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Abstract. Today’s cities face simultaneous challenges due to
rapidly growing populations, urban sprawl, climate change,
and environmental pollution which pose a pressure on our
traditional urban drinking water supplies. In this context,
stormwater could augment our over-drafted urban ground-
water resources. However, urban stormwater runoff carries
a myriad of dissolved contaminants (e.g., organics, metals,
nutrients), which pose a serious risk to the environmental
and public health. Moreover, dissolved contaminants of ur-
ban origin — such as trace metals and organic compounds
of emerging concern — may not be adequately removed by
conventional stormwater treatments. Therefore, it is of the
utmost importance to fully understand stormwater contami-
nant presence, transport, and fate in the built environment to
design novel or improve conventional treatment systems. To
address this knowledge gap, we have conducted 7 field sam-
pling campaigns during storm events at different Barcelona
locations (within 3 districts) to investigate contaminant pres-
ence in different urban compartments (e.g., roofs, conven-
tional streets with automobile traffic, pedestrian streets, and
green infrastructure outlets). Preliminary results have con-
firmed presence of toxic metals in Barcelona urban rain
and stormwater runoff along with significant differences de-
pending on the catchment areas. After a storm event, trace
metal concentrations followed the order: roof rain < pedes-
trian street runoff < conventional street runoff. Additionally,
blue-green infrastructures (bioretention systems) had lower
mean metal concentrations at the effluent (outlet) than the
influents (inlet). Our initial results on metal occurrence in
stormwater collected in the city of Barcelona will provide
stormwater quality foundation for water agencies, munici-
palities, and companies in other water-stressed regions with
Mediterranean climate.

1 Introduction

The availability of water has become one of the biggest chal-
lenges of the present century (Liu et al., 2017). This is partic-
ularly important in densely populated cities under a Mediter-
ranean climate (e.g., Barcelona, Spain). Water shortages in
these regions are becoming more evident in this century due
to population growth, economic development, and impacts of
climate change (Luthy and Sedlak, 2015). In parallel, cities
make a lot of effort to control floods and pollution during
storm events. Under this scenario, the capture, treatment, and
recharge of urban stormwater runoff could enhance our city
water supplies. In fact, several cities (e.g., Barcelona) have
started to harvest stormwater, though the main use is still
non-potable, e.g., street sweeping or irrigation (Barcelona
City Council, 2020).

One of the main barrier to include stormwater as alter-
native to augment water supplies is that urban stormwater
runoff is generally polluted (Bjorklund et al., 2018). Numer-
ous studies have investigated the presence of contaminants in
stormwater, mainly focusing on total suspended solids (TSS),
pathogens, nutrients, metals, organic compounds (hydropho-
bic and hydrophilic), and microplastics (Pitt et al., 1995; Go-
bel et al., 2007; Hwang et al., 2016; Miiller et al., 2020; Spahr
et al., 2020; Werbowski et al., 2021; Grebel et al., 2013). As a
result, several national and international databases have com-
piled a list of recurrent stormwater contaminants. A promi-
nent example is the National Stormwater Quality Database
(NSQD), which contains stormwater quality data from over
9000 storm events and 200 municipalities across the U.S.
(Pitt et al., 2018). Regarding stormwater regulations, the EU
Water Framework Directive (WFD; Directive 2000/60/EC),
along with its recent amendments, strives to increase the
list of contaminants in stormwater monitoring programs to
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protect aquatic ecosystems. In this regard, stormwater dis-
charges in the U.S. must be in compliance with the Federal
National Pollutant Discharge Elimination System (NPDES)
program implemented by the United States Environmental
Protection Agency (US EPA, 2010).

Although stormwater contamination is considered as a
nonpoint source (i.e., diffuse contamination), several at-
tempts to classify stormwater pollution sources have been
reported in the literature. In short, stormwater contamina-
tion depends on a combination of topographic factors, cli-
matic conditions, and anthropogenic activities. Most stud-
ies of contaminant quantification in urban runoff have iden-
tified the following contributors: (i) atmospheric deposition
(Huston et al., 2009; Deng, 2021); (ii) land cover and land
use (Burant et al., 2018; Wicke et al., 2021), which con-
sists of surface-related (build-up and wash-off contamina-
tion from the built environment and green spaces) along with
economic activity-related activities (issuing from processing,
manufacturing, and construction activities) (Hobbie et al.,
2017; Brown and Peake, 2006); (iii) transport-related activ-
ities (e.g., tire and brake erosions, oil losses, vehicle body
paint, exhaust emissions, pavement erosion, road mainte-
nance) (Lundy et al., 2012); and (iv) waste-related activities
(e.g., licit/illicit littering) (Chevalier et al., 2018).

To the best of our knowledge, there is only one germi-
nal study characterizing stormwater quality from Barcelona
(Llopart-Mascar6 et al., 2010). Unfortunately, the limited
data available (i.e., collection at few specific locations), to-
gether with the appearance of new materials and sources of
pollutants, request a re-assessment of the urban contaminants
in the runoff. Therefore, many data gaps remain regarding the
presence and sources of contaminants, along with possible
mitigation strategies to reduce receiving water impairment.
In this context, its built blue-green infrastructure (BGI), also
called sustainable urban drainage systems (SuDS) or best
management practices (BMP), have never been assessed for
their stormwater contaminant treatment capacity.

Although our ongoing research includes nutrients, trace
metals and organic contaminants of emerging concern (e.g.,
urban-related trace organics), this preliminary work mainly
investigates the occurrence of trace metals in rainwater,
runoff and BGI outlets. It is important to note that stormwater
can generate aquatic toxicity due to heavy metals (Karlsson
et al., 2010). The specific objectives of this article were: (i)
to investigate the stormwater quality collected at different lo-
cations and assess the effect of the immediate catchment area
performing a multivariate analysis; and (ii) to conduct an ini-
tial evaluation of the capacity of blue-green infrastructure to-
wards trace metals detected in the adjacent areas. Stormwater
runoff quality data can define its potential uses and limita-
tions, be used to build large-scale hydrogeologic models to
predict contaminant occurrence (specially because a signifi-
cant spatiotemporal lack of data exists). Such models could
be used to guide future sampling efforts, to update our his-
torical data on stormwater quality (if available), to identify
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areas of high risk for human exposure, and to take correc-
tive measures. Therefore, the results of this study, once com-
pleted, will improve contaminant modelling within the water
cycle, identification of pollutant sources, and deployment of
specific control measures.

2 Methods
2.1 Study site

The area of study includes the city of Barcelona, which is
located at the north-eastern part of the Iberian Peninsula (co-
ordinates; 41°23'19.64” N, 2°9'32.36” E). This area covers:
the Collserola range (west), and the Mediterranean Sea (east
and southeast) (Fig. 1). It is limited by two rivers: the Llo-
bregat and the Besos at the south-west and north-east, re-
spectively. Most of the area of study has been significantly
modified by anthropogenic activity, and many exposures of
the geology have been covered or destroyed. Four zones can
be distinguished regarding the study area hydrogeological
characteristics: (i) the Collserola Mountains (mainly com-
posed by metamorphic materials); (ii) the Llobregat river
delta (alluvial fans); (iii) Besos river delta (alluvial fans); and
(iv) the Barcelona plain (alluvial fans) (Tubau et al., 2017).
Barcelona climate is typically Mediterranean, i.e., “Csa” ac-
cording to the Koppen—Geiger climate classification. It has
a temperate climate, characterized by mild winters and dry
summers. Most of the precipitation occurs in spring and fall.
The average precipitation is approximately 600 mm yr~! but
presents high variability within the year (Barro et al., 2002).
Flash floods and heavy rainfalls can be common in the study
area (Llasat, 2004). Barcelona rainfall patterns, an old com-
bined sewer system (single pipeline collecting stormwater
runoff and domestic sewage), terrain slope, along with a high
imperviousness degree (approximately 70 % of the municipal
area), cause severe floods (i.e., personal injuries and dam-
age to property) and combined sewer overflows (Martinez-
Gomariz et al., 2021). Finally, Barcelona has very intense ve-
hicle traffic (Querol et al., 2004). Its estimated average daily
traffic (ADT) was obtained from the Barcelona City Council.

2.2 Sampling and analytical methods

Nearly 200 “first-flush” stormwater samples were manually
collected using a 1L self-lock system in 7 field campaigns
during the period ranging from March to April 2022. A re-
ported extensive analysis of the Barcelona precipitation se-
ries identified this period as the second rainy season (Ro-
driguez et al., 1999). Up to 24 sites scattered in three different
districts of Barcelona (Eixample, Sant Marti, and Sant An-
dreu) were chosen (Fig. 1). Sampling sites included: 3 roofs,
13 conventional streets with vehicle traffic (i.e., traffic roads),
5 pedestrian streets (vehicle-free zones), and 3 drainpipes
(effluent) from BGI located in the vicinity of the sampled
streets. As our sampling program only included discrete sam-
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Figure 1. Location of the sampling sites located in three different Barcelona districts (Districts 1, 2 and 3 stand for “Eixample”, “St. Mart{”
and “St. Andreu”, respectively). Seven sampling campaigns were conducted during Spring 2022 in three different catchment areas: roof
(dark blue triangles), street (red squares), and blue-green infrastructure effluent (light blue inverted triangles). The World Geodetic System
(WGS84) was used as reference coordinate system. Source for basemap: © ArcGIS (ESRI).

ples, removal efficiency by BGI could not be estimated. Elec-
trical conductivity (EC uScm™"), pH, and dissolved oxygen
(DO; mg L") were in-situ measured using a Hanna Instru-
ments™HI98494 portable multiparameter. The main analy-
ses were performed at IDAEA-CSIC facilities. Prior to off-
site analysis, samples for trace metals were filtered with
0.45 um NYL syringe filter, acidified to 1 % HNO3, stored at
4°C until day of the analysis (<3 d). Dissolved trace metal
concentrations (Cr, Ni, Cu, Zn, Cd, and Pb) were determined
by inductively coupled plasma mass spectrometry (ICP-MS).
For the dissolved organic carbon (DOC) quantification, sam-
ples were filtered through a 0.45 um GF filter, acidified to pH
below 2 units with HCI, and kept refrigerated until analysis
(<2d). DOC was measured with a Shimadzu TOC-VCSH.

2.3 Statistical analysis and data treatment

Multivariate Principal Component Analysis (PCA) was per-
formed over the data matrix, consisting of the water qual-
ity parameters and the trace metal concentrations at each
sampling site. PCA is a multivariate data analysis tool that
aims to explain the variability of data by converting a suite
of potentially correlated measured variables into a reduced
set of uncorrelated variables, known as principal compo-
nents (PCs) (Farnham et al., 2002). Multivariate analysis
was carried over by using the PLS 9.1 Toolbox (Eigen-
vector Research Ltd. Manson, WA, USA) under the MAT-
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LABR2010b (MathWorks, Natick, MA, USA). Before the
multivariate analysis was carried out, data pretreatment in-
cluded an autoscaling step, and values below the limit of de-
tection (LOD) were removed (e.g., Cd). Two-way analysis
of variance (ANOVA) was conducted to evaluate differences
between multiple groups (a = 0.05) using GraphPad Prism®
version 9 2020.

3 Results and discussion

3.1 Stormwater runoff quality and relationships
between contaminant and catchment area

Overall, we detected a wide range of trace metals in the
nearly 200 stormwater samples during the 7 storm events
investigated. Table 1 shows the trace metal concentrations
(mean, standard deviation, maximum and minimum values)
together with other water quality parameters in stormwa-
ter samples collected at four different locations: roofs, con-
ventional streets (i.e., streets with vehicular traffic), pedes-
trian streets (vehicle-free zones), and blue-green infrastruc-
tures drainpipes (i.e., effluent). Measured metal concentra-
tions were within the few to hundred microgram-per-liter
levels reported in the NSQD (Pitt et al., 2018). Zn, which
is primarily related to car tire abrasion, showed the high-
est concentrations (mean: 104 pug L1, while Cd (related to
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car exhaust, brakes, and tires) was below the quantification
limit (0.01 ugL~") and was excluded in our analysis. Pb con-
centration (associated to car body paints) was also lower
than reported by the NSQD. In fact, only Cu and Zn exceed
USEPA aquatic life benchmarks (Grebel et al., 2013). Simi-
larly, Davis et al. (2001) reported a similar sequence of metal
concentrations in urban and highway runoff: Zn>Cu>Cd
(with the exemption of Pb).

Prior to multivariate studies, we conducted a calculation
of the pair-wise correlations among the different variables.
Although it is only an exploratory tool, it revealed some re-
lationships between the 11 variables studied. Most studied
trace metals (e.g., Cr, Ni, Cu and Zn) showed negative corre-
lations with dissolved oxygen (Pearson correlation r values
ranging from —0.4 to —0.95), and positive correlations with
ADT (r values ranging from 0.5 to 0.6), electrical conductiv-
ity (r values ranging from 0.3 to 0.6), DOC (r values rang-
ing from 0.5 to 0.6) and UVA254 (specific UV absorbance
at 254 nm, r values ranging from 0.3 to 0.7). Anova tests
also showed significant differences (p <0.05) among the type
of catchment area (roof, conventional, pedestrian, and blue-
green infrastructure effluent).

Results from the multivariate analysis indicated that 6
principal components (PCs) captured almost the entire vari-
ance of the data matrix (>95 %). Eventually, an initial 2-PC
model was chosen because the first two PCs captured about
70 % of total variance. This allows a preliminary assessment
of the dependences among variables and provides a sim-
plified interpretation of the observed relationships. Prior to
building the model, the 24 sampling sites were initially clas-
sified in 4 classes: roofs, conventional streets (automobile-
oriented streets), pedestrian streets, and outlets of blue-green
infrastructures. Figure 2 depicts the biplot of the loadings and
scores in the PC space, which allows the identification of the
variables responsible for the observed differences in the sam-
ple scores.

In our PCA model, the four different classes of samples
were clustered in the scores plot (we connected them us-
ing ellipses for reader’s clarity in Fig. 2), clearly highlight-
ing the differences among these groups. Figure 2 shows that
roof, BGI, and most vehicle-impacted conventional street
samples could be easily grouped in different clusters, while
pedestrian sites had clear differences among them. For in-
stance, sites 3 and 4 fell well within the cluster of conven-
tional streets, thought they are classified by the City Council
as pedestrian streets (estimated ADT < 100 vehicles day ).
The biplot also demonstrates that sites 3 and 4 fell next to
sites 1, 9 and 15 with estimated daily traffic loads ranging
from 10007000 vehicles day~!. Although vehicle traffic has
been restricted in sites 3 and 4 since 2017, these counterintu-
itive results are likely due to high unauthorized vehicle traffic
(mostly non-local drivers and truck deliveries) in this central
part of the city (District 1, Fig. 1). As expected, other vehicle-
free streets far away from downtown (i.e., Districts 2 and 3;
sites 11, 12, and 18) were located closer to the roof and the

Adyv. Geosci., 59, 69-76, 2023

M. Teixido et al.: Contaminants in Urban Stormwater

0.3 Pedestria ite_12
street
0.2+ ooH \\ )
Site_11 \ \ T
—_ \ \ —ACr
S |
> \  [BGI | Site_06
@ o0ir . 5 \‘ b - 2N
= 0@ ] L/ oc |
e ¥ |
[SI 2.0 \ e Site 05 /
a —_Site_10¢ S | T glei0y¥ellecy dsite 17
Sit¢_20, Site /18810 14 Site_04--"8UVA254
Site_21& | st 35&%935 Zn
Site_19 ‘ 8\19‘707 B ite_08.. ®ADT
-0.1F Roof \
Conventional street e
. ) . Site_t
with vehicle traffic
0.2 L 1 L — e L I |
-0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

PC 1 (51.35%)

Figure 2. Biplot of the loadings and scores in the principal compo-
nent (PC) space. The dominant (PC1) and secondary (PC2) modes
are displayed on the x- and y-axis, respectively. Samples are shown
in different classes: conventional street with vehicular traffic (red
diamonds), pedestrian street (green squares), roof (dark blue trian-
gles) and blue-green infrastructure effluent (light blue inverted tri-
angle). Classes have been clustered using ellipses with for clarity.

BGI clusters which were the least contaminated sites (Fig. 2).
According to local regulation, these pedestrian streets are re-
stricted areas which only allow one-lane traffic from local
resident vehicles, bikes and emergency vehicles circulating at
a maximum speed of 10-20 km h~! , while in two-lane unre-
stricted conventional streets the maximum speed is set at 30—
50kmh~! (Rueda, 2019). Interestingly, sample 10 showed
very low contamination although the street is located at a
semi-abandoned industrial area but with traffic volume (i.e.,
ADT) similar than pedestrian streets (e.g., sites 11, 12, and
18). This confirms previous studies that emphasized that spe-
cific characteristics of the studied surface has more impact on
water quality than traditional land use classifications (e.g.,
industrial, commercial, and residential) (Liu et al., 2013; Bu-
rant et al., 2018).

The dominant PC (PC1; 51 % explained variance) dis-
played positive loadings for most trace metal contaminants
(with the notable exemption of Pb), vehicle traffic volume
(ADT), organic matter content (DOC and UVA254), and EC.
PC1 also shows that DO showed relatively high negative
loadings. In addition, PC2, capturing 18 % of the explained
variance, was mainly positively loaded by pH, together with
EC and DOC. PC1 and PC2 correlated the trace metal con-
centrations (i.e., pollution) with other variables (e.g., ADT,
DOC, EC, DO). As aforementioned, extant literature on
vehicle-related contamination has associated Cr, Ni, Cu, Zn,
Cd and Pb with emissions from automobile exhausts, wear
(e.g., body, engine, and tires), wash-off processes, and fluid
leaks (e.g., engine oil) (Miiller et al., 2020). Therefore, met-
als are indicative of areas congested with vehicles (Ferreira et
al., 2016; Nawrot et al., 2020). Several previous works em-
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Table 1. Average concentration of selected trace metals (ug Ll parts-per-billion) and complementary water quality parameters of Barcelona
stormwater runoff. Standard deviations are given after . Maximum and minimum values are given between brackets.

Mean =+ Standard Deviation

[Max—Min]

Contaminant/ Conventional ~ Pedestrian Roof Blue-green Blue-green Stormwater

parameter Street infrastructure infrastructure Quality
street inlet outlet Database™

CrpgL™ 19+1.1 23+14 <LOQ 3.0£1.5 1.4+0.5 34£3.0
[4.9-0.9] [4.7-1.1] [4.7-1.8] [1.9-0.9] [26-0.9]

Ni [ugL™1] 45+28 29+15 <LOQ 3.39+0.04 1.7+0.3 79+99
[10-1.4] [4.5-1.3] [3.4-3.3] [2-1.5] [82-0.8]

Cu [ugL™1] 74.5+£452 41.0£257 3.1+05 45.0+15.6 2644251 16.4+20.2
[159-28.5] [68.2-13.8]  [3.5-2.5] [62.7-33.6] [55.3-10.3] [195-0.09]

Zn [ugL™1] 103.7£594  65.8£56.3 16.2+3.0 49.6 +20.4 13.1+6.2 2371788
[205-29.2] [136-11.9] [19.7-13.9] [67.5-27.3] [19.7-7.3] [13900-3.1]

Cd [ugL™!] <LOQ <LOQ <LOQ <LOQ <LOQ 14+53

[62-0.1]

Pb [ugL~!] 1.5+13 1.2+0.6 1.1+0.3 19+1.8 1.5+0.7 12.1+21.8
[4.7-0.8] [2.3-0.8] [1.4-0.8] [3.9-0.8] [2.1-0.8] [145-0.5]

pH 7.54+0.24 851+122 7.20+0.13 8.37+1.21 7.86+0.19 7.31+£0.82
[7.93-7.14] [9.92-7.48]  [7.34-7.08] [9.76-7.67] [8.07-7.69] [12.00-3.40]

DO [mgL~!] 5.58+2.21 7.70 +2.01 10.38 £0.07 7.20£1.47 9.84£0.10 7.94+£1.80
[8.99-2.06] [9.95-5.54]  [10.43-10.30] [8.88-6.21] [9.90-9.73] [12.30-2.05]

EC [uScm ™! 510298 457 £+ 140 58+17 512 +£157 937 £369 2314453
[1135-218] [687-318] [73-40] [687-387] [1325-589] [8150-7]

DOC [mgCL~!] 58.1+£274 57.1£529 33+0.6 78.7£59.8 147£4.6 15.8+£25.7
[106-16.8] [148-8.8] [3.8-2.7] [148-41.1] [18.2-9.5] [350-1.7]

* Trace metal concentrations reported by the National Stormwater Quality Database (Pitt et al., 2018). This database contains stormwater quality data from over
9000 storm events and 200 municipalities across the U.S. (comprising different land uses).

phasized that the grade of congestion (generally quantified
by ADT estimations) significantly influenced the metal con-
centrations, but other site factors should also be taken into
account (road design, traffic lights, signs, etc.) (Horstmeyer
et al., 2016; Opher and Friedler, 2010). Pb has been linked
to vehicle emissions and extensively monitored in urban en-
vironments due to its high toxicity (Goyer, 1993). However,
our results show that lead, located close to the biplot origin,
had a low contribution to the overall variation of the data. In
fact, Pb was not correlated to the other studied metal contam-
inants, probably because it has been banned in motor vehicle
gasoline since 2000 (Kayhanian et al., 2007).

Stormwater runoff organic fraction (i.e., DOC) along with
DO concentration seem to also explain the observed site dif-
ferences. This is particularly true for the vehicle-impacted
runoff samples collected at sites 5, 6 and 17 which were
heavily polluted with metals, contained high DOC, and were
anoxic. This low oxygen (i.e., microbial activity) concomi-
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tant with high organic matter presence can be attributed to
sewage sewer overflows (SSO) that could have contaminated
stormwater runoff (Gasperi et al., 2012). As aforementioned,
Figure 2 also unveils a correlation between DOC and metal
concentrations. Several authors have reported strong binding
(i.e., complexation reactions) between heavy metals and dis-
solved organic matter (Zhu et al., 2022; Wei et al., 2020).
Based on our results, DOC (UVA254) and EC could be used
as early indicator for traffic-impacted stormwater (Yu et al.,
2018). In contrast, samples taken at roofs, pedestrian streets,
and blue-green infrastructure outlets seem negatively corre-
lated with pollution (low metal content, DOC, UVA254, EC,
together with high DO concentrations) as indicated by their
relative positions in the biplot (Fig. 2).

Bioretention cells, clustered in the PC space (sites 22 to
24; Fig. 2), showed that samples were less contaminated by
metals than the samples taken at the inlet of the blue-green
infrastructure (Table 1). BGI mean effluent metal concentra-
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tions ranged between 1.4 and 26.4 ugL~!. This corroborates
the significant differences (p <0.05) observed in our prelimi-
nary ANOVA analyses especially for DO, DOC, Ni, Cu, and
Zn. Overall, these results are in agreement with similar field
studies that studied metal concentrations at the BGI inlets
and outlets (Trowsdale and Simcock, 2011). For instance, the
2020 Urban BMP database performance summary reported
that bioretention systems and grass bioswales can exhibit a
metal removal efficiencies ranging from 40 % to 80 % (Clary
et al., 2020). Although Cu concentrations in this work were
lower at the BGI effluent samples compared to inlet ones,
our results also highlighted that Cu had the highest concen-
tration level among studied metals, with effluent concentra-
tions ranging from 10 to 55ugL~!. This high Cu effluent
concentrations has been reported in the BMP Database and
similar studies which emphasized that BGI could become
a Cu source eventually (i.e., negative removal) (Trowsdale
and Simcock, 2011). Although Cu exports are concerning
due to its well-known environmental toxicity (Rehman et al.,
2019), studies have shown that dissolved Cu leaching from
compost-amended bioretention systems is mainly complexed
to DOM, resulting in a reduced bioavailability for aquatic or-
ganisms (Chahal et al., 2016).

4 Conclusions

A preliminary assessment of the relationships between urban
stormwater pollution and a set of sites located at three dif-
ferent districts has been conducted. Our initial multivariate
study highlighted the differences between catchment areas
(roofs, streets with vehicle or pedestrian traffic, and BGI out-
lets). Conventional streets with higher traffic volumes (i.e.,
ADT) resulted in stormwater runoff with higher trace metal
concentrations and other water quality parameters, such as,
DOC, UVA254, EC, but lower DO concentrations. In ad-
dition, this study also shows that blue-green infrastructure
(also called sustainable urban drainage systems, SuDS) can
provide effective significant means of trace metal concentra-
tion reduction, improving stormwater quality. In conclusion,
our results emphasize the relevance of catchment area in the
quality of rain or stormwater, and it emphasizes the benefits
of using blue-green infrastructure as pollution-control tools.
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