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a b s t r a c t
Phosphorus (P) and nitrogen (N) sources are major pollutants in urban stormwater runoff. Low 
impact development measures have been found effectively in retaining stormwater runoff with 
respect to their water quantity and quality. However, the removal efficiency of different pollutants 
varies greatly, this may be affected by the relationship between hydrograph and pollutant concen-
tration of inflow. Based on a 4-year monitoring data of stormwater runoff inflow to an experimental 
rain garden, this paper presents an analytical study on the relationship between TP and TN concen-
trations with inflow discharge rate into the rain garden. The results showed that the concentrations 
of TP changed little during all storm events, ranging from the mean maximum value of 0.96 mg/L to 
the mean minimum value of 0.29 mg/L; the variation range of TN in single storm event was greater 
than that of TP. After statistics, 10 out of 17 rainfall events showed the first flush effect in TP, and 
16 out of 17 rainfall events showed the first flush effect in TN. The first 20% runoff volume carried 
the pollutant load of 23.6% for TP, and 29.3% for TN; the first 50% runoff carried 52.0% for TP and 
59.9% for TN. The first flush effect appeared more significant in TN than TP. The concentration of 
pollutant and quantity of discharge (C–Q) relationship curves in initial 30 min (first stage) appeared 
differently in a clockwise, anti-clockwise, quasi-line, and U shape; most of them were clockwise (6 
out of 15 storm events) and anti-clockwise (5 out of 15 storm events). For all monitoring rainfall 
events, the C–Q relationship in the other remaining time (second stage) showed certain randomness. 
Finding from this research can provide the basis for formulating reasonable standards in runoff vol-
ume reduction and pollutants of TP/TN control. 
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1. Introduction

Many cities suffer from problems of water shortage and 
water quality degradation in the urbanization processes; 
urban stormwater runoff has become major contributor of 
nonpoint source pollution in recent decades [1]. Nutrients 
such as nitrogen (N) and phosphorus (P) are contributing 
to eutrophication of many surface water bodies [2,3]. Low 
impact development (LID) measures have been adopted 
to manage stormwater runoff worldwide [4]. Their main 

functions are to reduce runoff volume and remove the asso-
ciated pollutants from the source [5,6]. LID strategies that 
induce onsite infiltration of stormwater runoff can mimic 
urban predevelopment hydrological regime. However, there 
are different standards for the stormwater runoff volume 
reduction, and the current design standards mostly employ 
runoff reduction rate as the design parameter, which do not 
take the relationship between runoff reduction and pollut-
ants removal into consideration [7,8]. Therefore, determining 
the changes of different pollutants with the storm runoff pro-
cesses are important for design of functional LID practices. 
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The pollutants of stormwater runoff mainly come from 
underlying surface wash-off and atmosphere leaching [9]. 
Many researchers reported that the first flush phenomenon 
had significant impact on stormwater quality, especially the 
pollutant migration; but different climatic and underlying 
conditions led to the complexity of this process in different 
places [10,11]. The first flush effect refers to the condition 
when pollutant concentrations in the initial time are higher 
than that in the middle and later time of a rainfall event [12]. 
However, there exists a great difference in determining the 
first flush effect [13,14]. Pollutants washed by storm change 
randomly, and they present spatial and temporal variability 
and complexity. LID facility designs usually aim to certain 
standard, such as specific pollutant load removal and runoff 
volume reduction. Therefore, it is important to study pollut-
ants changing with inflow to an LID facility under different 
design storm events. 

Findings on pollutant removal with LID measures in 
existing studies are not consistent; the reported pollutant 
removal rates range from high to low values, even increas-
ing pollutant concentrations after LID facilities treatment 
[15–18]. The inconsistent performances of LID measures on 
pollutant removal rate may be caused by different inflow 
processes, including inflow hydrograph and pollutant vari-
ation [19]. There is a growing attention paid to the effect of 
hydrological processes on water quality under different LID 
measures in recent years [20,21]; some studies examined the 
potential of improving flow condition of stormwater runoff 
in LID measures by replacing filling media, or increasing 
the depth of internal water storage layer to improve flow 
reduction and removal rate of different pollutants [22,23]. 
However, few studies have been conducted on the character-
istics of pollutants collected from stormwater runoff and the 
C–Q relationship in LID facilities. 

The C–Q relationship often exhibits a cyclical form 
known as hysteresis [24]. Hysteresis loops of different 
shapes with respect to total suspended solid, turbidity 
(TU) and total phosphorus during storm events have been 
reported in small catchment including headwater urban 
stream and agricultural drainage area [25–27]. The examina-
tion of hysteresis loops can provide information regarding 
the time-lags between discharge and pollutants. For C–Q 
relationship of clockwise hysteresis pattern, some research-
ers ascribed it to pollutant exhaustion, and showed first 
flush effect [28,29]. 

In order to study the C–Q relationship of inflow in LID 
facilities, this paper analyzed TP and TN concentration 
changes with storm processes based on a 4-year observa-
tion for a rain garden in Xi’an, China. The objectives of this 
research were to: 

•	 assess the characteristics of nitrogen and phosphorus 
with the stormwater discharge under different storm 
events

•	 quantify the first flush effect under different storm events 
and determine pollutant load of different runoff pro-
cesses, and

•	 examine the hysteresis feature of the relationships 
between concentrations of pollutants (TP and TN) 
and quantity of discharge rate (C–Q) in a rain garden 
inflow.

2. Materials and methods

2.1. Site description and data collection

As shown in Fig. 1, the experimental rain garden was 
located in Xi’an, China (E107.40~109.49°, N 33.42~34.45°). 
The mean annual precipitation of Xi’an was 554 mm, and 
60% of rainfall occurs in the rainy season between July 
and September. The rain garden collects stormwater run-
off from roof of a nearby building, and the catchment roof 
surface is waterproof with concrete and styrene block copo-
lymers [30]. The experimental device is an infiltrated rain 
garden. When ponding depth of the rain garden exceeds 
the design depth, the overflow occurs. Two V-notch weirs 
were installed at the inlet and outlet of the rain garden 
for inflow and outflow measurement. Water quality sam-
ples were collected behind the weirs during storm events, 
and water sampling intervals were adjusted according to 
rainfall intensity changes. Collected water samples were 
instantly taken to laboratory for analysis using national 
standard methods. 

2.2. Identification of the first flush effect

The definitions of first flush include concentration first 
flush and mass first flush. Concentration first flush refers 
to the concentrations of pollutants in the initial runoff that 
are significantly higher, while the mass first flush refers to 
cumulative transport rate of pollutant at the initial stage is 
greater than that of runoff volume. Geiger [31] defined a first 
flush phenomenon according to pollutant mass and runoff 
volume (M/V) as below: 
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V t

Q t C t dt Q t C t dt
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where M (t) is pollutant transport rate at time t, V(t) is 
storm runoff volume transport rate at time t, Q(t) is runoff 
flow rate at time t, C(t) is pollutant concentration of run-
off at time t, t is storm duration, and T is the total dura-
tion of a storm event. At the early stage of a rainfall event, 
when M(t)/V(t)  >  1, or curves slope  >  45°, the pollutant 
emission rate in the initial runoff is greater than that of the 
runoff discharge rate, which indicates the occurrence of 
first flush. 

Bertrand et al. [32] defined the first flush effect, when at 
least 80% of the pollutant mass is emitted in the first 30% 
of the runoff volume, or 50% pollutant mass with 25% run-
off volume, 40% pollutant mass with 20% runoff volume. 
Therefore, in this paper, we examined statistics for pollutant 
load carried by 20%, 30% and 50% runoff volume. 

2.3. Normalization of runoff discharge and pollutant 
concentration

For further study on the C–Q relationship, and to avoid 
the influence of absolute runoff discharge and pollutants 
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concentration, we used normalized value as expressed in the 
following equations:

Q i
Q i
Qn ( ) =
( )
max

	 (2)

C i
C i
Cn ( ) =
( )
max

	 (3)

where Qmax is the maximum runoff discharge and Cmax is the 
maximum pollutant concentration of a storm event, Q(i) and 
C(i) are the runoff discharge and pollutant concentration at 
time i, Qn(i) and Cn(i) are the normalized runoff discharge and 
pollutant concentration at time i. Rainfall intensity changes 
rapidly in storm event process, and inflow processes of 
rain gardens often present multi-peaks and short duration. 
Therefore, we divided single inflow process into two phases, 
including the initial 30 min and the remaining time except 
for initial 30  min. And then, according to plotting normal-
ized inflow discharges and pollutant concentrations for all 

storm events, statistical analysis was performed to examine 
the C–Q relationships. Accordingly, we determined whether 
there exists hysteresis effect in the C–Q relationships for a 
rain garden inflow as in the watershed scale. 

3. Results and discussion

3.1. Characteristics of nitrogen and phosphorus in 
stormwater runoff

During the 4-year monitoring period, we observed 28 
storm events, and 17 storm events had complete hydrolog-
ical and water quality monitoring data. Only five of them 
caused overflow from the rain garden. The overflow vol-
umes were generally small; there were no overflow occurred 
in 2011 and 2012, all inflow infiltrated in the rain garden; 
there was maximum three overflow events in 2013, but the 
runoff reduction rate was also as high as 96.8%. The overall 
flow reduction rate was up to 99.1% during the 4-year mon-
itoring period. At the same time, overflow process usually 
occurred in the middle and late period of storm event, and 
the concentrations of TP and TN were approximately equal 

Fig. 1. General location of study area and the experimental rain garden in Xi’an, China; the photo at bottom shows the rain garden 
after vegetation establishment.
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to the inflow concentrations. Combined with the inflow 
reduction, the load removal rate of TN and TP were more 
than 99%. 

The pollutants in stormwater runoff mainly come from 
two sources; the atmospheric deposition and wash-off from 
underlying surface of the catchment area. For all measured 
storm events, we calculated the maximum value, three-
quarter value, median value, quarter value, and minimum 
value for concentration distribution of TP and TN during 
monitoring period. Fig. 2 shows that most of the TP concen-
trations were less than 1.0 mg/L in all storm events, and the 
difference value of the five statistics values was relatively 
small. The mean value of TP concentration at five statistics 
values for all storm events ranged from 0.29 to 0.96 mg/L, 
and the standard deviation was 0.23  mg/L. On April 18, 
2014, TP concentration was much bigger than other storm 
event, the maximum concentration reached to 4.97  mg/L, 
and the median was 1.98  mg/L. The rainy season of the 
study area is from June to September, and most of the mon-
itored storm events were in this period. April 18 was in the 
non-rainy season, and climate is generally dry during this 
period. As shown in Table 1, for the event on April 18, 2014, 
antecedent dry days before the rainfall event was 7, and the 
largest rainfall intensity was 0.087 mm/min. For the storm 
event on July 28, 2013, when the highest rainfall intensity 
was 0.84 mm/min and the antecedent dry days was 6, the 
maximum TP concentration was 0.63 mg/L, and the median 
value was only 0.16 mg/L. In this heavy rainfall event, a rel-
atively low TP concentration was observed, indicating that 
rainfall pattern significantly affect pollutant load of storm-
water runoff. 

Generally speaking, higher rainfall intensity results in 
a greater motivation for washing off the pollutants from 
the underlying surface. The inflow of the experimental 
rain garden was concentrated from a building roof; atmo-
spheric deposition was the major contributor to pollutants 
in the stormwater runoff. The maximum and median TP 

concentrations were negatively correlated with maximum 
intensity of rainfall events; the correlation coefficients were 
–0.22 and –0.38. The maximum and median TP concentra-
tions were positively correlated with antecedent dry days 
before rainfall events, the correlation coefficients were 0.22 
and 0.25, and the correlation coefficients were not significant.

As shown in Fig. 3, the box plot of TN concentration 
distributions in each rainfall event was much scattered com-
pared with the TP distributions of stormwater runoff. The 
differences of the five statistics values were relatively bigger 
than TP concentration. The mean value of TN concentration 
at five statistics values ranged from 1.58 to 11.61 mg/L, and 
with the standard deviation of 3.55 mg/L. Similar to TP, the 
maximum TN concentration was observed on April 18, 2014; 
the maximum concentration of TN reached 38.92 mg/L, and 
the median value was 11.58  mg/L. This indicates that TN 
concentrations are affected by climatic condition that is dry 
and rainfall is scarce in spring. TP and TN concentrations 
changed consistently in each storm event; the correlation 
coefficient between the maximum concentrations of TN and 
TP was 0.72 for all monitoring events. However, the maxi-
mum and median TN concentrations were negatively cor-
related with maximum rainfall intensities, and positively 
correlated with antecedent dry days. This suggests that 
many factors affect concentrations of TP and TN of storm 
events; though high intensity rainfall may wash off more 
pollutants, the large amount of stormwater runoff produced 
by intensive rainfall may dilute the pollutants at the same 
time. Therefore, pollutant concentrations of stormwater are 
the combined results of wash off and dilution effects.

3.2. First flush effect of stormwater runoff

Based on the measured rain garden inflow hydro-
graphs, concentrations of TP and TN in water samples, we 
matched the inflow and pollutant processes under different 
storm events. During the monitoring period from 2011 to 
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Fig. 2. Distribution of TP in stormwater during the monitoring period.
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2014, 17 rainfall events were recorded with complete runoff 
hydrographs and the associated pollutant data. According 
to Eq. (1) in Section 2.2, rain garden inflow volume trans-
port rate and pollutant transport rate at different stages of 
each storm event were calculated. The cumulative inflow 
volume ratio and cumulative pollutant load ratio of every 
storm event are plotted in Fig. 4; the 1:1 line represents the 
cumulative runoff and pollutant emissions are uniform 
during the storm event process, which shows the equilib-
rium migration of runoff discharge and pollutant emission 
during the whole rainfall process. The 1:1 line can be used to 
determine whether the first flush occurred or not. When the 
initial of the plotted curve is above the 1:1 line, the pollutant 
emission rate of the initial runoff is greater than the runoff 
discharge rate, the first flush occur. Moreover, the further 
distance between the initial part of the curve and the 1:1 
line, the more obvious and strong of the first flush occurred. 
On the contrary, when the first half section of the curve is 
below the 1:1 line, the pollutant emission rate is less than the 
runoff discharge rate, and the first flush effect did not exist. 

According to the statistical analysis, TP and TN in 10 
rainfall events existed first flush simultaneously, which 
accounts for 58.8% of all rainfall events. Figs. 4a and b show 
two cumulative inflow volume and pollutant load curve on 
July 31, 2011 and April 18, 2014; these two rainfall events 
had first flush effect obviously. For the other seven rainfall 
events, the plotted curves of TP and TN were distributed 
on both sides of the 1:1 line, which means that one of TN 
and TP exists first flush effect, the other does not exist in a 
rainfall event. Figs. 4c and d show two cumulative inflow 
volume and pollutant load curve on August 4, 2011 and May 

23, 2014. 10 out of the 17 rainfall events had first flush effect 
for TP, which accounts for 70.6% of all monitoring rainfall 
events; 16 out of the 17 rainfall events had first flush effect 
for TN, which accounts for 94.1% of all monitoring rainfall 
events. The first flush effect of TN was greater than TP. The 
percentage of cumulative rain garden inflow volume and 
corresponding cumulative pollutant load of all storm events 
are plotted in Fig. 5.

Fig. 5a shows that for all 17 storm events, TP distributed 
around the 1:1 line; which illustrated that TP emission rate 
was relatively uniform with runoff discharge rate in the pro-
cess of rainfall. There were more sample points above the 
1:1 line, thus TP appeared weakly first flush. For all moni-
toring rainfall event, the maximum amount of TP carried in 
20% runoff reached 33.6%; the minimum value was 18.0%, 
and with the average value of 23.6%. The maximum amount 
of TP carried in 30% runoff was 43.0%; the minimum value 
was 24.9%, and with the average value of 33.4%. The corre-
sponding amounts of TP carried in 50% runoff were 59.5%, 
39.0% and 52.0% at maximum, minimum and average. 

Fig. 5b shows that the distribution of TN was more dis-
persed and far away from 1:1 line. The maximum amount 
of TN carried in 20% runoff reached 45.4%; the minimum 
value was 14.4%, and the average value was 29.3%. For 30% 
runoff, the maximum carrying TN load was 45.4%; the min-
imum value was 20.5%, and the average value was 39.7%. 
The corresponding amounts of TN carried in 50% runoff 
were 72.2%, 41.8% and 59.9% at maximum, minimum and 
average. Currently, LID design in many places around the 
world is based on the percentage of total volume. For exam-
ple, the sponge city construction of China, the total runoff 

Table 1
Rainfall conditions during the experimental period

Time Rainfall  
depth

Rainfall  
duration

Maximum rainfall  
intensity of 60 min

Recurrence  
interval

Antecedent  
dry days

(mm) (h) (mm/min) (y) (d)

5-Jul-11 24.8 14.1 0.09 0.24 2
21-Jul-11 15.8 4.3 0.24 0.73 8
29-Jul-11 13.2 17.0 0.10 0.25 8
31-Jul-11 24.2 16.0 0.08 0.20 1
4-Aug-11 5.6 5.3 0.03 0.08 3
4-Sep-11 15.6 13.1 0.06 0.15 10
7-Jul-12 5.1 14.6 0.03 0.08 3
19-Aug-12 27.0 9.5 0.08 0.21 4
28-May-13 36.4 4.0 0.23 0.67 1
17-Jul-13 15.6 18.0 0.04 0.09 1
28-Jul-13 35.2 3.0 0.53 4.84 6
8-Aug-13 10.2 6.9 0.10 0.26 6
18-Apr-14 20.1 11.0 0.09 0.22 7
23-May-14 12.9 6.1 0.07 0.17 3
4-Jun-14 9.1 5.0 0.05 0.14 10
22-Jul-14 44.6 2.5 0.51 4.18 9
30-Aug-14 33.6 9.0 0.12 0.32 17
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Fig. 3. Distribution of TN in the rain garden inflow during the monitoring period.
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Fig. 4. Cumulative inflow volume and its pollutant load during different storm events.
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volume control rate in different areas was clearly proposed. 
Compared with TP, TN has a more intense first flush effect. 
If an LID measure is designed to control a certain percent-
age of total pollutants, the proportion of TN required to 
control rainwater runoff is smaller than that of TP. Clearly 
understanding different proportion of runoff volume carry-
ing the ratio of different pollutant loads in different region 
helps to guide the engineering design, determine the rea-
sonable design scheme, and intercept the pollutant of the 
stormwater runoff at the source to the maximum extent.

3.3. Pollutant concentration discharge hysteresis property

Due to the rapid change of rainfall intensity in the event 
process, the runoff inflow process of rain garden often pres-
ents a multi-peak state. Peak and valley of runoff appear 
alternately and change quickly. Most of the peak duration 
are short, and sometimes the duration of the flood peak 
process is only a few minutes. Therefore it is impossible to 
divide the flow process into several single peak, and make 
statistical analysis study the C–Q relationship at their rising 

 

 
Fig. 5. Percentage of cumulative rain garden inflow and corresponding cumulative pollutant load of all storm events, (a) TP and (b) TN.
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and falling limb. In this paper, taking the 30th min of the 
storm event as the critical point, rainfall process was divided 
into the initial 30 min and other remaining time, and then 
studied the C–Q relationship of the two phases, respectively. 
Fig. 6 shows the hydrograph of the stormwater runoff, the 
changes of TP concentration, and the corresponding analysis 
of hysteresis characteristics on July 5, 2011.

The rainfall duration was 850 min on July 5, 2011, and this 
was a typical rainfall process in the study area with multi-
peak and long duration. For the storm event of July 5, 2011, 
the maximum rainfall intensity of 10 min was 0.16 mm/min, 
and corresponding antecedent dry days before rainfall event 
was 2 d. As shown in Fig. 6, on the whole, the TP concentra-
tion of stormwater runoff in the early stage was slightly big-
ger than that in the middle and late stage. But as the rainfall 
process goes on, TP concentration did not show a continuous 
decrease. On the contrary, TP concentration rose slightly at 
the end of rainfall process. There was no obvious correlation 
between TP concentration and runoff flow during the whole 
rainfall process. However, Aich et al. [26] investigated the 
suspended-sediment concentration (SSC) dynamics in 3.3 ha 
catchment; they found that SSC and discharge flow process 
had a very good correlation, and with the rainfall inten-
sity rising, runoff discharge increase, and the SSC enlarge. 
Lawler et al. [25] studied the turbidity dynamics with the 
storm event in urban headwater basin. They proposed an 
index to quantify the magnitude of hysteresis condition, and 
the index was quantified by determining the difference at 

concentration on the rising and falling limbs of the hydro-
graph using the midpoint river discharge. Researchers found 
a relatively good correlation between pollutants concentra-
tion and flows discharge in large watershed; but our study 
did not find such phenomenon. In order to further study the 
C–Q relationship in stormwater runoff, rainfall process was 
divided into two stages, including the initial 30  min (first 
stage) and other remaining time (second stage).

Fig. 6a shows that C–Q relationship of TP was disor-
derly at the whole rainfall process, and no obvious laws 
were found. Fig. 6b presents the C–Q relationship of the first 
stage, the C–Q relationship of the first stage emerged clock-
wise hysteresis pattern, and such clockwise hysteresis was 
commonly ascribed to pollutant exhaustion and first flush 
effect [26,28]. For the first stage of all monitoring rainfall 
events, we analyzed their C–Q relationships. Due to sudden 
rainfall, the initial rainfall water samples were not collected 
on July 29, 2011 and July 7, 2012. 6 out of the other 15 rain-
fall events C–Q relationship appeared clockwise as shown in 
Fig. 6b. The C–Q relationship at the second stage of rainfall 
process was disorderly shown as Fig. 6c. After statistics, the 
C–Q relationship of all monitoring rainfall events showed 
certain randomness at the second stage.

For the C–Q relationship of TP at the first stage, in 
addition to the clockwise pattern, Fig. 7 shows other three 
C–Q features, including quasi-line figure shown as Fig. 7a  
(on August 4, 2011), inverted U shape shown in Fig. 7b 
(July 17, 2013), and anti-clockwise shown in Fig. 7c (May 
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23, 2014). After C–Q relationship statistics, there were two 
storm events with quasi-line feature, two storm events with 
inverted U shape, and five storm events with anti-clockwise 
feature. 

Quasi-line: As shown in Fig. 7a, TP concentration was 
increasing with the enlargement of rainfall intensity; the TP 
concentration showed a quasi-linear increasing with runoff 
flow rate. The average rainfall intensity of the initial 30 min 
was 0.02 mm/min. The runoff flow rate was 42.13 mL/s at 
the very beginning, with the rainfall intensity enlargement, 
and the flow rate increased to 154.52  mL/s by the time of 
30 min. As the rainfall intensity enlargement, the TP wash-
off mass was increasing from the underlying surface, but 
the overall rainfall intensity was relatively small, which did 
not reach the threshold value of the maximum wash-off 
from the underlying surface. The wash-off effect of rainfall 
to underlay surface was greater than dilution effect for TP 
during the initial 30  min. However, for C–Q relationship, 
only two rainfall events present quasi-line, and there were 
not enough data to find the exact threshold value of rainfall 
intensity and wash-off. 

Inverted U shape: Compared with quasi-line feature, the 
inverted U type had a much smaller inflow rate in the first 
30 min, and the maximum flow appeared at the starting time, 
and the maximum flow rate in the first 30 min was only 0.14 
times of the maximum inflow rate in the whole rainfall pro-
cess. TP concentration increased quickly at the very begin-
ning stage, but with the rainfall intensity reduced, TP wash-
off mass decreased. Compared with TP wash-off reducing, 
runoff flow rate declined more apparently. In other words, 
the pollutants wash-off process lagged behind the flow pro-
cess, which resulted in TP concentration increasing. To the 
later, TP concentration decreased significantly. The rainfall 
intensity was too small to wash off the pollutant, and TP con-
centration decreased significantly. 

Anti-clockwise: Compared with the other features, the 
flow rate of anti-clockwise was much bigger in the first 
30 min. The initial flow was up to 1,585.46 mL/s, and the cor-
responding TP concentration was also the largest. Then, the 
flow rate decreased, and TP concentration reduced. When 
the flow rate increased again, TP concentration decreased 
significantly. In the later stage, the dilution effect of runoff 
was obviously greater than that of wash-off effect.

For most storm events, the C–Q characteristic of TN 
was similar to that of TP. Especially, the C–Q relationship of 

storm events presented clockwise or anti-clockwise, which 
showed the same characteristic exactly in TP and TN. But 
for the storm event at August 4, 2011, as shown in Fig. 8a, 
the plotting curve of C–Q relationship presented decreas-
ing trend quasi-line (the curve of TP was rising trend at 
August 4, 2011) At the very beginning of the storm event, 
the minimum inflow rate corresponds to the maximum TN 
concentration, and then, as the inflow rate increased, the TN 
concentration decreased. The decreasing trend quasi-line 
feature was resulted from the first flush effect and the later 
dilution. Compared with TP, another difference happened 
at July 17, 2013, as shown in Fig. 8b, the plotting curve of 
C–Q relationship was U shape (the curve of TP was inverted 
U shape). The reason for this difference was mainly for the 
difficult and easy level of each pollutant washing off, at the 
same time, combined the instantaneous change of inflow 
process, which made the C–Q relationship much more 
complexity. 

Based on the rapid changes in pollutants concentration 
at the initial 30 min of storm events, we made comprehen-
sive analysis of C–Q relationship for all monitoring rainfall 
events with different characteristics. The C–Q relationship 
curve in initial 30 min presented clockwise, anti-clockwise, 
quasi-line, and U shape patterns. Different C–Q relation-
ships are mainly affected by rainfall characteristics. The size 
of rainfall intensity and the distribution of rainfall intensity 
have comprehensive effects on pollutants washing off and 
dilution. After the first 30 min, for the limitation of pollut-
ant monitoring interval, C–Q relationship remains to be fur-
ther studied. Currently, LID design in many places around 
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Fig. 7. Analysis of TP hysteresis characteristics at the first stage, (a) August 4, 2011; (b) July 17, 2013; and (c) May 23, 2014.
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Fig. 8. Analysis of TN hysteresis characteristics at the first stage, 
(a) August 4, 2011 and (b) July 17, 2013.
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the world is based on the runoff control rate. In this paper, 
we combined with the C–Q relationship of different pollut-
ants, analyzed the first flush effect feature of different rainfall 
events, and determined the total amount of pollutant load 
carried by different proportion of storm runoff. The quantita-
tive correspondence between the stormwater runoff control 
rate and pollutants load retention is conducive to the design 
LID measures much more accurately. 

4. Conclusions

Based on a 4-year monitoring study on inflow rate and 
pollutant concentrations of stormwater runoff in a rain gar-
den, this paper presents a comprehensive analysis on the 
distribution of TP and TN concentrations and the characteris-
tics of flush effect in a rain garden, then study the stormwater 
C–Q relationship of all the monitoring storm events. The key 
findings of this paper were: 

•	 the concentrations of TP varied little in one storm event. 
The mean value of TP concentration at five statistics val-
ues for all storm events ranged from 0.29 to 0.96 mg/L, 
and the standard deviation was 0.23  mg/L; while the 
range of TN concentration was wider. The mean value 
of TN concentration at five statistics values ranged from 
1.58 to 11.61  mg/L, and with the standard deviation of 
3.55 mg/L.

•	 The first flush effect was more significant in TN than TP; 
10 out of the 17 rainfall events had first flush effect for 
TP, which accounted for 70.6% of all monitoring rain-
fall events; 16 out of the 17 rainfall events had first flush 
effect for TN, which accounted for 94.1% of all moni-
toring rainfall events. For all monitoring rainfall event, 
the first 20% runoff volume carried the pollutant load of 
23.6% for TP; the first 30% runoff carried 33.4%; and the 
50% runoff carried 52.0%. The corresponding carrying 
pollutant values for TN were 29.3%, 39.7%, and 59.9% in 
20%, 30% and 50% of first runoff volume, respectively. (3) 
The C–Q relationship curve in initial 30 min had some 
patterns, including clockwise, anti-clockwise, quasi-line, 
and U shape; most of them are clockwise (6 out of 15 
storm events), anti-clockwise (5 out of 15 storm events). 
The other remaining time of all monitoring rainfall events 
showed certain randomness. Most of the C–Q character-
istic of TN is similar to that of TP. 

The pollutant concentration characteristics of stormwater 
runoff are much more complex. For determining reasonable 
standard and design of LID practices to better control pol-
lution sources, understanding the characteristics of different 
pollutants with the rainfall processes is much more import-
ant. Finding from this research can provide the basis for for-
mulating reasonable standards in runoff volume reduction 
and pollutants of TP/TN control. 

Acknowledgements

Funding for this research was partially supported by the 
Natural Science Foundation of Jiangsu Province (Grant No. 
BK20170504) and the Priority Academic Program Develop
ment of Jiangsu Higher Education Institutions (PAPD). 

References
[1]	 M.M. Morsy, J.L. Goodall, F.M. Shatnawi, M.E. Meadows, 

Distributed stormwater controls for flood mitigation within 
urbanized watersheds: case study of Rocky Branch watershed 
in Columbia, South Carolina, J. Hydrol. Eng., 21 (2016) 
05016025.

[2]	 J.K. Li, A.P. Davis, A unified look at phosphorus treatment 
using bioretention, Water Res., 90 (2016) 141–155.

[3]	 Y.Y. Yang, G.S. Toor, Sources and mechanisms of nitrate and 
orthophosphate transport in urban stormwater runoff from 
residential catchments, Water Res., 121 (2017) 176–184.

[4]	 M.A. Paule-Mercado, B.Y. Lee, S.A. Memon, S.R. Umer, I. Salim, 
C.H. Lee, Influence of land development on stormwater runoff 
from a mixed land use and land cover catchment, Sci. Total 
Environ., 599–600 (2017) 2142–2155.

[5]	 A.P. Davis, R.G. Traver, W.F. Hunt, R. Lee, R.A. Brown, 
J.M. Olszewski, Hydrologic performance of bioretention storm-
water control measures, J. Hydrol. Eng., 17 (2011) 604–614.

[6]	 Y. Yang, T.F.M. Chui, Optimizing surface and contributing areas 
of bioretention cells for stormwater runoff quality and quantity 
management, J. Environ. Manage., 206 (2018) 1090–1103.

[7]	 J. Xia, H.P. Wang, R.L. Stanford, G.Y. Pan, S.L. Yu, Hydrologic 
and water quality performance of a laboratory scale bioretention 
unit, Front. Environ. Sci. Eng., 12 (2018) 14.

[8]	 H.K. Virahsawmy, M.J. Stewardson, G. Vietz, T.D. Fletcher, 
Factors that affect the hydraulic performance of raingardens: 
implications for design and maintenance, Water Sci. Technol., 
69 (2014) 982–988.

[9]	 L. Wang, J.H. Wei, Y.F. Huang, G.Q.Wang, I. Maqsood, Urban 
nonpoint source pollution buildup and washoff models for 
simulating storm runoff quality in the Los Angeles County, 
Environ. Pollut., 159 (2011) 1932–1940.

[10]	 M.F. Chow, Z. Yusop, Sizing first flush pollutant loading of 
stormwater runoff in tropical urban catchments, Environ. Earth 
Sci., 72 (2014) 4047–4058.

[11]	 M. Metadier, J.L. Bertrand-Krajewski, Pollutographs, con
centrations, loads and intra-event mass distributions of 
pollutants in urban wet weather discharges calculated from 
long term on line turbidity measurements, Water Res., 46 (2012) 
6836–6856.

[12]	 J.H. Lee, K.W. Bang, Characterization of urban stormwater 
runoff, Water Res., 34 (2000) 1773–1780.

[13]	 J.H. Lee, K.W. Bang, L.H. Ketchum, J.S. Choe, M.J. Yu, First 
flush analysis of urban storm runoff, Sci. Total Environ., 
293 (2002) 163–175.

[14]	 J.J. Sansalone, C.M. Cristina, First flush concepts for suspended 
and dissolved solids in small impervious watersheds, J. 
Environ. Eng., 130 (2004) 1301–1304.

[15]	 K.M. Koryto, W.F. Hunt, C. Arellano, J.L. Page, Performance 
of regenerative stormwater conveyance on the removal of 
dissolved pollutants: field scale simulation study, J. Environ. 
Eng., 144 (2018) 04018039. 

[16]	 C. Brown, A. Chu, B. Van Duin, C. Valeo, Characteristics of 
sediment removal in two types of permeable pavement, Water 
Qual. Res. J. Can., 44 (2009) 59–70.

[17]	 J. Ball, K. Rankin, The hydrological performance of a permeable 
pavement, Urban Water J., 7 (2010) 79–90.

[18]	 J. Huang, C. Valeo, J.X. He, A. Chu, Winter performance of 
inter-locking pavers-stormwater quantity and quality, Water, 
4 (2012) 995–1008.

[19]	 J. Huang, C. Valeo, J.X. He, A. Chu, The influence of design 
parameters on stormwater pollutant removal in permeable 
pavements, Water Air Soil Pollut., 4 (2016) 227–311.

[20]	 J.Y. Liu, A.P. Davis, Phosphorus speciation and treatment using 
enhanced phosphorus removal bioretention, Environ. Sci. 
Technol., 48 (2014) 607−614.

[21]	 M. Wang, D.Q. Zhang, J. Su, J.W. Dong, S.K. Tan, Assessing 
hydrological effects and performance of low impact 
development practices based on future scenarios modeling, 
J. Clean. Prod., 179 (2018) 12–23.

[22]	 P. Shrestha, S.E. Hurley, B.C. Wemple, Effects of different soil 
media, vegetation, and hydrologic treatments on nutrient and 



S. Tang et al. / Desalination and Water Treatment 180 (2020) 174–184184

sediment removal in roadside bioretention systems, Ecol. Eng., 
112 (2018) 116–131.

[23]	 R.A. Brown, W.F. Hunt, Impacts of media depth on effluent 
water quality and hydrologic performance of undersized 
bioretention cells, J. Irrig. Drain. Eng., 137 (2011) 132–143. 

[24]	 C. Evans, T.D. Davies, Causes of concentration/discharge 
hysteresis and its potential as a tool for analysis of episode 
hydrochemistry, Water Resour. Res., 34 (1998) 129–137.

[25]	 D.M. Lawler, G.E. Petts, I.D.L. Foster, S. Harper, Turbidity 
dynamics during spring storm events in an urban headwater 
river system: the Upper Tame, West Midlands, UK, Sci. Total 
Environ., 360 (2006) 109–126.

[26]	 V. Aich, A. Zimmermann, H. Elsenbeer, Quantification and 
interpretation of suspended-sediment discharge hysteresis 
patterns: how much data do we need?, Catena, 122 (2014) 
120–129. 

[27]	 C.E.M. Lloyd, J.E. Freer, P.J. Johnes, A.L. Collins, Using 
hysteresis analysis of high-resolution water quality monitoring 
data, including uncertainty, to infer controls on nutrient and 
sediment transfer in catchments, Sci. Total Environ., 543 (2016) 
388–404.

[28]	 C.E.M. Lloyd, J.E. Freer, P.J. Johnes, A.L. Collins, Testing an 
improved index for analysing storm discharge–concentration 
hysteresis, Hydrol. Earth Syst. Sci., 20 (2016) 625–632.

[29]	 M.Z. Bieroza, A.L. Heathwaite, Seasonal variation in phos
phorus concentration–discharge hysteresis inferred from high-
frequency in situ monitoring, J. Hydrol., 524 (2015) 333–347. 

[30]	 S.C. Tang, W. Luo, Z.H. Jia, W.L. Liu, S. Li, Y. Wu, Evaluating 
retention capacity of infiltration rain gardens and their 
potential effect on urban stormwater management in the sub-
humid loess region of China, Water Resour. Manage., 30 (2016) 
983–1000.

[31]	 W.F. Geiger, Flushing Effects in Combined Sewer Systems, 
Proc. 4th International Conference on Urban Storm Drainage, 
Lausanne, Switzerland, 1987, pp. 40–46.

[32]	 J.L. Bertrand, G. Chebbo, A. Saget, Distribution of pollutant 
mass vs volume in stormwater discharges and the first flush 
phenomenon, Water Res., 32 (1998) 2341–2356.


	OLE_LINK38
	OLE_LINK39
	OLE_LINK44
	OLE_LINK45
	OLE_LINK34
	OLE_LINK35
	OLE_LINK36
	OLE_LINK37
	OLE_LINK40
	OLE_LINK41
	OLE_LINK42
	OLE_LINK43
	OLE_LINK46
	OLE_LINK47
	OLE_LINK29
	OLE_LINK9
	OLE_LINK10
	OLE_LINK7
	OLE_LINK8
	OLE_LINK4
	OLE_LINK11
	OLE_LINK5
	OLE_LINK6
	OLE_LINK3
	OLE_LINK18
	OLE_LINK21
	OLE_LINK22
	OLE_LINK12
	OLE_LINK13
	OLE_LINK16
	OLE_LINK17
	OLE_LINK26
	OLE_LINK28
	OLE_LINK14
	OLE_LINK15
	OLE_LINK19
	OLE_LINK20
	OLE_LINK48
	OLE_LINK49
	OLE_LINK23
	OLE_LINK24
	OLE_LINK25

