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ABSTRACT

Water quality management of nonpoint source (NPS) pollution is still being
confronted with identification and assessment. The extent of pollution due to NPS
in tropics is not yet affirmed, and the relative influences of its associated sources
were not yet totally understood. This study explored the significance of road as a
NPS unit in tropical region of persistent rainfall, and investigated the possible sources
of heavy metals in urban areas. To achieve the objectives of this study, the natural
rainfall dynamic of the study area was appraised using the flour pellet method. The
information was used as a basis for developing a highly efficient Rainfall Simulator
(RS) that was used to investigate pollutant washoff process under different rainfall
depth and intensities. A total of 30 buildup samples were collected from five chosen
roads of varying characteristics, and fractionated into 10 classes of particle sizes each.
For quantitative analysis, 60 samples were analysed for dissolved Zn, Fe, Cd, Pb, Cu,
Ni, Mn, Al, and Cr concentrations. A multivariate principal component and factor
analyses were used to investigate the likely sources of these heavy metals. Three
sources were identified, the indigenous, geogenic and scavenge. The natural raindrop
sizes were found to vary from less than 1.2 mm to as big as 7.0 mm with median
raindrop diameters (D50) of 2.51 mm and a mean of 2.56 mm. These raindrops have
an average rain kinetic energy content of 30 J m−2 mm−1. The developed RS can
satisfactorily simulate rain intensity similar to natural rainfall, with an average kinetic
energy content of 42 J m−2 mm−1 and a D50 between 2.41 and 2.64 mm. An advanced
principal component and cluster analysis identified TDS as a surrogate for measuring
dissolved metals pollution among eight physicochemical parameters considered, and
was therefore used in the modelling of the washoff process. The developed models
suggested that the rain intensity plays a more prominent role in the occurrence of first
flush, while the rain depth plays a central role in the total washoff event. This research
demonstrated that the influence of sediment to retain mass loading did not necessarily
translate to higher pollution loading of heavy metals, and the residency of heavy metals
in different particle classes cannot be generalised.
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ABSTRAK

Pengurusan kualiti air yang melibatkan pencemaran punca bukan titik (NPS)
masih dihambat dengan isu pengenalpastian dan penilaian. Tahap pengurusan NPS
di rantau tropika masih belum mantap dan faktor-faktor relatif yang mempengaruhi
punca pencemaran ini masih belum difahami keseluruhannya. Kajian ini meneroka
kepentingan jalan raya sebagai unit NPS di rantau tropika yang menerima hujan
sepanjang tahun, dan menyiasat punca sumber logam berat dalam kawasan bandar.
Bagi mencapai objektif kajian ini, kedinamikan hujan semula jadi di kawasan kajian
telah diteliti menggunakan kaedah pelet tepung. Maklumat ini dijadikan asas untuk
membangunkan simulator hujan (RS) yang effisien untuk menyiasat proses basuhan
pencemaran bagi taburan hujan yang berbeza kedalaman dan keamatan. Sebanyak 30
sampel penumpukan telah diambil dari lima permukaan jalan raya yang mempunyai
ciri-ciri berlainan. Dan diasingkan secara berperingkat kepada 10 kelas saiz partikel.
Untuk penentuan kualiti, sebanyak 60 sampel telah dianalisis untuk kandungan Zn, Fe,
Cd, Pb, Cu, Ni, Mn, Al, dan Cr. Kaedah komponen utama multivariat dan analisis
faktor telah digunakan untuk menentukan punca logam berat. Tiga punca utama
telah dikenalpasti, iaitu punca setempat, punca geogenik dan punca luar kawasan.
Saiz titisan hujan semula jadi didapati berbeza-beza dengan garispusat kurang dari
1.2 mm hingga sebesar 7.0 mm dengan nilai median (D50) 2.51 mm dan purata 2.56
mm. Titisan hujan ini mengandungi purata tenaga kinetik sebanyak 30 J m−2 mm−1.
RS yang dibangunkan telah dapat mensimulasi keamatan hujan semulajadi dengan
memuaskan dengan purata kandungan tenaga kinetik 42 J m−2 mm−1 dan D50 di
antara 2.41 dan 2.64 mm. Hasil analisis lanjutan komponen utama dan kluster bagi
lapan parameter fisikokimia mendapati bahawa TDS sesuai dijadikan parameter wakil
untuk mengukur tahap pencemaran logam dan boleh digunakan dalam pemodelan
proses basuhan. Model yang dibangunkan mencadangkan bahawa keamatan hujan
memainkan peranan penting dalam penyahan pertama, manakala kedalaman hujan
mempunyai peranan penting dalam menentukan keseluruhan kejadian basuhan. Kajian
ini menunjukkan bahawa pengaruh sedimen dalam menjerap beban jisim tidak
semestinya menghasilkan beban logam berat yang lebih tinggi dan hayat logam berat
yang dijerap oleh sedimen dengan saiz berbeza tidak boleh ditentukan secara umum.
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CHAPTER 1

INTRODUCTION

1.1 General

Nonpoint source (NPS) pollution is generally considered to be a diffuse source
of pollution not associated with a specific temporal point of entry into the water body
(Wyoming, 1999). NPS can further be defined as anything other than pollutants that
enter the runoff transport routes at discrete identifiable locations that can usually be
measured (Loague and Corwin, 2006). Point source (PS) pollutants are generally
more toxic, and can readily be identified, quantified, and controlled. NPS pollution,
on the other hand, is typically difficult or impossible to trace to a source (Loague
and Corwin, 2005; Novotny, 2003; Stein et al., 2006), quantify (Candela et al., 2009;
Ferrier et al., 2005) and control (Albiac et al., 2009; Ferrier et al., 2005) making
implementation of effluent limitations almost impossible because they vary with the
seasons and the weather (Carpenter et al., 1998). The NPS clean-up is costly and
nearly impossible to accomplish (Loague et al., 1998), it also poses a more technical
problem because of the extent of their contamination, which increases the amount of
data required far beyond that of PS pollutants (Wagenet and Corwin, 1996). Therefore,
the understanding of different surfaces’ sources and responses to the generation,
transportation and transformation of NPS pollutants to receiving stream is crucial to
any successful implementation of mitigating measures.

1.2 Research Background

Water quality management in developing countries, including Malaysia, is
still being confronted with identification, assessment and control of nonpoint source
pollution. Since, the majority of the pollutants are of diffuse origin, an in-depth
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understanding of the possible pollutant’s pathways, and their contribution is of essence
for drawing strategy to reduce their impacts on receiving waters (Ferrier et al., 2005).

Tropical regions, like Malaysia, have higher susceptibility to NPS pollution
for both rural and urban areas (Al-Mamun, 2005) and data on pollutant buildup
and washoff on distinct impervious surfaces in the tropics is extremely lacking and
necessary for improved water quality (Rahmat, 2005; Chow, 2011). Generally,
researchers have different understanding on the contribution from various sources
of pollution to the overall loading of NPS, from severe (Quek, 1993; Si mmons,
2001; Chang et al., 2004) to moderate (Lee, 1982; Pazwash, 1997). This Perhaps
is largely because NPS is associated to certain uncontrollable climatic events, specific
to geographic and geologic conditions, and may vary significantly in time and space
(Zakaria et al., 2002; Novotny, 2003).

Surface runoff accounts for over 50% runoff volume in metropolitan area
(Forster, 1996; Jain and Ali, 2001). Roads play a central role in urban hydrology,
and their runoff is the most important of all runoffs from municipal area (Murakami
et al., 2004); therefore, road runoff is one of the areas where knowledge of science
and engineering is inevitably necessary when strategies for optimum solution of an
environmental problem have to be developed. So, the contribution of roads’ runoff to
the pollution of lakes and streams in Malaysia cannot be over emphasised.

1.3 Statement of the Problem

NPS inputs are the major source of water pollution today, and their impacts
are profound with urban runoff ranked third most important causative agent of lake
deterioration in the U. S. (Carpenter et al., 1998) and second in Agricultural watershed
in Malaysia (Eisakhani et al., 2009). Although the threat of NPS pollutants differs
throughout the world, they are generally of global importance because NPS pollution
problems do not recognise the boundaries between nations, nor are they necessarily
isolated by the physical barriers between continents (Corwin and Wagenet, 1996).

Globally, there were many studies on NPS pollution over the years and
commensurate government and private sector participation but NPS is still a major
source of water quality impairment in rivers, lakes and estuaries, and remain the
number one threat to water quality in the US (Gannon, 1996; Griffith, 1999). Over a
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century, this problem has been recognised and systematically studied in the developed
countries with enactment of laws and mitigating measures, and some gains have been
made. However, very little has been done to study and curtail the emergence of NPS
in the developing countries like Malaysia.

Malaysia has enjoyed remarkable growth over the last few decades, with
industrialization, agriculture, and tourism playing leading roles in its success story.
However, today, despite its relatively positive environmental record, it faces problems
of pollution from diffuse sources due to rapid increase in its population and
urbanization (Yusop et al., 2005; Yusop et al., 2007; Zainudin et al., 2009; Chow
et al., 2012; Chow et al., 2013). The cutting down of trees to accommodate large
industrial factories and human shelters, the clearance of more agricultural land to
meets food demand and boost national income were also a leading cause of water
pollution in Malaysia (Malakahmad et al., 2008; Eisakhani et al., 2009). Migration
of people to industrial and commercial centres further accelerates the transformation
of its small towns to municipalities, and existing urban landscape into more densely
populated areas. Moreover, not only did the industries depleting oxygen supply
and spewing out poisonous gases during their production, the increase of cars for
transporting goods and services in and around urban centres were also lending a
hand in the pollution (Abdullah, 1995). This trend becomes accelerated with the
shift of Malaysia’s development strategy, from agro based to manufacturing in the
last four decades, in addition to the adoption of effective management systems for the
handling of agricultural waste. This development ensures declined concern of agro-
based pollution from 67% in 1980 to a steady state of 15% in the 90s (DOE, 1991).

The states in the western peninsular Malaysia were more prone to alarming
level of anthropogenic contamination due to intensified urbanisation (Abdullah, 1995),
Recently, Nazahiyah et al. (2007) studied the suspended solids (SS), biochemical
oxygen demand (BOD5), chemical oxygen demand (COD), nutrients (NO3-N, NO2-
N, NH3-N and P) and metal Pb in runoff from a residential catchment of 85%
imperviousness in Skudai, Johor. They observed variations of BOD5, COD, SS, and
nutrients, in both the washoff and in the first flush amongst different storms. Similarly,
Chow and Yusop (2009) carried out similar study in a different residential catchments.
The result showed an elevated levels of BOD5, COD, TSS, and O&G in the storm
runoff samples. They also observed that natural rainfall intensity has influence on
the washoff of TSS, and O&G, while the concentrations of BOD5, and COD were
influenced by ADD. Chow et al. (2011) found that the site mean concentrations in
runoff from commercial catchment in Johor exceeded that reported in the Texas, and
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Florida in the US; Saskatoon in Canada; and Shanghai, China; but lower than reported
value in ChongJu, Korea. They attributed this to non-effective NPS management
implementation. Chow et al. (2012) modelled the quantity and quality of runoff
from residential, commercial, and industrial areas in Johor using SWMM to establish
and compare the nature of pollutants buildup and washoff using local data. They
concluded that buildup in Malaysia was small compared with the temperate zones,
and its progression was limited due to its frequent rainfall.

There were few conducted studies on NPS pollution in Malaysia (e.g.
Abdullah, 1995; Al-Mamun, 2005; Nazahiyah, 2005; Malakahmad et al., 2008;
Eisakhani et al., 2009; Zainudin et al., 2009; Chow, 2011). These studies were
localised to only urban and agricultural catchment scales. Among them, Al-Mamun
(2005), Nazahiyah, (2005) and Chow (2011) seems to be pioneers in conducting a
detailed study on urban catchment nonpoint source pollution. Presently, there is need
to investigate the role played by various urban surfaces like road in the urban NPS
pollution. Road surfaces can significantly contribute to the retention of heavy metals
and sediments during dry weather periods as a result of atmospheric deposition, and
other local sources. These accumulated pollutants are the major threats to the urban
environment due to their conveyance to the surrounding catchments during wet weather
washoff process (Yusop et al., 2005). The study of the Malaysian river and estuaries by
Zakaria et al. (2002) concluded that the receiving water bodies were heavily polluted.
They reported concentrations of organic and inorganic compounds from different land
uses.

This research hopes to deepen or open a new discovery on the role of roads as
a source of NPS pollution in urban setup. It will also investigate the possible primary
sources where these pollutants originates. The implication of different rain events on
the transportation of these pollutants during the wet-weather washoff process will also
be appraised. The outcome from this study would ultimately deepen the understanding
of NPS and their likely primary sources in an urban landscape. The result can be of
utmost help to managers for a holistic control, by targeting the sources where pollutants
originate.
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1.4 Research Objectives

This research is aimed to close up the existing data gap on the role of road as
an impervious unit in urban landscape and its relative contributions to the overall NPS
pollution load in Malaysia. Specifically, this study objectives are to:

1. Determine the influence of natural rain intensity on the raindrop diameter and its
kinetics.

2. Develop an artificial rainfall simulator that will replicate the natural rainfall of
the study area as closely as possible.

3. Identify the possible primary sources where heavy metals originate using a
multivariate analytical technique.

4. Determine a heavy metal pollution surrogate, and investigate the transportation
of pollutants during a wet weather washoff process on different road surfaces
under different rain event.

1.5 Scope of the Study

Since the extent of diffuse pollution is related to certain uncontrollable climatic
events, as well as geographic and geologic conditions, and may differ greatly from
place to place and from year to year (Novotny, 2003, Forster, 1998, Egodawatta et al.,
2009) this research will undertake the following to achieve the objectives of the study.

1. Appraisal of natural rainfall characteristics of the study area.

2. Development of an artificial rainfall simulator to generate rainfall parameters
similar to the natural rainfall of the study area.

3. Laboratory analyses to determine the concentration of heavy metals (Zn, Fe,
Cd, Pb, Cu, Ni, Mn, Al and Cr), the carbon matrices [Inorganic carbon(IC),
total carbon (TC), and total organic carbon (TOC)] and the associated
physicochemical parameters [dissolve oxygen (DO), Electrical conductivity
(EC), total dissolve solids (TDS), total suspended solids (TSS), salinity, and pH].

4. Investigate possible sources of heavy metals on roads using a principal
component analysis (PCA), and factor analysis.
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5. Empirical analysis to establish the washoff relationship of pollutants with
different roads type, under different rain intensity and duration.

1.6 Significance of the Study

Pollution profile and their sources differed between nations, and the mitigation
approaches used in industrialized countries cannot often be applied directly in the
developing countries, and each country is saddled with the responsibility of developing
its own based on its prevailing conditions. Therefore, this work will be of great
importance to government, individuals and private organisations to better understand
the pattern of buildup and washoff on road surfaces under tropical condition. This
study would also present a clear understanding of pollutant’s origins, and the washoff
dependants influencing factors.

1.7 Identification of Research Methodology

Due to unpredictability of runoff quality which is reported to be sensitive to
metrological conditions (Novotny, 2003; Vialle et al., 2011) and its complexity as
a function of different environmental parameters (He et al., 2000). This work used
laboratory simulation to answer questions of the research. The laboratory simulation
on one hand, allowed the adjustment of certain influencing parameters which will
otherwise be impossible in the field within reasonable time frame and on the other hand
its necessity as a pathway for an in depth understanding of patterns and variability that
may exist between buildup and washoff processes. So, the methodology are grouped
in the following hierarchal order:

1. Literature review.

2. Design and fabrication of rainfall simulator based on literature.

3. Selection of study site and rainfall characteristics for simulation.

4. Collection, testing and characterisation of buildup and washoff samples.

The schematic flow chart of the methodology is presented in Figure 1.1.
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1.7.1 Literature Review

Extensive literature was carried out to gain a comprehensive knowledge of wet
weather urban pollution, characteristics, influential parameters, response on different
surfaces and impact. Specifically the aims are to:

1. understand urban hydrological changes and responses due to increase population
and imperviousness.

2. understand sources, types, composition and characteristics of pollutants from
different urban surfaces.

3. present contemporary knowledge in pollutant buildup and washoff process under
different rainfall characteristics (intensity and duration).

1.7.2 Development of a rainfall simulator

The rainfall simulator was designed to ensure it can reproduce rainfall
parameters as closely as possible, and was such that it can model the spatial variation
of different rainfall intensities and rainfall depth. The component and setup of the
simulator were such that the RS was easy to transport, assemble and dismantled.
Plots were setup such that it was easy for instant measurement of runoff at any given
time. The RS minimised generation of excessive volume of rain within short period of
time by incorporating an oscillating boom. This arrangement has ensured spatial and
temporal variation of the rainfall.

1.7.3 Selection of study site and sampling

Five potential road surfaces were selected based on their land uses and their
exposure to local sources. To differentiate the pollutants originating from atmospheric
deposition and that originating from the localised sources, the roads’ location were
strategically chosen to receive similar atmospheric fall outs. Samples were collected
during the dry weather period, and analysed for nine metals (Zn, Fe, Cd, Pb, Cu, Ni, Cr,
Mn, and Al). These chosen metals were of particular interest to water runoff pollution
researchers (Papiri et al., 2008; Poleto et al., 2009a; Zhao et al., 2011).
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The washoff samples were collected using the simulated rain. The simulation
took place on three chosen locations. A total of 22 events were simulated for washoff
study. Because of the nature of washoff, the flow weighted measure was employed
to each subsamples in proportion to the inflow volume and effluent. For quality
control, duplicate samples were provided to ensure the repeatability and precision
of the obtained result. Care was exercised to ensure there was no foreign substrate
introduced into the sampling and throughout the experimental procedures.

Heavy metals can be quantified as total or soluble analytes, the latter is
generally of environmental concern due to it’s bio-availability (Duncan et al.,
2007). Buildup samples were filtered through 0.45µm filter, and petitioned for
physicochemical, and heavy metal analyses.

1.8 Organisation of Thesis

Chapter 1 presents, the intents and the motivation to undertake this study.
The problem statement was conceptualised and presented. In addition, it gives the
framework on how these research objectives will be achieved, and the lead benefits of
undertaking the research.

Chapter 2 recapitulates the past and current knowledge in the area of the urban
NPS pollution. It gives an overview of the relationship between urban hydrology, and
the influence of increasing urban sealed surfaces on the pollution level. It described in
detail the importance of particle in vectoring heavy metals in the environment and the
importance of their source identification.

Chapter 3 this chapter gives an overview of the peculiarity of the study region
in terms of its rainfall dynamics, and how it shaped the sampling protocol implemented
in obtaining the data. It described in details the procedure followed in carrying out the
experimental work of the study. It specifically described the sample collection, storage,
preparation, processing and analyses. It also justified the choice of the sampling
equipment, and the calibration of the RS. An overview of principal component and
factor analysis was also undertaken in detail.

Chapter 4 discussed the result of the study area’s rainfall governing
parameters, the modelled rainfall drop diameter, and its distribution. The knowledge
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of the natural rainfall characteristics of the study area was used as a baseline in
the development of a RS. The chapter reported in details, the choice of the RS
components that ensured replication of the natural rainfall’s characteristics. It also
reported extensively on the evaluation and calibration of the RS. The chapter also
reported the screening of the data, and further gives an additional information on the
suitability of the identified method for further analysis.

Chapter 5 deals with investigating the possible sources of the heavy metals
in roads, and the modelling of heavy metals in washoff process. The heavy metal
sources investigation was undertaken using the principal component, and the Factor
multivariate analyses to identify the possible sources of the heavy metals in a typical
tropical urban environment. The particle mass analysis was also undertaken to further
investigate the influence of different land uses, and the impact of a longevity factors
in urban NPS. This chapter also presented the descriptive modelling of the washoff
process under different rainfall depth and duration using a defined surrogate measure
of dissolved heavy metals’ concentration. The washoff models were established using
selected typical rainfall duration of the study area.

Chapter 6 presented the summary of the findings from this study, and
highlighted areas that needs to be researched further.



 

 
 

REFERENCES 

Abudi, I., Carmi, G., and Berliner, P. (2012). Rainfall simulator for field runoff 

studies. Journal of Hydrology, 454-455, 76-81. 

Adachi, K., and Tainosho, Y. (2005). Single particle characterization of size-

fractionated road sediments. Applied Geochemistry, 20(5), 849-859. 

Adams, R., and Elliott, S. (2006). Physically based modelling of sediment generation 

and transport under a large rainfall simulator. Hydrological processes, 20(11), 

2253-2270. 

Agassi, M., and Bradford, J. (1999). Methodologies for inter-rill soil erosion studies. 

Soil Till Res, 49, 277–287. 

Ahmad, I., Dole, J. M., Carlson, A. S., and Blazich, F. A. (2013). Water quality effects 

on postharvest performance of cut calla, hydrangea, and snapdragon. Scientia 

Horticulturae, 153(0), 26-33. 

AIP. (1999). Altimeter Setting Procedures. Retrieved. from 

http://aip.dca.gov.my/aip%20pdf/ENR/ENR%201/ENR%201.7/Altimeter%2

0Setting%20Procedures.pdf. 

Akkoyunlu, A., and Akiner, M. E. (2012). Pollution evaluation in streams using water 

quality indices: A case study from Turkey's Sapanca Lake Basin. Ecological 

Indicators, 18(0), 501-511. 

Aksoy, H., Unal, N. E., Cokgor, S., Gedikli, A., Yoon, J., Koca, K., et al. (2012). A 

rainfall simulator for laboratory-scale assessment of rainfall-runoff-sediment 

transport processes over a two-dimensional flume. CATENA, 98, 63-72. 

Al-Mamun, A. (2005). A  Study  on  the  Pollution  Generation Originated  from  

Nonpoint  Sources  in  a  Developed  Urban  Residential  Area. Universiti 

Technologi Malaysia, Johor Bahru. 

Albiac, J., Calvo, E., Tapia, J., and Esteban, E. (2009). Water quality and nonpoint 

pollution: Comparative global analysis. 



210 
 

 
 

Alloway, B. J. (1995). Heavy Metals in Soils, Trace Metals and Metalloids in Soils 

and their Bioavailability, Third Edition (Third Edition ed. Vol. 22). Springer 

Dordrecht Heidelberg New York London: Springer. 

Alves Sobrinho, T., Gómez‐Macpherson, H., and Gómez, J. (2008). A portable 

integrated rainfall and overland flow simulator. Soil Use and Management, 

24(2), 163-170. 

Andral, M., Roger, S., Montrejaud-Vignoles, M., and Herremans, L. (1999). Particle 

size distribution and hydrodynamic characteristics of solid matter carried by 

runoff from motorways. Water Environment Research, 398-407. 

APHA. (1999). Standard methods for the examination of water and wastewater, 

American Public Health Association. Retrieved. from. 

AQI. (2014). Air Pollution: Real-time Air Quality Index (AQI).   Retrieved 7/12/14, 

2014, from http://aqicn.org/city/malaysia/johor/kota-tinggi/ 

Asmussen, S., Binswanger, K., and Hojgaard, B. (2000). Rare events simulation for 

heavy-tailed distributios. Bernoulli, 6(2), 303-322. 

Assiry, A. M., Gaily, M. H., Alsamee, M., and Sarifudin, A. (2010). Electrical 

conductivity of seawater during ohmic heating. Desalination, 260(1–3), 9-17. 

Assouline, S., El Idrissi, A., and Persoons, E. (1997). Modelling the physical 

characteristics of simulated rainfall: a comparison with natural rainfall. 

Journal of Hydrology, 196(1–4), 336-347. 

Astaraie-Imani, M., Kapelan, Z., Fu, G., and Butler, D. (2012). Assessing the 

combined effects of urbanisation and climate change on the river water quality 

in an integrated urban wastewater system in the UK. Journal of Environmental 

Management, 112(0), 1-9. 

ASTM. (2006). Standard Test Method for Measuring Pavement Macrotexture Depth 

Using aVolumetric Technique. In A. S. f. T. a. Materials (Ed.), E965 − 96 

(Reapproved 2006). 

Avellaneda, P., Ballestero, T. P., Roseen, R. M., and Houle, J. J. (2009). On parameter 

estimation of urban storm-water runoff model. Journal of Environmental 

Engineering, 135(8), 595-608. 

Azevedo Coutinho, M., and Pereira Tomás, P. (1995). Characterization of raindrop 

size distributions at the Vale Formoso Experimental Erosion Center. CATENA, 

25(1–4), 187-197. 



211 
 

 
 

Baek, S., Field, R., Goldstone, M., Kirk, P., Lester, J., and Perry, R. (1991). A review 

of atmospheric polycyclic aromatic hydrocarbons: sources, fate and behavior. 

Water, Air, and Soil Pollution, 60(3-4), 279-300. 

Banat, K. M., Howari, F. M., and Al-Hamad, A. A. (2005). Heavy metals in urban 

soils of central Jordan: Should we worry about their environmental risks? 

Environmental Research, 97(3), 258-273. 

Bannerman, R., Baun, K., Bohn, M., Hughes, P., and Graczyk, D. (1983). Evaluation 

of urban nonpoint source pollution management in Milwaukee County, 

Wisconsin, Vol. I. Grant No: P005432-01-5, PB 84-114164. US Environmental 

Protection Agency, Water Planning Divisiono. Document Number) 

Bee, O. J., and Sien, C. L. (1974). The climate of West Malaysia and Singapore: 

Oxford University Press. 

Behera, P. K., Adams, B. J., and Li, J. Y. (2006). Runoff quality analysis of urban 

catchments with analytical probabilistic models. Journal of Water Resources 

Planning and Management, 132(1), 4-14. 

Bertrand-Krajewski, J.-L., Chebbo, G., and Saget, A. (1998). Distribution of pollutant 

mass vs volume in stormwater discharges and the first flush phenomenon. 

Water Research, 32(8), 2341-2356. 

Bian, B., and Zhu, W. (2009). Particle size distribution and pollutants in road-

deposited sediments in different areas of Zhenjiang, China. Environmental 

geochemistry and health, 31(4), 511-520. 

Blanquies, J., Scharff, M., and Hallock, B. (2003). The Design and Construction of a 

Rainfall simulator. Paper presented at the International Erosion Control 

Association (IECA), 34th Annual Conference and Expo.,.  

Boehm, P. D., and Farrington, J. W. (1984). Aspects of the polycyclic aromatic 

hydrocarbon geochemistry of recent sediments in the Georges Bank region. 

Environmental science & technology, 18(11), 840-845. 

Bogan, B. W., and Trbovic, V. (2003). Effect of sequestration on PAH degradability 

with Fenton’s reagent: roles of total organic carbon, humin, and soil porosity. 

Journal of Hazardous Materials, 100(1), 285-300. 

Boitsov, S., Jensen, H. K. B., and Klungsøyr, J. (2009). Natural background and 

anthropogenic inputs of polycyclic aromatic hydrocarbons (PAH) in sediments 

of South-Western Barents Sea. Marine Environmental Research, 68(5). 



212 
 

 
 

Booth, D. B., and Jackson, C. R. (1997). Urbanization of aquatics - degradation 

thresholds, stormwater detention, and limits of mitigation 

Journal of the American Water Resources Association, 33, 1077-1090. 

Bosch, D. J., Lohani, V. K., Dymond, R. L., Kibler, D. F., and Stephenson, K. (2003). 

Hydrological and Fiscal Impacts of Residential Development: Virginia Case 

Study. Journal of Water Resources Planning and Management, 129(2), 107-

114. 

Bowyer-Bower, T. A. S., and Burt, T. P. (1989). Rainfall Simulators for Investigating 

Soil Response to Rainfall. Soil Technology, 2, 1-16. 

Boxel, J. H. V. (1997). Numerical Model for the Fall Speed of Raindrops in Rainfall 

Simulator. Paper presented at the Workshop on Wind and Water Erosion  

Brandes, E. A., Ikeda, K., Thompson, G., and Schönhuber, M. (2008). Aggregate 

terminal velocity/temperature relations. Journal of Applied Meteorology and 

Climatology, 47(10), 2729-2736. 

Bringi, V., Chandrasekar, V., Hubbert, J., Gorgucci, E., Randeu, W., and 

Schoenhuber, M. (2003). Raindrop size distribution in different climatic 

regimes from disdrometer and dual-polarized radar analysis. Journal of the 

atmospheric sciences, 60(2), 354-365. 

Bris, F.-J., Garnaud, S., Apperry, N., Gonzalez, A., Mouchel, J.-M., Chebbo, G., et al. 

(1999). A street deposit sampling method for metal and hydrocarbon 

contamination assessment. Science of The Total Environment, 235(1), 211-

220. 

Brodie, I., and Rosewell, C. (2007). Theoretical relationships between rainfall 

intensity and kinetic energy variants associated with stormwater particle 

washoff. Journal of Hydrology, 340(1–2), 40-47. 

Brodie, I. M., and Dunn, P. K. (2010). Commonality of rainfall variables influencing 

suspended solids concentrations in storm runoff from three different urban 

impervious surfaces. Journal of Hydrology, 387(3–4), 202-211. 

Bronstert, A. (2004). Rainfall-runoff modelling for assessing impacts of climate and 

land-use change. Hydrological Processes, 18(3), 567-570. 

Brown, J. N., and Peake, B. M. (2006). Sources of heavy metals and polycyclic 

aromatic hydrocarbons in urban stormwater runoff. Science of the Total 

Environment 359, 145 – 155. 



213 
 

 
 

Brun, S. E., and Band, L. E. (2000). Simulating runoff behavior in an urbanizing 

watershed. Computers, Environment and Urban Systems 24, 5-22. 

Bryan, R., and Poesen, J. (1989). Laboratory experiments on the influence of slope 

length on runoff, percolation and rill development. Earth Surface Processes 

and Landforms, 14(3), 211-231. 

Butcher, J. B. (2003). Buildup, washoff, and event mean concentrations. JAWRA 

Journal of the American Water Resources Association, 39(6), 1521-1528. 

Campbell, M. J., and Burns, K. I. (2001). Non-linearity of detector response in ICP-

MS. Journal of Analytical Atomic Spectrometry, 16(9), 970-974. 

Campos, E. F. (1999). On Measurements of Drop Size Distribution. Topicos 

Meteorológicos Y Oceanograficos, 6(1), 24-30. 

Candela, A., Freni, G., Mannina, G., and Viviani, G. (2009). Quantification of diffuse 

and concentrated pollutant loads at the watershed-scale: An Italian case study. 

Water Science and Technology, 59(11), 2125-2135. 

Cao, J. J., Lee, S. C., Ho, K. F., Zou, S. C., Fung, K., Li, Y., et al. (2004). Spatial and 

seasonal variations of atmospheric organic carbon and elemental carbon in 

Pearl River Delta Region, China. Atmospheric Environment, 38(27), 4447-

4456. 

Caraco, D., Claytor, R., Hinkle, P., Kwon, H. Y., Schueler, T., Swann, C., et al. (1998). 

Rapid Watershed Planning Handbook, A Comprehensive Guide in Managing 

Urbanizing Watershed. Retrieved. from. 

Carpenter, S., Nina F. Caraco, David L. Correll, Robert W. Howarth, Andrew N. 

Sharpley, and Smith, V. H. (1998). Nonpoint Pollution of Surface Waters with 

Phosphorus and Nitrogen. Retrieved. from. 

Catari, G., Latron, J., and Gallart, F. (2011). Assessing the sources of uncertainty 

associated with the calculation of rainfall kinetic energy and erosivity – 

application to the Upper Llobregat Basin, NE Spain. hydrology Earth System 

and Sceince, 15, 679–688. 

Cattell, R. B. (1966). The scree test for the number of factors. Multivariate Behavioral 

Research, 1, 245-276. 

Cerdà, A., Ibáñez, S., and Calvo, A. (1997). Design and operation of a small and 

portable rainfall simulator for rugged terrain. Soil Technology, 11(2), 163-170. 



214 
 

 
 

Chang, M. T., McBroom, M. W., and Beasley, R. S. (2004). Roofing as a source of 

nonpoint water pollution. Journal of Environmental Management, 73(4), 307-

315. 

Chapman, D. V., Organization, W. H., and Press, C. (1996). Water quality 

assessments: a guide to the use of biota, sediments and water in environmental 

monitoring: E & Fn Spon London. 

Cheng, S. (2003). Heavy  Metal  Pollution  in  China:  Origin,  Pattern  and  Control 

Environmental science and pollution research, 10(3), 192-198. 

Chow, F. M., and Yusop, Z. (2009). Storm run off quality in a residential catchment 

in malaysia. Journal of Environmental Hydrology, 17. 

Chow, M., Yusop, Z., and Shirazi, S. (2013a). Storm runoff quality and pollutant 

loading from commercial, residential, and industrial catchments in the tropic. 

Environmental Monitoring and Assessment, 185(10), 8321-8331. 

Chow, M., Yusop, Z., and Toriman, M. (2012). Modelling runoff quantity and quality 

in tropical urban catchments using Storm Water Management Model. 

International Journal of Environmental Science and Technology, 9(4), 737-

748. 

Chow, M. F. (2011). Quantification and Modeling of Non-Point Source Pollution in 

Residential, Commercial and Industrial Catchments. Unpublished PhD, 

Universiti Teknologi Malaysia, Skudai, Johor Bahru. 

Chow, M. F., Yusop, Z., and Abustan, I. (2013b). Relationship between sediment 

build-up characteristics and antecedent dry days on different urban road 

surfaces in Malaysia. Urban Water Journal(ahead-of-print), 1-8. 

Christiansen, J. E. (1942). Irrigation by sprinkling: University of California Berkeley, 

CA. 

Clark, S. E., Burian, S., Pitt, R., and Field, R. (2007). Urban wet-weather flows. Water 

Environment Research, 79(10), 1166-1227. 

Clarke, M. A., and Walsh, R. P. (2007). A portable rainfall simulator for field 

assessment of splash and slopewash in remote locations. Earth Surface 

Processes and Landforms, 32(13), 2052-2069. 

 33 U.S.Code § 1314(a)(4),   (sec. 304(a)(4)). 

Conway, T. M. (2007). Impervious surface as an indicator of pH and specific 

conductance in the urbanizing coastal zone of New Jersey, USA. Journal of 

Environmental Management, 85(2), 308-316. 



215 
 

 
 

Corona, R., Wilson, T., D’Adderio, L. P., Porcù, F., Montaldo, N., and Albertson, J. 

(2013). On the Estimation of Surface Runoff through a New Plot Scale Rainfall 

Simulator in Sardinia, Italy. Procedia Environmental Sciences, 19(0), 875-

884. 

Corwin, D. L., and Wagenet, R. J. (1996). Applications of GIS to the Modeling of 

NonPoint Source Pollutants in the Vadose Zone: A Conference Overview. 

Journal of Environmental Quality, 25(3), 403 - 411. 

County, P. G. s. (1999). Low-Impact Development Hydrologic Analysis. In D. S. 

Richard Field (Ed.), Wet-Weather Flow in the Urban Watershed: Technology 

and Management (pp. 195-314). Maryland: CRC. 

Coutinho, M. A., and Tomás, P. P. (1995). Characterization of raindrop size 

distributions at the Vale Formoso Experimental Erosion Center. CATENA, 

25(1–4), 187-197. 

Davis, A. P., Shokouhian, M., and Ni, S. (2001). Loading estimates of Lead, Copper, 

Cadmium, and Zinc in urban runoff from specific sources. Chemosphere, 44, 

997-1009. 

Davis, B., and Birch, G. (2010). Comparison of heavy metal loads in stormwater 

runoff from major and minor urban roads using pollutant yield rating curves. 

Environmental Pollution, 158(8), 2541-2545. 

de Lima, J. L. M. P., and Singh, V. P. (2003). Laboratory experiments on the influence 

of storm movement on overland flow. Physics and Chemistry of the Earth, 

Parts A/B/C, 28(6–7), 277-282. 

Deletic, A. (1998). The first flush load of urban surface runoff. Water Research, 32(8), 

2462-2470. 

Deletic, A., and Orr, D. W. (2005). Pollution buildup on road surfaces. Journal of 

Environmental Engineering, 131(1), 49-59. 

Deletic, A. B., and Maksimovic, C. (1998). Evaluation of water quality factors in 

storm runoff from paved areas. Journal of Environmental Engineering, 124(9), 

869-879. 

Deni, S. M., Jemain, A. A., and Ibrahim, K. (2008). The spatial distribution of wet and 

dry spells over Peninsular Malaysia. Theoretical and Applied Climatology, 

94(3-4), 163-173. 

DID. (2006). Urban Storm Water Manual For Malaysia: Design Fundamentals. 

Retrieved. from. 



216 
 

 
 

Dien, J., Beal, D. J., and Berg, P. (2005). Optimizing principal components analysis 

of event-related potentials: Matrix type, factor loading weighting, extraction, 

and rotations. Clinical Neurophysiology, 116(8), 1808-1825. 

Dimoyiannis, D. G., Valmis, S., and Vyrlas, P. (2001). A Rainfall Simulation Study of 

Erosion of some Calcareous Soils. Paper presented at the 7th International 

Conference on Environmental Science and Technology.  

Dom, N. M., Abustan, I., and Abdullah, R. (2012). Dissolved Organic Carbon 

Production and Runoff Quality of Sungai Kerayong, Kuala Lumpur, Malaysia. 

International Journal of Engineering & Technology, 12(4). 

Duncan, D., Walker, M., Harvey, F., and Australia, S. (2007). Regulatory Monitoring 

and Testing: Water and Wastewater Sampling: Environment Protection 

Authority. 

Dunkerley, D. (2012). Effects of rainfall intensity fluctuations on infiltration and 

runoff: Rainfall simulation on dryland soils, Fowlers Gap, Australia. 

Hydrological Processes, 26(15), 2211-2224. 

Egodawatta, P. (2007). Translation of Small-plot Scale Pollutants Build-up and Wash-

off Measurement to Urban Catchment Scale. Unpublished PhD Thesis, 

Queensland University of Technology, Brisbane, Australia. 

Egodawatta, P., and Goonetilleke, A. (2006). Characteristics of pollutants built-up on 

residential road surfaces. Paper presented at the the 7th International 

conference on hydroscience andengineering (ICHE 2006).  

Egodawatta, P., Thomas, E., and Goonetilleke, A. (2007). Mathematical interpretation 

of pollutant wash-off from urban road surfaces using simulated rainfall. Water 

Research, 41(13), 3025-3031. 

Egodawatta, P., Thomas, E., and Goonetilleke, A. (2009). Understanding the physical 

processes of pollutant build-up and wash-off on roof surfaces. Science of The 

Total Environment, 407(6), 1834-1841. 

Egodawatta, P., Ziyath, A. M., and Goonetilleke, A. (2013). Characterising metal 

build-up on urban road surfaces. Environmental Pollution, 176(0), 87-91. 

Eisakhani, M., Pauzi, A., Karim, O., Malakahmad, A., Mohamed Kutty, S. R., and Isa, 

M. H. (2009). GIS-based Non-point Sources of Pollution Simulation in 

Cameron Highlands, Malaysia. International Journal of Civil and 

Environmental Engineering 1(3). 

EPA. (1996). Measurement of Specific Conductance method 9050A. Retrieved. from. 



217 
 

 
 

EPA. (1998). Inductively coupled plasma-mass spectrometry. Retrieved. from 

http://www.epa.gov/osw/hazard/testmethods/sw846/pdfs/6020a.pdf. 

EPA. (1999a). Total Dissolved Solids (TDS) measurement Method 160.1. Retrieved. 

from. 

EPA. (1999b). Total Organic Carbon in water: EPA method 415.1 and 415.2. 

Retrieved. from. 

EPA. (2000a). A Guide to the Sampling and Analysis of Waters, Wastewaters, Soils 

and Wastes. Retrieved. from. 

EPA. (2000b). pH in Liquid and Soil method 9040 and 9045 Retrieved. from. 

EPA. (2002). Dissolved Oxygen, EPA method 360.1. Retrieved. from. 

EPA. (2005). National Management Measures to Control Nonpoint Source Pollution 

from Urban Areas. Retrieved. from. 

EPA. (2006). Voluntary Estuary Monitoring Manual Chapter 11: pH and Alkalinity. 

Retrieved. from 

water.epa.gov/type/oceb/.../2009_03_13_estuaries_monitor_chap11.pdf. 

Esteves, M., Planchon, O., Lapetite, J. M., Silvera, N., and Cadet, P. (2000). The 

`Emire' Large Rainfall Simulator: Design and Field Testing. Earth Surface 

Processes and Landforms, 25(Special issue), 681-690. 

Facchinelli, A., Sacchi, E., and Mallen, L. (2001). Multivariate statistical and GIS-

based approach to identify heavy metal sources in soils. Environmental 

pollution, 114(3), 313-324. 

Faires, L. M. H. (1993). Methods of analysis by the US Geological Survey National 

Water Quality Laboratory: determination of metals in water by inductively 

coupled plasma-mass spectrometry: US Department of the Interior, US 

Geological Survey. 

Feng, G., Sharratt, B., and Vaddella, V. (2013). Windblown soil crust formation under 

light rainfall in a semiarid region. Soil and Tillage Research, 128, 91-96. 

Ferrier, R. C., D'Arcy, B. J., MacDonald, J., and Aitken, M. (2005). Diffuse Pollution 

- What is the nature of the problem? Water and Environment Journal 19(4). 

Fister, W., Iserloh, T., Ries, J. B., and Schmidt, R. G. (2012). A portable wind and 

rainfall simulator for in situ soil erosion measurements. CATENA, 91, 72-84. 

Fornis, R. L., Vermeulen, H. R., and Nieuwenhuis, J. D. (2005). Kinetic energy–

rainfall intensity relationship for Central Cebu, Philippines for soil erosion 

studies. Journal of Hydrology, 300(1–4), 20-32. 



218 
 

 
 

Forster, J. (1996). Patterns of roof runoff contamination and their potential 

implications on practice and regulation of treatment and local infiltration. 

Water Science and Technology, 33(6), 39-48. 

Forster, J. (1998). The influence of location and season on the concentrations of 

macroions and organic trace pollutants in roof runoff. Water Science and 

Technology, 38(10), 83-90. 

Fox, N. I. (1999). Technical note: The representation of rainfall drop-size distribution 

and kinetic energy. Hydrology and Earth System Sciences, 8(5), 1001-1007. 

Fu, G., Butler, D., and Khu, S.-T. (2009). The impact of new developments on river 

water quality from an integrated system modelling perspective. Science of The 

Total Environment, 407, 1257-1267. 

Funasaka, K., Sakai, M., Shinya, M., Miyazaki, T., Kamiura, T., Kaneco, S., et al. 

(2003). Size distributions and characteristics of atmospheric inorganic 

particles by regional comparative study in Urban Osaka, Japan. Atmospheric 

Environment, 37(33), 4597-4605. 

Gannon, R. W., Osmond, D.L., Humenik, F.J., Gale, J.A., Spooner, J. ( 1996). Goal-

oriented agricultural water quality legislation. Water Resources Bulletin 32, 

437-450. 

German, J., and Svensson, G. (2002). Metal content and particle size distribution of 

street sediments and street sweeping waste. Water Science and Technology, 

46(6-7), 191-198. 

Giacomo, P. (1982). Equation for the determination of the density of moist air (1981). 

Metrologia, 18(1), 33. 

Gilbert, J. K., and Clausen, J. C. (2006). Stormwater runoff quality and quantity from 

asphalt, paver, and crushed stone driveways in Connecticut. Water Research, 

40(4), 826-832. 

Göbel, P., Dierkes, C., and Coldewey, W. (2007a). Storm water runoff concentration 

matrix for urban areas. Journal of contaminant hydrology, 91(1), 26-42. 

Göbel, P., Dierkes, C., and Coldewey, W. G. (2007b). Storm water runoff 

concentration matrix for urban areas. Journal of Contaminant Hydrology, 

91(1-2), 26-42. 

Grace, R. A., and Eagleson, P. S. (1966). Construction and Use of A Physical Model 

of the Rainfall-Runoff Process. Massachusetts: Massachusetts, Institute of 



219 
 

 
 

Technology, Department of Civil Engineering, Hydrodynamics Laboratory o. 

Document Number) 

Gramotnev, G., and Ristovski, Z. (2004). Experimental investigation of ultra-fine 

particle size distribution near a busy road. Atmospheric Environment, 38(12), 

1767-1776. 

Grierson, I. T., and Oades, J. M. (1977). A rainfall simulator for field studies of run-

off and soil erosion. Journal of Agricultural Engineering Research, 22(1), 37-

44. 

Griffith, G. E., Omernik, J.M., Woods, A.J. (1999). Ecoregions, watersheds, basins, 

and HUC’s: how state and federal agencies frame water quality. Journal of 

Soil and Water Conservation  

54, 666–677. 

Grismer, M. (2012). Standards vary in studies using rainfall simulators to evaluate 

erosion. California Agriculture, 66(3), 102-107. 

Gu, B., Dong, X., Peng, C., Luo, W., Chang, J., and Ge, Y. (2012). The long-term 

impact of urbanization on nitrogen patterns and dynamics in Shanghai, China. 

Environmental Pollution, 171(0), 30-37. 

Guevara-Escobar, A., Gonzalez-Sosa, E., Ramos-Salinas, M., and Hernandez-

Delgado, G. D. (2007). Experimental analysis of drainage and water storage of 

litter layers. Hydrology Earth System and Sceince, 11, 1703–1716. 

Gunawardena, J., Egodawatta, P., Ayoko, G. A., and Goonetilleke, A. (2012). Role of 

traffic in atmospheric accumulation of heavy metals and polycyclic aromatic 

hydrocarbons. Atmospheric Environment, 54(0), 502-510. 

Gunawardena, J., Ziyath, A. M., Egodawatta, P., Ayoko, G. A., and Goonetilleke, A. 

(2014). Mathematical relationships for metal build-up on urban road surfaces 

based on traffic and land use characteristics. Chemosphere, 99(0), 267-271. 

Gunawardena, J., Ziyath, A. M., Egodawatta, P., Ayoko, G. A., and Goonetilleke, A. 

(2015). Sources and transport pathways of common heavy metals to urban road 

surfaces. Ecological Engineering, 77(0), 98-102. 

Gunn, R., and Kinzer, G. D. (1949). The terminal velocity of fall for water droplets in 

stagnant air. Journal of Meteorology, 6(4), 243-248. 

Hall, M. J., Johnston, P. M., and Wheater, H. S. (1989). Evaluation of overland flow 

models using laboratory catchment data I. An apparatus for laboratory 

catchment studies. Hydrological Sciences Journal, 34(3), 277-288. 



220 
 

 
 

Hall, M. J., and Wolf, P. O. (1967). Design Criteria for Laboratory Catchment 

Experiments, with Particular Reference to Rainfall Simulation. Hydrological 

Aspects of the Utilisation of Water; Reports and Discussions 76, 395-406. 

Hallberg, M., Renman, G., and Lundbom, T. (2007). Seasonal variations of ten metals 

in highway runoff and their partition between dissolved and particulate matter. 

Water, Air, and Soil Pollution, 181(1-4), 183-191. 

Hammad, A. H. A., Børresen, T., and Haugen, L. (2006). Effects of rain characteristics 

and terracing on runoff and erosion under the Mediterranean. Soil and Tillage 

Research, 87(1), 39-47. 

Harrison, R. M., Laxen, D. P., and Wilson, S. J. (1981). Chemical associations of lead, 

cadmium, copper, and zinc in street dusts and roadside soils. Environmental 

science & technology, 15(11), 1378-1383. 

Hayashi, M. (2004). Temperature-electrical conductivity relation of water for 

environmental monitoring and geophysical data inversion. Environmental 

Monitoring and Assessment, 96(1-3), 119-128. 

He, W., Wallinder, I. O., and Leygraf, C. (2000). A laboratory study of copper and 

zinc runoff during first  flush and steady-state conditions. Corrosion Science 

43, 43, 127-146. 

Herngren, L. (2005). build-up and Wash-off Process Kinetics of PAHs and Heavy 

metals on Paved Surfaces using Simulated Rainfall. Queensland University of 

Technology, Brisbane, Australia. 

Herngren, L., Goonetilleke, A., and Ayoko, G. (2004). Investigation of urban water 

quality using artificial rainfall. Proceedings of the Water Environment 

Federation, 2004(4), 1169-1184. 

Herngren, L., Goonetilleke, A., and Ayoko, G. A. (2005). Understanding heavy metal 

and suspended solids relationships in urban stormwater using simulated 

rainfall. Journal of Environmental Management, 76(2), 149-158. 

Herngren, L., Goonetilleke, A., Ayoko, G. A., and Mostert, M. M. M. (2010). 

Distribution of polycyclic aromatic hydrocarbons in urban stormwater in 

Queensland, Australia. Environmental Pollution, 158(9), 2848-2856. 

Hignett, C. T., Gusli, S., Cass, A., and Besz, W. (1995). An automated laboratory 

rainfall simulation system with controlled rainfall intensity, raindrop energy 

and soil drainage. Soil Technology, 8(1), 31-42. 



221 
 

 
 

Hinga, K. (2003). Degradation rates of low molecular weight PAH correlate with 

sediment TOC in marine subtidal sediments. Marine Pollution Bulletin, 46(4), 

466-474. 

Hinkle, S. (1991). A modified empirical drag coefficient for water drop ballistics. 

Applied engineering in agriculture (USA). 

Hiscock, K., Dennis, P., Saynor, P., and Thomas, M. (1996). Hydrochemical and 

stable isotope evidence for the extent and nature of the effective Chalk aquifer 

of north Norfolk, UK. Journal of Hydrology, 180(1), 79-107. 

Hoffman, E. J., Mills, G. L., Latimer, J. S., and Quinn, J. G. (1984). Urban runoff as 

a source of polycyclic aromatic hydrocarbons to coastal waters. Environmental 

science & technology, 18(8), 580-587. 

Holand, S. M. (2008). Principal Components Analysis (PCA).Unpublished 

manuscript. 

Horstmeyer, S. (2008). Deformation of Water drops in the Air.   Retrieved 18th 

November, 2013, from 

http://www.shorstmeyer.com/wxfaqs/float/dropdeform.html 

Horton, R. E. (1941). An approach toward a physical interpretation of infiltration-

capacity. Soil science society of America journal, 5(C), 399-417. 

Houze, R. A. (1997). Stratiform Precipitation in Regions of Convection: A 

Meteorological Paradox? Bulletin of the American Meteorological Society, 

78(10), 2179-2196. 

HP-No.1. (1982). Hydrological Procedure No. 1: Estimation of the Design Rainstorm 

in Peninsular Malaysia (Revised and Updated). Retrieved. from. 

Hu, X., Zhang, Y., Luo, J., Wang, T., and Lian, H. (2011). Total concentrations and 

fractionation of heavy metals in road-deposited sediments collected from 

different land use zones in a large city (Nanjing), China. Chemical Speciation 

and Bioavailability, 23(1), 46-52. 

Hudson, N. (1963). Raindrop size distribution in high intensity storms. Rhodesian 

Journal of Agricultural Research, 1(1), 6-11. 

Hudson, N. (1981). Instrumentation for studies of the erosive power of rainfall. 

Erosion and Sediment Transport Measurement, 372-382. 

Hudson, N. W. (1993). Field Measurement of Soil Erosion and Runoff. 



222 
 

 
 

Humphry, J., Daniel, T., Edwards, D., and Sharpley, A. (2002). A portable rainfall 

simulator for plot-scale runoff studies. Applied Engineering in Agriculture, 

18(2), 199-204. 

Hvitved-Jacobsen, T., Vollertsen, J., and Nielsen, A. H. (2011). Urban and highway 

stormwater pollution: Concepts and engineering: CRC press. 

Inamori, Y., and Fujimoto, N. (2007). Water Quality Standard. Encyclopedia of life 

support systems(EOLSS), II. 

Iserloh, T., Fister, W., Seeger, M., Willger, H., and Ries, J. B. (2012). A small portable 

rainfall simulator for reproducible experiments on soil erosion. Soil and 

Tillage Research, 124, 131-137. 

Jacobson, C. R. (2011). Identification and quantification of the hydrological impacts 

of imperviousness in urban catchments: A review. Journal of Environmental 

Management, 92(6), 1438-1448. 

Jain, C. K., and Ali, I. (2001). Nonpoint Source Pollution - State of the Art. Retrieved. 

from. 

Jayawardena, A. W., and Rezaur, R. B. (2000). Measuring Drop Size Distribution and 

Kinetic Energy of Rainfall using a Force Transducer. Hydrological Processes, 

14, 37-49. 

Johnson, C. D., and Juengst, D. (1997). Polluted Urban runoff: A Source of Concern: 

University of Wisconsin-Extension, in cooperation with the Wisconsin 

Department of Natural Resources. (W. M. S. Extension Publications, Madison, 

WI 53703 o. Document Number) 

Júnior, S. F. S., and Siqueira, E. Q. (2011). Development and Calibration of a Rainfall 

Simulator for Urban Hydrology Research. Paper presented at the 12th 

International Conference on Urban Drainage. from 

http://web.sbe.hw.ac.uk/staffprofiles/bdgsa/temp/12th%20ICUD/PDF/PAP00

5528.pdf 

Kainz, M., Auerswald, K., and Vöhringer, R. (1992). Comparison of Gerrnan and 

Swiss Rainfall Simulators - Utility, Labour Demands and Costs. Z. 

Flanzenernähir. Bodenk, 155, 7-11. 

Kaiser, H. F. (1958). The varimax criterion for analytic rotation in factor analysis. 

Psychometrika, 23(3), 187-200. 

Kaiser, H. F. (1960). The application of electronic computers to factor analysis. 

Educational and psychological measurement. 



223 
 

 
 

Kalbitz, K., Solinger, S., Park, J.-H., Michalzik, B., and Matzner, E. (2000). Controls 

on the dynamics of dissolved organic matter in soils: a review. Soil science, 

165(4), 277-304. 

Kambhatla, N., and Leen, T. K. (1997). Dimension reduction by local principal 

component analysis. Neural Computation, 9(7), 1493-1516. 

Karickhoff, S. W., Brown, D. S., and Scott, T. A. (1979). Sorption of hydrophobic 

pollutants on natural sediments. Water research, 13(3), 241-248. 

Kato, H., Onda, Y., Tanaka, Y., and Asano, M. (2009). Field measurement of 

infiltration rate using an oscillating nozzle rainfall simulator in the cold, 

semiarid grassland of Mongolia. Catena, 76(3), 173-181. 

Kayhanian, M., Suverkropp, C., Ruby, A., and Tsay, K. (2007). Characterization and 

prediction of highway runoff constituent event mean concentration. Journal of 

Environmental Management, 85 279–295. 

Keim, R. F., Skaugset, A. E., and Weiler, M. (2006). Storage of water on vegetation 

under simulated rainfall of varying intensity. Advances in Water Resources, 

29(7), 974-986. 

Kim, K. T., Kim, E. S., Cho, S. R., Park, J. K., Ra, K. T., and Lee, J. M. (2010a). 

Distribution of heavy metals in the environmental samples of the Saemangeum 

coastal area, Korea. Coastal Environmental and Ecosystem Issues of the East 

China Sea, 71-90. 

Kim, L.-H., Zoh, K.-D., Jeong, S.-m., Kayhanian, M., and Stenstrom, M. K. (2006). 

Estimating Pollutant Mass Accumulation on Highways during Dry Periods. 

Journal of Environmental Engineering, 132(9), 985-993. 

Kim, S. C., Davis, J. G., Truman, C. C., Ascough Ii, J. C., and Carlson, K. (2010b). 

Simulated rainfall study for transport of veterinary antibiotics - mass balance 

analysis. Journal of Hazardous Materials, 175(1-3), 836-843. 

Kincaid, D. C., Solomon, K. H., and Oliphant, J. C. (1996). Drop Size Distributions 

for Irrigation Sprinklers. American Society of Agricultural Engineers, 39(3), 

839-845. 

Kinnell, P. (1987). Rainfall energy in eastern Australia-Intensity kinetic energy 

relationships for Canberra, ACT. Soil Research, 25(4), 547-553. 

Kobayashi, D. (1986). Separation of a snowmelt hydrograph by stream conductance. 

Journal of Hydrology, 84(1), 157-165. 



224 
 

 
 

Krishna, A. K., Satyanarayanan, M., and Govil, P. K. (2009). Assessment of heavy 

metal pollution in water using multivariate statistical techniques in an 

industrial area: a case study from Patancheru, Medak District, Andhra Pradesh, 

India. Journal of hazardous materials, 167(1), 366-373. 

Kumar, L. S., Lee, Y. H., and Ong, J. T. (2010). Truncated Gamma Drop Size 

Distribution Models for Rain Attenuation in Singapore. IEEE Transactions On 

Antennas And Propagation, 58(4). 

Lal, R. (1998). Drop size distribution and energy load of rain storms at Ibadan, western 

Nigeria. Soil and Tillage Research, 48(1–2), 103-114. 

Lam, H. Y., Din, J., Luini, L., Panagopoulos, A. D., and Capsoni, C. (2011). Analysis 

of raindrop size distribution characteristics in Malaysia for rain attenuation 

prediction. IEEE transactions on antennas and propagation, 978(1), 4244-

6051. 

Lascano, R., Vorheis, J., Baumhardt, R., and Salisbury, D. (1997). Computer-

controlled variable intensity rain simulator. Soil Science Society of America 

Journal, 61(4), 1182-1189. 

Laws, J. O., and Parsons, D. A. (1943). The relation of raindrop size to intensity. 

Transactions of American Geophysical Union, 24th Annual Meeting, 452-460. 

Laxen, D. P. H., and Harrison, L. M. (1977). The Highway as a source of water 

pollution: An appraisal with the heavy metal lead. Water Research, 11, 1-11. 

Lee, C. S.-l., Li, X., Shi, W., Cheung, S. C.-n., and Thornton, I. (2006). Metal 

contamination in urban, suburban, and country park soils of Hong Kong: a 

study based on GIS and multivariate statistics. Science of the Total 

Environment, 356(1), 45-61. 

Lee, G. F., Jones, R.J. (1982). Quality of the St Thomas, US Virgin Islands household 

cistern water supplies. Paper presented at the Proceedings of an International 

Conference on Rainwater Cistern Systems, University of Hawaii, at Manoa, 

233–243. 

Lee, S.-I., Choi, Y.-S., and Koh, J.-H. (2004). Extraction of Non-Point Pollution Using 

Satellite Imagery Data. Paper presented at the Geo-Imagery Bridging 

Continents, Istanbul, Turkey, 354-357. 

Leecaster, M. K., Schiff, K., and Tiefenthaler, L. L. (2002). Assessment of efficient 

sampling designs for urban stormwater monitoring. Water Research, 36(6), 

1556-1564. 



225 
 

 
 

Legret, M., and Pagotto, C. (1999). Evaluation of pollutant loadings in the runoff 

waters from a major rural highway. The Science of the Total Environment, 235 

(1-3), 143-150. 

Lenard, P. (1892). Ueber die Electricität der Wasserfälle. Annalen der Physik, 282(8), 

584-636. 

Li, H., Shi, A., and Zhang, X. (2015). Particle size distribution and characteristics of 

heavy metals in road-deposited sediments from Beijing Olympic Park. Journal 

of Environmental Sciences, 32(0), 228-237. 

Lin, S., Hsieh, I. J., Huang, K.-M., and Wang, C.-H. (2002). Influence of the Yangtze 

River and grain size on the spatial variations of heavy metals and organic 

carbon in the East China Sea continental shelf sediments. Chemical Geology, 

182(2–4), 377-394. 

Liu, A., Liu, L., Li, D., and Guan, Y. (2015). Characterizing heavy metal build-up on 

urban road surfaces: Implication for stormwater reuse. Science of The Total 

Environment, 515–516(0), 20-29. 

Liu, C.-W., Lin, K.-H., and Kuo, Y.-M. (2003). Application of factor analysis in the 

assessment of groundwater quality in a blackfoot disease area in Taiwan. 

Science of the Total Environment, 313(1), 77-89. 

Loague, K., and Corwin, D. L. (Eds.). (2005) Encyclopedia of Hydrological Sciences. 

John Wiley & Sons, Ltd. 

Loague, K., and Corwin, D. L. (2006). Point and NonPoint Source Pollution. In 

Encyclopedia of Hydrological Sciences: John Wiley & Sons, Ltd. 

Loague, K., Corwin, D. L., and Ellsworth, T. R. (1998). The challenge of predicting 

nonpoint source pollution. Environmental Science and Technology, 32(5), 

130A-133A. 

Long, S. E., Martin, T. D., and Monitoring, E. (1989). Determination of Trace 

Elements in Waters and Wastes by Inductively Coupled Plasma-Mass 

Spectrometry: EPA Test Method 200.8. Retrieved. from. 

Lorenz, R. (1995). Raindrops on Titan. Advances in Space Research, 15(3), 317-320. 

Lovell, D., Parker, S., Van Peteghem, P., Webb, D., and Welham, S. (2002). 

Quantification of raindrop kinetic energy for improved prediction of splash-

dispersed pathogens. Phytopathology, 92(5), 497-503. 



226 
 

 
 

Lu, Y., Gong, Z., Zhang, G., and Burghardt, W. (2003). Concentrations and chemical 

speciations of Cu, Zn, Pb and Cr of urban soils in Nanjing, China. Geoderma, 

115(1–2), 101-111. 

Lynch, B., and Lommatsch, G. (2011). Modeling the velocity of a raindrop. 

http://home2.fvcc.edu/~dhicketh/DiffEqns/Spring11projects/Ben_Lynch_Gavi

n_Lommatsch/DiffEqProject/DiffEqProjectGavinBen.pdf. 

Madejón, E., Burgos, P., López, R., and Cabrera, F. (2001). Soil enzymatic response 

to addition of heavy metals with organic residues. Biology and Fertility of 

Soils, 34(3), 144-150. 

Madge, B. (2006). BMP Monitoring. The Use of Best Management Practices (BMPs) 

in Urban Watersheds, 161. 

Mahbub, P., Ayoko, G. A., Goonetilleke, A., and Egodawatta, P. (2011). Analysis of 

the build-up of semi and non volatile organic compounds on urban roads. 

Water Research, 45(9), 2835-2844. 

Mahbub, P., Goonetilleke, A., and Ayoko, G. A. (2012). Prediction of the wash-off of 

traffic related semi- and non-volatile organic compounds from urban roads 

under climate change influenced rainfall characteristics. Journal of Hazardous 

Materials, 213-214, 83-92. 

Maione, U., Majone-Lehto, B., and Monti, R. (2000). New Trends in Water and 

Environmental Engineering for Safety and Life: Taylor & Francis. 

Malakahmad, A., Eisakhani, M., and Kutty, S. R. B. M. (2008). GIS based Point and 

Non-point Sources of Pollution Identification in Cameron Highlands. Paper 

presented at the Inernational Conference on Construction and Buiding 

Technology.  

Malmqvist, P. A. (1983). Urban Stormwater Pollutant Sources. Chalmers University 

of Technology, Gothenburg. 

Mamun, A. A., Latiff, N. A., and Salleh, M. N. (2014). Characterization of Storm 

Runoff Quality from a Highway in Selangor and Conceptual Design of 

Constructed Wetland. Advances in Environmental Biology, 8(3)  (Special 

2014,), 810-814. 

Marshall, J. S., and Palmer, W. M. K. (1948). The Distribution of Raindrops with Size. 

Journal of Meteorology, 5, 165-166. 

Marzuki, M., Kozu, T., Shimomai, T., Randeu, W., Hashiguchi, H., and Shibagaki, Y. 

(2009). Diurnal variation of rain attenuation obtained from measurement of 



227 
 

 
 

raindrop size distribution in equatorial Indonesia. Antennas and Propagation, 

IEEE Transactions on, 57(4), 1191-1196. 

Masamba, W. R. L., and Mazvimavi, D. (2008). Impact on water quality of land uses 

along Thamalakane-Boteti River: An outlet of the Okavango Delta. Physics 

and Chemistry of the Earth, Parts A/B/C, 33(8–13), 687-694. 

McCool, D., Williams, J., and Morse, J. (2009). Raindrop characteristics in the Pacific 

Northwest. ASABE Annual Int. Meet., Reno, NV. ASABE Paper(097441), 21-

24. 

McGhee, K. K., and Flintsch, G. W. (2003). Final Report: High-speed texture 

measurement of pavements: Virginia Transportation Research Council, In 

Cooperation with the U.S. Department of Transportation Federal Highway 

Administrationo. Document Number) 

McKenzie, N., Coughlan, K., and Cresswell, H. (2002). Soil Physical Measurement 

and Interpretation for Land Evaluation (Vol. 5). Australia: CSIRO Publishing. 

Meyer, L., and McCune, D. (1958). Rainfall simulator for runoff plots. Agricultural 

engineering, 39, 644-648. 

Meyer, L. D. (1958). An investigation of methods for simulating rainfall on standard 

runoff plots and a study of the drop size, velocity and kinetic energy of selected 

spray nozzles. Lafayette, Indiana, o. Document Number) 

MHCM. (2008). Malaysian Highway Capacity Manual. Retrieved. from. 

Miguntanna, N. P. (2009). Nutrient Build-up and Wash-off Process. Queensland 

University of Technology, Brisbane, Australia. 

Miguntanna, N. P., Goonetilleke, A., Egodowatta, P., and Kokot, S. (2010a). 

Understanding nutrient build-up on urban road surfaces. Journal of 

Environmental Sciences, 22(6), 806-812. 

Miguntanna, N. P., Liu, A., Egodawatta, P., and Goonetilleke, A. (2013). 

Characterising nutrients wash-off for effective urban stormwater treatment 

design. Journal of Environmental Management, 120(0), 61-67. 

Miguntanna, N. S., Egodawatta, P., Kokot, S., and Goonetilleke, A. (2010b). 

Determination of a set of surrogate parameters to assess urban stormwater 

quality. Science of The Total Environment, 408(24), 6251-6259. 

Miller, W. (1987). A solenoid-operated, variable intensity rainfall simulator. Soil 

Science Society of America Journal, 51(3), 832-834. 



228 
 

 
 

Millero, F. J. (2001). The physical chemistry of natural waters: Wiley-Interscience 

New York. 

Mimi, Z. (2008). Spatial analysis of urban stormwater quality: Ramallah district as a 

case study, Palestine. Water and Environment Journal, 23(2009), 128–133. 

Mitchell, G., McDonald, A., and Lockyer, J. (ND). Urban Development and Nonpoint 

Source Water Pollution: A Generic Assessment Tool.   Retrieved 7th February, 

2014, 2014, from www.geog.leeds.ac.uk/projects/nps/reports/npsch5.pdf 

Montopoli, M., Marzano, F. S., and Vulpiani, G. (2008). Analysis and synthesis of 

raindrop size distribution time series from disdrometer data. Geoscience and 

Remote Sensing, IEEE Transactions on, 46(2), 466-478. 

Muni, B. (2011). Soil mechanics and foundations (Third ed.): New York: John Wiley 

& Sons. 

Munn, J., and Huntington, G. (1976). A portable rainfall simulator for erodibility and 

infiltration measurements on rugged terrain. Soil Science Society of America 

Journal, 40(4), 622-624. 

Murakami, M., Nakajima, F., and Furumai, H. (2003). Distinction of size-fractionated 

road and roof dust based on PAH contents and profiles. Journal of Japan 

Society on Water Environment, 26(12), 837-842. 

Murakami, M., Nakajima, F., and Furumai, H. (2004). Modelling of runoff behaviour 

of particle-bound polycyclic aromatic hydrocarbons (PAHs) from roads and 

roofs. Water Research, 38(20), 4475-4483. 

Navas, A., Alberto, F., Machín, J., and Galán, A. (1990). Design and operation of a 

rainfall simulator for field studies of runoff and soil erosion. Soil Technology, 

3(4), 385-397. 

Nazahiyah, B. R. (2005). Modeling of Non Point Source Pollution from Residential 

and Commercial Catchements in Skudai, Johor. Unpublished Master of 

Engineering ( Hydrology and Water Resources), Universiti Technologi 

Malaysia, Skudai, Johor Bahru. 

Nazahiyah, R., Yusop, Z., and Abustan, I. (2007). Stormwater quality and pollution 

loading from an urban residential catchment in Johor, Malaysia. Water Science 

& Technology, 56 (No 7 ), pp 1–9. 

Neibling, W. H., Foster, G. R., Nattermann, R. A., Nowlin, J. D., Holbert, P. V., 

Walling, D. E., et al. (1981). Laboratory and field testing of a programmable 

plot-sized rainfall simulator. IAHS-AISH Publication, 133, 405-414. 



229 
 

 
 

Niu, S., Jia, X., Sang, J., Liu, X., Lu, C., and Liu, Y. (2010). Distributions of raindrop 

sizes and fall velocities in a semiarid plateau climate: Convective versus 

stratiform rains. Journal of Applied Meteorology and Climatology, 49(4), 632-

645. 

Norton, L. D., and Savabi, R. (2010). Evolution of a Linear Variable Intensity Rainfall 

Simulator for Surface Hydrology and Erosion Studies. Applied Engineering in 

Agriculture, 26(2), 239-245. 

Novotny, V. (1999). Integrating diffuse/nonpoint pollution control and water body 

restoration into watershed management. Journal of the American Water 

Resources Association, 35(4), 717-727. 

Novotny, V. (2003). Water Quality: Diffuse Pollution & Watershed Management. 

(2nd edition ed.). New York: John Wiley and Sons. 

Nutz, P., and Hoffmann, M. (2012). Towards real-time skid resistance forecast. Paper 

presented at the SIRWEC.  

Oberrecht, K. (2002). Nonpoint Source Pollution and Pacific Northwest Estuaries. 

Retrieved. from. 

Othman, H. R. B. (2010). Wind environment evaluation on major town of malaysia  

University Malaysia Pahang  

Pall, R., Dickinson, W. T., Beals, D., and McGirr, R. (1983). Development and 

Calibration of a Rainfall Simulator. Canadian Agricultural Engineering, 

25(2), 181-187. 

Palma, P., Ledo, L., Soares, S., Barbosa, I. R., and Alvarenga, P. (2014). Spatial and 

temporal variability of the water and sediments quality in the Alqueva 

reservoir (Guadiana Basin; southern Portugal). Science of The Total 

Environment, 470–471(0), 780-790. 

Panagopoulos, Y., Makropoulos, C., and Mimikou, M. (2011). Diffuse Surface Water 

Pollution: Driving Factors for Different Geoclimatic Regions. Water 

Resources Management, 25(14), 3635-3660. 

Paode, R. D., Sofuoglu, S. C., Sivadechathep, J., Noll, K. E., Holsen, T. M., and 

Keeler, G. J. (1998). Dry deposition fluxes and mass size distributions of Pb, 

Cu, and Zn measured in southern Lake Michigan during AEOLOS. 

Environmental science & technology, 32(11), 1629-1635. 



230 
 

 
 

Papiri, S., Todeschini, S., and Valcher, P. (2008). Pollution in stormwater runoff in a 

highway toll gate area. Paper presented at the 11th International Conference 

on Urban Drainage.  

Pazwash, H., Boswell, S.T. (1997). Management of runoff conservation and reuse. 

Paper presented at the Proceedings of the 24th Annual Water Resource 

Planning and Management Conference, Houston, TX, 784–789. 

Pekey, H., Karakaş, D., and Bakoglu, M. (2004). Source apportionment of trace metals 

in surface waters of a polluted stream using multivariate statistical analyses. 

Marine Pollution Bulletin, 49(9), 809-818. 

Pérez-Latorre, F. J., de Castro, L., and Delgado, A. (2010). A comparison of two 

variable intensity rainfall simulators for runoff studies. Soil and Tillage 

Research, 107(1), 11-16. 

Petan, S., Rusjan, S., Vidmar, A., and Mikoš, M. (2010). The rainfall kinetic energy–

intensity relationship for rainfall erosivity estimation in the mediterranean part 

of Slovenia. Journal of Hydrology, 391(3–4), 314-321. 

Pitt, R. (1985). Characterizing and controlling urban runoff through street and 

sewerage cleaning: US Environmental Protection Agency, Water Engineering 

Research Laboratory. 

Pitt, R., Bannerman, R., and Sutherland, R. (2004a). The role of street cleaning in 

stormwater management. Paper presented at the Water World and 

Environmental Resources Conference, Environmental and Water Resources 

Institute, American Society of Civil Engineers, Salt Lake City, UT, May. 

Pitt, R., Williamson, D., Voorhees, J., and Clark, S. (2004b). Review of historical 

street dust and dirt accumulation and washoff data. Effective Modeling of 

Urban Water Systems, Monograph, 13, 43-54. 

Poleto, C., Bortoluzzi, E. C., Charlesworth, S. M., and Merten, G. H. (2009a). Urban 

sediment particle size and pollutants in Southern Brazil. Journal of Soils and 

Sediments, 9(4), 317-327. 

Poleto, C., Merten, G. H., and Minella, J. P. (2009b). The identification of sediment 

sources in a small urban watershed in southern Brazil: An application of 

sediment fingerprinting. Environmental Technology, 30(11), 1145-1153. 

Pruppacher, H. R., and Klett, J. D. (1997). Microphysics of Clouds and Precipitation 

(2nd ed.). Dordrecht, Netherlands.: Kluwer Academic Publishers. 



231 
 

 
 

Quek, U., Forster, J. (1993). Trace metals in roof runoff. Water, Air, and Soil 

Pollution, 68(373–389). 

Ranjard, L., Poly, F., Lata, J.-C., Mougel, C., Thioulouse, J., and Nazaret, S. (2001). 

Characterization of bacterial and fungal soil communities by automated 

ribosomal intergenic spacer analysis fingerprints: biological and 

methodological variability. Applied and Environmental Microbiology, 67(10), 

4479-4487. 

Regmi, T., and Thompson, A. (2000). Rainfall simulator for laboratory studies. 

Applied Engineering in Agriculture, 16(6), 641-652. 

Resso, R., Rulli, M. C., and Bocchiola, D. (2007). Transient Ctachment Hydrology 

After Wildfires in Mediterranean Basin: runoff, sediment and woddy debris. 

Hydrology Earth System and Sceince, 11(1), 125-140. 

Ries, J. B., Seeger, M., Iserloh, T., Wistorf, S., and Fister, W. (2009). Calibration of 

simulated rainfall characteristics for the study of soil erosion on agricultural 

land. Soil and Tillage Research, 106(1), 109-116. 

Rosewell, C. J. (1986). Rainfall Kinetic Energy in Eastern Australia. American 

Meteorological Society, 25, 1695 - 1701. 

Saget, A., Chebbo, G., and Bertrand-Krajewski, J.-L. (1996a). The first flush in sewer 

systems. Water Science and Technology, 33(9), 101-108. 

Saget, A., Chebbo, G., and Bertrand-Krajewski, J.-L. B.-K. (1996b). The first flush in 

sewer systems. Water Science and Technology, 33(9), pp 101–108. 

Salem, H. M., Valero, C., Muñoz, M. Á., Gil-Rodríguez, M., and Barreiro, P. (2014). 

Effect of reservoir tillage on rainwater harvesting and soil erosion control 

under a developed rainfall simulator. CATENA, 113(0), 353-362. 

Salles, C., Poesen, J., and Sempere-Torres, D. (2002). Kinetic energy of rain and its 

functional relationship with intensity. Journal of Hydrology, 257(1–4), 256-

270. 

Sanchez-Moreno, J. F., Mannaerts, C. M., Jetten, V., and Löffler-Mang, M. (2012). 

Rainfall kinetic energy–intensity and rainfall momentum–intensity 

relationships for Cape Verde. Journal of Hydrology, 454–455(0), 131-140. 

Sangüesa, C., Arumí, J., Pizarro, R., and Link, O. (2010). A Rainfall Simulator forthe 

In Situ Study of Superficial Runoff and Soil Erosion. Chilean journal of 

agricultural research, 70(1), 178 - 182. 



232 
 

 
 

Sansalone, J., and Cristina, C. (2004). First Flush Concepts for Suspended and 

Dissolved Solids in Small Impervious Watersheds. Journal of Environmental 

Engineering, 130(11), 1301-1314. 

Sansalone, J., and Glenn, D. (2000). Temporal Variations in Heavy Metal Partitioning 

and Loading in Urban Highway Pavement Sheet Flow: Implications for In Situ 

Treatment Design Transportation Research Record: Journal of the 

Transportation Research Board, 1720(1), 100-111. 

Sansalone, J. J., and Buchberger, S. G. (1997). Partitioning and first flush of metals in 

urban roadway storm water. Journal of Environmental engineering, 123(2), 

134-143. 

Sansalone, J. J., Buchberger, S. G., and Al-Abed, S. R. (1996). Fractionation of heavy 

metals in pavement runoff. The Science of the Total Environment, 189/190 

371-378. 

Sansalone, J. J., Koran, J. M., Smithson, J. A., and Buchberger, S. G. (1998). Physical 

characteristics of urban roadway solids transported during rain events. Journal 

of Environmental Engineering, 124(5), 427-440. 

Sarkar, B. (2002). Heavy Metals in the Environment.  

Sartor, J. D., and Boyd, G. B. (1972). Water Pollution Aspects of Street Surface 

Contaminants. Retrieved. from. 

Sartor, J. D., Boyd, G. B., and Agardey, F. J. (1974). Water Pollution Aspects of Street 

Surface Contaminants. Retrieved. from. 

Scherrer, S., Naef, F., Faeh, A. O., and Cordery, I. (2007). Formation of runoff at the 

hillslope scale during intense precipitation. hydrology Earth System and 

Sceince, 11, 907–922. 

Schiff, K. C., and Tiefenthaler, L. L. (2011). Seasonal Flushing of Pollutant 

Concentrations and Loads in Urban Stormwater. Journal of the American 

Water Resources Association, 47(1), 136-142. 

Schueler, T. (1994). The Importance of Imperviousness. Watershed Protection 

Techniques, 3 (1), 100–111. 

Shamsudin, S., and Dan'azumi, S. (2012). Uncertainty of Rainfall Characteristics with 

Minimum Inter-Event Time Definition for a Raingauge Station in Johor, 

Malaysia. Journal of Environmental Hydrology, 20. 



233 
 

 
 

Sharpley, A., and Kleinman, P. (2003). Effect of rainfall simulator and plot scale on 

overland flow and phosphorus transport. Journal of environmental quality, 

32(6), 2172-2179. 

Shen, Z., Chen, L., Liao, Q., Liu, R., and Hong, Q. (2012). Impact of spatial rainfall 

variability on hydrology and nonpoint source pollution modeling. Journal of 

Hydrology, 472–473(0), 205-215. 

Shlens, J. (2014). A tutorial on principal component analysis. arXiv preprint 

arXiv:1404.1100. 

Simmons, G., Hope, V., Lewis, G., Whitmore, J., Gao, W. (2001). Contamination of 

potable roof-collected rainwater in Auckland, New Zealand. Water Research 

35(1518–1524). 

Sporre, M., and Lanyon, L. (2004). Low− intensity sprinkler for evaluating 

phosphorus transport from different landscape positions. Applied engineering 

in agriculture, 20(5), 599-604. 

Stein, E. D., and Tiefenthaler, L. L. (2005). Dry-weather metals and bacteria loading 

in an arid, urban watershed: Ballona Creek, California. Water, Air, and Soil 

Pollution, 164(1-4), 367-382. 

Stein, E. D., Tiefenthaler, L. L., and Schiff, K. (2006). Watershed-based sources of 

polycyclic aromatic hydrocarbons in urban storm water. Environmental 

Toxicology and Chemistry, 25(2), 373-385. 

Suhaila, J., and Jemain, A. A. (2012). Spatial analysis of daily rainfall intensity and 

concentration index in Peninsular Malaysia. Theoretical and Applied 

Climatology, 108(1-2), 235-245. 

Suhaila, J., Jemain, A. A., Hamdan, M. F., and Wan Zin, W. Z. (2011). Comparing 

rainfall patterns between regions in Peninsular Malaysia via a functional data 

analysis technique. Journal of Hydrology, 411(3-4), 197-206. 

Sutherland, R., and Jelen, S. (2003). Stormwater quality modeling improvements 

needed for SWMM. Practical modeling of urban water systems monograph, 

11, 253-289. 

Sutherland, R. A. (2003). Lead in grain size fractions of road-deposited sediment. 

Environmental Pollution, 121(2), 229-237. 

Sutherland, R. A., Graham Pearson, D., and Ottley, C. J. (2008). Grain size 

partitioning of platinum-group elements in road-deposited sediments: 



234 
 

 
 

Implications for anthropogenic flux estimates from autocatalysts. 

Environmental Pollution, 151(3), 503-515. 

Sutherland, R. A., Tack, F. M. G., and Ziegler, A. D. (2012). Road-deposited 

sediments in an urban environment: A first look at sequentially extracted 

element loads in grain size fractions. Journal of Hazardous Materials, 225–

226(0), 54-62. 

Svensson, G. (1987). Modelling of solids and metal transport from small urban 

watersheds. Chalmers University of Technology, Goteborg, Sweden. 

Tiefenthaler, L. L., and Schiff, K. C. (2003). Effects of Rainfall Intensity and Duration 

on First Flush of Stormwater Pollutants. Westminster, CA: Southern 

California Coastal Water Research Project 2001-02o. Document Number) 

Tiefenthaler, L. L., Schiff, K. C., Bay, S. M., and Greenstein, D. J. (2002). Effect of 

antecedent dry periods on the accumulation of potential pollutants on parking 

lot surfaces using simulated rainfall. Southern California Coastal Water 

Research Project annual report, 2003, 216-223. 

Tiefenthaler, L. L., Stein, E. D., and Lyon, G. S. (2009). Fecal indicator bacteria (FIB) 

levels during dry weather from Southern California reference streams. 

Environmental Monitoring and Assessment, 155(1-4), 477-492. 

Timothy, K. I., Ong, J. T., and Choo, E. B. L. (2002). Raindrop Size Distribution Using 

Method of Moments for Terrestrial and Satellite Communication Applications 

in Singapore. regions IEEE Transactions On Antennas And Propagation, 

50(10), 1420-1423. 

Torres, D. S., Creutin, D., Salles, C., and Delrieu, G. (1992). Quantification of soil 

detachment by raindrop impact: performance of classical formulae of kinetic 

energy in Mediterranean storms. Erosion adn Sediment Transport Monitoring 

Programmes in Rives Basis, IAHS Press, Wallingford, UK, 115-124. 

Tucker, R., Spooner, D. J., Hunt, D. W. F., Line, D. E., Bass, K. L., and Blackwell, J. 

D. (2007). Analysis Of The First-Flush Phenomenon And Pollutant 

Relationships Within Storm Water Runoff From Two Small Urban Drainage 

Areas Paper presented at the 2007 USDA-CSREES National Water Quality 

Conference, Savannah, GA  

Ukabiala, C., Nwinyi, O., Abayomi, A., and Alo, B. (2010). Assessment of heavy 

metals in urban highway runoff from Ikorodu expressway Lagos, Nigeria. 

Journal of Environmental Chemistry and Ecotoxicology, 2(3), 34-37. 



235 
 

 
 

Ulbrich, C. W. (1983). Natural Variations in the Analytical form of the Raindrop size 

Distribution. Clim. Appl.Meteorol, 22, 1764-1775. 

Uplinger, W. (1981). A new formula for raindrop terminal velocity. Paper presented 

at the Conference on Radar Meteorology, 20 th, Boston, MA.  

Vahabi, J., and Nikkami, D. (2008). Assessing dominant factors affecting soil erosion 

using a portable rainfall simulator. International Journal of Sediment 

Research, 23(4), 376-386. 

Valette, G., Prévost, S., Léonard, J., and Lucas, L. (2012). A virtual discrete rainfall 

simulator. Environmental Modelling & Software, 29(1), 51-60. 

van Dijk, A. I. J. M., Bruijnzeel, L. A., and Rosewell, C. J. (2002). Rainfall intensity–

kinetic energy relationships: a critical literature appraisal. Journal of 

Hydrology, 261(1–4), 1-23. 

Varikoden, H., Preethi, B., Samah, A. A., and Babu, C. A. (2011). Seasonal variation 

of rainfall characteristics in different intensity classes over Peninsular 

Malaysia. Journal of Hydrology, 404(1-2), 99-108. 

Varikoden, H., Samah, A. A., and Babu, C. A. (2010). Spatial and temporal 

characteristics of rain intensity in the peninsular Malaysia using TRMM rain 

rate. Journal of Hydrology, 387(3–4), 312-319. 

Vaze, J., and Chiew, F. H. (2002). Experimental study of pollutant accumulation on 

an urban road surface. Urban Water, 4(4), 379-389. 

Veum, K. S., Goyne, K. W., Motavalli, P. P., and Udawatta, R. P. (2009). Runoff and 

dissolved organic carbon loss from a paired-watershed study of three adjacent 

agricultural watersheds. Agriculture, ecosystems & environment, 130(3), 115-

122. 

Vialle, C., Sablayrolles, C., Lovera, M., Jacob, S., Huau, M.-C., and Montrejaud-

Vignoles, M. (2011). Monitoring of water quality from roof runoff: 

Interpretation using multivariate analysis. Water Research, 4 5, 3 7 6 5 - 3 7 7 

5. 

Viguri, J., Verde, J., and Irabien, A. (2002). Environmental assessment of polycyclic 

aromatic hydrocarbons (PAHs) in surface sediments of the Santander Bay, 

Northern Spain. Chemosphere, 48(2), 157-165. 

Villermaux, E., and Bossa, B. (2009). Single-drop fragmentation determines size 

distribution of raindrops. Nature Physics, 5(9), 697-702. 



236 
 

 
 

Wagenet, R. J., and CORWIN, D. L. (1996). Applications of GIS to the Modeling of 

NonPoint Source Pollutants in the Vadose Zone: A Conference Overview 

Journal of Environmental Quality, VOL. 25( no. 3). 

Waldvogel, A. (1974). The N0 Jump of Raindrop Spectra. Journal of the atmospheric 

sciences, 31(4), 1067-1078. 

Wang, L., Wei, J., Huang, Y., Wang, G., and Maqsood, I. (2011). Urban nonpoint 

source pollution buildup and washoff models for simulating storm runoff 

quality in the Los Angeles County. Environmental Pollution, 159(7), 1932-

1940. 

Wehner, B., Birmili, W., Gnauk, T., and Wiedensohler, A. (2002). Particle number 

size distributions in a street canyon and their transformation into the urban-air 

background: measurements and a simple model study. Atmospheric 

Environment, 36(13), 2215-2223. 

Wei, B., Jiang, F., Li, X., and Mu, S. (2009). Spatial distribution and contamination 

assessment of heavy metals in urban road dusts from Urumqi, NW China. 

Microchemical Journal, 93(2), 147-152. 

Wei, B., and Yang, L. (2010). A review of heavy metal contaminations in urban soils, 

urban road dusts and agricultural soils from China. Microchemical Journal, 

94(2), 99-107. 

Wilcox, B. P., Wood, M. K., Tromble, J. T., and Ward, T. J. (1986). A hand-portable 

single nozzle rainfall simulator designed for use on steep slopes. Journal of 

Range Management, 375-377. 

Wildhaber, S. Y., Bänninger, D., Burri, K., and Alewell, C. (2012). Evaluation and 

application of a portable rainfall simulator on subalpine grassland. CATENA, 

91, 56-62. 

Wood, F. (2009). Principal component analysis. 

Wyoming. (1999). Urban Best Management Practices for Nonpoint Source Pollution. 

Retrieved. from http://deq.state.wy.us/wqd/watershed/92171.pdf. 

Xie, K., Gong, S., Li, X., and Zhang, L. (2010). Measurement and analysis of raindrop 

size distribution in Xi'an. Paper presented at the Antennas Propagation and EM 

Theory (ISAPE), 2010 9th International Symposium on, 596-599. 

Yang, G., Bowling, L. C., Cherkauer, K. A., Pijanowski, B. C., and Niyogi, D. (2010). 

Hydroclimatic response of watersheds to urban intensity- an Observational and 



237 
 

 
 

modeling based analysis for the White River basin, Indiana. Journal of 

Hydrometeorology, 11 (1), 122-138. 

Yap, C., Chew, W., and Tan, S. (2012). Heavy Metal Concentrations in Ceiling Fan 

and Roadside Car park Dust Collected from Residential Colleges in Universiti 

Putra Malaysia, Serdang, Selangor. Pertanika J. Trop. Agric. Sci, 35(1), 75-

83. 

Yeap, E., Lau, A., Busu, I., Kanniah, K., Rasib, A., and Kadir, W. (2014). 

Development of local atmospheric model for estimating solar irradiance in 

Peninsular Malaysia. Paper presented at the IOP Conference Series: Earth and 

Environmental Science, 012103. 

Yechieli, Y., Kafri, U., Goldman, M., and Voss, C. (2001). Factors controlling the 

configuration of the fresh–saline water interface in the Dead Sea coastal 

aquifers: synthesis of TDEM surveys and numerical groundwater modeling. 

Hydrogeology Journal, 9(4), 367-377. 

Ying, G., and Sansalone, J. (2010). Transport and solubility of Hetero-disperse dry 

deposition particulate matter subject to urban source area rainfall–runoff 

processes. Journal of Hydrology, 383, 156–166. 

Young, K. D., Younos, T., Dymond, R. L., Kibler, D. F., and Lee, D. H. (2010). 

Application of the Analytic Hierarchy Process for Selecting and Modeling 

Stormwater Best Management Practices. Journal of Contemporary Water 

Research & Education, 146(1), 50-63. 

YSI. (2009). Professional  Plus  Instrument User Manual. Yellow  Springs, Ohio: YSI 

Incorporated. 

Yu, M., Carmichael, G. R., Zhu, T., and Cheng, Y. (2012). Sensitivity of predicted 

pollutant levels to urbanization in China. Atmospheric Environment, 60(0), 

544-554. 

Yuen, J. Q., Olin, P. H., Lim, H. S., Benner, S. G., Sutherland, R. A., and Ziegler, A. 

D. (2012). Accumulation of potentially toxic elements in road deposited 

sediments in residential and light industrial neighborhoods of Singapore. 

Journal of Environmental Management, 101(0), 151-163. 

Yusop, P. Z. B., L.W. Tan, Z. Ujang, M. M., and K.A. Nasir. (2005a). Runoff quality 

and pollution loadings from tropical urban catchment. Water Science & 

Technology, 52(9), pp 125-132. 



238 
 

 
 

Yusop, Z., Nasir, H., and Yusof, F. (2014). Disaggregation of daily rainfall data using 

Bartlett Lewis Rectangular Pulse model: a case study in central Peninsular 

Malaysia. Environmental earth sciences, 71(8), 3627-3640. 

Yusop, Z., Tan, L., Ujang, Z., Mohamed, M., and Nasir, K. (2005b). Runoff quality 

and pollution loadings from a tropical urban catchment. Water Science & 

Technology, 52(9), 125-132. 

Zakaria, M. P., and Takada, H. (2007). 16 - Case study: Oil spills in the Strait of 

Malacca, Malaysia. In Oil Spill Environmental Forensics (pp. 489-504). 

Burlington: Academic Press. 

Zakaria, M. P., Takada, H., Tsutsumi, S., Ohno, K., Yamada, J., Kouno, E., et al. 

(2002). Distribution of polycyclic aromatic hydrocarbons (PAHs) in rivers and 

estuaries in Malaysia: a widespread input of petrogenic PAHs. Environmental 

science & technology, 36(9), 1907-1918. 

Zhang, G., Vivekanandan, J., and Brandes, E. (2001). A method for estimating rain 

rate and drop size distribution from polarimetric radar measurements. 

Geoscience and Remote Sensing, IEEE Transactions on, 39(4), 830-841. 

Zhang, K., Liang, B., Wang, J. Z., Guan, Y. F., and Zeng, E. Y. (2012). Polycyclic 

aromatic hydrocarbons in upstream riverine runoff of the Pearl River Delta, 

China: An assessment of regional input sources. Environmental Pollution, 167, 

78-84. 

Zhao, H., and Li, X. (2013). Understanding the relationship between heavy metals in 

road-deposited sediments and washoff particles in urban stormwater using 

simulated rainfall. Journal of Hazardous Materials, 246–247(0), 267-276. 

Zhao, H., Li, X., and Wang, X. (2011). Heavy metal contents of road-deposited 

sediment along the urban-rural gradient around Beijing and its potential 

contribution to runoff pollution. Environmental science & technology, 45(17), 

7120-7127. 

Zhao, H., Li, X., Wang, X., and Tian, D. (2010). Grain size distribution of road-

deposited sediment and its contribution to heavy metal pollution in urban 

runoff in Beijing, China. Journal of Hazardous Materials, 183(1–3), 203-210. 

Zhao, J.-w., Shan, B.-q., and Yin, C.-q. (2007). Pollutant loads of surface runoff in 

Wuhan City Zoo, an urban tourist area. Journal of Environmental Sciences, 

19(4), 464-468. 



239 
 

 
 

Zhu, W., Bian, B., and Li, L. (2008). Heavy metal contamination of road-deposited 

sediments in a medium size city of China. Environmental Monitoring and 

Assessment, 147(1-3), 171-181. 

Zin, W. Z. W., Jamaludin, S., Deni, S. M., and Jemain, A. A. (2010). Recent changes 

in extreme rainfall events in Peninsular Malaysia: 1971-2005. Theoretical and 

Applied Climatology, 99(3-4), 303-314. 

Zirbser, K., Healy, R., Stahl, L., and Tate, B. (2001). Methods for Collection, Storage 

and Manipulation of Sediments for Chemical and Toxicological Analyses: 

Technical Manual. Retrieved. from. 

Zug, M., Phan, L., Bellefleur, D., and Scrivener, O. (1999). Pollution wash-off 

modelling on impervious surfaces: Calibration, validation, transposition. 

Water Science and Technology, 39(2), 17-24.  


	DECLARATION
	DEDICATION
	ACKNOWLEDGEMENT 
	ABSTRACT
	ABSTRAK
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	LIST OF ABBREVIATIONS
	LIST OF APPENDICES
	Introduction
	General
	Research Background
	Statement of the Problem
	Research Objectives
	Scope of the Study
	Significance of the Study
	Identification of Research Methodology
	Literature Review
	Development of a rainfall simulator
	Selection of study site and sampling 

	Organisation of Thesis

	LITERATURE REVIEW
	Introduction
	Hydrologic Impact of Urbanisation
	Types and quantification of imperviousness

	Urban Nonpoint Source Pollution
	Natural Rainfall Kinetics and parameterisation
	Raindrop diameter
	Raindrop size distribution
	Raindrop measurement
	Fall velocity
	Raindrop kinetics

	Rainfall simulator
	Evolvement of RS
	The use of RS in the study of NPS in sealed surfaces
	Design considerations for RSs
	RS Classifications

	The importance of road in watershed pollution
	Influence of grain size in urban pollution
	Road sediment collectors
	Considerations and factors affecting particles evacuation on roads

	Heavy metal partition and measurement
	Importance of physicochemical parameters in runoff
	Multivariate analytical techniques
	The principal component analysis (PCA)
	Factor Analysis
	Application of multivariate analysis in pollutants source identification

	Modelling of NPS buildup and washoff
	Buildup process
	Washoff process
	Event Mean Concentration (EMC) 

	Heavy metal Washoff
	First flush

	Summary

	METHODOLOGY
	Introduction
	The study area
	Nature of dry days in the study area

	Appraisal of natural rainfall parameters
	Mathematical derivation of the natural rainfall parameters
	Parameterization of drop size distributions

	Rainfall simulator design
	The hydraulic system
	The structural frame 
	Electromechanical components

	Site selection
	The characteristics of the chosen roads
	Vacuums description 

	Field Sampling protocol
	Dry sampling protocol
	Wet sampling protocol
	Selection of rain intensity for simulation

	Sediment processing
	Physicochemical analysis
	Electrical Conductivity (EC), pH, Dissolved Oxygen (DO), Total Dissolved Solids (TDS), and Carbon matrices
	Organic matrices 
	Total Suspended Solids (TSS) in washoff samples

	Chemical (Metal) analysis 
	Factor analysis steps
	Summary 

	NATURAL AND SIMULATED RAIN KINETICS AND CHARACTERIZATION OF ROAD RUNOFF 
	Introduction
	The Influence of Rain Intensity on Raindrop Diameter and the Kinetics of Natural Rainfall 
	Parameterisation of the rainfall parameters
	Development of rainfall simulator for wet weather process
	Nozzle selection
	Calibration of rainfall intensity and rain uniformity 
	Evaluation of simulated raindrop diameter
	Estimation of Terminal Velocity
	Evaluation of kinetic energy

	Sampling comparison of vacuums
	Recovery efficiencies
	Selection factors

	Buildup and washoff sample weights
	Particle size distributions
	Variability of the measured physicochemical parameters
	Buildup physicochemical parameters
	Rainwater and the washoff physicochemical parameters
	The organic matrices

	Summary

	HEAVY METAL SOURCES IDENTIFICATION AND WASHOFF MODELLING
	Introduction 
	Heavy metal sources identification
	General characteristics of data
	Principal Component analysis
	Factor Analysis of the data
	Particle mass analysis, land uses, and the longevity factor in urban NPS
	The concentrations enrichment ratio

	Washoff of heavy metals 
	Heavy metal pollution surrogate

	Selection of Surrogate measure for washoff process.
	Estimation of Models parameters
	Washoff modelling
	First flush and the influence of rain intensity, rain depth, and the surface texture in washoff process
	Summary

	CONCLUSION AND RECOMMENDATIONS
	Introduction
	Recommendation 

	REFERENCES 



