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Abstract

Runoff samples were collected from four functional areas (traffic, residential, commercial and industrial) and four roof types (old con-
crete, new concrete, old clay and new clay) in central Shanghai, China, during rain events. The event mean concentrations (EMCs) of
three forms of nitrogen (NH,"—N,NO, —N,NO, —N) and the temporal variations of total phosphorus (TP) were then measured to
evaluate the effects of runoff from different areas on water quality management. The results revealed that the TP levels varied significantly
in the samples collected from different functional areas and roof types during rain events. In addition, although the NO,”—N and
NO, N concentrations in runoff remained well below the fifth class values of the national surface water quality standards, the
NH,*—N levels were 1.36, 1.17, 1.10 and 0.85 times higher than the standard value in samples collected from commercial, traffic, indus-
trial, and residential areas, respectively. Similarly, the concentrations of NH,*—N in samples collected from old concrete, new concrete,
old clay and new clay roofs exceeded the fifth class standard by 6.66, 5.72, 4.32 and 3.32 times, respectively. And the NO,™—N levels were
1.86 and 1.53 times higher than the standard values in runoff samples collected from new and old concrete roofs, respectively.
© 2009 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in

China Press. All rights reserved.
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1. Introduction

Growing urbanization and daily human activities are a
large source of pollutants that affect the quality of urban
stormwater runoff. Indeed, several studies have reported
that stormwater runoff contains nitrogen in concentrations
that exceed surface water quality standards [1-3]. In addi-
tion, other studies have reported high levels of pollution by
nutrient elements, such as nitrogen and phosphorus, and
by suspended solids in street runoff [4-7]. In addition, roof
runoff is known to be a potential source of nonpoint source
pollution because the compounds contained in roof materi-
als and deposited on roof surfaces can leach into the runoff.
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This effect is exacerbated by the high temperatures that
develop on roofs, which increase the rates of chemical reac-
tions and organic decomposition of materials that have
accumulated on rooftops [8]. However, although Forster
[9] demonstrated that roof runoff was a significant source
of trace pollutants, Pazwash and Boswell [10] reported that
roof runoff was often nearly free of suspended matter and
impurities found in runoff from other surfaces. These
contradictory findings indicate that the materials used to
construct the roof, as well as its age and the surrounding
environment, play an important role in determining the
water quality of roof runoff.

Many compounds such as nitrogen and phosphorus are
often found at levels higher than the fifth class value
defined in the national environmental quality standards
for surface water [11]. Therefore, we evaluated the event
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Fig. 1. Sampling locations in Shanghai.

mean concentrations (EMCs) of three forms of nitrogen in
runoff and the temporal variations in total phosphorus
(TP) in runoff using samples collected from different func-
tional areas (traffic, residential, commercial, and industrial)
and from different types of roofs in central Shanghai during
rain events. A clear quantification of pollutant concentra-
tions in urban runoff will facilitate development and imple-
mentation of the most effective stormwater runoff
management practices.

2. Experimental method
2.1. Study area and sample collection

Shanghai is one of the ten largest municipalities in the
world. In addition, central Shanghai is densely populated,
with approximately 10 million people living in the built-
up area surrounded by Shanghai’s outer ring road. Land
use in central Shanghai includes residential areas (30.5%),
industrial areas (8.4%), commercial areas (13.0%), and
road surfaces (15.0%). In addition, public facilities such
as schools, hospitals, scientific institutions, libraries, and
parks account for 10.5% of the total area, while 10.5% of
the area is used for agriculture, 2.8% is used for green belts,
and the remaining 9.3% is used for miscellaneous purposes
[12]. Impervious ground (e.g. pavement) covers approxi-
mately 80% of the total area.

In this study, stormwater runoff samples were collected
from four different functional areas (traffic, residential,

Table 1
Hydrologic description of rain events sampled in 2004.

commercial and industrial) and from roofs comprised of
four commonly used roofing materials (new and old clay
and concrete) in central Shanghai (Fig. 1). The stormwater
runoff samples were collected from streets in the functional
areas in March, May and June of 2004, whereas the roof
runoff samples were collected in February and May of
2004, respectively. Runoff samples were collected manually
using 5 L polyethylene buckets to collect the samples at 5-
min intervals during each event. Descriptions of the hydro-
logical characteristics of each rainfall event are presented in
Table 1.

2.2. Measurements

The concentrations of NH,*—N, NO,"—N, NO, —N
and TP in the runoff samples were analyzed within 24 h
according to the methods described by the State Environ-
mental Protection Administration of China [13]. The meth-
ods used for the chemical analyses and their detection
limits are shown in Table 2. All data shown are the EMC
for each nitrogen parameter and the temporal variations
for TP. The EMC represents a flow-weighted average con-
centration computed as the total pollutant mass divided by
the total runoff volume for an event of duration ¢, and is
described by the following equation [14]:

M [{OCdr Y CQAf
EMC=7= [ode YO

(1)

Event (date)  Rainfall depth (mm)  Duration (min)

Mean intensity (mm/5 min)

Maximum intensity (mm/5 min)  Time since last rain (h)

2004-02-21 21.01 45 1.8
2004-03-21 8.84 75 0.68
2004-05-21 36.57 70 3.1

2004-06-24 27.18 50 2.6

53 72
2.1 25
7.6 144
6.2 146




S. Ballo et al. | Progress in Natural Science 19 (2009) 873-880

Table 2
Methods of analyses used to evaluate stormwater runoff pollutants.

Pollutant ~ Test method (SEPAC, 2002) Detection level
NH,*—N Nessler’s reagent colorimetric method 0.025-2 mg/1
NO; — Copper-cadmium reduction method 0.02-2 mg/1
NO, —N  Spectrophotometric method 0.003-0.2 mg/1
TP Ammonium molybdate spectrophotometric  0.01-0.6 mg/1

method

where M is the total mass of pollutants over the entire
event duration (g); V' is the total volume of flow over the
entire event duration (m®); ¢ represents time (min); C, is
the concentration of a pollutant (mg/l); Q, is the variable
flow (m*/min); and Ar is a discrete time interval (min).
The EMC was computed for the entire runoff duration of
each event.

3. Results and discussion

3.1. Variation in total phosphate concentrations of runoff
during rain events

The temporal variations in the TP concentrations of
runoff from different functional areas and roofs are shown
in Figs. 2 and 3. The results indicated that the temporal

875

variations in the TP concentrations during runoff events
differed in samples collected from different functional areas
and roofs. In addition, as shown in Fig. 2(a)—(c), the TP
concentrations remained irregular throughout the duration
of each rainfall event. For example, the concentrations of
TP in March runoff samples collected from industrial areas
were 2.58 mg/l, 1.29 mg/l and 2.25 mg/l at 5 min, 25 min
and 45 min, respectively, while they were 1.15mg/l,
3.02mg/l and 1.22mg/l at 2min, 15min and 35 min,
respectively, in the samples collected from commercial
areas. This variability was also reflected in the TP concen-
trations of runoff samples collected from traffic areas in
May, with values of 1.11 mg/l, 0.47 mg/l and 1.13 mg/l
observed at 2 min, 20 min and 35 min, respectively. Similar
variations in TP concentrations were observed in the runoff
samples collected in June as well as in the roof runoff sam-
ples (Fig. 3). However, the extent of the variation in the TP
concentrations of samples collected from road and roof
runoff differed during each rain event. Based on the concen-
trations of TP in the road and roof runoffs, it is likely that
the sampling time, amount of pollutant accumulation
between storm events, storm intensity and duration, and
runoff volume were responsible for the differences observed
in the level of pollution in samples collected during differ-
ent rain events.
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Fig. 2. Temporal variation of TP in runoff from different functional areas.
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Table 3

EMC values of pollutants in runoff samples collected from different functional areas in Shanghai (mg/1).

Event date Site NH,"—N NO; —N NO,—N TP

2004-02-21 Traffic area 2.7 0.23 0.16 0.39
Industrial area 4.05 0.36 0.31 0.69
Commercial area 3 0.18 0.15 1.95
Residential area 2.38 0.37 0.15 1.3

2004-03-21 Traffic area 2.05 0.87 0.43 0.81
Industrial area 1.04 0.25 0.09 0.26
Commercial area 0.82 0.45 0.17 0.37
Residential area 1.64 0.62 0.24 0.44

2004-06-24 Traffic area 2.32 0.34 0.23 1.2
Industrial area 1.54 0.71 0.17 0.85
Commercial area 3.34 0.34 0.05 1.37
Residential area 1.09 0.23 0.14 0.41

3.2. EMC of pollutants in runoff from different functional
areas

NH,"—N was consistently the most abundant form of
nitrogen in stormwater runoff collected from the four func-
tional areas. However, the NH,*—N concentration varied
among the land-use types over time (Table 3, Fig. 4(a)).
For this study, the average levels of NH,*—N in the four
functional areas are described in terms of multiples of the
fifth class standard for surface water [11]. The concentra-
tion of NH,*—N was 1.36, 1.17, 1.10 and 0.85 times higher
than the value of the standard in runoff from commercial
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areas, traffic areas, industrial areas, and residential areas,
respectively. These values are also higher than the values
reported in several studies conducted in other countries
(Table 5). For example, the concentration of NH,*—N in
road runoff collected in this study was 2.6 times that
reported in a study conducted in Germany [15]. In addi-
tion, the concentrations of NH,*—N observed in the pres-
ent study were higher than those reported in a study of
runoff in Atlanta and Washington [16].

The NO; —N and NO, —N pollution levels were well
below the fifth class value defined by the national surface
water quality standards in all samples (Table 3 and

TraA IndA ComA ResA IndA ComA ResA TraA IndA ComA ResA

TraA
Fig. 4. EMC values for NH,*—N (a), NO,”—N (b) and NO, —N (c) in runoff from different functional areas. The fifth class values of NH,"—N,
NO, N and NO, —N for surface water are 2 mg/l, 1 mg/l and 1 mg/l, respectively; TraA, traffic area; IndA, industrial area; ComA, commercial area;
ResA, residential area.

Table 4

EMC values of pollutants in runoff samples collected from roofs constructed from different materials in Shanghai (mg/1).

Event date Site NH,*—N NO;”—N NO,—N TP

2004-03-21 New concrete roof 10.87 1.77 0.24 0.45
Old concrete roof 17.61 1.41 0.31 0.4
New clay roof 5.38 0.75 0.04 0.24
Old clay roof 4.9 0.53 0.29 0.62

2004-05-21 New concrete roof 12.04 1.96 0.1 0.46
Old concrete roof 9.05 1.65 0.4 0.65
New clay roof 7.92 0.4 0.01 0.16
Old clay roof 12.02 1.01 0.32 0.15
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Table 5

Data comparison with the results of several international studies (mg/l).
Location NH,"—N NO;”—N NO,—N Data sources
Shanghai 2.35 0.64 0.25 Present study
Atlanta 0.18 0.25 - Stanley [16]
Washington 0.26 0.48 - Stanley [16]
Germany 0.9 - - Geiger [15]

Fig. 4(b), (c)). However, there were differences in the con-
centrations of the three forms of nitrogen collected from
different areas during different events. These differences
may result from several reasons, including differences in
the efficiency of the drainage system where the samples were
collected from and the point-source inputs. In addition, the
spatial distribution of impervious areas in the land-use
types differs, which may have influenced the duration and
velocity of surface runoff, and hence the pollutant load [17].

For these reasons, the difference in the quantities of
NH, N, NO,; —N and NO, —N in different areas may
be explained by the nature of the specific activities in each
area. On average, the highest concentration of NH,*—N
was observed in the commercial areas of Shanghai, which
had an average concentration of 2.39 mg/l, or 1.19 times
the fifth class standard for surface water. The traffic areas,
industrial areas and residential areas had concentrations of
NH,*—N that were 1.17, 1.10 and 0.85 times greater than
the fifth class standard for surface water. However, the
highest concentrations of NO,"—N and NO, —N were
observed in the traffic areas. This is likely due to the num-
ber of people who use these areas and the complexity of the
activities that occur in these areas. For example, the high
levels of traffic in these areas create NO, compounds,
whereas waste generation by small businesses such as res-
taurants, shops, as well as large shopping malls in commer-
cial areas is suspected to be an important source of
nonpoint pollutants.

3.3. EMC of pollutants in runoff from different roof materials

In February, the highest EMC of NH, N in roof run-
off was observed in samples collected from concrete roofs,
while the lowest levels were observed in the samples col-
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lected from old clay roofs (Table 4 and Fig. 5(a)). However,
in May, the highest EMC of NH,"™—N in roof runoff was
observed in samples collected from old clay roofs and the
lowest level was observed in samples collected from new
clay roofs (Table 4 and Fig. 5(a)). Overall, the highest con-
centrations were observed in samples collected from old
concrete roofs, followed by roofs comprised of new con-
crete, new clay and old clay. In addition, the mean
NH,*—N concentrations of samples collected from con-
crete and clay roofs exceeded the fifth class standard for sur-
face water. Specifically, the mean NH,"—N concentration
of old concrete roofs was 6.66 times the fifth class value,
whereas the concentrations of samples collected from new
concrete roofs, old clay roofs and new clay roofs were
5.72, 4.32 and 3.32 times greater than the standard value
(Table 4 and Fig. 5(a)). Additionally, the highest EMC of
NH, "N differed significantly between samples collected
in February and May (e.g. 17.61 mg/1 versus 12.04 mg/1).
These differences may have occurred due to the nature of
the roofing materials and the time interval between rain
events. The mean concentration of NO, —N also exceeded
the values of the standard in some cases. For example, the
mean concentrations of runoff samples collected from new
and old concrete roofs were 1.86 and 1.53 times greater than
the standard value (Table 4 and Fig. 5(b)). Conversely, the
NO, —N concentration levels remained well below the fifth
class value for surface water at all sampling times (Table 4
and Fig. 5(c)). These findings suggest that, at present, efforts
to monitor this pollutant can be focused on preventive
measures.

The contamination of roof stormwater runoff can occur
for several reasons, including leaching of compounds pres-
ent in the roofing materials and airborne pollutants and
organic materials such as leaves and bird droppings [18]
being deposited on roofs with subsequent contaminating
runoff. In addition, the age of the roofing materials, as well
as the orientation of the roof and the surrounding environ-
ment may degrade the quality of roof runoff. In the present
study, roof runoff was found to contain a much higher con-
centration of pollutants than road runoff. This may have
occurred due to differences in the sampling time and the
nature of the roofs. However, further studies are necessary
to better understand the reasons for these differences. In a
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Fig. 5. EMC values for NH,"—N (a), NO; —N (b) and NO, —N (c) in runoff from different types of roofs. The fifth class values of NH,*—N, NO,"—N
and NO, —N for surface water are 2 mg/l, 1 mg/l and 1 mg/l, respectively; NCoR, new concrete roof; OCoR, old concrete roof; NCIR, new clay roof;

OCIR, old clay roof.
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study conducted in Australia, the concentrations of various
constituents of roof runoff were reported to exceed the
World Health Organization (WHO) drinking water quality
standards [19]. Taken together, these findings suggest that
roof runoff is a potential source of nonpoint pollution that
is capable of degrading the water quality of rivers and
lakes.

3.4. First flush effects

The measured EMC values of the three forms of nitro-
gen and the TP at various time points were converted into
percentages of the total cumulative mass and total cumula-
tive runoff volume. These values were then used to evaluate
the first flush effects of pollutant levels in the runoff from
different roof types and functional areas [20,21]. All sam-
pling sites are located in small impervious surface area
catchments; therefore, the runoff coefficient average is esti-
mated to be 0.97. This phenomenon is well established in
the literature and is related to saturation of the site
[14,15]. The runoff volumes used in this study were then
calculated as a function of total rainfall volume using the
following equation:

Runoff volume = rainfall volume(or depth)

x surface area x runoff coefficient (2)

This analysis of the first flush effect was based on the
relationship between the cumulative mass curve and the
cumulative runoff volume curve. The percentage deviation
of the curve from the diagonal (y = x) then serves as a ref-
erence for the strength of the first flush [20]. The magnitude
of the first flush phenomenon was found to be greater for
high intensity rainfall events and for some pollutants such
as NO; —N and TP [22,23].

Most of the pollutants evaluated here showed values
greater than the diagonal, which indicates that first flush
effects were impacting the levels of pollutants in the runoff
from roofs. The most dramatic first flush effects for
NH,*—N, NO,"—N and TP occurred on old concrete
and clay roofs (Fig. 6). The magnitude of the first flush
effects was weaker in road runoff, and the phenomenon
was not observed for some pollutants (Fig. 7). Taken
together, our data suggest that there are specific combina-
tions of site and storm conditions that result in first flush
effects. It is important to note that this phenomenon was
investigated using the data collected at different times
(roads in June and roofs in February). As a result, the dif-
ferences in the duration and volume of rainfall reported
here may have impacted the magnitude of the first flush
effects.

3.5. Implications for the management of stormwater runoff

The results of the present study indicate that the pollu-
tant concentrations in stormwater runoff from the four
functional areas and from both categories of concrete roofs
exceeded the fifth class value of the surface water quality
standards. Furthermore, these pollutant levels were higher
than those selected international results (Table 4) [16,20].
These findings clearly indicate the need for stormwater
management systems that are designed to protect and
improve water quality in Shanghai. Since mitigation prac-
tices can be implemented to improve stormwater quality,
we will describe the mitigation plans that are most practical
for Shanghai here.

The results of this study revealed an obvious first flush
effect on the pollutants in the runoff, indicating that pollu-
tant concentrations are much higher at the beginning of a
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Fig. 6. First flush effects of contaminants in runoff samples collected from different types of roofs.
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Fig. 7. First flush effects of nitrogen and TP in runoff samples collected from different functional areas.

storm event [24]. As a result, the best management prac-
tices (BMPs) for dealing with this problem must include
the storage and treatment of first flush runoff water pro-
duced by rain events.

Filtering runoff water through appropriate vegetation
could remove most of the nutrients from the water. In addi-
tion, soil filtration techniques can be utilized to provide
both biological and chemical treatments of the runoff.
Indeed in one study, the conversion of water-retention
tanks into soil filtration tanks increased the system’s capac-
ity to control the quantity and pollutant concentration of
discharged water [25]. In addition, the concentration of
pollutants in stormwater could be reduced significantly
by implementing street sweeping using vacuum devices that
collect finer particles of dust from roads and parking lots.
Finally, compliance with existing regulations could be
improved by implementing education programs that
explain the regulations designed to protect bodies of water
and the rules designed to enforce such regulations to the
residents of Shanghai.

4. Conclusions

The results of this study emphasize the importance of
managing nonpoint-source emissions from roads and
roofs in Shanghai. NH,*—N pollution was the most seri-
ous problem in all four urban land-use types, as well as in
samples collected from all four types of roofing materials
evaluated in this study. In addition, high levels of
NO,; —N were observed in runoff from new and old con-
crete roofs. Furthermore, clear first flush effects existed
for roof runoff. However, contaminant concentrations
and the extent of first flush effects differed among land-
use types and roofing materials. Taken together, our data
suggest that more intensive monitoring of NH,*—N and

TP should be conducted because both these compounds
were present at levels greater than the fifth class value
of the surface water quality standards. The effectiveness
of various mitigation practices could then be assessed
based on their ability to control the levels of these
pollutants.

It is important to note that the results of the present
study are based on a small sample size in terms of both
the number of sampling locations and the duration of the
study. Therefore, the data generated here should be consid-
ered as a means of guiding the development of a subse-
quent study to provide more detailed data describing the
pollution in stormwater runoff in Shanghai.
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