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Increasing interest in urban drainage green infrastructure brings attention to grass swales and filter strips
(GS&GFS) and their role in stormwater management. While the understanding of the hydrology and hydraulics
of these stormwater control measures is adequate for current needs, there are knowledge gaps in understanding
thewater quality processes inGS&GFS and such a findingmotivatedpreparation of the reviewpaper that follows.
The review revealed that most of the empirical studies of GS&GFS flow quality focused on the removal of pollut-
ants associated with road runoff, and particularly solids, with relatively few studies addressing nutrients, traffic
associated hydrocarbons, oxygen demanding substances, chloride, and faecal indicator bacteria. The reported re-
sults suffer from limitations caused by experimental conditions often representing a steady flow used to irrigate
GS&GFS and generate runoff, non-submerged flows, no lateral inflows along swale side slopes, constant dosing of
solids, emphasis on larger-than-typical solids, incomplete descriptions of experimental conditions, and limited
attention to experimental uncertainties. Besides settling, other treatment processes, like adsorption/desorption,
plant uptake, chemical precipitation andmicrobial degradation are often acknowledged, but without attempting
to quantify their effects on flow quality. The modelling of GS&GFS flow quality would be beneficial for an im-
proved understanding of green urban drainage infrastructure, but currently it is infeasible without a better
knowledge of stormwater quality processes in GS&GFS facilities.
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1. Introduction

Progressing urbanisation contributes to (i) continuing expansion of
impervious surfaces, such as rooftops, streets, sidewalks and parking
lots, (ii) soil compaction, and (iii) intensification of land use activities,
and thereby causes increased runoff flows and volumes, and increased
exports of water, sediment and pollutants from urban catchments
(Marsalek et al., 1993). The consequences of such changes include in-
creased risks of flooding and impairment of water quality. Management
actions are applied in the form of regulatory tools (e.g. Directive 2008/
105/EC, 2008) to mitigate urbanisation impacts by promulgating
needs for flood protection and environmental protection objectives of
reaching the good quality status of the receiving waters and groundwa-
ter. Mitigation actions include integrated controls of stormwater runoff
quantity and quality by adopting such stormwater management ap-
proaches as low impact development (LID), sustainable urban drainage
systems (SuDS), and green infrastructure (GI) (Fletcher et al., 2015).
These approaches not only support water sensitive planning and source
controls, but also encompass structural control measures, amongwhich
grass swales (GS) and grass filter strips (GFS) continue to attract atten-
tion of environmental planners and drainage designers for a number of
reasons: GS&GSFmimic natural features of catchments before urbanisa-
tionby conveying and infiltrating surface runoff, and enhancing its qual-
ity by physical, chemical and biological processes (Schueler, 1987). In
regions with seasonal snowfall, GS also serve to store urban snow re-
moved during winter road maintenance (Viklander et al., 2003).

The terminology applied in the literature to grass swales somewhat
varies; in a recent review paper, Woods-Ballard et al. (2015) and Revitt
et al. (2017) recognized three types of grass drainage swales:
(i) standard swales, (ii) dry swales, and (iii) swales with check–
berms. Standard grass swales are shallow vegetated open channels
that convey runoff and allow its infiltration into permeable soils
(Revitt et al., 2017). Dry swales have similar features, but in addition,
their bottom is designed as a filter bed made of specially prepared
(engineered) soils and an under–drain pipe enhancing infiltration and
drainage (Revitt et al., 2017). Finally, swale channel infiltration can be
enhanced by inserting check–berms at regular intervals (Davis et al.,
2012). Depending on the type of drainage patterns, swales receive lon-
gitudinal inflows from the upstream sources (Bäckström et al., 2006)
and lateral inflows over the swale channel side slopes (Fig. 1). Further-
more, lateral inflows may be pre–treated by grass filter strips receiving
overland (sheet) drainage flow (Schueler, 1987).

The previous research on GS&GFS evolved in three stages, starting
with studies of swale hydraulics andhydrology, followedby experimen-
tal studies of stormwater quality enhancement in swales, and the
modelling of swale flowquality. Studies of swale hydraulics and hydrol-
ogy addressed the water balance of swale flow (Wanielista and Yousef,
1993), in which infiltration into swale soils is the most influential pro-
cess dissipating up to 100% of the inflow, and the residual surface flow
is routed through a grass swale channel with or without check–berms
(Davis et al., 2012). A good working knowledge of swale flow genera-
tion and routing was developed and applied in practical design by
means of swale flow calculators or models (Carpena and Parsons,
2014). However, in recent decades, the requirements on urban drainage
swales have been increasing, withmore emphasis on swale flow quality
(Hunt et al., 2006) and the enhancement of such quality by specially de-
signed swales (also sometimes referred to as “water quality swales”,
Hunt et al., 2006).

Designs of water-quality swales are based on numerous studies of
swale flow quality reported during the past 30 years (e.g., Yousef
et al., 1987; Bäckström, 2002; Stagge et al., 2012; Lucke et al., 2014;
Leroy et al., 2016). Two types of stormwater treatment occurring in
swales are recognized: (i) Pollutant immobilization–removal due to in-
filtration into swale soils (e.g., Tedoldi et al., 2016), and (ii) Pollutant
immobilization–removal resulting from runoff passage through the
swale along the soil/grass–water interface (Stagge et al., 2012). Urban
grass–soil systems are of strong interest in stormwater management,
because they provide a link between impervious surfaces and receiving
environments (groundwater and surfacewaters), and create opportuni-
ties for implementing environmental protection.

Finally, during the last 15–20 years, besides reporting on swale field
data, a number of researchers modelled the stormwater quality
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Fig. 1. Grass swale (GS) and pre–treatment grass filter strip (GFS) under usual operating conditions in urban catchments.
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enhancement in GS&GFS (Deletic, 2000; Deletic and Fletcher, 2006;
Winston et al., 2017), most frequently by addressing transport of
suspended sediment (Deletic, 2000) and less frequently, also addressing
other chemicals of interest in stormwatermanagement (nutrients, trace
metals, polycyclic aromatic hydrocarbons (PAHs), bacteria).

Recognizing the wealth of knowledge published on water quality
processes in grass swales, and the rising expectations on the use of
green infrastructure in environmental protection, there is an opportu-
nity to consolidate the existing knowledge in a critical review paper,
whichwould serve for further advancement of sustainable urban drain-
age. Such a paper is presented herein with the objectives of:
(i) providing a systematic overview of the processes that reduce pollut-
ants in runoff over GS&GFS, with respect to the understanding of such
processes and their influential factors (those may include conveyed
flows), (ii) synthesizing and assessing the earlier research with respect
to findings, limitations, and knowledge gaps and, (iii) identifying future
research opportunities.

2. Methods

According to the study objectives, the review paper scope was
defined as follows:

i. Examining primary sources of information describing laboratory,
field andmathematicalmodelling studies of stormwater quality pro-
cesses occurring in urban runoff conveyed by standard and dry GS
(with or without check–berms), and over GFS. Studies addressing
wet swales that intersect the groundwater table and are character-
ized by permanent water and wetland vegetation were considered
outside the scope of this review.

ii. Secondary references were screened for possible linkages to the pri-
mary sources, but otherwise considered outside the review scope.
This included references describing: (i) hydraulics/hydrology of
overland flow over grassed surfaces, (ii) stormwater quality pro-
cesses on the adjoining impervious drainage areas or in soils under-
neath swales, (iii) agricultural runoff (high sediment inflow
concentrations (N1000 mg/L)) over filter strips, and (iv) pollutant
uptake of various plant (grass) species.

Literature searches focused on peer reviewed articles, academic
theses, conference proceedings papers, books, reports, and design
guides, in Scopus®, the Web of Science®, and Google Scholar®
databases.
3. GS&GFS hydrology and hydraulics

Even though the review focuses on water quality processes, a brief
summary of hydrological/hydraulic aspects of flow through GS and
over GFS is needed for understanding the role such aspects play in
flow quality changes in GS&GFS. Soil infiltration contributes to
GS&GFS flow reductions, and thereby to pollutant immobilization-
removal in soils (Tedoldi et al., 2016). In this process, both infiltration
and evapotranspiration (ET) play important roles; infiltration during
and shortly after rainfall and ET duringdryweather by restoring soils in-
filtration capacity (Deletic, 2000). Rainfall event characteristics, includ-
ing intensity, duration, and antecedent dry days (ADD), together with
the contributing drainage area characteristics, including land cover, sur-
face area, slope, and drainage patterns, determine the formation of run-
off draining into GS&GFS facilities. Such runoff and the direct rainfall
over the GS or GFS footprint then contribute to the formation of the fa-
cility outflow. Compared to other land covers, grass cover is character-
ized by relatively high infiltration rates further enhanced by increased
depression storage and roughness (Deletic, 2000). Depression storage
is increased by irregularities of the swale bottom slope, or by insertion
of check–berms. The former storage was estimated by Rujner et al.
(2018) in two 30–m long urban GS as 0.35–0.61 m3 (or 2.3 and
4.0 cm, respectively) and even larger storage and enhanced evapotrans-
piration would be achieved by installing check–berms (Davis et al.,
2012). In general, depression storage contributes to enhanced infiltra-
tion and delay of the swale outflow hydrograph.

Dense grass turf increases the soil permeability and infiltration rates
(Yousef et al., 1985, 1987). Thus, plant roots contribute to increasing
local hydraulic conductivity (Deletic, 2000) and formation of a two–
layered soil with greater permeability in the upper layer (Morbidelli
et al., 2016). While the surveyed references typically focused on dis-
crete, relatively short rainfall/runoff events in GS&GFS, during which
evapotranspiration (ET) could be neglected (Marsalek et al., 2008), ET
is important for a long-term water balance of such facilities, because it
contributes to restoration of infiltration capacities of soils during dry
weather periods (Deletic, 2000). Furthermore, ET is enhanced by:
(i) the grass cover, compared to bare soils, as demonstrated by Hino
et al. (1987) in the laboratory, and (ii) check berms in grass swales
(Davis et al., 2012). Thus, ET is an important process in continuousmon-
itoring or modelling of GS&GFS over extended times. Monitoring of
grass swales exposed to actual rainfall (Rushton, 2001; Bäckström
et al., 2006; Pitt et al., 2007) indicated that intense storms were often
needed to generate enough runoff in the swale to allow stormwater
sampling.
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Besides the surface cover, the slope of the infiltration surface is also
likely to influence the infiltration rate. Morbidelli et al. (2016) investi-
gated this issue in the laboratory, using a rainfall simulator (with inten-
sities of 7–30 mm/h) over a 1.52 m long GFS, with slopes 1–15°, and
concluded that the infiltration rate decreased with increasing slope
and even more so in the case of the grass cover than the bare soil. The
effect of slope on infiltration rates depends on the surface roughness,
rather than the formation of a two–layer soil caused by the grass growth
(Morbidelli et al., 2016). Even steeper slopes (0°–45°) and three soil sur-
face covers (bare soil, geosynthetic net, and grass)were studied byHuat
et al. (2006) also in the laboratory, while addressing the slope stability.
The soil wasmostly sand and gravel (82+ 11%), with small presence of
silt (4%) and clay (3%). The observed rates of infiltration into an unsatu-
rated soil decreased with surface slope and the presence of surface
cover. In field experiments of runoff simulations over the swale side
walls, the infiltrated runoff volume depended on the surface roughness,
soil type, and swale length (García-Serrana et al., 2017).

Recognizing the need for attaining good infiltration rates in GS&GFS
facilities (≥1.3 cm/h; USEPA, 1999), a practical concern was raised that
soil compaction during swale construction, particularly in wet weather,
would reduce the soil infiltration rate (Schueler, 1987). García-Serrana
et al. (2017) studied the sides of 30– and 50–year old swales and ob-
served high saturated hydraulic conductivities of soils forming swale
sides (4–8 m long, with 20–25% slope and N90% vegetation cover),
even though those soils were compacted during construction to the
depth of 20–30 cm. This would indicate that infiltration rates of initially
compacted soils may be subsequently restored by bioturbation, con-
struction/maintenance procedures, plant root growth and frost heaving
(P. Viklander, 1998; Denich et al., 2013; Moghadas et al., 2015; García-
Serrana et al., 2017).

In summary, the above studies indicate that: (i) infiltration on
swale side slopes is important for understanding the swale water bal-
ance and increases with the slope cover roughness and decreasing
slope, (ii) with the exception of Barrett et al. (2004), the typical side
slopes recommended in practice (≤33%; Schueler, 1987) seems greater
than those investigated in themajority of lab and fieldmonitoring stud-
ies on both GFS (5–52%) and GS (0.73–7.3%) (Table 1), and (iii) initial
Table 1
Main characteristics of the GS&GFS field monitoring studies (geographical location, number of

Reference and research site
location

Studied facility: GS (grass swale),
GFS (grass filter strip); Number of
studied sitesb

Simulated Flow (SF), A
inflow type specificatio
of different impervious
analysedc

Kaighn and Yu (1995)
Virginia (USA)

GS with GFS; 2 A

Barrett et al. (1998)
Texas (USA)

GS with GFS; 2

Bäckström (2002)
Luleå (SWE)

GS; 4 SF +

Barrett et al. (2004)
California (USA)

GFS; 8 A

Deletic and Fletcher (2006)
Aberdeen (UK)
Brisbane (AUS)

GS and GFS; 2 SF + verifi

Bäckström et al. (2006)
Luleå (SWE)

GS; 1

Ming-Han et al. (2008)
Texas (USA)

GFS; 2 A

Line and Hunt (2009)
North Carolina (USA)

Level–spreader GFS; 2 A

Winston et al. (2011)
North Carolina (USA)

Level spreader–GFS; 2 AR

Stagge et al. (2012)
Maryland (USA)

GS with and without GFS; 1

a The full table is supplied as Supplementary material.
b Number of sites refers to the number of facilities that operated in different catchments, e.g

drainage area, this counted as one study site.
c Number of events analysed for stormwater runoff quality. Where more than one site were
soil compaction during construction does not affect the infiltration
rates of older GS.

Grass characteristics measured in previous research included grass
height (h) [cm] and grass density reported through one or combination
of the following parameters: spacing between the grass stalks [mm],
grass aerial coverage [%], and grass density [grass stalks/m2]. Vegetation
layer enhances the flow resistance, slows down the runoff and prolongs
the runoff contact time. The flow resistance in grassed channels is con-
ceptually the sum of three superimposed roughness components: chan-
nel form, soil grains, and vegetative roughness (Wu et al., 1999).
Compared to a bare soil the grass cover provides additional drag and re-
duces the bed–shear stress (Vargas-Luna et al., 2015).Moreover, the en-
hanced flow resistance affects the runoff velocity distribution along the
vertical and depends on the relation between the grass height and the
depth of water flowing over the grass cover (Wu et al., 1999). This rela-
tion is an important parameter since it defines the pollutant transport
flow regime, which can be divided into two sub–regimes: the non–
submerged flow regime (grass stalks are higher than the water depth)
and the submerged flow regime (the water depth is higher than the
grass stalks).

In summary, due to the different hydraulic conditions, the two afore-
mentioned regimes need to be investigated separately, since the flow
resistance, dominated by grass cover roughness, differs for various de-
grees of submergence (Tollner et al., 1976; Wu et al., 1999).

4. GS&GFS flow quality

Characteristics of GS&GFS flows with respect to transported solids,
chemicals and indicator bacteria are discussed in this chapter. The dis-
cussion starts with a general description of sources contributing to
stormwater pollution in GS&GFS, followed by discussion of GS&GFS
studies of stormwater quality reported in the literature. This discussion
is organized according to the constituents investigated, starting with
stormwater solids, followed by major groups of constituents (trace
metals, nutrients, oxygen-demanding constituents, traffic-related hy-
drocarbons, chloride, and indicator bacteria). Finally, a section on
swale soil quality is also included.
studied sites, facility type, length, and slope).a

ctual Rainfall Events (ARE) with the
n: Road (R), Parking Lot (PL), mix
areas (mix) and number of events

GS or GFS length [m] Slope [%]

RE (R; 8–12) GS (30), GFS (3) 2–5

ARE (R; 34)
GS (356–1055),
GFS (7.5–8.8)

0.73–1.7

regression model 5–10 1–7.3

RE (R; 9–23) 1.1–9.9 5–52

cation of TRAVA model 65 (GS); 5 (GFS) 1.6 (GS); 7.8 (GFS)

ARE (R; 7) 110 1

RE (R; 10–12) 2–8 6–20

RE (R; 13–14) 17.1 5.2

E (mix; 20–22) 7.6–15.2 6.2–7.3

ARE (R; 45) GS (138–198), GFS (15.2) 1.4

. received runoff from different roads. Where multiple facilities were draining the same

sampled, a range is given.
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4.1. Sources contributing to pollution of stormwater conveyed by GS&GFS

GS&GFS represent relatively small elements of the urban catchment,
which are affected by large–scale processes generating runoff in urban
catchments. During dry weather, pollutants accumulate on catchment
surfaces by atmospheric dry deposition, or other land–use related pro-
cesses, and may be transported into roadside GS&GFS by vehicle in-
duced turbulence, wind, street sweeping, and snow removal
operations. During wet weather, the deposited pollutants may be
scoured by runoff and additional pollutants are contributed, in the
form of atmospheric wet deposition, by direct precipitation. Thus, influx
of pollutants into GS&GFS originates from two sources: (i) runoff from
the contributing drainage area and (ii) atmospheric deposition, both
wet (the rainwater falling directly on the GS or GFS facility) and dry.

During wet weather, certain quantities of pollutants that are
washed–off from adjoining contributing drainage areas, or possibly
transported by air or water splashing, enter stormwater facilities. Previ-
ous research suggests that the quality and detailed characteristics of
such inflows (e.g., dissolved or suspended pollution loads) affect the
swale performance in pollutant removal (Bäckström et al., 2006;
Winston et al., 2012). Consequently, the inflow quality characteristics
applied in the studies that physically simulate runoff by facility irriga-
tion are important for obtainingmeaningful results. Typically, these ex-
periments were done with sediment/water suspensions, which were
described by the simulated sediment concentrations, particle sizes of
the sediment (i.e., actual or substituted sediment materials), and inflow
rates (L/s) (Table 2). These characteristics are further discussed in next
section (Section 4.2).

There is no agreement in the literature whether direct atmospheric
wet and dry deposition on the GS&GFS surface needs to be considered
as a contributingpollutant source. For example, Stagge et al. (2012) con-
sidered the wet atmospheric deposition contributions to swale flow
quality negligible and excluded the volume of rainfall falling directly
on the swale from EventMean Concentration (EMC) calculations. How-
ever, opposite views were presented by Rushton (2001) for various
forms of nitrogen and by Leroy et al. (2016) for selected trace metals
and PAHs. Rushton (2001) studied three forms of nitrogen (ammonia
(NH3), nitrate (NO3

−), and total nitrogen (TN)) contained in rainwater
at significant levels, and concluded that such inputs need to be consid-
ered. Leroy et al. (2016) measured concentrations of cadmium (Cd),
lead (Pb), zinc (Zn), and PAHs in infiltrated water from several swale
sections, among which one received only atmospheric deposition (wet
Table 2
Main characteristics of the studies employing simulated runoff (facility type, flow rate, sedime

Reference Studied facility: GS (grass swale), GFS (grass filter strip)
specification of length [m]; Study type: Laboratory Exper
(LE), Field Monitoring (FM), and the type of the model
developed in bracket

Tollner et al. (1976) GFS (2.1); LE (Kentucky model)
Yousef et al. (1987)b GS (53–170); FM

Walsh et al. (1997)b GS (40); LE

Bäckström (2002) GS (5–10); LE (regression model)

Deletic (1999); Deletic (2005) GFS (10); LE (Aberdeen equation and the model TRA
Deletic and Fletcher (2006) GFS (5); FM (Verification of the TRAVA model)
Deletic and Fletcher (2006)b GS (65); FM (Verification of the TRAVA model)

Pitt et al. (2007) GS (1.8); LE (regression model)

Kachchu Mohamed et al.
(2014)b

GS (30–45); FM

Lucke et al. (2014)b GS (30–35); FM

– indicates missing information.
a The full table is supplied as Supplementary material.
b Indicates that the study included simulation of other constituents such as metals and/or n
c Inflow rate per unit width of the facility L/(s m).
and dry) and the other sections received also road runoff. The water
that infiltrated into the section that had received atmospheric deposi-
tion had lower concentrations of pollutants, though of amagnitude sim-
ilar to those from the combined sections. However, the absence of data
on rainfall–only–sections in the reference (Leroy et al., 2016) prevented
further examination of the statistical significance of such results. The
above references indicate that the inclusion of rainfall quality in
GS&GFS studies depends on the constituents studied and the relative
magnitudes of their atmospheric and runoff loads, which are site spe-
cific. In the examples cited by Marsalek and Viklander (2010), atmo-
spheric loads could represent up to 42% of TN, and 22–24% of Zn and
Cu, respectively, of total loads in urban stormwater, and should bemon-
itored in the corresponding GS&GFS studies. On the other hand, total
phosphorus (TP) deposition represented just 2% and could be safely
neglected.

Compared to the impervious cover, dense grass turf intercepts rain-
fall drops and therefore, the particle detachment by rainfall can be
neglected (Deletic, 2000). Resuspension of deposited pollutant loads
in GS&GFS is further discussed below (Section 4.2).

4.2. Solids

Stormwater solids, usually described by total suspended solids (TSS)
concentrations, are recognized as one of themost importantwater qual-
ity constituents conveyed by urban runoff. TSS are released into runoff
throughout the urban catchments from such sources as atmospheric de-
position, washoff of impervious and pervious surfaces and construction
sites (Liu et al., 2015). Processes facilitating solids entrainment by runoff
include washoff of solids deposited on catchment surfaces, soil erosion,
and particle detachment and resuspension by drainage flows. Anthro-
pogenic activities further increase surface runoff flows, and conse-
quently, scouring and erosion of GS&GFS is commonly observed (Li,
2015). Sediment transport in GS and on GFS can occur in two modes:
Fine solids, representing clay and silt (b62 μm), are transported in sus-
pension, but larger particles representing non–cohesive coarser granu-
lar material are transported as bed–load (Raudkivi, 1998; Jovanovic,
2008). Three sediment characteristics primarily affect particle trans-
port: the particle size, described by the particle diameter or size distri-
bution (PSD), or size categories (clay b2 μm, silt 2–63 μm, sand
63–2000 μm, and gravel N2000 μm), density, and shape (Raudkivi,
1998). The sediment transport is a dynamic process, which is driven
by the transport flow velocity and depth. During the initial runoff
nt concentration, particle characteristics).a

with
iment

Flow
rates [L/s]

Sediment
concentrations
[mg/L]

Particle size range [μm]; Sediment origin;
specific diameters d50 [μm] and d90 [μm]

0.09–1.5 30,000–100,000 Glass beads 27–470
0.43–3.78 – No sediments

– 250–500
b250; detention pond sediment with Gleason
clay (20–40 mg/L), Velvacast kaolin (30–60

mg/L), and coarse clay (10–20 mg/L)

0.5–1.5 108–327
0–125; sediment from local road; d50 = 9.2

and d90 = 26
VA) 0.17–1c 650–3920 Natural silt; d50 ≈ 50 and d90 b 130

0.33–1c 1660–3470 Natural silt; d50 ≈ 50
2–15 150 Commercial silica; d50 = 9.3 and d90 = 23

0.63–1.27 200–1000
Local sand and commercially–sized silica; d50

= 50 and d90 = 250

1.6 150–1500 –

0.5–2 150–1500 d50 = 20 and d90 = 58

utrient.
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phase, as flow and its velocity increase, particles may be detached and
transported, but when flow velocities subside, in storage facilities or
drainage sections with sudden velocity reductions, or towards the end
of a runoff event, particles may deposit due to settling. Concerning the
flow depth, two flow regimes are recognized, submerged (the depth
of flow ≤ the height of grass bent by flow) and non-submerged (the
flow depth N than the grass height). In the former regime, flow veloci-
ties are generally smaller than in the latter regime (Walsh et al., 1997).

A summary of reviewed GS&GFS studies with simulated runoff is
given in Table 2. In nine of the 11 studies listed sediment was added
to swale or grass filter flows, in broadly varying concentrations
(100–100,000 mg/L). The sediments used were either natural materials
collected in the field, or processed by commercial suppliers. Sediment
sizes ranged from coarse clay to fine sand (Table 2).

4.2.1. Particle settling
After infiltration, settling is the second most important process for

removal of solids and particle–bound pollutants in stormwater facilities,
including GS&GFS. Once detached from the bed, particles are kept
suspended in the water column by turbulence, but may settle again on
the bed during conveyance in flow regions with low flow velocities
and turbulence (Raudkivi, 1998; Jovanovic, 2008). Settling can be char-
acterized by the particle settling velocity (also referred to as a terminal
velocity), which depends on sediment characteristics, fluid viscosity,
water depth, the quantity of particles settling, and turbulence
(Raudkivi, 1998). In a simplified case of a discrete spherical particle set-
tling at low Reynolds numbers (b3) in a viscous fluid, the settling veloc-
ity (Vs) can be calculated from Stokes law (Eq. (1)) (Metcalf and Eddy,
2014):

Vs ¼ g ρs−ρð Þd2
18μ

ð1Þ

where g is the acceleration due to gravity, ρ is the mass density of the
fluid, ρs is the mass density of the particle, d is the spherical particle di-
ameter, and μ is the dynamic viscosity.

Studies of TSS settling in GS&GFS can be divided into two groups:
(i) Studies describing TSS settling/removal in relation to various charac-
teristics of solids, GS&GFS, and flows, and (ii) Studies providing, or
attempting, quantitative assessments of such processes.

4.2.2. Qualitative studies
Previous research on swale performance found GS&GFS effective in

solids (TSS) removal from the conveyed flow. The research findings
generally agree that increasing the runoff hydraulic residence time by
increasing the length of travel and/or reducing flow velocities (e.g., by
check–berms) enhances the TSS removal by increasing the infiltrated
runoff volume and reducing the runoff capacity for transport of solids
(Kaighn and Yu, 1995; Rushton, 2001; Bäckström, 2002; Stagge et al.,
2012). Another influential factor was the effect of swale flow submer-
gence. Walsh et al. (1997) measured TSS removals in a 40 m long out-
door grass swale, with an average slope of 0.44% and the grass height
of 8 cm. Water samples collected at 0–30 m from the inflow point,
and the flow depths 3–10 cm, and constant sediment influx concentra-
tions, indicated that higher TSS removals were observed for smaller
water depths (3 and 4 cm), compared to deeper flows (7.5 and
10 cm) generating higher velocities. However, the actual velocities
and the method used to determine the velocity in the submerged flow
over grass were not described by the authors.

The effective flow length for TSS removal differs among the studies
reviewed, because it strongly depends on both TSS and swale flow char-
acteristics. Particles with diameter N 25 μm were captured in a field
swale (110 m) that received lateral inflows from a road (Bäckström,
2002). Stagge et al. (2012) compared a field GS (137–198 m), with or
without GFS (15.2 m), and, with or without check–berms, that received
lateral road runoff. The authors concluded that GFS pre–treatment and
check berms may provide some runoff quality enhancement, but by
comparison, the swale channel provides themain removal of pollutants
(Stagge et al., 2012).When swales received simulated runoff only at the
upstream end, the exponential decay in sediment reduction along the
length was observed and the authors observed the first 10–16 m to be
the most effective length for TSS removal (Deletic and Fletcher, 2006;
KachchuMohamed et al., 2014; Lucke et al., 2014). Differences in the ef-
fective lengths could be caused by: (i) different research methods,
i.e., simulated runoff entering at the upstreamend of the studied facility,
or natural rainfall eventswith lateral inflowof drainageflows, (ii) differ-
ent solids characteristics, (iii) different sampling methods, and (iv) as
reviewed by Boger et al. (2018), different site–specific local conditions.
However, the previous research studies agree that GS&GFS remove TSS
through settling and infiltration, even though the settling efficiencies
varied among the studies.

4.2.3. Studies producing computational procedures for TSS trapping/re-
moval in GS&GFS

This section synthesizes four studies that aimed to quantitatively de-
scribe TSS trapping/removal in GS&GFS. For clarity, a uniform variable
notation is used and the variablemeaning in the original reference is ex-
plained. Observed decreases in the concentrations of particles of specific
sizes in flow over grass are referred to as the trapping efficiency (Trs).
Several authors (Tollner et al., 1976; Deletic, 2000; Bäckström, 2002;
Pitt et al., 2007) (Table 2) recommended computational procedures
for calculating Trs on the basis of TSS concentrationsmeasured in exper-
imental GS at various distances from the flow inlet. The calculated Trs
were then related to influential parameters of the settling process
using regression analysis and the best fitting expressions were recom-
mended for calculating Trs of flows laden with TSS over grass surfaces.
Tollner et al. (1976) defined Trs (Trs = (Si − So) / Si) as a function of
two parameters: (i) Nf number, which represents the potential number
of times a particle can fall into the grass layer during transport over the
swale length L, and (ii) Turbulence index (T) keeping particles in sus-
pension, whichwas inversely related to the particle trapping efficiency:

Si−So
Si

¼ f N f ;
1
T

� �
ð2Þ

where S is sediment concentration (g sediment/g water), subscripts i
and o stand for input and output, respectively, and f is a function.

The authors plotted the trapping efficiency Trs against different com-
binations of parameters T and Nf, and after performing various transfor-
mations and linear regressions, the relationship that best fitted the data
(correlation coefficient 0.87) was proposed for simulating particle trap-
ping efficiency along the grass surface (Trs), better known as the Ken-
tucky method:

Trs ¼ Exp −1:05 � 10−3 VRs

v

� �� �0:82 VsL
Vh

� �−0:91
" #

ð3Þ

where V = Qs / Aw is the mean flow velocity (Qs is the average total
mass flow and Aw is the flow area reduced by the projection area of
one row of nails representing grass stalks), Vs is the settling velocity de-
fined as a function of particle concentration using the relationship de-
rived from data by Nordin and Dempster (1963), Rs is the hydraulic
radius of the flow area between two adjacent nails representing grass
stalks, ν is the kinematic viscosity, L is the grass section length, and h
is theflowdepth. In the original publication, Tollner et al. (1976) recom-
mended further research for smaller particles and longer channels.

Limitations of the applicability of the Kentucky method were re-
ported by Deletic (2000) who noted that themethod did not reproduce
well the laboratory experimental data with a grass swale tested for
smaller sediment particles (0–180 μm) and lower inflow sediment con-
centrations (670–3920 mg/L) better representing urban conditions.
Subsequent analysis of her experimental data suggested that the
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turbulence index (T) could be omitted, while keeping the Nf number, in
which the particle mean settling velocity (Vs) was defined from Stokes
law (Eq. (1)):

Nf ¼
xVs

hV
ð4Þ

where, x – is the distance along the grass section (measured from the
inlet edge to point x), Vs – is the particle fall velocity defined by Stokes
law (see Section 4.2.1), h – is the flow depth, and V – is the mean flow
velocity in the area between the grass stalks.

After plotting Trs vs. Nf, an equation for simulating particle trapping
efficiency was fitted to the experimental data and proposed for further
use as the Aberdeen equation:

Trs ¼
N0;69

f

N0;69
f þ 4;95

ð5Þ

where Trs was defined as (qs,in − qs,x) / qs,in, qs,in is the sediment flux of
size fraction s per unit width of flow [g/(m s)] at the inlet, and qs,x is the
sediment flux of fraction s at distance x from the inflowpoint of the GFS,
per unit width flow [g/(m s)].

Both Kentucky method and Aberdeen equation were implemented
in research models for GS&GFS (VFSMOD and TRAVA models, respec-
tively), as discussed in Section 6.

Bäckström (2002) investigated pollutant trapping in both flow re-
gimes (i.e., submerged and non-submerged) in a laboratory swale
with artificial grass, 2.5–4.5 cmhigh, and a non–submerged flow regime
in a field swale with grass 5–10 cm high. In a departure from the earlier
authors, Bäckström (2002) defined the particle settling velocity, Vs, as a
function of the mean hydraulic residence time in the swale, T:

Vs ¼ αeβT ð6Þ

whereα and β are two empirical constants, and the swale particle trap-
ping efficiency was a function of Vs, rather than of the particle diameter
ds, and was calculated from the sampled runoff TSS concentrations. For
two selected trapping efficiencies of 50 and 90%, regression models
were derived from the measured mean swale flow hydraulic residence
times (T) and particle settling velocities (Vs). The data were grouped
into two clusters representing two swale groupswith similar character-
istics, and for each swale group parameters α and β were determined.
The regression parameters differed for the two swale groups and two
trapping efficiencies. The regression model was deemed valid only for
swales with high trapping efficiencies [~90%], infiltrated volumes from
0 to 33% of the inflow volume, bottom slopes 0.5–5%, andmean hydrau-
lic residence times 40–400 s (Bäckström, 2002). No independent verifi-
cation of this approach has been found in the literature.

Finally, Pitt et al. (2007) studied a laboratory swale conveying simu-
lated runoff to predict sediment reductions for non–submerged or sub-
merged grass. A regressionmodel for specific grass submergence values
was derived from the measured data of sediment trapping efficiency
and the particle fall number (Nf), defined after Deletic (2000), for rela-
tively high, yet realistic, initial sediment concentrations of about
500 mg/L. The authors attempted to verify the model against 13 events
observed in a field grass swale, but noted that the simulated concentra-
tions (193–1021 mg/L) were one to two orders of magnitude higher
than the observed ones (4–157 mg/L) (Pitt et al., 2007).

In summary, a number of gaps in the reviewed studies of particle set-
tling in GS&GFS (Table 2) were noted and further discussed. Firstly, sed-
iment characteristics influence particle transport and, therefore, the
reported particle settling rates along the grass cover are valid only for
the operating conditions studied. Particle sizes – the sizes studied do
not fully cover the whole size range (e.g., coarse silt, 20–57 μm, and
sand, 150–180 μm are missing) and should be further tested. Also the
swale trapping of small particles (b25 μm)needs a better understanding
(Bäckström et al., 2006), especially because roads with swales contain
higher proportions of small particles in runoff (compared to roads
with curbs) and such particles eventually end up in swales (M.
Viklander, 1998). There is also a fair variation in assumed particle den-
sities; e.g., in the Aberdeen equation the assumed particle density is
2700 kg/m3 for each fraction simulated (Deletic and Fletcher, 2006),
whereas analysis of the actual road sediments showed that the particles
b125 μm had densities b2200 kg/m3 (Zanders, 2005), and silt particles
could be even less dense. Other uncertainties in the literature data
arise from operational conditions and challenges in swale studies.
When preparing water-sediment mixtures to be released into experi-
mental swales, Bäckström (2002) noticed that larger size particles
(N120 μm) would settle in the mixing tank before reaching the swale.
The simulated inflow TSS concentrations (Table 2) significantly differ
from, and often exceed, those reported for actual rainfall events
(10–410 mg/L). Thus, more research is needed to investigate the
lower range of sediment inflow concentrations (b500 mg/L). The hy-
pothesis of similar particle behaviour in submerged and non–
submerged flow regimes needs to be further tested with respect to ve-
locity measurements accounting for different velocities within and out-
side the vegetation layer; the former ones are significantly lower
(Kubrak et al., 2008). Finally, mimicking grass with nails (Tollner et al.,
1976) or synthetic grass turf, 2.6–3 cmhigh (Deletic, 2000) also requires
further scrutiny in both submerged and non-submerged flow.

It appears that there is a general understanding of the effects of TSS,
GS&GFS and flow characteristics on TSS transport/removal in vegetated
stormwater management facilities, but generally valid and applicable
quantitative descriptions of the underlying processes are still missing.
The computational schemes reported fit the datasets from which they
were derived, but do not appear to be transferable to other installations
(Deletic, 2000; Pitt et al., 2007). Among the possible limitations of such
studies, one could name the following:

a) Experiments mimicking flexible grass with rigid nails are likely to
yield higher channel roughness, than that corresponding to actual
grass, because grass is bent by flow (even in a non-submerged
flow) and its effective height is thereby reduced,

b) Experiments done with glass beads (mass density not specified)
with diameters ranging from 27 to 470 μm, at relatively high TSS
concentrations (30,000–100,000 mg/L) (Tollner et al., 1976),
which were deemed by Deletic (2000) as atypical for urban condi-
tions characterized by smaller particles occurring at much lower
concentrations.

c) The empirical nature of the equations proposed for calculating TSS
trapping in GS&GFS (Tollner et al., 1976; Deletic, 2000; Bäckström,
2002; Pitt et al., 2007) inherently limits their applicability to the con-
ditions similar to those used in the original experiments.

4.3. Trace metals

Trace metals (TM) in urban runoff originate from a multitude of
sources including traffic (Huber et al., 2016), industrial activities,
wash–off and corrosion of buildings and structures (Sörme et al.,
2001; Petrucci et al., 2014), atmospheric deposition (Gunawardena
et al., 2013), crustal leaching (Joshi and Balasubramanian, 2010), and
impurities in deicing chemicals and grit applied in winter road mainte-
nance (Westerlund et al., 2003). Recognizing that most of such sources
are related to anthropogenic activities, some TMs are referred to as indi-
cators of anthropogenic inputs to natural waters (Singh et al., 2013).
Furthermore, because TMsmay occur in urban runoff at the levels caus-
ing contamination of sources of the drinking water and toxicity effects
in the receivingwaters, a number of TMswere identified as priority pol-
lutants subject to regulatory action (U.S. EPA, 1983; EC, 2006; Eriksson
et al., 2007; EC, 2013). Potential toxicity of metal concentrations in
swale outflow samples was discussed in Stagge et al. (2012). The au-
thors reported that runoff passage through swales reduced the
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probability of exceedance of the acute metal toxicity limit (Zn =
120 mg/L and Cu = 13 mg/L, US EPA, 2002) by the swale effluent
from 90–95% to 10–20% for Zn and from 85–92% to 14–40% for Cu.

Table 3 shows the TMconcentration reductions reported in the stud-
ies that analysed TM in stormwater runoff passing through GS or over
GFS; the negative values indicate the metal export from the facility.
For studies, in whichmultiple sites were sampled, a range of reductions
is given. For studies, inwhich samplingwas conducted atmore than one
point along the facility, metal reductions at the last sampling point are
shown and correspond to the full section length investigated.

The reported swale runoff quality data (Table 3) indicate that TM
concentrations in swale effluents were substantially lower than those
in the influents, which mostly represented highway runoff. Thus, the
passage of stormwater through the swale contributed to reductions in
TM concentrations, with some exceptions. Those exceptions were re-
ported by several authors as negative removals of Cddis, Fedis, Pbdis
(Yousef et al. (1985, 1987)), Cudis (Barrett et al., 2004), Zndis, Zntot,
Pbdis, Pbtot, Cudis, Cutot (Bäckström et al., 2006), where subscripts “tot”
and “dis” stand for total and dissolved metal concentration. These ex-
ceptions likely resulted from: (i) desorption of TM from sediments de-
posited in longer swales (mostly 53–170 m) in the case of dissolved
TM, and (ii) swale sediment resuspension in the case of total TM con-
centrations. With the exception of Bäckström et al. (2006) (110 m
long GS), positive removals of TM prevailed for both total and dissolved
TM. Typical average TM reductions (removals)were 69% of Zntot, 52% of
Zndis; 60% of Pbtot, 42% of Pbdis; 58% of Cutot, 28% of Cudis; 81% of Fetot,
37% of Fedis; 76% of Mntot; and, 55% of Cdtot and 43% of Cddis. More de-
tailed analysis/discussion of removal data was presented by several au-
thors, as summarized below in Table 3.

One of the most comprehensive studies of TM concentration reduc-
tions in runoff through grass swales was carried out by Yousef et al.
(1985, 1987), who compared the quality of highway runoff, at the
edge of the pavement, to that of a swale effluent, for 17 runoff events
characterized by composite samples. Besides the data listed in Table 3
for Zn, Pb, Cu, Fe, Cd, concentration reductions were also reported for
Al, Ni and Cr (60–90% for total concentrations and 5 to 29% for the
Table 3
Reductions in total and dissolved (marked by asterisk) TM concentrations in stormwater passi

Reference Reduction type: concentration reduction (CR), mass reduction

Yousef et al. (1985)3 Mean CR; Range for 2 field GS under simulated flow
experiments (53 and 170 m)

Yousef et al. (1985)3 Mean CR for 17 events for GS (60 m)

Barrett et al. (1998)2 Mean CR for 34 events; Range for 2 GS (356 and 1055 m)
Rushton (2001)2 Yearly MR; Ranges for 2 locations:

asphalt surface draining into GS
cement surface draining into GS
pervious surface draining into GS

Bäckström et al. (2006)2 CR; Range for 4 events GS (110 m)

Bäckström (2003)2 MR; 4 events GS (110 m)

Ming-Han et al. (2008)4 Mean CR for 10–12 events; Range for 3 sampling
locations at 2 GFS (8 m)

Stagge et al. (2012)5 Mean MR for 45 events for:
GS without GFS (198 m)
GS with GFS (138 m)
GS without GFS and check–berms (198 m)
GS with GFS and check–berms (138 m)

BDL–below detection limit.
1 The full table is supplied as Supplementary material.
⁎ Indicates dissolved metal concentration.
2 Statistical significance not discussed in the article.
3 t-Test probability for unequal means (Yousef et al., 1985).
4 Bold typeface indicates statistically significant change (Ming-Han et al., 2008).
5 Paired statistical significance is presented with • (p b 0.1) and •• (p b 0.05) (Stagge et al., 2
6 Relationship between MR and CR: in GS&GFS typical facilities, with inflow exceeding the o
dissolved phase). To elucidate the chemodynamic processes taking
place in swales, the authors performed field experiments with simu-
lated stormwater flows, inwhich stormwater from a detention pond re-
ceiving highway runoff was spiked with metal and nutrient solutions
and introduced as influent at the upstream end of two highway swales.
In these experiments, more cases of negative dissolved TM removals
were encountered (for Pb, Fe, and Cr). TM removals depended on pH,
the presence of organic complexes, grass cover, and flow velocity
(Yousef et al., 1985, 1987). Furthermore, the authors provided some ex-
planations of the environmental chemodynamic processes taking place
in swales (Yousef et al., 1985):

a) Cudis and Fedis were not removed since they formed metal–organic
complexes,

b) Charged metal ions (Zn) and complexes could be removed more ef-
ficiently by adsorption,

c) Metal ions with diffuse charge or zero charge that form complexes
with inorganic species were not removed, and

d) Non–charged particles were not removed

Yousef et al. (1985) also observed that the TM fractionation between
water–soluble and insoluble fractions in flowswas dynamic and chang-
ing during and between runoff events. At one study site (a 120 m long
GS section), the effect of swale cover on dissolved TM processes was
demonstrated by performing two experiments – one before, and the
second one after, the grass cover was established. In the first case,
with a sparse grass cover (20%), the removal of dissolved TM was
more effective than in the swale with good grass cover (80%) due to
the availability of more exchange sites over the bare soil and on organic
particles (Yousef et al., 1985). The authors recommended avoiding thick
grass, which may increase organic debris and decrease potential soil
sorption. On the other hand, previous research recommends dense
grass cover for removal of TSS and the associated total TM (particularly
Pb, Zn, Cu).

During a 2–year period, Barrett et al. (2004) monitored GFS at eight
sites covering a range of slopes (5–52%) and lengths (1.1–13m). The TM
ng through GS&GFS.1

(MR)6 Reported values for metal reduction [%]

Zn Pb Cu Fe Mn Cd

61⁎–92⁎ −25⁎–65⁎ 3⁎–57⁎ −25⁎–70⁎ 36⁎–50⁎

89
67⁎

89
16⁎

37
23⁎

78
4⁎

−11
−13⁎

75–91 17–41 75–79

46–79 59–87 23–81 52–87 40–83
62–76 73–78 75–81 84–91 58–90
75–89 85–93 81–94 92–94 92–93

(−35)–40 (−186)–12 (−288)–(−12)
8⁎-32⁎ (−51)⁎–13⁎ (−375)⁎–(−104)⁎

66 34
66⁎ −27⁎

40–91 47–86
BDL⁎ 20⁎–64⁎

52.9• 37 42.3 71.6••
18.0 26.7 46.2•• 43.5••
88.4•• 61.6•• 74.5•• 41.4••
92.6•• 60.9•• 81.1•• 63.7••

012).
utflow, fully mixed flows, and an outflow quality better than that of inflow, MR N CR.
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load reduction through infiltration occurred at all sites, and the effective
GFS length (i.e. the limiting length past which the runoff quality did not
further improve) increased with slope steepness (Barrett et al., 2004).
The effect of GFS cover density and extent on TM removals can be
assessed from Barrett et al. (2004) and Ming-Han et al. (2008), who
monitored roadside GFS at sites with varying slopes (6–20%), lengths
(2–8 m), and grass height (11–22 cm) and coverage (25–100%). Both
references reported that grass density was an important parameter for
pollutant reduction in GFS, with high and dense grass covers (80–90%)
performing well in TSS and metal (Pb, Zn, Cu) reduction.

In summary, nine TMs were reported in the reviewed references on
GS&GFS,with themost ubiquitousmetals in urban runoff, Cu, Pb and Zn,
being studied the most frequently. There is a wealth of practical infor-
mation on reductions in total concentrations of TM in stormwater
flows treated in GS or GFS. Influential variables contributing to such re-
ductionswere identified in a number of studies and include stormwater
infiltration, grass cover and density, and the minimum effective length
of GFS, which increased with surface slope. Such variables are generally
the same as those providing good removals of TSS from GS&GFS flows.
The older data on Pb (e.g., Yousef et al., 1985) may not represent the
current environmental conditions reflecting the phasing of Pb out of
gasoline (OECD, 1999). Concerning the environmental protection
against TM releases, there is interest inmetal fractionation between liq-
uid and solid phases. Much less is known about TM fractionation be-
tween liquid and solid phases, its variation in time, and about
dissolved TM, of which loads may even increase in GS&GFS likely
through chemical transformations (particularly in cold climate investi-
gated by Bäckström (2002)).While the TMpartitioningwas studied ex-
tensively on impervious urban surfaces and found to depend on rainfall
and runoff pH, the Oxidation Reduction Potential (ORP), runoff TSS and
TDS (total dissolved solids), average pavement residence times
(Sansalone and Buchberger, 1997), conductivity, and Dissolved Organic
Carbon (DOC) (Herngren et al., 2005), no comparable studies were re-
ported for grassy drainage surfaces. Generally, in urban environments,
Pb and Cr are recognized to occur mostly in the particular fraction,
while Zn, Cd, Cu, and Ni may show strong presence in the dissolved
phase (Stagge et al., 2012; Huber et al., 2016; Galfi et al., 2017). Dis-
solved fractions of TMs, although of interest in assessing potential ef-
fects of stormwater on biota and often used in formulation of
environmental regulations, were studied just in four out of the total of
10 studies investigating actual rainfall events, and in one of the 11
field/laboratory studies with simulated flows. Thus, there is a lack of
studies reporting on both total and dissolved TM forms in GS&GFS
flows and no study addressed the truly dissolved TM. Environmental
chemodynamics of TM in GS&GFS is not well understood, having been
addressed in only one study. Closing the preceding knowledge gaps
would contribute to a better understanding and management of TM
processes in GS&GFS.

4.4. Nutrients

Even though the dominant nutrient loads (phosphorus and nitro-
gen), at the watershed level, are generally associated with agricultural
runoff, the urban sources are particularly important with respect to
local small–scale receiving waters. Thus, studies of nutrients in urban
runoff are motivated by the need to control the nutrient export from
urban areas and stormwater contributions to nutrient enrichment and
eutrophication in receiving waters. There are numerous sources con-
tributing nutrients to urban runoff, including lawn soils, fertilizers,
plant and debris accumulated on impervious surfaces (Yousef et al.,
1985; Passeport and Hunt, 2009), atmospheric wet and dry deposition
(Rushton, 2001), pet waste, and even effluents from some stormwater
control facilities (e.g., green roofs and bioretention, as reviewed by
Dietz (2007)). In the reviewed studies, TP and TNwere analysed and re-
ported, oftenwith some additional nutrient species. Four P species were
analysed in the studies reviewed; TP, particle–boundphosphorus (PBP),
orthophosphate (Ortho–P) and dissolved orthophosphate (D Ortho–P)
(analysed only in one study). Nitrogen species reported included TN,
Total Kjeldahl nitrogen (TKN) (which is the sum of organic nitrogen
(ON), ammonia (NH3) and ammonium (NH4

+) (Lefevre et al., 2015)),
ammonium (NH4

+), nitrite (NO2
−), nitrate (NO3

−), organic nitrogen
(ON), inorganic nitrogen (iON), and lastly ammonia (NH3) (analysed
in one study). In GS&GFS, organic plant debris (e.g., grass clippings) in-
creases ON concentrations in swale outflow (Yousef et al., 1987; Ming-
Han et al., 2008; Leroy et al., 2016), and contributes to occasional export
of TN and TKN, as observed in summer when grass is regularly mowed
(Stagge et al., 2012). Stagge et al. (2012) suggested that nutrients anal-
ysis should be included in GS studies for controlling nutrient concentra-
tions in receiving waters and achieving a better understanding of the
related biological and chemical processes.

In general, studies of nutrient species in stormwater control mea-
sures, including GS&GFS, are challenging, because of the need for spe-
cialized analytical methods and the need to account for seasonal
variations in facility performance. These challenges are reflected in the
International Stormwater BMP Database (WERF, 2016) which indicates
that phosphorus species (TP, orthophosphate, dissolved
P) concentrations in GS&GFS effluents frequently exceed those in the in-
fluents, and for nitrogen species (TN, TKN, NO2, NO3, NOx), the differ-
ences in influent and effluent concentrations are mostly statistically
insignificant. In general, such anomalous results can be explained by nu-
trient transformations in, and leakage from, GS&GFS. Also, the Database
managers rely on data inputs from external contributors, which makes
the quality assurance/quality control more difficult.

The observed nutrient concentration reductions were discussed
with respect to the magnitude of influent concentrations, infiltration
(in swales), presence of storage, fractionation between dissolved and
particular phases, and different nutrient species in general.

In a study of GSwith a simulated influent, Deletic and Fletcher (2006)
used highly soluble KNO3 and KH2PO4 to create swale influent concentra-
tions of 2.6 mg/L and 0.3 mg/L of TN and TP respectively. The most rapid
decrease of both TN and TPwas observedwithin the first 16mof GS, pos-
sibly due to the high cation exchange capacity (CEC) of the silty–clay soil
used in the experiments (Deletic and Fletcher, 2006); however, CEC was
not quantified. Kachchu Mohamed et al. (2014) built on the preceding
study by using the same chemicals to create three different TN and TP in-
fluent concentrations: 1, 5, and 10 mg/L. The nutrient concentration re-
ductions increased with the increasing concentrations in the influent
(Kachchu Mohamed et al., 2014; Lucke et al., 2014). In similar studies
but with actual rainfall events, the influent nutrient concentrations
were lower than those applied in the above studies with simulated influ-
ents. Line andHunt (2009) observed a statistically significant reduction of
48% in the TP load in a GFS, even though the observed reduction in the TP
concentration was insignificant. Hence, the load reduction was primarily
caused by infiltration and the lack of TP concentration change was attrib-
uted to the low influent concentrations of TP (median concentration =
0.20 mg/L). A similar notion was presented by Stagge et al. (2012) who
suggested that GS are better suited for removing TP when influent con-
centrations are N0.7 mg/L, and such removals can be significantly im-
proved by including a GFS in the treatment train, while check–berms
hadanegligible effect.Winston et al. (2011)observed thehighest concen-
tration of TN and TP at GFS outlet and assumed this was due to the low
inlet concentrations of 0.75 mg/L for TN and 0.06 mg/L for TP.

There are some indications that storage built into GS systems, e.g., in
the form of a weir or check–berms, may improve nutrient removals,
perhaps by enhanced infiltration and other processes. Yousef et al.
(1985) analysed multiple nutrient species (TN, NO2+3–N, NH4–N, iON,
ON, TP, D–OP) in a swale and observed that ponding at a weir increased
the nitrogen removals. A similar effect was observed by Stagge et al.
(2012), who analysed NO3, NO2 and TKN and observed that two sets
of grass check–berms improved the removal of nitrate (NO3), and con-
cluded that infiltration (enhanced by the check–berms) was the main
NO3 removal mechanism. In the same study, nitrite (NO2) removal
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occurred even when NO3 reduction did not occur suggesting that an-
other mechanism, than infiltration, was the causative factor for reduc-
tions in NO2 concentrations (Stagge et al., 2012). WERF (2016) also
concluded that BMP practices with permanent storage provided better
removals of nitrate (and NOx) than the practices without such storage,
and that a BMP designed for permanently removing nitrogen should in-
clude permanentwet pool followed by a vegetated swale ormediafilter.
Nitrification (Hunt et al., 2006; Stagge et al., 2012) and denitrification
(Hunt et al., 2006) are mentioned as removal mechanisms for nitrogen,
and the potential contribution of permanent storage to such removals
was suggested by WERF (2016), but none of these sources provided
any further explanations or details.

Finally, removals of P and N in GS&GFS seem to also depend on nutri-
ent speciation in the influent, particularlywith respect to dissolved or par-
ticulate phases. Winston et al. (2011) analysed TSS and nutrient species
(TKN, NO2+3-N, TN, NH4-N, ON, TP, Ortho–P, PBP) at two sites. At one
site, the TP concentration (comprising 95% of PBP) was significantly re-
duced in a swale, but at the other site, where the TP concentration
contained 59% of Ortho–P, the reduction was smaller. The authors ex-
plained the difference in TP removal by the TP speciation; at the site
with 95% of PBP, the high removal was achieved by particle settling. Dif-
ferences in removal efficiencies for different nutrient species among var-
ious studies were also reported by Boger et al., 2018 and were attributed
to different runoff inflow facilities under investigation. For example,
assessing the site–specific characteristics of soils is also important for
explaining GS&GFS nutrient budgets and changes in various budget com-
ponents. Studies that included the analysis of soil chemistry and in most
cases also the sampling of flow quality are mentioned briefly in
Section 4.8.

In summary, nutrients are often analysed in urban runoff because of
the awareness that stormwater runoff and traffic-related surfaces con-
tribute to nutrient enrichment and eutrophication in receiving waters.
The research suggests that nutrients analyses can help develop a better
understanding of the biological and chemical processes, such as adsorp-
tion and plant uptake, in GS&GFS. While further investigation of grass
characteristics such as, grass type (native or non-native grass), grass
height and mowing frequency was recommended and may be justified
in specific regions (Boger et al., 2018),findings of others indicate limited
(if any) effects of such grass characteristics (Barrett et al., 1998, 2004;
CALTRANS, 2003, 2004). The findings from the latter references indicate
nomeasurable effect of the grass type on GS&GFS performance (as long
as the sod was well established), the grass height was not an important
factor, and mowing performed once or twice a year, was found ade-
quate. However, GS&GFSwere found to have different removal efficien-
cies for different nutrient species studied. Previous research found that
the influent nutrient concentrations affected the removal, with higher
inflow concentrations leading to increased removals. Analysis of various
P and N species, particularly those associated with dissolved or particu-
late phases, offered better understanding of the processes responsible
for nutrient removal in GS&GFS. The literature data on nutrient process-
ing by GS&GFS contains appreciable uncertainties arising from incom-
plete descriptions of: (i) GS&GFS facilities (e.g., soil characteristics or
presence of storage are often missing), (ii) analytical protocols of nutri-
ent species, and (iii) documentation of seasonal variations. Such uncer-
tainties then result in inconsistencies in the reported nutrient removal
data. The tentative language used in many references in this section
on nutrient removals in GS&GFS reflects large uncertainties in quantita-
tive performance results.

4.5. Traffic-associated hydrocarbons

Organic pollutantswerefirst time reported in urban runoffN50years
ago and referred mostly to organochlorine pesticides (Weibel et al.,
1964). In later studies, their list has been expanded for additional chem-
ical substances originating from many sources, in and outside of urban
areas, which may occur at levels impairing beneficial uses of waters
and violate water quality criteria with respect to protection of human
health and aquatic biota (U.S. EPA, 1983). Among theorganic substances
commonly occurring in urban stormwater conveyed by GS&GFS, the
most prevalent are those associated with vehicular traffic, total petro-
leum hydrocarbons (TPH) and PAH (U.S. EPA, 1983; Lefevre et al.,
2015). Some of these substances represent persistent organic pollut-
ants, which do not degrade readily, are hydrophobic (occurring mostly
in attachment to solids) and bioaccumulative, and may be toxic even
at low concentrations (US EPA, 1983). In general, the analyses of organic
substances are relatively costly and that limits their investigations in en-
vironmental studies, including those examining GS&GFS. In fact, the lit-
erature search done under this review identified only four references
dealing with traffic-associated hydrocarbons in GS&GFS published dur-
ing the last four years.

The references reviewed addressed: TPH and PAH transport in
swales representing elements of stormwater treatment trains (Roinas
et al., 2014), TPH in highway runoff and outflow from a short swale
(Andrés-Valeri et al., 2014), PAH fate in mesocosms mimicking
bioretention swales (Leroy et al., 2015), and THC (total hydrocarbon
content) and PAH in road runoff filtered through the bottom layer of
two swales with different vegetation (Leroy et al., 2016). Thus, only
one study investigated changes in hydrocarbons concentrations during
stormwater transport through swales (Roinas et al., 2014), the other
three investigated small experimental vegetated systems with swale
features, either retaining or filtering runoff with hydrocarbons.

Roinas et al. (2014) sampled TPH and PAH in stormwater and sedi-
ment in three swales forming transport links between stormwater man-
agement facilities (mostly ponds), which were receiving road runoff
from a commuter access road or residential streets. In the former physical
setting, the test swale conveyed road runoff from the commuter access
road to two stormwater ponds, in a series, draining into a river. The
swale substantially reduced concentrations of the incoming TSS and
TPH, but the authors noted that the bulk settling of TSS did not fully de-
scribe reductions in TPH and concluded that TPHmay have been attached
to “particular types of solids matter”. Concentrations of four PAH, includ-
ing three highmolecular weight PAH, phenanthrene (PHE), fluoranthene
(FL) and pyrene (PYR), and relatively water–soluble naphthalene (NAP),
were measured at the swale inlet, midpoint, and outlet, with the follow-
ing findings: (a) NAP passed through the swale without any changes in
concentration, most likely because of its dominating occurrence in the
water phase unaffected by TSS settling in the swale; and,
(b) concentrations of PHE, FL and PYR decreased during the swale trans-
port, particularly along the first half of the swale, probably due to TSS set-
tling. The testing of statistical significance of such reductions was not
reported. Accumulations of TPH in soils and sediments of the stormwater
management systemswere also reported, by three seasons: summer, au-
tumn, and winter. Generally, the highest rates of accumulation occurred
by the swale inlet, and the seasonal differences in TPH accumulations in
swale sediments seemed to decrease in autumn (the spring data were
not shown). In the residential catchment, runoff samples were analysed
for TPHandPAHconcentrations in anupstream swale connecting twoba-
sins in a series and in downstream swales conveying the downstream
basin effluent to the treatment train outlet. In spite of a substantial reduc-
tion in TSS concentrations along the path from the upstream pond to the
outlet, there were practically no changes in the PAH concentrations. The
authors concluded that TPH data were of a limited value, because such
datawere affected by TPH fromnumerous sources. The data for individual
PAH substances with known physico–chemical characteristics were con-
sidered more helpful, because the specific properties of those substances
(e.g., water solubility) could help determine treatment processes applica-
ble to individual substances, like photolysis, volatilization, adsorption and
sedimentation. However, this reference (Roinas et al., 2014) has some
limitations, because of incomplete descriptions of the facilities studied
(e.g., missing descriptions of the swales, no specifications of road traffic
intensities), samplingmethods, and as stated by the authors, the “prelim-
inary nature” of the data published.
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Andrés-Valeri et al. (2014) studied TPH in runoff from a low–traffic
road draining into a facility with three parallel 20–m long compart-
ments: a concrete channel, a conventional grass swale, and a dry
swale with a limestone bottom filter. The compartments shared the
same influent (road runoff), but the effluents from the individual com-
partments were collected separately at downstream manholes and
sampled, once a month, for both TPH and TSS, over a period of
25months. TPH concentrations in the grass swale compartment effluent
were about the same as those in the concrete compartment effluent
(i.e., no TPH removals), but TSS were reduced by about 56%. The sam-
pling method used had an obvious drawback resulting from collecting
(multi–event) samples just once per month, without characterizing
the dynamics of individual rainfall events.

Leroy et al. (2015) study of PAH in biofilter swale mesocosms is only
partly relevant to this review, because it addresses the fate of PAH in
swale soils, rather than changes in PAH concentrations during transport
in grass swales. Four large vegetated mesocosms were built outdoors,
strongly spiked with three model PAH (phenanthrene, pyrene, and
benzo(a)pyrene), and monitored over a period of two years with re-
spect to atmospheric inputs, and PAH inputs, outputs and transfers.
Mesocosms planted with macrophytes or grass allowed only limited
transfer of PAH into deeper zones of soils, because of the filtration of
suspended solids (SS) with attached PAH through the soil and retention
in a dense root network. Furthermore, this root network contributed to
PAH dissipation by biodegradation, with volatalization and
photodegradation playing much smaller roles.

The follow–up study (Leroy et al., 2016) addressed the quality of fil-
trate from two swales – one planted with grass and the other one with
macrophytes. Soils in swales were sourced locally and were exposed to
land use pollution over six years. Both swales, and a reference reservoir,
were fedwith road runoff from a low traffic road (2500 vehicles/day, in-
cluding 27 trucks/day) in a commercial area and monitored for 12
events during a two–year period. The collected samples of inputs to,
and outputs from, the swales were analysed for a suite of water quality
constituents, including THC, sum of 16 PAH, and two model PAH – PHE
and benzo[a]pyrene (BaP). Inputs of THC&PAH included runoff and
rainwater. The monitored filtrate passed through a vegetated soil layer
about 0.3 m thick. Study findings were rather extensive, though not all
of them apply to this review: (a) The rainwater was found to be an im-
portant contributor of THC & PAH that should be measured; (b) THC
values did not correlate with TSS and PAH did not correlate with THC,
which was explained by some THC originating from old accumulations
in the soil used in constructing the experimental facilities;
(c) Macrophyte infiltration removed 30% of the sum of PAH; the corre-
sponding removals for grass fluctuated and in some cases were even
negative; and, (d) Practical advice: swales are good for treating moder-
ately polluted runoff, macrophytes provided better PAH removals than
grass, and swales should be maintained by scalping the top layer, with
some prescribed frequency, otherwise they will become sources of pol-
lution (in the studied case, already after 6 years of operation).

In summary, there are hardly anywell–documented data in the liter-
ature on hydrocarbon removals (TPH, THC and PAH) in swale channel
flow. The limited data available for specific substances indicate that
while hydrophobic PAHmay be removedwith TSS by settling, relatively
water–soluble substances (naphthalene)move through swales without
changes in concentrations. The filtration of hydrocarbon containingwa-
ters through, and the fate of PAH in, swale soils was reasonably well
documented. Finally, TPH are much harder to follow along the runoff
path than PAH, because the former substancesmay be relatively ubiqui-
tous in the urban environment.

4.6. Oxygen-demanding constituents

Urban stormwater is usually well oxygenated and oxygen–
demanding constituents (ODC) are not studied in general stormwater
quality studies. However, the literature review found seven references
in which the followingODCwere addressed: COD (chemical oxygen de-
mand) was analysed in seven studies (in two cases also BOD, biochem-
ical oxygen demand), TOC (total organic carbon) was analysed in two
studies, and dissolved oxygen (DO) in one study (for details, see
Table 4 in Supplementary materials). Oxygen–demanding constituents
and hydrocarbon compounds degrade in aerobic conditions of grassed
areas (Barrett et al., 1998). Barrett et al. (1998) measured average con-
centration reduction in two swales 61–63% and 51–53% for COD and
TOC, respectively. Kaighn and Yu (1995) observed 3% and−5.6% reduc-
tion in COD concentrations in two investigated GS, while mass reduc-
tions were significantly higher, at 84 and 29.8%, possibly because of
the check–berm facilitating swale flow infiltration (Kaighn and Yu,
1995). The same authors measured COD concentrations upstream and
downstream of a 3–m long GFS and calculated the removal efficiency
of 59.3%. Ming-Han et al. (2008) observed COD reductions (−21–51%)
over an 8–m long GFS and Walsh et al. (1997) observed COD removal
of 25–79% after a 40–m long GS during simulation experiments with a
synthetic stormwater of different flow depths.

In summary, grass surfaces, such as those in GS&GFS, provide good
aerobic conditions for degradation of oxygen–demanding constituents,
as reported in about half–a–dozen references. Such removals may in-
crease with the time of travel of stormwater through these facilities.

4.7. Other pollutants

This section contains water quality constituents (chloride and indi-
cator bacteria), which were rarely reported in the literature on
GS&GFS and did not fit the earlier discussed groups of chemicals.

4.7.1. Chloride
In regions with seasonal snowpacks, de–icing salts and/or abrasives

are used in large quantities in winter road maintenance (Marsalek,
2003). Such practices result in releases of the chloride ion which is
highly mobile and conservative, and may occur at concentrations ex-
ceeding the toxicity thresholds at chronic and acute levels (230 and
860 mg/L, respectively) (U.S. EPA, 1988). Chloride applied on road sur-
faces is transported by: snow removal practices, stormwater and snow-
melt runoff, infiltration entering the soil and groundwater, and direct
runoff draining into the receiving waters (Marsalek, 2003; Corsi et al.,
2010). Swales are often used as snow storage areas (Bäckström, 2002)
and after thefinal snowmelt pollutants from snow stay in the sediments
on the road or in the roadside swales (Viklander, 1997).

The literature survey revealed only one study of chloride in swale
runoff samples (Stagge et al., 2012). The authors concluded that al-
though chloride is applied just during the winter and early spring, it
may accumulate in swale soils and be slowly released throughout the
year. Regardless of the swale design, chloride concentrations increased
significantly at the swale outlet, on average, by 36–203 mg/L (Stagge
et al., 2012). Chloride releases were noted for all swale designs, and
GS with GFS released chloride at higher concentrations, on average, by
170 mg/L (Stagge et al., 2012). Check–berms, however, had no effect
on chloride concentration (Stagge et al., 2012). Because of the conserva-
tive nature of chloride, its transport in the environment is governed by
physical processes and it is removed from swale flowonly by infiltration
into swale soils. The entry of sodium chloride (NaCl) ions into swale
soils or sediment deposits has two potential implications: First, it may
contribute to trace metal desorption in swale channel soils and bottom
sediment deposits (Bäckström et al., 2004; Tedoldi et al., 2016).
Bäckström et al. (2004) placed a tension lysimeters 50 cm below the
bottom surface layer of twohighwayGS and analysed TMmetal concen-
trations (Cd, Cu, Pb, Zn) in soil solutions during a 1–year period and
found that the metal concentrations in the soil solutions correlated
with the use of de–icing salts. The second implication of NaCl presence
is the fact that the sodium ion impacts on soil structure by making the
soil less permeable (Krauskopf, 1995).
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4.7.2. Indicator bacteria
Urban stormwater is known to carry faecal indicator bacteria (FIB) at

concentrations, which may exceed the safe limits in the receiving waters
used for recreation or water supply (Marsalek and Rochfort, 2004). For
example, the Canadianmicrobial water quality guidelines for fresh recre-
ationalwaters stipulate that Escherichia coli (E. coli) concentrations should
be ≤200 E. coli/100 mL (measured as a geometric mean of at least five
samples in a waterbody of concern, within 30 days), with a single sample
maximum ≤400 E. coli/100 mL (Health Canada, 2012). Only one peer–
reviewed article addressed FIB in runoff conveyed by urban grass swales
(Barrett et al., 1998). In that study, Barrett et al. (1998) investigated faecal
coliform and faecal streptococci concentration reductions in two highway
swales. FIB concentrations in 34 storm events increased after conveyance
through the swale at both sites. The average percentage increase in faecal
coliform concentrations was 192% at site 1, and of faecal streptococci, 74
and 477%, at sites 1 and 2, respectively. Even though the authors reported
a limited access of animals to the swales studied, such results would sug-
gest unmonitored FIB sources (e.g., wildlife) or FIB reproduction, which is
possible at favourable temperatures and nutrient supply. On the other
hand, bacteria die–off due to settling of fine particle with attached bacte-
ria and UV irradiation was also reported for stormwater BMPs (Marsalek
and Rochfort, 2004).

More research is needed to investigate reproduction and survival of
FIB in GS&GFS facilities in various climates, particularly where such fa-
cilities discharge directly into the receiving waters with sensitive
water uses for recreation or water supply.

4.8. Soil quality

Stormwater is treated locally by infiltration into, and retention of
conveyed pollutants in, swale soils. Stormwater runoff from roads
leads to accumulation of anthropogenic metals in roadside green areas
(Lind and Karro, 1995; Carrero et al., 2013) and the resulting soil pollu-
tion leads to increased interest in soil quality and processes for pollutant
removals occurring in the soil profile (beyond the scope of this review).
However, since GS&GFS are grass–soil stormwater control systems,
their description would be incomplete without briefly describing char-
acteristics of the soils used in such systems, and the soil influence on fa-
cility performance in stormwater treatment. Seven references
presented such information: Rushton (2001), Bäckström (2003),
Barrett et al. (2004), Winston et al. (2011), Winston et al. (2012),
Roinas et al. (2014), and Gavrić et al. (2019).

Rushton (2001) measured PAHs, metals (Al, Cd, Cr, Cu, Fe, Pb, Mn, Ni,
Zn), nutrients (TKN and Total P), and pesticides in the top 2.5 cm of sed-
iments deposited in grass swales. Among the 16 USEPA PAHs, Benzo(b)
fluoranthene, Benzo(k)fluoranthene, Chrysene, Fluoranthene, Phenan-
threne, and Pyrene, were found in concentrations above the detection
limits, and the remaining 10 were below the detection limits. Both PAHs
and metals were detected in higher concentrations in the swales receiv-
ing runoff from asphalt pavements rather than concrete pavements
(Rushton, 2001). Pesticides were detected in sediments (Rushton,
2001). Additionally, metal and nutrient concentrations in the top 2.5 cm
were compared to the concentrations in deeper layers (10–13 cm). Only
Pb showed slightly lower or higher concentration in deeper layer while
other metals were retained in the top layer (Rushton, 2001).

Bäckström (2003) collected a grab sample of the surface swale sed-
iments removed by a sweeping machine with plastic brushes used to
clean swales afterwinter. The samplewas analysed for PAHs andmetals
(As, Cd, Co, Cr, Cu, Ni, Pb, V, and Zn) and compared to the SEPA (1997)
guideline for sensitive soils. All the concentrations were below the
guideline limits, but the author recommended further investigations,
since only one sample was collected, with focus on deeper soil layers.

Barrett et al. (2004) examinedmetals (Arsenic (As), Cd, Cr, Cu, Ni, Pb,
and Zn) in soils of eight GFS using the USEPA toxicity characteristic
leaching procedure (TCLP) and reported the mean concentrations
[μg/L] and themaximumobserved concentrations. None of the reported
concentrations exceeded the hazardous waste threshold. No further
data scrutiny was possible, because the description of the sampling
method used was not provided in the reference.

Winston et al. (2011) conducted one of themost comprehensive stud-
ies of soil properties in twoGFS. At eachGFS, six soil samples representing
three different depths (0–5, 5–15, and 15–30 cm) were characterized
with respect to: pH, organic matter, weight to volume ratio, phosphorus
index (P\\I), zinc index (Zn\\I), copper index (Cu\\I), cation–exchange
capacity (CEC), and percent base saturation (BS%). The last parameter is
percentage of CEC occupied by the basic cations: calcium (Ca), magne-
sium (Mg), and potassium (K). Moreover, the soil physical parameters
were also reported: the average vertical saturated hydraulic conductivity,
the average PSD, and the average infiltration rate [cm/h]. The actual mea-
surements of CEC and BS% gave insight into the soil ability to adsorb pos-
itively charged cations (Fe, Al, and Ca) that affect precipitation or
adsorption of Ortho–P (Winston et al., 2011). In a later study, Winston
et al. (2012) investigated pollutant reduction efficiency of twodry swales,
two GFS, and two wetland swales, all of which were located next to a
highway with a permeable asphalt overlay. Soil samples were collected
from two locations at each facility and analysed for (i) PSD (soil was clas-
sified as sand, sandy loam, loamy sand, or sandy clay loam) and (ii) chem-
ical composition. However, the soil chemistry data were not provided in
the paper and, therefore, cannot be further discussed here. Additionally,
the authors measured soil compaction of two 6.6 m long GFS (with
16–18% slope and 75–90% vegetation cover) and found the soil to be
compacted, which was one of the reasons for low pollutant reductions
(Winston et al., 2012). No information was provided about the swale
age or soil infiltration rates at the study sites.

Roinas et al. (2014) used metal corers to extract soil samples from
swales connecting storage facility in a treatment train receiving road run-
off. The cores were divided into three layers (0–2, 2–4, and 4–6 cm) and
each layer sample was analysed for PAHs and TPHs, whose highest con-
centrations were found in the samples closest to the inlet.

Gavrić et al. (2019) sampled three swale catchments with different
land-use surfaces: a road (ADT range for three sites was
2500–11,650), a parking lot, a roof, and a grassed surface. At each site
20 m long swale sections that received direct runoff from only roads
and parking lots were selected and sampled along three cross–
sections, 10 m apart. The swale soil was sampled using a stainless
steel soil corer (with 5 cm diameter and the length of 30 cm). Total
metal concentrations (Cu, Pb, Zn) in the top 5 cmwere used to calculate
the total pollutant loads retained in swale soils since the construction.
Soil samples showed that the higher metal concentrations and loads
were observed in the swale exposed to the runoff from the road with
the highest ADT intensity. The calculated metal load in top 5 cm
(Lmeas) was compared to the metal load (Lmod) calculated from the
output of a source–basedmodel StormTacWeb (Larm, 2000). The latter
loadwas calculated bymultiplying themodel output of annual retained
metal load by the swale age ranging from 38 to 57 years. In spite of con-
siderable uncertainties, the suggested method yielded a fair agreement
between themeasured andmodelled loads in swale soils, characterized
by the ratio Lmod/Lmeas, with an average value of 0.96 and standard
deviation of 0.55. The results suggested the feasibility of assessing the
long–term performance of grass swales as the difference between the
modelled metal loads entering the swale and the metal loads retained
in swale soils estimated by soil sampling and chemical analyses.

In summary, the literature survey identified seven studies that in-
cluded quality analysis of soils underneath the studiedGS&GFS facilities.
The studies examined the soil content of metals, PAHs, nutrients, and
pesticides (only in one study) in order to investigate the soil pollution
by comparing the measured pollutant concentrations to the environ-
mental guidelines, and to recommend future maintenance. An excep-
tion is the study by Winston et al. (2011), in which different soil
characteristics were expected to affect the water quality performance
of facilities of otherwise the same design. Apart from the infiltration
rate, other soil characteristics are not usually reported in GS&GFS
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studies. Measuring and reporting other soil parameters could provide
better comparison between the studies and further understanding
about their effect on pollution mitigation.

5. Processes contributing to dissolved pollutant removal in GS&GFS

The processes serving to enhance the quality of stormwater passing
through GS&GFS, identified in this literature survey, can be divided into
two groups: (i) Removals of the particulate fraction of pollutants (i.e.
those primarily attached to solids) mostly by settling, and (ii) Removals
of the dissolved fraction by adsorption, chemical precipitation, micro-
bial degradation and plant uptake, with such processes facilitated by
flow infiltration. The former group of processes was covered in
Section 4, the latter processes are discussed in this section.

Settling is recognized as themain process for improving stormwater
quality, followed by adsorption of chemicals. The reviewed literature
confirms that pollutant adsorption in GS&GFS depends on particle sur-
face characteristics, i.e. the surface area determined by the particle
size and surface composition with certain sorption capacity (Scholes
et al., 2008). Moreover, adsorption depends on pollutant chemical char-
acteristics such as oxidation state of the metal, substance molecular
weight, tendency to sorb, etc. (Vezzaro, 2011). Sorption processes are
also affected by the ambient water chemistry, characterized by water
pH, conductivity, temperature, and oxidation/reduction potential
(Jørgensen and Bendoricchio, 2001; Zoppou, 2001). Lastly, contact
time affects adsorption; the longer the contact times the higher the
sorption capacity, until an equilibrium state is reached (Yousef et al.,
1985; Scholes et al., 2008). Chemical precipitation transforms dissolved
chemicals to the solid state, from which they can again become dis-
solved by changes in the ambient water chemistry (Djukić et al.,
2016). Precipitates are formed from strongly oversaturated solutions.
Yousef et al. (1985) examined the solubility diagrams with respect to
important soluble and insoluble species of the metals studied in swale
flows, and concluded that nutrients and metals were possibly removed
by precipitation in the studied swale. Using themesocosms from an ear-
lier study (described above by Leroy et al. (2015)), during a 2–year pe-
riod, Leroy et al. (2017) measured metal concentrations in the plant
stems (above ground) and roots, and found that plants with high
below ground biomass retained metals in the topsoil and stabilized
metals in their root zone. Plants were important for retaining metals
in the topsoil and through the plant uptake (Leroy et al., 2017). The pro-
cess of plant uptake is time dependent: Lee et al. (1989) reported that
even though dissolved P may be taken up by plants, because of short
travel times over GFS during individual events such an uptake can be
neglected. Microbial degradation of organic pollutants is enhanced by
aerobic and anaerobic processes during the contact time between
stormwater and substrate material (Scholes et al., 2008).

In summary, biological and chemical processes such as adsorption,
chemical precipitation, microbial degradation, and plant uptake are
oftenmentioned in the literature to occur in GS&GFS, however, without
quantifying the contribution of such processes to the obtained results.
The review shows that urban studies producing computational proce-
dures for pollutant trapping/removal in GS&GFS were focused on TSS
and better understanding of solids transport. Studies of dissolved pol-
lutants, such as dissolvedmetal fractions, are scarce. Given the rising in-
terest and awareness about the emerging pollutants in urban runoff, the
processes and conditions favouring the dissolved pollutant mitigation
would deserve a better understanding.

6. Modelling GS&GFS

Modern planning and design of urban drainage systems, comprising
both hard and soft (green) infrastructure, requires modelling tools to
cope with the complexity of systems under consideration and the
large number of drainage elements analysed in an integrated way. Con-
sequently, the development and continuing refinement of standard
urban drainagemodelling packages has progressed over the past almost
50 years, with a great deal of success. Such packages perform the best in
intermediate and large scale applications, but high–resolution applica-
tions to small stormwater control facilities (SCF), including GS&GFS,
are still a subject of research. In fact, some authors suggested that the
stormwater quality component of these packages should be brought
to the same (or comparable) level as that of their water quantity com-
ponents (Zoppou, 2001; Dietz, 2007; Elliott and Trowsdale, 2007;
Ahiablame et al., 2012). One of the aspects slowing down the progress
in this field is the lack of understanding of physical/chemical/biological
processes taking place in SFC facilities. This chapter summarizes model-
ling GS&GFS performance in pollutant removal reported in the litera-
ture. The literature survey identified two types of modelling efforts
addressing GS&GFS: (i) Research models of GS&GFS reported in the lit-
erature, and (ii) Application of standard urban drainage modelling
packages (specifically, Mike SHE of DHI, Inc., MUSIC (Wong et al.,
2002) and the SWMM (Storm Water Management Model of US EPA))
to GS&GFS. A brief overview of such studies follows.
6.1. Research models of GS&GFS

For the purpose of this review, the researchmodels were operation-
ally defined as the models whose structure, computational scheme and
verification on a limited set of data were published, usually within the
scope of the original research study. However, there is no party respon-
sible for continuous updating, testing, refinement and distribution of
such models. The literature search identified three–to–four models
fitting the above description.

Two earlier discussed methods (Section 4.1), the Kentucky method
and the Aberdeen equation,were used in developingmodels simulating
sediment transport in GS&GFS. The Kentucky method is used in the
physically–based model Vegetative Filter Strips Modelling System
(VFSMOD), which simulates suspended sediment transport (using the
Kentucky method with the parameter d50) and the bed load transport
(for particles N0.0037 cm using the Einstein bed load transport equa-
tion). The VFSMODmodel hydrologic and quality components were re-
fined in the recent studies by Lambrechts et al. (2014), Pan et al. (2017),
Fox et al. (2018), Lauvernet and Munõz-Carpena (2018), Lim et al.
(2018), and Munõz-Carpena et al. (2018). However, these studies are
more related to agricultural rather than urban conditions, for several
reasons: (i) study focus was sediment trapping efficacy during different
stages of agricultural plant growth, (ii) mimicking GFS operating condi-
tions in treatment of pesticide and sediment loadings from agricultural
fields, and (iii) high simulated inflow sediment concentrations
(23,400–95,000 mg/L). Han et al. (2005) applied the VFSMOD model
to an urban roadside treatment train including level spreader GFS, of
which performance in TSS reduction was investigated. Using only two
monitored rainfall events for model calibration, the authors used the
model to examine the effect of initial water content, saturated hydraulic
conductivity, particle size, and grass spacing on TSS removal. From pro-
duced model simulations, the authors concluded that: (1) no differ-
ences in TSS reduction occur for different values of the initial soil
water content and saturated hydraulic conductivity, (2) higher TSS re-
ductions occur for lower grass spacing (grass spacing was varied from
1 to 7 cm), and (3) GFS is effective in removing particles N8 μm (particle
size was varied from 2 to 20 μm). However, none of thesemodelling re-
sultswere validated on actual field or laboratory data.Moreover, the au-
thors did not fully describe the investigated grass filter strip, including
the grass species and the method of planting. Lastly, although the
grass spacing was used as a model input parameter, the method used
for determining this parameter was not provided in the study, and the
large spacing of 7 cm listed in the reference seems to be erroneous. In
spite of the progress in refining the VFSMOD model, the model is best
applicable in agricultural conditions, which differ from those found in
urban areas, particularly with respect to concentrations of TSS.
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The earlier mentioned Aberdeen equation (Deletic, 2000)
(Section 4.1) was built into the physically–based model of suspended
sediment transport, called TRAVA. The model was verified, with good
results, for a field GFS in Aberdeen and at a field GS in Brisbane
(Deletic and Fletcher, 2006). Akan and Atabay (2016) used the Aber-
deen equation to calculate the GFS sediment trapping efficiency, in ad-
dition to computing the hydraulic residence time, and runoff volume
and peakflow reductions. Their method estimated the effects of subsur-
face and surface flow conditions, and sediment characteristics (all
expressed through dimensionless parameters) on the sediment trap-
ping efficiency (Akan and Atabay, 2016). Their study produced various
charts showing such relationships. The relationships between the com-
mon design parameter (the surface flow residence time) and the
suspended sediment trapping efficiency for unsteady flowwere investi-
gated by Akan and Atabay (2017). The study used the previously devel-
oped method (Akan and Atabay, 2016) for simulations of different
combinations of parameters (residence time, shape of the inflow
hydrograph, sediment characteristics) and indicated that the relation-
ship between the trapping efficiency and the residence time was af-
fected by inflow hydrographs of different shapes (Akan and Atabay,
2017). The authors recommended the resulting charts as design tools.
Another recent study (Khatavkar and Mays, 2017) focused on
optimising the GFS design length using the Aberdeen equation to
model the sediment trapping efficiency. The authors gave examples of
optimised GFS lengths for different soil types and rainfall intensities,
but did not provide any validation of results on actual field or laboratory
data. Winston et al. (2017) focused on design of GS/GFS with respect to
the TSS trapping efficiencies. Towards this end, various GS&GFS designs
with different swale cross–sections, longitudinal slopes, lengths, etc.
were modelled, using the Rational method to model the inflows,
Manning's equation to calculate runoff flow velocity along the facility
surface, and the Aberdeen equation to calculate the TSS trapping effi-
ciency. Comparisons of simulation results indicated that GFS was the
most effective measure, followed by the trapezoidal GS, and lastly the
triangular GS. Similarly as in the previous studies, the study aim was
to develop recommendations without validation of results on actual
field or laboratory data.

Vezzaro (2011) developed The Stormwater Treatment Unit model
for MicroPollutants (STUMPmodel) which uses the CSTR (continuously
stirred tank reactor) concept and properties of micropollutants
(e.g., degradation rates, tendencies to adsorb, etc.) tomodel their reduc-
tion in environmental systems. Using a detailed catchment characteri-
zation, dynamic and conceptual modelling methods, and pollutant
properties, the STUMP can simulate settling, resuspension,
volatalization, adsorption/desorption, hydrolysis, photodegradation,
aerobic degradation, and anaerobic degradation (Vezzaro et al., 2010).
The model was tested for Cu, Zn, and two organic substances (benzene
and di(2-ethylhexyl)phthalate, i.e. a petrochemical and plasticizer, re-
spectively) for a biofilter and detention pond (Vezzaro, 2011). The au-
thor concluded that in spite of the significant level of uncertainty
(50–60%) in pollutant load estimations, the model can be used in prac-
tice for analysis of scenarios and that the future improvement should in-
clude a thorough uncertainty assessment (Vezzaro, 2011).

6.2. Applications of standard urban drainage modelling packages in
GS&GFS studies

Actual operating conditions of GS&GFS often indicate the formation
of concentrated flows, whose paths can be predicted using high–
resolution topographical maps (Helmers et al., 2005a). Helmers et al.
(2005b) studied the impact of flow distribution on the sediment trap-
ping efficiency of two GFS using the physically–based, fully distributed
model MIKE SHE for flow simulation and the Kentuckymethod for sed-
iment trapping simulation. The investigated site included two GFS 13m
long (i.e., measured in the flowdirection) and 15mwide. At the studied
site, the observed flow concentration was not significant enough to
impact sediment trapping, because of the flat terrain and low velocities
(Helmers et al., 2005b). The authors used MIKE SHE to investigate the
impact of higher flows and their concentration concluding that the
higher flow rates and shorter lengths increased the flow concentration
which reduced the trapping efficiency (Helmers et al., 2005b). Addition-
ally, flow convergence upstream of the GFS reduced the trapping effi-
ciency even more than the convergence within the GFS; however, the
combined effect of flow concentration upstream and within the GFS
was not studied (Helmers et al., 2005b). Further development of the
method for simulating the effects of spatial variability of vegetation den-
sity and hydraulic conductivity of a GFS on outflow hydrographs was
studied by (Helmers and Eisenhauer, 2006).

In another group of studies of GS (Fletcher et al., 2002; Wong et al.,
2002; Deletic and Fletcher, 2004; Wong et al., 2006; Allen et al., 2015)
the first order kinetic decay model (k–C* model) was used to simulate
pollutant reductions in a GS. The k–C* concept was incorporated into
the Model for Urban Stormwater Improvement Conceptualization
(MUSIC) to simulate pollutant reduction in a treatment facility repre-
sented as CSTR (e.g., one CSTR for a small pond and a number of CSTR
for a long grassed swale) (Wong et al., 2002).

Deletic and Fletcher (2004) investigated the k–C* concept by verify-
ing the MUSIC model against the data generated by the TRAVA model,
whichwas calibrated on data from theBrisbane swale simulation exper-
iments (Fletcher et al., 2002; Deletic and Fletcher, 2006). Following the
calibration, the TRAVAmodel was run for various soil and grass param-
eters, and three flow rates, to produce a set of various GS scenarios,
which generated data for MUSIC calibration. The study concluded that
the flow rate and grass density affect both parameters in the k-C*
model; for higher flow resistance, the parameter k decreased while C*
increased, but the soil type had negligible effects on both k and C* pa-
rameters (Deletic and Fletcher, 2004). The MUSIC model and the k–C*
concept were further investigated by Wong et al. (2006), attempting
to model the combined effect of physical, chemical, and biological pro-
cesses occurring in different stormwater facilities using calibrated pa-
rameters k and C*. Using data from a number of stormwater treatment
facilities, including the data from laboratory GS experiments conducted
byWalsh et al. (1997), the authors concluded that the model was capa-
ble to simulate pollutant behaviour in different facilities. However, the
authors also suggested future research needs to investigate the effect
of particle size, settling velocity, inflow concertation, and flow rate on
k and C* parameters (Wong et al., 2006).

SWMM is an open–source model used for event–based or continu-
ous runoff quantity and quality simulation, which has been applied in
N150 peer–reviewed articles on urbanwater (Niaizi et al., 2017). The re-
view identified two studies, Flanagan et al. (2017) and Xie et al. (2017)
that used SWMM tomodel swales; however, these studiedwere limited
to water quantity simulations only. Niaizi et al. (2017) also reviewed
SWMM applications in previous research and identified research
needs for developing and validating methods for modelling GI, im-
proved pollutograph simulations, and refining pollutant representation
to account for various pollutant affinities to fine particles and various
mobilization potentials (Niaizi et al., 2017). This review did not identify
studies that used SWMM to model GS&GFS pollutant reduction.

Ackerman and Stein (2008) used the output from a calibrated and
validated land–use model based on the hydrologic simulation
program-Fortran (HSPF) to feed a dynamic model (developed by
Tetra Tech) to simulate the performance of a swale and a
bioretention pond in reducing total Cu and solids for a variety of
storm events during a 10–year period. For both pollutants, they
used the first-order degradation process to calculate the pollutant
reductions. Swale performance in solids and Cu reduction decreased
with larger storms (Ackerman and Stein, 2008). The sensitivity
analysis of different facility designs showed swales to be the most
sensitive to water balance, e.g. change in infiltration rate. Model
needed validation using measured data from the field/laboratory
(Ackerman and Stein, 2008).
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6.3. Summary of modelling studies

Recent developments in modelling GS&GFS indicate evolution of
two parallel tracks of research – one working on refinements of older
semi-empirical models of GS&GFS, generally tested on small data sets
and best applicable in the realm of original research studies, and the
other working with standard and widely accepted modelling packages,
which were originally developed for larger physical scales than those
applicable to GFS or small GS. Ideally, thefirst streamshould serve to de-
velop new algorithms for GS&GFS, which would be then incorporated
into the standard packages, but there is no evidence that this hybrid ap-
proach is happening.

Future research should aim at testing standard urban drainage
modelling packages on measured field data instead of using other
models as a reference. The research models that were derived from ex-
periments with simulated flows (the Aberdeen equation and the Ken-
tucky method) reflect somewhat unrealistic conditions of constant
inflow rates and sediment concentrations, introduced at the upstream
end of the swales/filter strips, and there is a need to investigatewhether
such methods are applicable to the swales with lateral inputs of water
and sediment. The review also revealed that a number of the recent
modelling studies focused on simplified approaches intended to serve
practice.

The future research challenge is to address both needs, an integrated
approach to the drainage system at a larger scale to improve the overall
design andmaintenance guidelines, and an approach focused on small–
scale issues serving to improve the understanding of processes and ad-
vance the quantitative methods for assessing fluxes of pollutants of dif-
ferent types and characteristics. Future progress will be achieved
through process–oriented research (as opposed to conceptual input–
output black box models), including the modelling of such processes
and testing against high quality data, and examining the ways of incor-
porating such procedures into standard urban drainage models.

7. Conclusions

The wealth of published data on the management of urban
stormwater by grass swales and filter strips, and the expectations of
growing adoption of such green infrastructure components in urban
drainage provided themotivation for preparing this review of processes
improving the urban stormwater quality in GS&GFS. The literature sur-
veyed addressed, to various extents, N50 water quality parameters, ar-
ranged into the following groups: solids, trace metals, nutrients, traffic
associated hydrocarbons, oxygen-demanding pollutants, and other pol-
lutants. Such a list of parameters indicates the focus on road runoff pol-
lution and its mitigation by GS&GFS. Most references were found for
solids, which occur in urban areas in large quantities originating from
anthropogenic and natural sources, and serve as vectors for many
other pollutants. Empirical investigations of sediment transport over
grass surfaces included the sampling of runoff generated by rainfall or
irrigation, and served to compare the pollutant removal with respect
to concentrations of particles of various sizes. Studies employing irriga-
tion, with constant flow rates and sediment concentrations, deviated
from actual field conditions characterized by lateral inflows of runoff
into swales, with variable flow rates and concentrations of various size
particles. Results of empirical studies on GS&GFS helped identify influ-
ential variables enhancing stormwater quality, but their validity or
transfers to other facilities are limited. Examples of such limitations in-
clude the neglect of inflow processing on side-slopes of swale channels,
underrepresentation of fine transported particles, and low sediment in-
fluxes typical for residential parking lots drained by swales. Another
limitation arises from addressing the pollutant removal in GS&GFS
mostly during non–submerged flows over the grass surface during in-
tense storms or snowmelt, even though there are extensive times
when GS&GFS flows are submerged. Furthermore, the above investiga-
tions focused mostly on stormwater quality enhancement by settling.
Biological and chemical processes such as adsorption/desorption, chem-
ical precipitation, microbial degradation, and plant uptake are often
mentioned in the literature as “treatment processes occurring” in
GS&GFS, but without attempting to quantify the effects of such pro-
cesses on flow quality. Observations of other-than-solids pollutant re-
movals by GS&GFS are truly limited, with total and dissolved TM, or
traffic associated hydrocarbons, addressed in four studies of each
group, and single studies addressing chloride or faecal indicator bacteria
in swale runoff. The complexity of GS&GFS systems, incomplete descrip-
tions of such systems, and the lack of uncertainty assessment of the pub-
lished data make comparisons of findings from different studies
challenging, and sometimes even impossible. Finally, the advancement
of modelling the GS&GFS flow quality is needed to increase the under-
standing of green infrastructure design and benefits, but currently not
feasible without a better knowledge of stormwater quality processes
in GS&GFS.

Acknowledgments

This study was funded by the Swedish Research Council Formas,
project 2015–778 and DRIZZLE–Centre for Stormwater Management,
funded by Swedish Governmental Agency for Innovation Systems
(Vinnova).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.03.072.

References

Ackerman, D., Stein, E.D., 2008. Evaluating the effectiveness of best management practices
using dynamic modeling. J. Environ. Eng. 134, 628–639. https://doi.org/10.1061/
(ASCE)0733-9372(2008)134:8(628).

Ahiablame, L.M., Engel, B.A., Chaubey, I., 2012. Effectiveness of low impact development
practices: literature review and suggestions for future research. Water Air Soil Pollut.
223, 4253–4273. https://doi.org/10.1007/s11270-012-1189-2.

Akan, O.A., Atabay, S., 2016. Suspended sediment trap efficiency of vegetative filter strips.
J. Hydrol. Eng. 18, 746–759. https://doi.org/10.1061/(ASCE)HE.1943-5584.

Akan, O.A., Atabay, S., 2017. Grass filter strip residence time-trap efficiency relationship.
Water Environ. J., 1–7 https://doi.org/10.1111/wej.12240.

Allen, D., Olive, V., Arthur, S., Haynes, H., 2015. Urban sediment transport through an
established vegetated swale: long term treatment efficiencies and deposition.
Water 7, 1046–1067. https://doi.org/10.3390/w7031046.

Andrés-Valeri, V.C., Castro-Fresno, D., Sañudo-Fontaneda, L.A., Rodriguez-Hernandez, J.,
2014. Comparative analysis of the outflow water quality of two sustainable linear
drainage systems. Water Sci. Technol. 70, 1341–1347. https://doi.org/10.2166/
wst.2014.382.

Bäckström, M., 2002. Sediment transport in grassed swales during simulated runoff
events. Water Sci. Technol. 45, 41–49.

Bäckström, M., 2003. Grassed swales for stormwater pollution control during rain and
snowmelt. Water Sci. Technol. 48, 123–134.

Bäckström, M., Karlsson, S., Bäckman, L., Folkeson, L., Lind, B., 2004. Mobilisation of heavy
metals by deicing salts in a roadside environment. Water Res. 38, 720–732. https://
doi.org/10.1016/j.watres.2003.11.006.

Bäckström, M., Viklander, M., Malmqvist, P.-A., 2006. Transport of stormwater pollutants
through a roadside grassed swale. Urban Water J. 3, 55–67. https://doi.org/10.1080/
15730620600855985.

Barrett, M.E.,Walsh, P.M., Malina Jr., J.F., Charbeneau, R.J., 1998. Performance of vegetative
controls for treating highway runoff. J. Environ. Eng. 124, 1121–1128. https://doi.org/
10.1061/(ASCE)0733-9372(1998)124:11(1121).

Barrett, M., Lantin, A., Austrheim-Smith, S., 2004. Storm water pollutant removal in road-
side vegetated buffer strips. Transp. Res. Rec. 1890, 129–140.

Boger, A., Ahiablame, L., Mosase, E., Beck, D., 2018. Effectiveness of roadside vegetated fil-
ter strips and swales at treating roadway runoff: a tutorial review. Environ. Sci.Water
Res. Technol. 4, 478–486. https://doi.org/10.1039/C7EW00230K.

CALTRANS, California Department of Transportation, Division of Environmental Analysis,
2004. BMP Retrofit Pilot Program final report. (Available: http://www.dot.ca.gov/hq/
oppd/stormwtr/Studies/BMP-Retro-fit-Report.pdf, visited on January 25, 2019).

CALTRANS Division of Environment, 2003. Final report Roadside Vegetated Treatment
Sites (RVTS) study. (Available: http://www.dot.ca.gov/hq/env/stormwater/pdf/
CTSW-RT-03-028.pdf, visited on January 25, 2019).

Carpena, R.M., Parsons, J.E., 2014. VFSMOD Vegetative Filter Strips Modeling System
Model Documentation & Users Manual.

Carrero, J.A., Arrizabalaga, I., Bustamante, J., Goienaga, N., Arana, G., Madariaga, J.M., 2013.
Diagnosing the traffic impact on roadside soils through amultianalytical data analysis

https://doi.org/10.1016/j.scitotenv.2019.03.072
https://doi.org/10.1016/j.scitotenv.2019.03.072
https://doi.org/10.1061/(ASCE)0733-9372(2008)134:8(628)
https://doi.org/10.1061/(ASCE)0733-9372(2008)134:8(628)
https://doi.org/10.1007/s11270-012-1189-2
https://doi.org/10.1061/(ASCE)HE.1943-5584
https://doi.org/10.1111/wej.12240
https://doi.org/10.3390/w7031046
https://doi.org/10.2166/wst.2014.382
https://doi.org/10.2166/wst.2014.382
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0035
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0035
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0040
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0040
https://doi.org/10.1016/j.watres.2003.11.006
https://doi.org/10.1016/j.watres.2003.11.006
https://doi.org/10.1080/15730620600855985
https://doi.org/10.1080/15730620600855985
https://doi.org/10.1061/(ASCE)0733-9372(1998)124:11(1121)
https://doi.org/10.1061/(ASCE)0733-9372(1998)124:11(1121)
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0060
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0060
https://doi.org/10.1039/C7EW00230K
http://www.dot.ca.gov/hq/oppd/stormwtr/Studies/BMP-Retro-fit-Report.pdf
http://www.dot.ca.gov/hq/oppd/stormwtr/Studies/BMP-Retro-fit-Report.pdf
http://www.dot.ca.gov/hq/env/stormwater/pdf/CTSW-RT-03-028.pdf
http://www.dot.ca.gov/hq/env/stormwater/pdf/CTSW-RT-03-028.pdf
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0070
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0070


446 S. Gavrić et al. / Science of the Total Environment 669 (2019) 431–447
of the concentration profiles of traffic-related elements. Sci. Total Environ. 458–460,
427–434. https://doi.org/10.1016/j.scitotenv.2013.04.047.

Corsi, S.R., Graczyk, D.J., Geis, S.W., Booth, N.L., Richards, K.D., 2010. A fresh look at road
salt: aquatic toxicity and water-quality impacts on local, regional, and national scales.
Environ. Sci. Technol. 44, 7376–7382.

Davis, A.P., Stagge, J.H., Jamil, E., Kim, H., 2012. Hydraulic performance of grass swales for
managing highway runoff. Water Res. 46, 6775–6786. https://doi.org/10.1016/j.
watres.2011.10.017.

Deletic, A., 1999. Sediment behaviour in grass filter strips. Water Sci. Technol. 39 (9),
129–136. https://doi.org/10.1016/S0273-1223(99)00225-5.

Deletic, A., 2000. Sediment Behaviour in Overland Flow Over Grassed Areas. University of
Aberdeen, (Doctoral thesis).

Deletic, A., Fletcher, T.D., 2004. Modelling performance of stormwater grass swales-
application of simple and complex models, in: WSUD 2004: Cities as Catchments: In-
ternational Conference on Water Sensitive Urban Design. pp. 713–720.

Deletic, A., 2005. Sediment transport in urban runoff over grassed areas. J. Hydrol. 301,
108–122. https://doi.org/10.1016/j.jhydrol.2004.06.023.

Deletic, A., Fletcher, T.D., 2006. Performance of grass filters used for stormwater treatment
- a field and modelling study. J. Hydrol. 317, 261–275. https://doi.org/10.1016/j.
jhydrol.2005.05.021.

Denich, C., Bradford, A., Drake, J., 2013. Bioretention: assessing effects of winter salt and
aggregate application on plant health, media clogging and effluent quality. Water
Qual. Res. J. Canada 387–399.

Dietz, M.E., 2007. Low impact development practices: a review of current research and
recommendations for future directions. Water Air Soil Pollut. 186, 351–363. https://
doi.org/10.1007/s11270-007-9484-z.

Directive 2008/105/EC, 2008. Directive 2008/105/EC of the European Parliament and of
the Council on environmental quality standards in the field of water policy. Off.
J. Eur. Union 84–97.

Djukić, A., Lekić, B., Rajaković-Ognjanović, V., Veljović, D., Vulić, T., Djolić, M., Naunovic, Z.,
Despotović, J., Prodanović, D., 2016. Further insight into the mechanism of heavy
metals partitioning in stormwater runoff. J. Environ. Manag. 168, 104–110. https://
doi.org/10.1016/j.jenvman.2015.11.035.

Elliott, A.H., Trowsdale, S.A., 2007. A review of models for low impact urban stormwater
drainage. Environ. Model. Softw. 22, 394–405. https://doi.org/10.1016/j.
envsoft.2005.12.005.

Eriksson, E., Baun, A., Scholes, L., Ledin, A., Ahlman, S., Revitt, M., Noutsopoulos, C.,
Mikkelsen, P.S., 2007. Selected stormwater priority pollutants - a European perspec-
tive. Sci. Total Environ. 383, 41–51. https://doi.org/10.1016/j.scitotenv.2007.05.028.

European Commission 2006. Directive 2006/44/EC of the European Parliament and of the
Council of 6 September 2006 on the quality of fresh waters needing protection or im-
provement in order to support fish life. (Available: https://eur-lex.europa.eu/legal-
content/EN/TXT/PDF/?uri=CELEX:32006L0044&from=EN, visited on October 17,
2018).

European Commission 2013. Directive 2013/39/EU of the European Parliament and of the
Council of 12 August 2013 amending Directives 2000/60/EC and 2008/105/EC as
regards priority substances in the field of water policy. (Available: https://eur-lex.eu-
ropa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2013:226:0001:0017:EN:PDF, visited
on October 17, 2018).

Flanagan, K., Branchu, P., Ramier, D., Gromaire, M.-C., 2017. Evaluation of the relative roles
of a vegetative filter strip and a biofiltration swale in a treatment train for road runoff.
Water Sci. Technol. 75, 987–997. https://doi.org/10.2166/wst.2016.578.

Fletcher, T.D., Peljo, L., Fielding, J., Wong, T.H.F., Weber, T., 2002. The performance of veg-
etated swales for urban stormwater pollution control, in: Global Solutions for Urban
Drainage.

Fletcher, T.D., Shuster, W., Hunt, W.F., Ashley, R., Butler, D., Arthur, S., Trowsdale, S., et al.,
2015. SUDS, LID, BMPs. WSUD andmore – the evolution and application of terminol-
ogy surrounding urban drainage. Urban Water J. 12, 525–542. https://doi.org/
10.1080/1573062X.2014.916314.

Fox, G.A., Muñoz-Carpena, R., Purvis, R.A., 2018. Controlled laboratory experiments and
modeling of vegetative filter strips with shallow water tables. J. Hydrol. 556, 1–9.
https://doi.org/10.1016/j.jhydrol.2017.10.069.

Galfi, H., Österlund, H., Marsalek, J., Viklander, M., 2017. Mineral and Anthropogenic Indi-
cator Inorganics in Urban Stormwater and Snowmelt Runoff: Sources and Mobility
Patterns. https://doi.org/10.1007/s11270-017-3438-x.

García-Serrana, M., Gulliver, J.S., Nieber, J.L., 2017. Infiltration capacity of roadside filter
strips with non-uniform overland flow. J. Hydrol. 545, 451–462. https://doi.org/
10.1016/j.jhydrol.2016.12.031.

Gavrić, S., Larm, T., Österlund, H., Marsalek, J., Wahlsten, A., Viklander, M., 2019. Measure-
ment and planning-level modelling of retention of tracemetals (Cu, Pb, Zn) in soils of
three urban drainage grass swales. In: Mannina, Giorgio (Ed.), New Trends in Urban
Drainage Modelling. Springer International Publishing, Cham, pp. 85–90.

Gunawardena, J., Egodawatta, P., Ayoko, G.A., Goonetilleke, A., 2013. Atmospheric deposi-
tion as a source of heavy metals in urban stormwater. Atmos. Environ. 68, 235–242.
https://doi.org/10.1016/j.atmosenv.2012.11.062.

Han, J., Wu, J.S., Allan, C., 2005. Suspended sediment removal by vegetative filter strip
treating highway runoff. J. Environ. Sci. Heal. Part A 40, 1637–1649. https://doi.org/
10.1081/ESE-200060683.

Health Canada 2012 (Available at: https://www.canada.ca/en/health-canada/services/
publications/healthy-living/guidelines-canadian-recreational-water-quality-third-
edition/guidelines-canadian-recreational-water-quality-third-edition-page-9.
html#a411, visited on January 10, 2019).

Helmers, M.J., Eisenhauer, D.E., 2006. Overland flow modeling in a vegetative filter con-
sidering non-planar topography and spatial variability of soil hydraulic properties
and vegetation density. J. Hydrol. 328, 267–282. https://doi.org/10.1016/j.
jhydrol.2005.12.026.
Helmers, M.J., Eisenhauer, D.E., Dosskey, M.G., Franti, T.G., Brothers, J.M., McCullough,
M.C., 2005a. Flow pathways and sediment trapping in a field-scale vegetative filter.
2005. American Society of Agricultural Engineers Transaction of the ASAE 48,
955–968.

Helmers, M.J., Eisenhauer, D.E., Franti, T.G., Dosskey, M.G., 2005b. Modeling sediment
trapping in a vegetative filter accounting for converging overland flow. Am. Soc.
Agric. Eng. 48, 541–555.

Herngren, L., Goonetilleke, A., Ayoko, G.A., 2005. Understanding heavy metal
and suspended solids relationships in urban stormwater using simulated
rainfall. J. Environ. Manag. 76, 149–158. https://doi.org/10.1016/j.
jenvman.2005.01.013.

Hino, M., Fujita, K., Shutto, H., 1987. A laboratory experiment on the role of grass for infil-
tration and runoff processes. J. Hydrol. 90, 303–325.

Huat, B.B.K., Ali, F.H.J., Low, T.H., 2006.Water infiltration characteristics of unsaturated soil
slope and its effect on suction and stability. Geotech. Geol. Eng. 24, 1293–1306.
https://doi.org/10.1007/s10706-005-1881-8.

Huber, M., Welker, A., Helmreich, B., 2016. Critical review of heavy metal pollution of traf-
fic area runoff: occurrence, influencing factors, and partitioning. Sci. Total Environ.
541, 895–919. https://doi.org/10.1016/j.scitotenv.2015.09.033.

Hunt, W.F., Fassman, E.A., Winston, R.J., 2006. NCSU UrbanWaterways Factsheet: Design-
ing Dry Swales for the Water Quality Event.

Jørgensen, S.E., Bendoricchio, G., 2001. Fundamentals of Ecological Modelling. 3rd ed.
Elsevier.

Joshi, U.M., Balasubramanian, R., 2010. Characteristics and environmental mobility of
trace elements in urban runoff. Chemosphere 80, 310–318. https://doi.org/10.1016/
j.chemosphere.2010.03.059.

Jovanovic, M., 2008. Regulacija Reka Recna Hidraulika i Morfologija (River Engineering
River Hydraulics and Morphology, in Serbian). Gradjevinski fakultet Univeryiteta u
Beogradu, Beograd.

Kachchu Mohamed, M.A., Lucke, T., Boogaard, F., 2014. Preliminary investigation into the
pollution reduction performance of swales used in a stormwater treatment train.
Water Sci. Technol. 69, 1014–1020. https://doi.org/10.2166/wst.2013.822.

Kaighn, R., Yu, S., 1995. Testing of roadside vegetation for highway runoff pollutant re-
moval. Transp. Res. Rec. 1523, 116–123.

Khatavkar, P., Mays, L.W., 2017. Optimization models for the design of vegetative filter
strips for stormwater runoff and sediment control. Water Resour. Manag. 31,
2545–2560. https://doi.org/10.1007/s11269-016-1552-y.

Krauskopf, K.B., 1995. Introduction to Geochemistry. McGraw-Hill, Inc., New York, N.Y.
Kubrak, E., Kubrak, J., Rowinski, P.M., 2008. Vertical velocity distributions through and

above submerged, flexible vegetation. Hydrol. Sci. Journal-Journal Des Sci. Hydrol.
53, 905–920. https://doi.org/10.1623/hysj.53.4.905.

Lambrechts, T., François, S., Lutts, S., Muñoz-Carpena, R., Bielders, C.L., 2014. Impact of
plant growth and morphology and of sediment concentration on sediment retention
efficiency of vegetative filter strips: flume experiments and VFSMOD modeling.
J. Hydrol. 511, 800–810. https://doi.org/10.1016/j.jhydrol.2014.02.030.

Larm, T., 2000. Watershed–based Design of Stormwater Treatment Facilities: Model De-
velopment and Applications. (Doctoral Thesis), Royal Institute of Technology,
Stockholm, Sweden.

Lauvernet, C., Munõz-Carpena, R., 2018. Shallow water table effects on water, sediment,
and pesticide transport in vegetative filter strips – part 2: model coupling, applica-
tion, factor importance, and uncertainty. Hydrol. Earth Syst. Sci. 22, 53–70. https://
doi.org/10.5194/hess-22-53-2018.

Lee, D., Dillaha, T.A., Sherrard, J.H., 1989. Modeling phosphorus transport in grass buffer
strips. J. Environ. Eng. 115, 409–427. https://doi.org/10.1061/(ASCE)0733-9372
(1989)115:2(409).

Lefevre, G.H., Paus, K.H., Natarajan, P., Gulliver, J.S., Novak, P.J., Hozalski, R.M., 2015. Re-
view of dissolved pollutants in urban storm water and their removal and fate in
bioretention cells. J. Environ. Eng. 141. doi: https://ascelibrary.org/doi/10.1061/%
28ASCE%29EE.1943-7870.0000876.

Leroy, M.C., Legras, M., Marcotte, S., Moncond'huy, V., Machour, N., Le Derf, F., Portet-
Koltalo, F., 2015. Assessment of PAH dissipation processes in large-scale outdoor
mesocosms simulating vegetated road-side swales. Sci. Total Environ. 520,
146–153. https://doi.org/10.1016/j.scitotenv.2015.03.020.

Leroy, M., Portet-Koltalo, F., Legras, M., Lederf, F., Moncond'huy, V., Polaert, I., Marcotte, S.,
2016. Performance of vegetated swales for improving road runoff quality in a moder-
ate traffic urban area. Sci. Total Environ. 566–567, 113–121. https://doi.org/10.1016/j.
scitotenv.2016.05.027.

Leroy, M.C., Marcotte, S., Legras, M., Moncond'huy, V., Le Derf, F., Portet-Koltalo, F., 2017.
Influence of the vegetative cover on the fate of tracemetals in retention systems sim-
ulating roadside infiltration swales. Sci. Total Environ. 580, 482–490. https://doi.org/
10.1016/j.scitotenv.2016.11.195.

Li, H., 2015. Green infrastructure for highway stormwater management: field investiga-
tion for future design, maintenance, and management needs. J. Infrastruct. Syst. 21,
1–9.

Lim, K.J., Park, Y.S., Kim, M.-K., Jeong, J., Engel, B.A., Munoz-Carpena, R., Kim, J., 2018. De-
sign of Vegetative filter strip using web-based system with groundwater table and
pesticide degradation analysis modules. J. Hydrol. Eng. 23, 1–10. https://doi.org/
10.1061/(ASCE)HE.1943-5584.0001611.

Lind, B.B., Karro, E., 1995. Stormwater infiltration and accumulation of heavy metals in
roadside green areas in Goteborg, Sweden. Ecol. Eng. 5, 533–539.

Line, D.E., Hunt, W.F., 2009. Performance of a bioretention area and a level spreader-grass
filter strip at two highway sites in North Carolina. J. Irrig. Drain. Eng. 135, 217–224.
https://doi.org/10.1061/(ASCE)0733-9437(2009)135:2(217).

Liu, A., Goonetilleke, A., Egodawatta, P., 2015. Role of Rainfall Urban Stormwater Charac-
teristics on and Catchment Quality. Springer https://doi.org/10.1007/978-981-287-
459-7.

https://doi.org/10.1016/j.scitotenv.2013.04.047
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0080
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0080
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0080
https://doi.org/10.1016/j.watres.2011.10.017
https://doi.org/10.1016/j.watres.2011.10.017
https://doi.org/10.1016/S0273-1223(99)00225-5
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0090
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0090
https://doi.org/10.1016/j.jhydrol.2004.06.023
https://doi.org/10.1016/j.jhydrol.2005.05.021
https://doi.org/10.1016/j.jhydrol.2005.05.021
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0100
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0100
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0100
https://doi.org/10.1007/s11270-007-9484-z
https://doi.org/10.1007/s11270-007-9484-z
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0110
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0110
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0110
https://doi.org/10.1016/j.jenvman.2015.11.035
https://doi.org/10.1016/j.jenvman.2015.11.035
https://doi.org/10.1016/j.envsoft.2005.12.005
https://doi.org/10.1016/j.envsoft.2005.12.005
https://doi.org/10.1016/j.scitotenv.2007.05.028
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32006L0044&amp;from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32006L0044&amp;from=EN
https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2013:226:0001:0017:EN:PDF
https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2013:226:0001:0017:EN:PDF
https://doi.org/10.2166/wst.2016.578
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0135
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0135
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0135
https://doi.org/10.1080/1573062X.2014.916314
https://doi.org/10.1080/1573062X.2014.916314
https://doi.org/10.1016/j.jhydrol.2017.10.069
https://doi.org/10.1007/s11270-017-3438-x
https://doi.org/10.1016/j.jhydrol.2016.12.031
https://doi.org/10.1016/j.jhydrol.2016.12.031
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0160
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0160
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0160
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0160
https://doi.org/10.1016/j.atmosenv.2012.11.062
https://doi.org/10.1081/ESE-200060683
https://doi.org/10.1081/ESE-200060683
https://www.canada.ca/en/health-canada/services/publications/healthy-living/guidelines-canadian-recreational-water-quality-third-edition/guidelines-canadian-recreational-water-quality-third-edition-page-9.html#a411
https://www.canada.ca/en/health-canada/services/publications/healthy-living/guidelines-canadian-recreational-water-quality-third-edition/guidelines-canadian-recreational-water-quality-third-edition-page-9.html#a411
https://www.canada.ca/en/health-canada/services/publications/healthy-living/guidelines-canadian-recreational-water-quality-third-edition/guidelines-canadian-recreational-water-quality-third-edition-page-9.html#a411
https://www.canada.ca/en/health-canada/services/publications/healthy-living/guidelines-canadian-recreational-water-quality-third-edition/guidelines-canadian-recreational-water-quality-third-edition-page-9.html#a411
https://doi.org/10.1016/j.jhydrol.2005.12.026
https://doi.org/10.1016/j.jhydrol.2005.12.026
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0180
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0180
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0180
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0185
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0185
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0185
https://doi.org/10.1016/j.jenvman.2005.01.013
https://doi.org/10.1016/j.jenvman.2005.01.013
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0195
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0195
https://doi.org/10.1007/s10706-005-1881-8
https://doi.org/10.1016/j.scitotenv.2015.09.033
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0210
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0210
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0215
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0215
https://doi.org/10.1016/j.chemosphere.2010.03.059
https://doi.org/10.1016/j.chemosphere.2010.03.059
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0225
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0225
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0225
https://doi.org/10.2166/wst.2013.822
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0235
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0235
https://doi.org/10.1007/s11269-016-1552-y
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0245
https://doi.org/10.1623/hysj.53.4.905
https://doi.org/10.1016/j.jhydrol.2014.02.030
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0260
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0260
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0260
https://doi.org/10.5194/hess-22-53-2018
https://doi.org/10.5194/hess-22-53-2018
https://doi.org/10.1061/(ASCE)0733-9372(1989)115:2(409)
https://doi.org/10.1061/(ASCE)0733-9372(1989)115:2(409)
https://ascelibrary.org/doi/10.1061/%28ASCE%29EE.1943-7870.0000876
https://ascelibrary.org/doi/10.1061/%28ASCE%29EE.1943-7870.0000876
https://doi.org/10.1016/j.scitotenv.2015.03.020
https://doi.org/10.1016/j.scitotenv.2016.05.027
https://doi.org/10.1016/j.scitotenv.2016.05.027
https://doi.org/10.1016/j.scitotenv.2016.11.195
https://doi.org/10.1016/j.scitotenv.2016.11.195
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0290
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0290
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0290
https://doi.org/10.1061/(ASCE)HE.1943-5584.0001611
https://doi.org/10.1061/(ASCE)HE.1943-5584.0001611
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0300
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0300
https://doi.org/10.1061/(ASCE)0733-9437(2009)135:2(217)
https://doi.org/10.1007/978-981-287-459-7
https://doi.org/10.1007/978-981-287-459-7


447S. Gavrić et al. / Science of the Total Environment 669 (2019) 431–447
Lucke, T., Ansaf, M., Mohamed, K., Tindale, N., 2014. Pollutant removal and hydraulic re-
duction performance of field grassed swales during runoff simulation experiments.
Water 6, 1887–1904. https://doi.org/10.3390/w60.

Marsalek, J., 2003. Road salts in urban stormwater: an emerging issue in stormwater
management in cold climates. Water Sci. Technol. 48, 61–70.

Marsalek, J., Rochfort, Q., 2004. Urban wet-weather flows: sources of fecal contamination
impacting on recreational waters and threatening drinking-water sources. J. Toxicol.
Environ. Heal. - Part A 67, 1765–1777. https://doi.org/10.1080/15287390490492430.

Marsalek, J. and Viklander, M. 2010. Controlling contaminants in urban stormwater:
linking environmental science and policy. In: J. Lundqvist (Ed.), On the Waterfront,
Vol. 2, Selections From the 2010 World Water Week in Stockholm, Stockholm Inter-
national Water Institute, Stockholm, Sweden, 100-107. (Available at: http://Scripto-
ria.co.uk/SIWI-On-the-Water-Front-2010.pdf, visited on October 16, 2018).

Marsalek, J., Barnwell, T.O., Geiger, W., Grottker, M., Huber, W.C., Saul, A.J., Schilling, W.,
Torno, H.C., 1993. Urban drainage systems: design and operation. Water Sci. Technol.
27, 31–70.

Marsalek, J., Jimenez-Cisneros, B., Karamouz, M., Malmquist, P.-A., Goldenfum, J., Chocat,
B., 2008. Urban water cycle processes and interactions. Taylor & Francis, ISBN 978-
0-415-45346-2. The Netherlands, Leiden.

Metcalf and Eddy, 2014. Wastewater Engineering: Treatment and Resource Recovery, Re-
vised by Tchobanoglous, G., Stensel, H.D., Tsuchihashi, R., Burton, F.L., Abu-Orf, M.,
Bowden, G., Pfrang, W., McGraw-Hill Education. 5th ed. New York, N.Y.

Ming-Han, L., Barrett, M.E., Rammohan, P., Olivera, F., Landphair, Harlow C., 2008.
Documenting stormwater quality on Texas highways and adjacent vegetated road-
sides. J. Environ. Eng. 134, 48–59. https://doi.org/10.1061/(ASCE)0733-9372(2008)
134.

Moghadas, S., Gustafsson, A.M., Viklander, P., Marsalek, J., Viklander, M., 2015. Laboratory
study of infiltration into two frozen engineered (sandy) soils recommended for
bioretention. Hydrol. Process. 30, 1251–1264. https://doi.org/10.1002/hyp.10711.

Morbidelli, R., Saltalippi, C., Flammini, A., Cifrodelli, M., Picciafuoco, T., Corradini, C.,
Govindaraju, R.S., 2016. Laboratory investigation on the role of slope on infiltration
over grassy soils. J. Hydrol. 543, 542–547. https://doi.org/10.1016/j.
jhydrol.2016.10.024.

Munõz-Carpena, R., Lauvernet, C., Carluer, N., 2018. Shallow water table effects on water,
sediment, and pesticide transport in vegetative filter strips-part 1: nonuniform infil-
tration and soil water redistribution. Hydrol. Earth Syst. Sci. 22, 53–70. https://doi.
org/10.5194/hess-22-53-2018.

Niaizi, M., Nietch, C., Maghrebi, M., 2017. Stormwater management model: performance
review and gap analysis. Journal of Sustainable Water in the Built Environment
https://doi.org/10.1061/JSWBAY.0000817.

Nordin, C.F. and Dempster G.R. 1963. Vertical distribution of velocity and suspended sed-
iment; Middle Rio Grande and New Mexico River. U.S.G.S. Prof. Paper 462-B.

OECD (Organisation for Economic Co-Operation and Development), UNEP (United Na-
tions Environmental Programme), 1999. Phasing Lead Out of Gasoline. France, Paris.

Pan, D., Gao, X., Dyck, M., Song, Y.,Wu, P., Zhao, X., 2017. Dynamics of runoff and sediment
trapping performance of vegetative filter strips: run-on experiments and modeling.
Sci. Total Environ. 593–594, 54–64. https://doi.org/10.1016/j.scitotenv.2017.03.158.

Passeport, E., Hunt, W.F., 2009. Asphalt parking lot runoff nutrient characterization for
eight sites in North Carolina. USA. J. Hydrol. Eng. 14, 352–361.

Petrucci, G., Gromaire, M.-C., Shorshani, M.F., Chebbo, G., 2014. Nonpoint source pollution
of urban stormwater runoff: a methodology for source analysis. Environ. Sci. Pollut.
Res. 21, 10225–10242. https://doi.org/10.1007/s11356-014-2845-4.

Pitt, R., Nara, Y., Kirby, J., Durrans, S.R., 2007. articulate transport in grass swales. 2nd In-
ternational Conference on Low Impact Development, pp. 191–204 https://doi.org/
10.1061/41007(331)17.

Raudkivi, A.J., 1998. Loose Boundary Hydraulics. 2nd ed. Robert Maxwell, M.C. https://doi.
org/10.1016/0022-1694(77)90148-2.

Revitt, M.D., Ellis, B.J., Lundy, L., 2017. Assessing the impact of swales on receiving water
quality. Urban Water J. 14, 1–7. https://doi.org/10.1080/1573062X.2017.1279187.

Roinas, G., Mant, C., Williams, J.B., 2014. Fate of hydrocarbon pollutants in source and
non-source control sustainable drainage systems. Water Sci. Technol. 69, 703–709.
https://doi.org/10.2166/wst.2013.747.

Rujner, H., Leonhardt, G., Marsalek, J., Perttu, A.-M., Viklander, M., 2018. The effects of ini-
tial soil moisture conditions on swale flow hydrographs. Hydrol. Process. 32,
644–654. https://doi.org/10.1002/hyp.11446.

Rushton, B.T., 2001. Low-impact parking lot design reduces runoff and pollutant loads.
J. Water Resour. Plan. Manag. 127, 172–179.

Sansalone, J.J., Buchberger, S.G., 1997. Partitioning and first flush of metals in urban road-
way storm water. J. Environ. Eng. 123, 134–143. https://doi.org/10.1061/(ASCE)
0733-9372(1997)123:2(134).

Scholes, L., Revitt, M.D., Ellis, B.J., 2008. A systematic approach for the comparative assess-
ment of stormwater pollutant removal potentials. J. Environ. Manag. 88, 467–478.
https://doi.org/10.1016/j.jenvman.2007.03.003.

Schueler, T.R., 1987. Controlling Urban Runoff: A Practical Manual for Planning and De-
signing Urban BMPs. Metropolitan Washington Council of Governments,
Washington, DC.

SEPA (Swedish Environmental Protection Agency), 1997. Guidelines for polluted soil. Re-
port No. 4638 (In Swedish).

Singh, A., Ayoko, G.A., Herngren, L., Goonetilleke, A., 2013. A multivariate approach to the
identification of surrogate parameters for heavy metals in stormwater. Water Air Soil
Pollut. 224, 1–9. https://doi.org/10.1007/s11270-012-1368-1.
Sörme, L., Bergbäck, B., Lohm, U., 2001. Century perspective of heavy metal use in urban
areas a case study in Stockholm. Water, Air, Soil Pollut. Focus 1, 197–211.

Stagge, J.H., Davis, A.P., Jamil, E., Kim, H., 2012. Performance of grass swales for improving
water quality from highway runoff. Water Res. 46, 6731–6742. https://doi.org/
10.1016/j.watres.2012.02.037.

Tedoldi, D., Chebbo, G., Pierlot, D., Kovacs, Y., Gromaire, M.-C., 2016. Impact of runoff in-
filtration on contaminant accumulation and transport in the soil/filter media of Sus-
tainable Urban Drainage Systems: a literature review. Sci. Total Environ. 569–570,
904–926. https://doi.org/10.1016/j.scitotenv.2016.04.215.

Tollner, E.W., Barfield, B.J., Haan, C.T., Kao, T.Y., 1976. Suspended sediment filtration ca-
pacity of simulated vegetation. Transactions of the ASAE 19 (4).

U.S. EPA, 1983. Results of the Nationwide Urban Runoff Program, Volume 1: Final Report.
U.S. Environmental Protection Agency, Water Planning Division, Washington, D.C.

U.S. EPA, 1988. Ambient water quality criteria for chloride – 1988. Report EPA 440/5-88-
001. U.S. Environmental Protection Agency, Office of Water Regulations and Stan-
dards, Washington, D.C.

US EPA, 2002. National Recommended Water Quality Criteria: 2002. EPA-822-R-02e047.
USEPA, 1999. Storm Water Technology Fact Sheet Vegetated Swales. U.S. EPA,

Washington, D.C.
Vargas-Luna, A., Crosato, A., Uijttewaal,W.S.J., 2015. Effects of vegetation on flow and sed-

iment transport: comparative analyses and validation of predicting models. Earth
Surf. Process. Landforms 40, 157–176. https://doi.org/10.1002/esp.3633.

Vezzaro, L., 2011. Source-Flux-Fate Modelling of Priority Pollutants in Stormwater Sys-
tems. Technical University of Denmark, Doctoral Thesis.

Vezzaro, L., Eriksson, E., Ledin, A., Mikkelsen, P.S., 2010. Dynamic stormwater treatment
unit model for micropollutants (STUMP) based on substance inherent properties.
Water Sci. Technol., 622–629 https://doi.org/10.2166/wst.2010.316.

Viklander, M., 1997. Snow Quality in Urban Areas. (Doctoral Thesis) Luleå University of
Technology.

Viklander, M., 1998. Particle size distribution and metal content in street sediments.
J. Environ. Eng. 124, 761–766.

Viklander, P., 1998. Permeability and volume changes in till due to cyclic freeze/thaw.
Can. Geotech. J. 35, 471–477.

Viklander, M., Marsalek, J., Malmquist, P.A., Watt, W.E., 2003. Urban drainage and high-
way runoff in cold climates: conference overview. Water Sci. Technol. 48, 1–10.

Walsh, F.M., Barrett, M.E., Malina, J.F., Charbeneau, R.J., 1997. Use of Vegetative Controls
for Treatment of Highway Runoff.

Wanielista, M.P., Yousef, Y.A., 1993. Stormwater Management. John Wiley & Sons, Inc.
Weibel, S.R., Anderson, R.J., Woodward, R.L., 1964. Urban land runoff as a factor in stream

pollution. J. Water Pollution 36 (7), 914–924.
WERF BMP Database (2016) Final Report International Stormwater BMP Database - 2016

Summary Statistics, by Clary, J., Jones, J., Leisenring, M., Hobson, P., Strecker, E., (Avail-
able at: http://bmpdatabase.org/Docs/03-SW-1COh%20BMP%20Database%202016%
20Summary%20Stats.pdf, visited on November 19, 2018).

Westerlund, C., Viklander, M., Bäckström, M., 2003. Seasonal variations in road runoff
quality in Lulea. Sweden. Water Sci. Technol. 48, 93–101.

Winston, R.J., Hunt, W.F., Osmond, D.L., Lord, W.G., Woodward, M.D., 2011. Field evalua-
tion of four level spreader – vegetative filter strips to improve urban storm-water
quality. J. Irrig. Dainage Eng. 137, 170–182. https://doi.org/10.1061/(ASCE)IR.1943-
4774.0000173.

Winston, R.J., Hunt,W.F., Kennedy, S.G., Wright, J.D., Lauffer, M.S., 2012. Field evaluation of
storm-water control measures for highway runoff treatment. J. Environ. Eng. 138.
https://doi.org/10.1061/(ASCE)EE.1943-7870.0000454.

Winston, R.J., Anderson, A.R., Hunt, W.F., 2017. Modeling sediment reduction in grass
swales and vegetated filter strips using particle settling theory. J. Environ. Eng.
https://doi.org/10.1061/(ASCE)EE.1943-7870.0001162.

Wong, T.H.F., Fletcher, T.D., Duncan, H.P., Coleman, J.R., Jenkins, G.A., 2002. A model for
urban stormwater improvement conceptualisation, in: Global Solutions for Urban
Drainage.

Wong, T.H.F., Fletcher, T.D., Duncan, H.P., Jenkins, G.A., 2006. Modelling urban stormwater
treatment—a unified approach. Ecol. Eng. 27, 58–70. https://doi.org/10.1016/j.
ecoleng.2005.10.014.

Woods-Ballard, B., Wilson, S., Udale-Clarke, H., Illman, S., Scott, T., Ashley, R., Kellager, R.,
2015. The SuDS manual. CIRIA Report C753. UK, London. ISBN: 978-0-86017-760-9.

Wu, F.-C., Shen, H.W., Chou, Y.-J., 1999. Variation of roughness coefficients for
unsubmerged and submerged vegetation. J. Hydraul. Eng. 125, 934–942.

Xie, J., Wu, C., Li, H., Chen, G., 2017. Study on storm-water management of grassed swales
and permeable pavement based on SWMM. Water (Switzerland), 9 https://doi.org/
10.3390/w9110840.

Yousef, Y.A., Wanielista, M.P., Harper, H.H., Pearce, D.B., Tolbert, R.D., 1985. Best Manage-
ment Practices - Removal of Highway Contaminants by Roadside Swales. Tallahassee,
Florida.

Yousef, Y.A., Hvitved-Jacobsen, T., Wanielista, M.P., Harper, H.H., 1987. Removal of con-
taminants in highway runoff flowing through swales. Sci. Total Environ. 59,
391–399. https://doi.org/10.1016/0048-9697(87)90462-1.

Zanders, J.M., 2005. Road sediment: characterization and implications for the perfor-
mance of vegetated strips for treating road run-off. Sci. Total Environ. 339, 41–47.
https://doi.org/10.1016/j.scitotenv.2004.07.023.

Zoppou, C., 2001. Review of urban storm water models. Environ. Model. Softw. 16,
195–231. https://doi.org/10.1016/S1364-8152(00)00084-0.

https://doi.org/10.3390/w60
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0320
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0320
https://doi.org/10.1080/15287390490492430
http://Scriptoria.co.uk/SIWI-On-the-Water-Front-2010.pdf
http://Scriptoria.co.uk/SIWI-On-the-Water-Front-2010.pdf
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0330
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0330
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0335
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0335
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0340
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0340
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0340
https://doi.org/10.1061/(ASCE)0733-9372(2008)134
https://doi.org/10.1061/(ASCE)0733-9372(2008)134
https://doi.org/10.1002/hyp.10711
https://doi.org/10.1016/j.jhydrol.2016.10.024
https://doi.org/10.1016/j.jhydrol.2016.10.024
https://doi.org/10.5194/hess-22-53-2018
https://doi.org/10.5194/hess-22-53-2018
https://doi.org/10.1061/JSWBAY.0000817
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0370
https://doi.org/10.1016/j.scitotenv.2017.03.158
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0380
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0380
https://doi.org/10.1007/s11356-014-2845-4
https://doi.org/10.1061/41007(331)17
https://doi.org/10.1061/41007(331)17
https://doi.org/10.1016/0022-1694(77)90148-2
https://doi.org/10.1016/0022-1694(77)90148-2
https://doi.org/10.1080/1573062X.2017.1279187
https://doi.org/10.2166/wst.2013.747
https://doi.org/10.1002/hyp.11446
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0415
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0415
https://doi.org/10.1061/(ASCE)0733-9372(1997)123:2(134)
https://doi.org/10.1061/(ASCE)0733-9372(1997)123:2(134)
https://doi.org/10.1016/j.jenvman.2007.03.003
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0430
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0430
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0430
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0435
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0435
https://doi.org/10.1007/s11270-012-1368-1
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0445
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0445
https://doi.org/10.1016/j.watres.2012.02.037
https://doi.org/10.1016/j.watres.2012.02.037
https://doi.org/10.1016/j.scitotenv.2016.04.215
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0460
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0460
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0465
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0465
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0470
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0470
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0470
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0475
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0475
https://doi.org/10.1002/esp.3633
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0485
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0485
https://doi.org/10.2166/wst.2010.316
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0495
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0495
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0500
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0500
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0505
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0505
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0510
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0510
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0515
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0515
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0520
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0525
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0525
http://bmpdatabase.org/Docs/03-SW-1COh%20BMP%20Database%202016%20Summary%20Stats.pdf
http://bmpdatabase.org/Docs/03-SW-1COh%20BMP%20Database%202016%20Summary%20Stats.pdf
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0530
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0530
https://doi.org/10.1061/(ASCE)IR.1943-4774.0000173
https://doi.org/10.1061/(ASCE)IR.1943-4774.0000173
https://doi.org/10.1061/(ASCE)EE.1943-7870.0000454
https://doi.org/10.1061/(ASCE)EE.1943-7870.0001162
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0550
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0550
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0550
https://doi.org/10.1016/j.ecoleng.2005.10.014
https://doi.org/10.1016/j.ecoleng.2005.10.014
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0560
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0565
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0565
https://doi.org/10.3390/w9110840
https://doi.org/10.3390/w9110840
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0575
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0575
http://refhub.elsevier.com/S0048-9697(19)31050-2/rf0575
https://doi.org/10.1016/0048-9697(87)90462-1
https://doi.org/10.1016/j.scitotenv.2004.07.023
https://doi.org/10.1016/S1364-8152(00)00084-0

	Processes improving urban stormwater quality in grass swales and filter strips: A review of research findings
	1. Introduction
	2. Methods
	3. GS&GFS hydrology and hydraulics
	4. GS&GFS flow quality
	4.1. Sources contributing to pollution of stormwater conveyed by GS&GFS
	4.2. Solids
	4.2.1. Particle settling
	4.2.2. Qualitative studies
	4.2.3. Studies producing computational procedures for TSS trapping/removal in GS&GFS

	4.3. Trace metals
	4.4. Nutrients
	4.5. Traffic-associated hydrocarbons
	4.6. Oxygen-demanding constituents
	4.7. Other pollutants
	4.7.1. Chloride
	4.7.2. Indicator bacteria

	4.8. Soil quality

	5. Processes contributing to dissolved pollutant removal in GS&GFS
	6. Modelling GS&GFS
	6.1. Research models of GS&GFS
	6.2. Applications of standard urban drainage modelling packages in GS&GFS studies
	6.3. Summary of modelling studies

	7. Conclusions
	Acknowledgments
	Appendix A. Supplementary data
	References


