12.70
19.43

Rainfall
types

Type 1

Type 2

Type 3

H-Highland Park; 6 Digitals-Rainfall event date
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Table B-5 Characteristics of the investigated rainfall events

Rainfall
events
030322*
021210*
031026*
031024*
031214*
021113*
040224**
020616
031215
021115
031019
030312
021226
020429
040114
030307
020921
020503
031124
030313
020602
*

Average Antecedent
Average Antecedent
Rainfall
Duration
intensity
dry days
Duration (h)
intensity
dry days
events
(h)
(mm/h)
(d)
(mm/h)
(d)
4.07
0.77
52.73
0.67
030427
11.22
5.92
5.10
7.16
39.52
0.83
030514
10.88
7.92
2.50
11.30
33.60
0.25
020428
10.74
5.00
4.26
0.45
28.95
1.42
020821
10.71
7.50
7.99
2.55
28.73
1.25
020825
10.03
3.17
16.24
5.07
26.95
1.67
021209
9.83
4.25
1.00
4.22
28.98
7.67
021027
9.52
2.67
7.84
1.47
7.65
1.33
020827
9.32
0.17
1.04
0.83
7.44
0.42
030203
9.23
8.42
1.53
0.46
13.76
3.67
030202
8.67
0.92
0.10
0.67
10.50
1.67
020505
8.49
0.58
3.41
26.54
16.88
0.83
030201
8.47
0.50
0.81
0.43
16.39
1.67
030626
8.23
0.92
0.96
0.64
15.00
1.08
020604
8.13
2.75
2.46
9.04
14.83
5.00
031203
7.94
2.50
0.50
0.75
14.55
0.50
031206
7.58
0.92
4.04
1.55
14.25
2.50
030301
6.00
0.08
2.13
0.64
12.57
4.75
020501
5.26
0.08
0.13
10.99
11.66
1.00
030225
5.30
0.10
0.14
0.45
11.61
3.33
030226
5.31
0.10
1.69
11.42
1.83
Type 1 rainfall events (high average intensity-short duration)

**

Type 2 rainfall event (high average intensity-long duration)

Unlabeled

Type 3 rainfall events (low average intensity-long duration)
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Appendix C
Pollutants Build-up Data
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Table C-1 Pollutants build-up data
Land use

Residential

Commercial

Industrial

Appendix C

Road name

Label

Merloo Drive
Yarrimbah Drive
Winchester Drive
Carine Court
Merloo Drive
Yarrimbah Drive
Winchester Drive
Carine Court
Hobgen Street
St Paul's Place
Via Roma
Thornton Street
Hobgen Street
St Paul's Place
Via Roma
Thornton Street
Stevens Street
Lawrence Drive
Hilldon Court
Patrick Road
Stevens Street
Lawrence Drive
Hilldon Court
Patrick Road

Rm1
Ry1
Rw1
Rc1
Rm2
Ry2
Rw2
Rc2
Ch1
Cp1
Cv1
Ct1
Ch2
Cp2
Cv2
Ct2
Is1
Il1
Ih1
Ip1
Is2
Il2
Ih2
Ip2

Collection
date
2009-01-16
2009-01-16
2009-01-16
2009-01-16
2009-05-01
2009-05-01
2009-05-01
2009-05-01
2009-06-12
2009-06-12
2009-06-12
2009-06-12
2009-04-24
2009-04-24
2009-04-24
2009-04-24
2009-07-19
2009-07-19
2009-07-19
2009-07-19
2009-02-08
2009-02-08
2009-02-08
2009-02-08

TSS(g/m2)

TP(g/m2)

TN(g/m2)

TOC(g/m2)

TS(g/m2)

0.2536
2.0210
3.3860
1.9400
1.0098
0.5993
0.6748
0.9933
1.4606
0.4701
1.1865
1.3160
0.4154
0.7793
0.6716
0.9117
2.8053
1.0061
1.8628
2.2810
3.9820
2.0297
1.0159
2.1389

0.0002
0.0038
0.0039
0.0017
0.0008
0.0004
0.0003
0.0005
0.0038
0.0021
0.0022
0.0043
0.0004
0.0069
0.0004
0.0008
0.0024
0.0003
0.0007
0.0032
0.0033
0.0024
0.0001
0.0030

0.0008
0.0044
0.0059
0.0017
0.0030
0.0026
0.0015
0.0037
0.0027
0.0012
0.0019
0.0033
0.0010
0.0025
0.0020
0.0024
0.0021
0.0024
0.0031
0.0036
0.0003
0.0010
0.0009
0.0007

0.0097
0.0632
0.0438
0.0263
0.0989
0.0402
0.0275
0.0522
0.0350
0.0215
0.0296
0.2086
0.0100
0.0355
0.0210
0.0321
0.0452
0.0378
0.0465
0.0545
0.0489
0.0302
0.0212
0.0234

0.3406
2.1565
3.5208
2.0369
1.2681
0.8664
0.8143
1.1705
1.6177
0.5182
1.0733
1.7414
0.5278
0.9575
0.8120
1.1837
2.9866
1.0963
1.9435
2.1912
4.2499
2.1665
1.0759
2.2410

Antecedent
dry days
8
8
8
8
17
17
17
17
4
4
4
4
10
10
10
10
4
4
4
4
5
5
5
5
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Appendix D
Particle Size Distribution of Build-up Pollutants
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Figure D-1 Particle size distribution for Merloo Drive in residential land use
with 8 antecedent dry days
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Figure D-2 Particle size distribution for Yarrimbah Drive in residential land use
with 8 antecedent dry days
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Figure D-3 Particle size distribution for Winchester Drive in residential land use
with 8 antecedent dry days
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Figure D-4 Particle size distribution for Carine Court in residential land use
with 8 antecedent dry days
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Figure D-5 Particle size distribution for Merloo Drive in residential land use
with 17 antecedent dry days
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Figure D-6 Particle size distribution for Yarrimbah Drive in residential land use
with 17 antecedent dry days
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Figure D-7 Particle size distribution for Winchester Drive in residential land use
with 17 antecedent dry days
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Figure D-8 Particle size distribution for Carine Court in residential land use
with 17 antecedent dry days
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Figure D-9 Particle size distribution for Hobgen Street in commercial land use
with 4 antecedent dry days
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Figure D-10 Particle size distribution for St Paul's Place in commercial land use
with 4 antecedent dry days
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Figure D-11 Particle size distribution for Via Roma in commercial land use with
4 antecedent dry days
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Figure D-12 Particle size distribution for Thornton Street in commercial land
use with 4 antecedent dry days
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Figure D-13 Particle size distribution for Hobgen Street in commercial land use
with 10 antecedent dry days
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Figure D-14 Particle size distribution for St Paul's Place in commercial land use
with 10 antecedent dry days
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Figure D-15 Particle size distribution for Via Roma in commercial land use with
10 antecedent dry days
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Figure D-16 Particle size distribution for Thornton Street in commercial land
use with 10 antecedent dry days
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Figure D-17 Particle size distribution for Stevens Street in industrial land use
with 4 antecedent dry days
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Figure D-18 Particle size distribution for Lawrence Drive in industrial land use
with 4 antecedent dry days
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Figure D-19 Particle size distribution for Hilldon Court in industrial land use
with 4 antecedent dry days
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Figure D-20 Particle size distribution for Patrick Road in industrial land use
with 4 antecedent dry days
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Figure D-21 Particle size distribution for Stevens Street in industrial land use
with 5 antecedent dry days
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Figure D-22 Particle size distribution for Lawrence Drive in industrial land use
with 5 antecedent dry days
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Figure D-23 Particle size distribution for Hilldon Court in industrial land use
with 5 antecedent dry days
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Figure D-24 Particle size distribution for Patrick Road in industrial land use
with 5 antecedent dry days
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Appendix E
Scree Plots for PCA Analysis
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Figure E-1 PCA Scree plot for pre-analysis (Figure 5-1)
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Figure E-2 PCA Scree plot for monitoring dataset (Figure 5-4)
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Figure E-3 PCA Scree plot for estimated TS EMC biplot (Figure 6-14)
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Appendix F
Input Data for Modelling
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Figure F-1 Nodes input data for Highland Park catchment in MIKE URBAN
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Figure F-2 Links input data for Highland Park catchment in MIKE URBAN
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Figure F-3 Subcatchments input data for Highland Park catchment in MIKE
URBAN
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Figure F-4 Nodes input data for Birdlife Park catchment in MIKE URBAN
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Figure F-5 Links input data for Birdlife Park catchment in MIKE URBAN
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Figure F-6 Subcatchments input data for Birdlife Park catchment in MIKE
URBAN
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Figure F-7 Nodes input data for Alextown catchment in MIKE URBAN
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Figure F-8 Links input data for Alextown catchment in MIKE URBAN
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Figure F-9 Subcatchments input data for Alextown catchment in MIKE
URBAN
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Figure F-10 Nodes input data for Gumbeel catchment in MIKE URBAN
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Figure F-11 Links input data for Gumbeel catchment in MIKE URBAN
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Figure F-12 Subcatchments input data for Gumbeel catchment in MIKE
URBAN
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Table F-1 Characteristics of the events used in calibrations and validations

Rainfall events

Average
intensity
(mm/h)

Antecedent
dry days (d)

Duration (h)

2002-04-28

10.74

11.30

5.00

2002-06-02

11.42

1.69

1.83

2002-05-03

12.57

2.13

4.75

2002-11-15

13.76

1.53

3.67

2002-08-25

10.03

2.55

3.17

2002-08-21

10.71

0.45

7.50

2002-10-27

9.52

4.22

2.67

2002-02-02

4.34

1.2

8.5

2003-12-06

7.58

0.75

0.92

2001-12-29

12.22

6.9

6.75

2003-11-24

11.66

0.13

1.00

2002-04-12

3.95

10.6

4.00

2002-11-13

26.95

16.24

1.67

2002-02-01

2.97

2.00

1.75

2001-12-31

0.97

0.20

3.00

2002-06-04

8.13

0.64

2.75

2002-09-20

14.25

4.04

2.50

2001-03-21

1.90

1.9

12.75
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Table F-2 Estimated TS EMC values for the four catchments
Rainfall
events
2002-11-15
2003-12-03
2003-06-26
2003-12-06
2003-11-24
2002-04-28
2003-12-14
2004-01-14
2004-02-24
2003-02-01
2003-02-02
2003-02-03
2003-02-25
2003-02-26
2003-03-01
2003-03-07
2003-03-12
2003-03-13
2003-03-22
2003-04-27
2003-05-14
2003-10-24
2003-10-19
2003-10-26
2003-12-15
2002-04-29
2002-05-01
2002-05-03
2002-05-05
2002-06-02
2002-06-04
2002-06-16
2002-08-21
2002-08-25
2002-08-27
2002-09-21
2002-10-27
2002-11-13
2002-12-09
2002-12-10
2002-12-26

 


TS EMC (mg/L)
Alextown
32.46
22.49
12.36
14.49
12.70
28.98
50.57
16.59
9.24
15.35
15.83
13.00

Gumbeel
108.39
38.07
32.46
23.34
42.54
95.19
293.70
55.48
56.26
23.09
39.17
90.95

Birdlife Park
13.98
9.34
4.99
5.77
5.25
12.31
21.86
7.18
4.05
6.05
6.46
5.58

Highland
Park
13.15

4.01
3.89

3.52
3.55

1.18
1.27

0.52
0.49

36.30
36.99
34.23
15.53
65.45
20.23
13.88
52.40
27.56
75.12
52.58
41.70
3.91
29.25
15.52
24.96
18.23
71.56
11.01
23.35
32.26
40.60
25.56
49.95
23.33
51.22
36.73

10.41
52.43
65.34
52.16
388.91
55.06
51.45
296.92
135.82
354.63
114.40
123.51
3.49
60.12
12.01
57.67
34.77
233.78
30.04
52.15
36.38
120.38
46.58
266.33
98.59
280.35
35.39

5.11
14.65
14.20
6.60
28.17
8.64
6.03
22.63
11.74
29.09
21.52
15.97
1.29
12.37
5.72
10.52
6.94
29.75
4.71
9.72
9.23
17.03
10.80
21.62
9.96
21.99
14.01

2.33
7.92
8.88
6.08
45.57
6.51
5.41
32.52
16.22
71.40
16.30
17.13
0.40
5.50
1.96
7.35
6.31
35.87
3.51
6.81
7.91
14.82
6.03
28.68
11.56
32.98
5.55

5.15
3.31
2.27
6.34
11.75
31.87
6.09
4.60
3.50
5.43
5.70

ʹͳ

Table F-3 Rainfall characteristics for the 2003 representative year
Rainfall events
2003-03-22
2003-11-22
2003-09-26
2003-03-01
2003-10-26
2003-03-12
2003-10-24
2003-12-14
2003-12-16
2003-01-15
2003-03-30
2003-10-02
2003-02-13
2003-03-08
2003-10-19
2003-10-18
2003-02-05
2003-10-31
2003-11-24
2003-03-07
2003-10-05
2003-10-03
2003-02-13
2003-10-02
2003-08-31
2003-02-03
2003-02-25
2003-03-13
2003-10-19
2003-04-27
2003-05-14
2003-10-16
2003-02-10
2003-02-02
2003-10-25
2003-10-06
2003-10-26

 


Antecedent
dry days
4.07
4.26
26.05
0.52
2.50
0.09
4.26
7.99
0.41
1.00
7.94
0.20
0.10
0.96
0.12
1.16
0.08
2.78
1.79
0.34
0.90
0.28
2.86
0.73
14.22
0.13
0.45
0.14
2.28
0.95
7.17
6.41
3.49
0.15
0.91
1.10
0.09

Rainfall duration
(h)
0.67
0.75
0.50
0.25
0.25
0.25
1.42
1.25
0.35
7.40
0.33
0.17
0.65
0.17
0.33
0.08
1.08
1.17
0.45
0.33
1.17
1.17
1.67
0.25
0.25
1.58
2.17
1.75
1.33
2.58
6.08
0.75
1.08
2.58
1.33
2.33
2.17

Average rainfall
intensity (mm/h)
52.73
45.67
40.99
38.80
33.60
29.76
28.95
28.73
27.44
27.30
27.06
25.85
23.61
22.72
20.50
20.14
19.91
19.80
19.24
19.12
17.10
17.09
14.96
14.36
13.44
12.80
12.54
11.96
11.86
11.22
10.88
10.59
10.49
10.48
10.38
10.35
10.19
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Table F-3 Rainfall characteristics for the 2003 representative year
(continued from previous page)
Rainfall events
2003-02-25
2003-03-13
2003-07-23
2003-04-11
2003-02-03
2003-12-04
2003-01-05
2003-02-01
2003-06-26
2003-12-06
2003-10-20
2003-03-12
2003-04-25
2003-05-28
2003-03-04
2003-12-04
2003-11-08
2003-06-25
2003-03-12
2003-02-06
2003-12-06
2003-05-31
2003-06-03
2003-03-06
2003-03-01
2003-03-12
2003-12-05
2003-02-02
2003-03-07

Antecedent
dry days
11.04
0.47
2.02
0.97
0.85
0.13
2.27
0.11
0.45
0.09
0.84
0.09
0.09
12.39
0.19
0.17
10.49
4.40
0.09
1.51
0.14
1.09
0.39
0.09
0.31
0.07
0.66
0.48
0.52

Rainfall duration
(h)
3.67
0.33
1.33
0.42
3.67
1.58
0.25
2.33
2.67
0.50
0.17
0.17
0.17
0.33
0.75
1.58
2.17
0.50
0.08
0.50
0.25
0.17
1.17
0.08
0.08
0.08
2.17
0.33
0.17

Average rainfall
intensity (mm/h)
9.86
9.79
9.68
9.65
9.05
8.85
8.76
8.47
8.23
7.99
7.99
7.94
7.64
7.61
7.58
7.39
7.36
7.32
7.16
6.98
6.76
6.65
6.46
6.41
6.00
5.90
5.82
5.51
5.40
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Table F-4 TS wash-off load and EMC values for Alextown for 2003
Rainfall events

Runoff volume (m3)

Washed-off TS
load (kg)

TS EMC(mg/L)

2003-03-22
2003-11-22
2003-09-26
2003-03-01
2003-10-26
2003-03-12
2003-10-24
2003-12-14
2003-12-16
2003-01-15
2003-03-30
2003-10-02
2003-02-13
2003-03-08
2003-10-19
2003-10-18
2003-02-05
2003-10-31
2003-11-24
2003-03-07
2003-10-05
2003-10-03
2003-02-13
2003-10-02
2003-08-31
2003-02-03
2003-02-25
2003-03-13
2003-10-19
2003-04-27
2003-05-14
2003-10-16
2003-02-10
2003-02-02
2003-10-25
2003-10-06
2003-10-26
2003-02-25
2003-03-13
2003-07-23

309.70
299.10
179.20
80.80
48.50
66.40
384.50
381.90
98.80
1395.90
71.60
36.70
147.10
15.60
247.00
3.70
10.80
16.90
134.60
54.20
11.40
24.10
269.60
43.70
26.80
266.10
13.60
272.40
25.90
342.00
864.60
84.50
3.30
93.10
26.80
28.00
13.70
76.70
39.20
39.60

19.23
22.46
21.04
5.04
4.67
3.09
19.18
18.39
5.00
12.9
7.63
2.26
4.71
1.87
6.71
0.82
0.53
2.33
6.47
2.85
1.21
1.09
8.66
1.31
2.07
4.45
0.77
4.47
1.63
6.98
11.44
3.49
0.35
1.39
1.45
1.19
0.38
3.12
0.98
1.13

62.10
75.09
117.41
62.34
96.32
46.52
49.88
48.17
50.61
9.24
106.56
61.61
32.02
119.65
27.18
222.93
48.83
138.11
48.07
52.51
105.85
45.13
32.13
30.04
77.11
16.71
56.90
16.39
62.99
20.40
13.23
41.35
107.56
14.95
54.06
42.32
28.07
40.69
24.90
28.48
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Table F-4 TS wash-off load and EMC values for Alextown for 2003
(continued from previous page)
Rainfall events

Runoff volume (m3)

2003-04-11
2003-02-03
2003-12-04
2003-01-05
2003-02-01
2003-06-26
2003-12-06
2003-10-20
2003-03-12
2003-04-25
2003-05-28
2003-03-04
2003-12-04
2003-11-08
2003-06-25
2003-03-12
2003-02-06
2003-12-06
2003-05-31
2003-06-03
2003-03-06
2003-03-01
2003-03-12
2003-12-05
2003-02-02
2003-03-07

64.80
440.20
96.70
30.60
41.70
109.40
45.40
31.00
51.40
10.10
78.00
67.60
51.40
12.70
39.90
3.50
73.40
17.80
4.00
68.40
1.30
1.30
2.90
36.20
22.30
8.80

Washed-off TS
load (kg)
1.42
5.81
1.23
0.76
0.59
1.31
0.75
0.39
0.27
0.25
1.12
1.16
0.87
0.51
1.26
0.11
0.99
0.33
0.30
0.25
0.10
0.11
0.08
0.23
0.40
0.20

TS EMC(mg/L)
21.90
13.19
12.71
24.91
14.09
11.99
16.60
12.71
5.21
24.68
14.33
17.19
16.89
40.14
31.57
32.50
13.46
18.67
76.15
3.65
75.11
83.71
28.57
6.43
18.05
23.02
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Table F-5 TS wash-off load and EMC values for Gumbeel for 2003
Rainfall events

Runoff
volume (m3)

Washed-off TS
load (kg)

TS EMC(mg/L)

2003-03-22
2003-11-22
2003-09-26
2003-03-01
2003-10-26
2003-03-12
2003-10-24
2003-12-14
2003-12-16
2003-01-15
2003-03-30
2003-10-02
2003-02-13
2003-03-08
2003-10-19
2003-10-18
2003-02-05
2003-10-31
2003-11-24
2003-03-07
2003-10-05
2003-10-03
2003-02-13
2003-10-02
2003-08-31
2003-02-03
2003-02-25
2003-03-13
2003-10-19
2003-04-27
2003-05-14
2003-10-16
2003-02-10
2003-02-02
2003-10-25
2003-10-06
2003-10-26
2003-02-25
2003-03-13
2003-07-23

29.50
28.60
17.10
7.50
3.90
6.30
36.80
36.50
9.10
153.90
6.00
3.50
13.30
1.40
23.50
0.40
0.90
1.50
12.80
5.10
0.80
2.10
25.70
4.10
2.00
25.50
1.10
25.90
2.10
32.70
4.90
8.10
0.20
8.80
1.80
2.60
1.10
7.20
3.50
3.70

13.57
15.85
14.85
3.56
3.30
2.18
13.54
12.98
3.53
8.66
5.39
1.60
3.32
1.32
4.74
0.58
0.37
1.65
4.57
2.01
0.85
0.77
6.11
0.93
1.46
3.14
0.55
3.15
1.15
4.93
8.07
2.47
0.25
0.98
1.02
0.84
0.27
2.20
0.69
0.80

460.16
554.29
868.54
474.06
845.54
346.06
367.85
355.74
387.86
56.26
897.62
456.03
249.95
941.15
201.64
1455.59
413.58
1098.41
356.80
393.95
1064.74
365.63
237.91
226.00
729.38
123.05
496.57
121.70
548.41
150.63
1647.55
304.46
1252.80
111.61
568.16
321.74
246.80
306.00
196.82
215.15
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Table F-5 TS wash-off load and EMC values for Gumbeel for 2003
(continued from previous page)
Rainfall events
2003-04-11
2003-02-03
2003-12-04
2003-01-05
2003-02-01
2003-06-26
2003-12-06
2003-10-20
2003-03-12
2003-04-25
2003-05-28
2003-03-04
2003-12-04
2003-11-08
2003-06-25
2003-03-12
2003-02-06
2003-12-06
2003-05-31
2003-06-03
2003-03-06
2003-03-01
2003-03-12
2003-12-05
2003-02-02
2003-03-07

Runoff
volume (m3)
6.10
42.20
9.10
2.70
3.80
10.30
4.00
2.80
4.90
0.70
7.40
6.00
4.70
1.10
3.70
0.30
7.00
1.40
0.30
6.50
0.10
0.10
0.20
3.40
1.90
0.70

Washed-off TS
load (kg)
1.00
4.10
0.87
0.54
0.41
0.93
0.53
0.28
0.19
0.18
0.79
0.82
0.61
0.36
0.89
0.08
0.70
0.23
0.22
0.18
0.07
0.08
0.06
0.16
0.28
0.14

TS EMC(mg/L)
164.23
97.15
95.33
199.29
109.16
89.91
133.01
99.36
38.58
251.32
106.60
136.70
130.35
327.15
240.33
267.63
99.62
167.58
716.70
27.11
689.26
768.20
292.37
48.34
149.55
204.32
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Table F-6 TS wash-off load and EMC values for Birdlife Park for 2003
Rainfall
events

Runoff volume (m3)

Washed-off TS load
(kg)

TS EMC(mg/L)

2003-03-22
2003-11-22
2003-09-26
2003-03-01
2003-10-26
2003-03-12
2003-10-24
2003-12-14
2003-12-16
2003-01-15
2003-03-30
2003-10-02
2003-02-13
2003-03-08
2003-10-19
2003-10-18
2003-02-05
2003-10-31
2003-11-24
2003-03-07
2003-10-05
2003-10-03
2003-02-13
2003-10-02
2003-08-31
2003-02-03
2003-02-25
2003-03-13
2003-10-19
2003-04-27
2003-05-14
2003-10-16
2003-02-10
2003-02-02
2003-10-25
2003-10-06
2003-10-26
2003-02-25
2003-03-13
2003-07-23

1113.90
1075.40
656.90
311.20
227.20
261.20
1374.90
1368.20
383.90
4932.20
279.20
156.60
544.90
107.90
895.30
49.80
66.40
100.60
501.10
218.40
72.40
112.60
973.30
181.20
124.70
959.90
85.10
982.70
124.20
1225.70
3055.00
323.70
39.50
354.40
122.30
126.30
76.40
297.40
173.50
167.10

31.58
36.88
34.56
8.27
7.67
5.07
31.50
30.21
8.21
19.98
12.53
3.71
7.73
3.07
11.02
1.35
0.87
3.83
10.63
4.67
1.98
1.79
14.23
2.16
3.39
7.30
1.27
7.33
2.68
11.46
18.78
5.74
0.58
2.29
2.38
1.95
0.63
5.13
1.60
1.85

28.35
34.30
52.60
26.58
33.77
19.42
22.91
22.08
21.39
4.05
44.88
23.71
14.19
28.41
12.31
27.20
13.04
38.11
21.21
21.40
27.37
15.87
14.62
11.90
27.22
7.61
14.93
7.46
21.57
9.35
6.15
17.73
14.76
6.45
19.46
15.41
8.27
17.24
9.24
11.08
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Table F-6 TS wash-off load and EMC values for Birdlife Park for 2003
(continued from previous page)
Rainfall
events
2003-04-11
2003-02-03
2003-12-04
2003-01-05
2003-02-01
2003-06-26
2003-12-06
2003-10-20
2003-03-12
2003-04-25
2003-05-28
2003-03-04
2003-12-04
2003-11-08
2003-06-25
2003-03-12
2003-02-06
2003-12-06
2003-05-31
2003-06-03
2003-03-06
2003-03-01
2003-03-12
2003-12-05
2003-02-02
2003-03-07

Runoff volume (m3)
256.00
1570.20
367.80
137.40
175.20
413.00
192.40
137.50
208.50
65.60
300.40
266.30
209.20
77.50
168.50
41.60
285.10
94.50
43.90
268.10
32.60
30.60
39.30
156.70
109.00
60.20

Washed-off TS load
(kg)
2.33
9.54
2.02
1.25
0.97
2.15
1.24
0.65
0.44
0.41
1.84
1.91
1.43
0.84
2.07
0.19
1.62
0.55
0.50
0.41
0.16
0.18
0.14
0.38
0.66
0.33

TS EMC(mg/L)
9.10
6.08
5.49
9.11
5.51
5.22
6.43
4.71
2.11
6.24
6.11
7.17
6.81
10.80
12.28
4.49
5.69
5.78
11.40
1.53
4.92
5.84
3.46
2.44
6.07
5.53
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Table F-7 TS wash-off load and EMC values for Highland Park for 2003

Rainfall events

Runoff
volume (m3)

Washed-off TS
load (kg)

TS EMC(mg/L)

2003-03-22
2003-11-22
2003-09-26
2003-03-01
2003-10-26
2003-03-12
2003-10-24
2003-12-14
2003-12-16
2003-01-15
2003-03-30
2003-10-02
2003-02-13
2003-03-08
2003-10-19
2003-10-18
2003-02-05
2003-10-31
2003-11-24
2003-03-07
2003-10-05
2003-10-03
2003-02-13
2003-10-02
2003-08-31
2003-02-03
2003-02-25
2003-03-13
2003-10-19
2003-04-27
2003-05-14
2003-10-16
2003-02-10
2003-02-02
2003-10-25
2003-10-06
2003-10-26
2003-02-25
2003-03-13

10198.00
10652.40
6341.00
2430.30
973.40
2203.60
13684.50
13512.40
3271.30
53214.50
1711.10
1216.20
4327.70
343.50
8541.10
99.30
232.80
361.00
4627.30
1577.80
197.80
634.80
9541.50
1517.80
494.70
9477.70
284.10
9468.30
568.10
12112.90
30624.50
2971.70
59.10
3214.70
450.10
963.70
321.80
2599.10
1191.50

386.18
450.98
422.52
101.15
93.81
62.02
385.10
369.39
100.41
244.96
153.21
45.41
94.57
37.48
134.80
16.56
10.59
46.87
129.92
57.16
24.23
21.84
173.94
26.36
41.50
89.27
15.54
89.67
32.76
140.12
229.66
70.16
7.13
27.94
29.09
23.80
7.72
62.68
19.60

37.87
42.34
66.63
41.62
96.37
28.15
28.14
27.34
30.69
4.60
89.54
37.33
21.85
109.12
15.78
166.80
45.49
129.84
28.08
36.23
122.51
34.41
18.23
17.37
83.89
9.42
54.70
9.47
57.67
11.57
7.50
23.61
120.61
8.69
64.64
24.69
24.00
24.11
16.45
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Table F-7 TS wash-off load and EMC values for Highland Park for 2003
(continued from previous page)
Rainfall events

Runoff
volume (m3)

Washed-off TS
load (kg)

TS EMC(mg/L)

2003-07-23
2003-04-11
2003-02-03
2003-12-04
2003-01-05
2003-02-01
2003-06-26
2003-12-06
2003-10-20
2003-03-12
2003-04-25
2003-05-28
2003-03-04
2003-12-04
2003-11-08
2003-06-25
2003-03-12
2003-02-06
2003-12-06
2003-05-31
2003-06-03
2003-03-06
2003-03-01
2003-03-12
2003-12-05
2003-02-02
2003-03-07

1342.90
2211.20
15716.00
3113.80
945.50
1237.00
3731.40
1239.00
962.00
1777.50
178.10
2731.50
2033.80
1702.40
321.60
1301.20
65.70
2556.60
374.30
62.70
2330.60
21.10
20.50
50.30
1216.00
558.60
209.80

22.65
28.50
116.63
24.68
15.31
11.80
26.34
15.14
7.91
5.38
5.00
22.44
23.33
17.43
10.24
25.30
2.28
19.84
6.67
6.12
5.01
1.96
2.19
1.66
4.68
8.08
4.07

16.86
12.89
7.42
7.93
16.19
9.54
7.06
12.22
8.23
3.03
28.10
8.22
11.47
10.24
31.83
19.44
34.77
7.76
17.83
97.55
2.15
92.93
106.60
33.07
3.85
14.47
19.39
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