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Abstract: Stormwater quality is well known for its highly stochastic nature and not necessarily well
explained by mechanistic urban build up and wash off models. Therefore, local empirical data (based
on land use) are an essential compliment to statistical analyses of global data. This paper reports
on a large-scale monitoring of the 12 key water quality parameters of suspended solids, nutrients,
and heavy metals for stormwater runoff in urban discharges from nine urban land uses with varying
sizes in Singapore. It was found that, in general, the average of the event mean concentrations for
total nitrogen, total phosphorus, total organic carbon, total suspended solids (TSS), and phosphate in
parkland land use were higher than the other eight studied land uses. Based on Pearson’s correlation
analysis, significant correlation between pairs of water quality parameters was observed. Particularly,
there was significant correlation between TSS and most of the other tested water quality parameters
in all land uses. A pollutant data set from this study will assist in developing appropriate stormwater
quality models, guide the establishment of stormwater treatment objectives and preliminary designs
for Singapore catchments, as well as provide an essential complement to statistical analyses of global
data for stormwater characteristics.
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1. Introduction

Urban stormwater conveys pollutants derived from natural and anthropogenic activities. It is a
major source of surface water pollution in urban areas and one of the most important causes for the
deterioration of water quality in the receiving water environment [1–4]. With urbanization, land-use
development to support population increases and activities results in an increase of imperviousness to and
a consistently declining health of the receiving water bodies [5–8]. It is therefore necessary to construct
storm-water treatment systems to manage the risks associated with stormwater pollution [9,10].

Proper assessment of catchment runoff quality is essential for predicting pollution loads generated
from urban areas to manage stormwater pollution. Previous studies show that pollutant concentrations
and loads for individual watersheds depend on a few factors including land use [7,11–13], sewer
system, type of surface drained, rainfall, and runoff [14]. Different land-use characteristics reflect
anthropogenic activities and could have a major impact on the quality of stormwater and consequently
the receiving water bodies. Stormwater quality is well known for its highly stochastic nature and local
empirical data (based on land use) is essential for a more accurate prediction of pollutant load at a
local level [15–17]. Therefore, specific local runoff water quality data is critically helpful not only for

Water 2019, 11, 1089; doi:10.3390/w11051089 www.mdpi.com/journal/water

http://www.mdpi.com/journal/water
http://www.mdpi.com
http://www.mdpi.com/2073-4441/11/5/1089?type=check_update&version=1
http://dx.doi.org/10.3390/w11051089
http://www.mdpi.com/journal/water


Water 2019, 11, 1089 2 of 10

the accurate runoff water quality model development but also for better understanding of the current
and future impact of land uses change on downstream water bodies.

Many local studies have focused on establishing relationships between land use types and storm
runoff pollution characteristics for various land uses and surface types including residential, industrial,
commercial, highways, bridges, lawns, roads, roofs, and parking lots [18–25]. The composition of land
use for a rapidly urbanizing catchment is usually heterogeneous, and this may result in significant
spatial variations of storm runoff pollution [23]. It is therefore vital to address how various land
uses impact pollutant loading, so that changes in water quality due to modified land uses can be
more accurately predicted and realistically modelled, based on which proper stormwater pollution
mitigation strategies can be strengthened [11,26].

Singapore is a tropical catchment with a high population density and water is a scarce resource [27].
The average annual rainfall in Singapore is between 1650 and 2550 mm with no dry season. It is,
however, important to note that rainstorms over Singapore are usually local, brief, and intense.
The humid tropics have experienced rapid urban growth which causes deterioration in waterway
health [28]. In recent years, the Singapore government has placed increasing emphasis on developing
and implementing strategies for better stormwater management [29,30]. In a Singapore catchment with
pre-dominant urban residential land use, Lim et al. [28] observed a lower mean concentration of the
suspended solids than the world data set [16]. Similarly, Chua et al. [14] studied the stormwater and dry
weather flow water quality characteristics in four sub-catchments of different land uses in the Kranji
catchments. In all the Kranji sub-catchments, with the exception of the predominantly rural land use
sub-catchment, showed consistently lower total suspended solids, total phosphorus and total nitrogen
concentrations than the global mean [16]. The locally-derived stormwater quality data suggested that
Singapore catchments may have lower stormwater pollutant concentrations as compared with global
data. This highlights the need for further region (Singapore)-based characterisation of stormwater
quality data to validate this observation as it may have significant implications on the determination of
appropriate stormwater quality treatment objectives.

The main objectives of this study are to undertake targeted catchment monitoring of stormwater
pollutants to develop pollutant export statistics and relationships for various types of pollutants
from a range of urban catchments (encompassing a range of land use types, storm events, and soil
types). These statistical relationships define the stochastic nature of pollutant concentrations, including
the cross-correlations between different pollutant constituents. Statistical analyses were undertaken
to determine causal relationships between the land use and stormwater pollutant characteristics.
This information will assist in developing appropriate pollutant data set relevant to Singapore
catchments for urban stormwater quality models and will be invaluable in guiding the establishment
of stormwater treatment objectives for Singapore catchments.

2. Materials and Methods

2.1. Catchments and Monitoring Program

A comprehensive catchment stormwater runoff monitoring programme was conducted at
9 sampling sites, where catchment area is relatively small with a distinct land use. The 9 sampling sites
covered a range of typical land use types in Singapore including mixed use, residential, commercial
(food centre and business district), industry (automobile and factory), road (major road and residential
road), and parkland. The mixed land use type included a range of land uses such as commercial area,
residential area, car park and road, typical of mixed land-use in Singapore (Figure 1).
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Figure 1. Sampling and monitoring sites: 1. AMK (mixed use, 4.50 ha); 2. ChengSan (commercial food 
centre, 0.37 ha); 3. ChinBee (industry, 5.70 ha); 4. Lornie (major road, 1.0 ha); 5. Lower Seletar 
(parkland, 1.0 ha); 6. Pemimpin (residential, 1.10 ha); 7. SinMing (car workshop, 2.10 ha); 8. Tampines 
(commercial business centre, 2.10 ha); 9. Yishun (residential road, 0.46 ha). 

2.2. Runoff Sample Collection and Analyses 

To evaluate water quality of the runoff, water sampling campaigns were planned to be 
conducted in the urban stormwater catchments during storm events from April 2012 to March 2013. 
However, due to many factors, first data collection started from August 2012. Monitoring stations 
were set up at the drainage channels of each sampling site. The stations were equipped with water 
level and velocity sensors (Sigma 950AV, Sigma-Hach Company, Loveland, CO, USA), rain gauges 
(Rimco8020, Campbell Scientific, Garbutt, Queensland, Australia), and auto-samplers (Isco3700, 
Teledyne ISCO, Lincoln, NE, USA). Data from the instruments were logged every 2 min using data 
loggers (CR800, Campbell Scientific, Logan, UT, USA). The auto-samplers were used to collect 
samples during a storm event and were triggered when the level in the storm drains reached a pre-
set value. Afterwards, the samples were collected every 5 min by the auto-samplers in polypropylene 
sampling bottles (1 L). All water samples were brought back to laboratory for analysis within 24 h of 
collection. There were 8 sampling events for most of the sampling sites except the parkland and the 
food centre, which had 4 and 6 events respectively. For each event, 9 to 12 water samples were 
collected from the drainage channels of each sampling site during the storms. Chemical analyses for 
the water quality parameters were conducted in accordance with APHA Standard Methods for 
Examination of Water and Wastewater (21st Edition, 2005), and the methods stated by the USEPA.  

2.3. Calculation of Event Mean Concentrations (EMCs) 

Event mean concentrations (EMCs) of rainfall events were used to characterize pollutant 
concentration. It is defined as the total mass load of a pollutant from a site during a storm divided by 
the total runoff water column during the storm [21]. EMCs can be expressed as:  

EMC = MV =  C(t)Q(t)dtQ(t)dt =  ∑ C(t)Q(t)dt∑ Q(t)dt  (1)

where, M is the total mass of pollutant during the entire runoff event (kg), V is the runoff volume 
during the storm event (m3), C (t) is time varying pollutant concentration (mg/L); Q (t) is time variable 

Figure 1. Sampling and monitoring sites: 1. AMK (mixed use, 4.50 ha); 2. ChengSan (commercial
food centre, 0.37 ha); 3. ChinBee (industry, 5.70 ha); 4. Lornie (major road, 1.0 ha); 5. Lower Seletar
(parkland, 1.0 ha); 6. Pemimpin (residential, 1.10 ha); 7. SinMing (car workshop, 2.10 ha); 8. Tampines
(commercial business centre, 2.10 ha); 9. Yishun (residential road, 0.46 ha).

2.2. Runoff Sample Collection and Analyses

To evaluate water quality of the runoff, water sampling campaigns were planned to be conducted
in the urban stormwater catchments during storm events from April 2012 to March 2013. However,
due to many factors, first data collection started from August 2012. Monitoring stations were set up at
the drainage channels of each sampling site. The stations were equipped with water level and velocity
sensors (Sigma 950AV, Sigma-Hach Company, Loveland, CO, USA), rain gauges (Rimco8020, Campbell
Scientific, Garbutt, Queensland, Australia), and auto-samplers (Isco3700, Teledyne ISCO, Lincoln,
NE, USA). Data from the instruments were logged every 2 min using data loggers (CR800, Campbell
Scientific, Logan, UT, USA). The auto-samplers were used to collect samples during a storm event and
were triggered when the level in the storm drains reached a pre-set value. Afterwards, the samples
were collected every 5 min by the auto-samplers in polypropylene sampling bottles (1 L). All water
samples were brought back to laboratory for analysis within 24 h of collection. There were 8 sampling
events for most of the sampling sites except the parkland and the food centre, which had 4 and 6 events
respectively. For each event, 9 to 12 water samples were collected from the drainage channels of each
sampling site during the storms. Chemical analyses for the water quality parameters were conducted
in accordance with APHA Standard Methods for Examination of Water and Wastewater (21st Edition,
2005), and the methods stated by the USEPA.

2.3. Calculation of Event Mean Concentrations (EMCs)

Event mean concentrations (EMCs) of rainfall events were used to characterize pollutant
concentration. It is defined as the total mass load of a pollutant from a site during a storm divided by
the total runoff water column during the storm [21]. EMCs can be expressed as:

EMC =
M
V

=

∫ t
0 C(t)Q(t)dt∫ t

0 Q(t)dt
=

∑
C(t)Q(t)dt∑

Q(t)dt
(1)
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where, M is the total mass of pollutant during the entire runoff event (kg), V is the runoff volume
during the storm event (m3), C (t) is time varying pollutant concentration (mg/L); Q (t) is time variable
flow (L/s); and t is total duration of runoff (s). A velocity–water depth rating curve was established
for each sampling site based on application of the Manning’s formula calibrated to observed velocity
and water depth values of all events. The rating curves were used to back fill the observation gaps in
velocity to calculate flow and runoff volume needed for the calculation of EMCs.

2.4. Statistical Analyses

To compare the differences of the average of EMCs for each pollutant constitutes from different
land uses, one-way analysis of variance (ANOVA) was conducted. To examine the association between
all pairs of water quality parameters within each land use and for all land uses integrated, Pearson’s
correlation was analysed respectively. Statistics analyses were conducted using Sigmaplot 12.0 and
SPSS (Statistical Package for the Social Sciences) 17.0.

3. Results

3.1. Characteristics of the RunoffWater Quality

The ranges for the average of EMCs for total nitrogen (TN), total phosphorus (TP), total suspended
solids (TSS), and total organic carbon (TOC) from the 9 sampling sites was 0.93–3.02 mg/L, 0.05–0.31 mg/L,
17.23–147.34 mg/L, and 0.98–4.16 mg/L respectively (Table 1). TN and TP concentrations in all land uses
except the parkland were lower than the global mean EMC reported by Duncan which was 2.80 mg/L
and 0.36 mg/L respectively [16]. In parkland, the average of EMCs for TN and TP was 3.02 mg/L and
0.31 mg/L respectively. These were comparable to the global mean. Five of the 9 land uses showed the
average of EMCs for TSS significantly below the global mean EMCs 153.5 mg/L [16]. The average for
the other four land uses (mixed commercial area, residential area, parkland and residential road) are
comparable to the global mean. The highest average of EMCs for TOC (4.16 mg/L) was observed at
parkland. It was found to be reported below the global TOC range (13.27–43.75 mg/L) [16].

Table 1. The average of the event mean concentrations (EMCs) for water quality parameters.

Land
Use Mixed Resid-ential Food

Centre
Business
District

Car
Workshop Industry Resid-ential

Road
Major
Road Parkland

TN 1.85
(0.13)

1.16
(0.21)

0.93
(0.20)

1.08
(0.15)

1.56
(0.35)

1.61
(0.23)

1.11
(0.15)

1.14
(0.19)

3.02
(0.37)

TP 0.17
(0.02)

0.07
(0.01)

0.08
(0.02)

0.09
(0.02)

0.07
(0.02)

0.12
(0.02)

0.13
(0.01)

0.05
(0.01)

0.31
(0.03)

PO4-P 0.03
(0.001)

0.02
(0.001)

0.02
(0.01)

0.02
(0.001)

0.02
(0.01)

0.02
(0.01)

0.02
(0.01)

0.01
(0.001)

0.14
(0.01)

NO3-N 0.72
(0.06)

0.59
(0.17)

0.38
(0.12)

0.58
(0.13)

0.78
(0.18)

0.61
(0.19)

0.29
(0.08)

0.52
(0.11)

0.75
(0.10)

NH4-N 0.27
(0.07)

0.10
(0.02)

0.19
(0.04)

0.07
(0.01)

0.14
(0.02)

0.42
(0.12)

0.11
(0.01)

0.15
(0.03)

0.24
(0.04)

TSS 112.07
(13.70)

31.92
(4.66)

17.23
(4.70)

50.84
(6.68)

37.67
(11.89)

35.57
(5.53)

142.76
(32.68)

23.84
(4.37)

147.34
(35.30)

TOC 2.04
(0.31)

0.98
(0.11)

1.08
(0.14)

1.50
(0.36)

1.97
(0.32)

2.03
(0.45)

2.33
(0.65)

2.26
(0.24)

4.16
(0.18)

Zn 0.20
(0.03)

0.06
(0.01)

0.20
(0.05)

0.45
(0.07)

0.23
(0.05)

0.38
(0.07)

0.21
(0.06)

0.13
(0.03)

0.18
(0.08)

Cu 0.02
(0.00)

0.01
(0.00)

0.01
(0.00)

0.03
(0.01)

0.02
(0.001)

0.09
(0.03)

0.02
(0.01)

0.02
(0.001)

0.12
(0.05)

Fe 1.88
(0.32)

1.43
(0.30)

0.41
(0.07)

1.24
(0.18)

0.94
(0.24)

1.89
(0.36)

3.00
(1.13)

0.68
(0.19)

0.65
(0.34)

Mn 0.05
(0.01)

0.02
(0.001)

0.02
(0.001)

0.04
(0.01)

0.02
(0.001)

0.04
(0.01)

0.04
(0.01)

0.02
(0.001)

0.02
(0.01)

Ni 0.004
(0.004)

0.003
(0.0001)

0.003
(0.0001)

0.004
(0.0003)

0.004
(0.0006)

0.01
(0.002)

0.004
(0.0004)

0.007
(0.002)

0.005
(0.0007)

n 8 8 6 8 8 8 8 8 4
s 89 86 61 90 75 86 89 80 39

Note: Number in brackets means the standard error, “n” is the number of sampling events and “s” is the number of
total samples at each sampling site. TN: total nitrogen, TP: total phosphorus, TSS: total suspended solids, TOC: total
organic carbon.
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The range for the average of EMCs for NO3-N, NH3-N and PO4-P was 0.3–0.8 mg/L, 0.45–0.8mg/L
and 0.01–0.14 mg/L respectively. The ranges for the average of EMCs for the tested metals which
are Zn, Cu, Fe, Mn and Ni was 0.06–0.45 mg/L, 0.007–0.12 mg/L, 0.41–3.00 mg/L, 0.02–0.05 mg/L,
and 0.003–0.010 mg/L respectively (Table 1). The average EMCs for Zn and Cu at the industrial areas
was higher than the other land uses. Also, the average pH at the industry car workshop area was 7.24
which was significantly higher than that in food centre, major road and residential area.

The highest average EMCs for NO3-N (0.75 mg/L) was observed at the parkland but it was not
significantly different from the other land uses, while the highest NH4-N (0.42 mg/L) occurred in the
industry area. The ratio of the average of EMCs for PO4-P to TP in different land uses ranged from
16.5% to 48.7%, with the highest occurred in the parkland. The ratio of the average EMCs for NO3-N
and NH4-N to TN was found to be 24.5–50.7% and 7.5–22.3%, respectively.

3.2. Correlation between Water Quality Parameters

3.2.1. Correlation between Water Quality Parameters within Each Land Use

TSS was positively and significantly correlated with most of the other water quality parameters
within each land use. In particular, there was strong significant correlation between TSS and TOC
in the parkland, residential road and the commercial business centre with r of 0.72, 0.77, and 0.89
respectively (p < 0.0001). TSS also had significant correlation with TP (0.70 ≤ r ≤ 0.97, p < 0.0001)
in all land uses with a noticeable strong correlation (r ≥ 0.94, p < 0.0001) in the commercial food
centre, the parkland and the commercial business centre. Also, TSS was significantly correlated with
TN (0.53 ≤ r ≤ 0.87, p < 0.0001) in all land uses except in the residential area and the industrial car
workshop area. Noticeably, both TN and TP were highly correlated with TSS in the parkland and the
commercial business centre with r > 0.84 (p < 0.0001).

TN and TP were positively and significantly correlated in all land uses except in residential area.
In industrial car workshop area and major road, the correlation between TN and TP was weak but
significant with r as 0.28 and 0.33 respectively (p < 0.01) while the correlation was significant and
stronger in the other land uses (0.58 ≤ r ≤ 0.87, p < 0.0001).

TP and PO4-P had significant correlation in commercial food centre and industrial area, with r as
0.56 and 0.72 respectively (p < 0.0001) while the correlation in mixed use area, commercial business
centre and residential road was weaker but significant with r as 0.27, 0.35 and 0.34 respectively
(p < 0.0001). There was no significant correlation between TP and PO4-P in major road, parkland,
or industrial car worksho

Generally, TN was positively and significantly correlated with nitrogen species NO3-N and NH4-N
in all land uses except in parkland. In particular, TN was highly correlated with NO3-N in commercial
business centre, residential area, parkland and industrial car workshop area with r as 0.70, 0.86, 0.88,
and 0.95 respectively (p < 0.0001). In the industrial area, TN was highly correlated with NH4-N with r
as 0.90 (p < 0.0001). However, in the parkland, TN was negatively correlated with NO3-N (r = −0.50,
p < 0.01) and positively correlated with NH4-N (r = 0.88, p < 0.0001).

Additionally, there was high and significant correlation between all heavy metals (r close to or
above 0.8, p < 0.0001) in all land uses. Also, there was significant correlation between conductivity and
pH in all land uses (r close to or above 0.50, p < 0.0001) except in the commercial food centre and the
industrial factory.

3.2.2. Correlation between Water Quality Parameters for All Land Uses Integrated

Overall, TOC was positively and significantly correlated with all the other water quality parameters
except pH (0.17 ≤ r ≤ 0.63, p < 0.0001). TSS was significantly correlated with TN, TP, and TOC with r as
0.54, 0.73, and 0.56 respectively (p < 0.0001). The correlation between TSS and the heavy metals was
positive and significant (0.14 ≤ r ≤ 0.71, p < 0.0001). However, while TSS was significantly correlated
with PO4-P, NH4-N (p < 0.001), the correlation was weak with r as 0.24, 0.20. Interestingly, TN was
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significantly correlated with all other water quality parameters except pH (0.29 ≤ r ≤ 0.74, p < 0.0001).
In particular, TN had relatively high correlation with TP, NH4-N and TOC with r as 0.74, 0.60, and 0.62
respectively (p < 0.0001). There was also positive and significant correlation between metal ions
(0.36 ≤ r ≤ 0.82, p < 0.0001). In particular, Pb has high and significant correlation with other metals
except Ni and Cd with r above 0.70 (p < 0.0001). A significant correlation between pH and conductivity
(r = 0.54, p < 0.0001) was also observed (Table 2).

Table 2. Pearson’s correlation coefficients (r) between the averages of event mean concentrations
(EMCs) for water quality parameters when data of all land uses are integrated.

TN TP PO4
-P

NO3
-N

NH4
-N TSS TOC Pb Zn Cu Cr Fe Mn Ni

pH NS 0.09 NS NS NS NS NS 0.11 0.12 NS NS 0.12 NS NS
TN 0.74 0.42 0.45 0.60 0.54 0.62 0.29 0.52 0.31 0.29 0.41 0.53 0.34
TP 0.58 NS 0.54 0.73 0.63 0.45 0.59 0.43 0.39 0.56 0.67 0.30

PO4-P 0.12 0.21 0.24 0.28 NS NS NS 0.07 NS NS NS
NO3-N −0.08 0.17 NS 0.13 NS NS NS NS NS
NH4-N 0.20 0.29 0.17 0.30 0.24 0.24 0.28 0.31 0.31
TSS 0.56 0.48 0.56 0.36 0.34 0.69 0.71 0.14
TOC 0.57 0.59 0.54 0.46 0.49 0.68 0.31
Pb 0.81 0.82 0.76 0.71 0.74 0.36
Zn 0.81 0.68 0.67 0.80 0.44
Cu 0.79 0.65 0.71 0.55
Cr 0.61 0.64 0.54
Fe 0.78 0.36
Mn 0.39

Note: Normal value means p < 0.0001 and value in bold means p < 0.05, which represents a significant correlation;
NS means non-significant constant. The number of observations is 695.

4. Discussion

This study observed lower level of stormwater pollutants in Singapore catchments with different
land uses compared to global data reported by Duncan [16]. This agrees with previous studies on the
stormwater quality in Singapore by Lim [28] and Chua et al. [14]. Also, the stormwater pollutants level
in Singapore catchments was lower than that from Malaysia, which has relatively similar climate and
rainfall pattern. For catchments in Malaysia, Chow et al. [31] observed NO3-N as 0.9 mg/L for residential
area, 0.93 mg/L for commercial area, 1.2 mg/L for light industry area while Nazahiyah et al. [32]
observed NO3-N for residential area as 2.4 mg/L and 2.8 mg/L for commercial area, which were all
considerably higher than that in the 9 catchments of the current study. However, the average of
EMCs for PO4-P in this study was 0.01–0.14 mg/L (Table 1), which was higher than that from Marina
catchment area, Singapore at which PO4-P concentration was 0.008 to 0.010 mg/L [33]. Lucke et al. [17]
reviewed the latest publications on urban runoff pollutants from residential and commercial areas of
South-East Queensland (SEQ), Australia. The results show stormwater pollutant concentrations in
SEQ to be significantly lower than those historically published as typical for Australian land uses but
still higher in nutrient levels than that of this study (Table 3).

The lower level of pollutants in Singapore catchments may be attributed to the effective pollutant
source management system to minimize the pollution loads into the drainage system in Singapore.
PUB (Public Utilities Board), being the national water agency, put in place integrated waste and
wastewater management policies and anti-pollution measures to protect the quality of stormwater
runoff. The measures adopted to minimize pollutants in the catchments include strict erosion
control at construction sites, efficient street sweeping practices, routine drainage system maintenance,
and separation surface runoff from the sewage [34]. By well-coordinated land use planning and
integrated catchment management, major pollutant producing activities in the catchments were
eliminated or controlled.
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Table 3. Comparison of log-transformed EMCs for residential and commercial areas in South-East
Queensland Australia [17] and Singapore.

Recent studies in Australia Current Study

Land Use Parameter
TSS log10

values
(mg/L)

TP log10
values
(mg/L)

TN log10
values
(mg/L)

Parameter
TSS log10

values
(mg/L)

TP log10
values
(mg/L)

TN log10
values
(mg/L)

Residential

Number of events 220 220 220 Number of events 8 8 8

Mean 1.47 −0.87 0.04 Mean 1.48 −1.17 0.04

Std. Dev. 0.51 0.63 0.38 Std. Dev. 0.227 0.206 0.189

Commercial

Number of events 100 100 100 Number of events 16 16 16

Mean 1.34 −1.01 0.02 Mean 1.51 −1.06 −0.02

Std. Dev. 0.429 0.58 0.106 Std. Dev. 0.375 0.195 0.217

Note: “Std. Dev.” means standard deviation.

In this study, we found a significant difference in stormwater pollutant levels between different
land uses. Generally, the parkland exhibited the highest average of EMCs for TSS TN, TP, TOC,
and PO4-P which were significantly higher than the other land uses (Table 1). Barley et al. [35]
reported that there was no statistically significant difference (p < 0.05) between data collected at plot
and catchment scales for the same land use based on collating published and unpublished runoff

constituent concentration and load data for Australian catchments covering 13 different land uses.
This together indicated that differences in land uses is an important factor responsible for changes in
the runoff constituents. However, whether it is accurate to generalize the water quality data in one
catchment to the other catchment of the same land use for predication of pollutant load or modelling
should be considered carefully. This is because both pollutant build-up and wash-off processes can be
influenced by a range of catchment characteristics including conventional factors like land use and
impervious area fraction as well as site specific characteristics such as urban form and impervious area
layout [36].

The Pearson’s correlation between water quality parameters showed that TSS was significantly
correlated with most of the other water quality parameters in all land uses. This corresponds to the
study of Wijesiri et al. [37] which suggested that pollutant wash-off is a function of the build-up of
particles. The variations in pollutant load and composition during build-up are primarily determined
by the temporal variations in particle size fractions. Therefore, TSS might be the dominant contributor
for the variation of water quality in different land uses in Singapore catchments.

Although we observed a higher level of TN, TP, and ratio of PO4-P to TP (48.7%) in the parkland,
it is not statistically reliable to conclude that nutrients level in the runoff of parkland is significantly
higher than the other land uses, considering the low number of events sampled in parkland. However,
it is worthy to note that heavy storms might cause soil erosion in parkland. During soil erosion
processes, sediment might be trapped and the sediment-attached nitrogen and phosphorus could be
dissolved and transported by overflow in heavier rainfall [23]. Nitrogen and phosphorus should not be
neglected in runoff treatment as they are responsible for eutrophication in water bodies. The practical
implication is that the runoff generated at the parkland cannot be bypassed to receiving water bodies
but must be treated, especially for the nutrients associated with the suspended solid.

The observed higher average of EMCs for Zn, Cu, and pH at industrial areas indicated the special
contamination sources in these land uses. The sources of heavy metals in the storm water could be
from dust particles from combustion plants, iron and steel industry, non-ferrous metal industry, waste
incineration plant, cement industry, glass industry, and vehicle traffic [38]. The practical implication is
that treatment of the runoff generated at the industry area should have an emphasis on the removal of
heavy metals.

This study observed significant and positive correlations between water quality parameters.
The correlation within each land use was generally stronger than that from all land uses integrated.
The significant correlation between pairs of water quality parameters indicated that each pair of
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pollutant loads might have the same sources (or washed off from the same land-use patterns).
The practical significance is that any one of the pairs of pollutants can be chosen as representative
or control indicators in runoff pollution monitoring and management for the sake of simplifications.
However, the non-significant correlation observed between certain pairs of water quality parameters
in each land use may simply reflect an inadequate sample size but did not prove the absence of
any underlying relationshiAlso, the stronger positive correlation between pairs of pollutants within
each land use might be because the pollutants have similar source, build-up and wash-off processes
while in the general catchments, the source of contamination might be more variable and therefore
the correlation between the pairs of pollutants becomes weaker. Hence, to establish the correlation
between water quality parameters for either water quality monitoring purpose or for runoff pollutants
immigration, it is more accurate to investigate the correlation within each land use.

5. Conclusions

This study was undertaken to develop pollutant export statistics and relationships for various
types of pollutants in stormwater from a range of urban catchments encompassing a range of land uses
in Singapore. It was found that the event mean concentrations (EMCs) of key pollutants for various
land uses in Singapore were lower than the global mean. In general, the average of EMCs for TN, TP,
TOC, TSS, and PO4-P in parkland were higher than the other land uses. Based on Pearson’s correlation
analysis, significant correlation between pairs of water quality parameters was observed. In particular,
there was significant correlation between TSS and most of the other tested water quality parameters in
all land uses. Therefore, efficient capture of sediment would remove considerable pollutants from
Singapore stormwater runoff. The information developed from this study will assist in developing
appropriate pollutant data set relevant to Singapore catchments for urban stormwater quality models
and will be invaluable in guiding the establishment of stormwater treatment objectives for Singapore
catchments. The stormwater pollutant data set will also be an essential compliment to statistical
analyses of global data for stormwater characteristics. However, it should be noted that sampling in
this study does not provide adequate coverage of the potential variability that may occur during an
annual rainfall pattern due to limited sampling rainfall events. A monitoring scheme of longer-term
and more sampling events will provide more accurate pollutant data set for adoption.

Author Contributions: Conceptualization, H.S. and T.H.F.W.; methodology, H.S.; formal analysis, H.S.; resources,
J.W.; data curation, T.Q.; writing—H.S. and J.W.; writing—review and editing, T.H.F.W.; funding acquisition,
T.H.F.W. and H.S.

Funding: This research was funded by Guangdong Science and Technology Department (grant number
140/14140101 and 925/38040223) and a faculty star-up funding for Haihong Song by Shantou University.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ellis, J.; Hvitved-Jacobsen, T. Urban drainage impacts on receiving waters. J. Hydraul. 1996, 34, 771–783.
[CrossRef]

2. Burton, G.; Pitt, R. Stormwater Effects Handbook—A Toolbox for Watershed Managers; Lewis Publisher: Boca Raton,
FL, USA, 2002.

3. Andrés-Doménech, I.; Múnera, J.C.; Frances, F.; Marco, J.B. Coupling urban event-based and catchment
continuous modelling for combined sewer overflow river impact assessment. Hydrol. Earth Sci. 2010, 14,
2057–2072. [CrossRef]

4. Wong, T.H.F.; Allen, R.A.; Beringer, J.; Brown, R.R.; Deletic, A.; Flectcher, T.D.; Gangadharan, L.; Gernjak, W.;
Jakob, C.; O’Loan, T.; et al. Blueprint2012—Stormwater Management in a Water Sensitive City; Centre for Water
Sensitive Cities: Melbourne, Australia, 2013; ISBN 978-1-921912-01-6.

5. Hatt, B.E.; Fletcher, T.; Walsh, C.J.; Taylor, S.L. The influence of urban density and drainage infrastructure on
the concentrations and loads of pollutants in small streams. Environ. Manag. 2004, 34, 112–124. [CrossRef]
[PubMed]

http://dx.doi.org/10.1080/00221689609498449
http://dx.doi.org/10.5194/hess-14-2057-2010
http://dx.doi.org/10.1007/s00267-004-0221-8
http://www.ncbi.nlm.nih.gov/pubmed/15383877


Water 2019, 11, 1089 9 of 10

6. Beenen, A.S.; Langeveld, J.G.; Liefting, H.J.; Aalderink, R.H.; Velthorst, H. An integrated approach for urban
water quality assessment. Water Sci. Technol. 2011, 64, 1519–1526. [CrossRef] [PubMed]

7. Huang, J.; Tu, Z.; Du, P.; Li, Q.; Lin, J. Analysis of rainfall runoff characteristics from a subtropical urban
lawn catchment in South-east China. Front. Environ. Sci. Eng. 2012, 6, 531–539. [CrossRef]

8. Todeschini, S. Hydrologic and Environmental Impacts of Imperviousness in an Industrial Catchment of
Northern Italy. J. Hydrol. Eng. 2016, 21, 5016013. [CrossRef]

9. Weiss, P.T.; Gulliver, J.S.; Erickson, A.J. Cost and Pollutant Removal of Storm-Water Treatment Practices.
J. Water Resour. Plan. Manag. 2007, 133, 218–229. [CrossRef]

10. Todeschini, S.; Papiri, S.; Ciaponi, C. Placement Strategies and Cumulative Effects of Wet-weather Control
Practices for Intermunicipal Sewerage Systems. Water Resour. Manag. 2018, 32, 2885–2900. [CrossRef]

11. Baker, A. Land use and water quality. In Encyclopedia of Hydrological Sciences; John Wiley & Sons, Ltd.:
Hoboken, NJ, USA, 2006.

12. Galbraith, L.; Burns, C. Linking land-use, water body type and water quality in Southern New Zealand.
Landsc. Ecol. 2007, 22, 231–241. [CrossRef]

13. Erol, A.; Randhir, T.O. Watershed ecosystem modeling of land-use impacts on water quality. Ecol. Model.
2013, 270, 54–63. [CrossRef]

14. Chua, L.H.C.; Lo, E.Y.M.; Shuy, E.B.; Tan, S.B.K. Nutrients and suspended solids in dry weather and storm
flows from a tropical catchment with various proportions of rural and urban land use. J. Environ. Manag.
2009, 90, 3635–3642. [CrossRef]

15. Duncan, H. A Review of Urban Stormwater Quality Processes; Cooperative Research Centre for Catchment
Hydrology: Melbourne, Australia, 1995.

16. Duncan, H. Urban Stormwater Quality: A Statistical Overview; Cooperative Research Centre for Catchment
Hydrology: Melbourne, Australia, 1999.

17. Lucke, T.; Drapper, D.; Hornbuckle, A. Urban stormwater characterisation and nitrogen composition from
lot-scale catchments—New management implications. Sci. Total Environ. 2018, 619–620, 65–71. [CrossRef]

18. Tong, S.T.Y.; Chen, W. Modeling the relationship between land use and surface water quality. J. Environ.
Manag. 2002, 66, 377–393. [CrossRef]

19. Kim, L.-H.; Kayhanian, M.; Zoh, K.-D.; Stenstrom, M.K. Modeling of highway stormwater runoff. Sci. Total
Environ. 2005, 348, 1–18. [CrossRef]

20. McLeod, S.M.; Kells, J.A.; Putz, G.J. Urban Runoff Quality Characterization and Load Estimation in Saskatoon,
Canada. J. Environ. Eng. 2006, 132, 1470–1481. [CrossRef]

21. Kim, L.-H.; Ko, S.-O.; Jeong, S.; Yoon, J. Characteristics of washed-off pollutants and dynamic EMCs in
parking lots and bridges during a storm. Sci. Total. Environ. 2007, 376, 178–184. [CrossRef]

22. Shah, V.G.; Dunstan, R.H.; Geary, P.M.; Coombes, P.; Roberts, T.K.; Rothkirch, T. Comparisons of water
quality parameters from diverse catchments during dry periods and following rain events. Water Res. 2007,
41, 3655–3666. [CrossRef] [PubMed]

23. Qin, H.-P.; Khu, S.-T.; Yu, X.-Y. Spatial variations of storm runoff pollution and their correlation with land-use
in a rapidly urbanizing catchment in China. Sci. Total. Environ. 2010, 408, 4613–4623. [CrossRef] [PubMed]

24. Huang, J.; Li, Q.; Pontius, R.G., Jr.; Klemas, V.; Hong, H. Detecting the dynamic linkage between landscape
characteristics and water quality in a subtropical coastal watershed, Southeast China. Environ. Manag. 2013,
51, 32–44. [CrossRef] [PubMed]

25. Liu, L.; Liu, A.; Li, Y.; Zhang, L.; Zhang, G.; Guan, Y. Polycyclic aromatic hydrocarbons associated with road
deposited solid and their ecological risk: Implications for road stormwater reuse. Sci. Total. Environ. 2016,
563, 190–198. [CrossRef]

26. Brett, M.T.; Arhonditsis, G.B.; Mueller, S.E.; Hartley, D.M.; Frodge, J.D.; Funke, D.E. Non-Point-Source
Impacts on Stream Nutrient Concentrations Along a Forest to Urban Gradient. Environ. Manag. 2005, 35,
330–342. [CrossRef]

27. United Nations Educational Scientific and Cultural Organization. Water, A shared responsibility. The Unitied
Nations World Water Deveolpment Report 2; UN-Habitat: New York, NY, USA, 2006.

28. Lim, H.S. Variations in the water quality of a small urban tropical catchment: Implications for load estimation
and water quality monitoring. In The Interactions between Sediments and Water; Kronvang, B., Ed.; Springer:
Dordrecht, The Netherlands, 2003; pp. 57–63.

29. Tortajada, C. Water Management in Singapore. Int. J. Water Resour. Dev. 2007, 22, 227–240. [CrossRef]

http://dx.doi.org/10.2166/wst.2011.178
http://www.ncbi.nlm.nih.gov/pubmed/22179651
http://dx.doi.org/10.1007/s11783-010-0287-x
http://dx.doi.org/10.1061/(ASCE)HE.1943-5584.0001348
http://dx.doi.org/10.1061/(ASCE)0733-9496(2007)133:3(218)
http://dx.doi.org/10.1007/s11269-018-1964-y
http://dx.doi.org/10.1007/s10980-006-9018-x
http://dx.doi.org/10.1016/j.ecolmodel.2013.09.005
http://dx.doi.org/10.1016/j.jenvman.2009.07.001
http://dx.doi.org/10.1016/j.scitotenv.2017.11.105
http://dx.doi.org/10.1006/jema.2002.0593
http://dx.doi.org/10.1016/j.scitotenv.2004.12.063
http://dx.doi.org/10.1061/(ASCE)0733-9372(2006)132:11(1470)
http://dx.doi.org/10.1016/j.scitotenv.2006.12.053
http://dx.doi.org/10.1016/j.watres.2007.02.052
http://www.ncbi.nlm.nih.gov/pubmed/17428519
http://dx.doi.org/10.1016/j.scitotenv.2010.07.021
http://www.ncbi.nlm.nih.gov/pubmed/20667581
http://dx.doi.org/10.1007/s00267-011-9793-2
http://www.ncbi.nlm.nih.gov/pubmed/22120882
http://dx.doi.org/10.1016/j.scitotenv.2016.04.114
http://dx.doi.org/10.1007/s00267-003-0311-z
http://dx.doi.org/10.1080/07900620600691944


Water 2019, 11, 1089 10 of 10

30. Luan, I.O.B. Singapore water management policies and practices. Int. J. Water Resour. Dev. 2010, 26, 65–80.
[CrossRef]

31. Chow, M.F.; Yusop, Z.; Shirazi, S.M. Storm runoff quality and pollutant loading from commercial, residential,
and industrial catchments in the tropic. Environ. Monit. Assess. 2013, 185, 8321–8331. [CrossRef]

32. Nazahiyah, R.; Yusop, Z.; Abustan, I. Stormwater quality and pollution loading from an urban residential
catchment in Johor, Malaysia. Water Sci. Technol. 2007, 56, 1–9. [CrossRef]

33. He, J.; Balasubramanian, R.; Burger, D.F.; Hicks, K.; Kuylenstierna, J.C.; Palani, S. Dry and wet atmospheric
deposition of nitrogen and phosphorus in Singapore. Atmos. Environ. 2011, 45, 2760–2768. [CrossRef]

34. Lim, M.H.; Leong, Y.H.; Tiew, K.N.; Seah, H. Urban stormwater harvesting: A valuable water resource of
Singapore. Water Pract. Technol. 2011, 6, 1–2. [CrossRef]

35. Bartley, R.; Speirs, W.J.; Ellis, T.W.; Waters, D.K. A review of sediment and nutrient concentration data from
Australia for use in catchment water quality models. Mar. Pollut. 2012, 65, 101–116. [CrossRef]

36. Liu, A.; Egodawatta, P.; Guan, Y.; Goonetilleke, A. Influence of rainfall and catchment characteristics on
urban stormwater quality. Sci. Total. Environ. 2013, 444, 255–262. [CrossRef] [PubMed]

37. Wijesiri, B.; Egodawatta, P.; McGree, J.; Goonetilleke, A. Influence of pollutant build-up on variability in
wash-off from urban road surfaces. Sci. Total. Environ. 2015, 527, 344–350. [CrossRef]

38. Göbel, P.; Dierkes, C.; Coldewey, W.G. Storm water runoff concentration matrix for urban areas. J. Contam.
Hydrol. 2007, 91, 26–42. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1080/07900620903392190
http://dx.doi.org/10.1007/s10661-013-3175-6
http://dx.doi.org/10.2166/wst.2007.692
http://dx.doi.org/10.1016/j.atmosenv.2011.02.036
http://dx.doi.org/10.2166/wpt.2011.0067
http://dx.doi.org/10.1016/j.marpolbul.2011.08.009
http://dx.doi.org/10.1016/j.scitotenv.2012.11.053
http://www.ncbi.nlm.nih.gov/pubmed/23274244
http://dx.doi.org/10.1016/j.scitotenv.2015.04.093
http://dx.doi.org/10.1016/j.jconhyd.2006.08.008
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Catchments and Monitoring Program 
	Runoff Sample Collection and Analyses 
	Calculation of Event Mean Concentrations (EMCs) 
	Statistical Analyses 

	Results 
	Characteristics of the Runoff Water Quality 
	Correlation between Water Quality Parameters 
	Correlation between Water Quality Parameters within Each Land Use 
	Correlation between Water Quality Parameters for All Land Uses Integrated 


	Discussion 
	Conclusions 
	References

