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Abstract
This study focused on the effects of external conditions on the performance of grass swales installed to improve
stormwater runoff quality. Four grass swales in Beijing and Shenzhen with different underlying surface characteristics, antecedent dry weather period (ADWP), transport within the grass swales, and rainfall
characteristics, were compared during 16 rainfall events in Beijing and six in Shenzhen, and were evaluated
over two years. The results revealed that the impervious fraction of the catchment’s surface below the swales
inﬂuenced inlet pollutant concentrations, resulting in variations in their efﬁciency. ADWP, transport within the
swales, and rainfall characteristics all had important effects on their efﬁciency in removing pollutants. With
high pollution loads, long ADWP, and concentrated inﬂuent, the swales reduced pollutant concentrations signiﬁcantly, particularly suspended solids.
Key words: antecedent dry weather period (ADWP), grass swale, pollutant removal efﬁciency, rainfall
characteristics, surface characteristics

INTRODUCTION
Urban stormwater problems have become increasingly complicated as urbanization has modiﬁed the
hydrologic cycle. Conventional stormwater management, which relies on rapid drainage, cannot
reduce runoff volume or pollution effectively. Many new stormwater management techniques have
therefore been developed worldwide, and low impact development (LID) has been recommended
as an innovative solution for stormwater management (Baek et al. 2015; Hu et al. 2017; Montalto
et al. 2007; Palhegyi 2010). The use of grass swales is an LID practice applied widely to reduce
runoff volumes and the impact of non-point source pollution from stormwater runoff on the environment. Grass swales have increasingly been used to provide primary treatment for road runoff and
been integrated into existing project retroﬁts, and represent a simple, aesthetically pleasing technique
for conveying runoff along a linear system (Davis et al. 2012; Leroy et al. 2016; Li et al. 2016).
Grass swales are shallow, grass-lined, typically ﬂat-bottomed channels that produce positive results
in stormwater runoff improvement by ﬁltration, inﬁltration, and biological processes (Li et al. 2016).
Several studies have shown that they can remove suspended solids (SS) successfully. However,
intense rainfall with the potential to re-suspend settled particles can increase SS concentrations in
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the discharge from grass swales. Investigations of the effects of grass swales on total phosphorus (TP)
and nitrogen (TN) show that pollutant removal efﬁciency can be inﬂuenced by both the vegetation
and its fertilization, which can increase nutrient loads in grass swale efﬂuent while decreasing the pollutant removal efﬁciency (Li et al. 2016; Line et al. 2008; Luell et al. 2011; Stagge et al. 2012).
The effectiveness of grass swales depends on many factors, including design parameters (longitudinal slope, side slope, and length), underlying surface characteristics, antecedent dry weather period
(ADWP), and rainfall characteristics (rainfall duration and intensity, and total rainfall depth). Of
these, ADWP is key in determining grass swale inﬁltration capacity and the pollutants deposited
on the underlying surface. Rainfall characteristics are directly associated with the efﬁciency of washing pollutants from the underlying surface and variations in the discharge from grass swales. The
underlying surface characteristics, the manner that runoff ﬂows into the swales, and the transport
of runoff within them, can all create different pollutant loads and pollutant removal efﬁciencies
that affect receiving waterways and water bodies. Accordingly, the effects must be studied of all
four factors on pollutant concentrations in grass swale outlets and overall removal efﬁciency.
Previous studies have shown that the underlying surface characteristics are one of the most important factors inﬂuencing urban stormwater quality (Gunawardena et al. 2010; Liu et al. 2012; Liu et al.
2014), and inﬂuence pollutant removal efﬁciency by grass swales. The underlying surface characteristics’ primary impact is on the surface pollutant loads washed off by the runoff. Some studies have
indicated that increasing the pervious fraction of grass swale catchment can reduce pollutant concentrations, while enhancing the efﬁciency of pollutant removal by grass swales (Charlesworth et al.
2012; Bouchard et al. 2013; Leroy et al. 2017). Liu et al. (2013) demonstrated that different underlying
surface characteristics led to different pollutant removal efﬁciencies, and also reported lower removal
efﬁciency for TSS in residential areas than industrial areas.
The duration of an ADWP is unpredictable and varies naturally between storm events. It is another
important factor inﬂuencing grass swale efﬁciency in pollutant removal. ADWPs can inﬂuence the
grass swale topsoil’s runoff holding capacity so that pollutant removal efﬁciency differs between
long and short ADWPs (Stovin 2010). With longer ADWPs, grass swale inﬂuent pollutant concentrations are higher, resulting in greater pollutant removal efﬁciency (Tiefenthaler et al. 2003; Bian
2009). However, the relationship is not always obvious (Li et al. 2007).
The manners by which runoff ﬂows into and is transported within grass swales may inﬂuence
pollutant removal efﬁciency. The pollutant concentration in stormwater runoff transported into
swales can be affected by the presence and degree of longitudinal and side slopes, and the length
of grass. Some studies have shown that long swales with gradual slopes remove pollutants more effectively due to the increased time available for settling and the greater number of inﬁltration sites
(Storey et al. 2009; Hood et al. 2013).
Rainfall characteristics can also inﬂuence pollutant removal efﬁciency. Shaw et al. (2010) noted
that, in relatively low intensity rainfall events, only a fraction of the pollutants will be removed as
stormwater runoff moves through a grass swale. In the initial phase of rainfall, pollutant removal is
closely related to rainfall depth and duration, whereas, in later phases, it is inﬂuenced primarily by
rainfall intensity (Alias et al. 2014). The ﬁrst ﬂush can signiﬁcantly inﬂuence pollutant removal
efﬁciency (Bach et al. 2010).
Although the effects of the ﬁrst ﬂush and design parameters on grass swale performance in improving runoff quality have been widely demonstrated, only a few studies have considered the effects of the
underlying surface characteristics, ADWP, the manner that runoff enters and is transported within the
swales, and rainfall characteristics, on the efﬁciency of pollutant removal in residential areas and
parks. Moreover, although grass swale performance has previously been studied in China, few studies
have focused on the inﬂuence of these conditions on pollutant removal efﬁciency. This study was
designed to evaluate the efﬁciency of pollutant removal by grass swales in Beijing and Shenzhen,
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China, while considering the inﬂuences of underlying surface characteristics, ADWP, the ways in
which runoff enters and is transported within grass swales, and rainfall characteristics.

MATERIALS AND METHODS
Study sites

Four grass swales in two areas of Beijing and Shenzhen, China were investigated. The ﬁrst is in the
Oriental Sun City Swale (OS), Beijing, which receives most of its runoff from residential roadways.
It has greenbelt on both sides and is in the northeastern section of a residential building district.
The other three swales, designated NS-a, NS-b and NS-c, are in New District Park, Guangming
New District, Shenzhen, Guangdong. They receive runoff from comparable roadway areas.
Residential land use in Oriental Sun City comprises townhouses, roads, roofs, driveways, and greenbelt, with gentle slopes and pervious areas near the grass swales. The road surfaces are relatively ﬂat
and trafﬁc volumes are relatively high.
Land use in New District Park consists of roads, hills and greenbelt, with the roads and hills corresponding to the grass swales. Trafﬁc volumes are high and the road surfaces relatively steep. The swale
parameters are given in Table 1.
Table 1 | Grass swale parameters
Grass swales

Length (m)

Top width (m)

Bottom width (m)

Depth (m)

Catchment area (m2)

Side slopes

Longitudinal slope (%)

OS

69

1.30

0.25

0.30

384

1:2

0.5

NS-a

51

1.14

0.30

0.32

230

1:1.3

0.2

NS-b

67

1.11

0.30

0.30

256

1:1.3

0.4

NS-c

44

1.00–1.20

0.25–0.30

0.34

310

1:1

0.2

Beijing is in northern China, with a mean annual precipitation of 600 mm and mean annual evaporation exceeding 1,600 mm. About 75% of the rainfall occurs from June to August. However,
Shenzhen is in southern China with a mean annual precipitation of 1,933 mm and evaporation of
1,614 mm. The majority of Shenzhen’s precipitation falls from April to September.
All grass swales were planted with tall fescue, and the topsoil used in the swales was classiﬁed as
sandy loam and clay loam in the Beijing and Shenzhen areas, respectively.
Sampling protocol and analytical methodology

Sampling at OS was conducted between June 2012 and October 2013, and 16 rainfall events were
monitored. The NS sites were monitored from June to September 2012, when six rainfall events
occurred. Of the 16 events in Beijing, four produced a measurable discharge from OS, the water
from the other events was completely captured by the swales. Details of the rainfall events and
selected parameters for all grass swales are summarized in Table 2.
Rainfall data for Shenzhen and Beijing were recorded using a WatchDog 1120 (Spectrum Technologies, Aurora, IL, USA) and a HOBO Data Logging Rain Gauge (0.2 mm) (Onset, Bourne, MA, USA),
respectively. Runoff samples from OS and NS-c were collected at the grass swale inlets and outlets,
and at the mid-point of the grass swales for the other sites. Sample collection was manual using
500 mL bottles, with a sequence of 3, 5, 10, 15, 20, 30, and then 60 minutes. There were approximately
14 samples from each swale for each rainfall event, and TSS, chemical oxygen demand (COD), TP,
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Table 2 | Event characteristics
Location

Date

Rainfall Duration (min)

Total Rainfall Depth (mm)

Maximum Rainfall Intensity (mm/min)

ADWP (days)

OS

21/7/2012
2/9/2012
28/6/2013
4/9/2013

797
574
104
135

223.0
43.6
16.0
17.8

12.0
0.5
1.3
1.1

1
1
3
7

NS-a

17/6/2012
6/8/2012

42
44

4.4
20.9

0.4
1.3

0
0

NS-b

21/6/2012
5/8/2012
6/8/2012

389
41
44

70.4
5.4
20.9

5.4
0.3
1.3

2
1
0

NS-c

30/6/2012
21/7/2012
25/7/2012

43
131
665

10.6
10.4
65.6

1.2
1.8
0.4

3
1
0

and TN, were determined. Laboratory analyses were conducted according to the Chinese Standard
Methods (Table 3).

Table 3 | Analytical methods for determination of pollutant concentrations
Parameter

Standard Methods

Detection limit (mg/L)

TSS

Gravimetric method (GB 11901—89)

—

COD

Fast digestion-spectrophotometric method (HJ/T 399—2007)

15–1,000

TP

Ammonium molybdate spectrophotometric method (GB 11893—89)

0.01–0.6

TN

Alkaline potassium persulfate digestion UV spectrophotometric method (HJ 636—2012)

0.05

Study method

Because it was difﬁcult to measure the ﬂow rate through a grass swale, the pollutant load could not be
calculated. Pollutant removal efﬁciency was calculated, therefore, based only on pollutant concentrations, and was deﬁned as (inlet concentration  outlet concentration)/inlet concentration. It did
not reﬂect the pollutant load removal rate and can only be used as a guide.

RESULTS AND DISCUSSION
Inﬂuence of underlying surface characteristics

The variability of TSS, COD, TP, and TN concentrations with rainfall duration for OS was evaluated
(Figure 1). Most TSS, COD, and TN concentrations in the OS outlet were lower than those from
nearby roads and roofs, but the TP concentrations were higher, regardless of rainfall duration
(Figure 1(c)). The inﬂuent at this swale came from nearby roads and roofs. The swales were shown
to have some removal efﬁciency for TSS, COD, and TN, but were less effective removing TP. The
higher TP concentrations at the OS outlet could be due to the treatment mechanisms, which include
sedimentation, adsorption, and interception by the underlying soil. When TP concentrations in the
swale runoff were low or the underlying soil was TP-saturated, adsorbed phosphorus could be
released from the underlying soil, increasing its concentration in the swale runoff. Leroy et al.
(2016) also presented evidence that swales did not remove TP efﬁciently from highway runoff.
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Figure 1 | Differences in underlying surface pollutant concentrations at OS with varying rainfall durations (a) TSS, (b) COD,
(c) TP, and (d) TN.

The pollutant concentrations at the OS and NS-c inlets and outlets are shown in Figure 2. To investigate the inﬂuence of underlying surface characteristics on the pollutant removal efﬁciency of grass
swales, samples with similar ADWP and rainfall depth were analyzed. As shown in Figure 2, the NS-c
inlet and outlet concentrations generally exceeded those at OS, but NS-c removal efﬁciency was lower
than OS. The OS catchment has a relatively low impervious fraction (84.2%) that at NS-c is higher
(96.2%). The pollutant removal efﬁciency of the grass swales seems to decrease as the impervious surface fraction increases, which differs from the conclusions of other studies (Winston et al. 2010;
Winston et al. 2011). However, it should be noted that the two rainfall events used for analysis
have different rainfall durations. Rainfall duration may affect the pollutant removal efﬁciency of
the grass swales as well as the impervious surface fraction, which may lead to deviations in monitoring results. During the monitoring period, there were no rainfall events with similar rainfall depth,
rainfall duration and ADWP in Beijing and Shenzhen. Therefore, in Section 3.4 of this paper, there
is an analysis of the impact of rainfall duration on the pollutant removal efﬁciency of grass swales.
Unlike the other pollutants, the removal efﬁciencies of TP and TN were less obviously inﬂuenced
by differences in the impervious fraction around the grass swales (Figure 2(c) and 2(d)).
ADWP inﬂuence

Runoff pollutant concentrations at the OS inlet and outlet are plotted against time for four events in
Figure 3. The TSS and COD concentrations follow similar trends following a relatively long ADWP.
When the ADWP was from three to seven days, the TSS and COD concentrations decreased with the
increased rainfall duration, but TP and TN were relatively stable. When the ADWP was one day, there
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Figure 2 | Grass swale inlet and outlet pollutant concentrations at OS and NS-c (a) TSS, (b) COD, (c) TP, and (d) TN.

was no obvious COD or TSS concentration trend. ADWPs of seven, three, one and one day(s)
occurred at OS on September 4, 2013, June 28, 2013, July 21, 2012, and September 2, 2012, respectively, and the grass swale inﬂuent TSS concentrations were about 500, 300, 30, and 20 mg/L. Lower
concentrations were found for ADWPs of less than 1 day. Higher TSS and COD concentrations were
found in the grass swale inlet after the relatively long ADWPs of September 4, 2013 and June 28, 2013,
particularly in the initial rainfall phase, which led to higher pollutant removal efﬁciency.
The observations described above show that TSS removal efﬁciency fell as the ADWP decreased.
Bäckström (2002, 2003) showed that rainfall events with long ADWP could generate grass swale inﬂuent TSS concentrations exceeding 100 mg/L with TSS removal efﬁciencies over 50%. When inﬂuent
TSS concentrations at OS were below 40 mg/L, pollutant concentrations increased after the stormwater moved through the grass swale, resulting in increased efﬂuent pollutant concentrations and
decreasing pollutant removal efﬁciency. In Figures 2(a) and 4(c) the inﬂuent TSS concentrations at
NS-c were 147 and 8 mg/L following ADWPs of one and zero days, respectively. Efﬂuent concentrations following the two rainfall events were generally high. The pollutant removal efﬁciency of
the swales following a one-day ADWP was higher than when the ADWP was zero. This is in agreement with previous studies, which also indicated that ADWP length could inﬂuence pollutant
removal (Miguntanna et al. 2013). This can be attributed to longer ADWPs generating higher pollutant accumulations on the catchment’s underlying surface, and raising pollutant concentrations in the
grass swale inﬂuent. Moreover, Abuzreig et al. (2003) indicated that an important factor inﬂuencing
the efﬁciency of pollutant removal by grass swales is the vegetation and inﬁltration into underlying
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Figure 3 | Grass swale pollutant concentrations for four rainfall events at OS. (a), (c), (e) and (g) show TSS and COD; (b), (d), (f)
and (h) TP and TN.
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Figure 4 | Grass swale runoff pollutant concentration at NS-c inlet and outlet for rainfall events on July 21 and 25, 2012. (a) and
(c) SS and COD, and (b) and (d) TP and TN.

soils. As ADWP gets longer, the removal efﬁciency of TSS, COD and TP increases. However, TN
showed a strong ﬂuctuation trend. The reason for the increase in removal efﬁciency of TSS, COD
and TP was the increase in soil inﬁltration, water retention, and adsorption and interception
capacities with the increase of ADWP. As for TN, although adsorption and interception by the soil
still affected nitrogen. Total nitrogen includes various proteins as well as inorganic nitrogen – e.g.,

þ
NO
3 , NO2 and NH4 . Its cycle is complicated and these four rainfall events cannot be used for regularity analysis. In addition to the rainfall characteristics, soil type also affects the TN concentration in
the efﬂuent, so the relationship of the change in TN with ADWP is not obvious.
Comparing the rainfall events on June 28, 2013 and September 2, 2012 at OS, with those of July 21 and
25, 2012 at NS-c, shows that TSS removal efﬁciency at OS was higher than at NS-c. TSS removal efﬁciency
differences following similar ADWPs may be caused by the different grass swale topsoil conditions in
Beijing and Shenzhen. Sorption by topsoil could be the most signiﬁcant mechanism for removing
particulates from urban stormwater runoff (Borst et al. 2008). The soil moisture in Beijing was relatively
lower than that in Shenzhen, so that at OS has higher water holding capacity and TSS removal efﬁciency.
Inﬂuence of runoff entry and transport within grass swales

The manner of stormwater entry to grass swales inﬂuences pollutant removal efﬁciency. At OS, runoff
enters as a concentrated inﬂuent, while at NS-c it enters along the length of the swale. During rainfall,
all runoff at OS travels the full length of the swale. The runoff route length at NS-c varies, however,
with some runoff traveling only a short distance, with little interaction with the swale system. As a
result, pollutants cannot be removed efﬁciently at NS-c. This is clear in Figures 3(a), 3(b), 3(g) and
3(h) and 4(a)–4(d), which show that removal efﬁciency at OS was higher than at NS-c, particularly
for TSS and COD.
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The longitudinal and side slopes of grass swales also inﬂuence pollutant removal efﬁciency. The pollution concentration changes with the timing of rainfall events at NS-a, NS-b, NS-c and OS are shown
in Figures 5–8, respectively. TSS concentrations were lower at NS-b than NS-a or NS-c (Figures 5(a)
and 6(a)), but this was not true for other pollutants. This may be attributable to the runoff depths in the
grass swales, as NS-b has steeper longitudinal slopes than NS-a and NS-c. However, as shown in
Figure 6(b) and Table 1, NS-b has a gentler side slope but steeper longitudinal slope than NS-a, so,
runoff depth in NS-a is shallower than in NS-b. For the August 6, 2012 events, the TSS removal efﬁciency of NS-a was higher than NS-b because shallow runoff in grass swales improves pollutant
removal efﬁciency. Pitt et al. (2008) presented percentage reductions for TSS data relating to three
experimental ﬂow depths and conﬁrmed that ﬂow depth is one of the most important factors affecting
sediment capture. The TSS removal mechanisms of grass swales include sedimentation and ﬁltration
within the grass layer (Stagge et al. 2012). Shallow runoff can result in more TSS sedimentation and
ﬁltration than deep runoff.

Figure 5 | Grass swale runoff pollutant concentrations for the rainfall event on August 6, 2012. (a) SS and COD at the NS-a and
NS-b inlets and outlets, and (b) TP and TP.

Figure 6 | Grass swale runoff pollutant concentrations at NS-b and NS-c for the rainfall events on June 21 and 30, 2012. (a) The
SS, COD, TP, and TN for the NS-c inlets and outlets, and (b) SS and COD for the NS-b inlets and outlets.

Inﬂuence of rainfall characteristics

Whether there was a ﬁrst ﬂush can inﬂuence pollutant removal efﬁciency. TSS concentrations at OS
on September 4, 2013 and at NS-b on June 21, 2012 are shown in Figures 3(c) and 6(b). TSS concentrations were very high when it began raining. This agreed well with observations in previous studies,
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Figure 7 | Grass swale runoff pollutant concentration at NS-a for the rainfall event on June 17, 2012.

Figure 8 | Observed pollutant concentrations from 0 to 60 m along the OS inlet during the event on September 4, 2013 (a) 0 m,
(b) 10 m, (c) 20 m, (d) 30 m, (e) 40 m, and (f) 60 m.
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in which successful removal of SS occurred during the ﬁrst ﬂush, particularly following a long ADWP
(Davis et al. 2012; Graceson et al. 2013). As noted, all variables (ﬁrst ﬂush, and rainfall duration and
intensity) were found to be signiﬁcant factors inﬂuencing pollutant removal efﬁciency by grass swales,
and it is generally agreed that SS removal by grass swales is attributable to the initial capture of large
amounts during the ﬁrst ﬂush, resulting in peak concentrations at the beginning of rainfall events
(Fenner 1999; Lee et al. 2002; Sansalone & Cristina 2004; Bach et al. 2010).
The timing of the peak rainfall intensity inﬂuenced pollutant removal efﬁciency. During the event
on August 6, 2012, the highest SS and TN concentrations were 106 and 4.23 mg/L, respectively, at
NS-a (Figure 5(a) and 5(b)). In contrast, at the same location on June 17, the highest SS and TN concentrations were 18 and 1.1 mg/L, respectively (Figure 7). Clearly, pollutant removal efﬁciency on
June 17, 2012 exceeded that on August 6, 2012. This arose because the relatively higher peak rainfall
intensity on June 17 resulted in more pollution being transported (Kleinman et al. 2006). The events
on June 28, 2013 and July 25, 2012 each had one peak. For these, the earlier the peak intensity arrived,
the higher the pollution removal efﬁciency of the grass swale (Figures 3(a) and 3(b), and 4(c) and (d)).
The rainfall events on September 4, 2013 and July 21, 2012 both had two peaks. For these, although
the ﬁrst rainfall peak inﬂuenced pollutant removal efﬁciency, the second peak had a stronger inﬂuence; pollutant removal efﬁciency was higher when the second rainfall peak arrived earlier. A
shorter time between the peaks also increased pollution removal efﬁciency (Figure 3(c)–3(f)).
For rainfall events with similar intensities and total rainfall depths, the longer the duration, the
higher the efﬁciency of pollutant removal by grass swales. As shown in Figures 3(c) and 5(a), the rainfall events on September 4, 2013 at OS and August 6, 2012 at NS-b had similar intensities and rainfall
depths. The pollutant wash-off was higher at OS than at NS-b. This indicates that longer rainfall duration gave increased time during which pollutants could be washed-off, resulting in the removal of
more pollutants at OS on September 4, 2013. However, the removal efﬁciency at NS-c on July 25,
2012 differed little from that on July 21, 2012, despite the longer rainfall duration – Figure 4. This indicates that in addition to rainfall duration, factors such as rainfall depth and rainfall intensity also
affect pollutant removal efﬁciency. The pollutant removal efﬁciency of grass swales is affected not
only by the single external factor of rainfall duration but also other rainfall characteristics such as rainfall depth, rainfall intensity and ADWP. Liu et al. (2013) also reported that the inﬂuence of rainfall
duration on pollutant removal during low-intensity events was minimal.

CONCLUSIONS
The inﬂuence of the underlying surface characteristics, ADWP, runoff entry into and transport within
grass swales, and rainfall characteristics on grass swale performance and stormwater runoff quality in
Beijing and Shenzhen, was investigated. It was concluded that:
(1) The grass swale pollutant removal efﬁciency varies signiﬁcantly with the proportion of the underlying surface that is impervious. A higher proportion of impervious surface leads to higher
pollutant removal efﬁciency.
(2) ADWP can affect soil inﬁltration capacity and the inﬂuent pollutant load. Grass swales had better
pollutant removal efﬁciency after longer ADWPs.
(3) Pollutants can be removed effectively during transport through grass swales. Issues affecting this
include variations in swale length and slope, and how runoff enters the swale. Shallow runoff
depths in grass swales lead to higher pollutant removal efﬁciency, as does longer swale length.
Pollutant removal efﬁciency is also higher for concentrated inﬂuent at the end of the swale
rather than when runoff enters along the swale’s length.
(4) Pollutant removal efﬁciency by grass swales varies with rainfall characteristics, including ﬁrst
ﬂush, the timing of peak rainfall intensity and rainfall duration. Higher pollutant removal
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efﬁciency was associated with earlier second intensity peaks, as was longer rainfall duration,
unless intensity was low.
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