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OPTIMAL DISTRIBUTION OF BEST MANAGEMENT 

PRACTICES (BMPS) FOR URBAN STORMWATER RUNOFF 

QUANTITY AND QUALITY CONTROL 

ABSTRACT 

The vast development of urban areas throughout the world has substantially impacted 

the natural landscapes, leading to more imperviousness. Urbanization typically results in 

a larger amount of runoff volume, increase in flow frequency, duration and peak runoff, 

faster time of concentration as well as lower infiltration which will affect groundwater 

recharge. The stormwater runoff quality is also adversely affected in urban areas due to 

the pollutant loads in stormwater runoff. Best Management Practices (BMPs) and Low 

Impact Development (LID) have been widely applied to urban impervious surfaces to 

reduce urban stormwater runoff and improve water quality. In order to achieve the 

maximum runoff and pollutant concentration reduction with the lowest cost, it is vital to 

find the optimal number and combination of LID controls implemented on impervious 

surfaces. In this study, a simulation-optimization model was developed by linking the US 

Environmental Protection Agency Stormwater Management Model (US EPA SWMM) to 

the Multi-Objective Particle Swarm Optimization (MOPSO) using MATLAB. The 

coupled model is able to carry out multi-objective optimization and find potential 

solutions to the optimization objectives by using the SWMM simulation model outputs. 

The SWMM model was developed by calibrating and validating the model using real 

quantity and quality data from BUNUS catchment in Kuala Lumpur, Malaysia. The 

rainfall-flow data and quality data were collected through sampling rainfall events and 

the Malaysian Department of Irrigation and Drainage (DID). The Total Suspended Solids 

(TSS) and Total Nitrogen (TN) were selected as pollutants to be used in the simulation 

model. The LID controls were designed using the catchment characteristics, applied to 
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the model and the performance of the simulation model was tested with real rainfall-flow 

data from the catchment. The target objectives were to investigate the hydrological 

performance of LIDs at the catchment scale, to minimize the peak runoff, TSS and TN 

with the minimum number of LID controls applied, and to minimize the vulnerability of 

urban areas against flood. This study applied vegetated swale and rain garden to assess 

the model performance at a catchment scale. The selected LIDs occupied 7% of each sub-

catchment (of which 40% was swale and 30% was rain garden, respectively). The 

stormwater runoff substantially reduced, and the runoff quality was also greatly improved 

by applying the LIDs into the simulation model. The LID removal efficiency was up to 

40.42% for TN and 61.60% for TSS, respectively. The peak runoff reduction was also up 

to 27.44%. The outputs of the simulation model were, then, optimized with the MOPSO 

model to identify the final best LID types and combination to achieve the maximum peak 

runoff and pollutant concentration reductions with the minimum number of LIDs. Based 

on the results achieved from the optimization model, the peak runoff, TSS and TN were 

found to reduce by 13%, 38% and 24%, respectively. The optimal number of LID controls 

for the BUNUS catchment was also found to be 25. The LID cost analysis was also 

performed using MOPSO to find out the best combination of LIDs in the catchment for 

the maximum runoff and pollutants reduction with the minimum cost. It can be concluded 

that urbanization will greatly affect both peak discharge and the quality of surface runoff. 

Applying LID and redirecting the surface runoff to the LID units can greatly reduce the 

surface runoff and improve the water quality. Hence, the significant role of LIDs in peak 

runoff reduction and water quality improvement could not be ignored. 

Keywords: Urbanization, Stormwater, Simulation-Optimization Modelling, LID-BMP, 

MOPSO   
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TABURAN OPTIMAL AMALAN PENGURUSAN TERBAIK 

(BMPS) UNTUK KAWALAN KUANTITI DAN KUALITI ALIRAN 

AIR RIBUT DI KAWASAN BANDAR  

ABSTRAK 

Pembangunan rancak kawasan bandar di seluruh dunia sebahagian besarnya telah 

memberi kesan terhadap landskap semulajadi seterusnya membawa kepada kekedapan. 

Urbanisasi lazimnya mengakibatkan jumlah isi padu air larian yang lebih besar, 

peningkatan frekuensi aliran, tempoh dan larian puncak, masa kepekatan yang lebih cepat 

serta penyerapan yang lebih rendah akhirnya akan menjejaskan pengimbuhan air bawah 

tanah. Kualiti larian air ribut juga terjejas teruk di kawasan bandar disebabkan oleh 

kandungan bahan pencemaran di dalam larian air ribut. Amalan Pengurusan Terbaik 

(BMPs) dan Pembangunan Impak Rendah (LID) telah digunakan secara meluas terhadap 

permukaan kedap di bandar bagi mengurangkan larian air ribut bandar dan meningkatkan 

kualiti air. Adalah mustahak untuk mencari bilangan optimal dan kombinasi kawalan LID 

dilakukan terhadap permukaan kedap bagi mencapai larian maksimum di samping 

mengurangkan kepekatan bahan pencemaran dengan kos yang terendah. Menerusi kajian 

ini, model pengoptimuman-simulasi telah dibangunkan dengan menghubungkan Model 

Pengurusan Air Ribut Agensi Perlindungan Alam Sekitar Amerika Syarikat (US EPA 

SWMM) kepada Pengoptimuman Kerumunan Zarah Multi-Objektif (MOPSO) 

menggunakan aplikasi MATLAB. Kombinasi model ini mampu menjalankan 

pengoptimuman multi-objektif serta mencari penyelesaian berpotensi kepada 

pengoptimuman objektif dengan menggunakan hasil pengeluaran model simulasi 

SWMM. Model SWMM dibangunkan dengan penentukuran dan pengesahan 

menggunakan data kuantiti dan kualiti sebenar dari tadahan BUNUS di Kuala Lumpur, 

Malaysia. Data aliran hujan dan kualiti dikumpul melalui pensampelan kejadian hujan 
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dan juga dari Jabatan Pengairan dan Saliran Malaysia (JPS). Endapan Ampai Total (TSS) 

dan Nitrogen Total (TN) dipilih sebagai bahan pencemaran yang telah digunakan dalam 

model simulasi. Kawalan LID direka bentuk menggunakan ciri tadahan, diaplikasikan 

pada model dan prestasi model simulasi diuji dengan data aliran hujan sebenar dari 

tadahan. Objektif sasaran adalah untuk menyiasat prestasi hidrologikal LID pada skala 

tadahan, untuk meminimumkan larian puncak, TSS dan TN dengan bilangan minimum 

kawalan LID yang digunakan, selain mengurangkan kerentanan kawasan bandar terhadap 

banjir. Kajian ini menggunakan alur bertumbuhan dan taman hujan untuk menilai prestasi 

model pada skala tadahan. LID yang dipilih merangkumi 7% daripada setiap subtadahan 

(di mana masing-masing adalah 40% saliran berumput dan 30% taman hujan). Larian air 

ribut sebahagian besarnya telah berjaya dikurangkan dan kualiti aliran juga meningkat 

secara mendadak dengan menggunakan LID pada model simulasi. Kecekapan 

penyingkiran LID adalah sehingga 40.42% untuk TN dan 61.60% untuk TSS. 

Pengurangan larian puncak juga mencapai sehingga 27.44%. Hasil pengeluaran model 

simulasi kemudiannya dioptimumkan melalui model MOPSO untuk mengenal pasti jenis 

dan kombinasi LID yang terbaik bagi mencapai larian puncak maksimum serta 

mengurangkan kepekatan bahan pencemaran dengan bilangan minimum LID. 

Berdasarkan keputusan yang diperoleh dari pengoptimuman model, larian puncak, TSS 

dan TN masing-masing didapati menurun sebanyak 13%, 38% dan 24%. Bilangan 

optimal kawalan LID untuk tadahan BUNUS yang diperolehi juga adalah sebanyak 25. 

Selain itu juga, analisa kos LID turut dilakukan menggunakan MOPSO untuk mengetahui 

kombinasi terbaik LID di dalam tadahan untuk aliran maksimum dan pengurangan bahan 

pencemaran dengan kos yang minimum. Dapat disimpulkan bahawa urbanisasi dilihat 

sangat mempengaruhi kedua-dua pelepasan puncak dan kualiti larian permukaan. 

Penerapan LID dan pengalihan larian permukaan ke unit LID mampu mengurangkan 
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larian permukaan dan meningkatkan kualiti air. Oleh itu, peranan penting LID dalam 

mengurangi larian puncak serta menambah baik kualiti air tidak boleh diabaikan. 

Kata kunci: Urbanisasi, Air Ribut, Pemodelan Pengoptimuman-Simulasi, LID-BMP, 

MOPSO 

Univ
ers

ity
 of

 M
ala

ya



viii 

ACKNOWLEDGEMENTS 

Most of all, I would like to express my deepest gratitude to Allah for giving me the 

knowledge, patience and strength to find the right path to accomplish this PhD research 

successfully. I could never have done it without his guidance and blessings. 

I would like to sincerely thank my great major advisor, Professor Dr. Zubaidah Ismail for 

her kind guidance, support and inspiration throughout my PhD research. Whenever I needed 

help, she was always available. I have been fortunate to have her as a supervisor and mentor 

in my study. I would also like to thank my second advisor, Dr. Mohammad Hossein 

Niksokhan for his dedication and help in my PhD research. Although Dr. Niksokhan was 

living far away from me, he was always available to help me to tackle any issues regarding 

my study. Many thanks also go to Dr. Abu Hanipah Ramli, my third advisor, who was really 

friendly and cooperative in the process of collecting the required data. I could have not 

collected the massive required data without his kind help. 

My special thank also goes to the Malaysian International Scholarship (MIS) for granting 

me MIS for more than 3 years during my study. It really helped me a lot to accomplish my 

study. I would also like to thank the Department of Irrigation and Drainage (DID) and the 

SMART control center for providing this study with the required data. 

I would also like to thank all my friends and colleagues who were a great help to me during 

my PhD journey. My special thank goes to my friend, Muhammad Amin Dayarian, for his 

great help throughout my PhD study. Amin was always there whenever I needed him. Thank 

you so much. I also like to thank my friends, Dr. Reza, Husam Kafena and Mohd Rashid 

Yusof Hamid, for their great helps. I would also like to express my appreciation to the IAS 

management and staff for their great support; especially Prof. Dr. Zulqarnain Mohamed who 

was always more than the management to me.   

Univ
ers

ity
 of

 M
ala

ya



ix 

I would like to express my deepest appreciation to my parents, for their love, support, 

and encouragement not only during my PhD but also throughout my whole life. Thank 

you both for your prayers for my success and prosperity and for inspiring me to follow 

my dreams. I would also like to thank my lovely brothers and sisters who have always 

been great motives and supports throughout my life. I am deeply indebted to them all. 

Last, but not least, I would like to dedicate this work to my lovely daughters, Negar 

and Elham, who are the true love of my life. They have both made my life more fruitful 

and meaningful. They were the main motive for this PhD work. They are always in my 

heart. I promise you both that from now on, I will dedicate myself to you both to bring 

more peace, happiness and comfort to your life. I love you both. 

  

Univ
ers

ity
 of

 M
ala

ya



x 

TABLE OF CONTENTS 

Abstract ............................................................................................................................ iii 

Abstrak .............................................................................................................................. v 

Acknowledgements ........................................................................................................ viii 

Table of Contents .............................................................................................................. x 

List of Figures ................................................................................................................. xv 

List of Tables ............................................................................................................... xviii 

List of Symbols and Abbreviations ................................................................................ xix 

List of Appendices ....................................................................................................... xxiii 

CHAPTER 1: INTRODUCTION .................................................................................. 1 

1.1 Introduction ............................................................................................................. 1 

1.2 Urban runoff generation .......................................................................................... 2 

1.3 Urban stormwater runoff generation ....................................................................... 2 

1.4 Problem statement ................................................................................................... 4 

1.5 Purpose and scope of the study ................................................................................ 5 

1.6 Objectives of the study ............................................................................................ 7 

1.7 Thesis outline ........................................................................................................... 7 

CHAPTER 2: LITERATURE REVIEW ...................................................................... 9 

2.1 Introduction ............................................................................................................. 9 

2.2 Watershed and Urban catchment ........................................................................... 10 

2.3 The Natural Hydrologic Cycle .............................................................................. 11 

2.4 Water cycle in urbanized areas .............................................................................. 12 

2.5 Hydrological processes in urban environments ..................................................... 13 

2.5.1 Precipitation .............................................................................................. 13 

Univ
ers

ity
 of

 M
ala

ya



xi 

2.5.2 Evaporation and Transpiration ................................................................. 14 

2.5.3 Depression storage, overland flow and runoff ......................................... 14 

2.5.4 Infiltration and subsurface processes........................................................ 15 

2.6 Factors affecting urban stormwater runoff ............................................................ 16 

2.6.1 Urbanization ............................................................................................. 16 

2.6.2 Climate change effects ............................................................................. 28 

2.6.3 Other influential factors ............................................................................ 30 

2.7 Urban stormwater quality ...................................................................................... 32 

2.7.1 Sources of pollutants in urban runoff ....................................................... 32 

2.8 Urban stormwater management ............................................................................. 33 

2.8.1 Best Management Practices (BMPs) ........................................................ 35 

2.8.2 Low Impact Development (LID) .............................................................. 36 

2.8.2.1 Bio-retention/Rain garden systems ........................................... 39 

2.8.2.2 Vegetated Swales (Bio-Swales or Swales) ................................ 40 

2.9 LID Technology Efficiency ................................................................................... 42 

2.10 Cost of LIDs .......................................................................................................... 43 

2.11 Modeling overview ................................................................................................ 44 

2.11.1 Hydrological modeling ............................................................................. 45 

2.11.2 Urban hydrological modeling ................................................................... 46 

2.12 LID - BMP modeling for urban stormwater runoff ............................................... 46 

2.13 Applications of SWMM model ............................................................................. 47 

2.14 Evaluation of urban hydrological models .............................................................. 48 

2.15 Optimization in stormwater management .............................................................. 49 

CHAPTER 3: METHODOLOGY ............................................................................... 53 

3.1 Study area .............................................................................................................. 53 

3.2 Data collection ....................................................................................................... 54 

Univ
ers

ity
 of

 M
ala

ya



xii 

3.3 Bunus catchment drainage networks ..................................................................... 55 

3.4 Bunus catchment land use ..................................................................................... 56 

3.5 Bunus catchment topography ................................................................................ 57 

3.6 Modeling procedure ............................................................................................... 58 

3.7 Simulation model development ............................................................................. 59 

3.7.1 Stormwater Management Model (SWMM) ............................................. 59 

3.7.2 Simulation model setup ............................................................................ 60 

3.7.3 Input Parameters for SWMM ................................................................... 62 

3.7.4 Rainfall and Climatology Data ................................................................. 63 

3.7.5 Parameters for Hydrologic Components .................................................. 63 

3.7.6 SWMM System Parameter Settings ......................................................... 64 

3.7.6.1 Conduits .................................................................................... 64 

3.7.6.2 Open channels ........................................................................... 65 

3.7.6.3 Junctions .................................................................................... 65 

3.7.6.4 Storage units .............................................................................. 65 

3.7.7 Sensitivity analysis ................................................................................... 65 

3.7.8 Calibration and validation ........................................................................ 66 

3.7.9 Water quality modeling ............................................................................ 67 

3.7.10 LID control assigning ............................................................................... 68 

3.8 Common measures to assess model performance ................................................. 68 

3.8.1 The Deviation Volume Coefficient (DV) for Total Runoff Volume ........ 68 

3.8.2 The Root Mean Square Error (RMSE) for Hydrograph Comparisons ..... 69 

3.8.3 Nash–Sutcliffe Coefficient (NSC) ............................................................ 70 

3.8.4 Regression method ................................................................................... 70 

3.9 Optimization modeling .......................................................................................... 71 

3.9.1 Multi Objective Particle Swarm Optimization (MOPSO) ....................... 71 

Univ
ers

ity
 of

 M
ala

ya



xiii 

3.9.2 MOPSO Objectives .................................................................................. 74 

3.9.3 Simulation-Optimization model ............................................................... 76 

3.10 MATLAB .............................................................................................................. 77 

3.11 Overview of GIS .................................................................................................... 77 

3.11.1 Applications of GIS .................................................................................. 78 

3.11.2 ArcGIS ...................................................................................................... 78 

3.12 Cost analysis .......................................................................................................... 79 

CHAPTER 4: RESULTS .............................................................................................. 80 

4.1 Simulation model development ............................................................................. 80 

4.2 Sensitivity analysis results ..................................................................................... 80 

4.3 Quantity model calibration and validation ............................................................ 81 

4.3.1 Model calibration for the data on the 05-12-2015 event .......................... 82 

4.3.2 Model Validation ...................................................................................... 84 

4.3.3 Model calibration for the sampling data of the 20-09-2018 rainfall 

event……………………………………………………………………. 85 

4.3.4 Quantity model calibration for the 20-09-2018 rainfall event.................. 86 

4.3.5 Validation of the quantity model for the 20-09-2018 event ..................... 87 

4.4 Quality model calibration for the 20-09-2018 event ............................................. 89 

4.4.1 Rainfall samples analysis for water quality parameters ........................... 90 

4.4.2 Quality modeling calibration .................................................................... 92 

4.4.2.1 Total Suspended Solids (TSS) calibration ................................ 94 

4.4.2.2 Total Nitrogen (TN) calibration ................................................ 95 

4.5 Model performance evaluation (goodness-of-fit test) ........................................... 95 

4.6 LID controls designing and assigning to the subcatchments ................................. 96 

4.6.1 LID control efficiency results ................................................................... 97 

4.6.2 Model performance for the selected rainfall scenarios ............................. 99 

Univ
ers

ity
 of

 M
ala

ya



xiv 

4.7 Optimization model development and the results ............................................... 102 

4.8 LID best combination scenarios .......................................................................... 107 

4.9 Non-dominated solutions for LID costs .............................................................. 111 

4.9.1 Non-dominated solutions for peak flow and total runoff volume .......... 111 

4.9.2 Non-dominated solutions for TSS and TN ............................................. 112 

4.10 Cost non-dominated solutions scenarios for the best LID combinations ............ 113 

CHAPTER 5: DISCUSSION ..................................................................................... 117 

5.1 Simulation model and LID assignment ............................................................... 117 

5.2 Optimal number, combinations and placement of LIDs ...................................... 130 

5.3 Cost-effectiveness of LID combinations and locations ....................................... 133 

CHAPTER 6: CONCLUSION ................................................................................... 139 

6.1 Summary .............................................................................................................. 139 

6.2 Conclusion and Appraisal .................................................................................... 142 

6.3 Future Works and Recommendations .................................................................. 145 

References ..................................................................................................................... 148 

List of Publications and Papers Presented .................................................................... 173 

Appendices .................................................................................................................... 177 

 

  
Univ

ers
ity

 of
 M

ala
ya



xv 

LIST OF FIGURES 

Figure 2.1: Water cycle in an urban catchment (Salvadore et al., 2015). ....................... 13 

Figure 2.2: Runoff Variability with Increased Impervious Surfaces (FISRWG, 1998). 19 

Figure 2.3: Schematic graph of the relative effects of urbanization on catchment 
hydrology; adapted from: Marsalek et al. (2008). ........................................................... 21 

Figure 2.4: Simplified schematic of centralized and decentralized LIDs in a watershed; 
adapted from Chang (2010). ........................................................................................... 36 

Figure 2.5: Typical Rain garden in an urban area. .......................................................... 40 

Figure 2.6: Typical vegetated swale in urban areas. ....................................................... 41 

Figure 3.1: Bunus subcatchment within Klang catchment. ............................................ 53 

Figure 3.2: Bunus catchment land use. ........................................................................... 56 

Figure 3.3: Bunus catchment topography. ...................................................................... 57 

Figure 3.4: Schematic flow chart of the modeling procedure. ........................................ 58 

Figure 3.5: Drainage system in the base case in SWMM with sub-catchments. ............ 62 

Figure 3.6: Typical form of Pareto optimal front in MOPSO. ........................................ 73 

Figure 4.1: Sensitivity analysis results for SWMM model. ............................................ 80 

Figure 4.2: Model calibration for the 05-12-2015 event. ................................................ 83 

Figure 4.3: Coefficient of determination for the model calibration on the 05-12-2015 
event. ............................................................................................................................... 83 

Figure 4.4: Model validation for the 10-06-2015 event. ................................................. 84 

Figure 4.5: Model validation for the 21-04-2016 event. ................................................. 85 

Figure 4.6: Model calibration for the 20-09-2018 event. ................................................ 86 

Figure 4.7: Coefficient of determination for the model calibration on the 20-09-2018 
event. ............................................................................................................................... 86 

Figure 4.8: Model validation for the 01-08-2017 event. ................................................. 87 

Figure 4.9: Model validation for the 28-04-2018 event. ................................................. 88 

Univ
ers

ity
 of

 M
ala

ya



xvi 

Figure 4.10: location of sampling and the samples collected from the study site on the 20-
09-2018 rainfall event. .................................................................................................... 89 

Figure 4.11: Stormwater quality parameters changes during the 20-09-2018 rainfall event.
 ......................................................................................................................................... 91 

Figure 4.12: TSS parameter for the samples on the 20-09-2018 event. .......................... 91 

Figure 4.13: TN parameter for the samples on the 20-09-2018 event. ........................... 92 

Figure 4.14: Total Suspended Solids (TSS) calibration result for the 20-09-2018 event.
 ......................................................................................................................................... 94 

Figure 4.15: Total nitrogen (TN) calibration result for the 20-09-2018 event................ 95 

Figure 4.16: Modeled flow with LID controls in the subcatchments for the 20-09-2018 
rainfall event. .................................................................................................................. 97 

Figure 4.17: Modelled TSS with LID controls in the sub-catchments for the 20-09-2018 
event. ............................................................................................................................... 98 

Figure 4.18: Modelled TN with LID controls in the sub-catchments for the 20-09-2018 
event. ............................................................................................................................... 99 

Figure 4.19: Rainfall scenarios for three return periods namely 5, 10 and 20 years. ... 100 

Figure 4.20: Peak runoff reduction for the selected rainfall scenarios. ........................ 102 

Figure 4.21: MOPSO pareto-optimal front solutions for peak runoff reductions against 
different LID combinations. .......................................................................................... 103 

Figure 4.22: The Pareto optimal front for the peak flow reductions with different number 
of LIDs. ......................................................................................................................... 105 

Figure 4.23: The Pareto optimal front for the TSS reduction with different number of 
LIDs. ............................................................................................................................. 106 

Figure 4.24: The Pareto optimal front for the TN reduction with different number of LIDs.
 ....................................................................................................................................... 107 

Figure 4.25: Peak Runoff, TSS, and TN Reduction in different selected scenarios. .... 109 

Figure 4.26: Type and combination of LIDs for the best scenario in Bunus catchment.
 ....................................................................................................................................... 110 

Figure 4.27: Non-dominated solutions for peak flow reduction. .................................. 111 

Figure 4.28: Non-dominated solutions for total runoff volume reduction. ................... 112 

Univ
ers

ity
 of

 M
ala

ya



xvii 

Figure 4.29: Non-dominated solutions for TSS reduction. ........................................... 113 

Figure 4.30: Non-dominated solutions for TN reduction. ............................................ 113 

Figure 4.31: Peak Runoff, Total Volume, TSS, and TN reduction for selected LID cost 
non-dominated solutions scenarios. .............................................................................. 114 

Figure 4.32: Peak runoff reduction with total LID cost. ............................................... 115 

Figure 4.33: Comparison of peak flow, total runoff volume, TSS and TN reduction with 
the minimum cost scenario. .......................................................................................... 116 

  

Univ
ers

ity
 of

 M
ala

ya



xviii 

LIST OF TABLES 

Table 2.1: Impact of imperviousness on the stormwater runoff generation in urban 
catchments. ...................................................................................................................... 25 

Table 2.2: Typical BMP Removal efficiency (MSMA, 2012)........................................ 43 

Table 3.1: The initial parameters for each sub-catchment to construct the SWMM model.
 ......................................................................................................................................... 63 

Table 3.2: Most common pollutants in urban areas (Water, 2005). ................................ 67 

Table 3.3: Life cycle costs of different LID-BMP facilities (Edmonton, 2011). ............ 79 

Table 4.1: Quality parameters achieved from rainfall samples analysis. ........................ 90 

Table 4.2: Buildup and washoff input parameters to calibrate the quality model. ......... 94 

Table 4.3: The goodness-of-fit test results to evaluate the reliability of the model. ....... 96 

Table 4.4: Best management practices (BMP) removal and peak runoff reduction after 
assigning low impact developments (LIDs) to the model. .............................................. 98 

Table 4.5: Rainfall scenarios for three return periods and three durations. .................. 100 

Table 4.6: Results of the model performance for the selected rainfall scenarios. ........ 101 

Table 4.7: Part of the optimization output for the peak flow with different LID types and 
combinations. ................................................................................................................ 104 

Table 4.8: Peak Runoff, TSS and TN reductions for selected number of LIDs in MOPSO 
non-dominated solutions. .............................................................................................. 106 

Table 4.9: Results of the selected scenarios to evaluate the optimal number of LID 
combinations. ................................................................................................................ 108 

Table 4.10: Number, type and combination of LIDs for the best scenario. .................. 109 

Table 4.11: Peak runoff, total volume, TSS, and TN reduction for selected LID cost 
scenarios in MOPSO non-dominated solutions. ........................................................... 114 

Table 5.1: Comparison of the results of goodness-of-fit test with the previous studies.
 ....................................................................................................................................... 126 

 

Univ
ers

ity
 of

 M
ala

ya



xix 

LIST OF SYMBOLS AND ABBREVIATIONS 

$ : Dollar sign 

E : East longitude 

e : Base-10 exponent symbol 

N : North latitude 

r2 : Coefficient of determination 

T : Return period 

^ : exponentiation operator 

Al : Aluminum 

AN : Ammoniacal Nitrogen 

As : Arsenic 

Ba : Barium 

BMP : Best Management Practices 

BOD : Biochemical Oxygen Demand 

Ca : Calcium 

Cd : Cadmium 

CM : Cubic meter 

cm : Centimeter 

CMS : Cubic meter per second 

COD : Chemical Oxygen Demand 

Cond : Conductivity 

Cr : Chromium 

Cu : Copper 

DCIA : Directly Connected Impervious Area 

DEM : Digital Elevation Model 

Univ
ers

ity
 of

 M
ala

ya



xx 

DID : Department of Irrigation and Drainage 

DIN : Dissolved Inorganic Nitrogen 

DO : Dissolved Oxygen 

Dv : Deviation Volume Coefficient 

e.g. : For example 

EIA : Effective Impervious Area 

EMC : Event Mean Concentration 

EPA : Environmental Protection Agency 

ET : Evapotranspiration 

Fe : Iron 

GA : Genetic Algorithm 

GIS : Geographical Information System 

GSA : Global Sensitivity Analysis 

ha : Hectare 

Hg : Mercury 

hr : Hour 

IMPs : Integrated Management Practices 

Kg : Kilogram 

KL : Kuala Lumpur 

Km : Kilometer 

km2 : Square kilometer 

L : Liter 

ltr : Liter 

LID : Low Impact Development 

m : Meter 

m3/s : Cubic meter per second 

Univ
ers

ity
 of

 M
ala

ya



xxi 

MATLAB : Matrix Laboratory 

Mg : Magnesium 

mg : milligram 

mm : millimeter 

Mn : Manganese 

MOPSO : Multi-Objective Particle Swarm Optimization 

MSMA : Urban Stormwater Management Manual for Malaysia 

NH3 : Ammoniacal Nitrogen 

NO2 : Nitrite 

NO3 : Nitrate 

NOF : Normalized Objective Function 

NOx : Nitrate and/or Nitrite 

NSC : Nash–Sutcliffe Coefficient 

O&M : Operation and Maintenance 

Pb : Lead 

PO4 : Phosphate 

PR : Peak runoff 

PSO : Particle Swarm Optimization 

RG : Rain Garden 

RMSE : Root Mean Square Error 

S1 : Station1 

S2 : Station2 

SA : Sensitivity Analysis 

SCE-UA : Shuffled Complex Evolution Algorithm 

SMART : Stormwater Management and Road Tunnel 

Sr : Strontium 

Univ
ers

ity
 of

 M
ala

ya



xxii 

SUDS : Sustainable Urban Drainage Systems 

SW : Swale 

SWMM : Stormwater Management Model 

TDS : Total Dissolved Solids 

TIA : Total Imperviousness Area 

TN : Total Nitrogen 

TP : Total Phosphorous 

TSS : Total Suspended Solids 

TV : Total Volume 

UHI : Urban Heat Island 

USEPA : United States Environmental Protection Agency 

UTM : University Technology Malaysia 

Vm : Modeled total runoff volume 

Vo : Observed total runoff volume 

WSUD : Water Sensitive Urban Design 

WWCs  Wet weather controls 

Zn : Zinc 

 

 

 

 

 

  

Univ
ers

ity
 of

 M
ala

ya



xxiii 

LIST OF APPENDICES 

Appendix A: Rainfall-Flow Data for Calibration………………………………. 177 

Appendix B: IDF Curve used for the Rainfall Scenarios………………………. 178 

Appendix C: Non-dominated solutions for number of LIDs and TSS…………. 179 

  

  

  

  

 

 

 

 

 

 

 

 

 

 

Univ
ers

ity
 of

 M
ala

ya



1 

CHAPTER 1: INTRODUCTION 

1.1 Introduction 

In a natural watershed, there is a unique climate, topography, vegetation and coverage 

which results in a natural water cycle and hydrological response. Different factors can 

affect this unique natural hydrological process and cause adverse effects to the urban 

catchment. Although geomorphological features of the urban areas, such as topography, 

geology, soil characteristics, slope and roughness have profound impact on the runoff 

generation of the urban catchment, the anthropogenic effects are specifically important in 

this respect. The continuous growing population and large human activities in urban areas 

have led to some issues in different parts of the world Yang et al. (2008). The main reason 

for many alterations in the natural hydrological processes in urban areas is population 

growth and the pertinent human activities changing the natural features of urban 

catchments and leading to more imperviousness. Based on the United Nations reports, a 

great deal of people are residing in urban or urban-like areas throughout the world 

(UnitedNations, 2010). Also, based on the population projections, urban population will 

reach 80% of the total population by the year 2030, with growth or migration, especially 

concentrated in megacities and developing countries (Salvadore et al., 2015). Population 

growth and urbanization reinforce the pressure on the environment and is usually a threat 

to water resources sustainability (Carle et al., 2005; Lee & Heaney, 2003). Land use 

changes in the process of increase in urbanization can have a severe impact on the runoff 

generation (DeFries & Eshleman, 2004). Hydrological processes are also significantly 

affected by human activities in urban catchments (Kuchment, 2004). Climate change also 

plays an important role on the hydrologic cycle in urban areas by changing rainfall 

patterns and consequently increasing runoff volume and peak flow.  

Due to the growing population and the resultant impact on the urban hydrology, it is 

of high interest to understand how various factors, including the human activities, 
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influence the hydrologic variables in urban areas and how to mitigate these effects (Ahn 

& Merwade, 2014). 

When the runoff volume and peak flow increase in urban areas, the ecosystem, human 

and property as well as the water quality will be adversely affected. Urbanization is the 

most significant factor leading to higher runoff volume and peak runoff, and therefore 

causes flood disaster (Shi et al., 2007). 

1.2 Urban runoff generation 

Part of the rainfall does not neither retain on the surface nor infiltrate deep into the 

soil. This part of the rainfall is known as excess rainfall, or effective rainfall. Excess 

rainfall flows over the surface and turns into direct runoff at the catchment outlet (Chow 

et al., 1988). The flow regimes in a watershed are determined by watershed characteristics 

which are typically inclusive of climate, geology, topography, soil vegetation and human 

activities (Brilly et al., 2006). Different factors might impact the amount and extent of 

surface runoff generation. 

1.3 Urban stormwater runoff generation  

Different factors contribute to urban runoff generation. Human activities is one of the 

most significant factor contributing to the runoff generation in urban catchments which 

have gained a great deal of attention in the past years (Wang S. et al., 2015). 

Anthropogenic impacts (sometimes integrated with climatic impact) on runoff alterations 

have been the focus of many studies by researchers recently, e.g., (Ma et al., 2008; 

Milliman et al., 2008). Urban development has largely resulted in the catchment land 

use/land cover modifications which have influenced the runoff variability (Wang et al., 

2011). Anthropogenic effects along with urbanization lead to the extreme modification of 

urban pathways (Price, 2011). Urbanization is the most significant aspect of 

anthropogenic impact in urban areas affecting surface runoff. Urbanization, 
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imperviousness and land use/land cover changes are the results of anthropogenic 

activities in urban areas affecting the runoff generation. 

Urbanization usually results in the modification of natural landscapes and eventually 

vegetated surfaces are replaced with impermeable surfaces (Shuster et al., 2005). The 

artificial coverage used in the process of urbanization encompass a wide range of sealed 

surfaces such as paved roads, parking lots and roofs, that typically clear the vegetation 

and compact the soil (Brilly et al., 2006). The main results of urbanization include: 

increasing of road surface area (Forman 2000); reducing drainage capacity (Hicks & 

Larson, 1997a); and land modification for agriculture (Pringle, 2001). 

Impervious surfaces are the result of urbanization which are generally known as 

material with natural or anthropogenic sources preventing the infiltration of surface water 

into the sub-layer soils (Slonecker et al., 2001). Human activities and habitation are the 

main reasons for the growth of impervious surfaces in urban areas by construction of 

structures such as roofs, parking lots and roads. Imperviousness decreases infiltration 

capacity, increases the direct runoff, improves the connectivity of flow and leads to the 

reduction of groundwater recharge paths (Brabec et al., 2002; Shuster et al., 2005). These 

alterations will ultimately result in the modification of the magnitude and duration of 

urban catchment floods (Yang et al., 2015).  

Climate change has gained a lot of attentions recently because of its significant 

influence, particularly on the urban hydrology. Thus, understanding the rainfall behavior 

alteration at urban scales is urgently vital. We also need to assess the effects of such 

alterations on the efficiency and stormwater management systems reliability for 

controlling flood, hygiene as well as environmental protection (Fletcher et al., 2013). It 

is usually anticipated that the climate change will alter the timing and magnitude of 
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runoff, which is a significant factor in the water resources management (Zhang et al., 

2012). In addition, the precipitation intensity might also be modified by climate change.  

Another factor affecting urban runoff generation is soil characteristics in urban areas. 

When the topsoil is removed from pervious areas of urban catchments and it is combined 

with soil compaction (because of construction, traffic, loss of organic matters and 

vegetation), rainfall-runoff will have uncertain behavior (Gregory et al., 2006; Shuster & 

Pappas, 2010). Antecedent soil moisture also contributes to urban runoff generation. In 

wet soil condition, the runoff is averagely two times higher compared to dry soil condition 

(Shi et al., 2007).  

Precipitation is another significant meteorological factor affecting the hydrological 

process (Li et al., 2008). The alteration of both precipitation and temperature significantly 

affect urban runoff. Studies have proved that if precipitation changes 10%, it will possibly 

result in about 15 to 25% alterations in runoff (Fu et al., 2007b; Liuzzo et al., 2009; Notter 

et al., 2007; Wang et al., 2011; Zhang et al., 2009b).  

Apart from precipitation, temperature is a significant meteorological factor affecting 

hydrological process (Li et al., 2008). It is estimated that when the temperature is 

increased by 2-degree, the runoff will be reduced by 5 to 12% (Fu et al., 2007b; Liuzzo 

et al., 2009; Notter et al., 2007; Zhang et al., 2009b). Evaporation from land surface is 

also another major component of surface runoff even for the surfaces which are nominally 

impervious (Mansell & Rollet, 2009).  

1.4 Problem statement 

Urbanization, land use/land cover and imperviousness can be considered as the most 

significant factors impacting the rainfall-runoff behavior in urban catchments. 

Urbanization results in considerable runoff volume and peak discharge increase as well 
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as base flow reduction which is due to the alteration in the percentage of imperviousness 

and the decrease of infiltration rates (Bedan & Clausen, 2009; Burns et al., 2012; Dietz 

& Clausen, 2008). Excess runoff can lead to urban flooding, economic losses, pollution 

and health issues, which can considerably threaten local residents and urban development. 

Impervious surfaces substantially affect the infiltration of precipitation and runoff is 

rapidly conveyed into stream channels that will change the natural hydrologic cycle. This 

process will increase the velocity, volume and peak runoff of the storm events. Erosion 

will also cause some problems to the surface and streams due to the high velocity of runoff 

on impervious surfaces. Urban runoff and associated erosion resulted from storms can 

have significant adverse effects on catchment health and ecosystem habitats (Gilroy & 

McCuen, 2009). Due to imperviousness in urbanized watersheds, floods also occur with 

greater magnitude and frequency. This will make flood damage mitigation and water 

quality improvement more challenging. 

Apart from runoff peaks and volume, surface water quality is also a great concern in 

urban areas due to pollutant loads in stormwater runoff. Studies have quantified a huge 

amount of pollutants in stormwater which may affect aquatic systems adversely 

(Björklund, 2011).  

1.5 Purpose and scope of the study 

Traditionally, urban drainage networks have been used to direct and collect urban 

excess runoff to prevent the consequences. Urban stormwater runoff problems have 

typically been mitigated using Best Management Practices (BMPs), such as constructed 

wetlands and ponds which have traditionally been implemented in a centralized manner. 

The newly developed source control techniques, such as rain gardens, permeable 

pavements, vegetated swales, and bioretention systems have been widely used recently to 

manage urban stormwater. Collectively, these best management practices techniques 
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have been termed Low Impact Development (LID) (Qin et al., 2013). These techniques 

are usually implemented at the source and are often referred to as distributed, source 

control or decentralized systems. Best management practices (BMPs) and low impact 

development (LID) strategies are widely used to mitigate the impacts of urbanization on 

water quantity and quality (Dietz, 2007). Particularly, the LID techniques have been 

developed to mimic the pre-development hydrologic conditions and promote the storage, 

infiltration and evapotranspiration processes (Ahiablame et al., 2012). 

Stormwater engineers apply hydrological modeling to determine the most useful 

places for LID facilities as well as the required level of stormwater management through 

the selected facilities. Several studies have proved the suitability and effectiveness of 

modeling approaches to evaluate the impact of stormwater strategies on receiving waters 

(Elliott & Trowsdale, 2007; German et al., 2005a). 

In order to achieve the maximum runoff and pollutant reduction with the lowest cost, 

it is vital to find the optimal number and combination of LID controls implemented on 

impervious surfaces. This could be achieved by developing a simulation-optimization 

model to achieve the maximum runoff and pollutant concentration reduction with the 

lowest cost. Coupling a hydrological model with an optimization model would be the best 

method to achieve the optimal number and combination of LIDs in the catchment with 

the minimum cost. The idea of optimization is to achieve the optimal number and 

combination of LIDs so that the runoff/peak runoff and pollutants are optimally reduced 

while the LID implementation is also cost-beneficial. 

The purpose of the study was to find the optimal number and combination of LID 

controls implemented on impervious surfaces by developing a simulation-optimization 

model to achieve the maximum runoff and pollutants reduction with the minimum cost. 
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1.6 Objectives of the study 

Based on the literature review and the gap found, we aimed to develop a simulation-

optimization model to improve the urban stormwater runoff quantity and quality. Thus, 

the study was derived from the following main objectives: 

1. To investigate the hydrological performance (peak runoff reduction) of LID-

BMPs at the catchment scale. 

2. To evaluate the removal efficiency of LID-BMPs at the catchment scale.  

3. To develop a simulation- optimization model that can integrate both quantity and 

quality control of urban runoff. 

4. To determine the optimal placement (type, number and combination) of LID-

BMPs for maximum runoff and pollutant loads reduction with the minimum cost. 

1.7 Thesis outline 

The thesis has been organized in 6 chapters as follows: 

• Chapter 1 is an introduction to the subject and contains the main points of the 

research as well as problem statement, purpose and the objectives to be achieved in 

the study. 

• Chapter 2 encompasses a wide variety of literature review related to this study which 

have been carried out recently throughout the world. It contains some basic 

definitions and theories related to the subject performed by other researchers. The 

literature has mainly been selected from the most prominent and specialized journals 

and some relevant books. 

• Chapter 3 includes the materials and methods of the research, the study area as well 

as the software and models used in the study. The data collection methods and data 

analysis have also been explained in this chapter. 
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• Chapter 4 explains the results of the study. This chapter contains the modeling 

process of the study area, simulation and optimization of the best management 

practices for the study area as well as the best outcome of the simulation-

optimization model for the LID-BMPs to be implemented in the study area. 

• Chapter 5 discusses the results and major findings obtained from this study and 

explains the significance of the findings by comparing them with the previous 

studies. 

• Chapter 6 will present the conclusions of the study as well as some suggestions for 

the future research directions of similar studies in this area. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction 

Urbanization causes substantial disturbance to the natural landscapes and as a result, 

natural vegetated surfaces are replaced by impermeable surfaces. This increase in the 

impervious surfaces are the main reason responsible for the hydrologic changes resulting 

from urbanization Process (Shuster et al., 2005). Impervious surfaces dramatically affect 

the infiltration of precipitation, and runoff is rapidly conveyed into stream channels which 

will change the natural hydrologic cycle. This will increase the volume and peak rate of 

runoff resulting from storm events. Impervious surfaces also facilitate the delivery of 

pollutants directly into streams (Palmer et al., 2004). Roads and parking lots are the main 

sources of impervious surfaces of different catchments. These impervious surfaces cause 

runoff and poor water quality problems imposed by vehicles residues (Moglen, 2009). 

Thus, with that large number of roadways in urban areas, the amount of surface runoff 

produced is significant as well. As a result, traditional ways of stormwater management 

practices will not be practical nowadays. By controlling stormwater at source, the 

damages to the natural water cycle will be controlled for both pre and post development.  

Although the runoff increase in urbanized areas is considered a danger to both humans 

and receiving water bodies, it can be viewed as an opportunity as well. Harvesting excess 

surface runoff water in urban areas, not only is helpful for ecosystem protection but also 

can be used as a new source of water for residential areas (Fletcher et al., 2013). In semi-

arid areas, stormwater runoff is considered as an important potential source of water 

supply for providing base flow in urban streams (Read et al., 2019).  

A number of methods are used to control the quantity and quality of urban stormwater 

runoff. Traditionally, the urban drainage has been used to direct and harvest the urban 

stormwater runoff. Low Impact Development (LID) and Best Management Practices 
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(BMP) are broadly used, nowadays, to mitigate the devastating impacts of stormwater 

runoff. They have been widely studied in the past years by different researchers. For 

instance, (Damodaram et al., 2010; Elliott & Trowsdale, 2007; Jia et al., 2013; Liu et al., 

2014) are few examples to be mentioned in this respect. 

2.2 Watershed and Urban catchment 

The terms “watershed” and urban “catchment” are often used interchangeably in urban 

areas for hydrologic modeling. The main difference between watershed hydrologic 

models and urban catchment hydrologic models are their time and space relative scales. 

(Blöschl & Sivapalan, 1995). Natural watersheds usually have time scales in the range of 

minutes to years, while time scales in urban catchments often lie in the range of minutes 

to hours. Likewise, the space scales of urban catchments are typically smaller, and 

generally they are in the range of meters to kilometers. Urban catchments land uses are 

also highly impervious, being predominantly residential, commercial, and industrial. 

Whereas, the perviousness of natural watersheds is high, and their land use types are 

typically meadows, forest, pasture, crop land, and other types of agricultural land cover.  

The runoff is subject to natural hydrological processes on the normal surfaces, while 

impervious surfaces produce more runoff because they are less permeable and smoother. 

Imperviousness is a significant environmental indicator (Arnold Jr & Gibbons, 1996) 

which plays an important role in hydrological analysis. The spatial distribution and 

connectivity of impervious surfaces are the most important factor in determining the 

surface runoff volume and velocity (Jacobson, 2011; Shuster et al., 2005; Zhou et al., 

2010). Connectivity to stormwater system is the most significant factor impacting the 

surface runoff amount and its dynamics (Brabec et al., 2002; Lee & Heaney, 2003; Roy 

& Shuster, 2009). When the flow velocity increases, it will decrease the lag time, which 

is the time interval between the center of mass of the storm and the center of the resultant 
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hydrograph (Huang et al., 2008a; Paul & Meyer, 2001). This high runoff velocity will 

also impact the flood peaks compared to the pre-urbanized conditions (Burns et al., 2005). 

This high flood peak will increase erosion, resulting in the slope stability reduction and 

production of more suspended sediments (Fletcher et al., 2013), which ultimately leads 

to higher flood risk and severity (Chen et al., 2009). Urbanization and imperviousness 

can also decrease base flow (Rumman et al., 2005), although some studies found no 

significant alteration in base flow because of  urbanization (Meyer, 2005). If the flow 

regime in natural catchments changes, e.g. because of velocity increase, the channel will 

adjust itself to the new flow conditions (Leopold, 1968). The water streams in urban 

catchments are usually modified, such as a closed pipe system replaces an open channel. 

Therefore, the natural adaptability of flow is limited, resulting in the increase of flood 

frequency and magnitude (Salvadore et al., 2015).  

2.3 The Natural Hydrologic Cycle  

The natural hydrologic cycle is a cycle involving the processes of precipitation, 

interception, runoff, infiltration, interflow, percolation, groundwater recharge, 

evapotranspiration, and back to the atmosphere, etc. When precipitation falls onto land 

surfaces, part of it is intercepted by vegetation, part of it is stored in surface depressions, 

part of it is infiltrated into the ground, and part of the precipitation is discharged over land 

to rivers that eventually lead back to the oceans. Precipitation held by vegetation 

eventually evaporates into the atmosphere; water held by depression storages either 

evaporates into the atmosphere or infiltrates into the ground; and the infiltrated water 

recharges the subsurface, where it can be utilized by plants, return to streams as interflow 

or base flow, or serve to recharge ground water aquifers (Chin et al., 2000). It is estimated 

that about 40% of the precipitation is intercepted by vegetation and depression storages 

in a natural landscape, and the intercepted precipitation eventually goes back to the 

atmosphere through evapotranspiration (FISRWG, 1998). About 25% of the precipitation 
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infiltrates into the ground and becomes interflow/base flow back to the stream, and 

another 25% of the precipitation percolates into the ground and becomes ground water. 

The other 10% of precipitation becomes surface runoff (FISRWG, 1998).  

2.4 Water cycle in urbanized areas 

The water cycle concept is a complicated issue in urban areas because water can easily 

enter from one catchment to another via water distribution and sewer networks. An urban 

catchment is a heterogeneous natural environment consisting of both natural and artificial 

surfaces. It should also be noted that the natural and artificial processes interact with each 

other in urban catchments (Figure 2.1). Therefore, achieving a standard definition for the 

urban water cycle is difficult. However, even in the disturbed natural network, water still 

follows the natural hydrological pathways of the catchment. For instance, infiltration will 

happen on locations in which the soil has not been sealed. Even in the subsurface, the 

water movement is under the influence of urban unnatural soils composition. 

Groundwater discharge is also impacted if the surface and the groundwater systems are 

not naturally connected. Other parts of the water cycle flow in an urban catchment 

includes: waste water, water supply, stormwater, leakage from pipes, irrigation, 

infiltration of water through artificial ponds and septic tanks, and wastewater release into 

surface water (Salvadore et al., 2015). 

Figure 2.1 gives a summary of a wide range of hydrologic processes which could 

possibly take place in a normal urban catchment system. Each one of these variables has 

a different unique complexity and has been investigated separately in different studies in 

the past years. The scales of time and space noticed in urban catchments, precipitation, 

overland flow, infiltration, depression storage, and surface runoff are widely known as 

the main hydrologic variables to be deeply comprehended and simulated in urban areas 

(Cantone & Schmidt, 2011). 
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Figure 2.1: Water cycle in an urban catchment (Salvadore et al., 2015). 

2.5 Hydrological processes in urban environments  

Mejía and Moglen (2010) proved that the patterns and distribution of imperviousness 

can affect the hydrological response of the catchment remarkably. Therefore, an urban 

catchment is the one that the local anthropogenic activities significantly disturb the 

hydrological fluxes; then the hydrological assessment can be performed in the area  

(Salvadore et al., 2015).  

The hydrological systems are usually different from one city to another one, the 

population and sealed surfaces of urban areas can have different impacts on the water 

resources. The policies in different areas can also affect the water resources and 

population. What is more, the catchment boundaries of urban catchments could not be 

very clear as water can cross the boundaries. An urban catchment consists of both natural 

and artificial surfaces (Salvadore et al., 2015).  

2.5.1 Precipitation  

Fletcher et al. (2013) stated that the studies regarding urban effects on precipitation 

have been of high interest for researchers since the 1970s. These impacts have been 

quantified in many studies by comparing the conditions of pre and post urbanization and 
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found that the precipitation changed between 5% and 15% by seasonal changes 

(Shepherd, 2006; Shepherd et al., 2002; Taha, 1997). However, the uncertainties 

originating from data scarcity and other atmospheric processes have greatly impacted 

these findings. Therefore, the U.S. Weather Research Program considered these studies 

uncertain (Dabberdt et al., 2000). However, urbanization can generally affect atmospheric 

processes, particularly the intensity and patterns of precipitation (Salvadore et al., 2015).  

2.5.2 Evaporation and Transpiration  

Evapotranspiration (ET) can significantly be affected by urbanization, so it is crucial 

to accurately estimate ET as it is an important component of water balance (Cheng et al., 

2011). Because of lack of vegetation, ET might be substantially less in urban catchments 

compared to rural areas (Chen et al., 2009; Taha, 1997). Many studies found that ET can 

reach up to 40% and in extreme cases up to 80% in urban areas annually, so it cannot be 

ignored (Berthier et al., 2006; Rodriguez et al., 2008). The green areas are often over 

irrigated in urban zones in both dry and wet periods (Salvador et al., 2011). In these cases, 

the plants transpiration can be more than normal conditions. The phenomenon of urban 

heat island (UHI), or the increase in temperature of urban centers, is the most common 

studied impact of urbanization on local climatic conditions (Arnfield, 2003; Dixon & 

Mote, 2003). As higher temperature increases the evaporation of surface stored water, 

plant canopy, artificial and natural water reservoirs, and it can enhance vegetation growth, 

so the impacts  of UHI are hydrologically relevant (Salvadore et al., 2015).  

2.5.3 Depression storage, overland flow and runoff  

The urban precipitation falls on natural or impervious surfaces, flows on pervious or 

impervious surfaces or ends in water bodies and stormwater collectors. Depression 

storage is part of the surface runoff retained in small ponds of the surface until it infiltrates 

or evaporates. Sometimes, the wetting abstractions (water needed for the initial wetting 
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of the catchment surface) and the depression storage are combined and are collectively 

called the initial abstraction (Geiger et al., 1987). Part of the rainfall which is not 

intercepted or infiltrated (known as excess rainfall, or effective rainfall) flows over the 

surface and is called overland flow and turns into direct runoff at the catchment outlet 

(Chow et al., 1988). 

On natural surfaces, the depression storage capacity normally ranges from 0.5 mm to 

15 mm, and this amount for impervious surfaces is between 0.2 mm to 3.2 mm (Marsalek 

et al., 2008). It should be noted that depression storage is usually more influential at low 

rainfall intensities, whereas in heavy storms its impact is marginal. The depressions filling 

process is relatively fast and depends on precipitation, evaporation and infiltration rates 

and generally is in the order of seconds to minutes (Salvadore et al., 2015). 

2.5.4 Infiltration and subsurface processes  

When the water moves into the soil under gravity and capillary forces, the process is 

called infiltration. Infiltration process recharges shallow aquifers, and during dry periods 

the shallow aquifers contribute to surface water and streamflow (Marsalek et al., 2008) .  

In urban hydrology, understanding the effect of urbanization on ground water systems 

plays a significant role (Changming et al., 2001; Schirmer et al., 2013). The volume and 

quality of groundwater recharge are affected by anthropogenic activities in very short 

time spans (Garcia-Fresca & Sharp, 2005). Urbanization usually modifies the natural 

recharge mechanisms, and new mechanisms will replace (Foster, 1990b). Imperviousness 

decreases infiltration and direct recharge, which ultimately reduces groundwater 

resources. Urbanization will also generally increase groundwater recharge due mainly to 

indirect recharge from mains leakage (Lerner, 2002). Therefore, evaluating the 

anthropogenic effects on groundwater systems is a challenging issue (Salvadore et al., 

2015).  
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In residential areas, surface sealing can be more than 50%, whereas it can easily reach 

70–80% in industrial areas (Foster, 1990b). However, urban paved surfaces are not totally 

impervious, and runoff losses can go up to 30–40% (Ramier et al., 2011). Also, the 

infiltration on roads of residential areas have been measured 6–9% of the total annual 

rainfall (Ragab et al., 2003a). The infiltration on urban pavements could be due mainly to 

the abundant fractures observed (Salvadore et al., 2015).  

The decrease of infiltration rates in urban areas is mainly due to the following factors 

(Marsalek et al., 2008): 

• Imperviousness in urban catchments (pavements, rooftops, parking lots, etc.). 

• Soil compaction in urban areas. 

• The artificial drainage system that can quickly removes ponded water, without 

allowing water infiltrating into the ground. 

2.6 Factors affecting urban stormwater runoff  

A wide range of factors impact the natural hydrologic process and flow regime in urban 

catchment. An increasing amount of studies have been performed to investigate these 

factors. However, the focus of this study is on the most important factors contributing to 

the direct urban runoff.  

2.6.1 Urbanization  

Stormwater is rainwater that runs off impervious surfaces in urban areas, such as roofs, 

sidewalks, streets and parking lots. One of the most significant effects of urbanization is 

the changes of runoff regime. Urbanization impacts surface runoff in three ways: 

• By increasing runoff volumes due to the reduction of infiltration and 

evapotranspiration. 
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• By increasing the runoff speed due to the hydraulic improvements of 

conveyance channels. 

• By reducing the catchment response time which increases the maximum runoff 

intensity that causes the peak runoff discharge. 

Thus, urbanization changes the catchment hydrologic regime. Stormwater is drained 

by sewers or open channels from urban areas to avoid flooding. The stormwater becomes 

polluted during this process, and its discharge into receiving waters causes environmental 

concerns (Marsalek et al., 2008).  

Urbanization is increasing vastly and rapidly all over the world (Han et al., 2014; Long 

et al., 2014). This massive increase in urbanization coupled with the increasing climate 

change are the two main factors contributing to urban stormwater runoff that could not 

be handled properly by applying conventional stormwater management (Chen et al., 

2016; Eckart et al., 2017). Many urban areas are undergoing rapid development around 

the world and the urbanization process is gaining more interest. This has profoundly 

modified the natural environment in urban areas (Long et al., 2014). 

The alteration of Land use in urban areas will change the hydrological processes such 

as interception, infiltration and evaporation which can influence the runoff generation and 

flow patterns. This will result in the alteration of intensity and frequency of surface runoff 

as well as flooding (Chen et al., 2009; Wang et al., 2007; Weng, 2001). Numerous studies 

have proved that land-use alterations will have significant effects on watershed 

hydrology, especially by changing the frequency of flood (Brath et al., 2006), base flow 

(Wang et al., 2007) and annual discharge (Costa et al., 2003). 

Urbanization usually results in the modification of natural landscapes and eventually 

vegetated surfaces are replaced with impermeable surfaces (Shuster et al., 2005). Future 

projections show that it will rise from 75% in 2000 to 83% in 2030 in developed countries, 
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whereas, at the same period, it is estimated to rise from 40% to 50% in developing 

countries (Cohen, 2003). The artificial coverage used in the process of urbanization 

encompass a wide range of sealed surfaces such as paved roads, parking lots and roofs, 

that typically clear the vegetation and compact the soil (Brilly et al., 2006).  

The main results of urbanization include: increasing of road surface area (Forman, 

2000; Jones et al., 2000); reducing drainage capacity (Hicks & Larson, 1997b); 

channelization and engineered water exchanges especially among major surface waters 

(Simmons & Reynolds, 1982); as well as land modification for agriculture (Pringle, 

2001). Another consequence of the urbanization alterations is that the runoff pathways in 

urban catchment will be altered (Cairns Jr, 1995). This would significantly affect urban 

hydrologic cycles (Niemczynowicz, 1999). Urbanization will also change the 

hydrological response of a catchment to precipitation (Figures 2.2 and 2.3), i.e. the 

volume, peak flow, flood risk and pollution will be increased, and the low flow will be 

decreased (Bedan & Clausen, 2009; Burns et al., 2012; Dietz & Clausen, 2008).  

The impacts of urbanization on runoff processes are mainly dependent not only on the 

urban area but also on the extent of urban catchment development. The small-sized and 

heavily urbanized river basins are more prone to the urban runoff rather than large river 

basins which flow through cities. In the large-sized river basins, the runoff peaks 

constitute only a small portion of the flow (Maksimovic & Tucci, 2001). Therefore, to 

study the hydrological response of a catchment to rainfall, small urban rivers would be 

more suitable (Foster et al., 1995). Figure 2.2 shows how runoff will be varied if the 

impervious surfaces are increased. 
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Figure 2.2: Runoff Variability with Increased Impervious Surfaces (FISRWG, 1998). 

Urbanization causes enormous effects on the watershed and many factors affect the 

specific stream response (Doyle et al., 2000). Urbanization will cause water to more 

quickly flow across the catchments because the land surfaces have less hydraulic 

resistance which are mainly due to the sealed surfaces, compacted soils and subsurface 

drainage (Price, 2011). As a result of urbanization, the landscape capacity to infiltrate 

precipitation runoff will be significantly reduced because the runoff will be increased 

(Booth, 1991; Hsu et al., 2000), lag times or concentration times will be shortened 

(Rhoads, 1995) and the water table recharge will be decreased which leads to the decline 

of base flows (Smakhtin, 2001). Heavily urbanized areas can also alter evapotranspiration 

regimes of the catchment because of vegetation removal as well as precipitation patterns 

Univ
ers

ity
 of

 M
ala

ya



20 

and intensity of ‘heat island’ effects (Carlson & Arthur, 2000; Dale et al., 2000). Apart 

from the local and regional environment, urbanization brings about different challenges 

to the wider environment as well. The biological and physical characteristics of the 

hydrological systems will significantly be affected (Fletcher et al., 2013; Jacobson, 2011).  

On natural surfaces, water encounters the natural hydrological processes of 

catchments. Impervious surfaces have low permeability and smooth surface which leads 

to the production of higher amount of runoff. Therefore, imperviousness is a significant 

environmental index (Arnold Jr & Gibbons, 1996).  It should also be mentioned that 

impervious surfaces are considered as substantially important in hydrological analysis 

because their spatial distribution and connectivity is a very important factor to determine 

the velocity and volume of surface runoff (Jacobson, 2011; Shuster et al., 2005; Zhou et 

al., 2010).  

Connectivity to stormwater system has a high effect on the amount and the running of 

surface runoff (Brabec et al., 2002; Lee & Heaney, 2003; Roy & Shuster, 2009). In post 

developed surfaces (Figure 2.2), the lag time, time interval between the center of storm 

mass and the center of the resultant hydrograph mass, is decreased due to the high flow 

velocity (Huang et al., 2008b; Paul & Meyer, 2001). This high velocity results in higher 

flood peaks compared to pre-urbanized conditions (Burns et al., 2005) and amplify 

erosion, which brings about slope instability and produces more suspended sediments 

(Fletcher et al., 2013).  Univ
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Figure 2.3: Schematic graph of the relative effects of urbanization on catchment 
hydrology; adapted from: Marsalek et al. (2008). 

Figure 2.3 depicts the relative effects of urbanization on catchment hydrology. 

According to Figure 2.3, we can perform an assessment of urbanization effects on 

hydrological analysis using the modified outlet hydrographs that results in the reduction 

of flow time (Huang et al., 2012), increase of volume (Guo, 2008), peak flow (Beighley 

et al., 2009; Huang et al., 2008a), and total discharge (Kliment & Matoušková, 2009; 

Moramarco et al., 2005). Urban development and the pertinent increase in the surface 

imperviousness will change the typical hydrologic regime which can be summarized as 

follows (Field & Sullivan, 2002):  

• The increase in the runoff volume 

• Increase in flow frequency, duration and peak runoff  

• Reduction in the infiltration (groundwater recharge) 

• Flow pattern alteration  

• Time to peak will be faster  

• Storage loss  
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Yang et al. (2014) investigated the hydrologic response of a catchment to urbanization 

in tropical areas. They applied a hydrologic model (MOBIDIC) to a catchment in 

Singapore which was in the process of urban land use transformation. Their findings 

confirmed that base flow, interflow and evaporation decreased with urbanization and at 

the same time, streamflow, surface runoff and peak streamflow increased relative to the 

urban change. All the changes happened at varying rates. 

Similarly, Miller et al. (2014) explored the effect of urbanization on runoff using a 

peri-urban catchment. Their findings showed that increasing the imperviousness in rural 

catchments will result in higher effect on peak flows and flood duration compared to the 

previously existing urban catchment. They specifically figured out that the peak flows 

will be much greater while the impervious surfaces and all storm runoff routing through 

the network of storm drainage are combined. 

Sillanpää and Koivusalo (2015) investigated the impacts of urban area development 

on the characteristics of runoff event in both warm and cold seasons in two control sub 

catchments of 0.31 𝑘𝑚2 and 0.13 𝑘𝑚2 of an urban catchment. They found out that 

depending on the season, urbanization can have dissimilar impacts on the runoff 

generation. They found that urbanization can increase runoff volume and depth, peak 

flows as well as runoff intensities and reduce catchment lag time in warm season. While 

during the cold period, alterations in the cumulative total runoff production due to the 

urbanization were not noticeable, but its temporal occurrence was affected. 

Impervious surfaces have natural or anthropogenic sources that prevent water to 

infiltrate into the sub-layer soils (Slonecker et al., 2001). Human activities and habitation 

are the main reasons for the growth of impervious surfaces in urban areas by construction 

of structures such as roofs, parking lots and roads. When the impervious surfaces increase, 

the hydraulic efficiency can be enhanced and the infiltration of rainwater into the sub-
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layers is decreased; the runoff generation in urban catchments is also increased (Mejía & 

Moglen, 2010). Therefore, the hydrologic performance of imperviousness is of high 

interest in urban rainwater management studies (Yao et al., 2016). Although pavements 

and Streets are generally known as impervious surfaces, their hydrologic behavior is 

directly affected by the intensity and duration of rainfall in the real situations (Ragab et 

al., 2003a).  

The runoff generation can usually be augmented with the increase of smaller rainfall 

events which is caused by the increase of the imperviousness (Sheeder et al., 2002). Booth 

(2000) showed that if the imperviousness is increased by 10%, the increase in runoff 

generation amount was to the same extent as a 2-year storm in the post development could 

possibly produce in a pre-development 10-year storm. 

Imperviousness is a simple index that can easily be measured, and this has made it to 

be widely recognized and accepted as a key index to predict the urban impacts on rainfall-

runoff process (Arnold Jr & Gibbons, 1996). Previous studies have generally proved that 

the surface runoff volume and velocity will be increased when the impervious coverage 

is increased (Jacobson, 2011; Shuster et al., 2005). 

Total impervious area (TIA) is the most well-known imperviousness type used in these 

studies, which is stated as the total impervious area in an urban catchment (Yao et al., 

2016). Schueler et al. (2009) pointed out that runoff volume can increase with the increase 

of TIA. The magnitude of urbanization is also directly related to this quantity. However, 

TIA does not illustrate the relationship between impervious surfaces and the drainage 

system, which may result in unexpected approximation between TIA and runoff 

parameters (Shuster et al., 2005). As an example, rooftops drain onto pervious areas, so 

do not have much contribution to runoff compared to roadways that are directly connected 

to the drainage system. On the other hand, directly connected impervious area (DCIA) 
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accounts for the part of TIA which is connected to a drainage network hydraulically, such 

as streets with gutters drained to an outlet (Yao et al., 2016). Table 2.1 summarizes some 

of the studies investigated the effect of imperviousness increase on the amount of runoff 

generation. 

There have been enormous studies in the past years, investigating the impact of various 

types of imperviousness on the catchment hydrological processes. Yao et al. (2016) 

conducted a research to analyze the effect of different types of imperviousness on 

rainfall–runoff process, such as runoff depth, peak discharge and lag time. They reported 

that TIA is a more significant factor affecting total runoff rather than DCIA and under 

different storm condition its impact remains relatively stable. Moreover, they found that 

using a combination with TIA and DCIA as indicators can lead to a more effective 

prediction of peak runoff, compared to using one single measure. 

Lee and Heaney (2003) carried out a hydrologic modeling to study the hydrologic 

performance of DCIA and found out that DCIA has the most significant effect on urban 

hydrology. Yang et al. (2011) and Burns et al. (2015) also pointed out that the majority 

of hydrologic modification in urbanized areas is due to DCIA. The DCIA are directly 

responsible for harming streams, rivers, and lakes in urban areas (Obropta & Del Monaco, 

2018). Similarly, a disconnected or ineffective impervious layer (Booth & Jackson, 1997) 

drains runoff to pervious areas (Walesh, 1989). It should be noted that total 

imperviousness of a catchment is an index which is widely used to measure the hydrologic 

effects of urbanization (Campana & Tucci, 2001; Choi, 2008).   
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Table 2.1: Impact of imperviousness on the stormwater runoff generation in urban 
catchments. 

Reference Type of 
catchment 

Catchment 
area 

Increase in 
Imperviousness 
(%) 

Runoff Response 
(%) 

Wang Y.-m. et al. 
(2015) urban catchment - - Peak discharge 

40% increased 

Yang et al. 
(2010) urban catchment - 10 Flow frequency 

increased by 19% 

Albrecht (1974) urban catchment - 20 to 100% 50% increase in 
total runoff 

Cook and 
Dickinson (1985) urban catchment - after a period of 

urbanization 

Runoff coefficients 
increased by 50%, 
the maximum peak 
discharge increased 
three-fold 

Hollis (1975) urban catchment - 30% increase in 
imperviousness 

100-year flood 
peaks would be 
doubled 

Sajikumar and 
Remya (2015) urban catchment 145 km2 - 15% increase in 

discharge peaks 

Ozdemir and 
Elbaşı (2014) urban catchment 9.33 km2 - Runoff increased 

Significantly 

Rose and Peters 
(2001) urban catchment 50 km2 - 

Peak flows were 
from 30% to more 
than 100% greater 

 

Kong et al. 
(2017) urban catchment 8.38 km2 33.3% 

Runoff and runoff 
coefficients 
increased 92.9% 
and 90.9%, 
respectively  

 

Wang Y.-m. et al. (2015) carried out a research to evaluate the spatial-temporal effects 

of imperviousness on the hydrological response of different parts of an urbanized 

watershed. The results showed that the time to peak will be decreased by nearly 15% if 

the modifications of downstream imperviousness (marked urbanization) is large, while 

the increase in peak discharge was found to be more than 40%. However, in another 
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research performed in Dead Run watershed (14.3𝑘𝑚2), Maryland, Ogden et al. (2011) 

reported that for extreme rainfall, imperviousness was not significantly important to cause 

a noticeable change in runoff peak.    

In another research Yang et al. (2010), conducted a research on 16 small watersheds 

in Indiana, USA. They reported that when impervious surface area increases by 10%, the 

flow variation and flow frequency can be increased by 15% and 19%, respectively. They 

found a 19% and 12% increase in the frequency of the simulated high-flow and flow 

variability, respectively which is due to the development of the urban areas in the basin. 

They concluded that impervious cover was the key significant factor in the selected 

hydrologic measures trend. 

Most recently, Wang et al. (2019) developed a probabilistic model that can distinguish 

the difference between directly-connected and disconnected impervious areas and can 

also calculate analytically the effects of the runoff reduction produced by the impervious 

area disconnection. In another recent study, Ebrahimian et al. (2018) develop a method 

to estimate the effective impervious area (EIA) portion of urban catchments to assess the 

impact of EIA on the hydrology of urban watersheds.    

There are various types of land use alterations in urban areas which typically have 

different percentage of imperviousness including residential, industrial, and commercial. 

Surface coverage in residential and industrial areas are different and can be more than 

50% in residential areas and can often reach 70-80% in industrial areas (Foster, 1990a). 

Nevertheless, Urban paved surfaces are not fully impervious and runoff losses can go up 

to 30-40% of the total runoff (Ramier et al., 2011), and the infiltration on roads of 

residential areas has been measured about 6-9% of the total annual rainfall (Ragab et al., 

2003b). Depending on the given rainfall event, the surface area contributing to the runoff 

generation will reportedly be varied (Ramier et al., 2011). However, the sizes and 
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complexities of landscapes in large urban catchments are always greater than that of the 

small catchments, which lead to varied runoff discharges and travel times (Walsh et al., 

2005; Yang et al., 2011).   

Li et al. (2011) explored the effects of land-use modification on the nature of runoff 

generation in a basin of 10,190𝑘𝑚2. They investigated farmland, wood land and paddy 

field. They stated that land-use alteration is the reason of modification in the rainfall-

runoff relationship. They also found out that with similar rainfall event, the maximum 

runoff will be for farmland and the least runoff will be for woodland, whereas the paddy 

field is between the two. 

Similarly, Sajikumar and Remya (2015) conducted a research on two watersheds with 

the area of 145 𝑘𝑚2 and 322.5𝑘𝑚2, respectively to evaluate the influence of local land 

cover and land use on the runoff nature over the past few decades. They observed a 15% 

increase in discharge peaks whereas the flows during dry seasons were decreased, which 

shows the reduction in percolation and the resultant decrease in base flow. 

It has been proved that the runoff generation resulted from different land use types 

would be different. A recent research was conducted by Wang et al. (2014) on the two 

sub basins with the area of 1469 𝑘𝑚2 and 1151𝑘𝑚2, respectively. They intended to 

quantify the effect of land use alterations on the runoff generation. They compared forest, 

pasture and paddy fields runoff coefficient to study the impact of different land use type 

on runoff. They found out that forest and pastureland use have a positive impact, while 

paddy fields were found to have negative effects on runoff generation. 

Very recently, Algeet-Abarquero et al. (2015) also studied the effect of land use on 

runoff generation at the plot scale in a humid tropic experimental catchment. They 

investigated various land use types such as main land covers, forest plantations, grassland 
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and oil palm plantations. Runoff response of these land covers was analyzed at two spatial 

plot scales: 1- the plot of (150𝑚2) under natural rainfall conditions and 2- simulation of 

runoff on micro plots (0.0625𝑚2). They found that land use alterations have a profound 

effect on surface flow generation. For example, they observed the highest runoff response 

in oil palm plantations, which was 20-fold higher than secondary forests in natural storm 

conditions and went up to 75% runoff coefficient in extreme rainfall intensity. 

2.6.2 Climate change effects 

The climate change has a significant influence on urban hydrology. The combination 

of climate change, with the geologic, topographic, and vegetative characteristics of a 

catchment generate a unique hydrological regime. Thus, understanding the rainfall 

behavior alteration at urban scale is urgently vital. We also need to assess the effects of 

such alterations on the efficiency and stormwater management systems reliability for 

controlling flood, hygiene and environmental protection (Fletcher et al., 2013). It is 

usually anticipated that the climate change will alter the timing and magnitude of runoff, 

which is a significant factor in the water resources management (Zhang et al., 2012). In 

addition, the precipitation intensity might also be modified by climate change that can be 

augmented hydrologically by land-use alteration and soil compaction which typically 

leads to higher impervious surface sealing. Easterling et al. (2000) proved that nearly all 

precipitation increases resulted from global climate change are due largely to the rainfall 

intensity increase.  

Based on the literature review conducted, although urbanization almost always affects 

the urban runoff directly, by increasing the magnitude of runoff in urbanized areas, the 

effect of climate change on urban runoff can be both positive and negative. Zhang et al. 

(2012) used a hydrologic simulation model to study the effects of climate change on 

runoff generation. They found out that alterations in precipitation has a more significant 
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effect on runoff than alterations in the temperature. Their findings also generally showed 

that the whole basin runoff might also increase in the future, although the runoff 

alterations will not be spatially distributed consistently over the basin. However, climate 

change can sometimes have a negative influence on the runoff generation by decreasing 

the amount of surface runoff which can adversely affect the water resources availability. 

As an example, Xu et al. (2013) explored the climate change effect on the hydrology 

of a river basin. They aimed to study both the effect of climate change on hydrology and 

the uncertainties related to river runoff projections. They found out that the river runoff 

in the basin will considerably be reduced in the future with some uncertainties in the 

analysis. 

On the other hand, some studies found the positive effect of climate change on runoff 

generation. Wagesho et al. (2012) investigated two agricultural watersheds in a semi-arid 

tropical climate in Ethiopia. Their simulation of future runoff showed increased daily 

extreme events at both stations that will result in the increase of annual runoff.    

The effect of climate change combined with urbanization on runoff has also been 

investigated in different studies (Chung et al., 2011; Poelmans et al., 2011); it seems that 

both topics will be important in the future research (Fletcher et al., 2013). Wang and Cai 

(2010) indicated that we can use the recession characteristics to assess the relative impacts 

of climate change and land use modification. The basin surface and/or subsurface 

topography might attenuate or augment the impact of climate change and land-use 

alteration on streamflow, and generally speaking, we should consider these factors in the 

evaluation of streamflow response to human activities (Dubé et al., 1995; Iroumé et al., 

2005).  
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Studies that have evaluated hydrologic response to land-use modification considering 

the long-term variations in climate, have proved that hydrologic response to land-use 

alteration is much more severe than climate fluctuations (Knox, 2001; Leigh, 2008; 

Smakhtin, 2001). The results of these studies are in consistent with Tomer and Schilling 

(2009) research who indicated that the effects of climate change resulted from human 

activities are more delicate than continuous climate fluctuations. 

On the contrary, some investigations have found climate change more significant on 

surface runoff than land use/land cover alteration. Liu et al. (2011) studied the effects of 

climate change and land use on the hydrologic cycle of a large basin. They found that 

climate change was more effective on hydrologic processes than land-use, which reduced 

the surface water and base flow. They also found that the effect of climate change on 

surface runoff variation was more noticeable compared to other hydrologic alterations.  

2.6.3 Other influential factors 

Topography and slope are other factors affecting surface runoff. The rate that water 

moves downslope in the soil is controlled by topographic gradients which indicates 

whether the stormwater is flushed to the drainage network or remains in soil (Price, 2011). 

The runoff volume is directly related to slope; steep slopes result in larger overland flow, 

whereas gentle slopes lead to more infiltration (Liu et al., 2006). 

The amount of depression storage also influences urban runoff generation. Part of 

precipitation will retain on the land surface in ponds, puddles and ditches. It is typically 

known as depression storage. The rest of overland flow will transform into surface runoff. 

One of the features which describes hydrological losses in the process of rainfall-runoff 

is depression storage. It accounts for the retention of rainfall in the ground local 

depressions. If the runoff is generated by the impervious areas of the watershed, then the 

depression storage is usually representative of all types of hydrological losses including 
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evaporation and wetting losses (Skotnicki & Sowiński, 2015). The depression storage is 

mainly considered as effective on outflow of a catchment, which has small depth rainfalls 

(Barco et al., 2008; Dayaratne & Perera, 2004). The depression storage is significantly 

important in the computations of small outflows from a catchment surface as well as the 

flushing of pollutant loads (Tsihrintzis & Hamid, 1998), particularly in the first flush 

effect. 

Soil characteristics is another effective factor. When the topsoil is removed from 

pervious areas of urban catchments and it is combined with soil compaction (because of 

construction, traffic, loss of organic matter and vegetation), rainfall-runoff will have 

uncertain behavior (Gregory et al., 2006; Shuster & Pappas, 2010). Another factor 

affecting the surface runoff response to rainfall is antecedent soil moisture. In wet soil 

condition, the runoff is averagely two times higher compared to dry soil condition (Shi et 

al., 2007). In their research, Shi et al. (2007) investigated the influence of land use/land 

cover alteration on surface runoff. They calculated the runoff coefficient using SCS 

model. Based on their findings, the runoff coefficient will increase with the increase of 

antecedent soil moisture content. They concluded that the land use alteration will be less 

effective on runoff, if antecedent soil moisture increases.   

Precipitation is a significant meteorological factor affecting hydrological process (Li 

et al., 2008). The alteration of both precipitation and temperature significantly affect the 

runoff. Studies have proved that a 10% change in precipitation will possibly result in 

about 15 to 25% alterations in runoff; e.g., (Fu et al., 2007a; Liuzzo et al., 2009; Notter 

et al., 2007; Wang et al., 2011; Zhang et al., 2009a). Moreover, the effect of climate 

change on runoff in arid or semi-arid areas is much stronger compared to humid areas 

(Zhang & Wang, 2007). 
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Apart from precipitation, temperature is another significant meteorological factor 

affecting the hydrological process (Li et al., 2008). It is estimated that when the 

temperature increases by 2-degree, the runoff will reduce by 5% to 12% (Fu et al., 2007a; 

Liuzzo et al., 2009; Notter et al., 2007; Zhang et al., 2009a). Evaporation from land 

surface is also another major component of surface runoff even for the surfaces which are 

nominally impervious (Mansell & Rollet, 2009).  

2.7 Urban stormwater quality  

Urban surface water quality is also a great concern in urban areas due to pollutant loads 

in stormwater runoff. There are different types of pollutants on the urban surfaces that are 

washed off and transported by runoff to the surface and ground water bodies. For instance, 

urban stormwater runoff is the largest source of metals to the local water bodies 

(Characklis & Wiesner, 1997). The metals from anthropogenic sources include As, Pb, 

Zn, Ba, Cd, Fe and Cr. Whereas Al, Ca, Mg, Sr, Hg and Mn are usually from natural 

sources (Zartman et al., 2001). 

Urban runoff transports a great deal of nutrients as well, such as nitrogen and 

phosphorous (Abustan & Ball, 2000). Nutrients have various sources, such as fertilizers, 

roof runoff, various household chemicals and street runoff. Other types of water quality 

parameters in urban stormwater runoff include: Heavy metals, such as zinc (Zn), lead (Pb) 

and copper (Cu), Biochemical Oxygen Demand (BOD), Chemical Oxygen Demand 

(COD), Total Suspended Solids (TSS), Ammoniacal Nitrogen (AN), Nitrate (NO3) and 

Nitrite (NO2).  

2.7.1 Sources of pollutants in urban runoff 

Pollutants enter stormwater runoff from various sources, including atmospheric 

fallout, automobile emissions and corrosion, land surface erosion, pavement degradation, 

vegetation and leaf litter, etc. These sources, including streets, roofs, parking lots, vehicle 
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service areas, and loading docks may contribute a wide range of pollutants to stormwater 

runoff (Chen, 2004). Regarding atmospheric pollution, conveyed in wet form with 

precipitation and dry form as gases and particulates, Novotny and Olem (1994) found that 

the major pollutants are as acidity (originating from nitrogen and Sulphur oxides), trace 

metals, mercury and agricultural chemicals (particularly pesticides and herbicides). These 

chemicals may enter directly into receiving waters or be deposited on catchment surfaces 

and washed off into receiving waters during wet weather (Marsalek et al., 2008). 

There are other pollution sources, such as inappropriate land use activities and poor 

housekeeping, and also transportation, construction activities, use of building materials, 

road maintenance, soil erosion, urban wildlife (particularly birds) and pets and poor waste 

collection are among others to be mentioned. These pollutants may be washed off and 

transported by urban runoff as dissolved or suspended loads, or as a bedload. These 

processes are often more intense during the first flush effect (Marsalek et al., 2008). 

2.8 Urban stormwater management  

The conventional approach for stormwater management use gutters and a system of 

sewers and canals to convey the stormwater out of the city as fast as possible. This 

traditional approach could not contribute to the sustainable urban development (Chen et 

al., 2016; Paule-Mercado et al., 2017). 

Historically, the main targets of stormwater management have been excess runoff 

drainage and flood control. It is related to larger storms and larger watersheds. For 

designing drainage systems, the minor storms of 5- to 10-year return period are usually 

used and for flood control purposes, 50- to 100-year major storms are used. However, it 

has been found that the two-year or less return period micro storms might be the most 

contaminated urban runoff (Guo & Urbonas, 1996; Pitt, 1999). Guo and Urbonas (1996) 

in a study on runoff event in Denver, Colorado proved that nearly 95 percent of runoff 
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producing events may be smaller than a two-year storm. The rainfall-runoff events that 

are small but frequent should be evaluated for stormwater quality management practices. 

Although difficult to implement, source control measures are the best methods for 

pollution control. Maximizing infiltration and minimizing runoff are the main function of 

BMPs. Swales and filter strips can be used to filter and infiltrate stormwater in urban 

impervious areas. When the flow travel time on pervious surfaces is longer,  more 

pollutants will be removed by sedimentation and transformation (Lee, 2003).  

Controlling stormwater at the source is the best measure to solve urban runoff problem 

(Dunne & Leopold, 1978). The strategies for designing distributed wet weather controls 

(WWCs) are summarized as follows (Lee, 2003): 

• Maximizing depression storage and infiltration and minimizing runoff. 

• Minimizing directly connected impervious areas (DCIA). 

• Maximizing time of concentration runoff paths. 

• Controlling small storms and maintaining conventional drainage systems and 

flood control measures. 

• Controlling both runoff quantity and quality problems. 

• Making the urban hydrologic cycle more visible for both aesthetic and ecology 

purposes. 

There are different measures to deal with stormwater problems, such as strategic 

approaches, political decisions; source control or end-of-pipe measures (German et al., 

2005b). The source control approach has been used more in the past decades, followed 

by conventional or separated sewer systems (Martin et al., 2007). The decentralized 

solutions for urban stormwater problems have different denominations based on the focus 

and where they were first developed. The most common names are (Barbosa et al., 2012): 
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“Best Management Practices – BMPs” (Shoemaker et al., 2000); “Low Impact 

Development - LID” (Elliott & Trowsdale, 2007) which is the North American 

terminology; “Water Sensitive Urban Design - WSUD” used in Australia; “Sustainable 

Urban Drainage Systems - SUDS” (used more in Europe; (Eckart et al., 2017; Elliott & 

Trowsdale, 2007)); “Innovative Stormwater Management” (which is more common in 

Canada; (Marsalek & Schreier, 2009)). It should be mentioned that BMP is a more general 

word than LID and is used worldwide, while LID is mostly used in north America. LID 

is a newly developed type of BMPs. In other words, LID is a subset of BMPs. 

2.8.1 Best Management Practices (BMPs)  

The problems of urban stormwater runoff have been tackled  using stormwater best 

management practices (BMPs), which are techniques, measures, or structural controls 

used to control both the quantity and quality of stormwater runoff as much as practicable 

(Loperfido et al., 2014). In the traditional methods, BMPs (primarily wet and dry ponds) 

have been implemented in a centralized manner (a few large BMPs in or adjacent to 

stream channels), focusing on mitigating peak discharge and minimizing hydrologic 

alterations as compared to pre-urbanized conditions. However, BMPs have recently been 

applied in a decentralized (distributed) manner to control stormwater runoff at or closer 

to the source, emphasizing on infiltration, retention on the green space and integration 

with urban design (Davis, 2005; Loperfido et al., 2014; Roy et al., 2008).  

There are different types of Best Management Practices (BMPs) used to manage urban 

stormwater, namely constructed wetlands, stormwater ponds, extended 

detention/retention basins, and buffer strips, which are the most popular types (Ahiablame 

& Shakya, 2016; Edwards et al., 2016; Leitão et al., 2018; Marques et al., 2017). BMPs 

can be structural (built systems), such as rainwater retention, or non-structural, such as 

preventing pollution or cleaning street (Martin et al., 2007). This approach deals with 
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stormwater considering both future needs and the protection of natural resources 

(Hvitved-Jacobsen et al., 2011). 

2.8.2 Low Impact Development (LID)  

Some new stormwater management strategies have been developed to manage the 

urban runoff at or near the source, such as green roofs, permeable pavements, vegetated 

swales, bioretention systems, infiltration trenches, and rain barrels. Collectively, these 

best management practices techniques have been termed as Low Impact Development 

(LID) (Qin et al., 2013). Low impact development was first introduced in Maryland, USA 

to mitigate the effects of increased impervious surfaces (Eckart et al., 2017; Prince 

George's County, 1999). Low impact development is a common terminology for the 

North America for a philosophy of BMP design that has become popular in many parts 

of the world (Eckart et al., 2017). These techniques are usually implemented upstream of 

the catchment at or near the source of runoff, and are often referred to as distributed, 

source control or decentralized systems.  

 

Figure 2.4: Simplified schematic of centralized and decentralized LIDs in a watershed; 
adapted from Chang (2010). 
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Figure 2.4 depicts the two different types of LIDs, namely source control 

(decentralized) and end of pipe (centralized). In comparison with the traditional 

stormwater management methods, the low impact development (LID) method considers 

the stormwater as a resource to be more efficiently used (USEPA, 2004b). 

The LID methods emphasize detaining, infiltrating, evaporating, and treating 

stormwater runoff at the source, instead of delivering it quickly offsite. To achieve this 

target, the low impact development systems apply many onsite integrated management 

practices (IMPs) to reach the source control. IMPs can be integrated into site design at or 

near the source of runoff generation. Typical management practices, suitable for to be 

integrated into an LID design layout, include bio-retention areas, grass swales, green 

roofs,  porous pavements, rain barrels, infiltration trenches, etc. (Zhang, 2009).  

Low Impact Development (LID) practices are alternative approaches to manage 

stormwater using decentralized designs, where stormwater is controlled at or near the 

source. Low Impact Development (LID) practices have been developed to mitigate the 

effect of imperviousness on stormwater runoff in urban areas for both quantity and 

quality. Particularly, LIDs have been designed to mimic the pre-development hydrologic 

conditions to promote retention, infiltration, and evapotranspiration processes 

(Ahiablame et al., 2012). 

Various studies that have tried to investigate the effectiveness of LID practices have 

largely directed their focus on the evaluation of bioretention systems, green roofs, 

vegetated swales, permeable pavements, and other LID practices (Berndtsson, 2010; 

Davis et al., 2009; Dietz, 2007; Rowe, 2011; Roy-Poirier et al., 2010; Scholz & 

Grabowiecki, 2007). LID techniques have been credited in these studies as best 

management practices which are capable of reducing runoff and improving water quality 
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(Collins et al., 2008; Fassman & Blackbourn, 2010; Gregoire & Clausen, 2011; Myers et 

al., 2011). 

The main purposes of LID practices are runoff reduction (peak and volume), 

infiltration increase, groundwater recharge, stream protection, and water quality 

enhancement by removing pollutants through different mechanics, such as filtration, 

chemical sorption, and biological processes (Hunt et al., 2010a). 

Studies have shown that the performance of LIDs on runoff will be different when the 

rainfall intensities change. Lee J.-m. et al. (2012) studied the LID performance in a 

demonstration district of Asan Tangjung New Town and found that LIDs can reduce the 

flood peak by about 7-15% in rainfall of 50- and 100-year return periods. They also found 

out that LIDs have better reduction performance in smaller storms with shorter durations. 

Damodaram et al. (2010) estimated the effects of LID on a watershed flow using a 

hydrologic model at the campus of Texas A&M University, Texas. They found that LID 

has better performance on stormwater resulted from small storms, while for flooding 

events of large storms it is not as effective compared to conventional detention ponds. 

Therefore, it would be more effective to incorporate LID strategies into the conventional 

drainage systems to handle large storm events (Damodaram et al., 2010).  

Two types of LIDs we investigated in our study are bio-retention/rain garden and 

vegetated swale. These two LIDs have the advantage of controlling the stormwater 

quantity and quality at the source, and are able to reduce the flow volume, and thus delay 

the hydrologic response and reduce the pollutant load washed-off from urban surfaces 

(Eckart et al., 2017). Rain garden (bioretention) is relatively highly efficient for both 

runoff and pollutant reduction (Dietz, 2007). For example, bioretention cells reduced the 

average peak flows by at least 45% in Maryland and North Carolina during a series of 

rainfall events (Hunt et al., 2008). It has also been proved that bioretention are capable of 
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reducing sediment and nutrient from 0% to 99% (Dietz, 2007). Swales have also been 

shown to have an average retention of 14 % to 98 % for nutrients and TSS, and up to 93 

% for metals (Ahiablame et al., 2012). 

2.8.2.1 Bio-retention/Rain garden systems 

The Bio-retention/Rain Garden area is a structural stormwater control practice 

collecting and detaining temporarily the stormwater runoff. It also reduces the pollutant 

discharge using soil and vegetation treatment in the basin area (Debo & Reese, 2003).  

Bioretention systems are made up of small areas excavated and backfilled with a 

mixture of high-permeability soil and organic matter designed to improve infiltration and 

vegetative growth which are covered with native terrestrial vegetation (Roy-Poirier et al., 

2010). The vegetation type can usually resist the environmental stresses and can range 

from small plants to large trees, depending on the size of bioretention facility. To cover 

the soil media and retain solids, a layer of mulch is often added. An inlet structure routes 

urban runoff from the surrounding area to the unit and an overflow structure bypasses the 

excess flows of the unit. In regions where the soil permeability is low, an underdrain 

structure is installed at the bottom to prevent water from standing in the unit for extended 

time. Bioretention, like wetlands, relies on ecological interactions in a natural system to 

provide storm-water retention and pollutant removal (Roy-Poirier et al., 2010). Figure 2.5 

shows a typical rain garden in urban areas (Edmonton, 2011). 
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Figure 2.5: Typical Rain garden in an urban area. 

Although bioretention systems are efficient for both runoff and pollutant mitigation, 

their main focus is usually on surface pollutant removal (Yang & Chui, 2018). Based on 

the USEPA (2000a) report on the results of three field studies, the bio-retention areas 

were able to remove 70 to 97% of lead, 43 to 97% percent of copper, and 64 to 98% of 

zinc. The removal rates for nutrients also ranged from 0 to 87% for phosphorus, 37 to 

80% for total Kjeldahl Nitrogen, <0 to 92% for ammonium and <0 to 26% for nitrate, 

which were more variable than others. 

2.8.2.2 Vegetated Swales (Bio-Swales or Swales)  

Bioswales, are open channels with dense vegetation which are specifically designed to 

mitigate, treat, and transport stormwater runoff. The topsoil in bioswales is amended and 

selected plants are used for vegetation. They may also include an infiltration layer for 

water quality treatment and infiltration promotion. Bioswales are designed to grab 
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particulates from the water, slow the flow velocity, and reduce runoff volume through 

infiltration and evapo-transpiration (Edmonton, 2011). 

 

 

Figure 2.6: Typical vegetated swale in urban areas. 

The vegetation coverage in bioswale improves surface infiltration and soil moisture 

which improves evapotranspiration. The vegetation also improves stormwater quality 

through settling particulates, deep infiltration, biodegradation from soil microbes, and 

filtration through soil layers. By using check dams and increasing the retention time, the 

water quality treatment efficiency can be improved (Edmonton, 2011). Figure 2.6 shows 

a typical swale in urban areas. 

Bioswales can be applied to most post-development situations, such as residential 

areas, office complexes, along roadways, parking lots, parks, and other green spaces. 

Bioswales are suitable to treat roadway runoff as they are constructed along roads and are 

able to receive sheet flows. Using bioswales to replace traditional drainage systems is a 
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common retrofit opportunity. The traditional stormwater systems, such as ditches are 

designed only to convey stormwater away from roads. (Edmonton, 2011).  

2.9  LID Technology Efficiency 

Debo and Reese (2003) stated that the LID technology is able to satisfy the following 

performances:  

1. The hydrology will be approximately acceptable; 

2. The natural diversity and beauty will be improved; 

3. The economic growth and development will be balanced with ecological 
preservation;  

4. The systems will be more sustainable and maintainable; 

5. They work at small scales and achieve accumulated results; and  

6. The stormwater quality will be improved as a valuable resource. 

According to Lai et al. (2003), the LID technology is also capable of replicating the 

pre-development hydrology via on-site control and can sometimes work without the need 

for the large scale, centralized BMPs such as retention ponds. Financially, the LID 

techniques can also reduce the development and related maintenance costs through site 

planning, such as reducing sidewalks, sharing drive-ways, removing gutters, etc. 

(USEPA, 2004b). Bioretention systems, Vegetated Swales, green roofs and permeable 

pavements are very effective in managing stormwater quantity and quality problems, and 

promote the reduction of outflow volume, delay the hydrologic response, and control the 

pollutant loads washed-off and transported from urban surfaces. Table 2.2 presents the 

LID-BMP systems efficiency. 

Research has also shown that the characteristics of rainfall (e.g., total amount, duration 

and location of intensity peak) can significantly affect the flood risk management of 
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traditional drainage systems (Fu et al., 2011). Therefore, the LID can have a significant 

contribution to the flood control in urban areas. 

Table 2.2: Typical BMP Removal efficiency (MSMA, 2012). 

Pollutant Expected 
Removal Comments 

Litter >90% Expected to trap all gross pollutants 

Total Suspended Solids 65-99% Pre-treatment is required 

Total Nitrogen 50-70% Depend on nitrogen speciation and state 

Total Phosphorous 40-80% Depend on Phosphorous speciation and state 

Heavy Metals 50-95% Depend on state (Soluble or particulate) 

 

Qin et al. (2013) analyzed the effectiveness of an urban drainage system in Shenzhen, 

China, where some LIDs were implemented for flood reduction purposes. The 

performance of urban drainage system was assessed using total flood volume during a 

storm event. They used three different LIDs, namely permeable pavement, green roof and 

swale. Their evaluation showed that the designed LIDs successfully reduced flood during 

heavier and shorter rainfall events. They stated that to control the urban flooding resulted 

from heavier and longer rainfalls, it would be more effective to integrate LID practices 

with the conventional flood control measures. Zhu et al. (2019) developed an approach to 

evaluate the effectiveness of LID practices to manage runoff with different objectives and 

land use. They selected porous pavement and bio-retention cell as their target LIDs for 

their research. Their approach could auto-optimize runoff management strategies based 

on LID practices and land use. 

2.10 Cost of LIDs 

Implementing LID practices is usually more cost effective than traditional stormwater 

management systems (Eckart et al., 2017). The most important costs of stormwater 

management are related to reducing flooding and improving drainage (Visitacion et al., 
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2009). If LID implementation can reduce the load on the drainage network and the 

resultant flooding in urban areas, then the cost savings would be significant (Roy et al., 

2008). 

USEPA (2007) studied 17 cases with the LID implementation practices and found out 

that LID development in urban areas can reduce costs and improve environmental 

performance. Based on their study, the range of capital cost savings were between 15% 

to 80% when Lid techniques were applied. Significant savings were achieved through site 

preparation, infrastructure, paving, and landscaping reduced costs. Wright et al. (2016) 

conducted a study in Indiana and reported that the more LID practices are implemented 

in an area, the less the cost of implementation will be.  They also concluded that the cost 

per cubic meter of runoff reduction when LID strategies are adopted varied from around 

$3 to $600.  

Stormwater managers or land owners might be concerned about lost opportunity costs 

because of allocating land for LID development projects (Roy et al., 2008). Another issue 

impacting the cost is whether LID techniques are effectively and optimally implemented 

regarding the location and number of LIDs (Gilroy & McCuen, 2009). The significant 

LID costs appear in the early stage of implementation; however, the full benefits of BMP 

practices might not show up for years (van Roon, 2011). For this reason, the USEPA 

(2007) suggests that comprehensive research to be performed to quantify social and 

environmental benefits of LID projects during the life cycle, such as environmental 

protection, flooding damage, aesthetics and recreation cost savings.  

2.11 Modeling overview 

A model is a concept (or object) that is used to represent something else. It is a simple 

view of a complex natural reality which helps us to comprehend it. In other words, a 

model helps us to deal with complexity (James, 2003). To put it simply, a model can be 
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defined as a simplified representation of a complex system and consequently, it always 

describes the basic and most important components of a complex system. 

2.11.1 Hydrological modeling 

Similar to the definition of a model, a hydrologic system model is an approximation of 

the actual hydrologic system (Xu, 2002). In hydrological modeling, abstraction is 

necessary to understand and control their behavior because most hydrologic systems are 

very complex. As a matter of fact, abstraction is required to understand and predict the 

behavior of any part of the environment. There have been many different reasons to 

develop the catchment hydrologic models. One reason for catchment modelling is to have 

a better understanding of the hydrologic phenomena occurring in a catchment and how 

these phenomena may be affected by changes in the catchment. Another aim of modelling 

of catchment is to generate synthetic sequences of hydrologic data to design facilities for 

forecasting purposes. The hydrological modeling is also valuable to study the potential 

impacts of land use alterations or climate changes (Xu, 2002). 

In order to apply a hydrologic model successfully, its parameters should be selected 

carefully. A model usually consists of many parameters which cannot be directly 

determined from field measurement or watershed characteristics; so, to determine the 

model parameters, it should be calibrated (Jakeman et al., 2006). By calibrating a 

hydrological model using local observational data, their predictability is improved. To do 

the calibration and select the parameters, many optimization methods have been proposed 

and im proved. Some important optimization methods for this purpose are: Genetic 

Algorithm (GA) (Cheng et al., 2002), SCE-UA (Vrugt et al., 2003) and particle swarm 

optimization (PSO) (Jiang et al., 2010; Krauße et al., 2011; Kuok et al., 2010; Zhang, 

2009). 
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2.11.2 Urban hydrological modeling  

The primarily application of urban hydrological models are: (1) to assess the impact of 

urbanization on the water cycle in natural environment and to satisfy the knowledge of 

this system; (2) to make up for the data deficit; because the urban environment is 

heterogeneous and measurements are even more complicated than in the natural 

environment; and (3) to predict the future phenomena, such as flooding, land use, and 

climate changes, and other issues that impact the urban ecosystem. The primary needs of 

urban areas are the clean fresh water supply and the waste evacuation. Thus, the basic 

requirements to fulfil these needs are designing water supply and sewer networks. The 

issue of flood and pollution risk assessment were addressed by scientists later by 

developing hydraulic and transport models (Price & Vojinovic, 2011). 

O'Loughlin et al. (1996) and Mitchell et al. (2007) stated that when simulating the 

water system in catchments, the stability of model integration is the main issue for 

models. The spatial and temporal analysis capability of models are the main criteria for 

the classification of hydrological models. The urban hydrological modeling is usually 

conducted at the catchment or city scale (Salvadore et al., 2015). 

2.12 LID - BMP modeling for urban stormwater runoff  

The replacement of natural soil and vegetation with impervious surfaces in urban 

catchments remarkably affects the hydrologic cycle; the runoff peaks and volumes are 

increased, and evapotranspiration is limited (Jacobson, 2011). The Effective Impervious 

Area (EIA) is part of the impervious area which is directly connected to the drainage 

system. EIA is the part that contributes to the increase of stormwater volume and peak 

runoff (Shuster et al., 2005). Studies have shown that reducing EIA could make up for 

the adverse impact of climate change on urban hydrology and on the effectiveness of 
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urban drainage systems; e.g., (Damodaram et al., 2010; Liu et al., 2014; Lucas & Sample, 

2015). 

LID-BMP modeling are widely used for urban stormwater both quantity and quality 

aspects to reduce the runoff volume, delay the hydrologic response and control the 

pollutant loads on urban surfaces. Therefore, the EPA Stormwater Management Model 

(SWMM) (Rossman, 2010) is used for urban catchment hydrologic modeling. SWMM is 

a dynamic model, capable of performing both hydrology-hydraulic and water quality 

simulation. The urban catchment consists of some sub catchment areas receiving rainfall 

and generating different hydrologic components, such as surface runoff, infiltration and 

evaporation; the rainfall-runoff process is a nonlinear approach (Palla & Gnecco, 2015). 

The LID controls module has been integrated into SWMM (from v. 5.1.007) to 

simulate the hydrologic performance of source control strategies, such as rain gardens, 

green roofs, infiltration trenches and permeable pavements. A combination of vertical 

layers represents LID systems and their properties, such as thickness, void volume, 

hydraulic conductivity, and underdrain characteristics are defined on a per-unit-area 

basis. LIDs are applied within sub catchments by defining their areal coverage (Palla & 

Gnecco, 2015).  

2.13 Applications of SWMM model  

The SWMM model has been used widely in water quantity and quality problems in 

different parts of the world (Huber et al., 1988). The model is capable of performing 

complex hydraulic analysis for combined sewer and stormwater management planning 

studies, and pollution controls (Huber et al., 1988; Tsihrintzis & Hamid, 1998). For 

example, Chen et al. (2002) applied the SWMM model to the Castro Valley Creek 

catchment in California, to simulate the decay, wash off, and transport of diazinon. Heier 

and Starrett (2005) used the SWMM model on a 416-hectare golf course in Kansas to 
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predict the total suspended solids, total nitrogen, and total phosphorous during the golf 

course construction and operation. The SWMM model was also used in four planned 

development areas of Korea to assess and compare the pre-and post-development runoff 

conditions (Jang et al., 2007). Barco et al. (2008) carried out an auto calibration to the 

SWMM model in a large urban catchment in California. Qin et al. (2013) applied the EPA 

SWMM model to evaluate the effects of low impact development on urban flooding under 

different rainfalls on a 156-km2 area in Shenzhen, China. The evaluation was performed 

on three typical types of LIDs, namely swales, permeable pavements, and green roofs. 

The SWMM model was used by Palla and Gnecco (2015) to model the low impact 

development systems at the catchment scale to restore the natural flow regime in the 

catchment. Green roofs and permeable pavements were used as source control systems in 

a 5.5-hectare catchment in Genoa, Italy. Tuomela et al. (2019) applied SWMM to model 

total suspended solids, total phosphorus, total nitrogen, lead, copper and zinc, based on 

event mean concentrations (EMCs) for different types of land cover and on-site rainfall 

and flow data to investigate the use of constant source concentrations in modeling 

pollutant loads. The study was carried out in a residential area in southern Finland. 

2.14 Evaluation of urban hydrological models  

There are several areas of uncertainty in the application of hydrologic models 

originated from the input data (rainfall time series); the model parameters and structure, 

and calibration and validation of models with the observed data. Model calibration, 

validation and sensitivity analysis are important issues to assess the accuracy and 

robustness of the results (Fletcher et al., 2013). 

The urban hydrological models are substantially more complex than the classical ones 

as there are more spatio-temporal processes to be simulated in urban catchments. 

Moreover, the number of parameters and data requirement for urban catchment modeling 

Univ
ers

ity
 of

 M
ala

ya



49 

considerably increase compared to classical models (Hamel & Fletcher, 2014; Mackay & 

Last, 2010). Therefore, care should be taken about the reliability of the results achieved 

from these kind of models (Petrucci & Bonhomme, 2014; Vrebos et al., 2014). 

Sometimes, there are not enough data available to fulfill the model requirements and 

perform proper calibration and validation (Aronica & Lanza, 2005). Furthermore, more 

accurate spatio-temporal measurements will improve modeling results (Dotto et al., 

2011). The manual calibration is often preferred to increase model performance (Hamel 

& Fletcher, 2014; Pan et al., 2011). However, in some cases both manual and automated 

calibration are applied (Berezowski et al., 2012) or different automatic calibration 

strategies are explored (Mejía & Moglen, 2010; Petrucci & Bonhomme, 2014). A number 

of approaches are used to deal with the complexity of parameters in urban modeling. The 

most important ones are: 1- Parameter reduction (sensitivity analysis), 2- 

Calibration/Validation (Salvadore et al., 2015). 

2.15 Optimization in stormwater management  

Many problems in real life are characterized with competing and conflicting objectives 

which result in systematic analysis and economic optimization applications during the 

process of decision-making (Zitzler & Thiele, 1998). 

As far as the stormwater management is concerned, a catchment level optimization 

approach can help identify the most cost-effective management alternatives (USEPA, 

2006). The U.S. EPA has encouraged and supported the development and implementation 

of stormwater management on a catchment basis over the past ten years (USEPA, 2004a). 

A catchment level approach concerns the tradeoff between peak flow and total runoff 

volume control, total cost, and pollution prevention. The location and sizes of the 

stormwater management systems can be optimized against objectives of pollution, flood, 

and erosion-sedimentation control (USEPA, 2004a).  
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Simulation and optimization of LID practices has been of high interest in the study of 

stormwater management strategies (Liu et al., 2019). Linking SWMM with a multi 

objective optimization model has been a widely used method for analyzing LIDs in many 

studies. For example, Baek et al. (2015) coupled SWMM with MATLAB to optimize LID 

sizes using the pattern search algorithm. Duan et al. (2016) used the multi-objective 

optimal model to design urban stormwater drainage systems by using detention tanks and 

LID devices. The SWMM was used for the numerical simulation, and the modified 

Particle Swarm Optimization (NPSO) scheme was applied to solve the multi-objective 

optimization problem. Jung et al. (2016) coupled the Harmony Search (HS) algorithm 

with SWMM and developed an optimization model to determine the optimal design of 

permeable pavement. Eckart et al. (2018) developed a simulation-optimization model by 

linking the EPA SWMM to the Borg Multi objective Evolutionary Algorithm to optimize 

LIDs for stormwater control. The SWMM model was calibrated, and validated for a 

catchment in Windsor, Ontario, Canada and the LID stormwater controls were tested for 

three different return periods. 

Optimizing multiple objectives could be very helpful for the implementation of LID 

controls. In order to maximize the cost-effectiveness and fully assess the planning control 

effects, the optimal design and placement of LID-BMPs is very essential. (You et al., 

2019). The optimization models have the ability to help optimize various aspects of LID 

implementation, such as the selection, placement, and sizing of many LID controls 

throughout a catchment (Eckart et al., 2017).  

Overall, LID practices have the capacity to alleviate the adverse effects of 

imperviousness on stormwater runoff quantity and quality. They have been particularly 

developed to imitate the pre-development hydrologic conditions and improve the 

infiltration and evapotranspiration in urban areas (Ahiablame et al., 2012). Numerous 
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studies have proved the positive effects of LID-BMPs on urban runoff reduction and 

water quality improvement (Autixier et al., 2014; Kok et al., 2013; Newcomer et al., 2014; 

Vezzaro et al., 2011). 

However, there are many factors to be considered while implementing the LID 

controls, such as number of controls, locations and combinations of LID controls, which 

are due mainly to the variation in catchment characteristics. In order to lower the 

implementation costs and identify the best implementation scenarios, optimization tools 

are vital so that the maximum runoff and pollutants reduction is achieved (Eckart et al., 

2017).  

As the catchment characteristics are complex, it would not be easy to find out the best 

LID combination performances without comparing different scenarios by using 

optimization. However, the type of optimization algorithm to be selected is also important 

to make sure the objective functions are satisfied  (Liu et al., 2016). 

The Multi-Objective Particle Swarm Optimization (MOPSO) is a multi-objective form 

of PSO, which was developed by Coello et al. (2004). The idea behind most multi-

objective optimization is to find a set of optimal solutions representing the optimal surface 

between different criteria (Liu et al., 2016). This trade-off surface is widely known as the 

Pareto front which is used to differentiate between the conflicting solutions. The goal of 

multi-objective optimization is to identify the Pareto-optimal solution (or Pareto-optimal 

front) for the problem (or an approximation sample) (Montalvo et al., 2010). 

Optimizing multi objectives could be very helpful for the implementation of LID 

controls. The optimization models have the ability to help optimize various aspects of 

LID implementation, such as the selection, placement, and sizing of many LID controls 

throughout a catchment (Eckart et al., 2017). 
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In this study, two types of LIDs, namely rain garden and vegetated swale were selected, 

and a simulation-optimization model was developed accordingly to find the best 

combination of LIDs at the catchment scale. This study used EPA SWMM and MOPSO 

algorithm to find the type, number, and best combination of LIDs in order to minimize 

the peak runoff and improve the water quality in urban areas with the optimal number of 

LIDs applied. 

The objective was to achieve the optimal number and combination of LIDs in order to 

have the maximum reduction of peak runoff, total suspended solids (TSS), and total 

nitrogen (TN) with the minimum cost using a simulation-optimization model. In order to 

achieve the maximum flow and pollutants reduction, the cost of LIDs should also be 

investigated. The simulation-optimization model developed was also able to calculate the 

minimum cost for LID practices implemented in the catchment to achieve the optimal 

reduction of peak runoff, total runoff volume, TSS, and TN. 

 

 

 

 

 

 

 

 

Univ
ers

ity
 of

 M
ala

ya



53 

CHAPTER 3: METHODOLOGY 

3.1 Study area 

The study has been carried out in the Bunus river subcatchment located in Kuala 

Lumpur city, Malaysia. The Bunus river subcatchment is part of the bigger catchment, 

Klang river catchment.  

 

Figure 3.1: Bunus subcatchment within Klang catchment. 

The Bunus subcatchment area is about 18 sq km in terms of total size, with the main 

river stretching about 9.5 km, originating from Wangsa Maju (3.212 N and 101.735 E) 

and joining Klang river next to Jalan Munshi Abdullah (3.153 N and 101.698 E). The 

catchment has two hydrological stations (S1 and S2 in Figure 3.1) and one automated 

streamflow monitoring point (S2) run by the SMART (Stormwater Management And 
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Road Tunnel) control center which is under the Malaysian Department of Irrigation and 

Drainage (DID). 

The city of Kuala Lumpur is undergoing remarkable development which has widely 

resulted in the vast urbanization and urban runoff. As Bunus river subcatchment is one of 

the most densely populated areas within the region, the urban runoff quantity and quality 

is a major issue in the area. Figure 3.1 depicts the Bunus river subcatchment within the 

Klang catchment. 

The catchment consists of Wangsa Maju, Setapak, Jalan Genting Kelang, KL Festival 

Mall, Pulapol, UTM Kuala Lumpur Campus, Kampung Ayer Panas, Jalan Tun Razak, 

Taman Tasik Titiwangsa, Kampung Baru, Chow Kit, Dang Wangi and Jalan Tunku Abdul 

Rahman.  

3.2 Data collection 

The main data for this study to perform was the historical rainfall and flow data, 

topography, land use data, soil groups, catchment drainage networks, GIS maps and 

Digital Elevation Model (DEM). The required data was collected from the Department of 

Irrigation and Drainage (DID) and SMART (Stormwater Management And Road Tunnel) 

control center which is under DID as well. Figure 3.1 depicts the hydrological stations in 

Bunus catchment. 

The rainfall data and the relevant discharges were collected from the SMART Control 

center. There are two rain gauges within the Bunus catchment located at Jalan Genting 

Klang (S1) and at Jalan Tun Razak area (S2). Both stations have been depicted in Figure 

3.1. The catchment has also one automated monitoring gauge (S2) located at Jalan Tun 

Razak. The DID office also provided us with relevant GIS maps of Klang catchment and 

Bunus subcatchment consisted of the main Klang river and the tributaries which were 
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very helpful. Figure 3.1 gives more details of hydrological characteristics of Bunus 

subcatchment. 

For the purpose of the calibration and validation of our model, we also collected one 

event rainfall sampling at Jalan Tun Razaq Hydrological station on 20-09-2018 rainfall 

event. Later, the SMART control center provided us with the rainfall and flow data of the 

same event as well. We collected a total of 17 samples and analyzed them in the 

Environmental Laboratory at the University of Malaya for the quality parameters. The 

parameters we analyzed consisted of BOD, COD, TSS, TDS, Turbidity, DO, Ammonia-

N, Nitrate, Nitrite and Phosphate. We used the water quality parameters to calibrate our 

quality model for the purpose of our modeling. 

3.3 Bunus catchment drainage networks 

The Bunus subcatchment has a network of drainage to collect the runoff and drain it 

to the main collector. The GIS maps and site inspection showed that the drainage 

networks and river tributaries are the same in most parts of the catchment. The main 

Bunus river serves as the main collector in the catchment and drains the runoff and 

wastewater out of the catchment. The direction of the runoff is from north east to the 

south west. Figure 3.1 depicts the drainage networks and the runoff direction.  
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3.4 Bunus catchment land use 

 

          Figure 3.2: Bunus catchment land use. 

Bunus subcatchment is one of the most densely populated districts in Kuala Lumpur. 

As can be seen in Figure 3.2, only a very small part of the catchment is agricultural lands 

or water bodies. The whole subcatchment lands are almost covered by buildings and as a 

result, by other forms of impervious surfaces, such as roofs, streets and roads. This makes 

the catchment vulnerable to runoff and consequently to flash floods. 
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3.5 Bunus catchment topography 

 

  Figure 3.3: Bunus catchment topography. 

The Bunus catchment is naturally steep, and the slope of the catchment is from borders 

towards the main river located in the middle of the catchment. The highest point in the 

catchment measured was 252 located at the east part of the catchment and the lowest point 

measured was about 2 located in the middle, down the main river. The topographic map 

was used to calculate the slopes for each subcatchment to be used in SWMM model. 

Figure 3.3 illustrates the topographic map for the Bunus catchment. 
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3.6 Modeling procedure 

 

Figure 3.4: Schematic flow chart of the modeling procedure. 

Compared with the traditional stormwater management practices, the LID method uses 

distributed, on-site integrated management practices (IMPs) to control the runoff at the 

source. By encouraging on-site infiltration and treating the surface runoff through IMPs, 

the LID technique has the potential to bring the post-development runoff conditions to 

the pre-development level. 
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Watershed models are very helpful for evaluating runoff conditions from both future 

development schemes and possible stormwater management practices. The USEPA 

SWMM model can be used for making water quantity and quality predictions. 

In this study a simulation-optimization model was developed to find the optimal 

number and implementation of LID controls at the catchment scale in order to achieve 

the maximum runoff and pollutants reductions. Figure 3.4 depicts the general simulation-

optimization model setup and required data to construct it.  

The modeling approach has two different but related parts; simulation modeling using 

SWMM and optimization modeling using multi objective particle swarm optimization 

(MOPSO). The following sections describe all the components of the simulation-

optimization model in more details. 

3.7 Simulation model development 

The simulation model, SWMM, is used as the base model for the optimization model 

to provide the necessary input data for the optimization modeling.  

3.7.1 Stormwater Management Model (SWMM) 

The USEPA Stormwater Management Model (EPA SWMM) (Rossman, 2010) has 

been selected to evaluate the effects of LID on runoff reduction and water quality 

improvement in the study area. A dynamic rainfall-runoff module and a hydraulic module 

are included in SWMM for piped systems. An LID control module has been provided to 

the model from version (5.1.010), which can precisely model the hydrologic performance 

of LID controls in urban areas. The EPA SWMM is used for single event or continuous 

simulation of urban runoff quantity and quality aspects. A collection of sub catchment 

areas receive precipitation and generate runoff and pollutant loads which constitute the 

runoff components of SWMM. The model transports this runoff using the routing part 
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through a system of pipes, channels, storage/treatment devices, pumps, and regulators. 

The quantity and quality of runoff produced within each sub catchment, the flow rate, 

flow depth, and quality of water in each pipe and channel are tracked by SWMM during 

a simulation period. Each simulation period consists of multiple time steps. In addition to 

modeling the generation and transport of runoff flows, SWMM can also estimate the 

amount of pollutant loads related to this runoff (Rossman, 2010). 

SWMM is a deterministic and spatially distributed hydrological model, which is able 

to simulate the hydrological cycle mainly within urban areas (Huber et al., 1988; 

Rossman, 2010). SWMM uses the continuity equation along with the Manning’s equation 

to simulate hydrological outflows (Huber et al., 1988). 

To apply SWMM in urban areas, hourly, or sub-hourly, rainfall data, topographic slope 

and elevation, soil, land use data, sewer system network map, and storm sewer discharge 

data are required for calibration and validation of the model (Sun, 2012). Input parameters 

required by the SWMM model to simulate stormwater runoff include rainfall and 

climatology data (for continuous modeling), parameters for hydrologic components (sub-

catchments, pipes, storage units, etc.), and run time controls (time step, starting and 

ending time, etc.). 

3.7.2 Simulation model setup  

In this study the USEPA Stormwater Management Model (SWMM) (Rossman, 2010) 

has been used to assess the effects of LID controls on runoff reduction and water quality 

improvement in the study catchment. SWMM is able to simulate runoff quantity and 

quality mainly from urban areas. The SWMM model has been successfully applied to 

many studies investigating the effects of LID-BMPs on stormwater. Few examples are: 

(Elliott & Trowsdale, 2007; Palla & Gnecco, 2015; Qin et al., 2013; Zhang et al., 2009a).     
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The data required to set up the SWMM model consists of: rainfall and flow data, 

topographic data, river and catchment characteristics, catchment drainage networks, 

catchment slope, land use and soil type. 

The catchment map is applied to SWMM model and the subcatchments are derived 

following the contour lines. The system of nodes and conduits are also added to the model. 

Totally, the study area was divided into 35 subcatchments and 10 junctions in the model. 

The sub-catchments characteristics were determined through GIS data and site inspection. 

The percent impervious area was determined using Google Earth. Figure 3.5 depicts the 

drainage system in the base case in SWMM with subcatchments. 

In the hydrologic module of SWMM, the Green-Ampt model was employed in the 

infiltration model, which calculates the amount of rainfalls infiltrated into the unsaturated 

upper soil, while Manning's equation is used to compute the surface runoff (Rossman, 

2004). 

For the model time control, the reporting time interval was set to 10 minutes as the 

rainfall data time step was the same. The routing time set up was also set to 10s. The time 

interval for analysis was set to report after 4.5 hours so that the model has enough time to 

analyze the data properly based on the catchment time of concentration. 
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Figure 3.5: Drainage system in the base case in SWMM with sub-catchments. 

3.7.3 Input Parameters for SWMM  

SWMM requires some initial parameters for model set up including area, width, slope, 

imperviousness, and some more for each subcatchment in the model. Other input 

parameters required by the SWMM model to simulate stormwater runoff include rainfall 

and climatology data (for continuous modeling), parameters for hydrologic components 

(subcatchments, pipes, storage units, etc.), and run time controls (time step, starting and 

ending time, etc.). Table 3.1 illustrates some initial parameters required for each sub-
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catchment in order to set up the model. A more detailed introduction regarding the model 

and user inputs can be found in the USEPA SWMM User’s Manual (Rossman, 2004). 

Table 3.1: The initial parameters for each sub-catchment to construct the SWMM 
model. 

Model initial parameters 

Sub-
Catchment Area Width %Slope %Imperv N-

Imper 
N-

Perv 
Dstore-
Imprv 

Dstore-
Perv 

%Zero-
Imperv 

S1  66 658  1.176  55  0.01  0.02   1.3 2.5  27  

S2  61 763 1.275 55  0.01   0.02 1.3  2.5  27  

S3  56 551 1.043  70  0.01   0.02   1.3  2.5  35  

 

3.7.4 Rainfall and Climatology Data 

Rainfall is the driving force for SWMM simulations. Rainfall data intervals can vary 

from one minute to twenty-four hours, and the data can be in the format of intensity or 

cumulative amount. The SWMM model accepts rainfall data stored in external files. User 

specified rainfall hyetographs can also be entered in SWMM (Rossman, 2004). Weather 

data are used in continuous simulations to account for evaporation effects. Required 

climatology data include daily average air temperature, evaporation, and wind speed. 

When only monthly average evaporation and wind speed data are available, SWMM uses 

an internal interpolation algorithm to estimate daily values. 

3.7.5 Parameters for Hydrologic Components 

Input parameters for subcatchments in SWMM encompass the area, average land 

slope, percentage of impervious area, width of flow path (calculated as the subcatchment 

area divided by the longest flow path), Manning’s n for impervious area and pervious 

area, depths of depression storage on impervious and pervious areas, and the method to 

calculate infiltration losses. The three main methods available for calculating infiltration 
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losses in SWMM are: Green-Ampt method, Classical Horton method, and Curve Number 

method. 

The input parameters required by SWMM for Green-Ampt infiltration equation are 

soil capillary suction head (cm), soil saturated hydraulic conductivity (cm/hr), and the 

initial soil water deficit (a fraction value between 0 and 1). Horton’s equation also needs 

input for the maximum and minimum infiltration rates on Horton’s infiltration curve 

(cm/hr), the decay constant for the Horton’s infiltration curve (hr-1), time for a saturated 

soil to completely dry (days), and the maximum infiltration volume possible (cm). For 

the curve number method, the input parameters for calculating infiltration include the 

curve number, saturated hydraulic conductivity (cm/hr), and the time for a fully saturated 

soil to dry (days) (Zhang, 2009). 

In this study, the Green-Ampt method was used to calculate the infiltration. The soil 

type in the catchment area were mostly clay loam. Based on the soil type, the parameters 

for Green-Ampt method, namely soil capillary suction head, soil saturated hydraulic 

conductivity, and the initial soil water deficit were derived for the simulation (SWMM) 

modeling requirements. 

3.7.6 SWMM System Parameter Settings 

Common stormwater system components include conduits (pipes) and non-conduit 

structures such as open channels, junctions, storage units, flow dividers, orifices, weirs, 

etc. 

3.7.6.1 Conduits 

Conduits (pipes): Input parameters for conduits include the inlet and outlet non-

conduit structure numbers, shape of the conduit, maximum depth of the conduit cross-

section (m), length of conduit (m), and the Manning’s n for the conduit. The SWMM 
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model has 23 different conduit shapes to choose from, including common shapes of 

circular, rectangular, parabolic, trapezoidal, and horseshoe. 

3.7.6.2 Open channels 

The SWMM model does not provide a separate element type for open channels. 

Instead, open channels are represented using the same set of parameters as are used with 

conduits. Usually open channels use the trapezoidal shape (or other appropriate shape) 

and different Manning’s n values according to different lining materials. 

3.7.6.3 Junctions 

Input parameters for junctions include the invert elevation (m), maximum water depth 

at the junction (m), initial water depth (m), depth in excess of the maximum water depth 

before flooding occurs (m), area of ponding water when flooded (m2), and the external 

inflow hydrograph received by the junction. 

3.7.6.4 Storage units 

Input parameters for storage units include the invert elevation of the storage unit (m), 

the maximum depth of water within the storage unit (m), initial water depth (m), area of 

ponding water when flooded (m2), fraction of evaporation realized (between 0 and 1), and 

the stage-storage relationship for the storage unit. The storage unit also allows the input 

of an external inflow hydrograph to the storage unit. 

3.7.7 Sensitivity analysis 

Sensitivity depicts the effect of input parameters uncertainties (e.g. sub-catchment 

width, slopes, and infiltration parameters) on model responses (e.g. peak runoff). The 

purpose of sensitivity analysis is to assess the rate of change in the response of a model 

with respect to changes in model input parameters. Such knowledge is important for 

1. Evaluating the applicability of the model, 
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2. Determining parameters which are important to have more accurate values, and 

3. Understanding the behavior of the system which is being modeled (James, 2003).  

Before carrying out the calibration, a sensitivity analysis was performed to figure out 

the most influential parameters in the model. Several parameters impact the model 

calibration. Based on previous researches, the main parameters affecting the model 

calibration are: sub-catchments area, percent impervious area, width, slope, infiltration 

parameters, Manning’s roughness coefficients for pervious and impervious surfaces, 

depression storage depth for pervious and impervious surfaces, percent zero, and internal 

routing parameters (Eckart et al., 2018). 

In order to achieve the best match between the observed and modeled flow, these 

parameters need to be adjusted in the model. To carry out sensitivity analysis, the 

parameters are checked one by one. For each parameter to be analyzed, it is changed in 

the model, while keeping all other parameters fixed. The model is executed, and the 

results of the simulated outflow hydrograph is compared with the observed one. The 

process is repeated several times to identify the most effective parameters for model 

calibration. 

3.7.8 Calibration and validation 

There are always some unknown constants representing the physical process, no 

matter what the model form is. Fixed numerical values should be assigned to these model 

parameters before the model is used to predict runoff. In other words, these parameters 

need to be estimated in such a way that the best agreement between modelled and 

observed values can be achieved. The process of selecting the model parameters is called 

model “calibration”. There are two main methods to adjust the model parameters, namely 

manual calibration and automatic calibration (Xu, 2002). 
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After the values of the model parameters are estimated, the third stage of model 

analysis is called verification or validation or simply testing of the model. With regard to 

this, to evaluate the model calibration and validation performance, the goodness-of-fit test 

(model performance evaluation) was performed to compare the modelled discharge 

volume against the observed discharged volume for a specific analysis period (Palla & 

Gnecco, 2015). The calibration and validation for the quantity model were conducted 

twice in this study to get more accurate results.  

3.7.9 Water quality modeling 

Modeling of stormwater quantity normally focuses on the prediction of stormwater 

runoff volumes, hydrographs and peak discharge rates to mitigate the runoff peak and 

volume in urban areas. Modeling of urban stormwater quality usually aims for pollution 

prevention and impact assessment resulted from urban stormwater.  

Table 3.2: Most common pollutants in urban areas (Water, 2005). 

Land use Gross  
Pollutants 

Total Suspended 
Solids (TSS) 

Nutrients 
(TN&TP) 

Roads and Highways Low  High Low 

Residential High High High 

Commercial High Medium Medium 

Industrial Medium Medium Low 

Parks and Agriculture Low Medium High 

 

Having calibrated and validated the quantity model, then the quality model was also 

calibrated using the data achieved from the 20-9-2018 rainfall event. The parameters 

selected for quality modelling were Total Suspended Solids (TSS) and Total Nitrogen 
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(TN). According to (Water, 2005), TSS and TN are the most common pollutants in urban 

areas (Table 3.2). 

3.7.10 LID control assigning 

Having finished the calibration and validation of the model, the selected LIDs were 

assigned to the model. The types of LIDs selected in this study were rain garden and 

vegetated swale. The model, then, was executed for the same rainfall event that was 

calibrated (20-9-2018). The aim was to check the performance of the model after 

assigning the LIDs. 

3.8 Common measures to assess model performance  

Four different goodness-of-fit tests have been used for measuring the accuracy of the 

predicted stormwater runoff against the observed values. One method was the deviation 

volume coefficient (DV), which can be used for the total runoff volume comparison. A 

second approach has been the root mean square error (RMSE), which can be used for 

comparing the predicted and observed hydrographs (Zhang, 2009). A third technique was 

the Nash–Sutcliffe coefficient (NSC) and the fourth one has been the regression method. 

3.8.1 The Deviation Volume Coefficient (DV) for Total Runoff Volume  

The deviation volume coefficient (Dv) is defined by (Yen, 1993) to compare the 

predicted discharge volume against the observed discharge volume for a particular period 

of analysis. The Dv coefficient represents the fraction by which the predicted total volume 

over- or under-estimates the total observed volume (Eq. 3.1). 

𝐷𝑣 =
𝑉𝑜−𝑉𝑚

𝑉𝑜
∗ 100     (3.1) 

Where: 

Dv = Deviation volume coefficient, 
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Vo = Observed total runoff volume (m3), and 

Vm = Modeled total runoff volume (m3). 

A value of Dv closer to zero indicates a better match of the predicted total runoff 

volume to the observed total runoff volume. If the value of Dv is positive, the total runoff 

volume is under-estimated by the model. A negative Dv value indicates that the total 

runoff volume is over-estimated by the model (Yen, 1993). In their study conducted at 

the Upper Bukit Timah watershed in Singapore, Liong et al. (1991) used the Dv parameter 

to compare the stormwater runoff volumes predicted by the SWMM model to the 

observed volumes. A similar use of the Dv parameter was found in several other studies 

involving the comparison between predicted and observed values of total runoff volume 

(Warwick & Tadepalli, 1991). The ideal value for Dv is between 5% to 20% (James, 

2003). The lower the Dv value is, the better the match between the predicted and the 

observed values will be. 

3.8.2 The Root Mean Square Error (RMSE) for Hydrograph Comparisons  

The Root Mean Square Error (RMSE) (Willmott, 1984) is a measure of difference 

between paired predicted and observed values. The Normalized Objective Function 

(NOF) can be used for the root mean square error. The RMSE and NOF are explained as 

follows: 

𝑅𝑀𝑆𝐸 = √
1

𝑁
∑ (𝑃𝑖 − 𝑂𝑖)2𝑁

𝑖=1     (3.2) 

𝑁𝑂𝐹 =
𝑅𝑀𝑆𝐸

�̄�
        (3.3) 

Where 𝑃𝑖 and 𝑂𝑖 are predicted and observed values at time step i, respectively and N 

is the number of observations during the flow period. �̄�  is the mean of observed values. 
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The value of the RMSE index ranges from 0 to ∞, and the match between the predicted 

value and the observed value gets better when RMSE is closer to zero. An RMSE equal 

to 0 indicates a perfect match between the predicted and observed flow (Zhang, 2009). 

The ideal value for NOF is 0, however, it cannot be expected to occur, otherwise it 

would be a perfect model if it did. So, values between 0 and 1 are acceptable for NOF 

when field specific data are available for calibration (Kornecki et al., 1999). 

Smith and Wheater (2004) used the RMSE as a measurement of the agreement 

between the observed and simulated flow hydrographs when conducting a study in the 

Welland Watershed, UK. 

3.8.3 Nash–Sutcliffe Coefficient (NSC) 

Nash–Sutcliffe coefficient (NSC) is explained as follows (Nash & Sutcliffe, 1970):  
 

𝑁𝑆𝐶 = 1 −
∑ (𝑂𝑖−𝑃𝑖)2𝑛

𝑖=1

∑ (𝑂𝑖−�̄�)2𝑛
𝑖=1

    (3.4) 

Where 𝑃𝑖 is the predicted value, 𝑂𝑖 is the observed value for the n observations, and �̄� 

is the mean of observed values. The acceptable range for NSC is values between 0 and 1. 

The optimal condition for the model occurs when the NSC is 1. For the purposes of 

evaluation, a satisfactory NSC is higher than 0.5 (Tan et al., 2008; Worqlul et al., 2018). 

3.8.4 Regression method 

The regression method is defined as:    

𝑃𝑖 = 𝑟𝑂𝑖        (3.5) 
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In the regression method, the linear regression line (Eq. 3.5) is fitted between the 

modelled and observed values and the slope 𝑟 is compared with the 1:1 slope (perfect 

match). Generally, the best calibration requires that both slope 𝑟 and coefficient of 

determination  𝑟2 be as close to 1.0 as possible (Chow et al., 2012). 

Overall, for the purposes of evaluation, a satisfactory NSC is higher than 0.5 and a 

good Dv is lower than 20% (Tan et al., 2008). In another study, Yazdi et al. (2019) 

mentioned that when 𝑟2 and NSC are higher than 0.6 and 0.5, respectively, and Dv is 

lower than 25%, the model calibration is considered satisfactory. 

3.9 Optimization modeling 

Multi objective optimization is widely known as the maximizing, or the minimizing 

of multiple objectives F(x) = [f1(x), f2(x),…, fn(x)]. where x=x1, x2,…,xn are the decision 

variables. The decision variables refer to the decision space in which the possible region 

is the set of solutions in the space that would satisfy the constraints placed on the decision 

variables (Eckart et al., 2018; Kalyanmoy, 2001). 

3.9.1 Multi Objective Particle Swarm Optimization (MOPSO) 

The Multi-Objective Particle Swarm Optimization (MOPSO), which was developed 

by Coello et al. (2004), is a multi-objective form of the single objective particle swarm 

(PSO). The particle swarm optimization was developed by Eberhart and Kennedy (1995) 

based on the swarming animals analogy, such as a flock of birds or school of fish. In each 

iteration, each particle is updated based on two ‘‘best” values: “pbest” is the best solution 

(in terms of fitness) each particle obtained so far, while “gbest” is the best solution each 

particle in the population achieved globally so far. By using the current positions, the 

current velocities, the distance between the current position and pbest, and the distance 

between the current position and gbest, each particle tries to change its position to a new 

one. PSO does not have many parameters to be tuned, compared to genetic algorithm 
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optimization. The parameters are the number of particles; weighting factors; and the 

maximum change for a particle. It has been identified that the PSO operation is not very 

sensitive to parameter settings (Liu, 2009). 

PSO has been widely used in various optimization problems as it has unique searching 

mechanism, excellent convergence and simple implementation. These features make PSO 

particularly suitable for multi-objective optimization especially because of its high speed 

of convergence for single-objective optimization (Coello et al., 2004; Yang et al., 2005). 

Many studies have been carried out in recent years using multi-objective particle swarm 

optimization (MOPSO) in various fields (Coello et al., 2004; Yang et al., 2009). In 

MOPSO, the global optimal solutions are a set of non-dominated solutions known as 

Pareto optimal front. It should be noted that choosing pbest and gbest from the set of 

Pareto-optimal solutions for each particle to direct its flight is still a challenge, although 

it is of high importance to achieve convergence and diversity of solutions (Yang et al., 

2009). 

In multi objective optimization approach, the non-dominated solutions are used to 

represent the Pareto optimal front. A solution A dominates solution B when A is better 

than B in at least one objective, and not worse in others. If two solutions do not dominate 

each other, they are called indifferent or incomparable. The multi-objective optimization 

aims at finding the Pareto-optimal set or front (or an approximation sample). The final 

solutions are selected using the front of non-dominated solutions produced by a multi-

objective algorithm based on different criteria (Montalvo et al., 2010). 

The multi objective optimization algorithm produces non-dominated solutions in each 

iteration. These solutions are stored in a special space called repository. Repository 

members are the best non-dominated agents of the problem achieved during different 

stages of optimization algorithm process (Hosseini et al., 2015). The repository members 
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dominate the whole population members; however, none of them dominate each other in 

the repository. In the final stage, the members with least distance from each other are 

selected for the ultimate optimal solutions (Hosseini et al., 2015); which are known as 

Pareto optimal or non-dominated solutions. 

 

    Figure 3.6: Typical form of Pareto optimal front in MOPSO. 

When there is not adequate information, deciding on one unique pareto solutions to be 

objectively better than any others with respect to all the objectives involved is not possible 

(i.e. there is no uniquely ‘‘best” solution); hence, any one of them is a plausible solution 

(Liu, 2009). Thus, unlike single objective optimization, the multi objective optimization 

answer will be a set of solutions, presented as a curve, instead of a single point. These 

solutions never dominate each other but are superior to the rest of the population. They 

will be optimized based on the problem objective criteria. These points are known as 

Pareto optimal front and any one of them can be considered as an acceptable solution 

(Hosseini et al., 2015; Liu, 2009). Figure 3.6 depicts a typical form of Pareto optimal 

front in MOPSO. 
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The Multi Objective Particle Swarm Optimization (MOPSO) was used for the 

optimization modelling in this study. The idea behind most multi-objective optimization 

is to find a set of optimal solutions representing the optimal surface between different 

criteria (Liu et al., 2016). The optimization target for the objectives of this study was to 

find the Pareto-optimal front to minimize the peak runoff and maximize the water quality 

in the catchment with the minimum number of LIDs applied to the sub-catchments. The 

results might appear as runoff/pollutants reductions-number of LIDs curves. The decision 

variables are the number of sub-catchments and the number of LIDs in each one as well 

as the design parameters defined in the SWMM simulation model. The SWMM base file 

and the defined parameters for the LIDs is the input file for the optimization process. Such 

a procedure is possible to carry out by linking the SWMM model to the relevant defined 

sub routine through the MOPSO algorithm using MATLAB. The MOPSO receives the 

output from SWMM and alters some parameters so that the objective functions are 

satisfied and generate the results as graphs and matrices. Compared to similar algorithms, 

the MOPSO is easy to use and converges faster with the minimum number of parameters 

required.  

3.9.2 MOPSO Objectives 

In the process of selection and implementation of BMP/LIDs in urban catchments, 

there are definitely various combinations of LIDs to place in order to minimize the runoff 

and maximize the water quality. Potentially, the best way to have the minimum runoff 

and best water quality in the catchment is to implement as many LIDs as possible. 

However, the aim of optimization is to identify the minimum number of BMP/LIDs 

(NLID) to be implemented in the catchment so that the peak runoff/pollutants are optimally 

reduced while the implementation is cost-effective. In other words, the ideal aim of 

optimization for the urban stormwater quantity and quality control is to get the maximum 

performance of BMP/LIDs in the catchment with the lowest cost. 
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Thus, to achieve the above-mentioned goals, the following equations represent the 

objectives to be satisfied by the MOPSO algorithm in this study. 

Objective 1: 

 LIDNF
QF

min
min

1

max2

=
=         (3.6) 

Where 𝑁𝐿𝐼𝐷 denotes the number of LIDs applied to each sub-catchment throughout the 

catchment and maxQ is the peak runoff generated at the catchment outlet (CMS).  

Objective 2:  

 LIDNG
CG

min
min

1

12

=
=          (3.7) 

Objective 3: 

 LIDNZ
CZ

min
min

1

22

=
=         (3.8) 

Where 1C and 2C  are mean concentration of TSS and TN washed of through the 

catchment outlet, respectively (Kg). 

The objective of equations (3.6), (3.7) and (3.8) is to find the minimum number of each 

LID in each sub-catchment so that the peak runoff, TSS and TN are optimally reduced. 

The MOPSO algorithm generates the results in the form Pareto optimal front curve in 

which various combinations could be achieved. 

 Objective 4: 

( ) LIDNS
CCQS

min
&,min

1

21max2

=
=        (3.9) 

The objective of equation (3.9) is to achieve the minimum number LID in each sub-

catchment so that all three parameters, namely, peak runoff, TSS and TN are optimally 
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reduced. This equation was not defined in the MOPSO sub routine as it is complicated 

and needs more time and efforts. However, it was achieved through defining some 

scenarios of LID combinations in SWMM and comparing the results after executing the 

simulation model for different defined LID combination scenarios. The LID combination 

scenarios have been presented in the following sections. 

3.9.3 Simulation-Optimization model 

The simulation model was first set up by various input data required; calibrated and 

validated. The LID controls were then designed and applied to the model. The most 

important part of LID control design in the model is to obtain the necessary parameters 

of each LID unit such as soil characteristics, number of units, surface width per unit, berm 

height, surface roughness and slope. Having designed and applied the LID units in the 

simulation model, it is ready to be linked to the optimization model. 

The decision variables for the optimization algorithm and subroutine function should 

be first defined. The maximum iteration for the algorithm and the initial size of particle 

population and repository were other variables to be set. These variables should be 

selected based on several times trial and error.  

The two models are then linked to each other using MATLAB through the subroutine 

programmed in MATLAB for the study. The optimization process aims to find the Pareto 

optimal front so that the maximum runoff/peak runoff and pollutants reductions is 

achieved. The results are presented in the form of matrices and reduction-number of LID 

units graphs. The variables are those designed parameters for the SWMM in the 

simulation process. The functions are the SWMM and the subroutine function prepared 

for the optimization model. By linking the simulation and the optimization models, 

MOPSO algorithm starts the optimization process by changing some parameters in the 

SWMM and get the output as the new optimization input parameters. The process repeats 
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until the runoff/peak runoff and the pollutants are optimally reduced and the best 

combination of LID units is achieved. Figure 2 depicts the optimization process and how 

the simulation-optimization models are linked with each other.   

3.10 MATLAB 

MATLAB is used for technical computing. This high-performance language combines 

computation, visualization, and programming environment. Moreover, MATLAB is a 

modern programming language environment which has complicated data structures, 

contains built-in editing and debugging tools, and supports object-oriented programming. 

These unique features have made MATLAB a state-of-the-art tool for teaching and 

research. 

Compared to conventional computer languages (e.g., C, FORTRAN) MATLAB has 

many advanced features to solve technical problems. As an interactive system, the basic 

data element of MATLAB is an array that does not require dimensioning. MATLAB 

package has been commercialized since 1984 and is now considered as a standard 

programming language at many universities and industries all over the world. 

In this study, MATLAB was used to write the coding in order to link MOPSO 

algorithm with the simulation model (SWMM). In addition, all the procedure of running 

the optimization model to achieve the required results was also performed using 

MATLAB. 

3.11 Overview of GIS 

GIS is a computer-based technology with a general-purpose for applying geographical 

data in digital form. The main purpose of GIS is to capture, store, manipulate, analyze, 

and display various collections of spatial or geo-referenced data. Both sets of geometry 

data (coordinates and topological information) and attribute data (i.e., information that 
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describes the features of geometrical objects, such as points, lines and areas) are included 

in GIS. Goodchild (1993) illustrated that the GIS technology is capable of performing a 

variety of tasks, such as: (1) data preprocessing from large stores into a form which is 

appropriate for analysis represented by reformatting, change of projection, resampling, 

and generalization; (2) analysis and modeling support, such as forms of analysis, models 

calibration, forecasting, and prediction; and (3) post processing of results by reformatting, 

tabulation, report generation, and mapping. According to Mark and Gould (1991), in any 

operation that GIS is involved, the user specifies the requirement and communicates with 

the system via a ''user-friendly'' intuitive interface making use of such contemporary 

concepts such as graphic icons and desktop images (Singh & Fiorentino, 2013). 

3.11.1 Applications of GIS 

There are four areas that GIS can be applied successfully: (1) mapping, (2) data 

preprocessing, (3) modeling, and (4) policy formulation. GIS consists of the capability of 

digital cartography in the input and output subsystem, and more abilities for storing and 

handling relationship between entities as well as representing entities with multiple 

attributes. GIS has the ability to deal with digital representation of continuous variables 

in many various ways (Singh & Fiorentino, 2013). 

3.11.2 ArcGIS 

ArcGIS is part of the geographic information system (GIS) for handling maps and 

geographic information. The main applications of ArcGIS are creating and using maps; 

geographic data compilation; analyzing information from maps; sharing and discovering 

geographic information; using maps and geographic information in a range of 

applications; and managing geographic information in a database. 

ArcGIS was used to manage our case study maps for delineating data, producing 

topography, drainage and land use maps for the study area, calculating the sub-catchments 

Univ
ers

ity
 of

 M
ala

ya



79 

slopes, calculating the catchment area and the required distances, locating the 

hydrological stations on the maps and producing the study area maps. 

3.12 Cost analysis 

The cost of LID techniques is usually the initial capital cost as well as the operation 

and maintenance (O&M) costs through the whole life cycle of LIDs in place (Sample et 

al., 2003). The capital cost also includes the land cost, planning and design (engineering) 

cost, construction cost, and the environmental cost. As the land, engineering and 

environmental costs are site specific, the construction cost is usually used for analysis 

purposes (Sample et al., 2003).  

Table 3.3: Life cycle costs of different LID-BMP facilities (Edmonton, 2011). 

LID Facilities 
Cost (USD) 

Life cycle 
(year) 

Construction Annual 
maintenance 

Bioretention 30-250/m2 13-30/m3 >20 

Swales 11-35/m2 0.20-1/m2 >20 

Permeable pavement 340-500/m2 0.15-0.30/m2 >20 

Green Roofs 230-3000/m2 3-44/m2 30-50 

Box Planter 30-350/m2 13-30/m3 25-50 
Naturalized 
Drainage Ways 25-250/m2 1-18/m2 >20-100+ 

 

Table 3.3 presents different types of LID-BMP facilities costs, including bioretention 

and swales. In this study, the construction cost was considered as the total cost of LID-

BMP techniques implemented. As the cost is usually site specific, the cost was set $60/m2 

and $20/m2 for bioretention and swale, respectively for the analysis purposes of the study 

area. To do the cost analysis against peak flow, total flow volume, TSS, and TN reduction, 

the coding was conducted accordingly, and the function was optimized using MOPSO 

algorithm and MATLAB.    
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CHAPTER 4: RESULTS 

4.1 Simulation model development 

For the simulation modeling, Stormwater Management Model (SWMM) was used for 

this study. The model was first set up with the required collected data and then the 

necessary steps to construct the simulation model were taken. Then, the sensitivity 

analysis was conducted to find out the most sensitive parameters to the model and after 

the model was calibrated and validated twice, to make sure the simulation model was 

precise enough to proceed to the optimization modeling. 

4.2 Sensitivity analysis results 

Before conducting the calibration and validation, the sensitivity analysis was 

performed. Figure 4.1 depicts the results of the sensitivity analysis.  

 

Figure 4.1: Sensitivity analysis results for SWMM model. 
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impervious area with no depression storage), Dstore-impervious (Depth of depression 

storage on the impervious portion of the sub-catchment) and Dstore-pervious (Depth of 

depression storage on the pervious portion of the sub-catchment) which have been 

shortened as D-Store impervious-pervious. This means that the model is mostly sensitive 

to these three parameters and they need to be adjusted accordingly to get a good 

calibration. However, care should be taken that the sensitivity of the model to the three 

parameters is not the same. The model is more sensitive to the D-Store impervious-

pervious, especially when it decreases. 

4.3 Quantity model calibration and validation 

The model was calibrated and validated twice; once with the rainfall events of the 

Bunus catchment collected from SMART control center. The data collected are time 

series data of 10 minutes, 20 minutes and hourly basis data from 2008 to 2018, both from 

hydrological station 1 (S1) and hydrological station 2 (S2). However, as station S2 has 

also got flow monitoring gauge, the rainfall and flow data of S2 were used for model 

calibration and validation. For the second time, the model was calibrated with the rainfall 

event of 20-09-2018 as the rainfall sampling was done from S2 station for water quality 

analysis. The rainfall and flow data of the same date was collected from SMART control 

center and the model was calibrated for both quantity and quality.  

To calibrate the model, some rainfall-runoff events were selected, and the data series 

were input into the model. The model was then run with all the initial parameters entered 

into the model at the beginning and adjust the parameters after each trial. The model 

performance evaluation was also performed and checked the error after each run. The 

process continued until the error was minimal and the best model performance was 

achieved. 
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For a good calibration and validation result, it is required that the general shape of both 

hydrographs follow each other, and the results of goodness-of-fit criteria are satisfactory. 

The parameters used in this study for the model calibration and validation evaluation test 

are Dv, NOF, NSC, and 𝑟2. The ideal value for Dv is between 5% to 20% (James, 2003). 

The lower the Dv value is, the better the match between the predicted and the observed 

values will be. For the NOF, NSC, and 𝑟2, the acceptable range is values between 0 and 

1. For NOF, the closer it is to 0, the better match between the two hydrographs will be 

achieved. As for NSC and 𝑟2, the closer they are to 1, the better the match between the 

predicted and the observed values will be. It should also be stated that for the purposes of 

evaluation, a good NSC is higher than 0.5 and a good Dv is lower than 20% (Tan et al., 

2008). In another study, Yazdi et al. (2019) mentioned that when 𝑟2 and NSC are higher 

than 0.6 and 0.5, respectively, and Dv is lower than 25%, the model calibration is 

considered satisfactory. 

Based on the sensitivity analysis, there were several parameters to be adjusted for the 

model calibration. The most significant parameters influencing the model calibration 

were: %imperviousness, manning’s n coefficient, D-Store impervious-pervious, %zero 

imperviousness and the outlet for each sub-catchment.  

4.3.1 Model calibration for the data on the 05-12-2015 event 

To construct the model, it was calibrated and validated with the rainfall and flow data 

of years 2015 and 2016. The model was run many times and the parameters were adjusted 

for the data on 05-12-2015. Figure 4.2 depicts the model calibration for the data of 05-

12-2015. In another study, Yazdi et al. (2019) mentioned that when 𝑟2 and NSC are higher 

than 0.6 and 0.5, respectively, and Dv is lower than 25%, the model calibration is 

considered satisfactory. 
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Figure 4.2: Model calibration for the 05-12-2015 event. 

Overall, the modeled and observed hydrographs for calibration follow each other and 

are a very good match. This could also be confirmed by the results of model evaluation 

test (Table 4.3). They are all very satisfactory. The evaluation parameters, namely Dv, 

NOF, NSC, and 𝑟2 are 5%, 0.07, 0.97, and 0.97, respectively, which show a very good 

match between the modeled and observed values for the calibration. Figure 4.3 also shows 

that the coefficient of determination  𝑟2  is very close to 1 and is as high as 0.97, which 

confirms that the model has been well calibrated. 

 

Figure 4.3: Coefficient of determination for the model calibration on the 05-12-2015 
event. 
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4.3.2 Model Validation 

In order to check the validity of the model after calibration, it should be validated with 

different rainfall events to see whether the output results are acceptable. Thus, we verified 

the calibrated model using two different rainfall events of the study area and compared 

the observed and modelled hydrographs to see whether they match or not. The rainfall-

flow data on the 10-06-2015 and on the 21-04-2016 events were selected for the model 

validation, respectively. Figures 4.4 and 4.5 depict the model validation results. 

As can be seen from the figures, the modelled and observed hydrographs follow each 

other and the results of model evaluation test are satisfactory. For Figure 4.4, the 

evaluation parameters, namely NOF, NSC, and 𝑟2 are 0.21, 0.85, and 0.88, respectively, 

and for Figure 4.5, NOF, NSC, and 𝑟2 are 0.2, 0.82, and 0.87, respectively, which show 

an acceptable match between the modeled and observed values Both hydrographs are in 

a very good match, except for some discrepancies at the peak for Figure 4.5, but overall, 

they are both quite satisfactory.  

 

Figure 4.4: Model validation for the 10-06-2015 event. 
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Figure 4.5: Model validation for the 21-04-2016 event. 

Having calibrated and validated the constructed model, we got confident that the 

model was working properly, and the parameters were well adjusted. After that, we used 

the model for the main data we got through sampling from the S2 hydrological station of 

the catchment from the 20-09-2018 rainfall event. To do so, we calibrated and validated 

the model again with the new data to enhance the accuracy of the model. 

4.3.3 Model calibration for the sampling data of the 20-09-2018 rainfall event 

In order to calibrate the simulation model, both quantity and quality, more accurately 

and prepare it for the main purpose of the research, we did runoff sampling from a rainfall 

event on 20-09-2018. A total of 17 samples were collected from the Bunus river at Jalan 

Tun Razak (S2 monitoring point) during the rainfall event. The samples were collected 

every 10 minutes for a duration of three hours. Based on the catchment time of 

concentration, the samples were taken in a proper period of time to be at least twice as 

the time of concentration to make sure we have collected enough samples to accurately 

calibrate the model for water quality parameters as well. Having finished the sampling, 

the rainfall and flow data of the same event were also collected from SMART control 

center to be able to calibrate the quantity and quality model.  
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4.3.4 Quantity model calibration for the 20-09-2018 rainfall event 

First, the model was calibrated again with the rainfall and flow data collected from the 

20-09-2018 event to make sure the model works accurately and prepare the model for 

quality calibration and LID control assignment. 

 

Figure 4.6: Model calibration for the 20-09-2018 event. 

 

 

Figure 4.7: Coefficient of determination for the model calibration on the 20-09-
2018 event. 
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Based on the sensitivity analysis, the same procedure for calibration and validation 

was carried out. The model parameters needed to be adjusted again to get the best results. 

After many runs and adjusting the same parameters, the results of calibration were quite 

satisfactory.  

Figure 4.6 compares the modelled flow against the observed flow for the 20-09-2018 

rainfall event. It is obvious from Figure 4.6 that, overall, the modeled flow closely follows 

the observed flow and the errors are minimal. The results of model evaluation criteria are 

very satisfactory which could also be confirmed by the results of goodness-of-fit test 

(Table 4.3). The evaluation parameters for the second calibration, namely Dv, NOF, NSC, 

and 𝑟2 are 4.7%, 0.05, 0.93, and 0.93, respectively. This means that the model could be 

used for the validation process and the LID control assignment. Figure 4.7 depicts the 

coefficient of determination ( 𝑟2 ) which is close to 1 and is as high as 0.93. This confirms 

that the model has been well calibrated. 

4.3.5 Validation of the quantity model for the 20-09-2018 event 

 

 

Figure 4.8: Model validation for the 01-08-2017 event. 
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In order to check the validity of the calibrated model of the 20-09-2018 event, we 

verified the calibrated model on two other different events to compare the modeled and 

the observed hydrographs to see whether they match well or not. The rainfall and flow 

data of the 01-08-2017 and 28-04-2018 events were used for the model validation.  

The validation result for the 01-08-2017 event has been illustrated in Figure 4.8. 

Overall, the modeled and observed hydrographs follow each other throughout the 

validation process and the result of model evaluation criteria is also satisfactory which 

means the validation is acceptable. The goodness-of-fit test (Table 4.3) also shows that 

the validation result is quite acceptable. As can be seen, from Table 4.3, the evaluation 

parameters, namely Dv, NOF, NSC, and 𝑟2 are 6.68, 0.08, 0.74, and 0.77, respectively, 

which show an acceptable match between the modeled and observed values. 

 

Figure 4.9: Model validation for the 28-04-2018 event. 

The validation for the data of the 28-04-2018 event has been depicted in Figure 4.9. 

As can be seen from the figure, the rising and falling limbs are in good match and the 

modeled hydrograph well follows the observed one. Although the model overestimates 

the flow at the peak, overall the two hydrographs follow each other quite well and the 

result of model evaluation test is satisfactory. The evaluation parameters, namely Dv, 

NOF, NSC, and 𝑟2 are 10.6, 0.17, 0.61, and 0.93, respectively. This means that the 
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validation is quite acceptable. This could also be confirmed by the results presented in 

Table 4.3.  

4.4 Quality model calibration for the 20-09-2018 event 

 

 

Figure 4.10: location of sampling and the samples collected from the study site on the 

20-09-2018 rainfall event. 

To conduct the water quality modeling, rainfall samples were collected during the 20-

09-2018 event from the hydrological station at Jalan Tun Razak (S2 monitoring point). 

Totally, seventeen samples were collected and carried to the Environmental laboratory at 

the University of Malaya to be analyzed. Figure 4.10 illustrates the location of sampling 

and the samples taken from the study site. 
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Table 4.1: Quality parameters achieved from rainfall samples analysis. 

N Time TSS  TDS  Turbid  DO  Con  COD  BOD NH3  NO3 PO4 
1 16:50 44 179 27.26 5.84 247 33.58 2.36 1.01 6.19 0.73 
2 17:10 54 167 33.32 6.09 225 140.47 2.67 0.98 4.59 0.63 
3 17:30 53 183 32.71 6.66 247 74.24 2.95 0.78 5.67 0.97 
4 17:40 43 173 26.44 5.12 233 60.93 2.67 0.84 7.26 0.98 
5 17:50 53 161 32.95 6.82 216 104.37 3.12 0.95 6.60 1.04 
6 18:00 75 162 46.46 6.25 223 55.34 2.79 0.56 6.72 0.98 
7 18:10 74 161 45.87 6.94 219 211.72 3.27 0.64 7.31 1.05 
8 18:20 107 142 65.83 6.76 195 60.07 1.35 0.48 8.13 1.89 
9 18:30 121 123 74.63 6.48 166 96.76 2.70 0.50 6.47 1.44 
10 18:40 118 114 72.68 5.00 156 83.87 2.50 0.36 5.60 0.94 
11 18:50 148 104 91.24 6.53 139 87.69 1.85 0.50 4.90 1.46 
12 19:00 121 101 74.50 6.47 137 61.89 0.57 0.36 4.27 1.51 
13 19:10 104 111 64.02 6.25 152 61.33 2.64 0.5 4.69 1.22 
14 19:20 94 127 57.89 6.44 177 338.25 2.94 0.42 4.04 1.73 
15 19:30 99 127 61.14 6.17 178 88.8 2.73 0.45 3.45 1.11 
16 19:40 87 134 53.64 5.90 189 78.19 2.62 0.34 3.14 1.69 
17 19:50 91 132 56.46 7.56 189 75.25 3.10 0.31 3.61 1.59 

 

4.4.1 Rainfall samples analysis for water quality parameters 

The water samples were analyzed at the Environmental laboratory at the department 

of Civil Engineering, University of Malaya. The parameters achieved, using different 

methods, consisted of Biochemical Oxygen Demand (BOD), Chemical Oxygen Demand 

(COD), Total Suspended Solids (TSS), Total Dissolved Solids (TDS), Turbidity, 

Conductivity (Con), Dissolved Oxygen (DO), Ammoniacal-Nitrogen (NH3), Nitrate 

(NO3), Nitrite (NO2) and Phosphate (PO4). Table 4.1 presents the quality parameters 

achieved from rainfall samples analysis. Few parameters, namely, Turbidity, TSS, Do, 

TDS and conductivity have also been plotted in Figure 4.11.  
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Figure 4.11: Stormwater quality parameters changes during the 20-09-2018 rainfall 

event. 

 

 

Figure 4.12: TSS parameter for the samples on the 20-09-2018 event. 
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Figure 4.13: TN parameter for the samples on the 20-09-2018 event. 

For the quality calibration of the model, Total Suspended Solids (TSS) and 

(NOx+NH3) (referred to as Total Nitrogen (TN)) were selected. We used Nitrate, Nitrite 

(NOx) and Ammonia-N (NH3) as the total nitrogen. Dissolved inorganic nitrogen (DIN) 

includes ammonia (NH3), nitrite (NO2), and nitrate (NO3). The water bodies are greatly 

affected by these constituents because they are easily available to be up taken by simple 

organisms (Seitzinger et al., 2002), and may result in eutrophication, hypoxia, and loss of 

biodiversity and habitat (Galloway et al., 2003). According to Table 3.2,  TSS and TN are 

the most common  pollutants in residential areas (Water, 2005). Based on this, they were 

selected for the model quality calibration to evaluate LIDs quality performance in urban 

areas. Figure 4.12 and Figure 4.13 present the results of analysis for the parameters used 

for Quality Modeling, TSS and TN (NOx + Ammonia), respectively. 

4.4.2 Quality modeling calibration 

In order to calibrate the quality model for TSS and TN parameters derived from the 20 

September 2018 event sampling, the catchment was divided into two categories- 

residential and commercial-consisting of 70% and 30% of the catchment, respectively. 
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The residential and commercial percentage of the study area were derived through site 

inspection and google earth. 

Similarly, there are influential parameters to be adjusted to calibrate the quality model 

as well. The most important parameters affecting the model calibration are the buildup 

and washoff functions and the input parameters (C1, C2, C3, and C4). Pollutant 

accumulation can be represented by different types of buildup functions on an urban 

catchment, including power function, exponential function, or saturation equation, while 

the washoff is simulated using exponential function, rating curve equation or event mean 

concentration (EMC). Among various types of pollutant buildup and washoff functions, 

the exponential function was selected for both buildup and washoff after testing the model 

for different functions. The exponential functions for buildup and washoff in SWMM are 

explained as follows. 

Buildup follows an exponential growth curve that approaches a maximum limit 

asymptotically, 

𝐵 = 𝐶1(1 − 𝑒−𝐶2𝑡)      (4.1) 

where 𝐶1 = maximum buildup possible (mass per unit of area or curb length), 𝐶2 = 

buildup rate constant (1/days), and t is the time. 

The washoff load (W) in units of mass per hour is proportional to the product of runoff 

raised to some power and to the amount of buildup remaining, i.e., 

𝑊 = 𝐶3𝑞𝐶4𝐵         (4.2) 

where 𝐶3 = washoff coefficient, 𝐶4= washoff exponent, q = runoff rate per unit area 

(inches/hour or mm/hour), and B = pollutant buildup in mass units. The buildup here is 

the total mass (not per area or per curb length) and both buildup and washoff mass units 
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are the same as used to express the pollutant’s concentration. The input parameters (C1-

C4) for quality modeling are depicted in Table 4.2. 

Table 4.2: Buildup and washoff input parameters to calibrate the quality model. 

Land use Pollutant 
Build-up Washoff 

C1 C2 C3 C4 

Residential 
TSS 1.5 0.3 0.4 0.9 

TN 0.002 0.05 12 1.7 

Commercial 
TSS 12 0.3 1.5 0.6 
TN 0.1 0.7 0.3 3.5 

 

4.4.2.1 Total Suspended Solids (TSS) calibration 

 

 

Figure 4.14: Total Suspended Solids (TSS) calibration result for the 20-09-2018 
event. 

Having adjusted the parameters (C1–C4) after many runs, a satisfactory match between 

the observed and calibrated values for TSS was achieved, as shown in Figure 4.14. As 

can be seen, there is a good match between the modeled and the observed values with a 

little difference at the peak. The evaluation parameters in Table 4.3, namely NOF, NSC, 

and 𝑟2 for TSS, are 0.14, 0.81, and 0.84, respectively, which show a satisfactory match 
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between the modeled and observed values. Overall, it is clear from the calibrated model 

and the result of test in Table 4.3 that the modeled TSS graph follows the observed TSS 

graph and the calibration is satisfactory.  

4.4.2.2 Total Nitrogen (TN) calibration  

The calibration of quality modeling is usually more difficult than quantity modeling. 

In terms of TN it was even more difficult than TSS to be calibrated and hard effort was 

made to calibrate TN which can be seen in Figure 4.15. The evaluation parameters in 

Table 4.3, namely NOF, NSC, and 𝑟2 for TN, are 0.14, 0.74, and 0.74, respectively, which 

are in the acceptable range and show a good match between the modeled and observed 

values. Overall, Figure 4.15 and Table 4.3 show that the result of TN calibration was quite 

satisfactory. 

 

Figure 4.15: Total nitrogen (TN) calibration result for the 20-09-2018 event. 

4.5 Model performance evaluation (goodness-of-fit test) 

We used four different goodness-of-fit tests to assess the accuracy of the model 

predicted values against the observed values for quantity modeling. For quality only three 
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evaluation methods were applied. The goodness-of-fit test results for the quantity and 

quality calibration are depicted in Table 4.3. 

Table 4.3: The goodness-of-fit test results to evaluate the reliability of the model. 

Parameter 
1st 

Calibration 
(05-12-2015) 

1st 
*Valid 

2nd 
Valid 

2nd 
Calibration 
(20-09-2018) 

1nd 
Valid 

2nd 
Valid 

TSS 
Calibration 

TN 
Calibration 

   DV (%) 5 - - 4.70 6.68 10.6 - - 

NOF 0.07 0.21 0.20 0.05 0.08 0.17 0.14 0.14 

NSC 0.97 0.85 0.82 0.93 0.74 0.61 0.81 0.74 

𝑟2  0.97 0.88 0.87 0.93 0.77 0.93 0.84 0.74 
  *Valid=Validation 

The table indicates that the results of goodness-of-fit test for quantity calibration is 

quite satisfactory. As for TSS and TN, although the results are not the same as quantity 

calibration, the three evaluated parameters still show a good match between the predicted 

and the observed values in both TSS and TN, based on the criteria for the goodness-of-fit 

test mentioned in chapter 3 (3.8). 

4.6 LID controls designing and assigning to the subcatchments 

Having calibrated and validated the model, the selected LIDs (vegetated swale and 

rain garden) were assigned into the model. The LIDs are assigned to each subcatchment 

through the LID control editor of the subcatchment. The LID control editor is used to 

define a low impact development control in each subcatchment which can be placed 

throughout a catchment to store, infiltrate, and evaporate subcatchment runoff. The design 

of the LID control is made on a per unit area basis so that it can be placed in any number 

of subcatchments at different sizes or number of replicates. 

To model LID in SWMM, the LID in the model should first be designed. To do so, we 

need to design the LID parameters based on the characteristics of the catchment such as 

soil, surface roughness and slope. Having finished the design, the LID should be assigned 
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to each sub-catchment in the model. In this study, the selected LIDs occupy 7% of the 

catchment. The selected LIDs (swale and rain garden) also treats 40% of the impervious 

area of each subcatchment. The final model was tested by the calibrated rainfall as well 

as the TSS and TN to check the model efficiency. after that the model was executed using 

the selected rainfall scenarios to check efficiency of the developed model for different 

rainfall intensities. 

4.6.1 LID control efficiency results 

After assigning LIDs to the model, the performance of LID controls on hydrology and 

water quality was assessed with the same rainfall event which was used to calibrate the 

model. The model, with the LID controls, was executed and outputs for both quantity and 

quality were compared with the model outputs without LID controls. The aim was to 

check the performance of the model after assigning the LIDs. The results of the model 

with the applied LIDs are shown in Table 4.4 and Figures 4.16-4.18. 

 
Figure 4.16: Modeled flow with LID controls in the subcatchments for the 20-09-
2018 rainfall event. 
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Table 4.4: Best management practices (BMP) removal and peak runoff reduction 
after assigning low impact developments (LIDs) to the model. 

Rainfall on 
20.09.2018 (mm) 

LID Removal (%) 
Peak runoff             

reduction (%) 
TN (%) TSS (%) 

12.50 29 41 23 
 

 

Figure 4.17: Modelled TSS with LID controls in the sub-catchments for the 20-09-
2018 event. 

 

The results depicted in Table 4.4 and Figure 4.16 show that the peak runoff reduced 

by 23% after assigning LIDs to the model. Figures 4.17 and 4.18 and Table 4.4 show that 

TSS and TN also reduced by 41% and 29%, respectively. The Figures also clearly show 

that TSS and TN reductions were relatively satisfactory after assigning the LIDs to the 

model. As can be seen from the table and figures, LIDs have been more efficient to reduce 

TSS and TN compared to peak runoff. 
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Figure 4.18: Modelled TN with LID controls in the sub-catchments for the 20-09-
2018 event. 

In this study, both the table and the figures confirm that LID practices are of high 

importance in all developed urban areas to mitigate the effects of imperviousness on both 

runoff quantity and quality. Thus, it can be concluded that LID techniques could reduce 

urban runoff and improve stormwater quality significantly. 

4.6.2 Model performance for the selected rainfall scenarios 

In order to test the final model with different rainfall scenarios, nine sets of rainfall 

were selected as follow. The intensity–duration–frequency (IDF) curves for the area had 

already been prepared by DID and published in the Urban Stormwater Management 

Manual for Malaysia (MSMA, 2012). These curves have been developed based on 100-

year hydrological data for the return periods of 2, 5, 10, 20, 50, and 100 years. They have 

been particularly developed to be used by researchers working on the respective study 

areas. In IDF curves, the rainfall durations are depicted on the “X” axis and the intensities 

are depicted on the “Y” axis. The rainfall frequencies are illustrated in the form of 

diagonal curves. The return periods of 5 years, 10 years, and 20 years were selected for 

the three selected durations, namely 1, 1.5, and 2 hours. 
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Table 4.5: Rainfall scenarios for three return periods and three durations. 

Return Period Duration (hr) Rainfall (mm) 

5 1 72 
5 1.5 81 
5 2 90 
10 1 80 
10 1.5 90 
10 2 96 
20 1 90 
20 1.5 99 
20 2 110 

 

 

Figure 4.19: Rainfall scenarios for three return periods namely 5, 10 and 20 years. 

For instance, to achieve the first rainfall intensity, the 1-hour duration is found on the 

“X” axis and the intersection of the vertical line with the return period of 5 is found. Then 

the intersection of the horizontal line with the “Y” axis of this point will be the respective 

rainfall intensity of that return period and duration. Likewise, the process was repeated 

for other durations and with other return periods. Therefore, for each return period, three 
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durations were applied to find the corresponding rainfalls. Thus, total nine different 

rainfalls were achieved. The achieved rainfalls are depicted in Table 4.5 and Figure 4.19. 

The final model with LID controls was executed again using the nine rainfall scenarios 

to check the model performance for the rainfall of different intensities and durations.  

Table 4.6: Results of the model performance for the selected rainfall scenarios. 

Return 
Period (T) 

Duration 
(hr) 

Rainfall 
(mm) 

LID Removal (%) Peak runoff    
reduction 

(%) TN (%) TSS (%) 

5 1 72 40 61 27 
5 1.5 81 40 61 19 
5 2 90 40 62 18 
10 1 80 40 61 18 
10 1.5 90 40 61 9 
10 2 96 39 60 0 
20 1 90 38 58 0 
20 1.5 99 39 59 0 
20 2 110 39 60 0 

 

The results of model performance for the selected rainfall scenarios are depicted in 

Table 4.6 and Figure 4.20. The table shows that the model performance is quite efficient 

in terms of TSS and TN removal for different rainfall amounts. The LID removal 

efficiency for TN and TSS is up to 40% and 62%, respectively. Likewise, the peak runoff 

reduction is also acceptable, based on the type of LIDs and percentage of the catchment 

they have been applied to. The peak runoff reduction also reached 27% for rainfall of less 

than 70 mm.  
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Figure 4.20: Peak runoff reduction for the selected rainfall scenarios. 

Figure 4.20 also shows that LID performance for smaller rainfalls of up to 70 mm is 

much better than higher intensity rainfalls. For the rainfalls of more than 90 mm and for 

the return period of more than 10 years, the peak runoff reduction will be very poor. The 

results will be discussed in more details in the discussion chapter (chapter 5). 

4.7 Optimization model development and the results 

Having prepared the simulation model, the optimization model should also be 

developed to complete the final simulation-optimization model.  

The decision variables for the optimization algorithm and subroutine function should 

be first defined. According to the number of subcatchments in the simulation model, the 

decision variables for the MOPSO algorithm were selected 35 for this study. The 

maximum iterations for the algorithm was 100. The initial size of particle population and 

repository were also set to 150. These figures were selected based on several times trial 

and error and figured out that the best results would be achieved when the initial size of 

the population and repository are set to approximately four to five times of the variables 

(35). The number of iterations were also achieved by trial and error.  
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The results of MOPSO algorithm are generated in the form of both Pareto-optimal 

front curve and matrix. The results give the best options for the best combination of LID 

controls so that the peak runoff and the mean concentration of both pollutants, namely 

TSS and TN is optimally reduced. Figure 4.21 illustrates the result of MOPSO pareto-

optimal front for peak runoff reduction against different LID combinations generated by 

the algorithm in MATLAB. 

 

Figure 4.21: MOPSO pareto-optimal front solutions for peak runoff reductions 
against different LID combinations. 

 

The model parameters were adjusted as such that the model optimize one objective at 

each run process. Based on the EPA SWMM output file, the parameters were adjusted as 

3, 5, and 6 denoting peak runoff, TN, and TSS, respectively. The model needed to be 

executed for each parameter separately. The result for each parameter is in the form of a 

matrix as well as a graph, illustrating the Pareto-optimal front. For instance, for the peak 

runoff, the result achieved was a matrix of 42×37.  
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Table 4.7: Part of the optimization output for the peak flow with different LID types 
and combinations. 

Sub-
catchment Various LID combinations 

S01 RG RG RG RG RG RG NL RG NL RG 
S02 RG RG RG RG RG RG RG SW RG RG 
S03 RG RG RG RG RG RG NL RG NL NL 
S04 SW NL NL SW NL NL NL SW NL NL 
S05 SW SW SW SW SW SW SW SW RG SW 
S06 SW SW SW RG SW SW NL RG NL SW 
S07 NL RG NL NL NL NL NL NL NL NL 
S08 SW RG SW SW RG SW NL SW NL RG 
S09 SW SW SW SW SW RG NL RG NL RG 
S10 RG RG RG RG RG RG NL RG NL RG 
S11 RG SW RG RG RG RG NL SW NL SW 
S12 NL NL NL NL NL NL NL NL NL NL 
S13 SW RG SW SW RG RG SW RG SW SW 
S14 NL NL NL NL NL NL NL NL NL NL 
S15 RG SW RG NL RG RG NL SW NL RG 
S16 SW SW SW SW SW SW SW SW SW SW 
S17 NL NL RG NL NL RG NL RG NL NL 
S18 NL RG RG NL NL RG NL RG NL NL 

Number of 
LIDs 26 27 28 24 25 28 10 29 10 21 

Peak Flow 
(m3/s) 4.108 4.091 4.079 4.139 4.117 4.079 4.385 4.073 4.385 4.176 

 

Table 4.7 presents part of the results for the peak runoff achieved from the optimization 

model. The two types of LIDs, swale (SW) and rain garden (RG) were both coded in 

MATLAB as numbers 1 and 3, respectively to be optimized. NL also denotes that no LID 

has been allocated to the subcatchment. The table shows different types of LIDs and 

combinations optimized by MOPSO algorithm to achieve the maximum peak runoff 

reduction. The last two rows of the table present the total number of LIDs for all 

subcatchments and the respective peak runoff reduction. For instance, in the first column 

6 subcatchments have been provided with rain garden, 7 subcatchments receive swale, 

and 5 subcatchments have got no LIDs in them. The total number of LIDs for all 

subcatchments (which are not presented in Table 4.7) in this column are 26 as well; in 
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which case the peak flow runoff will be 4.108 m3/s, showing 11% reduction compared to 

the non-LID scenario in the catchment. It should be noted that Table 4.7 only presents 

part of the results and the whole table is a matrix of 42×37. The same results have also 

been achieved for TSS and TN.  

Likewise, Figures 4.22 to 4.24 depict the non-dominated solutions for the peak runoff, 

TSS and TN reductions with different types and number of LIDs, respectively. The 

figures only show the Pareto-optimal front of the model output rather than the whole 

repository particles.  

 

Figure 4.22: The Pareto optimal front for the peak flow reductions with different 
number of LIDs. 

 

As far as the TSS is concerned, Figure 4.23 and Table 4.8 show that when the number 

of LIDs is 13, TSS reduction is 38.03%, and it can be seen from the figure and table that 

the TSS reduction trend is very similar to the peak runoff reduction.  
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Table 4.8: Peak Runoff, TSS and TN reductions for selected number of LIDs in 
MOPSO non-dominated solutions. 

Number 
of LIDs 

Peak 
Runoff 
(m3/s) 

TSS (kg) TN (kg) 

Peak 
Runoff 

Reduction 
(%) 

TSS 
Reduction 

(%) 

TN 
Reduction 

(%) 

13 4.32 3457.13 245.13 6.70 38.03 22.38 
15 4.28 3449.63 243.66 7.47 38.17 22.84 
18 4.23 3445.97 241.91 8.57 38.23 23.39 
20 4.20 3443.75 240.80 9.35 38.27 23.75 
22 4.16 3441.40 240.77 10.24 38.32 23.76 
25 4.12 3439.30 240.73 11.08 38.35 23.77 
28 4.08 3437.58 240.70 11.90 38.38 23.78 
30 4.06 3436.48 240.68 12.31 38.40 23.79 
34 4.03 3434.87 240.65 13.07 38.43 23.80 

 

 

Figure 4.23: The Pareto optimal front for the TSS reduction with different number 
of LIDs. 

 

Figure 4.24 depicts the non-dominated solutions for the TN reduction with the number 

of LIDs. Table 4.8 also shows the TN reduction for the selected number of LIDs. 
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Figures 4.22 to 4.24 show that peak runoff and pollutant loads will reduce more with 

the greater number of LIDs implemented in the catchment. This is in consistent with other 

similar studies and will be elaborated more in chapter 5.  

 

Figure 4.24: The Pareto optimal front for the TN reduction with different number of 
LIDs.  

 

4.8 LID best combination scenarios 
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different results were recorded by executing the SWMM model which are peak runoff, 

TSS and TN.  

Table 4.9: Results of the selected scenarios to evaluate the optimal number of LID 
combinations. 

Scenarios Number of 
LIDs 

Peak 
Runoff 
(m3/s) 

TSS 
(kg) 

TN 
(kg) 

Peak 
Runoff 

Reduction 
(%) 

TSS 
Reduction 

(%) 

TN 
Reduction 

(%) 

1 20 for flow 4.20 3446 245 9.35 38.23 22.36 
2 20 for TSS 4.24 3444 246 8.42 38.27 22.19 
3 20 for TN 4.29 3473 241 7.30 37.75 23.75 
4 25 for flow 4.12 3444 242 11.08 38.26 23.51 
5 25 for TSS 4.15 3439 243 10.39 38.35 23.13 
6 25 for TN 4.18 3456 241 9.65 38.06 23.77 
7 30 for flow 4.06 3440 241 12.31 38.34 23.66 
8 30 for TSS 4.08 3436 241 11.81 38.40 23.64 
9 30 for TN 4.09 3447 241 11.58 38.22 23.79 

 

Totally, 9 different LID combinations were tested using the SWMM simulation model. 

Based on the selected scenarios results, the best LID combination to get the optimal 

amount of runoff and pollutant mean concentration was achieved. Table 4.9 and Figure 

4.25 depict the results achieved for these scenarios.  

According to Table 4.9 and Figure 4.25, the more LIDs are implemented in the 

catchment, the more the three parameters namely, peak runoff, TSS and TN are reduced. 

However, to get the optimal reduction with the minimum number of LIDs, an assessment 

was performed. It is clear from the table and figures that peak runoff is reduced more with 

the increase of LIDs, compared to TSS and TN. Therefore, the best LID combination will 

be achieved if the optimal LID combination is selected from the peak runoff scenarios. 
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Figure 4.25: Peak Runoff, TSS, and TN Reduction in different selected scenarios. 

The table and figures clearly show that the amount of runoff, TSS and TN reductions 

is not very remarkable after scenario 4 and could easily be ignored. Thus, it could be 

concluded that the optimal LID combination to achieve the best runoff, TSS and TN 

reductions would be scenario 4 for the runoff optimization, in which the reduction for 

peak runoff, TSS and TN is 11.08%, 38.26%, and 23.51%, respectively. 

Table 4.10: Number, type and combination of LIDs for the best scenario. 

Sub-
catchment LID Type Sub-

catchment LID Type Sub-
catchment LID Type 

S11 RG S23 RG S35 RG 
S12 RG S24 NL S36 SW 
S13 RG S25 RG S37 SW 
S14 NL S26 SW S38 RG 
S15 SW S27 NL S39 NL 
S16 SW S28 NL S40 SW 
S17 NL S29 NL S41 SW 
S18 RG S30 SW S42 RG 
S19 SW S31 SW S43 SW 
S20 RG S32 NL S44 RG 
S21 RG S33 RG S45 NL 
S22 NL S34 SW   

 

0

5

10

15

20

25

30

35

40

45

1 2 3 4 5 6 7 8 9

P
e
a

k
 R

u
n

o
ff

, 
T

S
S

 &
 T

N
 R

e
d

u
c

ti
o

n
 (

%
)

Scenarios

Peak Runoff Reduction (%) TSS Reduction (%) TN Reduction (%)

Univ
ers

ity
 of

 M
ala

ya



110 

The details of LID types and combinations for this scenario is presented in Table 4.10 

and Figure 4.26. According to Table 4.10 and Figure 4.26, 25 subcatchments are provided 

with different types of LIDs; among which 13 have been applied with rain garden (RG), 

12 have been provided with swale (SW), and 10 subcatchments have no LIDs (NL) in 

them. 

 

Figure 4.26: Type and combination of LIDs for the best scenario in Bunus 
catchment. 
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Figure 4.26 shows that among all types and combinations of LIDs obtained through 

MOPSO algorithm, the best combination with the maximum peak runoff/pollutant loads 

reduction will be the one illustrated in Figure 4.26. 

4.9 Non-dominated solutions for LID costs 

This section presents the results for cost analysis which determines the cost-effective 

optimization solutions for peak flow, total flow volume, TSS, and TN reduction for 

bioretention and swale. The discussion on different aspects of costs for LID stormwater 

control and LID costs for bioretention and swale construction have been presented in 

chapters 2 and 3. To do the cost analysis for flow, TSS, and TN versus cost, the 

optimization was carried out for each one separately and the results are presented in the 

form of graphs and tables. Some scenarios were then selected as well to compare the 

amount of flow, TSS, and TN reduction for the maximum, average, and minimum cost 

achieved through optimization. 

4.9.1 Non-dominated solutions for peak flow and total runoff volume 

 

Figure 4.27: Non-dominated solutions for peak flow reduction. 
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Figures 4.27 and 4.28 depict the non-dominated solutions for the peak runoff and total 

runoff volume reductions with different costs, respectively. Similar to the case of peak 

runoff with the number of LIDs, Figure 4.27 shows that the peak runoff remarkably 

decreases with the increase of total LID cost.  

 

Figure 4.28: Non-dominated solutions for total runoff volume reduction. 

Figure 4.28 also illustrates the total runoff volume reduction with the increase of total 

LID cost. In both cases, the more money is spent, the more the runoff will reduce. 

4.9.2 Non-dominated solutions for TSS and TN 

Figures 4.29 and 4.30 depict the non-dominated solutions for TSS and TN reduction 

with the increase of LID cost. As mentioned for runoff, pollutant loads will also reduce 

more with the increase of cost; however, there is a limit for runoff/pollutant loads 

reduction, beyond which the reduction will stop with the increase of cost. This will be 

discussed more in chapter 5. 
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Figure 4.29: Non-dominated solutions for TSS reduction. 

 

Figure 4.30: Non-dominated solutions for TN reduction. 
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reduction for peak runoff (PR), total runoff volume (TV), TSS, and TN for different LID 

costs, respectively.  

Table 4.11: Peak runoff, total volume, TSS, and TN reduction for selected LID cost 
scenarios in MOPSO non-dominated solutions. 

Cost ($) PR 
(m3/s) 

PR 
Reduction 

(%) 

TV 
(10^6 

lit) 

TV 
Reduction 

(%) 

TSS 
(kg) 

TSS 
Reduction 

(%) 

TN 
(kg) 

TN 
Reduction 

(%) 

$177,100  4.30 7 55 4 3467 38 246 22 
$203,900  4.17 10 54 6 3449 38 243 23 
$223,850  4.12 11 53 6 3591 36 253 23 
$233,450  4.10 11 53 6 3440 38 242 24 
$238,250  4.13 11 54 6 3439 38 243 23 
$242,350  4.06 12 53 7 3437 38 242 23 
$244,700  4.11 11 53 6 3443 38 241 24 
$259,650  4.07 12 53 7 3437 38 242 23 
$282,500  4.02 13 53 7 3435 38 241 24 
$293,750  4.04 13 53 7 3436 38 241 24 
$351,300  4.02 13 53 7 3435 38 241 24 
$397,300  4.02 13 53 7 3435 38 241 24 

 

 

Figure 4.31: Peak Runoff, Total Volume, TSS, and TN reduction for selected LID 
cost non-dominated solutions scenarios. 
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The scenario results are depicted in Table 4.11 and Figure 4.31. These results have 

been achieved by selecting 12 scenarios of minimum, average, and maximum cost for 

peak flow, total runoff volume, TSS, and TN non-dominated solutions and then run 

SWMM model to achieve the rest of parameters for the executed one. For instance, the 

maximum cost for peak flow was run in SWMM and the total runoff volume, TSS, and 

TN parameters for the same cost was achieved accordingly. Similarly, other parameters 

were also achieved, and the final results were compared with the results of the simulation 

model without LID controls.  

 

Figure 4.32: Peak runoff reduction with total LID cost. 
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runoff and total runoff volume reduce more with the increase of cost. Figure 4.32 also 
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6

7

8

9

10

11

12

13

14

$177,100 $203,900 $223,850 $233,450 $238,250 $242,350 $244,700 $259,650 $282,500 $293,750 $351,300 $397,300

Pe
ak

 R
un

of
f R

ed
uc

tio
n 

(%
)

Total LID Cost ($)

Univ
ers

ity
 of

 M
ala

ya



116 

 

Figure 4.33: Comparison of peak flow, total runoff volume, TSS and TN reduction 
with the minimum cost scenario. 

 

Finally, all LID cost scenarios were compared with the minimum cost scenario 
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-4

-2

0

2

4

6

8

PR
,T

V
, T

SS
, a

nd
 T

N
 R

ed
uc

tio
n 

(%
)

Cost ($)

PR reduction (%) TV reduction (%) TN reduction (%) TSS reduction (%)

Univ
ers

ity
 of

 M
ala

ya



117 

CHAPTER 5: DISCUSSION 

Urbanization and alteration of land use/land cover and the increase in the impervious 

surfaces will adversely affect the urban hydrology, water cycle and water quality, such as 

increasing the peak runoff and volume (Bell et al., 2016; Chen et al., 2017; Gitau et al., 

2016). To manage this excess runoff, resulting from urbanization, new stormwater 

management strategies should be developed (Kong et al., 2017). In order to control the 

urban runoff and the adverse impacts, increasing infiltration has always been an important 

alternative (Yao et al., 2016). The low impact development-best management practices 

(LID-BMPs) have been proposed as the best management strategies to control stormwater 

quantity and quality in urban areas (Ahiablame et al., 2012; Liu et al., 2016). 

The LIDs have a great potential to solve real life urban runoff quantity and quality 

problems. The growth of impervious surfaces decreases infiltration capacity, increases 

runoff generation and direct runoff improves the connectivity of flow and leads to urban 

flooding. The contaminated stormwater will also deteriorate the water quality in urban 

areas. The LID techniques are capable of mitigating the impact of imperviousness on both 

hydrology and water quality of urban stormwater runoff. Particularly, the LID techniques 

have been developed to mimic the predevelopment hydrologic conditions and promote 

the storage, infiltration, and evapotranspiration processes. The capability of LID-BMPs 

in urban runoff reduction and water quality improvement has been well proved in 

different studies.     

5.1 Simulation model and LID assignment 

The EPA Stormwater Management Model (SWMM) (Rossman, 2010) was selected to 

develop the simulation model. SWMM is capable of modeling hydraulic, hydrology and 

water quality at the catchment scale of mostly urban areas. SWMM has also been 

provided with the LID control modules (Palla & Gnecco, 2015). In order to develop the 
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simulation model, SWMM needs to be calibrated and validated with the real field data. 

Before the calibration process, the sensitivity analysis is carried out to minimize the 

differences between the modelled and observed values (Rosa et al., 2015). 

The definition of sensitivity analysis (SA) is understanding how uncertainty in the 

output can be allocated to various sources of input (Foscarini et al., 2010). There are two 

classifications for SA methods, local and global (Yang, 2011). In local sensitivity 

analysis, each parameter is disturbed in turn while all other factors are kept fixed at their 

nominal values (Baroni & Tarantola, 2014). On the other hand, Global SA (GSA) studies 

the impacts of input parameters on the outputs within the entire acceptable ranges of input 

space. GSA methods range from qualitative screening (Campolongo et al., 2011) to 

quantitative techniques based on variance decomposition (Gamerith et al., 2013; King & 

Perera, 2013). The significance of sensitivity analysis is that it can reduce the number of 

parameters for calibration and determine the most influential and most uncertain ones 

(Dotto et al., 2011; Krebs et al., 2014). 

Different parameters have been found sensitive to calibrate SWMM in the previous 

studies. For example, Barco et al. (2008) and Tsihrintzis and Hamid (1998) found that 

SWMM is most sensitive to  % imperv,  Manning’s n, N-Perv, DStore-Perv, and DStore-

Imperv. In this study, the most sensitive parameters were found to be % imperviousness, 

% zero imperviousness, Dstore-impervious and Dstore-pervious. However, according to 

Figure 4.1, the sensitivity of SWMM to these parameters is not the same. 

The peak runoff is directly proportional to the changes in the imperviousness and zero 

imperviousness, whereas it is inversely proportional to the D-Store. This means that the 

peak runoff will increase with the increase of % imperviousness and % zero 

imperviousness. Likewise, the peak runoff will decline with the reduction of the two 

parameters. On the other hand, the peak runoff will decline with the increase of D-Store 
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impervious-pervious, while it will increase with the D-Store impervious-pervious 

reduction. It should also be noted that the peak runoff is more sensitive to the reduction 

of the D-Store impervious-pervious than the increase. In other words, the peak runoff will 

only decrease 5% with the 30% increase in the D-Store impervious-pervious, whereas it 

will increase 12% with the 30% reduction of D-Store impervious-pervious. 

In the model calibration and validation approach, the predicted (modelled) and the 

observed outflow hydrographs were compared with each other. Particularly, two values, 

namely the discharge volume and the peak flow rate were assessed for an event.  For a 

good validation result, it is required that the general shape of both hydrographs follow 

each other, and the results of goodness-of-fit test are satisfactory. 

The parameters used in this study for the model calibration and validation evaluation 

criteria are Dv, NOF, NSC, and 𝑟2. The ideal value for Dv is between 5% to 20% (James, 

2003). The lower the Dv value is, the better the match between the predicted and the 

observed values will be. For the NOF, NSC, and 𝑟2, the acceptable range is values 

between 0 and 1. For NOF, the closer it is to 0, the better match between the two 

hydrographs will be achieved. As for NSC and 𝑟2, the closer they are to 1, the better the 

match between the predicted and the observed values will be. It should also be stated that 

for the purposes of evaluation, a satisfactory NSC is higher than 0.5 and a good Dv is 

lower than 20% (Tan et al., 2008). In another study, Yazdi et al. (2019) mentioned that 

when 𝑟2 and NSC are higher than 0.6 and 0.5, respectively, and Dv is lower than 25%, 

the model calibration is considered satisfactory. 

Appropriate calibration of rainfall–runoff models for urban catchments is necessary to 

ensure reliable assessment of stormwater modeling results (Mancipe-Munoz et al., 2014). 

Rainfall–runoff models can be calibrated over a set of single storm events or continuous 
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storm events. Calibrating the model with a single event provides better time to peak and 

overall hydrograph shape compared to continuous calibration, but continuous event 

calibration gives more accurate estimation of the total runoff volume (Tan et al., 2008). 

Single storm event calibration is a rapid process and usually does not require a great deal 

of observed data (Mancipe-Munoz et al., 2014). A large number of previous studies can 

be found in the literature that calibrated their models over a single storm event (Fang & 

Ball, 2007; Palla & Gnecco, 2015; Tan et al., 2008). In the current study, the model was 

also calibrated using a single storm event since the peak runoff was the target of 

assessment. Moreover, the model is a quantity–quality one, and calibration was 

performed for both quantity and quality. There was no continues quality data available to 

perform continues calibration. Therefore, the quantity–quality calibration was conducted 

over a single-event, collected individually on 20 September 2018. 

For the first calibration, Figure 4.2 illustrates the observed and the modelled 

hydrographs which closely matched, and the maximum error is less than 9% throughout 

the whole hydrographs. As it is obvious from Figure 4.2, there is a good match between 

the modeled and observed values in the rising limb of the hydrograph. At the peak of the 

hydrograph, the model overestimates the flow a little, immediately followed by 

underestimation. From the middle of the hydrograph falling limb to the end, the modelled 

and observed flows show a good consistency. The 𝑟2 is also 0.97 which shows a very 

good calibration result, whereas in similar studies the 𝑟2 about 0.8 or 0.9 and even lower 

has been considered as good match between calibrated and observed values; e.g., Rosa et 

al. (2015).  

As for the model validation, it can be seen from Figure 4.4, the model underestimates 

the flow in the rising limb of the hydrograph and overestimates the flow in falling limb 

of a little, which is quite normal in the process of calibration and validation. However, as 
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it is obvious from Table 4.3, the evaluation parameters, namely NOF, NSC, and 𝑟2 are 

0.21, 0.85, and 0.88, respectively, which show a good match between the modeled and 

observed values for the validation.  

Validation cannot be obtained only by testing the model with some real data because 

no model is quite perfect. Therefore, validation needs both subjective and objective 

judgements on various aspects to realize whether adequate information is provided by the 

results to answer the questions that the decision-makers face in the process of modeling. 

It should also be noted that any model can be expected to fail at least on some occasions 

(Xu, 2002). 

As for the 2nd validation (Figure 4.5), both the rising and falling limbs of the 

hydrographs are in good match; however, the model overestimates the peak flow of the 

modelled hydrograph a little. Nevertheless, the evaluation parameters, namely NOF, 

NSC, and 𝑟2 are 0.2, 0.82, and 0.87, respectively, which show an acceptable match 

between the modeled and observed values for the 2nd validation. 

Overall, the modelled flow prediction has been plotted against the observed flow in 

Figures 4.4 and 4.5 for the model validation. As can be seen from the Figures, the modeled 

hydrographs and the observed flow hydrographs have well matched each other which 

confirm the validity of the model. 

The model was calibrated for the second time for the data collected on the 20-09-2018 

rainfall event. As it is obvious from Figure 4.6, there is a discrepancy between the 

modeled and the observed values at the beginning of the hydrograph which could be due 

to some uncertainties in modeling. The modeled and observed values are in good match 

before the hydrograph peak, at which point the model starts underestimating the flow a 

little. This trend continues up to the middle of the hydrograph falling limb. From this 
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point onward, the model overestimates the flow a little. As it is obvious from Table 4.3, 

the evaluation parameters, namely Dv, NOF, NSC, and 𝑟2 are 4.70, 0.05, 0.93, and 0.93, 

respectively, which show a very good match between the modeled and observed values. 

Figure 4.8 illustrates the validation result for the second calibration. As can be seen, 

the modeled and observed values are in good match from the starting point up to the 

middle of the rising limb. However, the model overestimates the flow at the peak. This 

might be due to some uncertainties in the observed data. After this, the modeled and 

observed hydrographs follow each other well, although there is a little underestimation in 

the falling limb. The evaluation parameters, namely Dv, NOF, NSC, and 𝑟2 are 6.68, 0.08, 

0.74, and 0.77, respectively, which show an acceptable match between the modeled and 

observed values. 

Figure 4.9 shows the validation result for the second time for the data on the 28-04-

2018. Although the model overestimates the flow at the peak, overall the two hydrographs 

follow each other quite well and the validation is quite acceptable. The evaluation 

parameters, namely Dv, NOF, NSC, and 𝑟2 are 10.6, 0.17, 0.61, and 0.93, respectively, 

which show that there is an acceptable match between the modeled and observed values. 

As mentioned earlier, for the purposes of evaluation, 𝑟2 and NSC are higher than 0.6 

and 0.5, respectively, and Dv is lower than 25%. In Figure 4.8, the evaluation parameters, 

namely Dv, NOF, NSC, and 𝑟2 are quite satisfactory and show an acceptable match 

between the modeled and observed values. In Figure 4.9, although the model 

overestimates the flow at the peak which could be due to some uncertainties in the input 

data, overall, the goodness-of-fit test parameters are in the satisfactory range and show 

that the validation is quite acceptable.  
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In hydrology and water quality modeling, the four criteria used in this study, namely 

Dv, NOF, NSC, and 𝑟2, are the most common ones and are widely used to evaluate the 

model performance and are the best ones. Therefore, these criteria were all used in this 

study as well to assess the calibration and validation of the quantity-quality model and to 

make sure the maximum fitting is happening between the modelled and observed 

hydrographs.  

It should be mentioned that there are many uncertainties in modeling urban rainfall-

runoff which result in the inaccuracy of modeling. The sources of uncertainties can be 

classified as input data uncertainties, parameter uncertainties, and model structure 

uncertainties. Especially, there are always uncertainties in the model input parameters 

which could be due to the data collection or model structurers. That’s the reason 

calibration and validation are performed to minimize the uncertainties and get the best 

results possible. However, the hydrological models always show some uncertainties, 

especially at the hydrograph extremes, e.g., at the peak. That’s why most of the time there 

is a lag time between the observed and the simulated peak timing, but we try to minimize 

this lag time in the process of calibration and validation. 

It is worth mentioning that validation cannot be obtained only by testing the model 

with some real data because no model is quite perfect. Therefore, validation needs both 

subjective and objective judgements on various aspects to realize whether adequate 

information is provided by the results so that we can judge the model is reliable or not. 

Even if the calibration is perfect and all criteria have been well met, it does not necessarily 

mean that the validation will also be as perfect as the calibration. Validation does not 

mean that the simulated and the observed hydrographs should exactly match each other 

and there are always some discrepancies in some parts due to the mentioned reasons. 

Besides, for the calibration and validations performed in this study, the evaluation 
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parameters are all in the satisfactory range. The relative errors between the observed and 

the simulated flow values should be less than 25% for a good calibration result. In this 

study, the relative errors between the observed and the simulated peak flow values in the 

first calibration is 4.06% and in the second calibration is 1.69% which are both quite 

satisfactory. 

Several mechanisms determine stormwater quality; the most notably being buildup 

and washoff. In an urban area, a load of constituents is built up on the impervious surface 

before a storm, which may or may not be related to time and factors, such as traffic, dry 

fallout and street sweeping (Chen, 2006). During the storm, this load of constituents is 

washed off into the drainage system. Washoff is the process of erosion or solution of 

pollutant constituents from a sub-catchment surface during a period of runoff in urban 

areas. 

For the quality calibration the water samples were analyzed in the laboratory. Figure 

4.11 depicts some of these parameters. As can be seen from the figure, conductivity and 

TDS both have a downward trend, while turbidity, TSS and Do have an upward trend. As 

the water volume increases, the dissolved solids within the water will decreases (mg/L); 

this is mainly because the amount of solids dissolved in water is diluted. Likewise, the 

conductivity will also decline with the decrease of TDS.  

On the other hand, TSS and turbidity increase with the increase of runoff. This is 

mainly because the runoff washes the solids and other surface particles to the water 

bodies. However, both TSS and turbidity decline at the end as there is no more surface 

particles to be washed off. DO is mostly fluctuating during the rainfall event. 

The calibration of stormwater quality model is normally more difficult than quantity 

models. As urban runoff quality monitoring needs substantial resources, quality modeling 
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is used to predict, analyze and manage urban water quality and pollution (Zhu et al., 

2012). In SWMM, the stormwater quality is modeled using different build-up and 

washoff equations, such as exponential function, power function, or saturation equation 

(Rossman & Huber, 2016). There is usually a wide range of variation in urban stormwater 

quality data between rainfall events. The buildup and washoff equations consist of many 

parameters which make the stormwater quality difficult to calibrate without on-site data 

(Tuomela et al., 2019). The spatial and temporal variations of the quality modeling 

process also make it difficult to use the buildup and washoff equations on a catchment 

scale (Bonhomme & Petrucci, 2017; Wijesiri et al., 2016). Moreover, the urban 

stormwater quantity model is usually calibrated first, followed by calibrating the quality 

module (Chen, 2004). 

Among various types of pollutant buildup functions, the most widely used 

accumulation form may be the exponential buildup function (Alley & Smith, 1981; 

Charbeneau & Barrett, 1998; Deletic et al., 1997). In these studies, the form of buildup 

function was derived based on the assumption that the urban impervious surface was 

completely washed by the last period of runoff or street sweeping (Alley & Smith, 1981). 

A pollutant washoff function in an exponential form is widely used in the literature (Alley & 

Smith, 1981).  

For the TSS calibration (Figure 4.14), there is a good match between modelled and 

observed values in the rising limb. However, there is an inconsistency at the peak, in 

which one observed point is higher than the modeled peak. This might be due mainly to 

the uncertainty in sampling, data collection, or the model itself. In contrast, the model 

overestimates the TSS a little in the falling limb, although the modeled and observed 

graphs converge at the end. As the quality modeling is always more challenging than 
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quantity one, these discrepancies are quite normal. The 𝑟2 for TSS modeling is also as 

high as 0.84 which show a good match, too. 

For TN, it was even more difficult to calibrate the model as TN is more sensitive to 

the model parameters. Hard effort was made to adjust the parameters in many runs to get 

the best result. Figure 4.15 illustrates the result of TN calibration. As it is obvious, there 

is an incompatibility at the beginning and in the middle of the graphs. For the rest of the 

calibration, the modeled graph follows the observed one and the two graphs converge 

very well at the end, although there is an overestimation just before the last point. 

The results of goodness-of-fit test in this study have also been compared with the 

results of some previous studies. Chow et al. (2012) developed a model and presented the 

results of SWMM calibration and validation for modeling runoff quantity and quality in 

tropical areas. Mancipe-Munoz et al. (2014) also presented the calibration and validation 

of a rainfall–runoff SWMM 5 in their study. On the other hand, Rosa et al. (2015) and 

Chow et al. (2012) carried out calibration for TSS and TN in their water quality modeling. 

Table 5.1 presents the comparison of flow calibration and validation, as well as TSS and 

TN calibration with other studies. 

Table 5.1: Comparison of the results of goodness-of-fit test with the previous 
studies. 

Parameter 
Flow calibration Flow validation TSS  TN  

This 
study Chow Munoz This 

study Munoz This 
study Chow This 

study Rosa 

Dv 4.7 5.6 4.32 6.68 0.18 - - - - 

NOF 0.05 0.06 - 0.08 - 0.14 0.24 0.14 - 

NSC 0.93 0.99 0.6 0.74 0.62 0.81 0.75 0.74 0.71 

𝒓𝟐 0.93 0.99 - 0.77 - 0.84 0.77 0.74 - 
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According to Table 5.1, the model in this study has outperformed the other two studies 

in both flow calibration–validation and TSS-TN calibration although the two parameters, 

namely NSC and 𝑟2, are a little bit lower than Chow et al. (2012) in flow calibration. In 

terms of TSS and TN, the model in this study has performed much better than Chow et 

al. (2012) and Rosa et al. (2015) although TSS and TN calibration are more complex than 

quantity. In other words, the model calibration and validation in this study have been quite 

satisfactory for both quantity and quality. 

Having calibrated and validated the model, the selected LIDs were designed and 

assigned to the simulation model to prepare the model for the optimization purpose. The 

common types of LID being defined in SWMM are bioretention cell, rain garden, green 

roof, infiltration trench, permeable pavement, vegetative swale, and rain barrel. The main 

purpose of LID controls are to restore the pre-development hydrological conditions in 

urban areas (Prince George's County, 1999; Zhang & Chui, 2018). According to the 

literature, the two LIDs have a high capacity of runoff reduction and pollutants removal 

(Eckart et al., 2017; Jia et al., 2015) and could easily be implemented in urban areas. The 

two LIDs are also much cheaper compared to other ones (Table 3.3). According to 

Ahiablame et al. (2012), rain garden efficiency for runoff, TSS, and TN reduction is (48 

to 97%), (47 to 99%), and (32 to 99%), respectively. Similarly, the efficiency of swale 

for TSS and TN is (30 to 98%) and (14 to 61%), respectively. Martin-Mikle et al. (2015) 

also stated that the rain garden and vegetated swale are able to reduce TSS and TN in 

urban runoff up to 89% and 58%, respectively. 

Low impact development (LID), such as bioretention cells and vegetated swales, are 

techniques implemented at or near the source of runoff generation to make the ground 

more permeable and mitigate stormwater runoff and its pollutants (Elliott & Trowsdale, 

2007). Particularly, the LID techniques have been developed to mimic the 
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predevelopment hydrologic conditions and promote the storage, infiltration and 

evapotranspiration processes (Ahiablame et al., 2012). The main roles of LID practices 

include runoff reduction (peak and volume), infiltration increase, groundwater recharge, 

stream protection, and water quality enhancement by removing pollutants through 

mechanics such as filtration, chemical sorption, and biological processes (Hunt et al., 

2010b). 

Table 4.4 and Figures 4.16 to 4.18 illustrate that TSS, TN, and peak runoff are reduced 

by 41%, 29%, and 23%, respectively. Rain garden (bioretention) is relatively highly 

efficient for both runoff and pollutant reduction (Dietz, 2007). Bioretention cells could 

reduce the average peak flows by at least 45% in Maryland and North Carolina (Hunt et 

al., 2008). Bioretentions are also capable of reducing sediment and nutrient from 0% to 

99% (Dietz, 2007). Swales have also been shown to have an average retention of 14% to 

98% for nutrients and TSS, and up to 93% for metals (Ahiablame et al., 2012). 

 Compared to the literature mentioned, the peak runoff reduction and pollutant removal 

of LIDs in this study are not compatible with their utmost capabilities. This might be 

mainly due to the fewer units of LIDs used in this study. In other words, more LIDs are 

required to be implemented in the study area to improve LID efficiency for both peak 

runoff reduction and pollutants removal. However, the cost of LID implementation 

should also be considered. Optimization methods could be applied to find the optimal 

number and placement of LIDs for the maximum flow and pollutants reduction with the 

minimum cost. 

As for the rainfall scenarios results, depicted in Table 4.6 and Figure 4.20, the LID 

removal efficiency for TN and TSS reached 40% and 62%, respectively, which show that 

the LID removal efficiency for TSS and TN is independent of the rainfall amount and the 

model is highly efficient for TSS and TN removal for both short and long storm events.  
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As for the peak runoff reduction, it could be concluded from Table 4.5, Table 4.6, and 

Figure 4.20 that in smaller rainfall amount of up to 70 mm, the model performed well, 

and the peak runoff reduction reached up to 27%. In rainfall amount of between 70-90 

mm, the model performance was moderately good, and the reduction of peak runoff 

reached up to 19%. In the case of higher intensity rainfalls when the rainfall was higher 

than 90 mm, the model performance, in terms of runoff reduction, was poor. That is 

mainly because in high intensity rainfalls the soil is saturated, and the input and output 

are equal. In this case, no more runoff infiltrates into the soil and the LIDs and the soil 

beneath act as filters only to remove pollutants. Generally, the model performed 

satisfactorily for the rainfall of up to 90 mm and for the return period of up to 10 years. 

Nevertheless, for the return period of more than 10 years and for the rainfall amount 

of more than 90 mm, the designed LIDs for the catchment cannot handle the surcharge 

amount of runoff in urban areas, and either we need more LIDs to be installed or a 

combination of LIDs and a conventional drainage system is required to tackle the excess 

runoff in impervious surfaces to avoid any flooding in urban areas during larger storm 

events. The results obtained in this study  for the LID performance are in consistent with 

the results of other similar studies (Damodaram et al., 2010; Hood et al., 2007; Qin et al., 

2013) who found that LIDs perform well in lower intensity rainfalls and cannot handle 

large storm events alone and should be combined with the traditional drainage systems to 

avoid flooding during larger storm events. Wang et al. (2018) also stated in their study 

that LID practices would perform better to control runoff quantity and water quality in 

shorter return period storms. 

Based on the results achieved, the final word on the application of this study could be 

that LID practices (here swale and rain garden) are vital in all developed urban areas and 

they can substantially reduce runoff and enhance water quality. They can also replace the 
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conventional stormwater management systems in lower rainfall events (less than 90 mm). 

However, in higher rainfall events, they need to be coupled with conventional stormwater 

management systems, such as ponds and constructed wetlands to tackle the runoff, but 

for pollutant removal, they maintain good efficiency in high intensity rainfall as well. 

Furthermore, the cost of implementation is also a concern and should be considered in 

urban planning. It should also be noted that LID-BMP techniques also have treatment 

capabilities (Liu et al., 2015) and spending more money, and increasing the quantity of 

LID-BMPs beyond this capability will not reduce runoff/pollutants as significantly (Liu 

et al., 2016).   

5.2 Optimal number, combinations and placement of LIDs 

The spatial placement of LID-BMPs is highly important and should be considered 

seriously in urban planning (Zhang & Chui, 2018). Prior to the implementation of LID-

BMPs for the newly developed urban areas, it is vital to find the most cost-beneficial size 

and location of LID-BMPs to comply with the overall project objectives (Barbosa et al., 

2012; Jia et al., 2012). Considering the various physical, social, economic constraints, 

and interaction between people regarding these strategies, the optimization of their spatial 

distribution is a major challenge for urban decision-makers (Dhakal & Chevalier, 2017; 

Kim et al., 2017). Thus, optimal allocation of LID-BMPs in urban areas is critical as their 

impact may vary from one location to another (Zhang & Chui, 2018). As an example, 

larger and flatter drainage areas with higher imperviousness are more suitable for LID-

BMP practices as more runoff is expected to be generated (Beganskas & Fisher, 2017; 

Martin-Mikle et al., 2015). The spatial placement will also affect the pollution reduction, 

depending whether they are implemented in centralized or decentralized positions 

(Vittorio & Ahiablame, 2015). Therefore, to achieve the maximum benefits with the 

minimum cost, optimization methods have become popular to optimally place LID-BMP 

practices at the catchment scale (Lautenbach et al., 2013; Liu et al., 2016). Spatial 
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optimization of LID-BMPs is the most significant multi-objective strategy with the 

tradeoff results between cost and runoff or pollutants reduction (Liu et al., 2016). 

With respect to this, the results achieved in this study for optimization will be 

discussed here. Table 4.7 and Figures 4.22 to 4.24 show the non-dominated solutions for 

the peak runoff, TSS, and TN reduction, respectively with various types and number of 

LIDs optimized by MOPSO. It is worth mentioning that the best results will be achieved 

when all sub-catchments are provided with both types of LIDs. However, the idea of 

optimization is to achieve the optimal number and combination of LIDs so that the 

runoff/peak runoff and pollutants are optimally reduced while the LID implementation is 

also cost-beneficial. 

As for the runoff reduction against type and number of LIDs, Figure 4.22 shows that 

the runoff remarkably decreases with the increase of LID controls in the subcatchments. 

However, the minimum number of LIDs should not be fewer than 10. It is clear from the 

figure that the more LIDs are applied to the catchment, the more runoff reduction will be 

achieved. However, considering the cost and the amount of runoff reduction with the 

increase of LIDs, it could be concluded that the optimal number of LIDs to be 

implemented in the catchment is about 25 to 30. The discussion is further supported by 

the more detailed results presented in Table 4.8. The table gives more detailed information 

on the percentage of reduction for peak runoff, TSS, and TN for different selected number 

of LIDs. The table results have been achieved by comparing the model non-dominated 

solutions with the results of the simulation model without LID controls. As can be seen, 

the maximum flow reduction is achieved when the number of LIDs is 34, which is 13%.     

 Figure 4.23 and Table 4.8 illustrate the TSS reduction with the number of LIDs. 

However, the TSS reduction is not very remarkable with the increase of the number of 

LIDs and reaches only to 38.43 when the number of LIDs increases to 34. In other words, 
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it can be inferred that the optimal number of LIDs to achieve the best TSS reduction is 

about 25 to 30 which is similar to the peak runoff. 

Similarly, Figure 4.24 and Table 4.8 indicate that as the number of LIDs increases 

from 13 to 20, TN reduces from 22.38% to 23.75%. From this point onward, the TN 

reduction is very little and negligible. It could be concluded that the Pareto-optimal front 

for TN is totally consistent with the results achieved for peak runoff and TSS. This means 

that the optimal number of LIDs to achieve the maximum amount of reduction for TN is 

about 20 to 30 as well. These results are in consistent with the results of other similar 

studies (Jia et al., 2012; Liu et al., 2016; Maringanti et al., 2009) who also found that to 

obtain greater runoff/pollutant reduction, the cost of optimally implemented LID-BMPs 

need to be increased (to increase the number of LIDs, more money should be spent). 

To find the best scenario for the LID numbers, combinations, and placement for the 

maximum runoff/pollutant reduction with the minimum cost, 9 scenarios, namely 20, 25, 

and 30 for runoff, TSS, and TN were selected. The scenarios were then designed and 

executed in the simulation model and the results of all scenarios were recorded 

accordingly. Table 4.9 and Figure 4.25 depict the results achieved from all scenarios and 

the relevant reductions for peak runoff, TSS, and TN. As can be seen from Table 4.9 and 

Figure 4.25, the more LIDs are implemented in the catchment, the reductions will be 

achieved. It is also clear that the peak runoff will reduce more with the increase of LIDs. 

Therefore, the best LID combination will be achieved if the optimal LID combination is 

selected from the peak runoff scenarios. However, it is also clear that the amount of 

reduction is not remarkable after scenario 4. 

Hence, it could be concluded that the optimal LID combination to achieve the best 

runoff, TSS and TN reductions would be scenario 4 for the runoff optimization, in which 

the reduction for peak runoff, TSS and TN is 11.08%, 38.26%, and 23.51%, respectively. 
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The details of scenario 4 results are presented in Table 4.10. According to Table 4.10, 

among the 25 subcatchments which are provided with different types of LIDs, 13 have 

been applied with rain garden (RG), 12 have been provided with swale (SW), and 10 

subcatchments have no LIDs (NL) in them. This is the best scenario for the whole 

catchment with the maximum peak runoff/pollutant reduction and the minimum cost. 

Figure 4.26 also depicts the placement of the final scenario in the real catchment. 

Figure 2.6 clearly shows the LID numbers, combinations, and placement throughout the 

whole Bunus catchment. For instance, subcatchment 1 (S1) is provided with rain garden 

(RG), S5 receives swale (SW), while there is no LID in S4 (NL). In this case, the 

maximum peak runoff/pollutants reduction will be achieved with the minimum cost. 

It should be noted that the LID control techniques are usually able to control 

stormwater runoff in lower intensity and shorter period rainfalls (Damodaram et al., 2010; 

Hood et al., 2007); and in extreme rainfalls (based on this study, more than 90 mm), the 

LID techniques need to be coupled with the traditional stormwater management practices, 

such as ponds and constructed wetlands to reduce stormwater runoff, whereas they are 

capable of reducing pollutants in extreme rainfalls as well; However, based on the 

findings of this study, the LID techniques can significantly reduce urban stormwater 

runoff and remarkably improve water quality if properly designed and implemented. 

Nevertheless, the LID-BMPs also have treatment capabilities (Liu et al., 2015) and 

spending more money beyond this capability will not reduce runoff/pollutants as 

significantly (Liu et al., 2016).   

5.3 Cost-effectiveness of LID combinations and locations 

A number of studies have investigated the cost-effectiveness of LIDs; however, there 

are still some barriers to be addressed in the new developed areas, such as implementation 

cost and maintenance (Joksimovic & Alam, 2014). The cost-effectiveness of LID-BMP 
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strategies plays an important role in urban planning for decision-makers. Cost analysis of 

LID-BMPs planning optimization will improve the reliability and truthfulness of these 

practices in urban areas (Xu et al., 2019). Although LID practices seem to be more cost-

effective than conventional stormwater management (Eckart et al., 2017), the number and 

location of implemented LIDs will affect the cost (Gilroy & McCuen, 2009). The cost of 

LID-BMPs is a critical factor for flood control to be reliable (Karamouz & Nazif, 2013). 

Thus, the optimization of stormwater management system can be cost saving (Maharjan 

et al., 2009). 

For the cost analysis, apart from peak runoff, TSS, and TN, total volume runoff was 

also added to the cost analysis to compare it with the peak runoff reduction against cost. 

Figures 4.27 and 4.28 illustrate the non-dominated solutions for the peak runoff and total 

runoff volume reduction, respectively with the increase of cost. It is clear from the figures 

that the more LIDs are applied to the catchment, the cost will increase, and the more 

runoff reduction will be achieved. As can be seen, the peak runoff and the total runoff 

volume both will decrease with the increase of LID cost; however, the reduction in peak 

runoff is more significant compared to the total runoff volume. It can also be observed 

that the total cost for peak runoff reduction is less than total runoff volume reduction.     

Figures 4.29 and 4.30 depict the results of non-dominated solutions for TSS and TN 

reduction, respectively with the increase of cost. As discussed earlier for peak runoff and 

total runoff volume, the TSS will reduce with the increase of cost. However, in the case 

of TSS, the amount of reduction is not that much remarkable with the increase of cost.  

Similar to the TSS discussion, TN will also reduce with the increase of cost, but the 

reduction is not that much remarkable. Even in the case of TSS and TN, achieving an 

appropriate pareto front was not that much easy. This was also confirmed by the previous 

discussion in the literature regarding the calibration of quality modeling. There are 
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various parameters affecting quality modeling which make it difficult for both calibration 

and pareto front convergence. 

Table 4.11 and Figure 4.31 present the results of 12 scenarios of minimum, average, 

and maximum cost for peak flow, total runoff volume, TSS, and TN. As presented in 

Table 4.11 and Figure 4.31, the maximum reduction is for TSS coming up to 38%, 

followed by TN (24%), peak runoff (13%), and total runoff volume (7%). Although, the 

reduction of peak runoff, total volume, and TN are increasing with the increase of cost, 

the reduction of TSS has remained almost unchanged for all scenarios, except for the 3rd 

row of the table. This is in consistent with the results of other similar studies (Jia et al., 

2012; Lee J. G. et al., 2012) which found that for initial cost, LID-BMPs can remarkably 

decrease runoff and pollutants; however, because of treatment limitations of LID-BMPs 

(Liu et al., 2015), spending more money beyond a certain cost will not reduce runoff and 

pollutants as remarkably (Liu et al., 2016). The discussion could also be confirmed by 

Figure 4.29 as well, in which the range of TSS changed for the whole pareto front is 

between 3435-3439 Kilo grams. Another possible reason for TSS and TN could be that 

all combinations of LIDs in these scenarios are for 1 pareto front and with these 

combinations the maximum amount of TSS reduced could not exceed 38%. 

Another argument could be that the amount of rainfall for the sampling date was only 

12.5 mm and the rainfall continued for few days. In other words, this has been the 

maximum amount of TSS available to be removed by LIDs. As achieved in the previous 

section, when the rainfall was increased to 90 mm, the TSS removal was up to 62%. This 

means that the LIDs have the capacity to remove double than the current amount. 

The same argument could be presented for TN reduction amount. As the removal 

efficiency of LIDs in our case reached 40% in the previous section, the LIDs have the 
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capacity to remove more TN. However, the range of reduction in different combinations 

here are between 22-24%.  

In the case of peak runoff and total runoff volume, both reduce with the increase of 

total cost; however, the peak runoff reduction is more significant. This could be due to 

the reason that calculations have been performed in the rising limb of the hydrograph. In 

this case reduction in peak runoff will be more significant than total volume. If the rain 

continued for few more hours and the modeling was also carried out for a longer period 

of time, we would have more reduction in total volume. As can be seen in Figures 4.31 

and 4.32, the maximum reduction for the peak runoff is 13%, after which the peak runoff 

reduction remains constant and spending more money on LID in our case will not be cost-

beneficial. Furthermore, LID-BMPs have treatment capabilities, beyond which the 

runoff/pollutant loads will not decrease as significantly. 

As can be seen from Figure 4.33, the comparison of all cost scenarios with the 

minimum cost again shows that peak flow and total runoff volume decrease with the 

increase of cost. TN also generally decreases, except for one scenario ($223,850) which 

has been inversely affected by the increase of cost.  This shows that this LID combination 

is not appropriate for TN in this case study. In the case of TSS, although the figure shows 

TSS has reduced with the increase of total cost; however, the reduction is not significant. 

Even in one scenario ($223,850), TSS has been inversely affected by the increase of cost. 

This means that this combination is definitely not appropriate for TSS removal in the 

catchment. 

In summary, as far as the major findings of the study are concerned, in this study, a 

simulation-optimization model was developed using SWMM and MOPSO to find the best 

LID type, combinations, and placement at the catchment scale to minimize peak runoff 
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and pollutants with the minimum number of LIDs and minimum cost and bring the post-

development hydrologic conditions to the pre-development hydrologic conditions. 

The developed model, is an integrated simulation-optimization and quantity-quality 

model that concerns the trade-off between total runoff, total cost, and pollutants 

prevention. Real field data from a real rainfall event was used to calibrate the simulation 

model. Two types of LIDs were tested for urban stormwater runoff quantity and quality 

control at the catchment scale in a tropical area with high intensity and long duration 

rainfalls. It was highly important to check the applicability of LIDs in tropical areas with 

high intensity and long duration rainfalls. It was the first study of its type in Malaysia at 

the real catchment sclale. A novel method, using a multi objective optimization model 

(MOPSO), was used to find the optimal numbers, combinations, and placement of LIDs 

in a real urban catchment to achieve the maximum runoff/pollutants reduction with the 

minimum cost. Other similar studies have used different algorithm to optimize LID-

BMPs; in this study a new approach was applied using MOPSO to find the optimal 

numbers, combinations, and placement of LIDs in a real urban catchment. 

Overall, the results here reveal that the LID combinations achieved in this study are 

appropriate for peak runoff, total runoff volume, TSS, and TN. In the previous section, 

the reduction of peak runoff, TSS, and TN were 23%, 41%, and 29%, respectively, for 

the same rainfall (12.5 mm). However, the reductions obtained here are for these LID 

combinations and the minimum cost.  If more reduction is targeted, we need to achieve 

different LID combinations, spend more budget, or change the types of LIDs 

implemented in the catchment. It should also be noted that only 7% of the whole 

catchment area (1800 ha) were covered by LIDs (swale and rain garden) and the rainfall 

amount in our case study was only 12.5 mm. in this case 13% reduction for peak flow, 

38% reduction for TSS and 24% for TN are quite satisfactory.  
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The benefits of stormwater management projects are much greater than the cost 

imposed by flooding damages, water quality degradation, and natural resources loss 

(Visitacion et al., 2009). Thus, all these reductions achieved in this study with only very 

little cost ($300,000) is quite acceptable compared to the budgets spent for the damages 

caused by flooding, water quality and natural resources loss.  Compared with the results 

of other similar studies in this area of research; e.g., (Eckart et al., 2018; Joksimovic & 

Alam, 2014) who came up with a high cost of LID implementation, the total cost against 

the runoff/pollutant loads reduction amount obtained in this study is also quite acceptable. 

It should also be restated that to achieve greater reduction of runoff/pollutant loads, 

the cost of implementation for LID-BMPs should be increased (Jia et al., 2012; 

Maringanti et al., 2009); however, these techniques also have limitations in terms of 

treatment capabilities (Liu et al., 2015) and spending more money beyond this capability 

will not reduce runoff/pollutants as significantly (Liu et al., 2016).     
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CHAPTER 6: CONCLUSION 

6.1 Summary 

The vast increase of urbanization has substantially impacted the stormwater runoff and 

water quality in urban areas. The combination of urbanization and climate change has 

significantly intensified the process of urban runoff generation. Several studies have 

investigated the climate change and urbanization to evaluate their effects on different 

aspects of rainfall-runoff process, and most of them have proved the significant impact 

of these two factors on the hydrological processes of urban catchments.  

The effect of urbanization on the precipitation intensity and patterns as well as the 

runoff is indispensable. It will change the hydrological response of a catchment to 

precipitation and this in turn will affect the runoff volume, peak flow and flood risk. 

Urban land use can also decrease infiltration rates significantly and thus results in higher 

flow peaks and larger runoff volume.  

There are several measures to mitigate and control the excess surface runoff in urban 

catchments to reduce the resultant adverse effects on both human and ecosystems. 

Traditionally, urban drainage networks have been used to direct and collect the urban 

excess runoff to prevent the consequences. However, some newly developed methods 

have emerged in recent years in this regard. The most known ones are best management 

practices, shortly known as (BMPs) and low impact development, shortly known as 

(LID). They are usually denominated as LID-BMPs measures for controlling the urban 

stormwater runoff quantity and quality. The adverse effects of urbanization need to be 

controlled by applying the newly developed best management practice, widely known as 

Low Impact Development (LID) technique instead of traditional stormwater 

management.  
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It is also noted that there are various types of LID-BMPs, including retention ponds, 

rain gardens, vegetated swales, and porous pavements, etc. As there are different types of 

LID-BMPs, they should be carefully selected based on the urban development planning 

and quantity or quality control purposes. However, it is vital to optimally design and 

implement the LID techniques to achieve the maximum runoff and pollutants reduction 

with the minimum cost. The selection of type and location of LID-BMPs are the most 

important aspect of implementation that should be considered to achieve more cost-

effective results. In any case, the LID-BMPs have been well proved in many studies to be 

beneficial in mitigating and controlling the urban runoff quantity and quality.  

In this study, a simulation-optimization model was developed using the stormwater 

management model (SWMM) and the multi objective particle swarm optimization 

(MOPSO). First, the quantity-quality model was developed using the US EPA SWMM 

to assess the impact of LID on stormwater quantity and quality in a sub-catchment in 

Kuala Lumpur, Malaysia. The required rainfall-flow data and quality data were collected 

from a real event on 20-09-2018. The BUNUS sub-catchment was selected as the case 

study for this research. The LID controls section in SWMM allows the users to design 

and apply the selected LIDs into the model in order to simulate stormwater quantity and 

quality. The 18-square-kilometer catchment was divided into 35 sub-catchments using 

SWMM model to apply LIDs and simulate the runoff and pollutants in the catchment. 

The model was calibrated and validated both for quantity and quality using the real 

data from 20-09-2018 event. A sensitivity analysis was also performed beforehand to find 

out the most sensitive parameters of the model.   

The developed model was to simulate LID techniques at the catchment scale by 

applying vegetated swale and rain garden as efficient practices for urban areas. The 

impacts of LID practices on water quantity and water quality were evaluated using both 
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the collected field data and the selected rainfall scenarios derived from the IDF curves for 

the study area. 

In order to satisfy the study objectives, an optimization model was also developed to 

be coupled with the simulation model to achieve the best combination of LIDs in the 

catchment. The multi objective particle swarm optimization (MOPSO) was used for the 

optimization modelling.  

To develop the optimization model, the necessary sub-routine functions were coded in 

MATLAB to be linked with the MOPSO algorithm. The simulation and optimization 

model were linked to each other using MATLAB. The SWMM output were used as input 

for the optimization model to generate the optimal number and combinations of LIDs to 

achieve the best stormwater runoff quantity and quality control in the catchment. 

The objectives of the study were to minimize the peak runoff, total suspended solids 

(TSS) and total nitrogen (TN) with the minimum number of LIDs. The sizing, selection 

and placement of LIDs are the most challenging issues in the LID implementation 

process. The simulation-optimization models are tools to successfully solve the issue. The 

developed simulation-optimization model was impressively successful in generating the 

best combinations of LIDs in the catchment to satisfy the defined objectives.  

In order to achieve the maximum runoff and pollutant reduction with the lowest cost, 

it is vital to find the optimal number and combination of LID controls implemented on 

impervious surfaces. LID techniques are usually more cost-effective than traditional 

stormwater management systems. The most important benefits of stormwater 

management are related to reducing flooding and improving drainage. If LID 

implementation can reduce flooding damage and pollutants in urban areas, then the cost 

savings would be significant. 
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6.2 Conclusion and Appraisal 

The following conclusions could be made from both the simulation and the 

optimization models: 

As far as the simulation modeling is concerned, the most sensitive parameters of the 

model are % imperviousness, % zero imperviousness and D-Store impervious-pervious. 

In other words, a slight change in the imperviousness, the depression storage or the depth 

of depression storage will significantly change the simulated runoff and the peak flow. 

However, the model is more sensitive to D-Store impervious-pervious rather than the 

other two parameters. It was also noted that the peak runoff will be more affected when 

D-Store impervious-pervious decreased rather than increased. It means that a slight 

reduction in the depth of depression storage will substantially increase the peak runoff.    

In terms of water quality, the developed model performed well. The LID removal 

efficiency reached up to 40% for TN and up to 62% for TSS, respectively. The LID 

removal efficiency of the model was independent of the rainfall intensity and duration, 

taking into account the current research rainfall scenarios. 

As for the peak runoff reduction, in smaller rainfall of up to 70 mm the model 

performed well, and the peak runoff reduction reached up to 27.44%. In rainfall amount 

between 70-90 mm, the model performance was moderately good, and the reduction of 

peak runoff reached up to 19%. In the case of higher intensity rainfalls when the rainfall 

was higher than 90 mm, the model performance in terms of runoff reduction was poor 

which was due mainly to the soil inundation. In this case, the LIDs and the soil beneath 

performed as filters for the pollutant removal. 

Overall, the model performed satisfactorily for rainfall of up to 90 mm and for the 

return period of up to 10 years. Nevertheless, for the return period of more than 10 years 
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and for the rainfall amount of more than 90 mm, the designed LIDs for the catchment 

cannot handle the surcharge amount of runoff in urban areas. 

The LIDs applied for the catchment in this study are more effective in peak runoff 

reduction during lower intensity rainfall events. Therefore, it would be more efficient to 

combine the LID techniques with other conventional stormwater management practices 

to control urban flooding in case of longer storm events. However, the LID removal 

efficiency for TSS and TN were quite satisfactory in all selected rainfall scenarios. The 

LIDs applied in this study performed well in improving water quality in both low and 

high intensity rainfall events. Thus, the simulation model confirms the significant role of 

LIDs in reducing peak runoff and improving water quality in urban stormwater events.  

As for the simulation-optimization model, the results are in the forms of graphs, known 

as Pareto optimal front solutions. For the peak runoff, the number of LIDs plays an 

important role. The more LIDs applied to the catchment, the more the runoff will be 

reduced. For TSS and TN, the reduction is almost the same as peak runoff; however, the 

reduction of TN approximately levels off after a certain number of LIDs implemented. 

Adding more LID units might not help for further reduction after this certain number of 

LIDs. The simulation-optimization model was able to reduce the peak runoff, TSS and 

TN up to 13%, 38% and 24%, respectively which can be considered as an acceptable 

achievement. 

In order to find the best combination of LIDs for maximum runoff, TSS and TN 

reduction, 9 different scenarios selected from the simulation-optimization model were 

tested using SWMM. The final conclusion was that the optimal number of LIDs for the 

best stormwater control and minimum cost is 25 with different types of LIDs and 

combinations. The optimal number achieved consisted of 13 sub-catchments with rain 
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gardens, 12 with swales and 10 sub-catchments received no LIDs; in which case the peak 

runoff, TSS and TN were reduced by 11.08%, 38.26% and 23.51%, respectively. 

In the case of cost non-dominated solutions, the MOPSO was able to find the pareto 

optimal front for the best non-dominated solutions for peak runoff, total runoff volume, 

TSS, and TN. Likewise, to find the best combination of LIDs for maximum runoff, total 

runoff volume, TSS, and TN reduction with the minimum cost, 12 different scenarios 

selected from the simulation-optimization model were tested using SWMM. The 

combinations were quite acceptable for flow and TN, but in the case of TSS, the LID 

combination could only reduce TSS up to a certain amount. Overall, the maximum 

reduction for peak runoff, total runoff volume, TSS, and TN were 13%, 7%, 38%, and 

24%, respectively. This amount of reductions with the minimum cost applied are quite 

satisfactory, compared to similar studies.  

For the initial reduction of runoff/pollutant loads, spending more money and increasing 

the number of LIDs will lead to greater reduction in the runoff volume, peak runoff, and 

pollutant loads. However, as LID-BMPs have treatment capabilities, increasing the 

number of LIDs beyond this limit will not reduce runoff/Pollutants as significant. 

Moreover, regarding the combination of LIDs optimized by MOPSO, various 

combination of LIDs from the same Pareto-optimal front will have similar result of 

reduction for both runoff and pollutant loads.   

The LID controls are not generally designed for extreme rainfall cases and could be 

more successful in lower intensities and shorter duration precipitations. LID-BMP 

techniques can reduce greater amount of runoff/pollutant loads with the increase of cost 

and implementing more of these techniques in urban areas. Nevertheless, they also have 

limitations in terms of treatment capabilities, beyond which spending more money will 

not be cost-beneficial and LID-BMPs cannot reduce runoff/pollutant loads as 
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significantly. However, the study broadly approved that the LID techniques can be 

remarkably successful in reducing runoff/pollutant loads if properly designed and 

optimally implemented. They are even more successful in improving water quality in 

urban areas. It could also be concluded that MOPSO is able to identify the optimal 

number, size, location, and combinations of LID-BMPs for the best stormwater quantity 

and quality control with minimum cost.   

6.3 Future Works and Recommendations  

It seems that urbanization can significantly affect the precipitation intensity and the 

spatial–temporal distribution of rainfall in urban catchments.  However, it is suggested 

that more research needs to be carried out to study the possible impacts of urbanization 

on precipitation patterns more accurately in urban areas. 

Since several studies have proved that urbanization and climate change have strong 

effects on surface runoff generation, it is advisable to investigate these two factors more 

carefully in further research. Whenever possible, climate change and urbanization can be 

coupled together to investigate the impacts of both on the rainfall-runoff behaviors. As 

some studies found the climate change effect on hydrological processes more significant 

than urbanization, it would also be a good idea to put more effort to investigate climate 

change impacts on urban hydrology more comprehensively. 

Climate change significantly affects the hydrologic cycle in urban water systems. It 

changes rainfall patterns in urban areas and consequently the runoff volume and peak 

flow are increased. Yet, in general, the climate change-induced uncertainty is still a 

challenge for those who are involved with planning and designing urban water 

engineering systems. Thus, it is vital to determine appropriate and cost-effective measures 

that can mitigate the climate change effects and address multiple objectives. A better 

understanding of LID applications in the context of climate change adaptations can help 
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urban management decision-makers to reduce the adverse effects of climate change in the 

future. 

Spatial variability is of high importance in urban catchments. The land cover is 

heterogeneous, and the topography is complex. These characteristics affect the physical 

processes in urban catchments. However, the spatial-temporal distribution of 

precipitation has not been addressed enough in the pertinent studies. Therefore, there 

should be research directed towards this issue to figure out the spatial-temporal 

distribution of precipitation in urban catchments more accurately. 

The data used in urban hydrological modeling are usually derived from hydrological 

stations or collected manually which both cases are certainly bound to uncertainty and 

inaccuracy in modeling. Remote sensing is a major and more accurate source of special 

data in hydrological modeling. Nevertheless, this source of information has not been well 

practiced in urban modeling. Thus, the future studies can probably couple the remote 

sensing information and site inspection data to come up with better and more accurate 

results in urban rainfall-runoff modeling. 

Although depression storage and land slope both have great effects on urban runoff, 

they have not been well considered in urban modeling. It is suggested that future studies 

consider these two variables in urban hydrological modeling to achieve more accurate 

results of surface runoff.   

Another issue to be considered is that there are many other pollutants in urban areas, 

such as heavy metals and pathogens. These pollutants could be investigated in further 

research to study the removal efficiency of LIDs more accurately. 

The LIDs selected for this study were swale and rain garden which are the cheapest 

ones among all LIDs. Thus, other researchers could test different types of LIDs with 
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different combinations in tropical areas to achieve higher runoff and pollutants reduction 

in urban areas.  

Vulnerability to flooding is the major concern in urban areas to be considered in other 

related studies. The depth of water in flooded areas plays a significant role in calculating 

the vulnerability of urban areas to flooding. Therefore, if water depth in flooded areas 

could be calculated, the vulnerability index for each particular urban area could also be 

achieved. By calculating the vulnerability index, the appropriate measures could be 

suggested to mitigate flood damages in urban areas. 

Finally, reducing uncertainty plays an important role in the development of complex 

integrated models. There are many uncertainties in modeling urban rainfall-runoff which 

result in the inaccuracy of research in this field. The sources of uncertainties can be 

classified as input uncertainties, parameter uncertainties, and model structure 

uncertainties. To obtain a more sustainable modeling and achieve precise results, these 

uncertainties should be addressed in future studies. Thus, urban hydrology is steel the 

most significant variable in the urban water system management, but when the climate, 

land use, ecosystems and society interactions are combined and investigated together, the 

best results will be attained.  
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